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ABSTRACT 

Intact or decapitated Pisum sativum seedlings were used to investigate the correla

tive inhibition of lateral buds by the shoot apex - a developmental process known 

as apical dominance. Apical dominance is considered to be regulated by the relative 

ratios of growth regulators, especially auxin and cytokinin, and resource availability 

in the plant. This study considered the role of cytokinins in the regulation of 

correlative inhibition, and was closely linked to theoretical models of auxin and 

nutrient gradients in the whole plant. 

Firstly, the response of all lateral buds on the plant to decapitation of the shoot 

apex, and the subsequent growth of these buds, was documented. The pattern 

of lateral bud branching following decapitation, noted to change with increasing 

age of the plant, was found to be consistent with the view that apically synthesized 

auxin, moving basipetally, exerts an inhibitory influence on lateral bud growth. 

Removal of selected lateral buds on decapitated plants which left various combina

tions of buds to compete indicated that correlation between lateral buds on the 

same plant was likely an important factor controlling the patterns of lateral bud 

branching. 

Secondly, a quantitative study of the biological responses which result from the 

application of a cytokinin to a lateral bud were performed. The different abilities 

of ten cytokinins tested to release lateral buds from dominance paralleled their 

activity in a soybean callus bioassay, and were likely a result of the intrinsic activi

ties of the cytokinins due to their structure and their subsequent rr.etabolism in 

the plant following application. A consistent feature of these experiments was 

the low biological activity of isopentenyladenine in relation to the high activity 

of zeatin. Further investigation of the role of isopentenyladenine and zeatin in 

apical dominance control indicated that lateral buds differed in their sensitivity 

to these two cytokinins. On decapitated plants, lateral buds were more able to 
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utilize applied isopentenyladenine, and high zeatin concentrations were no longer 

supraoptimal for growth. 

Finally, the metabolism of [3 H] isopentenyladenine in the intact plant or in isolated 

explants was investigated in an attempt to relate the biosynthesis, transport, 

interconversion and degradation of cytokinins to the developmental process of 

apical dominance. Comparison of the uptake and metabolism of [3 H] isopentenyl

adenine by isolated organs of Pisum sativum indicated that the roots, leaves and 

stems, but not isolated lateral buds had the capacity to metabolise ~HJ isopen

tenyladenine to zeatin metabolites. This metabolite activity was very notable 

in the stem, where it occurred as a gradient and was related to the age of the 

plant. Auxin was considered to be the factor controlling this distribution of cyto

kinin metabolic activity in the stem since parallel gradients had been noted in 

the patterns of lateral bud branching and the response of buds to cytokinin applica

tion. Indeed, it was shown that indole-3-acetic acid affected the metabolism 

of [3 H] isopentenyladenine in isolated stem sections. 

These results are discussed in relation to the control of lateral bud growth via 

the auxin mediated distribution and metabolism of root produced cytokinins in 

the shoot system, necessary for the release of apical dominance. 
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1. 

CHAPTER 1 

LITERATURE REVIEW 

1.1 Introduction 

A living plant system typically possesses several growth zones, or lateral meri

stems, which are interrelated such that the growth of one is interdependent on 

the growth of others. In this open-ended pattern of development, a plant must 

possess a system for coordinating and regulating the processes of growth and 

differentiation. This control of 'form or function' in one part of a plant by another 

part can be considered as a correlative event. 

Such a correlative control system is evident in the phenomenon of apical domi

nance. In this developmental process, the growing apex appears to correlate 

the growth of lateral organs on the plant. Removal of the apex by physical means 

results in the removal of the inhibitory influence and subsequent growth of the 

lateral organs. 

The phenomenon of apical dominance is by no means universal, and may vary 

in different species from complete dominance by the apex to free branching 

in the presence of the apex. The degree of dominance is a function of genetic 

loci, environmental factors and the physiological status of the plant. Apical 

dominance can mean a complete or nearly complete control of lateral organs 

by an apex, the dominance of one growing organ by another or the apical influence 

on the orientation of orgahs such as shoots and leaves. 

The control exerted by apically located organs profoundly affects the ecological 

interests of the plant. The inhibited lateral organs represent a reserve of meri-
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stems which could replace a damaged or lost apical bud. In addition, physical 

stimuli such as light could dictate the form of the growing plant, allowing it 

to best exploit the environment. In this way the plant is able to overcome the 

disadvantages of a sessile growth habit. 

The phenomenon of apical dominance has significance in agriculture, as envisaged 

by the manipulation of plant growth and form by physical or chemical means. 

Yield-bearing lateral organs may be increased and the shape of ornamental plants 

may be altered. 

The study, and thus the review , are concerned with one aspect of apical dominance 

- the correlative inhibition of lateral buds by the shoot apex. Particular emphasis 

will be placed on results obtained from Pisum sativum L. plants - the plants used 

in this study. 

1.2 The release of apical domina"nce 

The events occurring in lateral buds following their release from apical dominance 

have been documented in an attempt to understand the mechanisms of correlative 

control operative in the whole plant. However, caution should still be applied 

to such results since the events being measured may not necessarily be linked 

to the release mechanism, but may be another manifestation of growth and de

velopment. A description of the early growth of lateral buds will therefore be 

given in this section without attempting an explanation of the control mechanisms. 

All vegetative buds on a plant possess essentially equal developmental potential 

(PHILLIPS, 1975). The lateral buds in several plant species originate directly 
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from the growing shoot apex, from which a bud is formed from a group of cells 

in the axil of a leaf primordium (SUSSEX, 1955). The newly formed buds may 

either continue to grow slowly, as in the case of plants with incomplete apical 

dominance such as Phaseolus vulgaris L. (HILLMAN, 1984), or bud development 

may be arrested, as in Tradescantia paludosa E. Anders and R.E. Woodson which 

exhibits complete apical dominance (NAYLOR, 1958; BOOKER AND DWIVEDI, 

1973). In plants exhibiting weak or incomplete apical dominance, mitosis and 

cell expansion can occur, while in plants exhibiting complete apical dominance, 

these processes are arrested at an early stage (NAYLOR, 1958; HILLMAN, 1984). 

Thus the degree of dominance experienced by the lateral buds of different plants 

varies, and may also vary with the physiological conditions experienced by one 

species. 

On decapitation (removal of the shoot apex), cytokinin application or any other 

treatment that removes apical dominance, mitotic activity in the lateral buds 

resumes after some delay and growth occurs. Rapid changes in bud growth follow

ing decapitation have been detected in Glycine max (L.) Merr. (ALI and 

FLETCHER, 1970), Pisum sativum (WARDLAW and MORTIMER, 1970; NAGAO 

and RUBINSTEIN, 1976), Cicer arietinum L. (GUERN and USCIATI, 1972) and 

Bidens pilosus L. (KRAMER, DESBIEZ, GARREC, THELLIER, FOURCY and 

BOSSY, 1980). Application of a cytokinin to the lateral buds of intact plants 

may also promote rapid growth (USCIATI, CODACCIONI and GUERN, 1972; 

PILLAY and RAILTON, 1983), while increasing the nitrogen availability to Linum 

usitatissimum L. plants resulted in cell division in the lateral buds about 12 hours 

before growth could be detected (McINTYRE, 1.~7 .5), 

The time period between the removal of dominance and the onset of lateral bud 

growth - the lag phase, has been considered critical in relating observable growth 
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to the possible mechanisms controlling the events in the plant. Reported lag 

phases range from 30 minutes to three to five hours for lateral buds of Phaseolus 

vulgaris (HALL and HILLMAN, 1975; YEANG "and HILLMAN, 1981a), four to 

eight hours for lateral buds of Pisum sativum (WARDLAW and MORTIMER:, 1970) 

to six hours for lateral buds of Cicer arietinum (USCIATI et al., 1972). In the 

definitive work on this aspect, NAGAO and RUBINSTEIN (1976) observed lateral 

bud growth on Pisum sativum plants after a lag phase of six to eight hours following 

decapitation of, or cytokinin application to, rootless plants. The lag phase will 

depend on the degree of inhibition imposed by the plant. In Phaseolus vulgaris, 

which exhibits incomplete apical dominance, increased internodal expansion 

occurred four hours after decapitation (HILLMAN, 1984) while in Tradescantia 

paludosa a much longer lag phase was due to a greater degree of bud inhibition 

(NAYLOR, 1958). The differences in lengths of lateral buds on the same plant 

are attributed to differences in this lag phase, not rate of growth, and may be 

related to the transport of auxin in the plant. 

The time sequence of resumption of lateral bud growth following removal of 

apical dominance will also depend on the stage of cell division occurring in the 

buds. In Cicer arietinum lateral buds, mitosis occurs one hour after removal 

of dominance with a resumption of bud growth followed by DN A synthesis (GUERN 

and USCIATI, 1972). The cells in the lateral bud apex are in the G
2 

stage, having 

duplicated their DNA and can thus undergo mitosis without delay. However, 

in the lateral buds of Tradescantia paludosa, which exhibit a lag phase of up 

to four days, the cells are in the G 1 stage, and DNA needs to be synthesized 

before mitosis can occur (NAYLOR, 1958; BOOKER and DWIVEDI, 1973). 

Increased cell division in lateral buds 24 to 48 hours after removal of the shoot 

apex has been observed by NAYLOR (1958); BALLARD and WILDMAN (1964); 

DWIVEDI and NAYLOR (1968); ALI and FLETCHER (1970) and PETERSON 
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and FLETCHER (1975). In Glycine max (PETERSON and FLETCHER, 1975) and 

Tradescantia paludosa (NAYLOR, 1958) cell division occurs before measurable 

growth. However, in Pisum sativum, cell division does not preceed initial growth 

of lateral buds stimulated by decapitation or cytokinin application, but may 

accompany growth or occur afterwards (NAGAO and RUBINSTEIN, 1976). In 

Phaseolus vulgaris, initial growth is due to internodal cell enlargement, with 

cell division occurring 24 hours later (HILLMAN, 1984). 

Biochemical studies relating to events occurring on release from apical dominance 

are few but indicate that the correlative signal is perceived rapidly after removal 

of dominance. An increase in potassium ions at the nodes of released Bidens 

pilosus buds was noted five minutes after decapitation (KRAMER et aI., 1980). 

One of the earliest events occurring after the decapitation of Pisum sativum 

is the increase of Mg2+ - ATPase activity within 30 minutes, indicating an 

intensification of cellular exchanges (NOUGAREDE, LANDRE and REMBUR, 

1983). Increased synthesis and methylation of fatty acids have also been noted 

shortly after cytokinin application to Nicotiana tabacum (SCHAEFFER and 

SHARPE, 1971, 1974) and Cicer arietinum (USCIATI, CODACCIONI, RAUTUREAU, 

MAZLIAK and GUERN, 1974) lateral buds. 

The correlative signal thus appears to arrive at the site of primary events very 

soon after apical dominance is removed. These sites have yet to be located, 

but could involve specific target cells within the bud (TAMAS, 1987). Differential 

responses of plants to factors which remove apical dominance may be a result 

of differences in the structure or location of these putative target cells. 
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1.3 Early research: A historical perspective 

Early research on apical dominance gave rise to two diverse views on the subject: 

first, that a competition for nutrients by the most actively growing meristems 

deprived the inhibited buds of factors necessary for growth (Figure 1). This 

proposal gave way to the second theory that translocatable substances produced 

in the growing regions of the plant were responsible for the inhibition of lateral 

buds (Figure 1). These translocatable substances were later regarded as growth 

regulators and apical dominance control was described as being hormonal. These 

theories will be reviewed chronologically as they emerged in the literature. 

The view that competiton of nutrients was the main factor in apical dominance 

arose towards the end of the nineteenth century (SACHS, 1874, 1880, 1882; 

DARWIN, 1881) but was first developed by GOEBEL (1900). He postulated that 

the apical bud is a sink for nutrients transported along the stem and that lateral 

buds are inhibited by nutrient deprivation. This view suggests that a given module 

on the plant enjoys its status at the expense of another module. This theory 

was investigated in a systematic way by LOEB (1918, 1924). His classic work 

on Bryophyllum calycinum Salisb.. was interpreted as support for the nutrient 

control theory expressed by Goebel. Loeb established that the inhibitory effect 

of a piece of stem attached to an isolated leaf on the growth of buds on that 

leaf was due to a drain of nutrients to the stem tissue. In the intact plant, this 

drain would be in the direction of the shoot apex. Supporting evidence for this 

theory was supplied by DORSTAL (1926). Using Scrophularia nodosa L. explants 

comprising a stem segment, attached pair of leaves and a lateral bud in the leaf 

axil, he showed that removal of a leaf led to bud growth in its axil. Dorstal 

claimed that lateral bud growth was repressed due to the leaf acting as a sink 

for nutrients and water from the bud. His earlier speculations that this influence 

by the leaf could be due to an inhibitory substance (DORST AL, 1909) was yet 

to be reinvestigated. 
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Diagrammatical representation of two early and diverse views on 

apical dominance. A, Competition for nutrients by the most actively growing 

meristems deprives the inhibited lateral buds of factors necessary for growth 

and development. B, Translocatable sUbstances produced in the growing regions 

of the plant are responsible for the inhibition of the lateral buds. 
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During the same era investigators began finding evidence for the hypothesis 

of a translocatable inhibitor. Earlier, ERRERA (1904) suggested that correlative 

inhibition might be controlled through 'internal secretions'. Work by LOEB (1917) 

on segmented leaves did support the idea of a translocatable inhibitor, but did 

not receive much attention. Two years later, REED and HALMA (1919) published 

evidence against the nutrient theory of ::Loeb. They found that a horizontal 

cut made just above the lateral bud on a Citrus L. sp. shoot was sufficient to 

allow the bud to grow out. Buds above the cut did not grow, providing clear 

evidence that the flow of a translocatable inhibitor from above was being 

disrupted. Further evidence for a translocatable inhibitor was provided by SNO W 

(1925, 1929) using Phaseolus vulgaris and Vicia faba 1. Following the performance 

of a series of grafting unions between decapitated and intact plants, SNOW (1925) 

concluded that the inhibitory influence could pass across a protoplasmic 

discontinuity between two cut surfaces of tissue pressed together. Later, this 

inhibitory influence was demonstrated to pass across a ringed zone of the stem 

(SNOW, 1929). While the work of Snow undoubtedly laid the foundations for 

the acceptance of the growth substance or hormone theory, it was not until the 

advent of auxin research in the 1930s that a specific substance was related to 

the apical dominance phenomenon. Significant progress was made by THIMANN 

and SKOOG (1933, 1934) who demonstrated that auxin was able to replace the 

apical bud with respect to the inhibition of lateral buds. Agar blocks containing 

a crude auxin extract from the fungus Rhizopus sinensis were applied to the 

cut surface of decapitated Vicia faba shoots, preventing lateral bud outgrowth. 

THIMANN and SKOOG (1934) provided further evidence for the role of auxin 

in apical dominance by demonstrating the presence of auxin in the apical bud 

and showing that lateral buds produced auxin only after release from dominance. 

Most, if not all investigations published since this period have shown that auxin 

plays a central role in the control of apical dominance. It was not until the 1950s 
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that a second class of growth regulator, the cytokinins, was implicated in this 

phenomenon. WICKSON and THIMANN (1958), investigating the antagonism 

between auxin and cytokinin in the growth of lateral buds, pioneered the concept 

of an integrated hormonal control of apical dominance. 

The early theories of nutrient and hormonal control of apical dominance have 

since become less exclusive, and control of lateral bud growth may now be con

sidered to be dependent on both the nutritional and hormonal (growth regulator) 

status of the plant. These two major influences on apical dominance will be 

critically reviewed. 

1.4 Plant flUtritionand apical domi.nance 

Early researchers of the apical dominance phenomenon favoured the view that 

nutrient relations in the plant played an important role in the control of lateral 

bud growth. Since, ontogenetically, the stem apical meristem is initiated before 

the lateral meristems, they presumed that the shoot apex would achieve an initial 

advantage in nutrient competition over the inhibited lateral buds (Figure 2). 

The shoot apex on the intact plant is an important site of auxin synthesis and 

a sink for nutrients and metabolites. This status is only reversed by decapitation 

of the shoot apex or treatment of the lateral buds with a promotive growth 

regulator. This theory of direct competition for nutrients began to lose favour 

following the discovery that auxin, and later that cytokinins were implicated 

in apical dominance control. However, the importance of plant nutrition has 

again become a focus of consideration, and it is pertinent that this aspect be 

fully reviewed. 
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Figure 2 Diagrammatical representation of nutrient relations in the plant 

considered to influence the expression of apical dominance. A, The inhibitory 

effect of auxin at the shoot apex is higher on plants under low than high nitrogen 

nutrition (GREGORY AND VEALE, 1957). B, A high-nitrogen status renders 

apically supplied auxin ineffective in suppressing lateral bud growth (PALMER 

AND PHILLIPS, 1963; PHILLIPS, 1968). Cytokinin application to inhibited lateral 

buds on nutrient-deprived plants can release these buds, but partially inhibited 

buds on high-nutrient status plants are unaffected by exogenous cytokinin 

(WAKHLOO, 1970). 
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The most significant evidence to support the concept of nutritional control have 

been reports of inhibited lateral bud release following increases in organic and 

inorganic nutrient availability to the plant. Conversely, suboptimal nutrient 

availability has been shown to increase the level of lateral bud inhibition. This 

phenomenon was first noted by MORELAND (1934), who found that decapitated 

Phaseolus vulgaris plants were very sensitive to experimentally induced differences 

in nitrogen and carbohydrate supply. Significant evidence was provided by 

GREGORY and VEALE (1957) who found that under conditions of nitrogen 

starvation, apical dominance in intact Linum usitatissimum plants was complete, 

but weakened on increase of the nitrogen levels. Similarly, McINTYRE (1964, 

1971a, 1987) found that the growth of lateral buds on the intact rhizomes of 

Agropyron repens Beauv. were inhibited at low nitrogen levels, but could be induced 

to grow by increasing the nitrogen availability. These same nutrient effects 

have been observed with Hordeum distichum (ASPINALL, 1961; FLETCHER and 

DALE, 1974), Solanum sisymbrifolium Lam. (WAKHLOO, 1970), Coleus blumei 

Benth. (THIMANN, SACHS and MATHUR, 1971), Phaseolus vulgaris (McINTYRE, 

1973) and Triplochiton schleroxylon K. Schum. (LEAKEY and LONGMAN, 1986). 

Evidence from the above examples suggests that while the nutrient requirement 

appears to be unspecific, nitrogen appears to be the major nutrient affecting 

apical dominance. Potassium and phosphorus may have a secondary role. 

Assimilable carbohydrates have also been implicated in apical dominance. 

However, failure of direct applications of nutrients to buds to remove or reduce 

bud inhibition (GOODWIN and CANSFIELD, 1967; CUTTER, 1972a; CUTTER 

and CHIU, 1972) has been regarded as evidence against a purely nutritional basis 

of apical dominance control. 

Events occurring in the lateral buds following bud release by decapitation suggest 

a role for nutrient availability. BALLARD and WILDMAN (1964) found that 
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the mitotic activity of lateral buds in Helianthus annuus L. seedlings was limited 

by the carbohydrate supply to these buds. Decapitation of the stem produced 

a rise in bud mitotic activity, which was strongly stimulated by the addition 

of sucrose to isolated buds and shoots. Sucrose and thiamine have been used to 

replace the promotive effective of the cotyledons on cotyledonary bud growth 

of Cicer arietinum (CHAMPAGNAT and DALZON, 1958; HUGON, 1958). Increased 

inhibition of these buds due to removal of the cotyledons suggested that inhibition 

was due to nutrient deprivation. However, WARDLAW and MORTIMER (1970) 

found that inhibited buds of Pisum sativum contained storage starch and concluded 

that carbohydrate availability did not limit their growth. 

The sensitivity of lateral buds to applied growth regulators has also been correlated 

to nutrient availability in the plant. In Linum usitatissimum, inhibition of the 

lateral buds by applied auxin to the decapitated stem was higher under low than 

high nitrogen nutrition (GREGORY and VEALE, 1957). Removal of the cotyledons 

rendered the cotyledonary buds much more sensitive to the inhibition by auxin 

(GREGORY and VEALE, 1957). Similarly, in Helianthus annuus (PALMER and 

PHILLIPS, 1963) and Phaseolus vulgaris (PHILLIPS, 1968) high doses of nitrogen 

were reported to render the apically supplied auxin ineffective in suppressing 

lateral qud growth. Complete inhibition of Nicotiana tabacum L. lateral buds, 

resulting from a low-potassium nutrient status, were released by cytokinin appli

cation to the buds (WAKHLOO, 1970), while the partially inhibited buds on 'high

potassium' plants were not affected by exogenous cytokinin. It is possible that 

higher levels of potassium may have caused an increase in the endogenous cytokinin 

levels in the plant. The auxin levels of the plant have been shown to rise upon 

iricreasing soil-potassium (WAKHLOO, 1965) and nitrate availability (WITT, 1964). 

It is possible that at low nutrient levels, the meristematic regions of the shoot 

tip can satisfy their nutrient needs at the expense of the lateral buds, but at 
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higher nutrient levels, the lateral buds attain the limiting element in quantities 

sufficient to promote growth regulator synthesis (Figure 2). In any event, 

endogenous growth regulator levels appear to be affected by nutrient availability 

to the plant (Figure 2). 

Further evidence for the regulatory role of nutrition in apical dominance has 

been provided by nutrient distribution studies. Decapitation of Pisum sativum 

plants led to the accumulation of root supplied radiolabelled phosphorus at the 

base of the plant (NAKAMURA, 1964). In the intact plant and in decapitated 

plants where the apex had been substituted with auxin, accumulation of phosphorus 

was anterior. Likewise, radiolabelled phosphorus supplied to a single leaflet 

on Pisum sativum plants moved to the apex in the intact plant, but to the lateral 

buds in the decapitated plant (HUSAIN and LINCK, 1966). PHILLIPS (1968), 

providing auxin to the decapitated epicotyl of Phaseolus vulgaris inhibited the 

growth of lateral buds and observed the accumulation of nitrogen in the 

decapitated internode. 

These studies are in accordance with the early theory of WENT (1936, 1939), 

who suggested that under the influence of auxin produced in the shoot apex, 

nutrients (and probably growth regulators) are preferentially transported to these 

regions (Figure 3). An alternative theory that auxin may mediate the availability 

of nutrients by affecting the transport processes in the plant is also plausible 

(Figure 3). This concept of hormone directed transport will be dealt with fully 

in section 1.5.2.1 of this review. 

Despite all indications to the contrary, PHILLIPS (1968) disregarded this aspect 

as evidence in favour of the nutrient theory as he found that the total nitrogen, 

potassium and phosphorus content of the decapitated epicotyl and the lateral 

buds was less for his auxin treated · plants than for the decapitated controls. In 
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Figure 3 Diagrammatical representation of two hypothetical mechanisms by 

which apically synthesized auxin might regulate apical dominance via control 

of nutrient distribution in the plant. A, Under the influence of auxin produced 

in the shoot apex, nutrients (and probably growth regulators) are preferentially 

transported to this region. B, Auxin may mediate the availability of nutrients 

by affecting the transport processes in the plant. 
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addition, he observed that the nitrogen, potassium and phosphorus levels in 

inhibited lateral buds were as high as in the equivalent growing region of lateral 

buds released by decapitation. 

The pattern of lateral bud outgrowth can be correlated to the nutrient distribution 

in the plant. A definite gradient of protein nitrogen was noted in the stems of 

Pisum sativum (GALSTON and DALBERG, 1954), being higher at the shoot apex 

and lower at the base. Similarly, THIMANN and LALORAY A (1960) observed 

a decline in cytokinin promoted protein synthesis in older (basal) isolated Pisum 

sativum stem sections. Bud growth on isolated rhizomes of Agropyron repens 

showed a basipetal gradient of decreasing activity, with more basal buds being 

strongly inhibited (McINTYRE, 1972). This gradient of bud growth was correlated 

to a basally decreasing gradient of nitrogen in the stem. Isolating the buds from 

each other reduced the effect of this apparent gradient. Differential responses 

of lateral buds to growth regulators and nutrients have been reported by HUSAIN 

and LINCK (1966), CUTTER (1972b), CUTTER and CHIU (1975) and GOULD, 

CUTTER, YOUNG and CHARLTON (1987). The growth potential of an inhibited 

lateral bud is thus influenced by the nutrient status of the bud and its associated 

stem tissue. 

An aspect of correlation inhibition that has received much attention from propo

nents of the nutrient theory is the inhibition of one shoot by another shoot on 

the same plant. The shoots may arise at separate nodes or from the same axil. 

Intershoot competition is regarded to be controlled by an unequal partitioning 

of nutrients between the vigorously growing shoot and its more inhibited counter

part. Using unequal cotyledonary shoots on decapitated Pisum sativum plants, 

SNOW (1931, 1932, 1937) observed that defoliation of the one shoot led to its 

inhibition by the leafy shoot. Similar experiments by CHAMPAGNAT and DALZON 

(1958) and HUGON (1958) showed that removal of the cotyledons of a plant 
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increased the inhibition of unequally growing cotyledonary buds. Successful 

sUbstitution of the cotyledons with sucrose and thiamine (HUGON, 1958) led 

to the conclusion that inhibition was due to nutrient deprivation. However, SACHS 

(1966) found that application of nutrients to the senescing shoot on two-shooted 

Pisum sativum plants could not restore shoot vigour. McINTYRE (1968) suggested 

that the levels of applied nitrogen used by SACHS (1966) were still too low. SACHS 

(1966) was able to restore growth to the inhibited senescing shoot with an 

application of cytokinin, but this was regarded as a mobilization effect (IViOTHES, 

ENGELBRECHT and KULAJEWA, 1959; THIMANN and LALORAYA, 1960). 

McINTYRE (1968) using Linum usitatissimum provided convincing evidence for 

the nutritional control of correlative inhibition between lateral shoots. He found 

that the inhibitory influence of the dominant shoot was inversely related to the 

nitrogen level in which the plants were grown. Removal of the dominant shoot 

led to an increase in the nitrogen levels of the inhibited shoot, while the inhibited 

shoot could be released by increasing the nitrogen supply to the plant. 

This inhibition and eventual senescence of the subordinate shoot in a two-shoot 

plant is likely to be regulated by auxin produced in the apex of the dominant 

shoot (Figure 4). MORRIS (1977) found that removal of the dominant shoot apex 

allowed regrowth of the subordinate shoot, while application of exogenous auxin 

to the decapitated dominant shoot partially restored dominance of the latter 

(SA CHS, 1966). The effect of auxin is therefore indirect, perhaps polarizing 

the flow of growth regulators (especially cytokinin) and nutrients from the root 

system thus depriving the weaker shoot. Cytokinin polarization to regions of 

high auxin activity has been observed by MORRIS and WINFIELD (1972) and 

WOOLLEY and WAREING (1972a, 1972b). This view of competition between 

shoots was not supported by McKEE (1968) who in similar stUdies revealed that 

the concentration of amino acids in the inhibited shoot were at least equal to those 
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Figure 4 Diagrammatical representation of the correlative inhibition of one 

shoot by another shoot on the same plant. The shoots may arise at separate nodes 

(A) or from the same leaf axil (B). Intershoot competition is regarded as being 

controlled by an unequal partitioning of nutrients between the two shoots. C, 

Auxin from the apex of the dominant shoot probably inhibits the subordinate shoot 

indirectly by polarizing resources towards it. The inhibitory influence of a dominant 

shoot is inversely related to the nutrients available to the plant, and the inhibition 

of the subordinate shoot can be overcome by increasing the nutrient availability 

(McINTYRE, 1968). 
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in the dominant shoot. In addition, CUTTER and CHIU (1972) found that the 

transmission of the inhibitory influence from the dominant shoot to the inhibited 

shoot could occur through a graft union of parenchyma cells. 

Considerable evidence thus argues that nutrient availability is an important aspect 

of the control of apical dominance. In particular, the distribution of nutrients 

in the shoot can be related to gradients of growth potential exhibited by lateral 

buds. However, factors influencing the availability of nutrients in the plant 

are probably also responsible for the distribution of certain growth regulators. 

With this in mind, control of apical dominance must at present be viewed as 

an interaction between environmental influences governing the extent of apical 

dominance expressed, and the growth regulator levels in the plant mediating 

the control mechanism/so 

1.5 .Growth r.-egulators and apical dominance 

The role of the five classes of growth regulators - auxins, cytokinins, gibberellins, 

ethylene and abscisic acid in apical dominance control will be reviewed separately. 

This does not imply that each regulator acts independently. On the contrary, 

much evidence exists to suggest that these regulators interact with each other 

in the control of lateral bud growth. Where possible, this will be indicated. Special 

attention will be paid to the role of auxins and cytokinins. While cytokinins are 

the main growth regulator researched in this study, a review of the auxins will 

provide much of the theoretical knowledge on which to base an interpretation 

of cytokinin action. Until relevant, the growth regulators will be referred to 

by their classes and not specifically. 
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1.5.1 Auxin and cytokinin transport in relation to apical dominance 

Endogenous hormone patterns, resulting from the biosynthesis, translocation 

and metabolism of the various growth regulators (BRUINSMA, 1980) coordinate 

development in plants. This development is the result of a controlled distribution 

of growth substances between the root and the shoot. In apical dominance, a 

polarity of the distribution of the controlling factor is recognisable externally 

from the patterns of bud growth following decapitation. Apical dominance appears 

to be governed by a complex set of reactions based on the balance of growth 

regulators transported from the shoot apex and the roots (WICKSON and 

THIMANN, 1960). HARRISON and KAUFMAN (1984) suggested that the relative 

amounts of auxin and cytokinin transported to and metabolised at the lateral 

bud site provide an explanation of how the cytokinin: auxin ratio regulates lateral 

bud release. A review of both auxin and cytokinin transport and distribution 

in the whole plant will thus be undertaken in an attempt to relate these growth 

regulators to the mechanism of apical dominance control. 

1.5.1.1 Auxin transport 

Auxin transport and auxin action in relation to apical dominance are likely to 

be intimately related. The transport properties of auxin have been shown to 

alter following decapitation of the shoot apex (VARDAR and KALDEWAY, 1972). 

Thus, the transport capacity for auxin may be an important component in deter

mining the level of apical dominance in the plant (BRENNER, WOLLEY, SJUT 

and SALERNO, 1987). 

The transport of auxin has received considerable attention and has been reviewed 

by McCREADY (1966) and GOLDSMITH (1968, 1977). Auxins synthesized in 

the meristematic tissues of the shoot apex and young developing leaves are 

transported in a predominantly basipetal direction towards the roots of the plant. 
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The polar transport of auxins (a manifestation of the existence of polarity in 

each individual cell) occurs in tissues of the vascular strands. The exact 

mechanism is not yet understood. Properties of auxin transport most likely to 

affect apical dominance are listed below. 

1) Auxin transport in aerial organs is predominantly, but not exclusively basipetal 

although it is largely so (JACOBS, 1950; . WICKSON and THIMANN, 1960; 

MORRIS, 1977; HILLMAN, YEANG and FAIRHURST, 1985). Acropetal trans

·port ·has been determined for Coleus blumei (LEOPOLD and GUERNSEY, 1953). 

2) The physiological age of tissue influences auxin transport and metabolism 

(JACOBS, 1950; GALSTON and DALBERG, 1954; KALDEWAY, 1965; PILET, 

1967; VEEN, 1969). In general, the young and actively growing anterior 

stem tissue transports auxin more effectively than older basal stem tissue 

(LEOPOLD and GUERNSEY, 1953; LEOPOLD and LAM, 1962; JACOBS, 

1970; ZAJACZKOWSKI and WODZICKI, 1978). The decline in transport 

intensity down the stem will result in a differential auxin gradient in the 

shoot. 

3) The proximity of the stem tissue to the shoot apex and the condition of 

this apex (vegetative or flowering) play an important role in determining 

the polarity of auxin transport (LEOPOLD and GUERNSEY, 1953). In Coleus 

blumei, a decline in the auxin polarity gradient caused by flower initiation 

may be involved in apical dominance control (LEOPOLD and GUERNSEY, 

1953). 

4) The transport properties for auxin in the stem are altered following 

decapitation of the shoot apex - a treatment which removes apical dominance 

(LEOPOLD and LAM, 1962; VARDAR and KALDEWAY, 1972). Decapitation 
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of the shoot apex of Pisum sativum resulted in a reduction of radiolabelled 

auxin transported down the stem (WICKSON and THIMANN, 1960). 

Decapitation of the dominant shoot in the two-shooted Pisum sativum plant 

led to the resumption of inhibited basipetal auxin transport in the subordinate 

shoot (MORRIS, 1977). 

5) The transport of auxins in the shoot is affected by exogenous applications 

of growth regulators. Cytokinin applied to Phaseolus vulgaris plants increased 

the rate of basipetal auxin transport from donor blocks at the decapitated 

shoot stump (BLACK and OSBORNE, 1965). Gibberellins applied with auxin 

to the cut stump of decapitated Pisum sativum plants increased the concentra

tion of auxin function some distance from the apical site, possibly by in

creasing auxin transport (JACOBS and CASE, 1965). 

The differential transport of auxin in the shoot as a consequence of the age and 

physiological status of the tissue results in a polar gradient of auxin in the shoot 

system. Considering the central role of auxin in apical dominance control and 

the fact that treatments resulting in the removal of dominance also affect auxin 

transport, the redistribution of auxin in the shoot following decapitation is likely 

to be of major importance. The auxin relationships in Pisum sativum have been 

thoroughly investigated by SCOTT and BRIGGS (1960, 1962). In Pisum sativum, 

the apical bud appeared to be the only source of diffusable 'free' auxin. In this 

study, SCOTT and BRIGGS (1960, 1962) determined both the total 'free' auxin 

content in the tissues by extraction and the 'free' auxin content by diffusion. 

A detailed analysis of endogenous auxin revealed a linear basipetal decrease 

in diffusable auxin within the growing region, but a decrease in extractable auxin 

occurred only in the more mature basal tissue (Figure 5). This decline of 'free' 

auxin towards the base of the intact shoot may be attributed to oxidation 
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Figure 5 The auxin relationships in Pisum sativum as determined by SCOTT 

AND BRIGGS (1960). A, A detailed analysis of endogenous auxin in the plant 

revealed a linear basipetal decrease in diffusable auxin within the growing region, 

but a decrease in extractable auxin only in basal tissue. B, A comparison of the 

distribution of diffusable auxin and growth in the Pisum sativum shoot. 
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(GALSTON and DALBERG, 1954), conversion to 3-indoleacetylaspartic acid 

(ANDREAE and VAN YSSELSTEIN, 1956) or the formation of an auxin-protein 

complex (WILDMAN and GORDON, 1942; GORDON, 1946; SIEGEL and GALSTON, 

1953). This would explain why the concentration of auxin applied to the 

decapitated stump of plants used in donor / receiver experiments is not 

proportional to the auxin recovered (GOLDSMITH and THIMANN, 1962). Even 

so, a certain amount of auxin, if applied to the intact shoot apex or decapitated 

stump does reach the root systems as un metabolized auxin (MORRIS, BRIANT 

and THOMPSON, 1969; ROWNTREE and MORRIS, 1979; NONHEBEL, HILLMAN, 

et al., 1985). Of significance is that this basipetally translocated auxin does 

not enter the lateral buds ' of the intact plant (EVERAT-BOURBOULOUX and 

BONNEMAIN, 1980). 

Following decapitation, it would be expected that the gradient of auxin would 

fall first at the anterior end of the shoot. However, distribution studies of auxin 

following decapitation of Pisum sativum revealed that extractable auxin declined 

first at the apical region of the shoot (SCOTT and BRIGGS, 1960) (Figure 6). 

This led to the proposition that a static 'free' auxin pool (GOLDSMITH and 

THIMANN, 1962) and diffusable 'free' auxin are interchangeable in the shoot 

system, with the auxin moving down the transport system being gradually replaced 

by the static 'free' auxin in the shoot tissues (SCOTT and BRIGGS, 1962). 

The differential gradients of auxin in the shoot system could thus be envisaged 

as a controlling factor in apical dominance. Distinct changes in auxin distribution 

following decapitation may provide a correlative signal by influencing the metabo

lism and ditribution of growth regulators and nutrient's necessary for lateral 

bud release. The events occurring in the stem tissue, while indirect, assume 

a greater importance than the direct inhibition of the lateral buds by auxin. 
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The distribution of extractable auxin in each of 20 millimetre Pisum 

sativum epicotyl sections at various times following excision of the shoot apex 

(SCOTT AND BRIGGS, 1960). The auxin declined first at the apical region of 
the shoot. 
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1.5.1.2 Cytokinin transport 

The ability of direct cytokinin applications to release inhibited lateral buds from 

apical dominance (WICKSON and THIMANN, 1958), together with an observed 

mobilization of cytokinins by released lateral buds (MORRIS and WINFIELD, 

1972) has led to the suggestion that inhibited buds are deprived of an adequate 

supply of cytokinins (PHILLIPS, 1975). PHILLIPS (1969a) suggested that a possible 

mechanism for the maintenance of apical dominance in the intact plant was 

via the control of cytokinin distribution. He postulated that cytokinins produced 

in the roots and transported to the shoot are monopolized by the apex, thus 

preventing the outgrowth of lateral buds. Support for this hypothesis has come 

from PHILLIPS (1968), MORRIS and WINFIELD (1972) and WOOLLEY and 

WAREING (1972a, 1972b). The patterns of cytokinin distribution and their 

modulation of flow through the plant could therefore be of great importance 

in determining the development of lateral buds. 

Considerable evidence suggests that cytokinins are synthesized in the roots (SHORT 

and TORREY, 1972; FELDMAN, 1975, 1979; VAN STADEN and DAVEY, 1979) 

and are exported to the shoot system via the xylem (KENDE, 1964, 1965; NITSCH 

and NITSCH, 1965; CARR and BURROWS,1966; BURROWS and CARR, 

1969). However, recent evidence has indicated that cytokinin biosynthesis may 

not be limited to the roots of plants (CHEN and PETSCHOW, 1978a; WANG and 

WAREING, 1979; KODA and OKAZAWA, 1980; EINSET, 1984; CHEN, ERTL, 

LEISNER and CHANG, 1985). Possible alternative sites of synthesis include 

the cambium, lateral buds, seeds and fruits (VAN STADEN and DAVEY, 1979). 

The transport of cytokinins in the whole plant is more complex than that of auxins. 

Cytokinins may be transported acropetally in the xylem and bidirectionally in 

the phloem (VAN STADEN and DAVEY, 1979) - a phenomenon resulting in 
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circulatory transport in the plant. In addition, cytokinins can move laterally 

between the xylem and phloem (VAN STADEN and DAVEY, 1981; JAMESON, 

ZHANG and LETHAM, 1985) and may be modified as they are transported from the 

root to the shoot (SCOTT and HORGAN, 1984). The cytokinin levels in the plant 

may fluctuate depending on the stage of plant development, the season and 

prevailing environmental conditions (VAN STADEN and DAVEY, 1979). 

The cytokinins zeatin and zeatin riboside appear to be the major translocatable 

forms of cytokinin in the xylem (HEWETT and WAREING, 1973; GORDON, 

LETHAM and PARKER, 1974; HENSON and WAREING, 1976; SATTELMACHER 

and MARSCHNER, 1978; VAN STADEN and DAVEY, 1979; DAVIES, HORGAN, 

HEALD and McGAW, 1986). Zeatin glucoside has also been recovered in lesser 

amounts (DAVIES, et aI., 1986). WIGHTMAN, SCHNEIDER and THIMANN (1980) 

cited unpublished results on the identification of zeatin, zeatin riboside, 

isopentenyladenine and isopentenyladenosine in Pisum sativum roots, while 

FORSYTH and VAN STADEN (1981) identified zeatin, zeatin riboside and possibly 

isopentenyladenine in Pisum sativum lateral roots. Pisum sativum root nodules 

have been shown to contain zeatin, zeatin riboside, zeatin 

riboside-5 -monophosphate, isopentenyladenine and isopentenyladenosine (SYONO, 

NEWCOMB and TORREY , 1976; SYONO and TORREY, 1976), but it is not known 

if these cytokinins are transported out of the nodules. 

I 

Studies on the translocation of applied cytokinins in relation to apical dominance 

have indicated different cytokinin transport properties in plants. The effects 

of different cytokinins on lateral bud growth are thus not directly comparable. 

In experiments using radioactive cytokinins, zeatin (GORDON, et aI., 1974) and 

kinetin (MORRIS, 1981) applied to the roots of plants were taken up but most 

of the radioactivity remained in the root system. In contrast, zeatin riboside 
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(JAMESON, et a1., 1985), benzyladenine (SETH and WAREING, 1964; BIONI and 

CANCIANI, 1984; HARRISON and KAUFMAN, 1984) and zeatin (DAVEY and 

VAN STADEN, 1981), when applied directly into the xylem of plants are well 

translocated to all parts of the plant. Kinetin is not as readily transported (SETH 

and WAREING, 1964), but its uptake and translocation may be enhanced by 

simultaneous applications of gibberellins and auxin (CHANG and GOODIN, 1974). 

These results reflect differences in the uptake and mobility of synthetic and 

endogenous cytokinins, as well as differences in plant and tissue types. 

The polarity of cytokinin transport may also differ depending on the cytokinin 

in question. Transport of exogenous cytokinins may be basipetal or acropetal 

from their site of application, depending on the cytokinin, plant and tissue type 

used. In general, endogenous cytokinins move acropetally in the xylem (LOEFFLER 

and VAN OVERBEEK, 1964; KENDE, 1964, 1965; CARR and BURROWS, 1966; 

HUTTON and VAN STADEN, 1984). The translocation of cytokinins applied to 

the upper part of the shoot system, or to isolated stem or petiole segments will 

take place in the living tissues (OSBORNE and BLACK, 1964; BLACK and 

OSBORNE, 1965; SETH, DAVIES and WAREING, 1966; HUTTON and VAN STADEN, 

1984) and may exhibit polarity. 

Evidence for a controlling role of cytokinin transport in apical dominance has 

come from stUdies on the translocation of applied radiolabelled cytokinins to 

intact and decapitated plants. Cytokinins applied to the roots or stem bases 

of intact plants were shown to move in an acropetal direction to regions of high 

meristematic activity such as the shoot apex or developing fruits (MORRIS and 

WINFIELD, 1972; CHANG and GOODIN, 1974; PROCHAZKA, SCHRAUDOLF 

and SONKA, 1977; PROCHAZKA, NAVRATILOVA and BLAZKOVA, 1983) (Figure 

7). If applied directly to the shoot apex, the cytokinin was not transported from 
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Figure 7 Diagrammatical representation of the translocation of cytokinins 

applied to the roots of intact or decapitated plants. A, In the intact plant, cyto

kin ins move in an acropetal direction to the shoot apex or developing fruits. B, 

Decapitation of the shoot apex results in a change in translocation of the cytokinin 

towards the lateral buds released from apical dominance. C, Auxin applied to 

the cut stump will substitute for the shoot apex in polarizing the flow of applied 
cytokinins to this region. 



29. 

the site of application (MORRIS and WINFIELD, 1972). In addition, auxin applied 

to the cut stump of the decapitated plant could substitute for the shoot apex 

in polarizing the flow of applied cytokinins to this region (MORRIS and WINFIELD, 

1972; CHANG and GOODIN, 1974). 

If the plant is decapitated at the time of cytokinin application, a marked change 

in translocation of the cytokinin occurs towards the lateral buds released from 

dominance (GUERN and SADORGE, 1967; PILET, 1968; MORRIS and WINFIELD, 

1972; PROCHAZKA, et al., 1977; PROCHAZKA, et al., 1983; PROCHAZKA - - --

and JACOBS, 1984) (Figure 7). It appears that the translocation of applied 

cytokinins in decapitated plants occurs towards the more dominant lateral buds. 

Thus, kinetin applied to the upper internode of decapitated Pisum sativum plants 

moved to the lower, faster growing lateral buds (MORRIS and WINFIELD, 1972), 

while benzyladenine applied to decapitated Cicer arietinum seedlings was polarized 

towards the most actively growing lateral buds, whether these were above or 

below the point of cytokinin application (DUERN and SADORGE, 1967). These 

studies indicate that auxin polarizes the flow of cytokinin to regions of high 

meristematic activity and growth. Removal of the shoot apex some time (8-

24 hours) before cytokinin application led to a significant increase in the amount 

of cytokinin recovered from the lateral buds (MORRIS and WINFIELD, 1972). 

This indicates the establishment of a sink or cytokinin polarizing effect. Since 

acropetal transport of cytokinin occurs predominantly in the xylem, the effect 

of auxin is likely to be a 'sink' or mobilizing effect and not an effect on the 

transport mechanism. 

The above studies raise the question of whether the cytokinins diverted to the 

lateral buds after decapitation are themselves responsible for initiating the out-
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growth of these buds, or move to these buds after growth has started. In 

herbaceous plants, observable growth of lateral buds begins four to six hours 

after decapitation of the shoot apex (WARDLAW and MORTIMER, 1970; NAGAO 

and RUBINSTEIN, 1975) (Figure 8). However, studies on the events induced by 

decapitation or cytokinin application have indicated that cytological and 

biochemical changes leading to bud growth begin as early as 30 minutes after 

treatment (USCIATI, et a1., 1972; HALL and HILLMAN, 1975; NOUGAREDE, 

et a1., 1983) (Figure 8). PROCHAZKA, et a1. (1983), observing a significantly 

high accumulation of root applied benzyladenine in the lateral buds only after 

6 - 12 hours following decapitation and cytokinin application, concluded that 

root derived cytokinins are probably not the primary correlative signal, but 

contribute to growth. Similarly, RUBINSTEIN and NAGAO (1976) observed a 

delayed accumulation of root applied cytokinins in the lateral buds of decapitated 

plants. Further experiments by PROCHAZKA and JACOBS (1984) showed that 

application of benzyladenine to the roots of Pisum sativum 10 hours prior to 

decapitation resulted in more intense growth of the lateral buds than of the lateral 

buds on plants treated with the cytokinin and decapitated simultaneously. Entry 

of the benzyladenine into the lateral buds occurred as early as four hours after 

decapitation of the pretreated plants, but only after 10 hours after decapitation 

of the untreated plants. These authors then claimed that cytokinins in the root 

and/or their actual metabolites may participate in the release of lateral buds 

from apical dominance. A composite time sequence of cytokinin redistribution 

and events induced by decapitation or cytokinin application to the lateral buds 

of a hypothetical plant summarizes the above evidence (Figure 8). 

The experiments reviewed above have suggested that cytokinins from the roots 

may correspond with a factor limiting the sustained outgrowth of lateral buds. 

However, one cannot conclude that cytokinin synthesized de novo in roots represent 
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the only source of cytokinins for growing lateral buds. Outgrowth of lateral 

buds following decapitation have been observed on rootless shoots (KENDE and 

SITTON, 1967; WOOLLEY and WAREING, 1972a; PETERSON and FLETCHER, 

1975; NAGAO and RUBINSTEIN, 1975; WANG and WAREING, 1979). Contrary 

to these reports, WENT and BONNER (1943) and LOEFFLER and VAN OVERBEEK 

(1964) found that lateral buds on decapitated plants remained inhibited in the 

absence of a root system. 

It thus seems unlikely that the primary control of apical dominance resides in 

a mechanism of auxin mediated availability of root cytokinins. Such a mechanism 

would imply that cytokinins are no more nor less important than nutrients and 

water. Instead, the nature and quantity of cytokinins at the bud site and associated 

stem tissue are likely to prove more important regarding an immediate bud re

sponse to decapitation. In this regard, the cytokinin status of the plant as deter

mined by the translocation and distribution of cytokinins in the whole plant assumes 

a new importance. 

1.5.2 The role of growth regulators in apical dominance 

1.5.2.1 Auxin 

There is now little doubt that a primary component of apical dominance control 

is the synthesis of auxin by the shoot apex and young growing leaves and its trans

port down the stem. In the previous section, the transport properties of auxin 

were shown to alter following decapitation of the shoot apex, as well as being 

affected by factors relating to the physiological state of the plant. A polar 

gradient of auxin in the shoot system was noted as a result of this modulation 

of transport. Thus, since auxin is probably responsible for the direct or indirect 

inhibition of lateral bud growth, redistribution of auxin in the shoot following 

decapitation is likely to be an important controlling event. 
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Further support for a controlling role of endogenous auxin transport has come 

from studies using auxin transport inhibitors. The application of 2, 3, 5-triiodoben-

zoic acid (TIBA) (PANIGRAHI and AUDUS, 1966), morphactins (KRELLE and 

LIBBERT, 1968) and 1-(2-carboxyphenyl)-3-phenylpropane-1,3-dione (CPD) 

PATRICK and STEAINS, 1987) effectively released lateral buds on intact plants 

basipetal to their point of application. Similar results were observed by LITTLE 

(1970) aDd SCHNEIDER (1970). Since T~nd morphactins are specific inhibitors 

of auxin transport (NIEDERGANG-KAMEIN and LEOPOLD, 1957; THOMSON 

and LEOPOLD, 1974), it would appear that auxin movement is necessary to inhibit 

lateral bud growth. 

Apart from studies on auxin transport, experiments with exogenous auxin have 

associated the high levels of auxin at the shoot apex with the inhibitory effect. 

TBIMANN and SKOOG (1933, 1934) found that applications of exogenous auxins 

or diffusates from Vicia faba sl~oot apices could substitute for the apex as an 

inhibitor of lateral bud growth. Similar results were obtained by THIMANN, 

et al. (1971) ard WHITE, MEDLOW, HILLMAN and WILKINS (1975). However, 

HILLMAN (1986) recently claimed that these results are not strictly valid. There 

is a vast discrepancy between endogenous levels of auxin at the snoot apex and 
- -

the amounts-2f exogenous auxin required to sustain bud inhibition (JACOBS, 

DANIELSON, HURST and ADAMS, 1959; WHITE, et al., 1975). GUERN and 

USCIATI (1972) suggested that these discrepancies are probably due to differences 

in the mode of cytokinin application, and the size and state of development of 

the lateral buds. In such experiments, auxin degredation at the cut surface 

and modifications of auxin transport might influence the amount of auxin reaching 

the lateral bud. Thus it is not surprising that higher concentrations of auxin 

are needed to sustain bud inhibition. 

The mechanism by which apical auxin or exogenous auxin applied to a cut stump 

inhibits the growth of lateral buds remains unclear. The theory that inhibited 
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lateral buds are deficient in nutrients, water and/or essential growth regulators 

would suggest that auxin stimulates assimilate transport indirectly through in

creasing sink activity (HALL and HILLMAN, 1975; MORRIS, 1982) and/or by 

direct action on some phloem transport processes (PATRICK, 1982) (Figure 3). 

The former possibility was discussed previously in the section on nutrient relations 

- proposing that by activation of a local sink activity at the growing shoot apex, 

the lateral buds are deprived of resources. The latter theory proposes that a 

direct effect of auxin on the transport system directs the metabolites towards 

regions of high auxin concentration. This phenomenon of hormone directed 

transport has been reviewed by PHILLIPS (1975) and PATRICK (1982). Auxin 

applied to the stump of decapitated plants has been shown to direct the 

accumulation of radiolabelled sucrose (BOOTH, MOORBY, DAVIES, JONES and 

WAREING, 1962; BOWEN and WAREING, 1971) and radiolabelled phosphorus 

(SETH and WAREING, 1964; DAVIES and WAREING, 1965; HUSAIN and LINCK, 

1966) to the site of auxin application. Application of the auxin transport inhibitor 

TIBA was also able to prevent phosphorus accumulation (DAVIES and WAREING, 

1965), indicating that the ability of auxin to direct transport seems to be related 

to its basipetal transport. Since it is unlikely that activation of a metabolic 

demand could occur immediately at a site of auxin application or at a lateral 

bud following decapitation, the role of hormone directed transport in apical 

dominance is probably significant. PATRICK and STEAINS (1987) found that 

their results of auxin promoted transport of metabolities in the stems of Phaseolus 

vulgaris were more consistent with a remote action of auxin. 

The role of auxin in apical dominance discussed above is conspicuous by its lack 

of interactions with other growth regulators. Since we know of the antagonism 

between auxin and cytokinin in apical dominance (WICKSON and THIMANN, 

1958), it is likely that other mechanisms in addition to an auxin mediated 

distribution of nutrients and growth regulators are operative. The theory of 
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lateral bud inhibition by the presence of an inhibitory factor at the lateral bud 

has been considered and will be dealt with in greater detail later. If auxin were 

this factor, it would have to be near or in the lateral bud in order to exert its 

inhibitory effect. Such a direct effect was doubted by HILLMAN (1986) who 

cited results by HILLIVIAN, MATH and MEDLOW (1977) showing that the 

auxin content of lateral buds increased two-fold in 24 hours following decapitation 

of the shoot apex. Similarly, the auxin content of Avena sativa L. tiller buds 

released from dominance was greater than those still inhibited (HARRISON and 

KA UFMAN, 1984). However, this is to be expected because inhibited lateral 

buds contain low levels of auxin (WAREING and PHILLIPS, 1981), since their 

ability to synthesize auxin is inhibited. On decapitation, these rapidly growing 

shoots begin producing auxin, hence the observed increase. This indicates that 

the inhibitory effect of auxin occurs in the stem and not the lateral buds them

selves. In the previous section on auxin transport and distribution, it was noted 

that a decline in stem auxin occurring six hours after decapitation of the shoot 

apex correlated with a 6 - 10 hour lag phase before the onset of growth in Pisum 

sativum (WARDLAW and MORTIMER, 1970). A linear relationship between applied 

auxin and the degree of inhibition of bud growth in stem sections of Pisum sativum 

was noted by WICKSON and THIMANN (1960). In addition, LIEBERT (1964) found 

that the levels of diffusable auxin from the stem just above an inhibited bud 

were greater than those from stems of plants decapitated two days earlier, while 

JACOBS and CASE (1965) observed high concentrations of stem auxin in the 

immediate vicinity of the inhibited bud. 

The above discussion strongly suggests a role of auxin in the stem, and not in 

the bud itself. SNOW (1937), demonstrating that auxin could not move up into 

the lateral buds from the downward flow, suggested that the buds were inhibited 

by some other mobile compound. It is thus likely that auxin does not act directly 
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on the lateral bud, but that the inhibition is mediated by a process initiated in 

the stem (Figure 9). It follows that this mediated inhibition could occur via 

the interaction with another growth regulator. 

1.5.2.2 Cytokinins 

The discovery of a second class of growth regulators, the cytokinins in the 1950s 

added impetus to the search for a control mechanism of apical dominance. The 

natural cytokinins are adenine derivatives capable of stimulating cell division 

in plants. Together with the synthetic cytokinins discovered, these growth regula

tors are capable of evoking a large spectrum of physiological responses. Interest 

in the role of cytokinins in lateral bud growth was generated by early in vitro 

studies on Nicotiana tabacum pith cultures, which demonstrated that auxin, and 

adenine or a cytokinin were required for bud formation (SKOOG and TSUI, 1948; 

SKOOG and MILLER, 1957). Following this, WICKSON and THIMANN (1958) 

pioneered further research with their now classic investigation into the antagonism 

between kinetin and auxin in apical dominance. 

The purpose of this section will be to review the effects of cytokinins on apical 

dominance and to speculate on their role in the mechanisms of cont rol. The 

role of cytokinin distribution and transport dealt with in the previous section 

will be recapped for the sake of clarity. The early hypothesis of PHILLIPS (1969a, 

1975) suggested that inhibited lateral buds are deprived of an adequate supply 

of cytokinins, possibly via the auxin mediated control of cytokinin distribution. 

Support for this hypothesis has been based largely on the results of distribution 

studies of root cytokinins in intact and decapitated plants. Auxin does polarize 

the flow of cytokinins to regions of high meristematic activity and growth. 

However, the question central to the role of cytokinins in apical dominance remains 

- are cytokinins diverted to the lateral buds after decapitation responsible for 
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AUXIN 

'-~ Other gradients ? 

CYTOKININ 

Figure 9 Diagrammatical representation of a hypothetical mechanism of lateral 

bud inhibition mediated by auxin. Auxin moving basipetally does not enter the 

inhibited lateral bud itself, but initiates a mobile inhibitory compound in the stem 

which acts directly on the lateral bud. 
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initiating the growth of these buds, or do they move to these buds after growth 

has started? Results of experiments on rootless plants (WANG and WAREING, 

1979) and the discrepancies between the rate of cytokinin transport and lateral 

bud growth (HALL and HILLMAN, 1975; NAGAO and RUBINSTEIN, 1975) are 

not in accordance with the cytokinin deprivation theory. It thus seems unlikely 

that the primary control of apical dominance resides in a mechanism of auxin 

mediated availability of root cytokinins. Auxin may still, indirectly, control 

the availability of specific cytokinins at the bud site or stem node by influencing 

the gradient of cytokinin distribution in the plant, and/or by modulating cytokinin 

biosynthesis and metabolism. 

The release of lateral buds from apical dominance may be achieved by the applica-

tion of a wide range of cytokinin-active adenine derivatives. A range of cytokinins 

and their effects on lateral buds are listed in Table 1. The ability of cytokinins 

to promote branching, and thus the yield of such crops as soybean (ALI and 

FLETCHER, 1971), tomato (AUNG, 1984), apples (ELFVING, 1985), strawberries 

(BRAUN and KENDER, 1985) and roses (CARPENTER and RODRIGUEZ, 1971) 

have prompted extensive study on this phenomenon. However, the concentration, 

mode of application and frequency of application of cytokinins have varied in 

reports to the extent that an overall interpretation of this effect becomes difficult. 

Release of lateral buds may be achieved by a direct application of a cytokinin 

to the inhibited lateral bud (ALI and FLETCHER, 1971; PILLAY and RAILTON, 

1983) usually in the manner described by SACHS and THIMANN (1967). Foliar 

spray applications of the cytokinin to the whole plant have also been effective 

in releasing inhibited lateral buds (CARPENTER and RODRIGUEZ 1971' ELFVING " , 
1985). Cytokinin applications to the roots have resulted in the release of lateral 

buds on Pisum sativum (KENDE and SITTON, 1967) but not on Phaseolus vulgaris 

plants (SHEIN and JACKSON, 1971, 1972; FIELD and JACKSON, 1975a). 



TABLE 1. A range of cytokinins capable of releasing the lateral buds of a wide range of plants from apical dominance 

- -~------------- ------------------------------------------------------
Plant 

Nicotiana tabacum 

Glycine max 

Cicer arietinum 

Pisum sa ti vum 

Euphorbia .2.!:!.lcherrima (Klotz) Wild 

.!!m!ophila R. Br. sp. 

Pisum sativum 

Ros§: (L.) Toem. sp. 

Frageria X ananassa L. 

Malus X domestica Borkh. --------
Lycopersicon esculentum Mill. 

Pisu~ sativu~ 

Lycopersicon esculentum 

Solanu~ sisymbrifolium 

Pisum sativum 

Pisum sativum 

Pisum sativum 

Lycopersicon esculentum 

Cytokinin 

Ber.zyladenine 

Kinetin 

Zeatin 

Moce of Application 

Direct to the lateral buds 

to the base of excised shoots 

as a foliar spray 

direct to the cotyledonary bud 

direct to the lateral bud 

to isolated stem segments 

to the base of excised shoots 

direct to the lateral bud 

direct to the cotyleconary bud 

Reference 

SCHAEFFER and SFARPE (1969) 

ALI and FLETCHER (1971) 

Uf;,CIATI et a1. (1972) 

P]LLA Y and RAILTON (1983) 

SEMENIUK and GRIESBACH (1985) 

CGTTER and CHIU (1975) 

NAGAO and RUBINSTEIN. (H175, 

1976) 

C ARPENTER and RODRIGUEZ (1971) 

BRA UN and KENDER (1985) 

ELFYING (1985) 

AUNG and BYRNE (1978) 

SACHS ap.d TBIMANN (1964) 

CATALANO ap.d HILL (1969) 

WAKHLOO (1970) 

WICKSON and THIMANN (1958) 

WICKSGN ap.d TBIMANN (1958) 

P]LLAY and RAILTON (1983) 

A UNO (1984) 

- --------------------------------------------------------------------------------------------------------------
w 
co 
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Cytokinins may also be effective in overcoming apical dominance when applied 

to lateral bud-bearing stem segments in solution (WICKSON and THIMANN, 1958; 

PETERSON and FLETCHER, 1975). These results would suggest that endogenous 

cytokinins are limiting in inhibited buds. 

However, such a simplistic explanation cannot account for the complex nature 

of control apparently under the influence of a varied and interacting set of growth 

regulators. Cytokinins were able to release lateral buds on isolated stem segments 

in solution, but when similar lateral buds were removed and cultured in vitro, 

cytokinin application could not effect their release (PETERSON and FLETCHER, 

1975). Therefore some other factor, possibly in the stem, may be necessary 

for lateral bud growth. This is more likely considering the temporary nature 

of the lateral bud release by cytokinins. In many cases, the stimulatory effect 

of cytokinins on bud growth lasted for only a few days in intact plants and were 

not prolonged by multiple applications (ALI and FLETCHER, 1970, 1971; SACHS 

and THIMANN, 1964, 1967; RUBINSTEIN and NAGAO, 1976). Subsequent 

applications of gibberellins or auxins to the released buds have been successful 

in maintaining lateral bud growth (SACHS and THIMANN, 1967). SACHS and 

THIMANN (1964, 1967) and ALI and FLETCHER (1971) suggested a sequential 

relationship between cytokinins as cell di vision factors and auxins or gibberellins 

as elongation factors in the control of lateral bud growth. 

The growth of lateral buds released by cytokinin application is seldom as great 

as that of buds released by decapitation of the shoot apex (SACHS and THIMANN, 

1967) suggesting a continued effect of auxin in the presence of the shoot apex. 

The antagonism between auxin and cytokinin has been well documented (WICKSON 

and THIMANN, 1958). Cytokinins can overcome the dominance induced by auxin 

application to Lycopersicon esculentum plants (CATALANO and HILL, 1969). 
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The interaction between applied cytokinin and an endogenous auxin gradient 

was manifest by the patterns of bud growth following application of an artificial 

auxin gradient to decapitated shoots of a Hygrophila sp. supplied with cytokinin 

(CUTTER and CHIU, 1975). These results point to a controlling role of auxin 

in the ability of cytokinins to release lateral buds from apical dominance. 

The specificity of the cytokinin used to release lateral buds may be important. 

The activity of different cytokinins in promoting growth of lateral buds has been 

investigated and correlated with their potency in promoting bud formation in 

tobacco callus cultures (SKOOG and ABDUL GHANI, 1981). They noted a wide 

range of activities with some cytokinins being ineffective and others effective 

in releasing lateral buds from apical dominance. PILLAY and RAILTON (1983) 

found that while the cytokinins benzyladenine and zeatin could affect a complete 

release when applied to the lateral buds of Pisum sativum, kinetin and 

isopentenyladenine were not effective. They suggested the possibility that 

inhibited lateral buds are unable to efficiently hydroxylate isopentenyladenine 

to zeatin. Isopentenyladenine is the immediate precursor of zeatin in some systems 

(MIURA and MILLER, 1969; MIURA and HALL, 1973). In addition, experiments 

with N-formyl hydroxyaminoacetate (hadacidin), an inhibitor of purine biosynthesis 

(SHIGEURA and GORDON, 1962) have shown that this compound can inhibit 

the growth of lateral buds on decapitated plants, and that this effect can be 

reversed by cytokinins (LEE, KESSLER and THIMANN, 1974; TUCKER, 1977a). 

The inhibitory effect could not be reversed by adenine, which also could not 

release lateral buds from dominance in the system of PILLA Y and RAILTON 

(1983). This could indicate a control at the level of cytokinin biosynthesis after 

adenine is incorporated into the cytokinin biosynthetic pathway. 

The above results contribute an important corollary to the hypothesis of PHILLIPS 

(1975), namely that apical dominance may be maintained by a regulation of the 
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specificity of the cytokinin arriving at the bud site (Figure 10). In line with this 

concept, SACHS and THIMANN (1967) declared that a decline in auxin supply 

from the shoot apex may enable the lateral buds to commence cytokinin synthesis. 

However, this would imply that once growing, a dominant shoot would need no 

external supply of cytokinin. Evidence reviewed in this section has indicated 

that this is not so. Thus a factor in stem tissue, or the stem tissue itself appears 

to be implicated. It is likely that the factor regulating this postulated control 

mechanism could be auxin moving basipetally from the shoot apex (Figure 10). 

Inexplicably, this concept of apically controlled specificity of cytokinin action 

at the site of the lateral buds has never been investigated further. 

A comparison of events occurring in lateral buds released by decapitation or 

cytokinin application indicates that cytokinins are necessary for the initiation 

of some biochemical events prior to mitosis and growth in the lateral buds. Cyto

kinin application to inhibited buds of Cicer arietinum resulted in a st imulation 

of cell division after one hour which was preceded by cell elongation after another 

hour (GUERN and USCIATI, 1972). In addition, benzyladenine pretreatment 

resulted in earlier and greater incorporation of applied radiolabelled thymidine 

(SCHAEFFER and SHARPE, 1970) or uri dine (USCIATI, et al., 1972) into the 

RNA of Nicotiana tabacum or Cicer arietinum lateral buds respectively. In Pisum 

sativum removal of the shoot apex did not lead to an increase in the sensitivity 

of lateral buds to applied benzyladenine, but high benzyladenine concentrations 

were no longer supraoptimal for growth on decapitated plants when compared 

with growth on intact plants (NAGAO and RUBINSTEIN, 1975). These authors 

argued that new events are initiated by decapitation which cannot be brought 

about by applications of an exogenous cytokinin, and that other factors besides 

cytokinins are limiting for bud growth. The significance of this has already been 

discussed. 
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Figure 10 Diagrammatical representation of a hypothetical interaction between 

auxin and cytokinin controlling lateral bud inhibition. A, In the intact plant, 

the ratio of auxin : cytokinin is unfavourable for the promotion of events at the 

lateral bud site leading to bud release. Cytokinin biosynthetic potential in this 

region may be suppressed, or the lateral buds may lack the capacity to utilize 

the particular cytokinins prevalent in the shoot. B, Decapitation results in a 

lowering of the auxin levels, so that the auxin : cytokinin ratio is favourable for 

cytokinin biosynthesis at this lateral bud site. Alternatively, cytokinins are meta

bolised to more usable forms. 
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A further effect not yet discussed is the ability of applied cytokinin to increase 

the number of lateral buds on a shoot. Kinetin applied to the upper epicotyl 

of Pisum sativum resulted in significantly more buds on the plant (SCOTT and 

PRITCHARD, 1968), while cytokinins play a key role in the initiation of 

adventitious buds in Torenia fournieri Lind. stem segments (TANIMOTO and 

HARADA, 1984). Studies of moss development, reviewed by BOPP (1980) have 

also indicated that cytokinins are responsible for the induction of bud formation 

on the moss caulonema. Cytokinin treatment of the moss resulted in an 

accumulation of membrane-bound calcium in the prospective bud region (HEPLER 

and WAYNE, 1985), indicating that the effect of cytokinin may be mediated 

by calcium. TAMAS (1987) has questioned whether lateral bud growth release 

by cytokinins could be achieved by reorientating auxin transport and cell 

differentiation in the lateral bud region. The role of calcium in cell polarity 

(SCHNEPF, 1986) has been reviewed in relation to auxin transport by TAMAS 

(1987). 

There thus appears to be strong evidence that cytokinins are a primary controlling 

factor in apical dominance. Their effect is likely to be mediated, either directly 

or indirectly by an interaction with apically produced auxin. In this respect, 

the distribution of auxin and cytokinins in the plant are of great significance. 

If cytokinins are the primary correlative signal at the lateral bud site, qualitative 

changes in the specificity of the cytokinins following decapitation are likely 

to be more important than a redistribution of root cytokinins, yet the latter 

may still be important in maintaining growth. 

1.5.2.3 Gibberellins 

The gibberellins are potent stimulators of growth in many plant systems (LANG, 

1970). Their exact role in plant growth and development is extremely complex, 
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since gibberellins occur in many parts of the plant, at different levels and as 

different types. The great number of gibberellins do not have the same biological 

activity ~ se, and there exist qualitative and quantitative changes related to 

genotype, developmental stage and environmental influences (SPONSEL, 1985). 

There is little evidence to suggest that direct application of a gibberellin to 

inhibited lateral buds can release these buds from apical dominance. Reports 

by MARTH, AUDIA and MITCHELL (1956), CATALANO and HILL (1969) and 

ALI and FLETCHER (1970) claim that gibberellins released lateral buds from 

apical control, but their evidence is questionable. Gibberellins do have a positive 

effect on the extension of buds released from apical dominance. Applications 

of gibberellin increased the length of lateral buds following apex removal, but 

not the number of lateral buds (BRIAN, HEMMING and RADLEY, 1955; KATO, 

1958; WICKSON and THIMANN, 1958). Gibberellins may also stimulate bud growth 

in isolated stem sections (SCOTT and PRITCHARD, 1968; KATSUMI and IKEO, 

1970). Lateral buds of Pisum sativum, released by cytokinin application, continued 

to grow only with subsequent gibberellin treatment (SACHS and THIMANN, 1964). 

This suggests that gibberellins may have a role in the immediate post-release 

phase of lateral bud growth. 

The gibberellios are known to interact with other growth regulators in the control 

of apical dominance. A synergistic effect between gibberellins and auxins was 

shown to enhance the inhibitory action of auxin (JACOBS and CASE, 1965; SCOTT, 

CASE and JACOBS, 1967; PHILLIPS, 1969b). Applications of gibberellins to 

the shoot apex increased the growth rate of the apex and accentuated the degree 

of apical dominance (BRIAN, HEMMING and LOWE, 1959) probably by increasing 

the apex mobilizing effect (MARTIN, 1987). The antagonism of the inhibitory 

effect of auxin by gibberellins has been reported by KATO (1958) and PHILLIPS 

(1971a, 1971b). 
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GibbereHins appear to promote the effects of cytokinins on bud growth. When 

gibberellins were applied together with benzyladenine, growth was much enhanced 

(ALI and FLETCHER, 1970). If gibberellin application was delayed after 

benzyladenine treatment, the growth effect was greater (ALI and FLETCHER, 

1971). Contrary to these and similar results by SACHS and THIMANN (1964) 

and CATALANO and HILL (1969), gibberellins prevented the benzyladenine

induced bud release of Cyperus alternifolius L. (FISHER, 1971). 

An interaction between ethylene action and gibberellins is also indicated. Ethylene 

evolution resulting from shoot inversion appears to induce the release of apical 

dominance in Pharbitis nil L. (PRASAD and CLINE, 1987). Apical dominance 

release can also be prevented by promoting elongation of the inverted shoot 

via treatment with gibberellin, (PRASAD and CLINE, 1987). A synergistic effect 

was observed when Ag N0
3

, an inhibitor of ethylene action, was applied with 

the gibberellin (PRASAD and CLINE, 1987). 

Correlations between gibberellin distribution, endogenous levels of gibberellins 

and apical dominance remain inconclusive. Roots are the probable source of 

gibberellins (JONES and PHILLIPS, 1966), but this class of growth regulator occurs 

in high levels in the apical tissues (THOMAS, 1972). In Pisum sativum, bud 

inhibition on rootless plants could be restored by application of gibberellin to 

the base of the plant (SEBANEK, 1972) indicating a possible controlling role 

of root gibberellins. However, in studies of the translocation of labelled and 

unlabelled gibberellin applied to the roots of decapitated plants, the gibberellin 

was noted to arrive at the lateral buds very late and in negligible amounts 

(THOMAS, 1972; PROCHAZKA and JACOBS, 1984). 

Gibberellin action thus appears to be effected by auxins, cytokinins and ethylene, 

and therefore its effects in apical dominance are likely to be modulated by other 
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growth regulators. While it is very likely involved in shoot growth, it does not 

appear to playa primary role in the release of lateral buds from dominance. 

1.5.2.4 Ethylene 

Ethylene is a potent plant growth regulator synthesized in all plant cells as a 

gas (ABELES, 1985). The production of ethylene in the plant is increased by 

auxin - suggesting that ethylene so produced might play a role in auxin action. 

Thus ethylene may be an important secondary controlling factor in apical 

dominance. 

Lateral bud growth on decapitated plants has been inhibited by applications of 

ethylene (BURG and BURG, 1968; YEANG and HILLMAN, 1981b; BLAKE, REID 

and ROOD, 1983), the ethylene precursor 1-aminocyclo-propane-1-carboxylic 

acid (BLAKE et aI., 1983) or 2-chloroethylphosphonic acid (ethephon), a synthetic 

ethylene releasing agent (YEANG and HILLMAN, 1982). Conversely, treatments 

that remove ethylene may enhance lateral bud growth, especially in decapitated 

plants (BURG and BURG, 1968; BLAKE et aI., 1983). However, aminoethoxyvinyl 

glycine treatment (YEANG and HILLMAN, 1982), CO2 and hypobaric conditions 

(BURG and BURG, 1967) - all known to eliminate ethylene action, did not result 

in the removal of apical dominance in treated plants. It is possible that these 

treatments may inhibit other growth responses in addition to ethylene action. 

Ethylene evolution has been shown to decrease following decapitation of the 

shoot apex and during initial lateral bud growth (ABELES and RUBINSTEIN, 1964; 

YEANG and HILLMAN, 1982). In some cases, this ethylene evolution has occurred 

in both nodal and internodal stem sections (YEANG and HILLMAN, 1982) while 

in others decapitation did not reduce ethylene production at the nodes (ABELES 
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and RUBINSTEIN, 1964; BURG and BURG, 1968). YEANG and HILLMAN (1981b) 

found that internal ethylene concentrations of Pisum sativum were increased 

by treatments that induced or prevented lateral bud growth. 

Following decapitation, auxin treatment of the plant may lead to increased 

ethylene production which can be correlated to lateral bud inhibition (BLAKE 

et a!., 1983). Again, this effect may be noted only in the internodal tissue (YEANG 

and HILLMAN, 1982) or the nodal tissue (ABELES, 1966). These discrepancies 

together with the fact that a continuous supply of auxin was necessary for ethylene 

evolution to prevail (BURG and BURG, 1968) led YEANG and HILLMAN (1982) 

to conclude that auxin does not sustain the inhibition of bud growth in decapitated 

plants via auxin induced ethylene. This hypothesis, first proposed by BURG and 

BURG (1968) is supported by BLAKE et a!. (1983). 

The interaction of ethylene and apically produced auxin in apical dominance 

does however seem likely. Ethylene can inhibit the polar basipetal transport 

of auxin (MORGAN and GAUSMAN, 1966; ALI and FLETCHER, 1971) as well 

as auxin biosynthesis (ERNEST and VALDOVINOS, 1971). 

HILLMAN et a!. (1985) favoured the hypothesis that ethylene may act by 

suppressing the growth of the shoot apical region, thus releasing lateral buds 

from dominance by decreasing auxin synthesis and/or lessening the apical 

mobilizing effect. Physical constr:i ction of the apical bud or enclosure of the 

apical bud in an atmosphere of high ethylene concentration resulted in a rapid 

outgrowth of the lateral buds (HILLMAN and YEANG, 1979). This release of 

inhibited buds occurred after ethylene treatment to the whole shoot (HALL, 

TRUCHELUT, LEINWEBER and HERRERO, 1957; CATCHPOLE and HILLMAN, 

1976). 
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Cytokinins, known promotors of cell division, have been shown to overcome the 

inhibitory effect of ethylene on lateral bud growth in decapitated plants (BURG 

and BURG, 1968). Ethylene is known to inhibit cell division in apical meristems 

(APELBAUM and BURG, 1972a, 1972b), perhaps by antagonising DNA synthesis 

(APELBA UM, SF AKIOTAKIS and DILLEY, 1974). It is therefore not surprising 

that continuous exposure of intact plants to ethylene inhibited growth of the 

main apex, but did not bring about an outgrowth of lateral buds (BURG, 1973). 

The mechanism by which ethylene may exert an effect on apical dominance appears 

complex, but is likely to include an interaction with apically produced auxins. 

The ethylene effects confirm that any factor which affects the synthesis, 

transport, distribution and action of endogenous growth regula tors is likely to 

influence the degree of apical dominance in the plant. 

1.5.2.5 Abscisic acid 

The theory of lateral bud inhibition by the presence of inhibiting factors in the 

plant achieved credibility following demonstrations by SNOW (1937) that the 

inhibitory influence, but not auxin, could move from the apical bud to the lateral 

buds. Later, DORFFLING (1964, 1965, 1966) noted a decline in the levels of 

~everal inhibitory fractions from lateral buds of Pisum · sativum and Acer 

pseudoplatanus L. following their release from apical dominance. With the 

identification of abscisic acid as a natural plant growth inhibitory regulator, 

many investigators were eager to ascribe a controlling role to this hormone in 

apical dominance. However, much of the evidence related to abscisic acid and 

apical dominance remains inconclusive and contradictory. While abscisic acid 

has been implicated in a number of plant development processes, MARTIN (1987) 

has cautioned on the uncertainty that still exists with regard to the control of 

lateral bud growth by this growth regulator. 



The results of exogenous abscisic acid application on lateral bud growth are mixed, 

possibly due to differences in the methods of application and plants used. 

Applications of abscisic acid to the stem, roots or buds of decapitated plants 

has resulted in the inhibition of lateral bud growth (ADDICOTT and LYON, 1969; 

ARNEY and MITCHELL, 1969; HILLMAN, 1970; SEBANEK, 1973; BELLANDI 

and DORFFLING, 1974; WHITE and MANSFIELD, 1977; HARTUNG and FUNGER, 

1981; NOUGAREDE, RONDET, LANDRE and REMBUR, 1987). However, the 

wide range of concentrations necessary to impose inhibition and the differing 

degree of inhibition achieved illustrate the variation of the lateral bud response. 

Under certain conditions, abscisic acid has a promotive effect on lateral bud 

growth, even after apex removal (HILLMAN, 1970; BELLAND! and DORFFLING, 

1974; HARTUNG and STEIGERWALD, 1977; HARTUNG and FUNGER, 1981). 

The levels of abscisic acid are reported to be higher in inhibited lateral buds 

than in their associated stem and petiole tissue (ARNEY and MITCHELL, 1969; 

TUCKER and MANSFIELD, 1973; DORFFLING, 1976; EVERAT-BOURBOULOUX, 

1987). On decapitation of the plant, the levels of abscisic acid have been shown 

to decline in the lateral buds (TUCKER and MANSFIELD, 1972, 1973; KNOX 

and WAREING, 1984; EVERAT-BOURBOULOUX and CHARNAY, 1982; ZIESLI 'N 

and KHA YAT, 1983). However, it is largely agreed that the decline of abscisic 

acid in lateral buds following decapitation is a result of bud growth, not a cause 

of it. In Phaseolus vulgaris the decline in abscisic acid occurs only after bud 

release (TAMAS, OZBUN, WALLACE, POWELL and ENGELS, 1979). The levels 

of abscisic-like SUbstances in the bud on decapitated and intact plants have been 

found to be similar when calculated on a concentration for fresh mass basis 

(DORFFLING, 1976; WHITE and MANSFIELD, 1977). 

Despite these conflicting results, TUCKER (1977a, 1977b, 1977c, 1978) and 

EVERAT-BOURBOULOUX (1987) have noted an inverse correlation between 
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the levels of abscisic acid and growth of lateral buds. Working with two cultivars 

of Lycopersicon esculentum, TUCKER (1978) noted that the cultivar with strong 

apical dominance also had higher levels of abscisic acid than the cultivar with 

weak apical dominance. 

In considering a mechanism for abscisic acid involvement in apical dominance, 

many investigators have attempted to implicate an interaction with auxin. 

TUCKER (1978) found that plants with high abscisic acid activity also had high 

levels of auxin activity. He concluded that the role of auxin is to maintain a 

high level of abscisic acid which inhibits the outgrowth of lateral buds. Auxin 

treatment of a plant following decapitation maintained the abscisic acid content 

at high concentrations in the stem tissue (KNOX and WAREING, 1984). An earlier 

theory implicating auxin control of abscisic acid levels suggested that abscisic 

acid is synthesized in lateral buds in response to the arrival of auxin from the 

apical bud (ARNEY and MITCHELL, 1969). 

Evidence against the involvement of auxin has come from AMES, HILL, WALTON 

and DASHEK (1979) and TAL, IMBER, EREZ and EPSTEIN, (1979) who found 

no correlation between levels of abscisic acid and auxin activity. 

An attractive theory proposed by TUCKER and MANSFIELD (1972, 1973) suggested 

that abscisic acid synthesized in the mature leaves may inhibit only the lateral 

buds they subtend by preventing the buds from responding to cytokinins in the 

bud or stem tissue. A downward gradient of free cis-trans abscisic acid was 

found to occur along the stem of Vicia faba, from the apical bud to the roots 

(EVERAT-BOURBOULOUX, 1987). This gradient correlates with the gradient 

of potential of lateral buds to extend following decapitation (HUSAIN and LINCK, 

1966). Such a gradient is easily envisaged since mature leaves are considered 
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to be the primary site of abscisic acid synthesis, and translocation of this growth 

regulator occurs acropetally towards the apical bud (WAREING and SAUNDERS, 

1971, HeAD, 1973). 

The role of abscisic acid in apical dominance remains unresolved. Recently 

NISFITANI arid HASEGAWA (1985) have suggested that auxin exerts its effects 

by increasing an inhibitor which is different from abscisic acid. A control of 

apical dominance, perhaps only under certain conditions (HILLMAN, 1986) may 

depend upon a balance between promotive factors and an inhibitory complex 

including abscisic acid. 

1.6 Environmental factors affecting apical dominance 

The morphology of a plant is a direct result of an interaction between the 

environment and gEnetic factors governing plant development and growth. Apical 

dominance, a oeveloprr.ental process determining the form of a plant is strongly 

influenced by environmental and physical factors. These factors may alter the 

growth regulators in the plant responsible for the regulation of apical dominance. 

A brief review of such factors acting on the plant is thus necessary to illuEtrate 

the complexity of a multiple control system likely to be operative in the regulation 

of plant form. 

1.6.1 Light 

Light intensity and quality, aE well as the photoperiod experienced by the plant 

may influence the degree of apical dominance expressed. In general, high ligrt 

intensities increase lateral bud growth, while lower light intensities result in 

a greater inhibition of buds (tv.'ITCHELL, 1953a, 1953b; GREGORY and VEALE, 
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1957; McINTYRE 1971a, 1971b; THIMANN et al., 1971; McINTYRE, 1973; FIELD 

and JACKSON, 1975b; ANDERSEN, 1976; ZIESLIN and MOR, 1981). The quality 

of the light may affect apical dominance and is related to light intensity. Red 

light promotes lateral bud growth, while far-red light, predominant under shading, 

will increase inhibition (KASPERBAUER, 1971; TUCKER and MANSFIELD, 1972, 

1973; MORGAN and SMITH, 1976). Short-day photoperiods can reduce the degree 

of correlative inhibition, while increased inhibition can be experienced under 

long days (PHILLIPS, 1969a). 

The mechanism by which light exerts an effect on apical dominance is unknown, 

but it may operate by altering the growth regulator and carbohydrate status 

of the plant, and/or the transport features of the plant. 

PHILLIPS (1975) suggested that photoperiodic effects may be mediated through 

changes in hormone balance. In Pisum sativum, apical dominance is lost with 

increasing light intensity, possibly due to greater synthesis of auxin (ANDERSEN, 

1976). Auxin distribution in the plant has been shown to change with changing 

light intensity. Low light decreased the auxin content of the Phaseolus vulgaris 

shoot apex, and increased the auxin levels at the base of the shoot (TILLBERG, 

1972). TREW A V AS (1981), expanding on his still controvertial theory of growth 

regulator sensitivity, suggested that light reduces the level of auxin receptor 

levels in the plant. Etiolated tissues show a much greater sensitivity to auxin 

than green tissues (LEOPOLD and KRIEDEMANN, 1975) - possibly due to their 

having a greater number of cells than their green counterparts (BUTLER and 

LANE, 1959). However, no correlation has been noted between the effects of 

light on auxin levels in the plant (A UDUS, 1972). 

The possibility that . light affects apical dominance by altering the carbohydrate 

status of the plant underlines the importance of plant nitrogen in this phenomenon. 
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McINTYRE (1973) demonstrated that the effect of low light intensity is due 

to carbohydrate limitation for bud growth. A hypothesis of nutrient diversion, 

proposed by MORRIS and WINFIELD (1972) suggests that a light regime that 

increases vegetative growth will divert nutrients and growth regulators to the 

growing shoot apex. 

Changes in transport features in the plant may be affected by light. Far-red 

and red light decreased the amount of diffusable and free auxin and coleoptile 

tips, while high light intensity increased auxin transport CLINO, 1982). In Perilla 

fructescens (1.) Britt., short-day treatments increased the translocation of 

cytokinins from the root to the shoot (BEEVER and WOOLHOUSE, 1973). This 

could be an effect on the sink strength of the shoot apex due to an enhanced 

unloading process (MOR, HALEVY and PORATH, 1980). 

1.6.2 Water 

Studies on the effects of water status on apical dominance have been largely 

neglected. 

Early observations that the patterns of lateral bud outgrowth could be manipulated 

by changes in humidity (REMY, 1968) suggested that water relations in the plant 

could playa role in the controlling mechanism of apical dominance. Pisum sativum 

and Phaseolus vulgaris plants under water stress exhibited an increased degree 

of apical dominance which decreased after water stress was alleviated (McINTYRE 

1971b, 1973). BLAKE and TSCHAPLlNSKI (1986) suggested that decapitation 

of the shoot apex in woody plants leads to an increased availability of water 

by increasing the root : shoot ratio and reducing shoot competition for water. 

This increased availability of water would thus lead to bud release and accelerated 
I 

growth. 
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The interacting effects of nitrogen and humidity on the water status of lateral 

buds may playa significant role in apical dominance. MciNTYRE (1980) observed 

that under conditions of high humidity, inhibited lateral buds on Agropyron repens 

rhizomes were released from dominance - probably due to inhibition of the rhizome 

apex. McINTYRE (1987) has since determined that the inhibition of rhizome 

growth by high humidity results from a reduction in the supply of calcium to 

the rhizome apex. Transport of calcium is dependent on factors affecting the 

rate of transpiration (TIBBITTS, 1979). Thus, release of lateral buds occurs due 

to nitrogen now being transported to the lateral buds and not the rhizome apex. 

1.6.3 Nutrients 

The role of nutrient availability in apical dominance control has been reviewed 

in Section 1.4. Increases in organic and inorganic nutrient availability generally 

lead to a decrease in the degree of apical dominance, while plants under nutrient 

stress exhibit strong apical dominance. The effects of nitrogen availability may 

be influenced by the water status and light regime experienced by the plant 

(McINTYRE 1971a, 1973). 

1.6.4 Gravity 

The orientation of a shoot on a plant can influence the degree of lateral bud 

inhibition as well as the pattern of branching. Apical inhibition of lateral buds 

has been removed by placing a negatively geotropic shoot in a horizontal position 

(WAREING and NASR, 1958, 1961; SMITH and WAREING, 1964a, 1964b, 1966). 

These early investigators of gravistimulation suggested that reorientation of 

the shoot resulted in an inhibition of basipetal auxin transport from the shoot 

apex. SMITH and WAREING (1964b), noting that reorientation resulted in a decline 

in anterior branching and an increase in basal branching of lateral buds, suggested 
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that the change may be related to an increased availability of root derived 

cytokinins and nutrients. This hypothesis has received some support by PRAKASH, 

SHARMA, SHARMA and VIDHU (1985) and PRAKASH, KUMAR and SHARMA 

(1986). 

The most convincing evidence for a role of gravistimulation in apical dominance 

has come from studies in Pharbitis nil, where shoot inversion induced the release 

of lateral buds from apical dominance (CLINE, 1983; CLINE and RILEY, 1984; 

CLINE and PRASAD, 1985; PRASAD and CLINE, 1985a, 1985b, 1986a, 1986b, 

1987). Shoot inversion stimulates ethylene production which retards the elongation 

of the inverted shoot (PRASAD and CLINE, 1987). Similarly, physical restriction 

of the apical growth of a plant has been shown to induce ethylene production 

resulting in lateral bud outgrowth (HILLMAN and YEANG, 1979). 

1.6.5 Other environmental factors 

The effects of C02 (ANDERSEN, 1976) and temperature (BARNOLA, LAVARENNE 

and GERDRAUD, 1986; DE VRIES, DUBOIS and SMEETS, 1986) on apical 

dominance have received some attention but an understanding of these two factors 

remains limited. 

1. 7 A hypothesis of apical dominance control 

The expression of apical dominance appears to rest with an interaction of 

environmental and physical factors. These factors can influence the degree 

of dominance expressed by limiting or modifying the growth regulators within 

the plant. Thus the control mechanism of lateral bud inhibition in the plant is 

mediated by a balance of growth regulators in the shoot system. 



·57. 

A working hypothesis of apical dominance control has been formulated from 

the following postulates interpreted from the literature: 

1) The expression of plant shape or form resulting from the branching patterns 

of lateral buds is a direct result of gradients of nutrients, water and growth 

regulators in the plant. The controlled distribution of nutrients and growth 

regulators in the plant create a gradient of potential of lateral buds to extend. 

2) Decapitation of the shoot apex changes the nutrient and growth regulator 

status of the plant. These changes could be viewed as the correlative signal 

in the plant. 

3) Cytokinin applications to lateral buds on intact plants release the buds from 

apical dominance. Differential effects of different cytokinins suggest that 

the controlling mechanism may involve the controlled modification of 

cytokinin specificity at the bud site. 

4) Events occurring in the plant following decapitation of the shoot apex and/or 

cytokinin application to lateral buds have indicated that the stem tissue 

adjacent to the lateral bud may be a site of activity related to the mechanism 

of action. 

5) An interaction between a cytokinin and an inhibitor is likely in the control 

of apical dominance. If control resides in the modification of cytokinin 

specificity at the bud site, it is likely that this mechanism is mediated . , 

directly or indirectly by the inhibitory influence from the shoot apex, possibly 

auxin. 
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The hypothesis thus formulated from the above postulates states: 

Inhibited lateral buds on intact plants are not deficient in nutrients and growth 

regulators ~ se, but lack the biosynthetic capacity to utilize these essential 

resources. Decapitation of the shoot apex results in a redistribution of nutrients 

and grO\vth regulators in the shoot system , resulting in a favourable auxin : 

cytokinin ratio at the lateral bud site. This ratio allows for the biosynthesis 

and utilization of specific cytokinins for a specific time period. 

The study will thus be concerned with the role of cytokinins in the release of 

lateral buds of Pisum sativum L. ThE effect of applied cytokinins on lateral 

bud growth will be related ·to theoretical models d gradients of nutrients and 

inhibitory and promotive growth regulators in the plant. To cemonstrate the 

polarity of these controlling factors in the plant, the patterns of lateral bud 

growth following removal of apical do minance will be correlated to the effects 

of cytokinin application. In this way, the study will encompass both aspects 

of apical dominance - the correlation between the shoot apex ard a lateral bud, 

as well a~ the ccrrelation between all lateral buds on a plant. 
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CHAPTER II 

THE GROWTH AND DEVELOPMENT OF LATERAL BUDS 

2.1 Introduction 

The form of a plant is the result of the controlled growth or inhibition of modules 

along the developmental axis of the shoot. Each inhibited lateral bud on a plant 

represents a quiescent growth centre, the regulation of which, in terms of 

frequency, location and developmental potential, results from the correlation 

between the shoot apex and all lateral buds on the shoot. The performance of 

each meristem in relation to the other meristems is thus important in obtaining 

a holistic view of events occurring in the whole plant. CARR (1966) has stated 

that the metabolic interactions between parts of the plant offer considerable 

scope for the regulation of growth and development. With this in mind, the 

experiments in this chapter attempt to investigate the nature of these metabolic 

interactions. Of constant value will be references to theoretical models of growth 

regulator and resource distribution in the plant. In the words of MITCHELL 

(1962), 'we must not lose sight of the fact that transport processes in biology 

are integral with the activities of growth and survival'. 

2.2 The response of lateral buds to decapitation: An introduction to the experi

mental system 

2.2.1 Materials and methods 

Plant material Seeds of Pisum sativum L. cv. Onward were pre-imbibed in 

distilled water for two hours and undamaged seeds not yet imbibed were selected 

for planting. This selection ensured uniform germination. The seeds were sown 
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in trays of vermiculite, eight to ten seeds to a tray saturated with distilled water 

in a greenhouse at 20°C ± 4°C. A high light intensity was provided by daylight. 

At the emergence of the first true leaf, the seedlings were watered daily with 

a full strength Hoagland's nutrient solution (HOAGLAND and SNYDER, 1933). 

Pre-trials in which intact and decapitated plants were watered with distilled 

water or a range of concentrations of nutrient solution indicated that the degree 

of apical dominance experienced by the lateral buds declined with increasing 

nutrient availability. Plants receiving only distilled water exhibited an experi

mentally more desirable complete apical dominance, but the growth of released 

lateral buds was insufficient as a result. It was decided to avoid imposing complete 

apical dominance artifically, but to apply a non-limiting supply of nutrients and 

select only uniform intact plants exhibiting complete apical dominance for experi

mentation. For all standard experiments performed, plants bearing four nodes 

with trifid bracts at the lower two nodes and true leaves at the upper two nodes 

were selected for experimentation (Figure 11). Where plants of a different age 

were required, sowing of seed was staggered so that treatment of a range of 

plant sizes could occur simultaneously. The lateral buds for all experiments 

were designated bud 1 to bud n from the basal to the anterior bud respectively. 

Using these plants cultivated under the standard conditions described, the following 

experiments were performed. 

Decapitation of plants The shoot apex (the apical meristem and subtending 

young leaves) was excised 10 millimetres above bud 4, midway on the fifth 

internode of four-node plants. The length of each developing lateral bud was 

measured daily on replicates of 40 plants for 14 days. Plants not decapitated 

served as a control. 
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Figure 11 A Pisum sativum plant bearing four nodes with trifid bracts at the 

lower two nodes and true leaves at the upper two nodes. Lateral buds, nodes, 

internodes and leaves were numbered from the base to the shoot apex. 
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Serial decapitation of plants The shoot apex was excised as described from 

plants bearing four, six, eight or ten nodes. Replicates of 40 plants were used 

in each treatment. The length of each developing lateral bud was measured 

after 14 days. Plants not decapitated served as a control. 

2.2.2 Results 

The lateral buds of intact control plants in both experiments remained inhibited. 

In the decapitated four-node experiment, a gradient of lateral bud development 

was noted along the stem (Figure 12). Bud 2 grew most vigorously, followed 

by bud 3 and then by bud 4. Bud 1 failed to extend significantly. Extension of 

lateral buds on young decapitated plants of Pisum sativum could thus be described 

as basal. 

In the second experiment, a definite changeover from basal to anterior lateral 

branching occurred with increasing age of the plant (Figure 13). Plants with 

six nodes showed a decline in bud 2 vigour, with an increase in growth of bud 1 

and bud 3, but the orientation of branching was still basal. A visible changeover 

of branching first occurred on eight-node plants, where branching was both basal 

and anterior. The vigour of bud 2 declined even further. Following decapitation 

of the ten-node plants, lateral bud branching was entirely anterior in orientation. 

A compensatory effect was noted in all treatments, whereby the growth of addi

tional lateral buds led to a decline in the previous vigour of the older lateral 

buds. 
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Figure 12 The extension of lateral bud 1, 2, 3 and 4 following decapitation of 

the shoot apex of four-node Pisum sativum plants after 14 days. Lateral buds 

on intact plants remained inhibited. Bars represent standard errors. 
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2.3 Correlative effects between lateral buds on the same plant following decapita

tion 

2.3.1 Materials and methods 

Four-node plants cultivated under the standard conditions described in Section 2.2.1 

were selected for complete inhibition of all lateral buds. The shoot apex was 

decapitated and one or more of the inhibited lateral buds were excised from 

the leafaxils. In treatment (T)1 all buds (1-4) were excised leaving only the 

cotyledonary buds. In T 2-5, all buds but one were removed leaving bud 1, 2, 

3 or 4 respectively. In T 6-11, two buds were removed, leaving two buds on the 

plant. This gave rise to six different permutations of bud combinations -T6 (buds 

3 and 4), T7 (buds 2 and 4), T8 (buds 2 and 3), T9 (buds 1 and 4), TI0 (buds 1 and 

3) and T11 (Buds 1 and 2). In TI2-15, only one bud was removed, leaving three 

buds on the plant. This gave rise to four permutations of bud combinations -

T12 (buds 2, 3 and 4), T13 (buds 1, 3 and 4), T14 (buds 1, 2 and 4) and T15 (buds 

1, 2 and 3). A further two treatments in which the apex was decapitated or left 

intact on plants with intact lateral buds served as ,controls. Secondary lateral 

buds emerging from mutilated nodes were removed daily. After 14 days, all 

lateral shoots were removed and their length was determined. Forty plants were 

included in each treatment. 

2.3.2 Results 

Control treatments Lateral buds on untreated intact plants remained inhibited. 

Decapitation of plants with intact lateral buds resulted in a distinct pattern 

of branching favouring a gradient of growth potential from bud 2 to bud 4 (Figures 

15, 16, 17). 

Treatment 1. Removal of four buds The removal of buds 1, 2, 3 and 4 on decapi

tated plants resulted in the emergence of three cotyledonary buds of various 
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lengths (Figure 14). The cotyledonary buds would only extend in the absence 

of all lateral buds and thus remained inhibited in all other treatments. 

Treatments 2-5. Removal of three buds The removal of three buds left bud 1, 

2, 3 or 4 to extend in the absence of competition from other lateral buds or the 

shoot apical bud. The results will thus reflect a bud1s full potential to extend 

following decapitation. Little significant difference was noted in the lengths 

of buds 1, 2 and 3, while the length of bud 4 was only slightly shorter (Figure 15). 

The lengths of bud 1, 3 and 4 increased greatly over the corresponding buds in 

the control treatment (Figure 15). Bud 2 which showed the greatest potential 

to extend in the presence of competing buds, did not extend further when compe

tition was removed. 

Treatments 6-11. Removal of two buds The removal of two buds left two buds 

on the shoot to compete following decapitation. The results of these treatments 

(Figure 16) can be related to the growth potential of buds on control decapitated 

plants. Buds 2 and 3 appeared to be the most dominating buds on the shoot, and 

shared growth potential when competing in treatment 8. Buds 1 and 4 were the 

least dominant, and attained equal size when competing in the absence of buds 2 

and 3 in treatment 9. The performance of two buds in isolation is affected by 

the proximity of another bud, the growth potential of that bud, as well as the 

basal or anterior orientation of the bud. Thus while bud 2 and 3 appeared to 

have equal growth potential status, bud 3 could not completely supress growth 

of bud 4 in treatment 6, as bud 2 did in treatment 7. This demonstrates the 

inherent greater growth potential of bud 2 when required to dominate a bud above 

it. 

The opposite is true for buds below bud 3 and bud 2. Here, dominance of bud 1 

by bud 2 in treatment 11 was less effective than dominance of bud 1 by bud 3 

in treatment 10. 
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Figure 14 The extension of three cotyledonary buds on a decapitated four-node 

Pisum sativum plant 14 days after the excision of all lateral buds. T indicates 

treatment. Bars represent standard errors. 
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Figure 15 A comparison of the extension of lateral bud 1, 2, 3 and 4 on separate 

four-node Pisum sativum plants '14 days following excision of all but one lateral 

bud. The dotted lines represent the extension of all lateral buds on a decapitated 

control plant. T indicates treatment. Bars represent standard errors. 
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Treatments 12-15. Removal of one bud The removal of one bud left three 

buds on the shoot to compete following decapitation. The results of these treat-

ments (figure 17) became complicated due to the introduction of a third (tertiary) 

competitive factor in the interaction between a secondary and a primary dominant 

bud. 

The growth potential of a bud was now determined by the proximity of another 

bud able to weaken its influence over its primary competitor. Thus bud 3, which 

shared dominance with bud 2 in treatment 8 (Figure 16), lost its equal status 

when competing with both bud 2 and bud 4 in treatment 12 (Figure 17). While 
; 

bud 4 itself did not extend, a weakening effect was exerted. The pattern of 

branching and length of shoot in this treatment was similar to those found in 

the control treatment. When bud 2 was removed, bud 3 again asserted dominance 

over bud 4 in treatment 13, but could not dominate bud 1. Bud 1 appeared to 

be strongly inhibited by the presence of bud 2 in treatments 14 and 15. On removal 

of bud 3, bud 2 asserted complete dominance over buds 1 and 4 in treatment 

14, while the presence of bud 1 did not affect the competition between buds 2 

and 3 when bud 4 was removed as in treatment 15. 

2.4 Discussion 

The pattern of lateral bud branching following decapitation of four-node Pisum 

sativum seedlings was found to be consistent with the view that apically synthe

sized auxin, moving basipetally from the shoot apex exerts an inhibitory influence 

on lateral bud growth. While the present results and those of BLAKE et a1. (1983) 

showed that growth of lateral buds following decapitation was basally orientated, 

anterior growth has been demonstrated on decapitated Glycine max and Pisum 
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sativum (LEE, 1984) and Hygrophila (CUTTER and CHIU, 1975) seedlings. The 

lateral buds of different plants thus appear to respond differently to decapita

tion of the shoot apex. These differences are likely the result of differing gra

dients of promotive and inhibitory factors in the plant, as well as the develop

mental stage of the lateral buds. 

The pattern of lateral bud growth, and thus the plant form, is a manifestation 

of growth regulator and possibly other gradients in the plant shoot. In the intact 

plant, auxin synthesized at the apical region of the shoot is transported basipetally 

towards the roots (GOLDSMITH, 1968, 1977). A gradient of auxin concentration 

thus exists in the plant" being highest at the shoot apex and declining down the 

stem as the auxin is immobilized or conjugated (SCOTT and BRIGGS, 1960; GOLD

SMITH, 1968). The lowermost buds are therefore less under the inhibitory influence 

of the shoot apex, and considering their proximity to root supplied nutrients 

and growth regulators, have a high potential to develop following decapitation. 

This was found to be the case, with a basipetally increasing gradient of develop

mental potential being observed from bud 4 to bud 2. The anomalous performance 

of bud 1 will be discussed later. On decapitation the auxin gradients decline 

down the stem. In Pisum sativum, the level of extractable auxin at a node eight 

centimetres from the shoot apex started declining six hours after decapitation 

and was barely detectable after 12 hours (SCOTT and BRIGGS, 1960). It may 

be asked why basal growth of lateral buds occurs on a shoot when it is expected 

that the levels of auxin fall first at the apical region. This can be explained 

by the results of SCOTT and BRIGGS (1960), who distinguished between diffusable 

and extractable auxin in the plant. Thus while the concentration of diffusable 

auxin will fall first at the apical and then at the basal end of the stem, the more 

anterior lateral buds will not be able to assume dominance as expected, since 

in the absence of the normal auxin source, auxin moving down in the transport 

system will be gradually replaced . by non- moving extractable auxin from the 
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stem tissue. This inhibitory effect of auxin is likely to be mediated by an 

antagonism with the gradient of root-derived cytokinins moving up in the plant. 

In shoots of Hygrophila, lateral buds at certain nodes along the shoot are more 

responsive than others to decapitation (CUTTER, 1975). She suggested that 

a substance derived from the shoot apex interacts with a cytokinin and reaches 

a threshhold value at certain positions along the stem. The lower buds on the 

plant probably achieve a more favourable ratio of auxin : cytokinin in or at 

the lateral bud site - a result of changes in the distribution of both these growth 

regulators following decapitation. 

The regulation of the pattern of lateral bud growth is further complicated by 

the immediate activities occurring in the growing buds released from dominance. 

These buds now become a source of auxin (PHILLIPS, 1969a, HILLMAN et aI., 

1977) which may affect lateral buds basipetal to the auxin origin, as well as influ

encing the distribution of resources in the plant. In this way, the lower buds, 

because of their ability to grow faster and produce more auxin, dominate the 

upper buds which are still not self-sufficient in auxin, and thus deficient in promo

tive factors and/or nutrients. The position a lateral bud occupies on the gradient 

axis will thus determine how it will respond, afld the response of all buds on the 

plant will in turn determine the form of the plant. 

Additional examples of the manifestation of auxin polarity in the plant lend credi

bility to the above theory. THIMANN (1977) noted a differential uptake of radio

labelled auxin when applied to the serial segments of Pisum sativum internodes. 

Auxin uptake was greatest in the upper stem, low in the central region and again 

greater at the base. The distribution of radioactivity in intact Vicia faba plants 

following application of radiolabelled auxin to the shoot apex occurred as a 

gradient (EVERAT-BOURBOULOUX AND BONNEMAIN, 1980). Decapitation 

resulted in a marked lowering of the auxin in the nodes of bud 1 and bud 2 - the 
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buds which extend. Likewise, the distribution of auxin and abscisic acid in 

etiolated Phaseolus vulgaris epicotyls was found to be maximal in the anterior 

regions and lowest in the basal regions (HOREMANS, VAN ONCKELEN and de 

GREEF, 1986). The parallel distribution of auxin and abscisic acid in the previous 

example is possibly correlated to the similarities in the physico-chemical properties 

and transport mechanisms for both growth regulators (SCHNEIDER and 

WIGHTMAN, 1978), and serves to underline the importance of growth regulator 

transport in the plant in relation to the control of apical dominance. 

Of interest is that bud 1 did not extend significantly following decapitation of 

the shoot apex. Since it is the lowest bud, it is likely to attain a more favourable 

auxin: cytokinin ratio first. On the other hand, it is possible that auxin levels 

in this region may be suboptimal for events leading to bud release to occur. 

However, it is also possible that the inhibition of bud 1 is not totally under the 

control of the shoot apex, or not under the same controlling mechanism/s as 

the other lateral buds. Bud 1 occurs at the base of the shoot, and the vascular 

tissue in the transition zone from the shoot to the root may be unfavourable 

for the transmittance of the regulating signal. A further possibility exists that 

bud 1 may be developmentally retarded, and so may be under a localized inhibition 

from bud 2 above it. Whatever the mechanism, the behaviour of this bud serves 

as a cautionary warning that other factors , besides the distribution of growth 

regulators may be implicated in determining the pattern of lateral bud growth 

following decapitation. 

The results of oecapitation of four, six, eight and ten-node Pisum sativum plants 

indicated that the pattern of lateral bud branching changes with the development 

of the plant. A gradual Changeover from basal to anterior branching was noted 

as plants increased in age and size. Similar examples of this phenomenon have 
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been noted before. GREGORY and VEALE (1957) found that in Linum usitatissi-

mum and Pisum sativum, growth of lateral buds was basal on younger decapitated 

plants but became anterior with increasing age of the plant. Performing serial 

decapitation of two, three and four-leafed Pisum sativum plants, HUSAIN and 

LINCK (1966) noted a changeover from basal to anterior branChing. In addition, 

the stem apex of an intact plant seemed to lose its dominance with the increasing 

age of the plant. ZAMSKI, OSHRI and ZIESLIN (1985) also found that lateral 

buds at different positions along a Rosus shoot differed in their sprouting ability, 

with buds low down on the branch being more inhibited. Thus the developmental 

potential of lateral buds differs with the changing development of the plant. 

This phenomenon could be a useful investigative tool in studies on the control 

mechanism of apical dominance. 

Examples related to this phenomenon have indicated that the response could 

be mediated, in part, by environmental or physical stimuli governing development 
/ 

in the whole plant. WAKHLOO (1970), applying high doses of potassium to the 

soil induced the extension of the lowermost lateral buds on intact Solanum sisym-

brifolium plants. Similarly, when water stress to intact Pisum sativum plants 

was reduced, lateral buds grew out at the lowest (buds 1 and 2) nodes (Iv. cINTYRE, 

1971b). These environmental influences on the orientation of branching are likely 

to be mediated by growth regulators in the plant. The polar movement of auxin 

has been shown to develop gradually in young seedlings (JA.COBS, 1950; SMITH 

and JACOBS, 1968; GREENWOOD and GOLDSMITH, 1970); to decline in strength / 

polarity with age of the plant (McCREADY and JA COBS, 1963; LEOPOLD and 

DE LA FUENTE 1968; SMITH and JA COBS, 1968) and to show a graded change 

in properties along various developmental axes (JACOBS, 1950; LEOPOLD and 

LAM, 1962; JACOBS, 1978). A controlling role for the modulation of growth 

regulator flow thus seems plausible when considering the above evidence. 
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It would be expected that the anterior lateral buds on a plant, irrespective of 

plant age, would be inhibited by their proximity to the source of inhibitory auxin 

- the shoot apex. However, since tJ-lis was not the case, it is likely that changes 

in the properties of growth regulator transport and possibly metabolism are respon

sible for this decline in inhibition. SNOW (1925) noted that the apical dominance 

of lateral buds of Pisum sativum increased with their distance from the shoot 

apex, and that the closer the lateral buds were to the shoot apex, the less was 

the inhibition. It is possible that unequal partitioning of nutrients and promotive 

growth regulators in older, larger plants results in the deprivation of the lateral 

buds. Alternatively, the auxin arriving at the lower buds may be suboptimal 

to initiate an interacting mechanism with another growth regulator. Applications 

of auxin to the decapitated stump of Pisum sativum plants reduced basal growth 

of lateral buds on young plants, but increased basal growth when applied to older 

plants (GREGORY and VEALE, 1957). The possibility that this auxin treatment 

to older plants may have acted by arresting the growth of the anterior lateral 

buds (and thus enhancing the growth of the basal buds) is unlikely considering 

the inability of a similar treatment to promote the growth of basal lateral buds 

on younger plants. 

It would appear that lateral buds along a length of stem respond differently to 

factors which break apical dominance. PHILLIPS (1971a) showed that the interact

ing effects of gibberellin and auxin applied to lateral buds of Phaseolus multiflorus 

differed according to the stage of development of the buds themselves. In 

~ophila shoots, decapitation resulted in anterior branching while application 

of benzyladenine or kinetin to intact plants resulted in basal branching (CUTTER, 

1975; CCTTER and CHIU, 1975). Likewise, LEAKEY and LONGMAN (1986) 

ncted that the pattern of lateral shoot growth following decapitation of rocted 

Triplochiton schleroxylon cuttings varied in response to a range of environmental 



77. 

conditions and growth regulator treatments. Therefore buds at certain nodes 

along a shoot, and thus presumably in a certain physiological state or stage of 

development, respond differently to factors which release lateral buds from 

inhibition. 

The correlation between lateral buds on the same plant is likely to be an important 

factor controlling the patterns of lateral bud branching. Thus, while a lateral 

bud may have an innate developmental 'potential determined by its developmental 

and physiological state, its position on a length of stem in relation to other lateral 

buds will determine its behaviour before and subsequent to the release of apical 

dominance. This was demonstrated very clearly in the latter part of these growth 

experiments, where various combinations of lateral buds were left to compete 

with each other following removal of selected lateral buds on the shoot apex. 

When all four lateral buds were excised, three cotyledonary buds grew out at 

various lengths, indicating a localized correlative effect at the cotyledonary 

node. These buds did not extend in the presence of another growing lateral bud 

above them. Considering that the lateral! buds in the cotyledonary nodes of Pisum 

sativum were more likely to grow out after decapitation if the cotyledons were 

removed (SEBANEK, 1965, 1972; SPRENT, 1968), it is possible that a nutrient 

effect was operative. 

Removal of all but one bud on the decapitated Pisum sativum shoot allowed each 

bud to grow to its full developmental potential without the influence of another 

bud. Buds 1, 2 and 3 all showed a similar developmental potential, with the growth 

of bud 4 only slightly less. Buds 1, 3 and 4 showed improved growth over their 

counterparts growing on the control plants, where no lateral buds were excised. 

These results raise the question as to what extent the developmental potential 
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of a bud is predetermined by the physiological state prior to decapitation, or 

by the differential growth rates developing later on. The results suggest that 

buds 1, 2 and 3, but to a lesser extent bud 4, are of a similar developmental state. 

However, due to their different positions of the polar axis of growth regulator 

distribution in the shoot, it is difficult to distinguish between the two effects. 

A comparison of events occurring immediately after decapitation in each bud 

may shed light on this aspect. 

PHILLIPS (1975) has stated that all vegetative buds on a plant possess essentially 

equal developmental potential. This appeared to be the case in Pisum sativum. 

HUSAIN and LINCK (1966) showed that in this plant, the initial growth rates 

of all lateral buds on a plant were similar, and that differential growth rates 

developed later on. Contrary to these results, GREGCRY and VEALE (1957) 

showed that the behaviour of various lateral buds on isolated nodes of Pisum 

sativum closely resembled that of the lateral buds in situ. CUTTER and CHIU 

(1975) found that previously inhibited lateral buds of Hygrophila at the basal 

nodes were capable of growth when isolated. In addition, if the shoots were 

divided up into separate nodes, there was a delay in the outgrowth of the buds 

at the younger nodes. This appeared to be related to bud size. Thus it appears 

that if all the lateral buds are of a similar developmental size, the developmental 

potential to extend is determined firstly by the growth regulator status at the 

node or in the bud, and that differential growth rates which develop later on 

may be related to other factors. HUSAIN and LINCK (1966) noted that the 

developmental potential of the basal buds, and especially bud 2 on Pisum sativum 

plants was higher at the early stages of growth, while GO ULD et a1. (1987) showed 

that buds present at node 2 in intact seedlings have a measurable size advantage 

over other buds. Morphological and anatomical differences in buds could account 

for different dev"elopmental potentials of buds in certain plants. An inhibitory 
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gradient among lateral buds located at various positions along a Rosus shoot 

was demonstrated by ZIESLIN and HALEVY (1976). Several factors were involved 

in the maintenance of this inhibitory gradient, but it was shown that 'there are 

morphological and anatomical differences between lateral buds along the shoot 

(ZA MSKI et al., 1985). 

Other factors involved in the maintenance of this inhibitory gradient are very 

likely to include the partitioning of resources between lateral buds on the plant, 

especially after growth has begun. This effect was manifest in the results of 

treatments where various combinations of two or three lateral buds were left 

to compete on the decapitated Pisum sativum shoot. A definite partitioning 

of growth potential was noted when two lateral buds were left intact on the 

stem. Their response was also influenced by their proximity to each other and 

their positions on the stem relative to the other bud. These effects were also 

noticeable when three lateral buds were left intact on the plant, but the 

interrelationships became very complex. 

PHILLIPS (1968) ascribed control of apical dominance to the shoot apex as it 

is the first meristem to grow and command a nutrient supply. This would imply 

that a given organ enjoys its status at the expense of another organ. GOEBEL 

(1900) had earlier recognised that organs of a plant are not independent, but 

that there occur reciprocal influences among organs that may be under nutrient 

control. This was recognisable in the results of the 'growth competition' studies, 

where a form of compensatory growth was noted. In the event of the loss of 

an organ, some plant organs show regenerative growth which tends to make up 

(compensate) for the loss. Thus, removing all the lateral buds of intact Coleus 

blumei plants resulted in faster growth of the shoot apex (JACOBS and BULL

WINKEL, 1953). Likewise, by removal of the lateral bud on decapitated Phaseolus 
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vulgaris plants, a greater yield was achieved on bud 2 (BINNIE ard CLIFFORD, 

1980). It is tempting to explain the interrelationship between lateral buds as 

being determined by a competition for resources, but HARDWICK (1986) has 

preferred to describe the interaction in terms of cooperation. Thus while one 

lateral bud may appear to obtain resources at the expense of another, the 

interaction results in the successful survival of the whole plant. The growth 

of lateral buds following decapitation is thus likely to be related to the 

redistribution of nutrients and promotive growth regulators to those buds which, 

by virtue of their genome and/or their position on the plant, are best suited to 

develop following removal of the inhibitory signal. 

The development of lateral buds following decapitation may be viewed as being 

under two possible controlling mechanisms mediated by auxin. Removal of the 

shoot apex leads to a significant increase in auxin levels in lateral buds (THOMAS, 

1972; HILLMAN et al., 1977). These newly established sites of auxin synthesis 

could now redirect the flow of resources to these actively growing meristems. 

More rapid growth of lateral buds is an indication of greater endogenous auxin 

synthesis (SACHS and THIMAN N, 1967), and thus greater cytokinin and nutrient 

mobilization. If nutrient supply is optimum or superoptimum, the lateral buds 

will probably obtain sufficient nutrients to develop, but will not do so until their 

cytokinin requirements are met. Thus, suboptimal nutrient availability has been 

shown to increase the level of lateral bud inhibition (GREGORY and VEALE, 

1957; McINTYRE, 1973; LEAKEY and LONGMAN, 1986). Primary control by 

nutrient availability is thus likely to be operative only under conditions of nutrient 

deprivation. At optimal nutrient levels, auxin is likely to exert its effect via 

an interaction with cytokinin. 

A hypothetical model of the interacting effects of lateral buds on the growth 

of each other will be proposed, based on the results of the experiments in this 
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chapter (Figure 18). When all lateral buds on a decapitated plant are left intact, 

the pattern of lateral branching occurring may be explained as follows. While 

all lateral buds show a similar p0tential to extend following decapitation, bud 4 

and bud 3 are adjacent to an inhibitory stem concentration of auxin, and will 

not be able to extend until this auxin concentration has declined to an optimal 

level. Bud 2, the most dominant bud in all treatments assumes dominance and 

begins to produce auxin at its rapidly growing apex. This growing shoot will 

now mobilize root derived nutrients and growth regulators to the detriment of 

buds 3 and 4 acropetal to it. However, the auxin produced · by the now dominant 

bud 2 will not move acropetally towards the buds above. Since these buds are 

not under the inhibitory action of auxin produced by bud 2, they will continue 

to develop at a reduced rate, competing for nutrients and thus influencing the 

buds below them. Their decline in size acropetally up the stem will be a result 

of their delayed release from dominance and their weaker sink strengths due 

to their reduced capacity to synthesize auxin. Buds below the dominant growing 

shoot will be influenced by the flow of the secondary source of auxin which could 

regulate cytokinin availability to these buds. Thus, some growth may be achieved, 

especially if nutrient conditions are opti mal. 

In this way, each lateral bud on a plant affects the degree of inhibition of all 

other buds by its ability to 1) mobilize nutrients, and 2) influence the action 

of cytokinins below it. Both processes are likely to be mediated by auxin - the 

extent of each being dependent on the nutrient status of the plant. 



A 
INTACT 

en .... 
z 
~ 
a: .... 
::J 
Z 

Auxin:cytokinin 
interaction 

B 

DECAPIT A TED 

NUTRIENTS 

82. 



83. 

CHAPTER III 

THE APPLICATION OF CYTOKININS TO LATERAL BUDS 

3.1 Introduction 

In Chapter 2, an attempt was made to formulate a working model of events occur

ring in the Pisum sativum plant which could influence the expression of apical 

dominance. This model was based, in part, on the responses of lateral buds to 

decapitation, and on theoretical concepts of growth regulator transport. Assuming 

an inductive role for cytokinins in lateral bud release and growth, it now became 

necessary to study, quantitatively, the biological response which results from 

the application of a cytokinin to a lateral bud. 

However, in relation to growth regulator application studies, CARR (1966) stated 

that 'when hormones become available as pure compounds they lend themselves 

to the production of dramatic effects and there is a widespread and regrettable 

tendency to spray, paint or otherwise feed them indiscriminately to any and every 

kind of plant, plant organ, tissue or cell; this is scarcely science, but a form of 

exhibitionism'. This study will not be concerned with the 'indiscriminate' application 

of cytokinins to the lateral buds only, but will attempt to relate the changes in

duced to changes in sensitivity of the lateral buds to the applied cytokinins. In 

addition, the correlations between all lateral buds on a plant will be subject to 

an investigation by documenting their response to cytokinin application to one 

of four lateral buds on intact or decapitated plants. 
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3.2 An activity profile of the ability of cytokinins to release lateral buds from 

apical dominance 

3.2.1 Materials and methods 

Cytokinin application A range of cytokinins were applied directly to the inhibited 

lateral buds of four-node intact Pisum sativum plants cultivated under the standard 

conditions described in Section 2.2.1. The cytokinins were dissolved in a mixture 

of 50 per cent ethanol and 0.8 per cent polyethylene glycol 2000 in an identical 

manner to that described by SACHS and THIMANN (1967). The ethanol was used 

as a surfactant to facilitate the entry of the cytokinin into the lateral buds, while 

the polyethylene glycol, due to its hygroscopic properties, maintained the aqueous 

solution in constant contact with the buds. A microlitre syringe was used to dis-

pense 10 microlitre aliquots (each containing 3.3 micrograms of cytokinin) of 

solutions of adenine, adenosine , benzyladenine, dihydrozeatin, dihydrozeatin ribo-:-

side, isopentenyladenine, isopentenyladenosine, kinetin, zeatin or zeatin riboside 
• 

to bud 2 on intact plants. The complete nomenclature and structure of these 

compounds is presented in Figure 19. Since the inhibited lateral buds were very 

small, the treatment droplet was allowed to rest in the axil between the main 

shoot and the petiole or bract. 

Ideally, dose-response curves for each cytokinin would be compared to determine 

their relative activities, but this would have to be done within a single experiment, 

an d was logistically impossible. Therefore the activity comparisons were done 

at only one concentration (3.3 micrograms of cytokinin per lateral bud). This 

particular concentration has been used before (SACHS and THIMANN, 1967; 

PJLLAY and RAILTON, 1983) and has proved to show that the regulatory potential 

is great at this range, and that different cytokinins being compared can show 

a greater or lesser activity quite clearly. Nevertheless, it was borne in mind that 
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2:() RtN N 
2 I 

R3 

R1 R2 R3 Trivial name Abbre-
viation 

H H H adenine Ade 

H 

HHOH2~ 
adenosine Ado 

HO OH 

M
CH3 H H isopenteny ladenine 16 Ade 

CH 2 CH3 H riboside isopentenyladenosine 16 Ado 

~H20H 
H H zeatin Z 

CH
2 

CH3 H riboside zeatin riboside ZR 

CH20H H H dihydrozea tin DHZ 

r-< 
CH2 

CH3 H riboside dihydrozeatin riboside DHZR 

< ) CH, H H benzyladenine BA 

V CH2 
H H kinetin K 

Figure 19 The structures, nomenclature and abbreviations of natural and synthetic 

cytokinins applied to the inhibited lateral buds of Pisum sativum plants. Riboside 

(R) refers to the )3-D-ribofuranoside group. 
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the differential activity of exogenous cytokinins may be related to the concentra

tion at which they are applied. 

A control treatment was performed in which 10 microlitre aliquots of the ethanol 

and polyethylene glycol solution were applied to bud 2 on intact plants. A second 

control treatment was performed in which similar plants were decapitated as 

described in Section 2.2.1, and the ethanol and polyethanylene glycol solution 

then applied to bud 2 as before. This treatment served primarily as a control 

between experiments, but was also useful in comparing the degree of bud growth 

induced by a cytokinin with that induced by decapitation. The length of the lateral 

buds was measured daily for 14 days. Forty replicates were performed per treat

ment. 

The soybean callus bioassay The biological activities of the cytokinins used 

in the previous experiment were tested in the soybean (Glycine max cv. Acme) 

callus bioassay. This bioassay exhibits a linear relationship between response 

and concentration over a wide range of cytokinin concentrations (VAN STADEN 

and DA VEY, 1979). Callus was obtained from the cotyledons of soybeans according 

to the proceedure described by MILLER (1963, 1965). A nutrient medium (30 milli

litres) adapted from MILLER (1963, 1965) (Table 2) and 3.3 micrograms of the 

cytokinin to be tested were added to 50 millilitre Erlenmeyer flasks containing 

0.3 grams (one per cent) of agar. Replicates of 10 flasks per cytokinin were used. 

The flasks were stoppered with non-absorbent cotton wool bungs which were then 

covered with aluminium foil. The flasks were then autoclaved at a pressure of 

1.05 bars for 20 minutes before being transferred to a sterile transfer chamber. 

Three pieces of soybean stock callus, each weighing approximately 10 milligrams 

were placed on the medium in each flask. The flasks were then incubated in a 

growth room with a constant temperature (25°C ~ 2°C) and continuous low light 



87. 

Table 2: Basal medium for soybean callus bioassay (adapted fromMILLER, 1963; 1965) 

Stock solution Chemical gl-l Stock ml Stock solution 
solution 1-1 medium 

KH
2
P0

4 
3.0 

KN0
3 

10.0 

NH
4

N0
3 

10.0 

Stock 1 Ca(N0 3)2.4H 2O 5.0 100 

MgS0 4·7H2O 0.175 

KC1 0.65 

MnS0
4

4H 2O 0.14 

NaFeEDTA 1.32 

ZnS0 4·7H 2O 0.38 

Stock 2 
H3 B03 0.16 

10 
KI 0.08 

Cu(N0 3)2·3H20 0.035 

(NH4)6M07024·4H20 0.01 

Myo-inositol 10.0 

Nicotinic acid 0.2 
Stock 3 10 

Pyridoxine HC1 0.08 

Thiamine HCI 0.08 

Stock 4 NAA 0.02 10 

Additional Sucrose 
-1 

30 gl medium 

Agar 
-1 

10 gl medium 

pH adjusted to 5.8 with NaOH 
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intensity (cool white fluorescent tubes). After 21 days, the three pieces of callus 

in each flask were weighed simultaneously. 

3.2.2 Results 

Cytokinin applications: structure - activity relationships Control lateral buds, 

to which a solution of ethanol and polyethylene glycol was applied, remained inhi

bited in the presence of the shoot apex. In the decapitated control treatment, 

a gradient of lateral bud development was noted along the stem as described in 

Section 2.2.2 and indicated in Figure 12 (Figure 20). The ability of the different 

cytokinins to release bud 2 varied considerably. Benzyladenine exhibited the great

est activity, with zeatin riboside and zeatin being only slightly less active (Fig

ure 20). Dihydrozeatin and isopentenyladenine exhibited a much lower, but inter

mediate activity, while isopentenyladenosine, kinetin and dihydrozeatin all had 

very low activity. Applications of adenine or li-oenosine to bud 2 were not success

ful in promoting growth of this bud. All untreated buds on the intact plants 

remained inhibited for the duration of the experiment. 

The soybean callus bioassay The ability of the different cytokinins to promote 

the growth of soybean callus in vitro appeared to parallel the activities of these 

same cytokinins in releasing lateral buds from apical dominance (Figure 20). 

Benzyladenine, zeatin riboside and zeatin all had similarly high activities in this 

bioassay, followed by dihydrozeatin with medium activity. Isopentenyladenine 

and kinetin had similar activities, being lower than the activity of dihydrozeatin 

but higher than the activities of isopentenyladenosine and dihydro~eatin riboside 

which exhibited low activity. Adenine and adenosine were inactive in this bioassay. 

Kinetin appeared to be the only cytokinin that did not behave in a similar manner 

in both the promotion of lateral bud release on intact plants and the promotion 
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of cell division in the soybean callus bioassay. The increased activity of this cyto-

kinin in the latter bioassay may be related to its synthetic nature and thus struc

tural stability. 

While a detailed discussion of these results will be provided at the end of this 

chapter, it is pertinent that some comment be made to indicate the motivation 

for the following experiments. Of primary interest was the fact that the natural 

cytokinins isopentenyladenine and zeatin exhibited very different biological acti

vity in both systems tested, although they are very similar in structure (Figure 19). 

Zeatin appeared to be a potent antagonist of the inhibitory effect on bud 2, while 

isopentenyladenine showed only weak activity. PILLAY and RAILTON (1983) 

demonstrated that While a single application of zeatin to inhibited lateral buds 

of intact Pisum sativum could release these buds from inhibition, similar treatment 

with isopentenyladenine caused only limited outgrowth. These authors suggested 

that the inhibited lateral buds were unable to hydroxylate isopentenyladenine 

to zeatin. Hydroxylation of isopentenyladenine results in an increase in the cyto

kinin's activity (LEONARD, HECHT, SKOOG and SCHMITZ, 1969). Since these 

two cytokinins have been recovered from Pisum sativum plants (SYONO and 

TORREY, 1976; WIGHTMAN et al., 1980; DAVIES et al., 1986), it was decided -- --
to pursue an investigation of the role of isopentenyladenine and zeatin in the 

release of lateral buds from apical dominance. 

3.3 Application of isopentenyladenine and zeatin to lateral buds 

3.3.1 Materials and methods 

Cytokinin application: growth effects Four-node Pisum sativum plants cultivated 

under standard conditions described in Section 2.2.1 were used. Isopentenyladenine 
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or zeatin were applied directly to one of each of the four inhibited lateral buds 

as described in Section 3.2.1. Thus, only one lateral bud on a plant was treated 

with a cytokinin. In addition, equal replicates of plants treated in this manner 

were decapitated as described in Section 2.2.1. A single treatment thus comprised 

a batch of 40 plants, either decapitated or left intact, to which isopentenyladenine 

or zeatin was applied to bud 1, 2, 3 or 4 only. A control treatment was performed 

by decapitating similar plants not treated with the cytokinins. Replicates of 40 

plants were used for each treatment. Since this experiment required approximately 

700 plants, only the lengths of the treated buds were measured daily for 14 days. 

Cytokinin application: concentration effects The above experiment was repeated 

exactly as described, but 3.3, 6.6 or 9.9 micrograms of isopentenyladenine or zeatin 

were applied to one of each bud on replicates of 40 intact or decapitated plants. 

The scale of the experiment (2 000 plants) meant that daily bud lengths could 

no longer be measured, and the final lengths of both treated and untreated lateral 

buds were recorded after 14 days. 

3.3.2 Results 

Cytokinin application: growth effects The lateral buds of intact control plants 

remain inhibited. In the decapitated control treatment, a gradient of growth 

potential along the stem was noted to be similar to the identical treatment in 

Section 2.2.2, Figure 12 (Figure 21). Bud 2 grew most vigorously, followed by 

bud 3 and then bud 4. Bud 1 failed to extend. 

Zeatin applied to the buds of intact plants promoted the extension of treated 

buds to a lesser or greater degree (Figure 22). Zeatin applied only to bud 4 on 

intact plants had little effect, but the response of buds to zeatin increased with 

distance from the apex. Of significance is that bud 1, which did not extend follow-
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ing decapitation, extended the most following an application of zeatin to this 

bud. Zeatin applied to the various lateral buds on decapitated plants produced 

a similar gradient of extension, with bud 1 extending the most, and bud 4 the least 

(Figure 22). However, the combined zeatin application and decapitation caused 

a greater extension of all buds than did zeatin application to intact plants. In 

addition, extension of bud 1 and bud 4 on decapitated plants was greater when 

these buds were treated with zeatin. 

Applications of isopentenyladenine to inhibited buds of intact or decapitated plants 

caused the buds to respond in a dissimilar manner to those treated with zeatin. 

Isopentenyladenine applied to the buds of intact plants caused the extension of 

bud 2, and bud 3 but not bud 1 and bud 4 (Figure 23). Combining the isopentenyl

adenine application with decapitation ' allowed the treated buds to exert dominance 

first, and the overall growth of lateral buds 1, 3 and 4 was enhanced above the 

growth of buds on decapitated control plants (Figure 23). Bud 2 appeared to reach 

a maximum growth potential following decapitation, and further treatment with 

zeatin or isopentenyladenine did not enhance its growth. 

Cytokinin application: concentration effects Zeatin applied to the buds of intact 

plants at three concentrations suggested that certain buds are sensitive to cytokin

in concentration. Lateral buds 3 and 4 responded to higher concentrations of 

zeatin in a similar manner to buds in the previous experiment (Figure 24). Buds 

1 and 2 responded better to lower concentrations of zeatin, suggesting that high 

concentrations of this cytokinin were inhibitory to these buds. On decapitated 

plants, growth of bud 1 increased with increasing concentration of zeatin. 

No difference was noted in the extension of buds 2 and 3 at different zeatin 

concentrations, but bud 4 appeared to respond better to lower concentrations 

of zeatin. Comparing the relative lengths of the untreated buds on the same plants 
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Figure 23 The extension of lateral bud 1, 2, 3 or 4 following a single application 

of isopentenyladenine to one bud only on intact or decapitated four-node Pisum 

sativum plants. Bud length was measured daily for 14 days. Buds treated with 

ethanol and polyethylene glycol on intact control plants remained inhibited. Bars 
represent standard errors. 
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indicated that only bud 2 was able to exert complete dominance over the extension 

of other lateral buds. Bud 1 was found to exert a greater dominance over the 

extension of bud 2 with increasing zeatin concentration. Lateral buds 3 and 4 

were less able to exert a dominating effect over the buds below them. 

Applications of higher isopentenyladenine concentrations to bud 1 on intact plants 

failed to increase the ability of this bud to extend (Figure 25). Buds 2, 3 and 4 

showed an increased ability to extend on the intact plant with increasing concen

trations of isopentenyladenine applied. This effect was absent in the zeatin treat

ment (Figure 24). Bud 2 on the decapitated plant appeared to achieve maximum 

extension at all concentrations of isopentenyladenine applied and dominance over 

other buds 'on the same stem was complete (Figure 25). Extension of bud 3 was 

similar to that of bud 2 in this treatment, but where bud 2 had been able to assume 

partial dominance, extension of bud 3 was depressed. No difference in response 

of bud 4 to increasing isopentenyladenine concentrations was noted. However, 

the extension of buds below the treated bud indicated that they may be affected 

by the concentration of isopentenyladenine applied above them. When low concen

trations of isopentenyladenine were applied to bud 4, only bud 3 asserted domi

nance, while at higher concentration both bud 3 and bud 2 were able to extend, 

in addition to the treated bud. 

3.4 Discussion 

The ability of the different cytokinins to release a lateral bud on Pisum sativum 

following a single application to the bud varied greatly, and appeared to parallel 

the same cytokinin biological activity recorded in the soybean callus bioassay. 

A similar, but not identical parallel profile of activity hierarchies was noted by 

SKOOG and ABDUL GHANI (1981) using the lateral buds of Pisum sativum and 

the tobacco callus bioassay. Since these two bioassays are both dependent on 

the stimulation of cell division and thus growth of the callus, it is very likely that 
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the mechanism of cytokinin release of lateral buds operates by a similar process. 

A comparison of these results and others of a variety of bioassays or biological 

systems reported in the literature is presented in Table 3. As can be seen, the 

relative activities of the cytokinins in the different bioassays vary considerably. 

These differences in activity hierarchies suggest (but do not prove) that this is 

due to the mechanism of action varying in the different biological systems used 

(LETHAM, 1967; GARRISON et al., 1984). The only consistent feature among 

the different bioassays reviewed is the low activities of isopentenyladenine and 

isopentenyladenosine in relation to the high activity of zeatin. 

The differences in the cytokinin structure - activity relationships observed may 

be due to differences in cytokinin uptake (penetration into the tissue), their meta

bolism (stability) and possible differences in the structural requirements for cyto

kinin activity at the site/s of action in different plants (MOK et a1., 1978; 

GARRISON et a1., 1984). The performance of applied cytokinins in the experiments 

of this chapter will be discussed in relation to these factors. 

Structure-activity relationships may reflect differences in the uptake of different 

cytokinins. HECHT, LEONARD, SCHMITZ and SKOOG (1970) found that the 

quantitative comparison between the activities of the cytokinin base isopentenyla

denine and its riboside isopentenyladenosine was complicated by permeability 

differences. The penetration of the applied cytokinin into the plant tissue may 

also be dependent on the culture conditions used. Isopentenyladenine was very 

rapidly absorbed by tobacco callus cells via a liquid suspension medium, but not 

a solid agar medium (LALOUE et a1., 1977). In addition, results of experiments 

employing different methods of cytokinin application could be inconsistent. Entry 

of cytokinins applied directly to the lateral buds is not likely to occur via the 

same route as xylem on root supplied cytokinins. Thus the observed biological 

response of a cytokinin may not be due only to its intrinsic activity. 
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Table 3 A comparison of cytokinin structure - activity hierarchies in various biological systems (1-6).* 

Bioassay 
system 

Lateral bud 

growth1 

Soybean callus 

bioassay2 

Tobacco callus 

bioassay2 

Bean callus 

bioassay2 

Soybean explant 

system 3 

Leaf senescence 

b
o 4 
lOassay 

Papaw Shoot 

growthS 

Spirodella 

growth6 

Decreasing biological activity of cyto- Reference 
kinin tested .. 

BA ZR Z DHZ 16Ade 
iso-Z Z 16 Ade BA 

DHZR 

BA=Z 16 Ade=K 

BA ZR Z DHZ 16Ade 16Ado K DHZ 

Z I{ 

SKOOG AND ABDUL GHANI (1981) 

PILLAY AND RAILTON (1983) 

MILLER AND WITHAM (1964) 

SKOOG, HAMZI, SZWEYI<OWSKA, LEONARD, 
CARRAWAY, FUJJI, HELGESON AND LOEPPI{Y 
(1967): LEONARD, HECHT, SKOOG AND 
SCHMITZ, (1968)j LALOUE, TERRINE AND 
GUERN (1977). 

BEAUCHESNE AND GOUTAREL (l!J63). 

DHZ tZ cZ 16Ade=1 6Ado (cv.l) MOI{~al.(1978) 

tZ DHZ cZ 16Ade=1 6Ado (cv.2) - -

DHZR BA DHZ ZR Z 16Ade 16Ado GARRISON ~al. (1984). 

BA K Z 16 Ade LETHAM (1967), 
BIDDINGTON AND THOMAS (1978) 

Z ZR DHZ DI-IZR I{UHNLE, FULLER, CORSE AND MACKEY (1977) 

BA Z I{ 16 Ade DREW AND SMITH (l!J86) 

Z=K 16 Ade 6.1 LETl-lAM (1967) 

Z K 16 Ade 6.2 

* Results from this study have been included in bold for comparison. While the protocol for each system has 
usually been based on the key reference as indicated below, it is not implied that culture conditions, plant 
material and cytokinin concentration were standard throughout. 

1. Lateral bud growth tests the relative activities of cytokinins in releasing lateral buds of Pisum sativulll frolll 
apical dominance following a single application of cytokinin to the bud (SACHS and TI-IlMANN,1967). 

2. The callus bioassays test the relative activities of cytokinins incOl'porated into the medium in promoting the 
cell division and growth activity of bean (Phaseolus sp.) (MOl{, MOl{ and ARMSTRONG, 1978)j tobacco 
(Nicotiana tabacum) (MURASHIGE and SKOOG, 1962, LINSMAIER and SKOOG, 1965) or soybean (Glycine 
max) (MILLER, 1963, 1965) callus~ vitro. 

3. The so bean ex lant s stem tests the relative activities of cytokinins incorporated into the medium of soy
bean Glycine max explants (leaf, pod and subtending stem segment) in retarding leaf yellowing, blade ab
scission and promoting pod development in vitro (GARRISON, BRINKER and NOODEN, 1984). 

4. The leaf senescence bioassay tests the relative activities of cytokinins in delaying the senescence of 
detached leaves of Nicotiana tabacum, Brassica pekenensis Rupr. or Raphanus sativus L. as determined by 
chlorophyll retention (OSBORNE and McCALLA, 1961). ---

5. Papaw shoot growth tests the relative activities of cytokinins in promoting shoot growth on pawpaw (Carica 
papaya L.) explants in vitro (DREW and SMITH, 1986). ---

6. Spirodella growth in darkness tests the relative activities of cytokinins in promoting the growth of Spiro
della oligorrhiza i!! vitro as determined by an increase in fresh weight (6.1) and frond number (6.2) as done 
by HILLMAN (1957) with Lemna minor. 

Abbreviations: BA, benzyladeninej DHZ, dihydrozeatinj DHZR, dihydrozeatin ribosidej 16Ade, isopentenyla
deninej 16Ado, isopentenyladenosinej K, kinetinj Z, zeatinj ZR, zeatin riboside. 



100. 

However, the differences in the biological activity noted in the ten compounds 

tested for their ability to release inhibited lateral buds are likely to be, largely, 

a result of the intrinsic activities of the cytokinins due to their structure and 

to their subsequent metabolism in the plant following application. Natural cyto

kinins occur in different metabolic forms, the diversity of which may raise the 

following questions. Firstly, is the biological activity observed following a cyto

kinin application a result of the compound applied, or of a metabolite of that 

compound? Secondly, what is the significance of these metabolic transformations 

in terms of the regulation of apical dominance (or other growth processes) in the 

plant? GARRISON et a1. (1984) has suggested that the differences between isopen

tenyladenine and zeatin effects may be due to their differential metabolism. This 

is highly significant in terms of the hypothesis of the thesis, and indicates a need 

for an introduction to cytokinin metabolism. This will be achieved by reviewing 

selected aspects of cytokinin metabolism as they become appropriate in this discus

sion and the discussion of the next chapter. 

The structural requirements for a high order of cytokinin activity generally include 

an adenine molecule with the purine ring intact and with a N6-substituent of 

moderate size (SKOOG and ARMSTRONG, 1970). Only N6_ adenine derivatives 

were found to be active in releasing the lateral buds of Pisum sativum from apical 

dominance. Many features of the N6 - side chain also markedly influence cytokinin 

biological activity, such as length, degree of saturation and configuration (SKOOG 

and LEONARD, 1968). Unsaturated side chains lead to higher activities than 

their corresponding saturated side chains (SKOOG and ARMSTRONG, 1970). Thus, 

the activities of zeatin (unsaturated) in releasing lateral buds was greater than 

than of dihydrozeatin with a saturated side chain, while isopentenyladenine 

(unsaturated) was similarly more active than isopentenyladenosine (saturated). 

Kinetin appeared to have the same lateral bud releasing activity as 

isopentenyladenine, but was ten-fold more active than isopentenyladenine in the 
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tobacco callus bioassay (ROGOZINSKA, HELGESON and SKOOG, 1964). Thus 

the presence of a double bond appears to confer stability on a cytokinin, with 

the loss thereof leading to a loss in activity (SKOOG and LEON ARD, 1968). 

The above interpretation assumes that the cytokinins applied were active in their 

original form, and were not metabolised by the plant. For example, it is not known 

to what extent the activity of the riboside isopentenyladenosine is derived from 

liberation of its free base isopentenyladenine. The conversion of cytokinin ribo

sides to the base is necessary for the expression of their stimulating effect on 

cell division (LALOUE and PETHE, 1982). Zeatin and zeatin riboside were clearly 

active in releasing lateral buds from apical dominance, but their putative precur

sors, isopentenyladenine and isopentenyladenosine, were relatively inactive. This 

was noted to be the trend in the other bioassays reviewed, and is considered to 

be the result of the allylic hydroxyl group in zeatin being a structural feature 

associated with high cytokinin activity (LETHAM, 1967). 

Thus, the activity of a cytokinin may be related directly to its structure. However, 

applied cytokinins may also undergo four types of metabolic reactions: 

i) interconversions of bases, nucleotides and nucleosides 

ii) irreversible side chain modification 

iii) side chain cleavage leading to loss of biological activity 

iv) conjugaion with sugars or amino acids leading to retention or loss of 

biological activity. 

(HORGAN, 1986) 

Therefore, some differences in the activity exhibited by applied cytokinins may 

be rationalised from a consideration of the relative stabilities of the metabolites 

formed (LETHAM and PALNI, 1983). In this way, the greater activity of dihydro

zeatin than zeatin in releasing lateral buds could be due to an inactivation by 
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side chain cleavage of zeatin but not the more stable dihydrozeatin (HENSON, 

1978). In detached leaves of Phaseolus vulgaris, applied dihydrozeatin derivatives 

were more stable than the zeatin derivatives (PALMER, SCOTT and HORGAN, 

1981a). Cytokinin stability may be conferred by the binding to a sugar, leading 

to the formation of a glucoside. Glucosides are important metabolites of both 

applied and endogenous cytokinins (LETHAM, TAO and PARKER, 1982), and may 

represent storage or protected forms (PARKER and LETHAM, 1973). In detached 

leaves of Phaseolus vulgaris, applied glucosides were more stable than their free 

bases (PALMER et aI., 1981a). Likewise, 7- glucosylation, occurring significantly 

only with isopentenyladenine, protects the N6 - isopetenyl side chain from cleavage 

and confers stability (PARKER and LETHAM, 1973). In addition, a cytokinin

binding protein (CPD) which has a high affinity for isopentenyladenine and isopen

tenyladenosine has been isolated (POLYA and BOWMAN, 1979; KEIM, ERION 

and FOX, 1981). This CPD has a low affinity for zeatin (LETHAM and PALNI, 

1983). A cytokinin thus bound to a CPD would probably be protected from enzymic 

degredation and could subsequently be released when the level of free cytokinin 

declined. 

The activity of oxidase enzymes may be instrumental in regulating the nature 

and amounts of cytokinin occurring in a given organ. Cytokinins with saturated 

side chains (dihydrozeatin and dihydrozeatin riboside) and the synthetic cytokinins 

benzyladenine and kinetin are relatively resistant to attack by cytokinin oxidase 

which readily cleaves the unsaturated side chains of isopentenyladenine and zeatin 

and their ribonucleotides isopentenyladenosine and zeatin riboside (WITTY and 

HALL, 1974). In Phaseolus vulgaris the relative activities of a 'cytokinin oxidase' 

like degradation process (WHITTY and HALL, 1974) and a zeatin to dihydrozeatin 

interconversion mechanism in different parts of the plant effectively maintain 

a decreasing concentration gradient of zeatin derivatives and an increasing 

gradient of dihydrozeatin derivatives from the roots to the lamina (PALMER, 
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The biological activity of the cytokinin tested may thus be due, in part, to differ

ences in metabolism as a result of enzyme activity. However, HORGAN (1986) 

has cautioned that the fate of externally applied cytokinins does not always mirror 

that of endogenous compounds, particularly in tissues which exhibit high rates 

of side chain cleavage. 

The implications of cytokinin structure - activity relationships in the phenomenon 

of apical dominance should begin to be apparent following the above discussion. 

Since isopentenyladenine and zeatin both occur in the plant, yet differ greatly 

in their ability to release lateral buds when applied exogenously, it is possible 

that the modulation of the biological activity of these cytokinins via their metabo

lism may control the relative amounts of biologically active cytokinin arriving 

at the lateral bud site. Isopentenyladenine is the immediate precursor of zeatin 

in some systems (MIURA and MILLER, 1969; MIURA and HALL, 1973), and thus 

the correlative signal could be envisaged as acting on the promotion or inhibition 

of the enzyme system responsible for the hydroxylation reaction. A similar 

concept of metabolic control of cytokinin availability was proposed by LETHAM 

and PALNI (1983). They suggested that a large pool of cytokinin in a plant, bound 

to CPD and thus stabilized, could be in equilibrium with a pool of free cytokinins 

which would be subject to metabolism but maintained by synthesis. When the 

level of the free pool dropped, perhaps due to cessation of synthesis, free cytokinin 

would be released from the CPD. 

A further investigation of the relative activities of isopentenyladenine and zeatin 

was thus undertaken on all lateral buds on both intact and decapitated plants. 

The application of isopentenyladenine or zeatin to one of four lateral buds on 

intact or decapitated Pisum sativum plants yielded results suggesting that removal 
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of the shoot apex caused a change in response of the buds to these cytokinins. 

In addition, it appeared that the lateral buds responded differently to isopentenyl

adenine or zeatin application. Lateral buds nearer the intact shoot apex apparently 

had less ability to utilize the applied cytokinins than buds lower down on the stem. 

This gradient of potential to respond to exogenous cytokinins was likely a result 

of an interaction with the gradients of endogenous growth regulators in the plant, 

already discussed in Chapter 2. It is possible that this gradient of response was 

related to a difference in the metabolism of the applied cytokinins at each lateral 

bud. This concept was further investigated, the results of which will be presented 

in the following chapter. Of immediate concern is the question of how different 

lateral buds on the same plant can differ in their sensitivity (response capacity) 

to an applied cytokinin. 

The hierarchy of lateral bud growth promotion by a cytokinin differed when isopen

tenyladenine or zeatin were applied to intact plants. Remembering that only 

one bud on a plant was treated at a time, the results are not directly comparable 

to the growth of lateral buds on decapitated control plants, but certain observa

tions can be made. Zeatin was most effective in promoting lateral bud outgrowth 

when applied to bud 1, the lowest lateral bud, becoming less effective when applied 

to lateral buds nearer to the shoot apex. This effect was likely the result of zeatin 

or a zeatin derivative interacting with the endogenous levels of auxin at the lateral 

bud site. However, isopentenyladenine, when applied to lateral buds in a similar 

manner caused a different gradient of response. Here the hierarchy of lateral 

bud growth closely resembled that of buds released from apical dominance on 

decapitated control plants in that bud 2 was most sensitive to isopentenyladenine 

application, followed by bud 3, 4 and then by bud 1. This differential response 

of lateral buds on intact plants to isopentenyladenine or zeatin application suggests 

that the immediate response of the buds to these two cytokinins is different. 
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Bud 1, peculiar in its inability to extend even on the decapitated control plants, 

responded well to zeatin application. Does this imply a deficiency of zeatin at 

the lateral bud on the intact plant, or was this bud unable to fulfil its cytokinin 

requirement following decapitation? Isopentenyladenine application to this same 

bud on the intact plant was ineffective, indicating a possible inability of bud 1 

to utilize or hydroxylate this cytokinin to zeatin. Similar analysis of the sensitivity 

of the other lateral buds to isopentenyladenine or zeatin suggests that certain 

buds may be in a better position to utilize both cytokinins to some degree, while 

other buds may respond to only one or the other. Since the greatest response 

was usually to zeatin and not isopentenyladenine, it may be postulated that inhibi

tion of lateral buds on the intact plant is ~ result of a deficiency of zeatin at 

the bud site. A gradient of sensitivity may exist whereby only certain lateral 

buds are able to utilize exogenous isopentenyladenine, probably by metabolic modi

fication of its structure and thus activity. Lateral buds most able to respond 

to this cytokinin were noted to be bud 2 and bud 3, which also appear to be least 

under the dominating influence of the shoot apex. 

The growth of the lateral bud induced by cytokinin application on an intact plant 

was never as great as the growth of a corresponding bud on a decapitated control 

plant. This has been noted before (SCHAEFFER and SHARPE, 1969; SACHS and 

THIMANN, 1964, 1967; ALI and FLETCHER, 1970, 1971) and indicates that there 

is some residual type of apical inhibition which is not overcome by cytokinin appli

cation. This phenomenon was investigated further by the application of isopen

tenyladenine or zeatin to either bud 1, 2, 3 or bud 4 on decapitated plants. Again, 

a differential response was noted to cytokinin application in that the profile of 

extension following decapitation and isopentenyladenine application resembled 

that of the lateral buds on control decapitated plants, but zeatin similarly applied 

induced the greatest growth of bud 1, followed by bud 2, 3 and bud 4. Since only 
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one bud was treated on a plant, these treatments allowed for a distinction between 

the decapitation and the cytokinin effect. Thus, decapitation led to the growth 

of all lateral buds in a particular way. Addition of isopentenyladenine to one 

of these buds at the time of decapitation only enhanced the growth of bud 1, 3 

or bud 4 over those on decapitated control plants. In other words, bud 2 on the 

decapitated plant was not as sensitive to applied isopentenyladenine as it was 

on the intact plant. Similarly, zeatin was only effective in promoting the greater 

growth of bud 1 or bud 4 on decapitated plants, indicating that bud 2 and bud 3 

were no longer sensitive to exogenous zeatin once decapitation had occurred. 

A similar response was noted by NAGAO and RUBINSTEIN (1975), who found that 

benzyladenine, when applied to lateral buds on decapitated Pisum sativum plants, 

promoted greater bud growth than when applied to intact plants. Thus, removal 

of the shoot apex led to an increased sensitivity of only certain lateral buds to 

exogenous isopentenyladenine or zeatin. In this way bud 2 and bud 3 probably 

obtained optimal levels of zeatin following decapitation, and further applications 

of this cytokinin were not necessary for optimum growth. Lateral buds 1 and 

4, which norm~lly exhibit a high degree of inhibition, probably as a result of zeatin 

deprivation, responded well to exogenous applications of zeatin. Likewise, bud 2, 

insensitive to isopentenyladenine application on the decapitated plant can probably 

fulfil its zeatin requirements and so isopentenyladenine was not needed as a pre

cursor for further zeatin. However, bud 1, 3 and bud 4, which could not utilize 

isopentenyladenine on the intact plant did so in the absence of the shoot apex. 

This indicates that the partitioning of isopentenyladenine in the intact plant may 

result in a gradient of this cytokinin along the shoot. On decapitation, a gradient 

of potential to extend would be directly related to the ability of the lateral bud 

to utilize this isopentenyladenine, probably by hydroxylating it to zeatin. 

To summarise the discussion at this point, it may be stated that zeatin was biologi

cally more active than isopentenyladenine in releasing inhibited lateral buds on 
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intact plants, yet neither of these two cytokinins promoted the growth of buds 

to a greater extent than those on decapitated plants. However, decapitation did 

result in an increasing ability of certain lateral buds to utilize isopentenyladenine, 

and may have been related to the metabolism of this cytokinin. At this stage, 

this proposal remains untested, but is likely to be dependent on the position a 

lateral bud occupies on the shoot. 

To proceed, a comparison of the growth of treated and untreated lateral buds 

on the same plant revealed that cytokinins applied to one bud may exert their 

effect at other nodes. For example, if decapitation had initiated a strong meta

bolic sink strength at bud 2, cytokinins applied to bud 3 or bud 4 anterior to it, 

could probably have been translocated away from these buds. Only if the amount 

of cytokinin applied was sufficiently high would these lateral buds have been able 

to exert dominance over bud 2. Conversely, induction of bud extension using a 

cytokinin may have caused untreated lateral buds on the same plant to be inhibited. 

This was clearly illustrated in the responses of bud 2 and bud 3, and is considered 

to be the result of the induction of a strong sink at these buds when treated with 

a cytokinin. This effect was investigated further by applying a range of isopen

tenyladenine or zeatin concentrations to lateral buds of decapitated or intact 

plants, and recording the growth of treated as well as untreated lateral buds on 

the same plant. 

The experiment introduced above was performed for two reasons. Firstly, it was 

expected that possible differences in the responses of lateral buds to cytokinin 

concentration would provide further explanation for the differential responses 

to isopentenyladenine and zeatin already noted. Secondly, if lateral buds supplied 

with cytokinin in this manner did respond differently, possible compensatory 

effects between the treated buds would provide further information on the 

correlation between all lateral buds on the plant. Indeed, since the hypothesis 



10E:, 

of the thesis relied on the traditional but currently unfavourable premise that 

(some) developmental responses of plants are dependent on changes of growth 

regulator levels or concentrations, it was decided to investigate the relationship, 

if any, of lateral bud growth and cytokinin concentration. 

A detailed analysis of these results in relation to the growth substance sensitivity 

/ concentration debate (TREWAVAS, 1981, 1987; TREWAVAS and JONES, 1981; 

TREWAVAS and CLELAND, 1983; FIRN and DIGBY, 1984; FIRN, 1986; DAVIES, 

1987; WEYERS, PATERSON and A'BROOK, 1987) is beyond the scope of this study, 

but certain terminology had best be defined before proceeding. The ensuing dis

cussion will attempt to describe, quantitatively, the sensitivity of the lateral 

buds to endogenous cytokinins by referring to their responses to the exogenously 

applied isopentenyladenine and zeatin. In this case, 'sensitivity' will refer to the 

capability of an organ or plant to respond to a particular growth substance 

(TREWAVAS and CLELAND, 1983), Thus, a change in sensitivity will refer to 

the observation that the response to a given amount of applied cytokinin has 

changed (DAVIES, 1987). This of course will assume that uptake efficiency of 

the lateral buds for isopentenyladenine and zeatin is equal. In this way, the 

response of lateral buds to apical dominance will be viewed as being a result of 

sensitivity variations occurring in the plant during growth and development, 

provided that when sensitivity changed, there would be a response, to a change 

in concentration, of a different magnitude. 

In general, it was found that high concentrations of zeatin were inhibitory to 

lateral bud growth on the intact plant, but high concentrations of 

isopentenyladenine were required to effect the release of lateral buds on similar 

plants. In addition, lateral buds closer to the apical bud required higher levels 

of both cytokinins to effect bud release. This indicates that the sensitivity of 
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a particular lateral bud differed with the application of isopentenyladenine or 

zeatin, and may have been related to: 

i) the requirement of that bud for a particular cytokinin, 

ii) the ability of the bud to utilize (metabolise) the applied cytokinin, or, 

iii) the threshold values of the cytokinin already at the lateral bud site. 

The gradient of response observed along the shoot axis again implicated the 

gradient of auxin in the plant as a controlling factor in apical dominance. 

Certain lateral buds (bud 1 and bud 2) were inhibited by high zeatin concentrations 

when on the intact plant. This suggests that zeatin levels in these buds were 

near optimal before cytokinin application, and thus high zeatin applications to 

these non-growing buds produced a toxicity effect. This was expected of bud 2, 

which has demonstrated an intrinsic advantage over the other lateral buds. 

However, bud 1, completely inhibited on decapitated control plants, would only 

respond to lower concentrations of zeatin. An increased sensitivity to 

isopentenyladenine by bud 2 on intact plants was noted with increasing 

isopentenyladenine concentration, indicating that this bud had a certain ability 

to utilize this cytokinin in the presence of the shoot apex. Similar application 

of isopentenyladenine to bud 1 led to the observation that this bud may lack 

an ability to utilize isopentenyladenine. Zeatin applied to bud 3 or bud 4 on intact 

plants induced an increase in growth with increasing cytokinin concentration. 

This increased sensitivity to zeatin may be due to a deficiency of zeatin as a 

result of unequal partitioning of root produced cytokinins in the whole plant, 

or a higher requirement for zeatin at these lateral buds resulting from the higher 

levels of inhibitory auxin at the lateral buds. In this way, higher isopentenyladenine 

concentrations to these same lateral buds on intact plants increased growth 

somewhat. These results of isopentenyladenine or zeatin application to lateral 

buds on intact plants indicate that the sensitivity of a lateral bud to an applied 
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cytokinin will depend on the position the lateral bud occupies on the plant, and 

is most likely related to a bud's ability to metabolise the applied cytokinin. This 

provides further evidence, if only circumstantial, for the controlling role of 

cytokinin specificity and metabolism in regulating the relative amounts of specific 

cytokinins available to the lateral buds and thus their ability to overcome apical 

dominance. 

Decapitation of the plants led to a change in sensitivity of the lateral buds to 

applied cytokinin. An increase in the ability of lateral bud 1, 3 and bud 4 to 

. respond to applied zeatin indicated that zeatin was no longer inhibitory at high 

concentrations. This was not unexpected, since the actively growing lateral 

buds released by decapitation could now utilize the applied cytokinin. However, 

bud 2 did not exhibit a change in sensitivity to either applied cytokinins following 

decapitation, since it was likely to fulfil its own cytokinin requirements as a 

result of its vigorous sink strength. Further indications of a change in sensitivity 

following decapitation were observed on bud 3, which increased markedly in 

sensitivity to increased isopentenyladenine application. Thus it is likely that 

this lateral bud could not achieve self sufficiency in cytokinin in the presence 

of other growing but untreated lateral buds, and so had to utilize the higher levels 

of applied isopentenyladenine, possibly by hydroxylating it to zeatin. 

Such a change in response following decapitation was noted much earlier by SACHS 

and THIMANN (1967), who found a major difference in sensitivity to apical inhibi

tion between growing and non growing lateral buds on Pisum sativum shoots. 

These authors concluded that breakage of such inhibition must entail a major 

sensitivity change. Support for this concept was provided by NAGAO and RUBIN

STEIN (1975), who demonstrated that removal of the shoot apex of Pisum sativum 

did not lead to an increase in sensitivity to applied benzyladenine, but that high 

concentrations of benzyladenine were no longer supraoptimal for growth when 

compared with the growth on intact plants. 
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The observed change in sensitivity of a lateral bud to exogenous cytokinin following 

decapitation also provides a satisfactory explanation of results in the literature 

long considered to be anomalous with the concept of a control of lateral bud 

growth by changes in the levels of growth regulators in the plant. TUCKER 

and MANSFIELD (1972, 1973) observed a decline in cytokinin levels in lateral 

buds of Xanthuim strumarium following decapitation, while the cytokinin levels 

of Pisum sativum did not, as apparently expected, increase after similar treatment 

(NAGAO and RUBINSTEIN, 1975). Likewise, lateral buds lower down on a Rosus 

stem, subject to inhibition, contained higher levels of cytokinin than upper, 

uninhibited buds (VAN STADEN, SPIEGELSTEIN, ZIESLIN and HALEVY, 1981). 

These results, together with the sensitivity changes observed in this study, clearly 

suggest that inhibited lateral buds are unable to utilize certain cytokinins, even 

at high concentrations, until the inhibitory signal is removed. Cytokinin levels 

in lateral buds do not increase following decapitation because they are being 

rapidly utilized for growth and development. If anything, they should, and do 

decline. Thus measurements of cytokinin concentrations provide little information 

about the concentration of physiologically active cytokinins at the lateral bud 

site, unless they can be related to the changes in the bud's sensitivity to them. 

A final aspect of the concentration experiment to be discussed is the observa

tion that increasing the concentration of a cytokinin to a lateral bud could induce 

an increase in the compensatory growth exhibited by other untreated lateral 

buds on the same plant. This compensatory affect was noted and discussed in 

Chapter 2. Increasing zeatin application to bud 1 on decapitated plants resulted 

in a decrease in the growth of the untreated bud 2 on the same plants. However, 

other correlative effects were also evident. Zeatin applied to bud 4 in increasing 

concentrations reduced the growth of untreated bud 3 while increasing, in a 

compensatory manner, the growth of bud 2. Thus a 'chain of events' could occur 

between two or more lateral buds on a shoot, whereby, depending on the response 
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of a given bud to an applied cytokinin, the other lateral buds would exhibit a 

secondary or tertiary effect as a result. This may occur, in part, as a result 

of a sink effect controlled by a partitioning of resources in the plant. 

Alternatively, the cytokinin may be exported from the lateral bud if applied 

in high enough concentrations, and exert an effect elsewhere. 

To conclude the discussion of this chapter, it may be noted that a consistent 

feature of the cytokinin application experiments was the low biological activity 

of isopentenyladenine in releasing a lateral bud from inhibition in relation to 

the high activity of zeatin. This difference in the structure - activity relationship 

of these two cytokinins is likely the result of a particular structural requirement 

for cytokinin activity at the lateral bud site. Experiments with isopentenyladenine 

and zeatin indicated that lateral buds differ in their sensitivity to each of these 

two cytokinins, probably as a result of differences in their metabolic capacity. 

Decapitation of the shoot apex resulted in a change in sensitivity of the lateral 

buds to applied cytokinin. Lateral buds were more able to utilize the applied 

isopentenyladenine, and high zeatin concentrations were no longer supraoptimal 

for growth. This suggests that following removal of the inhibitory signal, certain 

lateral buds were able to hydroxylate the applied isopentenyladenine to zeatin. 

These responses occurred as a gradient along the lateral buds of the stem, and 

thus implicate apically synthesized auxin in a controlling role of apical dominance. 

It became obvious that any further studies into the concept of a control by changes 

in cytokinin structure at the lateral bud site could only proceed via an investiga

tion of the metabolism of the applied cytokinin, especially isopentenyladenine. 

It now became necessary to know the fate of the applied isopentenyladenine 

in relation to its distribution in the whole plant and its metabolism. For example, 

could the growth potential of a particular lateral bud be related to its ability 
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to hydroxylate applied isopentenyladenine to zeatin, and what would be the effect 

of removal of the shoot apex on this same process? These questions and others 

were investigated in the following chapter, using the radiolabelled cytokinin 

[ 3H]-isopentenyladenine. 
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CHAPTER IV 

CYTOKININ METABOLISM IN RELATION TO APICAL DOMINANCE 

4.1 Introduction 

The most fundamental control mechanisms of plant growth and development 

are likely to operate at the levels of enzymic regulation of metabolism (CHEN, 

1981). Thus, the rate of cytokinin biosynthesis, transport, interconversion and 

degl"adation are all important in determining the physiological responses controlled 

by this growth regulator. Cytokinin metabolism studies ha.ve the potential to 

yield information concerning the functions and rates of turnover of cytokinins 

as well as information on cytokinin biosynthesis (HUTTON, 1982). From such 

studies, one can attempt to elucidate the molecular basis for the diverse growth 

regulatory activities of cytokinins (COWLEY, DUKE, LIEPA, MACLEOD and 

LETHAM, 1978). However, studies of cytokinin metabolism in the whole plant 

are of lesser physiological relevance if their physiological roles are not clear. 

Very few studies have been performed in which cytokinin metabolism has been 

closely related to plant development. 

The metabolic studies in this chapter have been conducted in order to document 

the metabolism of isopentenyladenine in the Pisum sativum plant, and to ascertain 

whether or not this metabolism is related to the developmental process of apical 

dominance. 
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4.2 General Materials and Methods 

A description ' of the general methods pertaining to the application, extraction 

and tentative identification of the [ 3H J isopentenyladenine or its metabolites 

will first be presented. The exact protocol of each metabolism experiment will 

be presented later in the relevant section. 

Plant material and isolation of organs. Four-node or ten-node Pisum sativum 

plants, cultivated under standard conditions described in Section 2.2.1 were used 

for all experiments unless indicated otherwise. Where different orgsns were 

required for incubation studies, the intact four-node plants were divided into 

leaves, stems, roots and nodal explants bearing a stipule and an inhibited lateral 

bud. Leaves were derived from the upper (fourth) node of the plants; stems from 

internodal segments between the basal (first) and second node, and the second 

and third node. Nodal explants were taken from the second node. Root tip sections 

20 millimeters in length were removed from the lateral roots. In the studies 

on stem metabolism, stem sections representing an entire internode were used, 

and were designated stem section 1 - 4 as illustrated in Figl.lre 11 of Section 

2.2.1. 

Incubation of plant organs. Replicates of one gram of fresh tissue were incubated 

in 100 millilitres of distilled water containing 60 x 106 Bq of [3 H] isopentenyl

adenine obtained from Amersham. The purity of the radiolabelled sample was 

previously determined and confirmed using thin layer chromatography (TLC), 

as described later in this section. The explants were incubated at 25°C on a 

shaker in the light, with the exception of root cultures which were maintained 

under identical conditions in the dark. 
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Harvesting of plant tissues. The tissues from whole plant in vivo studies and 

the organs from in vitro studies were removed after the required incubation 

time, washed in running distilled water and then frozen with liquid nitrogen. 

Extraction of [3H] isopentenyladenine metabolites. To extract metabolites, 

the tissues were homogenised in cold 80 per cent ethanol and filtered through 

Whatman paper No.1. The ethanol extract was taken to dryness in vacuo at 

40°C, redissolved in three millilitres of 80 per cent ethanol and passed through 

a millipore filter (0.22 micrometers}. The samples were taken to dryness in vacuo 

and redissolved in filtered distilled water. Samples of 100 microlitres were then 

analysed using TLC or high-p-erformance.liquid chromatography (HPLC). 

Tentative identification of [3H 1 isopentenyladenine metabolites 

i) Thin layer chromatography: Extracts were spot-loaded onto silica-gel-coated 

TLC plates ten millimetres from the base and developed in an ascending manner 

in two dimensions. Firstly, the plates were run in a solvent comprising !!.-Butanol 

acetic acid: water (12 : 3 : 5) and secondly in a solvent comprising !!.-Butanol 

ammonia: water (6:1:2) (upper phase). Once the solvent front had advanced 

approximately 150 millimetres from the origin, it was marked and the plates 

were dried in a stream of warm air. The plates were divided into ten R
f 

zones 

with each Rf zone being scraped off and placed in a 10 millilitre scintillation 

vial. 

ii) High- performance liquid chromatography A Hypersil 5 ODS column (5,um, 

C18 bonded, 250 x 5 mm Ld.) with a flow rate of one millilitre per minute, fitted 

to a Varian 5000 liquid chromatograph was used. Separation conditions were 

as follows. The aqueous buffer consisted of 0.2 Molar acetic acid adjusted to 

pH 3.5 with triethylamine. Samples were eluted with a linear gradient of methanol 
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(five to fifty per cent over 90 minutes) in triethylamine buffer. Absorbance 

was recorded with a Varian variable wavelength monitor at 265 nanometres, 

fitted with an 8 microlitre flow-through cell. One millilitre fractions were 

collected. Only 100 microlitres of each one millilitre (one minute) fraction were 

used for determination of radioactivity, with the remainder stored for subsequent 

analysis. Further separation of radioactive peaks co-eluting with 

isopentenyladenine and isopentenyladenosine was achieved using a Supelcosil 

LC 18 DB column (250 x 4.6 i.d.) with a flow rate of one millilitre per minute, 

in the manner described. This column yielded a superior separation of 
\ 

isopentenyladenine from isopentenyladenosine. 

iii) Determination of radioactivity: Samples recovered from TLC plates were 

eluted with one millilitre of 100 . per cent methanol before being treated as for 

the fractions recovered from HPLC. All fractions were counted in Ready Solv 

EP Scintillation fluid (Beckman) with a Beckman LS 3800 Scintillation counter. 

Individual radioactive peaks determined in this way were further investigated 

by chemical or enzyme treatment, and then re-chromatographed against authentic 

cytokinin standards using HPLC as described. 

Chemical and enzyme treatments 

i) )3-glucosidase treatment To test for the presence of cytokinin glucosides, 

fractions collected after HPLC analysis were dried and redissolved in one millilitre 

of 0.03 Molar acetate buffer (pH 5.3). After adding 1.5 milligrams of j3-g1ucosidase 

(SigmH - from almonds), the solution was incubated at 37°C for one hour. The 

reaction was terminated by adding two millilitres of 80 per cent ethanol and 

the solution was then filtered using a millipore filter (0.22 micrometres) before 

being taken to dryness in vacuo. The sample was then redissolved in 100 micro-

litres of distilled water and analysed by HPLC. This procedure was adapted 
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from LEE, MOK, MOK, GRIFFIN and SHAW (1985). Since /3-g1ucosidase will 

only hydrolyse the O-glucosides, compounds remaining after treatment may repre

sent the 7- and 9- cytokinin glucosides resistant to this enzyme (HOAD, LOVEYS 

and SKENE, 1977; PALMER et al. 1981a) or other possible compounds. 

ii) Hvcrochlo:--' ic- Bcid (HeI) treatment was performed on metabolites suspected • J 

of having riboside·- or glucoside substituted side chains. Side chain cleavage 

was achieved by hydrolysing the sample in boiling IN Hel (two millilitres) for 

one hour before being dried in vacuo. The sample was then redissolved in 

100 microlitres of distilled water and analysed by HPLC. 

iii) Potassium permanganate (KMnO 4) oxidation was performed on metabolites 

suspected of having an unsaturated side chain. The fraction was dried and then 

redissolved in one millilitre of distilled water. A few drops of 0.01 per cent 

aqueous solution of KMnO 4 were added to the sample until the pink colour persisted 

for more than a few seconds (MILLER, 1965). An excess of 80 per cent ethanol . 

was added and the resulting precipitate was removed with a millipore filter 

(0.22 micro metres). The sample was taken to dryness in vacuo before being 

redissolved in 100 microlitres of distilled water and analysed by HPLC. The 

double bond in the allyl group (isopentenyl side chain) of a cytokinin is broken 

and oxidised by such a treatment (MILLER, 1965). 

iv) Alkaline phosphatase treatment was performed on met abolites suspected 

of being nUclecticies. The dr ied sam ple was taken up in two millilitres of buffer 

(0.01 Molar magnesium chloride; 0.1 Molar tris-hydroxy methylaminoethane at 

pH 8.2) to which was added two milligrams of alkaline phosphatase (Sigma - from 

calf intestine) (MILLER, 1965). The sa mple was incubated at 30 D C for 12 hours 

after which the reaction was terminated with an excess of 80 per cent ethanol. 
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The sample was then taken to dryness in vacuo before being redissolved in 

100 microlitres of distilled water and analysed by HPLC. Alkaline phosphatase 

treatment causes the hydrolysis of nucleotide fractions with the subsequent 

detection of the base or its riboside (VAN STADEN and MEN AR Y, 1976; V AN 

STADEN and- DAVEY, 1977). 

4.3 Application of [3 H J isopentenyladenine to bud 2 on the whole plant 

4.3.1 Materials and methods 

Four-node Pisum sativum plants, cultivated under the standard conditions described 

were treated as follows. The [3 HJ isopentenyladenine was applied, as described 

in Section 3.2.1, to bud 2 on the intact plant or on plants decapitated simulta

neously. A third treatment was performed in which the shoot apex of the plant 

was decapitated 24 hours prior to cytokinin application. Twenty replicates were 

used per treatment. At intervals of four, eight and twelve hours, the plants 

were harvested and separated into the roots, lateral bud explants from each 

of four nodes, leaf 3 and leaf 4 and the shoot apex (Figure 26). A lateral bud 

explant comprised the very small bud and its subtending nodal tissue. The fresh 

plant material was weighed into one gram samples which were immediately frozen 

in liquid nitrogen. Extraction of [3 HJ isopentenyladenine or its metabolites 

from these samples for total radioactivity analysis was performed as described 

in Section 4.2. 

4.3.2 Results and discussion 

Analysis of the distribution of total radioactivity recovered from the different 

plant organs provided an overview of the distribution of applied [3 HJ isopentenyl

adenine or its metabolites over a 12 hour period (Figure 27). On the in tact 
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SHOOT APEX 

LEAF 4 

LA TERAL BUD~;+-, 
EXPLANTS 

Figure 26 Explants excised following application of rHJ isopentenyladenine 

to lateral bud 2 on intact or decapitated Pisum sativum plants. 
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plant, the total radioactivity recovered was highest at bud 2, the site of application, 

but increased acropetally in the leaves and shoot apex with increasing time. 

This is in support of MORRIS and WINFlELD, 197 2; CHANG and GOODIN, 1974 

and PROCHAZKA et a1., 1977, 1983, who demonstrated that cytokinins applied 

to intact. plants move in an acropetal direction to regions of high meristematic 

activity. Thus the shoot apex was found to accumulate radioactivity with time. 

However, since cytokinins may be transported acropetally in the xylem and bi

directionally in the phloem (VAN STADEN and DA VEY, 1979), as well as more 

laterally between the xylem and the phloem (VAN STADEN and DAVEY, 1981; 

JAMESON et a1., 1985), it was not surprising that radioactivity was recoveree] 

in all plant organs extracted. 

The total radioactivity in the roots of int act plants declined to negligible amounts 

over 12 hours. It is likely that the metabolites associated with this radioacti

vity wer-e incorporated into other compounds which were then exported to the 

shoot system. This may be correlated to the increase in radioactivity noted 

in the leaves and shoot apex with tim e. The lateral buds 3 and 4 (and their sub-· 

tending nodal tissue), above the site of [3 H J isopentenyladenine application, 

contained a high level of radioactivity after four hours which declined to negligible 

amounts after 12 hours. Since these lateral buds were not growing on the intact 

plant, it is unlikely that the labelled cytokinin was being utilized. It is possible 

that the high levels of radioactivity were associated with the acropetally moving' 

labelled cytokinin in the phloem of the subtending stem tissue of these explants. 

However, since the levels of radioactivity remained constantly high at the site 

of application, it is unlikely that a 'preferential sink' effect at the shoot apex 

was solely responsible for the decline noted at bud 3 and bud 4. Concommitant 

with this decline was an increase in the radioactivity in leaves 3 and 4, the leaves 

associated with these lateral buds. It is therefore likely that part of this radio-
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activity moved to the leaves. Application of cI 4cJ zeatin to the xylem of Lupinus 

albus L. plants resulted in most of the radioactivity being recovered in the leaves 

(DA VEY and VAN STADEN, 1981). The major compounds recovered from the 

Lupinus albus leaves were found to be zeatin riboside and ze£tin-O-glucoside, 

and reflect similar findings of HENSON (1978). It is possible that the increase 

in radioactivity at leaf 3 and leaf 4 was the result of the accumulation of 

radioactive metabolites and their conversion to glucosides. This glucosylation 

process may represent an attempt to inactivate excess cytokinins (VAN STADEN, 

1976a) or prepare them for export from the leaves (DAVEY and VAN STADEN, 

1981). 

Of interest is that radioactivity associated with the [3 H ] isopentenyladenine 

applied to bud 2 moved basipetally to bud 1 and accumulated in high levels with 

time. This indicates an inability of this lateral bud to utilize this cytokinin, 

and in the absence of a subtending leaf, the radioactivity accumulated. 

The change in the pattern of distribution of radioactivity occurring after the 

plants were decapitated was consistent with the view, expressed in Section 1.5.1.2, 

that a marked change in the translocation of cytokinins occurs towards lateral 

buds on plants released from apical dominance by decapitation (MORRIS and 

WINFIELD, 1972; PROCHAZKA et a1., 1983). In plants treated with L 3H ] isopen

tenyladenine and decapitated simultaneously, a rise in the level of radioactivity 

recovered from lateral buds 3 and 4 was noted after four hours, but then declined 

rapidly until after 12 hours, negligible amounts remained. This effect could 

be the result of two processes occurring in the plant. Firstly, since the cytokinin 

was applied simultaneously with decapitation, the auxin gradient in the stem 

was still intact and the applied [3 H ] isopentenyladenine (or a metabolite thereof) 

was mobilized to the region of high auxin activity at the cut stump. The levels 
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of radioactivity at bud 3 and bud 4 were found to parallel the levels at leaf 3 

and leaf 4 respectively. As the auxin levels declined down the stem with time, 

it is possible that less radioactivity associated with cytokinin metabolites was 

polarized in an acropetal direction. Secondly, since the lateral buds would have 

commenced active growth four to eight hours after decapitation, they may have 

utilized the radioactive isopentenyladenine. This effect was not apparent at 

bud 2 because it was saturated with supraoptimal levels of [3 H J isopentenyl

adenine. Since the levels of radioactivity recovered from leaf 3 and leaf 4 

appeared to parallel the radioactivity at their associated lateral buds, it is unlikely 

that a decline in the radioactivity of the latter would have been a result of 

glucosylation at the leaves. Such a process would have, in any case, resulted 

in an increase in radioactivity at the leaves. Cytokinin glucosides which 

accumulate during periods of slow growth appear to be hydrolysed to active 

cytokinins within the leaf during periods of active growth (HENDRY, V AN STADEN 

and ALLAN, 1982). This may have contributed to the decline in radioactivity 

in the leaves. The sequence of radioactivity distribution occurring after 

decapitation of the plant suggests that the optimal utilization of the [3 H J 

isopentenyladenine began between four and eight hours after application, and 

this, together with the sequence of declining radioactivity in the leaves, indicates 

the beginning of a cytokinin requirement by t.he lateral buds. 

Bud 1, below the point of cytokinin application accumulated a lower but consistent 

level of radioactivity than its counterpart on the intact plant. This may have 

been due to this bud being ineffective in mobilizing the [3H J isopentenyladenine 

in the presence of the other metabolic sinks (lateral buds 2, 3 and 4) or it may 

have rapidly exported the metabolites once they had been metabolised. It was 

suggested in the previous chapter that bud 1 appears to be able to utilize certain 

cytokinins if applied exogenously, but does not retain endogenous cytokinins 

for its own use. 
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Decapitation of the plants 24 hours prior to the L 3H J isopentenyladenine applica-

tion resulted in a similar distribution of radioactivity in the whole plant, but 

a reduction in radioactivity was noted in bud 3 and bud 4. This is likely the 

result of the inhibitory gradient of auxin having dispersed in the shoot, so that 

the localized application of [3 H ] isopentenyladenine to bud 2 would by now 

have resulted in the establishment of a strong sink at this bud. Thus bud 3 and 

4, due to their reduced growth rates, would have been unable to mobilize the 

radiolabelled cytokinin. Unlike the previous treatment (simultaneous [3 H oJ 

isopentenyladenine application and decapitation) which resulted in a parallel 

decline of radioactivity in both the lateral buds and the leaves, in this treatment 

the radioactivity in the leaves was found to increase. This supports the pr~vious 

claim that the upper lateral buds were not growing, and therefore cytokinins 

glucosylated in the leaves were not needed for growth. In this way, the mainte-

nance of the storage forms of cytokinin were not the cause of the decline in 

growth at lateral buds 3 and 4, but a result of their inhibition by the competitive 

effects of bud 2 below them. 

In both decapitated treatments, the initial amount of radioactivity extracted 

from the roots was found to decline with time. It is likely that radioactivity 

initially transported to these roots was later required for growth in the form 

of a metabolite of [3 H } isopentenyladenine. 

The distribution of total radioactivity in the Pisum sativum plant following applica

tion of [3 H] isopentenyladenine thus supports the view, expressed in the literature 

review and demonstrated in Chapters 2 and 3, that the distribution of cytokinin 

in relation to auxin gradients in the plant are important in maintaining the inhibi

tion of lateral buds. In addition, decapitation appears to result in the redistribution 

of cytokinins in the plant which can be related to the changes in the growth of 

the lateral buds. 
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Further identification of the radioactive metabolites was not attempted since 

it was felt that the possibility of invalid results would not warrant such an 

enormous undertaking (2: 720 HPLC analyses). VAN STADEN (1979) has stated 

that the occurrence of cytokinins in an organ can only be related to synthesis 

if the possibility of transport from other organs or tissues is completely eliminated. 

It was therefore decided to investigate the metabolism of [3 H] isopentenyladenine 

in isolated roots, leaves, stems and lateral bud explants of Pisum sativum. While 

cytokinin biosynthesis in isolated explants is not necessarily the same as in whole 

plants, CHEN, ERTL, LEISNER and CHANG (1985) are of the opinion that it 

is a valid measure of biosynthetic potential. 

4.4 The metabolism of ~ HJ isopentenyladenine by isolated organs 

4.4.1 Materials and methods 

Explants of roots, stems, lateral buds and leaves were obtained from plants of 

Pisum sativum as described in Section 4.2. Replicates of one gram of fresh tissue 

were incubated in distilled water containing [3 H ] isopentenyladenine, harvested 

after three hours and six hours, extracted, and the metabolites tentatively identi-

fied by HPLC and TLC as described in section 4.2. 

4.4.2 Results 

Metabolism of [3H] isopentenyladenine by the roots Five major radioactive 

peaks were recovered from extracts of root tissue after three hours and six hours 

incubation (Figure 28). Four peaks were found to co-elute with adenine adenosine , , 

trans-zeatin riboside and isopentenyladenine / isopentenyladenosine. The amount 
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Figure 28 The distribution of [3 H] isopentenyladenine derived radioactivity 

from root extracts (- - - - -) and the UV-trace of authentic cytokinin standards 

---) after separation by HPLC using a Hypersil 5 ODS column. A, Total 

extract after 3 hours. B, Total extract after 6 hours. C, Peaks (49 - 53 minutes) 

for 3 and 6 hours after treatment with HCL. D, Peak (73 - 90 minutes) for 3 

hours after further separation using a Supelcosil LC 18 DB column or TLC (vertical 

bars). E, Peak (75 - 90 minutes) for 6 hours after further separation using a SUDel-
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of radioactivity associated with these peaks remained constant for three hours 

and six hours. An unidentified peak designated a (56 - 60 minutes) was recovered 

after three hours. After six hours, this peak had increased and was designated 

b (56 - 60 minutes). Metabolites co-eluting with adenine for both time treatments 

were hydrolysed with acid and re-chromatographed on HPLC. Both subsequently 

co-eluted with adenine. Metabolites co-eluting with adenosine were similarly 

treated after which the radioactivity coincided with the elution position of adenine. 

Treatment of possible trans- zeatin riboside metabolites with acid resulted in 

the recovery of radioactive peaks co-eluting with trans-zeatin (Figure 28). Metabo

lites a and b failed to shift elution position following acid treatment. The radio

active peaks co-eluting with isopentenyladenine / isopentenyladenosine were 

re-chromatographed using a Supelcosil column which yielded separation of the 

base and riboside for both time treatments (Figure 28). Separation on TLC con

firmed these results (Figure 28). 

Metabolism of [3H ] isopentenyladenine by the stems Stem tissue showed the 

most extensive metabolic activity with six major radioactive peaks being recovered 

after three hours and nine peaks recovered after six hours (Figure 29). At three 

hours, radioactive peaks co-eluting with adenine, adenosine, dihydrozeatin and 

isopentenyladenine / isopentenyladenosine were recovered. Unidentified metabo

lites were designated c (55 - 59 minutes) and d (59 - 61 minutes). The metabolite 

co-eluting with adenine was hydrolysed with acid and re-chromatographed on 

HPLC, co-eluting with adenine again. The metabolite co-eluting with adenosine 

was similarly treated, after which the radioactivity coincided with the elution 

position of adenine. The metabolite co-eluting with dihydrozeatin was treated 

with potassium permang('ll1ate which did not cause it to shift, confirming that 

this peak was in all probability dihydrozeatin. Metabolite c when treated with 

acid shifted towards the elution positions of adenine and adenosine. Metabolite 
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Figure 29 The distribution of [3 H] isopentenyladenine derived radioactivity 

from stem extracts (- - - - -) and the UV-trace of authentic cytokinin standards 

---) after separation by HPLC using a Hypersil 5 ODS column. A, Total 

extract after 3 hours. B, Total extract after 6 hours. C, Peak c for 3 hours 

after treatment with HCL. D, Peak (34 - 39 minutes) for 6 hours after treatment 

with B-glucosidase. E, Peak f for 6 hours after treatment with HCL. F, Peak 

(73 - 90 minutes) for 3 hours after further separation using a Supelcosil LC 18 

DB column or TLC (vertical bars). G, Peak (73 - 90 minutp.!::) fol' ~iv hnllr", of ton 
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d failed to shift position after treatment with acid. The radioactive peak 

co-eluting with isopentenyladenine / isopentenyladenosine was treated as described 

for the root extract and separation of the base and riboside was achieved. 

After six hours incubation, nine major radioactive peaks were recovered from 

extracts of stem tissue (Figure 29). Of these, four were similar in position to 

those found at the elution positions of adenine, adenosine, dihydrozeatin and 

isopentenyladenine / isopentenyladenosine after three hours, but had increased 

in radioactivity. Further, a radioactive peak co-eluting with the elution position 

of zeatin-O-glucoside, not found after three hours, was recovered. Unidentified 

metabolites were designated e (24 - 26 minutes), f (26 - 29 minutes), g (55 - 58 

minutes) and h (59 - 63 minutes). Metabolites g and h, similar to metabolites 

c and d respectively, showed an increase in radioactivity from three hours to 

six hours. Radioactive peaks co-eluting with adenine and adenosine were treated 

with acid which caused them to respond in a similar manner to the corresponding 

peaks at three hours. Potassium permanganate treatment again failed to shift 

the radioactive peak co-eluting with dihydrozeatin (Figure 29). The radioactive 

peak co-eluting with zeatin-O-glucoside was treated with ~-glucosidase which 

yielded a radioactive peak co-eluting with trans-zeatin when re-chromatographed 

(Figure 29). Treatment of metabolite e with acid failed to shift this peak, while 

similar treatment of metabolite f produced two radioactive peaks, one of which 

had shifted from the original position (Figure 29). Metabolites g and h, similar 

in elution position to metabolites c and d of the three hour treatment, responded 

to acid treatment in the same way. Metabolite g shifted towards the elution 

positions of adenine and adenosine, while metabolite h failed to shift position. 

The radioactive peak co-eluting with isopentenyladenine / isopentenyladenosine 

was treated as described for the root extract and separation of the base and 

riboside was achieved (Figure 29). 
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Metabolism of I 3H I isopentenyladenine by the buds After three hours, three major 

radioactive peaks were recovered in extracts from bud explants. One of the 

peaks co-eluted with adenine, one with isopentenyladenine / isopentenyladenosine 

and the unidentified peak was designated as i (58 - 63 minutes). After six hours, 

four major radioactive peaks were recovered, three having elution positions identi

cal to those of adenine, isopentenyladenine / isopentenyladenosine and metabolite 

i found after three hours (Figure 30). No increase in radioactivity was noted 

for these three peaks. The unidentified peak co-eluting with the position of 

metabolite was designated j (58 - 63 minutes). The fourth metabolite was 

designated k (65 - 68 minutes). Metabolites co-eluting with adenine for both 

time intervals were treated with acid and re-chromatographed on HPLC. Both 

co-eluted with adenine. Metabolites i and j were treated with acid and 

j3-glucosidase respectively which yielded radioactive peaks near the elution 

positions of isopentenyladenine and isopentenyladenosine (Figure 30 ). The 

metabolite k, not found at three hours was treated with acid but did not shift 

in position when re-chromatographed on HPLC. The radioactive peaks co-eluting 

with isopentenyladenine / isopentenyladenosine were treated as described for 

the root extract and separation of the base and riboside was achieved (Figure 

30). 

Metabolism of [3H 1 isopentenyladenine by the leaves Three major peaks were 

recovered from extracts of leaf tissue after three hours and six hours (Figure 31). 

These peaks co-eluted with adenine, dihydrozeatin riboside and isopentenyladenine 

/ isopentenyladenosine. A slight decline in radioactivity associated with the 

adenine and dihydrozeatin riboside peaks was noted after six hours. Metabolites 

co-eluting with adenine for both treatments were treated with acid and re-chroma

tographed on HPLC. Both co-eluted with adenine. The metabolite co-eluting 

with dihydrozeatin riboside at six hours was treated with acid, after which the 
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Figure 30 The distribution of eHJ isopentenyladenine derived radioactivity 

from bud explant extracts (- - - - -) and the UV-trace of authentic cytokinin stan

dards ( ) after separation by HPLC using a Hypersil 5 ODS column. A, 

Total extract after 3 hours. B, Total extract after 6 hours. C, Peak i for 3 hours 

after treatment with HCL. D, Peak j for 6 hours after treatment with B-gluco

sidase. E, Peak (72 - 90 minutes) for 3 hours after further separation using a 

Supelcosil LC 18 DB column or TLC (vertical bars). F, Peak (73 - 90 minutes) 

for 6 hours after further separation using a Supelcosil LC 18 DB column or TU": 

0 ,... 

~ 
:> 
i= 
0 
< 
0 
(5 
<{ 
c: 



133. 

E 110 

OJ O{100 
E E E "0 "'0 
Q. 

A 
E 

Ade Ado ZOG DHZ 

tZR 

. i6 Ad 110 

i6Ade {100 

c 
lO 
<0 
C\I 

tZ 20 
Q. 

N"O 
c <t <t 20 cP lO '" '" 

W 
o 
Z 
<{ 
co 
0: 
o 
.C/) 
co 
<{ 

cZ 

, , , 
I I : ... -J ~-----____________________ .4 

o 10 20 30 40 

DHZR 

, , 

cZR 
J , 
~ 

f 

I 
: '------1'-' , , , , 
~----------. 

16 

12 

8 

4 

o 

<0 0 0 
C\I ~ ..-, 

16 r W 
~ I- 0 

:> z 
12 :> 

i= <t i= CO 
0 0 0: 
<{ <{ 0 8 

0 CI) 0 
0 CO 0 
<{ <{ 4 <{ 
0: 0: 

0 

75 85 

RETENTION TIME min RETENTION TIME min 

B Ade ' Ado ZOG DHZ j6Ado 110 F 110 
{100 o -:t1OO 

tZR 
j6Ade 

E OJ E E "'0 "'0 E 
Q. <{ <{ Q. c 

20 N"O 
c 

20 N"'O lO '" '" lO tZ 
0 <0 ° <0 

DHZR ..- C\I ..-C\I 
16 w 16 

~ ' 
W r 

0 I-0 
cZ > Z 

12 :> Z 
12 <{ 

i= 
<{ 

i= co co 
cZR 0 0: 0 0: 

8 <{ 0 8 <{ 0 
0 C/) 0 C/) 

0 co 0 co 
4 <{ <{ 4 <{ <{ , 

0: 
, , 

0: 
, : , , , , .. -.. L __________________________ , 

0 0 

0 10 20 30 40 50 75 85 

RETENTION TIME min RETENTION TIME min 

c -
- 4 

I 

:'~ ,~:1-
--' ~---------' IJ '---- _ 0 

.1 -.l I I I -.l .1 
20 30 40 50 

RETENTION TIME min 

D 
: 4 

" " " " A • I __ I \.. ________ , ,-' 1.. __ _ 

o 

20 30 40 50 

RETENTION TIME min 

~ 
:> E 
i= Q. 
0-0 
<{N 

0° 
- 't'-o . 
<{ 
a: 

Figure 31 The distribution of [3I{] isopentenyladenine derived radioactivity 

from leaf extracts (- - - - -) and the UV-trace of authentic cytokinin standards 

---) after separation by HPLC using a Hypersil 5 ODS column. A, Total 

extract after 3 hours. B, Total extract after 6 hours. C, Peak (51 - 56 minutes) 

for 3 hours after treatment with HPCL. D, Peak (51 56 minutes) for 6 hours 

after treatment with B-glucosidase. E, Peak (73 - 90 minutes) for 3 hours after 

further separation using a Supelcosil LC 18 DB column or TLC (vertical bars). 

F, Peak (74 - 90 minutes) for 6 hours after further separation using a Supelcosil 
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radioactivity coincided with the elution position of dihydrozeatin (Figure 31). 

The radioactive peaks co-eluting with isopentenyladenine / isopentenyladenosine 

were treated as described for the root extract and separation of the base and 

riboside was achieved (Figure 31). 

Differential rates of uptake and metabolism by the organs The amounts of identi-

fiable radioactive cytokinins recovered were quantified and have been expressed 

as the percentage of the total radioactivity supplied at the commencement of 

the experiment (Table 4}. 

Table 4 Distribution of tentatively identified radioactive cytokinins recovered 

in extracts of Pisum sativum organs after three and six hours following 

incubation with [3 H ] isopentenyladenine. Results are expressed as 

the percentage of total radioactivity supplied at the commencement 

of the experiment 

Radioacti vi ty 
co-eluting with: 

Ade 
Ado 
ZOG 

DHZ 
tZR 
DHZR 
16 Ade 
16 Ado 

Total 

1.0 
0.6 

1.9 

0.7 
0.4 

4.6 

ROOTS 
3h 6h 

1.2 
0.65 

1.9 

0.7 
0.45 

4.9 

STEMS 
3h 6h 

0.6 
0.6 

0.5 

1.3 
0.75 
1.3 
1.2 

2.9 11.0 
1.2 2.0 

5.8 17.5 

BUDS 
3h 6h 

1.3 

1.6 
1.0 

3.9 

1.5 

2.3 
0.66 

4.5 

LEAVES 
3h 6h 

1.1 

1.0 
1.2 
1.0 

4.3 

0.7 

0.9 
0.7 
0.66 

3.0 

Abbreviations: Ade, adenine; Ado, adenosine; ZOG, zeatin-O-glucoside; DHZ, 

dihydrozeatin; tZR, trans-zeatin riboside; DHZR, dihydrozeatin riboside; 16Ade, 

isopentenyladenine; 16 Ado, isopentenyladenosine. 

Uptake of [3 HJ isopentenyladenine was greatest in the stem tissue, with much 

lower levels of [3 H] isopentenyladenine being recovered from root, bud and 

leaf explants. While levels of [3H] isopentenyladenine were found to increase 
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in the stem arid bud explants with time, this compound remained consistantly 

low in the roots and was found to decline in the leaves. Recovery of radioactive 

isopentenyladenosine appeared to follow the same trends as for [ 3 H J isopentenyl

adenine, but the percentage recovery was far lower. Of the radioactive zeatin 

metabolites recovered, both trans-zeatin riboside in the roots and dihydrozeatin 

riboside in the leaves remained constant, while dihydrozeatin in the stem was 

found to increase with time. The amounts of adenine recovered follow closely 

the pattern of recovery of [3 H ] isopentenyladenine, while the amounts of adeno

sine recovered can be correlated to the levels of isopentenyladenosine in both 

the root and stem tissues. 

4.4.3 Discussion 

Comparison of the uptake and metabolism of [3 H 1 isopentenyladenine by different 

organs of Pisum sativum indicated that different types of cytokinin metabolites 

were associated with each organ. Cytokinin metabolism apparently changes 

quantitatively and qualitatively during different stages of development (PALNI, 

TAY and MACLEOD, 1987), in various organs or tissue systems (EINSET, 1985; 

DICKINSON, FORSYTH and VAN STADEN, 1986) and under different physiological 

conditions (CHEN and KRISTOPEIT, 1981). Cytokinin metabolism may also vary 

in different species (PALMER et a1., 1981a; EINSET, 1986a; MOK and MOK, 

1987). The very different metabolic patterns in the axes (SONDHEIMER and 

TZOU, 1971) and stems (PALMER et a1., 1981b) of Phaseolus vulgaris point to 

an organ specific localization of cytokinin oxidase (McGA W, SCOTT and HORGAN, 

1984). DICKINSON et a!. (1986), noting a differential metabolism of [ 14C J 

adenine in cell free extracts or intact plants of Lycopersicon esculentum, suggested 

that the cytokinin biosynthetic processes may be strictly compartmentalized. 
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The findings that certain shoot organs of Pisum sativum have the capacity to 

metabolise applied [3 H] isopentenyladenine to zeatin derivatives supports recent 

evidence indicating that cytokinin biosynthesis may not be limited to the roots 

of plants. Rootless Nicotiana tabacum plants supplied with the cytokinin precursor 

adenine (EINSET and SKOOG, 1973; CHEN and ECKERT, 1976) were able to 

synthesize isopentenyladenine, isopentenyladenosine, zeatin and zeatin riboside 

(CHEN and PETSCHOW, 1978a). In addition, Actinidia tissue cultures (EINSET, 

1984) and Daucus carota root cambium and Pisum sativum roots, stems and leaves 

(CHEN et al., 1985) have been found to synthesize cytokinins from applied [ 14c] 

adenine or isopentenyladenine. Thus, cytokinin biosynthetic sites are also located 

in the shoot in addition to the presumed root sites. The implications of this in 

the control of apical dominance will be discussed later. Firstly, it will be necessary 

to present a brief overview of cytokinin biosynthesis before attempting an interpre

tation of the exact metabolic interactions found to occur in the plant organs 

studied. 

The Qrecise sites of cytokinin biosynthesis and metabolism of applied cytokinins 

in the shoot system remain to be elucidated. Cytokinins are believed to arise 

by biosynthesis de novo (CHEN, ECKERT and McCHESNEY, 1976; BURROWS, 

1978) or as by-products released intact during turnover of the cytokinin-containing 

tRNA species (KLEMEN and KLAMBT, 1974; LEINWEBER and KLAMBT, 1974). 

It is possible that both pathways are employed. Adenine and adenosine have 

both been suggested as possible precursors of free cytokinins not related to the 

degradation of tRNA (CHEN and PETSCHOW, 1978a; NISHINARI and SYONO, 

1980a, 1980b). NISHINARI and SYONO (1980a) proposed that the isopentenyl 

group (origin undetermined) is transferred directly to adenosine to form isopente

nyladenosine. Isopentenyladenosine is then converted to zeatin via isopentenyl

adenine. A simplified pathway of cytokin biosynthesis is presented in Figure 32. 
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The functional significance of the cytokinin metabolites in the roots, stems, leaves 

and bud explants following incubation with [3 H] isopentenyladenine will now 

be discussed. An attempt will be made to relate the results obtained to those 

of other studies on the metabolism of applied cytokinins and cytokinin levels 

in selected plant organs. For this purpose tables listing the distribution of 

metabolites following application of naturally occurring cytokinins (Table 5) 

and cytokinins in selected species and organs (Table 6) will be presented. However, 

there is a limited amount of data concerning cytokinin metabolism in Pisum 

sativum. Do exogenously applied cytokinins actually undergo the same metabo

lism a~ endogenous cytokinins? STUCHBURY, PALNI, HORGAN and WAREING 

(1979) proposed that the cytokinin metabolism observed should reflect the true 

capabilities of the tissues, since it is the distribution of enzymes which determines 

which cytokinins are formed. However, the demonstration that a metabolite 

derived from an exogenous source of cytokinin also occurs endogenously may 

not necessarily mean that this metabolism reflects the metabolism of the naturally 

occurring compound (HORGAN, PALNI, SCOTT and McGAW, 1981). 

The recovery of radioactive peaks correlating with adenine and adenosine are 

likely the result of degradative metabolism of the applied cytokinin. Oxidative 

side chain cleavage yielding adenine, adenosine and adenine nucleotides is the 

predominant fate of exogenously applied isopentenyladenine, isopentenyladenosine, 

zeatin and zeatin riboside in many tissues (PARKER and LETHAM, 1974; 

SUMMONS, ENTSCH, LETHAM, GOLLNOW and MACLEOD, 1980; PALNI, 1980). 

In addition, significant amounts of isopentenyladenine were recovered in all organs 

extracted. CHEN and PETSCHOW (1978b) demonstrated the oxidative cleavage 

of isopentenyladenosine to isopentenyladenine by adenosine phosphorylase, while 

PACES, WERSTIUK and HALL (1971) showed the degradation of 

isopentenyladenosine to adenosine and then to adenine by enzyme action. The 
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tokinin Tissue 

Z roots 

Z roots 

Z leaves 

lr ZR lea ves 

Z seeds 

Z embryos 

Z crown gall tissue 

Z derooted seedlings 

Z derooted seedlings 

Z derooted seedlings 

ZR caryopses 

O-G detached leaves 

Ade cell suspension 

Ade crown gall tissue 

Ado cell suspension 

Plant 

Raphanus sativus 

Zea mays 

Phaseolus vulgaris 

Populus spp. 

Malus 

Fraxinus 

Vinca rosea 

Raphanus sativus 

Zea ma ys 

Lupinus spp. 

Zea mays 

Lupinus luteus 

Nicotiana tabacum 

Vinca~ 

Nicotiana tabacum 

Metabolites identified 

Z-7-C, ZR, ZMP, AMP 

Ade, Ado, Z- 7-G, AMP 

DHZR, DHZ MP 

Z-O-G, DHZ-O-G, DHZR-O-G, Ado 

DHZ, DHZR, ZR, Z-9-G, Z-O-G, DHZ-O-G 

ZR, ZRMP, ZR-di and tri- phosphates 

AMP, Z-O-G, ZMP, Ade, Ado 

Z-7-G, ZRMP, ZR, Ade, Ado, AMP 

Z-9- C , ZRMP, ZR, Ade, Ado, AMP, Z-9-G 

Z-O-G, ZRMP, DHZRMP, DHZ, ZR 

DHZR, Z-7-G, Z-9-G, DHZ-O-G 

ZR-O-G, DHZ-O-G, Ade, Ado 

DHZR-O-G , DHZ-O- G, Ado 

ZR-O- G, Z, DHZ, Ado 

16Ade-7-C, 16AdoMP, 16Ado-di and 

tri-phospha tes 

AMP, ZMP, Ade, Ado, 16 AdoMP, Z, ZR 

16 AdoMP, 16 Ado-di and tri-phosphates 

References 

GGRDON et~. (1974). 

PARKER and LETHAM (1974). 

PALMER et~. (1981a) 

LETHAM, PARKER, DUKE, SUMMONS ar,d MACLEOD (1977); 

DUKE, LETHAM, PARKER,MACLEOD ar.d SUMMONS (1979). 

ENTSCH, LETHAM, PARKER, SUMMONS and GOLLNOW (1980). 

TZOU, GALSTON and SONDHEIMER (1973). 

PALNI (1980). 

PARKER, LETHAM , COWLEY and MACLEOD (1972); 

PARKER AND LETHAM (1973). 

PARKER, WILSON, LETHAM, CGWLEY and MACLEOD (1973); 

PARKER and LETHAM (1974). 

PARKER, LETHAM, WILSON, JENKINS, MACLEOD and 
SUMMONS (1975). 

PARKER, LETHAM, GOLLNOW, SUMMONS, DUKE and 

MACLEOD (1978). 

DUKE, MACLEOD, SUMMONS, LETHAM and PARKER (1978). 

Sl: l\lI\lONS et a!. (1980). 

PARKER et a1. (1978). 

LALOl'E, GAWER and TERRINE (1975); 
LALOUE et al. (1977). 

PALNI (1980). 

LALOUE, TERRINE AND GA WER (1974); 

LALOUE et~. (1977). 

~viations: Ade, adenine; Ado, adenosine; AMP, adenosine 5'-monophosphate; DHZ, dihydrozeatin, DHZR, dihydrozeatin riboside; DHZRMP, dihydrozeatin riboside 
nophosphate; DHZ-O-G, dihydrozeatin-O-glucoside; DHZR-O-G, dihydrozeatin riboside-O-glucoside; 16Ade, isopentenyladenine; 16Ade-7-G, isopentenyIadenine-7-
side; 16Ado, iscpentenyladenosine; 16AdoMP, isopentenyladenosine 5'-monophosphate; Z, zeetin; Z-O-G, zeatin-O-glucoside; Z-7-G, zeatin-7-glucoside; Z-9-G, 
19-9lucoside; ZMP, zeatin 5'-monophosphate; ZR, zeetin riboside; ZR-O-G, zeatin riboside-O-glucoside; ZRMP, zeatin riboside 5'-monophosphate. 

,.... 
v.:> 
to 
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relative values of isopentenyladenine to adenine and isopentenyladenosine to 

adenosine recovered suggest that isopentenyladenosine is a likely intermediate 

in the conversion of isopentenyladenine to zeatin derivatives in these organs, 

since hydroxylation of isopentenyladenine and isopentenyladenosine is stereospeci-

fic (PALNI and HORGAN, 1983). 

Table 6 Cytokinins extracted from Pisum sativum or related genera 

Plant 

Pisum sativum 

Pisum sativum 

Phaseolus 
vulgaris 

Lupinus sp. 

Phaseolus 
vulgaris 

Phaseolus 
vulgaris 

Lupinus sp 

Tissue Cytokinins 

roots Z, Zr , 16 Ade 

16 Ado 

root nodules Z, ZR, ZRMP 

16 Ade, 16 Ado 

roots Z-O-G 

stems 

stems 

leaves 

seed 

ZR, DHZR 

ZR, DHZR, 
Z-O-G 

DHZ-O-G , 
DHZR 

ZR, DHZR, 
Z-O-G, ZR-O-G, 
DHZ-O-G, 
DHZR-O-G 

Reference 

WIGHTMAN et al. (1980) 

FORSYTH and VAN STADEN 
(1981) 

SYONO and TORREY (1976) 
SYONO et al. (1976) 

SCOTT and HORGAN (1984) 

PURSE,HORGAN,HORGAN 
and WAREING (1976); 

PARKER et al. (1978) 

PALMER et al. (1981b) 

WANG, THOMPSON and HOR
GAN (1977) 

WANG and HORGAN (1978) 

SUMMONS, ENTSCH, PARKER 
and LETHAM (1979) 

Abbreviations: DHZR, dihydrozeatin riboside; DHZ-O-G, dihydrozeatin-O-gluco

side; DHZR-O-G, dihydrozeatin riboside-O-glucoside; 16 Ade, isopentenyladenine; 

1
6 

Ado, isopentenyladenosine; Z, zeatin; Z-O-G, zeatin-O-glucoside; ZR, zeatin 

riboside; ZR-O-G, zeatin riboside-O-glucoside; ZRMP, zeatin riboside 5'-mono

phosphate. 
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In the roots, trans-zeatin riboside appeared to be the major metabolite derived 

from [3 HJ isopentenyladenine. The ribosides and their 5' -monophosphates are 

among the most abundant naturally occurring cytokinins (McGAW et al., 1984). 

Zeatin and zeatin riboside appear to undergo similar metabolism when applied 

to plant tissue (VAN STADEN and DAVEY, 1977; SUMMONS et al., 1980; LETHAM 

and PALNl, 1983) and it is implied that these two cytokinins are interchangeable. 

Radiolabelled zeatin riboside has also been recovered in isolated roots of Raphanus 

sativus (GORDON et al., 1974), Zea mays (PARKER and LETHAM, 1974) and 

Lycopersicon esculentum (DICKINSON et al., 1986) following incubation with 

e 4C J zeatin or [ 14C ] adenine. Since root produced cytokinins move up to 

the shoot in the xylem sap, zeatin riboside may be considered to be the main 

translocational form of cytokinin in the xylem. The hydroxylation of exogenous 

isopentenyladenine to zeatin metabolites has also been reported for Actinidia 

roots (EINSET, 1984). WIGHTMAN et al. (1980) have extracted isopentenyladenine 

from Pisum sativum roots. Contrary to a previous report (SCOTT and HORGAN, 

1984), zeatin-O-glucoside, considered to be a major endogenous cytokinin in 

Phaseolus vulgaris roots was not recovered in this study. Since glucosides are 

considered to represent storage or inactivation forms of cytokinin (V AN STADEN 

and DAVEY, 1979) it is likely that supraoptimal levels of trans-zeatin riboside 

had not yet occurred in the root tissue after six hours. 

Recovery of relatively large amounts of trans-zeatin riboside in the roots suggested 

that this compound represents the form in which cytokinins are transported from 

the roots to the leaves and shoot apex. Indeed, the major cytokinins extracted 

from the stems of Lupinus plants and decapitated Phaseolus vulgaris plants have 

been found to be the ribosides and nucleotides of zeatin and dihydrozeatin (PURSE 

et al., 1976; PARKER et al., 1978; PALMER et al., 1981b). In the isolated stem 

segments of this study, dihydrozeatin was the major metabolite initially derived 
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from applied [3 H] isopentenyladenine, with zeatin-O-glucoside being recovered 

later. In feeds of radiolabelled zeatin, the usual metabolites found in the stem 

are dihydrozeatin or its derivatives (PALMER, HORGAN and WAREING, 1981c; 

McGA W et al., 1984). Cytokinin glucosides have been extracted from the phloem 

of plants (HALL and BAKER, 1972; HENSON and WAREING, 1976; VAN STADEN 

and BROWN, 1977, 1978), so it appears that the recovery of radioactive zeatin

O-glucoside from isolated stem tissues resulted from the ability of this tissue 

to glucosylate excess zeatin derivatives with time. Minor quantities of zeatin

O-glucoside have been detected in stems of Phaseolus vulgaris (PALMER et al. 

1981 b), and the ability of stem tissues to glucosylate cytokinins could explain 

the cytokinin-like effects that some stems appear to have on in vitro bud growth 

and development (WOOLLEY and WAREING, 1972a; PETERSON and FLETCHER, 

1975). 

Apart from the identifiable cytokinin metabolites discussed, the stem tissues 

were found to accumulate six unidentified radioactive metabolites. Significance 

of these metabolite is not known, but it is likely that portions of these metabolites 

involve glucosylation of [3 HJ isopentenyladenine. In any event, the hydroxylation 

of applied [3 H] isopentenyladenine to a zeatin derivative in the stem, together 

with the observed capacity for glucosylation indicates that the stem may play 

an active role in the biosynthesis of cytokinins transported in the shoot. 

The major radioactive cytokinin metabolite recovered from leaf extracts was 

dihydrozeatin riboside. It has been demonstrated that the major endogenous 

cytokinins in Phaseolus vulgaris leaves are the riboside and O-glucoside of dihydro

zeatin (WANG et al., 1977; WANG and HORGAN, 1978). In the intact plant, 

the dihydrozeatin in the stems could be a precursor for these ribosides and gluco

sides found in the leaves. However, since isolated Pisum sativum leaves have 
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been shown to synthesize isopentenyladenine from supplied [ 14CJ adenine (CHEN 

et al., 1985), it would appear that cytokinins in leaf tissue need not represent 

translocated forms from the root. No glucosylated cytokinins were recovered 

from the leaf explants. It is possible that the explants were harvested before 

glucosylation was necessary, or that the leaves may have been too young in the 

seedling plant used. Zeatin and zeatin riboside have been found to be the predomi

nant cytokinins in young expanding leaves (VAN STADEN, 1976a, 1976b; HENSON 

1978, VAN STADEN and DAVEY, 1981), while cytokinin glucosides are the major 

form of cytokinin in mature and senescing leaves (ENGELBRECHT, 1972; DUKE 

et aI., 1979; VONK and DAVELAAR, 1981). Following feeds of radiolabelled 

zeatin to the roots of Phaseolus vulgaris, the major radioactive cytokinins 

recovered in the leaf were dihydrozeatin, dihydrozeatin riboside and zeatin ribo

side-O-glucoside (PALMER et aI., 1981c). In detached leaves of Phaseolus vulgaris 

supplied with dihydrozeatin, the major radioactive cytokinins recovered were 

dihydrozeatin and its glucosides (PALMER ~ aI., 1981a). 

The results of [3 HJ isopentenyladenine applications to the roots, stems and 

leaves of Pisum sativum are therefore consistent with the presence of endogenous 

cytokinins in these organs on whole plants. Thus the metabolism of applied [3 HJ 

isopentenyladenine by the isolated organs appeared to reflect the true capacities 

of these tissues. 

Bud explants comprising a node bearing an inhibited lateral bud yielded few radio

active metabolites. The possibility exists that the inhibited lateral buds were 

unable to hydroxylate [3 H] isopentenyladenine to zeatin, or that this tissue 

does not have a high cytokinin biosynthetic capacity ~ se. The significance 

of this in relation to lateral bud inhibiti.on will be discussed later. 



144. 

The metabolic reaction central to the hypothesis of the thesis, that of the hydroxy

lation of isopentenyladenine to zeatin or its derivatives was shown to occur in 

the roots, leaves and stems of Pisum sativum. It had been proposed earlier that 

the regulation of the amounts of specific cytokinins required at the lateral bud 

site in order to overcome apical inhibition could be controlled by this reaction. 

Thus a more thorough discussion of this reaction is necessary before discussing 

its significance in relation to growth processes in the plant. Hydroxylation of 

the isopentenyladenine side chain to give the corresponding trans-zeatin derivative 

was demonstrated in Actinidia callus (EINSET, 1984), Vinca rosea crown gall 

tissue (PALNI and HORGAN, 1983), and in microsomes from Brassica oleracea 

L. plants (CHEN and LEISNER, 1984). Other examples of hydroxylation of isopen

tenyladenine or related isopentenyl cytokinins have occurred in the fungus Rhizo

pogon roseolus (MIURA and MILLER, 1969; MIURA and HALL, 1973), immature 

Zea mays kernels (MIURA and HALL, 1973) and microsomes from Nicotiana 

tabacum callus cultures (CHEN, 1982). EINSET (1984, 1986a, 1986b) and EINSET 

and SILVERSTONE (1987) have pursued a study on the hydroxylation of isopentenyl

adenine by Actinidia plants which have yielded interesting and significant results, 

to be discussed in the next section of this chapter. The mechanism of this reaction 

is unclear, but preliminary characterization of the enzyme responsible for the 

hydroxylation reaction has been reported by CHEN (1982). CHEN (1982) and 

CHEN and LEISNER (1984) reported on microsomal activity from Nicotiana 

tabacum and Brassica oleracea cultures that will hydroxylate isopentenyladenine 

to zeatin. This prompted EINSET (1986a) to suggest the possibility that isopen

tenyladenine hydroxylation is mediated by a membrane-bound monooxygenase. 

However, in extracts of many higher plants, isopentenyladenine and isopentenyl

adenosine have not been detected in the free form (VAN STADEN and DAVEY , 
1979; PALMER et al., 1981bj SCOTT, BROWNING and EAGLES, 1980). In addition, 

reports have been made of experiments involving isopenteny1adenine or isopen-
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tenyladenosine application to plants and tissues in which zeatin and zeatin riboside 

levels were unaffected or not detected (STUCHBURY et a1., 1979; MOK, MOK, 

DlXON, ARMSTRONG and SHAW, 1982). Since it is now known that isopentenyl

adenine occurs in plants as a free cytokinin, if only in small amounts, it seems 

probable that the isopentenyladenine or an intermediate are so rapidly hydroxylated 

that their steady state levels are extremely low (LETHAM and PALNI, 1983; 

McGAW et a1., 1984). 

Since the stem, but not the lateral buds appeared to be a major site of cytokinin 

metabolism, it was decided to investigate further the metabolism of [3 HJ isopen

tenyladenine by stem sections along the whole shoot. If, as suggested earlier, 

the inhibition of lateral buds is influenced by the distribution of hydroxylase 

activity of cytokinins in the plant, mediating the distribution and activity in 

the shoot, this would be ma~~zest by a differential cytokinin metabolism occurring 

in different stem sections along the length of the shoot. 

4.5 The metabolism of [3 H] isopentenyladenine by stem segments 

4.5.1 Materials and methods 

Stem explants from the internodes of Pisum sativum plants were obtained as 

described in Section 4.2. Fourteen-day-old (four node) plants and 21-day-old (ten 

node) plants were used. Stem explants from the internodes of four-node plants 

were designated internodes 1 - 5 from the base to the shoot apex respective

ly, and were treated separately. Stem explants from the internodes of the ten

node plants were designated internodes 1 - 10 from the base to the shoot apex 

and treated separately. Replicates of one gram of each of these stem internodes 

were incubated in distilled water containing [3 HJ isopentenyladenine, harvested 
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after six hours, extracted, and the metabolites tentatively identified by HPLC as 

described in Section 4.2. The availability of a wider range of cytokinin standards 

allowed for a more thorough identification of cytokinin metabolites than previously 

possible in this study. 

4.5.2 Results 

Metabolism of [3H] isopentenyladenine by the stem Ten major radioactive 

peaks were recovered from the stem extracts of four-node and ten-node plants 

after six hours incubation (Figure 33, Table 7, Table 8). Nine peaks were found 

to co-elute with adenine, adenosine, dihydrozeatin riboside 5'-monophosphate 

/ dihydrozeatin-9-glucoside / zeatin-O-glucoside, dihydrozeatin, dihydrozeatin 

riboside, isopentenyladenosine 5'-monophosphate, isopentenyladenine-9-glucoside, 

isopentenyladenine and isopentenyladenosine. An unidentified peak (58 - 59 

minutes) was designated a. Chemical treatment of the peaks co-eluting with 

adenine, adenosine and isopentenyladenosine confirmed the presence of these 

metabolites as previously reported in this chapter. Acid treatment of the peak 

co-eluting with the dihydrozeatin riboside 5'-monophosphate / dihydrozeatin-

9-glucoside / zeatin-O-glucoside complex caused the radioactivity to shift to 

the elution position of dihydrozeatin, indicating the removal of the ribose 

monophosphate. Alternative treatment of this peak with alkaline phosphatase 

resulted in a shift of radioactivity to the elution position of dihydrozeatin riboside, 

indicating the removal of the monophosphate. Treatment of this same peak 

with J3-glucosidase resulted in a partial shift of radioactivity to the elution position 

of trans-zeatin, suggesting that this peak represented both dihydrozeatin riboside 

5'-monophosphate and zeatin-O-glucoside. The presence of dihydrozeatin-9-

glucoside was not confirmed. The metabolite co-eluting with dihydrozeatin was 

treated with potassium permanganate- which -did not cause it to shift, confirming 
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Figure 33 The UV-trace of authentic cytokinin standards after separation by 

HPLC using a Hypersil 5 ODS column. The UV-trace was used in the tentative 

identification of radioactive metabolites recovered in stem sections of Pisum 

sativum incubated with L3H] isopentenyladenine. 
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Table 7 Distribution of tentatively identified radioactive cytokinins recovered 

in extracts of Pisum sativum stem sections (1-5) incubated with [3 HJ 
isopentenyladenine 

Internodal stem sections were excised from 14 day old plants. Results are express
ed as the percentage of the relative recovery of each radioactive metabolite 
in each internode. 

Stem Percentage radioactivity co-eluting with: 
inter- DHZ 
node RMP/ 16Ado 16Ade 
No. Ade Ado ZOG DHZ DHZR a MP 9-G 16Ade 16Ado 

5 16.0 22.0 15.8 11,8 20,0 22.8 16.4 10.3 14.3 16.0 
4 10.0 16.5 12.4 10.4 13.5 13.1 16.4 10.3 12.2 16.9 

3 11.0 11. 0 1.0 18.6 17.6 11.2 16.7 18.4 10.5 8.7 

2 23.0 23.1 24.8 27.8 19.4 24.0 20.7 26.3 28.0 20.4 

1 40.0 27.5 37.1 31.3 29.4 28.8 29.8 136.0 35.0 37.9 

Table 8 Distribution of tentatively identified radioactive cytokinins recovered 

in extracts of Pisum sativum stem (1-10) sections incubated with [3H] 

isopentenyladenine 

Internodal stem sections were excised from 21 day old plants. Results are express-
ed as the percentage of the relative recovery of each radioactive metabolite 
in each internode. 

Stem Percentage radioactivity co-eluting with: 
inter- DHZ 
node RMP/ 16Ado 16Ade 
No. Ade Ado ZOG DHZ DHZR a MP 9-G 16Ade 16Ado 

10 15.6 13.5 16.8 11.8 17.8 12.4 17.0 16.5 14.7 14.5 
9 13.5 10.8 13.4 10.7 11. 2 9.5 12.0 12.6 9.8 9.0 
8 7.9 10.2 8.4 8.0 6.7 7.6 10.0 8.6 7.8 7.8 
7 5.0 8.6 6.7 6.4 5.0 5.7 8.0 7.3 6.8 6.0 
6 7.8 7.5 5.8 5.3 5.9 6.6 7.0 6.6 6.8 6.0 
5 9.2 7.5 5.0 6.9 7.6 8.5 8.0 8.6 7.8 7.2 
4 9.9 7.5 5.8 7.5 7.6 8.5 9.0 8.6 8.8 8.4 
3 12.0 13.5 10.9 12.3 10.2 11.4 10.0 9.3 10.7 11.5 
2 10.6 10.8 13.4 16.1 13.5 15.2 10.0 10.6 13.7 16.3 
1 8.5 9.7 13.4 14.5 12.7 14.3 9.0 11.2 12.7 13.3 

~bbreviatio~ f?r ~ables 7 and 8: Ade, adeninej Ado, adenosine; DHZRMP/ZOG, 
dlhydroz~atm rlbos~de. 5'-~onophosphate/z~atin-0-glucoside; DHZ, dihydrozeatinj 
DHZR, dlhyd:ozeatm rIbOSld~; 16Ado MP, lsopentenyladenosine 5'-monophosphatej 
16Ade-9-G, Isopentenyladenme-9-g1ucosidej 16Ade, isopentenyladenine' 16Ado 
isopentenyladenosine. ' , 
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that this peak was in all probability dihydrozeatin. Acid treatment of the 

metabolite co-eluting with dihydrozeatin riboside resulted in a shift of radioactivity 

to dihydrozeatin, indicating the removal of the ribose. Metabolite a was treated 

with both acid and alkaline phosphatase but could not be tentatively identified 

as it retained its original elution pattern. Following treatment with alkaline 

phosphatase, the peak co-eluting with isopentenyladenosine 5'-monophosphate 

shifted to the elution position of isopentenyladenosine. Alkaline phosphatase 

treatment of the peak co-eluting with isopentenyladenine-9-glucoside caused 

a partial shift of the radioactivity to isopentenyladenine. 

A comparison of the radioactive peaks recovered from the five different stem 

internodes of four-node plants revealed a gradient of metabolic activity 

(Table 7).The greatest metabolic activity occurred at the base of the stem, declining 

towards the shoot apex. Dihydrozeatin, the major metabolite recovered from 

all internodes was three-fold greater at the base than at the shoot tip. Extracts 

from internodes of ten-node plants revealed a different gradient of metabolic 

activity (Table 8). While some activity was still associated with internodes 1, 

2 and 3 at the base of the stem, a zone of equal or higher activity was found to 

occur at internodes 8, 9 and 10 near the shoot apex. A zone of low activity was 

associated with internodes 5, 6 and 7 from the middle of the shoot. 

4.5.3 Discussion 

The results of this experiment confirmed the results of the previous experiment 

in this chapter, which indicated that the stem is a major site of cytokinin metabo-

1· . [3 Ism m the plant. Ten metabolites of HJ isopentenyladenine were recovered 

from stem extracts, including dihydrozeatin and dihydrozeatin riboside as major 

metabolites. 
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Of particular interest was that the capacity to metabolise the supplied [3 H] 

isopentenyladenine occurred as a gradient in the stem and appeared to be related 

to the age of the plant. In four-node plants, the cytokinin metabolic activity 

appeared to be greatest near the base of the shoot, while in ten-node plants, 

this same activity had begun to shift to the anterior end of the shoot. This pheno

menon can be related to the results of the experiment in Chapter 2, in which 

the shoot apex was removed from plants bearing four, six, eight or ten nodes. 

In this study, a basally orientated branching pattern in younger four-node plants 

changed to being anterior on older plants. This surely implies that the branching 

pattern of Pisum sativum plants is influenced by the distribution of hydroxylase 

activity in the plant mediating the distribution and activity of cytokinins in the 

shoot. Further evidence that the growth potential of lateral buds is related to 

their location on the stem and the age of the plant has already been reviewed 

in Chapter 1 (GREGORY and VEALE, 1957; HUSAIN and LINCK, 1966; CUTTER 

and CHIU, 1975). 

Evidence in support of a distribution of cytokinin hydroxylase activity in the 

stem has been provided by EINSET (1984; 1986b) and EINSET and SILVERSTONE 

(1987), using Actinidia stem sections or whole plants. In these studies, the distribu

tion of isopentenyladenine hydroxylase activities were determined by measuring 

the accumulation of zeatin in explants incubated in a medium containing unlabelled 

isopentenyladenine. In isolated stem segments, hydroxylase activity was very 

low in the shoot tip, highest in the region corresponding to rapid leaf growth 

and very low in the mature stem (EINSET, 1984). The results of this whole shoot 

study correlate well with those of the serial incubation study of internodes 1 _ 

lOin this chapter. Application of isopentenyladenine to Actinidia plants indicated 

that the isopentenyladenine hydroxylation activity is not evenly distributed in 

the plant (EINSET, 1986b; EINSET and SILVERSTONE, 1987). In mature plants, 
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the hydroxylation activity was anterior, while in young seedlings this activity 

was basal. 

The correlation between the gradients of cytokinin metabolic activity in the 

stem and the gradients of growth potential of lateral buds suggest a control of 

apical dominance in which root derived cytokinins or cytokinin precursors, moving 

acropetally in the stem to the growing apex are metabolised to cytokinins that 

the lateral buds can utilize. It is unlikely that lateral buds can fulfil their own 

cytokinin requirements, and the cytokinins from the stem tissue are likely to 

be very important. Lateral bud explants supplied with [3 H] isopentenyladenine 

in this study did not hydroxylate the applied cytokinin to zeatin or a zeatin metabo

lite. Likewise, in experiments with isolated lateral buds in culture, little growth 

occurred, suggesting that a factor associated with the stem was necessary 

(BALLARD and WILDMAN, 1964; PETERSON and FLETCHER, 1975). In addition, 

PETERSON and FLETCHER (1975) found that the longer the internode below 

a lateral bud on an isolated stem segment, the greater the growth of that bud. 

PALMER et al. (1981b) have stated that the stem may have the capacity to 

abstract from and mOdify and contribute to cytokinins that are transported in 

the shoot, and that the stems' significance appears to be greater than simply 

a channel for root produced material. 

However, while the distribution of cytokinins in the stem can be rationalised 

by the distribution or activity of enzymes in the shoot system, it is yet unclear 

how this distribution or activity is controlled. It is generally agreed that a primary 

component of the inhibitory correlative signal is the synthesis of auxin in the 

region of the shoot apex and its transport down the stem. As already reviewed 

in Chapter 1, the predominantly basipetal movement of auxin results in a gradient 

of auxin concentration in the stem tissues, with a decline in auxin towards the 

base of the shoot (SCOTT and BRIGGS, 1960; GOLDSMITH, 1968). This distribution 
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of auxin in the stem can be correlated to the gradient of cytokinin metabolic 

activity observed in the experiment of this chapter, as well as the growth studies 

of Chapter 2 and the cytokinin application studies of Chapter 3. It thus seemed 

obvious to investigate the possibility that the cytokinin metabolism observed 

in the stem could be controlled by auxin in the stem tissue. This was achieved 

in the following experiment in which isolated stem segments were incubated 

in distilled water and l3 H] isopentenyladenine including a range of auxin concentra

tions. 

4.6 The effect of auxin on the metabolism of [ 3 HJ isopentenyladenine in stems 

4.6.1 Materials and methods 

Replicates of stem internode 3 excised from four-node Pisum sativum plants 

as described in Section 4.2 were rinsed in running distilled water for 90 minutes. 

The purpose of this rinse was to allow the diffusion out of the stem of any endoge

nous auxins. The stem internodes (replicates of one gram) were then transferred 

to beakers containing 100 millilitre solutions of indole-3-acetic acid in distilled 

water (pH 6.0) at a range of concentrations. A distilled water treatment consti

tuted a control. After 90 minutes pre-incubation on a rotary shaker in the dark, 

during which time the segments were allowed to equilibrate in their different 

auxin concentrations, 60 X 106 Bq of [3 H] isopentenyladenine was added to each 

beaker of indole-3-acetic acid solution or control distilled water and incubated 

for a further six hours on a rotary shaker in the dark. The stem explants were 

then harvested, extracted and the metabolites tentatively identified by HPLC 

as described in Section 4.2. 
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4.6.2 Results 

Ten major radioactive metabolites were recovered from all stem extracts and 

their tentative identification was the same as for the previous two experiments 

in Section 4.4 and Section 4.5. 

Indole-3-acetic acid appeared to affect the metabolism of [3 H] isopentenyladenine 

supplied to the stem explants. A similar dose - response curve was noted for 

each of the metabolites recovered from the stem extracts (Figure 34). Optimum 

metabolism of [3 H] isopentenyladenine occurred in a 10-6 Molar solution of indole-

3-acetic acid. A decline in metabolic activity occurred both with a decrease 

and an increase in indole-3-acetic acid concentration from this optimum. Indole-

3-acetic acid at a concentration of 10-4 Molar appeared to be inhibitory to cyto-

kinin metabolism, while an absence of endogenous or exogenous auxin in the 

washed control segments resulted in an inability of the stem tissue to metabolise 

the applied [3 HJ isopentenyladenine. Comparison of the dose response curves 

for isopentenyladenine and the major metabolites dihydrozeatin and dihydrozeatin 

riboside indicate that the uptake of ~HJ isopentenyladenine by all explants was 

similar, with the pronounced dose - response curve being the result of cytokinin 

metabolism. 

4.6.3 Discussion 

The results of the previous experiment suggest that cytokinin metabolism in 

the plant may be controlled by auxin. In the absence of exogenous indole-3-

acetic acid or other endogenous auxins, the isolated stem tissue was incapable 

of metabolizing the applied [3rt] isopentenyladenine. Cytokinins have been found 

to be inactive in inducing cell division in prewashed Helianthus tuberosus tuber 

tissue (ADAMSON, 1962; SETTERFIELD, 1963; KAMISAKA and MASUDA 1970' , , 
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MINOCHA, 1979). Thus plant cell division and morphogenesis are very sensitive 

to, and probably controlled by, relative levels of auxin and cytokinin in the plant 

(PALMER, LETHAM and GUNNING, 1984). Throughout this study, the control 

of apical dominance has been envisaged as being a result of the relative levels 

of these two growth regulators in the plant, which are known to occur as a gradient 

in the shoot. Thus it is not surprising that high indole-3-acetic acid concentrations 

(10-4 Molar) were inhibitory to cytokinin metabolism in this study. 

The concept of an auxin - cytokinin interaction in the control of apical dominance 

was first noted by WICKSON and THIMANN (1958) who documented the antago

nism between these two growth regulators in the growth of lateral buds of Pisum 

sativum. Their experiments on bud inhibition with applied auxin in solution re

quired indole-3-acetic acid concentrations in the region of 10-4 Molar, the concen

tration which was found to inhibit cytokinin metabolism in this study. Other 

early circumstantial evidence supporting a controlling role of auxin in cytokinin 

metabolism and action was provided by KURASHI (1959), who demonstrated 

the enhancement by indole-3-acetic acid of kinetin induced growth of Raphanus 

sativus leaf discs, and the demonstration that kinetin in combination with indole-

3-acetic acid increased the stimulating effect of the latter on the growth of 

Avena sativa coleoptiles (DENIZCI, 1966; WRIGHT, 1968; HEMBERG and 

LARSSON, 1972). 

Studies on the in vitro growth of Nicotiana tabacum callus cultures have also 

shown that the presence of kinetin in the medium greatly influences the response 

of the tissue to auxin (MURASHIGE and SKOOG, 1962). Recently, 

BHATT ACHAR YY A and BASU (1985) noted that oxidation of endogenous indole-

3-acetic acid was essential for kinetin induced growth of Triticum vulgare L. 

coleoptiles. These examples all illustrate that the growth processes mediated 
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by cytokinins are dependent on an optimum ratio of cytokinin .' auxin occurring 

at the site of action. 

Recent evidence now suggests that the interaction between these two growth 

regulators probably resides at the level of cytokinin metabolism. Indole-3-acetic 

acid has been reported to mOdify cytokinin metabolism in a number of plant 

tissues. In Solanum andigena stem cuttings, the formation of unidentified metabo

lites of benzyladenine were induced with auxin (WOOLLEY and WAREING, 1972a), 

while in Helianthus tuberosus tuber tissue, a more rapid metabolism of zeatin 

nucleotide resulted from auxin application (PALMER, et aI, 1984). HANSEN, 

MEINS and MILANI (1985) and HANSEN, MEINS and AEBI (1987) observed an 

inhibition of endogenous cytokinin accumulation by Nicotiana tabacum crown 

gall tissues or normal tissues when cultivated on an auxin containing medium, 

likely the result of increased cytokinin metabolism. More recently, PALNI, 

BURCH and HORGAN (1988) demonstrated that the stability of [3 H] zeatin 

riboside supplied to Nicotiana tabacum pith explants was inversely related to 

the naphthalene-3-acetic acid in the incubation medium. At higher auxin 

concentrations, a greater breakdown of [3 H] zeatin riboside occurred. NELSON 

(1988) also noted that the benzyladenine : indole-3-acetic acid ratio affected 

the metabolism of benzyladenine supplied to Nicotiana tabacum callus tissue. 

The benzyladenine was more stable at lower auxin ratios, and more ribosylation 

of benzyladenine occurred at higher auxin ratios. 

How does auxin affect the metabolism of endogenous or applied cytokinins? 

PARKER, ENTSCH and LETHAM (1986) have stated that one technique for the 

regulation of the action of plant growth substances is to influence the synthesis 

or inactivation of the active compounds at the level of enzyme function. Treat

ment of Salix babylonica L. bark explants with naphthalene-3-acetic acid resulted 
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in a decrease in the levels of extractable cytokinins (CHOVEAUX and VAN 

STADEN, 1981), prompting these authors to suggest that auxin action was not 

related to cytokinin biosynthesis ~ se as believed by WITHAM (1968) and INOUE, 

MAEDA, YOSHIDA and ORIT ANI (1979), but was the result of auxin action on 

cytokinin oxidase-type enzymes which stimulated cytokinin metabolism. Indole-

3-acetic acid has been found to inhibit competitively an enzyme involved in 

cytokinin conjugation, indicating that cytokinins and auxins interact in a complex 

manner to mutually control their metabolism (PARKER et al., 1986). PALNI 

et al. (1988) have demonstrated an in vitro stimulation of cytokinin oxidase by 

auxin on a partially purified enzyme preparation which paralleled their in vivo 

observations that the stability of [3 HJ zeatin riboside supplied to Nicotiana 

tabacum explants was inversely related to auxin concentration. 

The results of this study, as well as the examples discussed above again emphasize 

that auxins and cytokinins interact in a manner to control their metabolism and 

levels. Exogenously applied cytokinins have, in turn, been reported to elevate 

auxin levels and production in tissue , to suppress conjugation of auxins to amino 

acids and to affect the formation of enzymes which oxidise auxin (SCHNEIDER 

and WIGHTMAN, 1978; MONTAGUE, ENNS, SIEGEL and JAWORSKI, 1981; 

PARKER et al., 1986). Thus, while the results of the study on indole-3-acetic 

acid effects on [3 H] isopentenyladenine metabolism in Pisum sativum stems cannot 

be considered conclusive, the very recent research impetus experienced by this 

aspect to cytokinin metabolism support the view that shoot produced auxin, moving 

down in the stem, may mediate the levels of cytokinins available to the lateral 

buds by affecting the enzymes responsible for the conversion of isopentenyladenine 

to zeatin metabolites. The hydroxylation of [3 HJ isopentenyladenine to zeatin 

derivatives have been demonstrated in the stem,roots and leaves of Pisum sativum, 

and this reaction in the stem has been correlated to the pattern of lateral bud 
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branching on the intact and decapitated plant, as well as the sensitivity of lateral 

buds to different cytokinin applications. It is believed that these growth processes 

are controlled by differential auxin gradients in the plant. 
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CONCLUSION 

The response of lateral buds of Pisum sativum plants to decapitation or cytokinin 

application was consistent with the view that these lateral meristems are inter

dependent on the growth of each other. Correlative influences between lateral 

buds were found to coordinate and regulate the patterns of bud branching and 

thus plant form. These correlative influences or signals, ultimately controlled 

by environmental factors, were shown to be the result of gradients of growth 

regulators and nutrients in the whole plant. In particular, the patterns of cytokinin 

and auxin distribution and their modulation of flow through the plant were found 

to be important in the regulation of apical dominance. These endogenous growth 

regulator patterns in the plant were shown to be the result of their biosynthesis, 

translocation and metabolism. Together with the nutrient status of the plant, 

the distribution of growth regulators determined the growth potential of an inhi

bited lateral bud. This growth potential was manifest in the response of the 

lateral buds to direct applications of cytokinin. Of significance was that lateral 

buds responded differently to different cytokinins applied to them on the intact 

or decapitated plant. Thus it was shown, as hypothesized at the commencement 

of this study, that inhibited lateral buds on intact or decapitated Pisum sativum 

plants are not deficient in cytokinins and/or nutrients ~ se, but lack the capacity 

to utilize specific types of cytokinin for growth and development. Decapitation 

of the shoot apex results in a redistribution of growth regulators and nutrients 

in the plant, creating a more favourable auxin : cytokinin ratio at the lateral 

bud site. This ratio allows for the modification of cytokinins, previously inactive , 

to forms that the lateral buds can utilize. 

The initial studies relating to lateral bud development and cytokinin application 

concerned an investigation of the correlations existing between different lateral 

buds, with particular reference to . theoretical models of growth regulator and 
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nutrient distribution in the plant. The pattern of lateral bud branching following 

decapitation of plants supported the view that apically synthesized auxin, moving 

basipetally from the shoot apex exerts an inhibitory influence on lateral bud 

growth. Decapitation of plants of different sizes indicated that the pattern 

of lateral bud branching changes with the development of the plant. The position 

a lateral bud occupied on the shoot, and thus the regulating gradient determined 

how it would respond following decapitation. In addition, parallel responses be

tween lateral buds released by decapitation or cytokinin application indicated 

that these two methods of bud release are influenced by the same gradient of 

growth regulators in the plant. Later, it was shown that the cytokinin metabolic 

activity in the stem occurred as a gradient in the plant, and could be related 

to plant age. These similar responses to experiments relating to different aspects 

of correlative control indicate a central controlling role for gradients of growth 

regulators in the shoot. 

The control of lateral bud inhibition and their release and subsequent development 

are thus brought about by quantitative changes in the amounts and correlative 

influences between auxins, cytokinins and nutrients. However, what determines 

the relative supplies of these factors, essential for lateral bud growth? If auxins 

and cytokinins play a role in the control of apical dominance, mechanisms must 

exist for the control of their levels in plants. The differences in the biological 

activity of the natural cytokinins isopentenyladenine and zeatin in releasing 

lateral buds from apical dominance led to the suggestion that the correlative 

signal may operate via a control of the relative levels of these two cytokinins 

(or others) in the plant. The application of isopentenyladenine or zeatin to one 

of four lateral buds on intact or decapitated plants yielded results suggesting 

that removal of a shoot apex causes a change in response of lateral buds to exoge

nous cytokinin. Lateral buds nearer the intact shoot apex showed less ability 
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to utilize the applied cytokinins than buds lower on the shoot, while decapitation 

resulted in an increased ability of certain lateral buds to utilize isopentenyladenine. 

The results of the cytokinin application studies led to the proposal that a factor, 

probably related to the inhibitory signal from the shoot apex controlled the relative 

amounts and forms of cytokinin at the lateral bud site. A correlative control 

signal was envisaged as acting on the promotion or inhibition of the enzyme system 

responsible for the hydroxylation of isopentenyladenine to zeatin. Since the 

correlative signal appeared to arrive at the site of primary events very soon 

after apical dominance was removed, but was inactive in isolated buds, it was 

concluded that this modulation of cytokinin activity occurred in the stem. 

This was found to be the case following cytokinin metabolism studies which reveal

ed that stems, roots and leaves, but not lateral buds of Pisum sativum possess 

the capacity to metabolise [3 H] isopentenyladenine to zeatin metabolites. In 

addition, it was demonstrated that this metabolic capacity occurs as a gradient 

in the stem which can be related to the patterns of lateral bud release following 

decapitation or cytokinin application, as well as the age of the plant. It was 

concluded that stem tissue has the capacity to abstract from and mOdify and 

contribute to cytokinins that are translocated in the shoot. Auxin from the shoot 

apex appeared a likely candidate for the control of this cytokinin metabolic acti

vity, and it was indeed shown, in the final experiment of this study, that auxin 

concentration had a direct effect on [3 H] isopentenyladenine metabolism in 

stem sections in vitro. In this way, a control mechanism of apical dominance 

in Pisum sativum can be envisaged as operating -at the level of th-e enzymic regula

tion of cytokinin metabolism, mediated by auxin. 
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This proposed mechanism is in keeping with the concept of a phytohormone, 

or plant growth regulator, since it does not include a localized site of synthesis 

and direct transport to a target tissue , as found with animal hormones. The 

cytokinins have been shown to occur in a wide range of plant tissues, yet if trans

ported from these tissues, do not necessarily arrive at their site of action in 

the same molecular form. Thus, in this case, cytokinin mobility provides an 

opportunity for cytokinin modification as it is transported through tissues respon

sive to environmental or other stimuli governing the regulation of lateral bud 

inhibition. Whether or not such a mechanism is utilized by the plant as a primary 

control of apical dominance will depend on the existence of conditions under 

which the limited availability of specific cytokinins and possibly nutrients inhibit 

lateral bud growth. The final expression of apical dominance will thus represent 

the nett effect of interactions between the morphological environment experienced 

by the lateral bud and growth regulator systems at the level of synthesis, transloca

tion, metabolism or ultimate growth regulator action. 
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