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ABSTRACT 

Growth of the root and the shoot systems of plants is generally, positively 

correlated, although the mechanism(s) controlling such relationships is not well 

understood. A series of experiments were carried out on young nashi trees (Pyrus 
serotina) and tomatoes (Lycopersicon esculentum Mill.) to explore this 

homeostatic phenomenon. 

Two nashi cultivars, Hosui and Nijiseiki, were budded on to each of three 

clonal rootstocks, which differed in vigour (scion-budded trees). Buds from each 

rootstock was also budded on their own roots (rootstock trees). Growth, measured 

by individual organ and total plant dry weight, leaf attributes (leaf area, leaf 

number and leaf size) and root attributes (root length, root number and root 

volume) over two years after budding, indicated that scion-budded trees were 

markedly smaller than rootstock trees, irrespective of rootstock vigour. The 

imbalance of shoot-root ratio occurred following pruning after bud take; this 

remained in rootstock trees for one year but persisted for two years in scion budded 

trees. Vigour of all rootstocks appeared to diminish with time and final tree size 

was not well related to initial rootstock vigour. Neither rootstock nor scion 

morphological characteristics appeared to be changed by the partner, although 

presence of the cultivar bud on rootstocks delayed commencement of root activity 

in early spring. These results indicate that two-year-old (scion budded growth) 

nashi trees are not appropriate material for studying allometric relationship. 

Plant growth regulators, gibberellins and cytokinins, were applied to 6- and 

5-week-old tomato s eedlings,  respectively, in three separate a eroponic 

experiments. Gibberellic acid was sprayed twice to the shoot (at 2.9 XlO-5 M), 

while root application was achieved by incorporating GA3 into the nutrient 

solution (cone. 5.8 XlO-5 and 2.9 XlO-4 M). Compared to the control, stem 

elongation, stem dry weight and stem weight ratio (SWR) was increased while root 

attributes (dry weight and root weight ratio (RWR)), leaf attributes (leaf area, leaf 

area ratio and leaf dry weight), and consequently total plant dry weight were 

reduced in GA3 treated plants. 
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Gibberellic acid promoted apical dominance. Shoot applied GA3 was 

quantitatively more effective than root application, suggesting that the organ in 

which physiologically active GA(s) originate may be an important component of 

plant response to environments. In addition, GA3 effects were additive as 

inclicated by the increasing clifference with time in SWR and shoot-root ratio. The 

increased SWR and reduced leaf weight ratio (L WR) were responsible for an 

increase in the allometric value between stem and root dry weight (kS)' and a 

reduction in the allometric value between leaf and root dry weight (kL), 

respectively. However, allometric value between shoot and root dry weight (kT) 

was unaltered by GA3' These results suggest no feedback mechanism of de novo 

GA synthesis occurred, and inclicate that GA has no role in regulation of shoot-root 

allometry . 

A synthetic cytokinin, benzylaminopurine (BA), was applied to roots at 2 .2  

XlO-8, 2.2 X 10-7 and 2.2 XlO-6 M. The control gave an intermediate response in 

all parameters measured, compared to the enhanced response at 2.2 XlO-8 M BA 

and the inhibitory response at other BA concentrations. This suggested that BA 

supplemented, and had a similar effect to, endogenous cytokinins. Benzylarnino­

purine initially or transiently stimulated shoot and leaf primordia and thus released 

buds from apical dominance, leacling to an increase in leaf attributes (leaf number, 

leaf area, leaf dry weight and leaf weight ratio (L WR)), increased shoot-root ratio 

and reduced RWR. Benzylaminopurine had no effect on stem attributes (stem 

elongation, stem dry weight and SWR). There were, however, no changes induced 

in kL and kT ' It is suggested that cytokinins participate in the homeostatic 

mechanism regulating plant growth allometry. 

A model in which both gibberellins and cytokinins integrate to affect plant 

growth via allometric relationships is proposed. The usefulness of allometric 

stuclies to detect and analyse dynamic changes of organs and plant productivity in 

response to environment, as well as explain mechanisms regulating shoot-root 

equilibrium is strongly endorsed by this study. 
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CHAPTER 1 

LITERATURE REVIEW 

1 . 1 .  PLA NT R EQUIREM ENTS FOR PRIMARY ROOT GROWTH 

Vegetative growth in  excess of that needed to renew aging spurs and 

branches can be undesirable in fruit trees after they have filled their allocated area 

and reached maturity. S ince overall vegetative growth is directly related to 

primary root growth (which will be discussed in more detail later) , control of 

vegetative growth can be achieved by suppressing growth of the roots. This, 

however, may be detrimental to the health of the tree if  root function of such roots 

is  concurrently limited. This ,  therefore, raises the questions: to what extent is 

primary growth needed; and to what extent is suppression of growth harmful to the 

health of the trees? 

Apart from anchorage, absorption of water and minerals from soils is the 

most important function of roots. In fruit trees, regardless of whether secondary 

thickening has occurred, all roots seem to have the ability for absorption (Atkinson 

and Wilson 1980). The regions of roots which offer least resi stance to water 

movement are the unsuberized zones, i .e. ,  the zone proximal to the meristematic 

cell region but distal to the region of extensive cutinization and suberization 

(Clarkson and Robards 1 975) .  As such regions constitute such a small fraction of 

the whole root system (e .g . even in young frui t  trees it may be as low as 15 percent 

of the total length), the growing parts can not be the only regions for absorption 

(Atkinson and Wilson 1979) .  During drought periods or winter when root growth 

is  constrained, water must be taken up through the suberized zone. For example, 

Kramer and Bullock ( 1 9 66) found that in a study of roots of loblolly pine and 

yellow poplar, that in midsummer about 99% of all the roots were suberized. Since 

midsummer would be the time of maximum transpiration, this must mean that most 

of the water was enterin g  through suberized roots. The conclusion from this 

evidence must be that primary root growth is not necessary for water absorption. 

Mineral ions are taken up by roots together w�th water. Like water, it was 

formerly believed that mineral absorption was likely to be restricted to the young 
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unsuberized zones of roo ts near the tip . More recent evidence , however, a lso 

shows that ion uptake is not confined to these zones (Russell 1 982), althou gh it is 

wel l  known tha t afte r  incrus ta tion of suberins on the lamellae a t  the endodermis 

wal ls , which begins a few millimetres away from the tips , e.g. 5 mm from the tip in 

cherry and apple roo ts (Atkinson and Wilson 1 980), and this endodermis restr icted 

the apoplas tic pa thway dras tica lly. For ins tance ,  uptake of labe lled nutrients by 

se gments of white roots of cherry trees grown in solution cu lture was higher only 

when measured on the bas is of surfa ce area or root volume (Atkinson and Wilson 

1 979). These resu lts demonstra te tha t, similar ly to water uptake , primary roots are 

not indispensab le for ion absorp tion . In fact, it has been reported that a mmonium, 

potassium, phosphate ( Bowen 1969; Burley et al. 1 970; Clarkson et al. 1 975)  and 

ca lciu m  ions (A tkinson and Wilson 1 980) can penetra te , a lbeit s lowly,  through 

zones o ther than roo t tips. For phosphorus , the presence of root hairs has a lso 

been claimed to increase the uptake subs tantially ( Drew and Nye 1 969; Misra et al. 
1 98 8 )  because of the increased a ccess ib i l i ty of phospho rus ins ide the soi l  

a ggrega tes . Furthermore , i t  has been shown tha t po tass iu m  is preferentia l ly 

absorbed in the roo t zones furthe r up the roo t  than the zone closes t to the tip 

(Luttge 1 983) .  McCully and Cann y ( 1 988) observed tha t the work of Maertens 

( 1 97 1 )  with ma ize indica ted tha t the o lder zone cou ld take up 1 5  times the 

potassiu m  ion of the apical zone . Indeed, it appears that only for calciu m  uptake , 

which is widel y  proposed to be large ly res tricted to youn g roots near the tips 

(Clarkson and Sanderson 1 974; Luttge 1983) ,  is the activity of growing root apices 

necessary. T he refore , in f ru it trees , if calcium up take for p lant growth can be 

accomplished b y  this pathway during  intermittent periods of growth, the ques tion 

remains to be answered whether pro longed periods of active primary root growth 

during each growing season is needed for any o ther reasons . 

1 . 2. PRIMARY R O OT GROWTH, DISTRIBUTION AND A CTIVITY 

1 . 2. 1 .  Root Apices and Primarv Root G rowth 

Healthy primary growth of roots is the f irs t priority for p lant es tab lishment 

and subsequen t growth. In roo ts , primary  growth, bo th ce l l  d ivis ion and 

ex tens ion ,  differ f ro m  the shoot s ys tem in tha t they o ccur entire ly at the tips 
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(Wi l son 1975 ) of the main axes and lateral s .  The i n i t i a l  s i ze o f  a root t ip  

determi nes t h e  length o f  the root ' s  l i fe;  large ones become thic kened as a part o f  

t h e  framework, whereas thin ones h ave a shon l i fe (Wilson 1 975).  Root apices ,  

there fore,  are of e x treme i mportance in  determin i ng t h e  fou ndation o f  the root 

s y stem.  W h e n  root e longation h a s  completed, t h e  differe n ti ation of the cel ls ,  

w h ich is  a lso u nder control of the apex (Luxova 1 975), and lateral formation, then 

fol lows.  Fi n a l l y, part icularly i n  woody perennia l s ,  secondary growth w i l l  occur 

( Esau 1 977) .  

1 . 2.2. Root Distribu t ion and Plast icitv 

There are two important  strategies by which root systems can contribute to 

p l a n t  s ur v i v a l  i n  u n favora b l e  so i l  con d i t i o n s .  O n e  i s  t h e  n a t u re o f  root 

ramification and the other is the plasticity of root function.  Distribution of roots is  

of utmost re levance to root activity because absorption of water and nutrients can 

occur only w here roots are in  contact with soil p articles or  solution (Russell  1 982) .  

The p attern o f  root  dis tri b u t i o n  is  re lated to the formation o f  l atera l s ,  which 

normally occurs at some distance behind main root apices ,  i n  part ial ly or ful l y  

d i fferen tiated tissues (Esau 1977). The lateral primordia are wel l  protected inside 

the endodermis  cylinder (Esau 1977) ,  and are usual ly unharmed even i f  soil dries 

and the cortex withers. Later, wi th improving conditions ,  the pri mordia w i l l  

resume growth (Russell 1982). 

The compensatory response of a root system is  a complex issue, and all 

three factors; distribution, growth and activity ,  may be involved (Brouwer 1983) in 

partial  or un iform stress conditions .  Under partial s tress ,  root morphology and 

activi ty of one pan of a root system can be altered in relation to the other p arts. A 

reduction i n  growth (as wel l  as activity and distribution) i n  one part of the root 

sys tem is frequently compensated by enhancement i n  the other p art situated i n  the 

more favourable conditions (Crossett et al. 1975;  de Jager 1982; R ussell 1982).  

For example, when only a part of a root system was well supplied with nu trien ts,  

not only the absorption rate but  also the root growth rate and proliferation of the 

enriched part increased considerably (de Jager 1982). In  contrast, i n  the deficient 
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p art of the  root zone both  attr ibutes  were markedly decreased,  res u l t i n g  i n  

unchanged absolute growth, and activity, o f  the total root system. 

If plants are subjected to partial water s tress partial ly with one part non­

stressed, root  growth st i l l  occurs even when soil water potential surrounding the 

o ther  part i s  as low as -40 bar (Kramer 1 9 8 8 ) .  Under un i form water s tress 

however, depending on the extent of stress and species ,  root distribution may be 
enhanced despite the fact that both activity and growth rates are reduced (Brouwer 

1 963; Zobel 1 975 ;  Huck et al. 1 987) .  In orchard condi tion s ,  s tress is  usual ly not 

locali zed to parts of the root system; i .e. ,  dep letion of water and minerals ,  is more 

general throughout  the root zone.  Nevertheless ,  the soi l  varies s ubstan ti ally,  

resulting in uneven root distribution of individual trees (Rogers and Head 1 969), 

which is similar to what occurs in  forest tree plantations (Lyford 1 97 5 ) .  

The s i ze ,  o r  mass ,  of a root system does n o t  necessari ly determine the 

activity at which it may perform (Tan et al. 1 98 1 ;  Hum and B urnett 1 973 ;  Richards 

and Rowe 1 977 a). For example,  uptake of potassium was i ndependent  of root 

s ize in perennial  ryegrass and the specific absorption rate ( potassium uptake per 

unit  root dry weight) varied more than 10 fold between the two extreme treatments 

of l ight  and potas sium conten t  (Hunt and B urnett 1 97 3 ) . Other evidence has 

shown uptake of water in peach seedlings was not related to the  size (i.e . ,  volume) 

of the root system (Richards and Rowe 1 977 a) .  The rate declined as root volume 

increased regardless of treatments imposed. These results agree with those of Tan 

et aI. ( 1 98 1 ) ,  who found no relationship between the portion of roots avai lable for 

water uptake and the transpiration rate. The observation that root systems do not 

increase in s ize when plants change from a non-bearing to a bearing state (Hurd 

1 97 8 ;  Hurd er al. 1 979) ,  indicates that while the activity of roots increases to meet 

the demand of frui t  growth, the s ize remains the same. The se data i ndica te that 

given abundant s upplies of water and/or nutrients,  as found i n  many contemporary 

horticultural systems, a small root size can adequately meet demands imposed by 

the s hoot, al though a l arge root size may h ave advantages u nder adverse soi l  

conditions (Brouwer 1 98 1 ) . 
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1 . 3 .  INTE R N A L  FA CTO RS INFLUENCING PLANT G R OWTH A N D  

DEVELOPMENT 

1 .3. 1 .  Genet ic Factors 

In ter- and in traspecific di fference s in root growth rate and distribution 

pat tern c learly emphas i ze the point  that root characteri st ics are under gene tic 

con trol (Zobe l 1 975 ) .  Differences in root growth, activ ity, and di stribution ,  areare 

commonly  found between species (Carpena ct al. 1 988) .  For example, sorghum 

and soybean,  or tomato and maize, have different root distributions in  the same soi l 

(Burch el al. 1 978; Tan and Fulton 1 985) .  Maize root systems were denser near 

the surface than  were root systems of soybean,  regardless of soil type (Tan and 

Fulton 1 985) .  Variahi l ity in  rooting behavior has also been found among cult ivars 

of wheat  (O ' Brien 1 979) .  Thi s  vari a b i l i ty i n c l udes the  a b i l i ty to modi fy 

morphology i n  response to the differing soil  conditions (Zobel 1 975), such that 

under the same moisture stres s ,  d ifferen t  cu l tivated l i nes of tomatoes showed 

differences in  root i ntensity and root depth (Zobel 1 975 ; Tan 1 988) .  

Although great variab i l i ty has been found in  the rootin g  habit of plants ,  

research trends are towards the  modification of soil  properties,  i n  an attempt to 

con trol root growth,  rather than breeding new cul t ivars to obtain  a desired roOt 

type. This is because both growth and types of roots formed can be influenced 

markedly by soil properties (Taylor 1 986). Nevertheless, important achievements 

h ave been made in fruit  crop produc tion, in  breedin g  and selecting c lones with 

s l o w  root growth rate, w h i c h  is one of the mos t  important  c haracterist ics i n  

controlling plant s ize (Tubbs 1 973). 

1 .3.2. Plant Types and Stages of Growth 

With the exception of root crops,  root growth generally decl ines with age 

(Terry 1 968; Chalmers and Van den Ende 1 975; Nooden 1 984). Root growth rate 

of sugar beet and c arrot increases exceeding that of the shoot at later stages of 

growth ,  as s torage tap roots are gaining weight (Terry 1 968 ;  Currah and Barnes 
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1 979).  In annuals, the root system of fruit bearing crops accumulates dry matter 

actively only during the seedling stage up to a certain number of weeks after first 

anthesis (Hurd 1 9 7 8 ;  B arraclough 1 9 84) .  After the plant  attains full si ze, 

vegetative growth ceases with the development of reproductive organs, after which 

root size remains constant or may even shrink, e.g . in tomatoes (Hurd 1978) ,  

cucumbers (Van de  Post 1 978) and soybeans (Nooden 1984) , indicating no further 

root growth increment on a weight basis (Hurd et ai. 1979; Nooden 1984). This 

phenomenon of the cessation of root growth at fruiting coincides with the period 

when maximum weight of fruits is developing on the plant, and so could be the 

direct result of competition for photoassimilates. Root growth may resume in 

wheat after anthesis, or a month later in tomatoes (Hurd 1 97 8 ;  Gregory et ai. 
1978) .  In the latter, however, only the renewal of root tips occurs, with no net 

increase in root weight, and the root growth rate remains low throughout (Cooper 

1 972) . In woody trees, root increment diminishes gradually with age (Hermann 

1 977).  In fruit trees, root growth rate decreases sharply when the maximum root 

size for the species is attained, or when growth is  limited by soil factors, or by 

competition from plants in the vicinity (Rogers and Head 1 969; Chalmers and Van 

den Ende 1 975;  Chalmers et ai. 198 1 ) .  In peach, the annual increment of dry 

weight can be as low as 0 . 5 -2 .0% in large trees older than nine years of age 

(Chalmers and Van den Ende 1 975). 

1.3.3. Hormone and Related Factors 

1.3.3. 1. Auxins and the ir  Oxidat ion 

The high amount of auxin reaching roots accompanied by a low content of 

auxin oxidase is believed to lead to high root growth rates (Lockard and Schneider 

1 9 8 1 b). Circumstantial evidence indicates that auxins from the shoot (Phillips 

1 9 64) moving acropetally towards root tips (pilet 1977) have an influence on root 

growth. For example, cambial activity in roots is simulated by auxin from the 

shoot (Digby and Wangerman 1 965; Wilson 1 975) and auxins, such as IAA, are 

well known as strong promoters of lateral root production (Wightman et ai. 1980). 

I n  addition, i ncreased IAA content in the apical zone enhances lateral root 

initiation (Lachno et ai. 1982). Other circumstantial evidence, in dwarfing apple 
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rootstock studies, involves the presence of high concentrations of phenols, which 

stimulate auxin degradation. These compounds are claimed to contribute, at least 

partly, to dwarfness of apple trees. Certain phenols enhance the degradation of 

IAA by functioning as a synergist for IAA oxidase (Lockard and Schneider 1 98 1 

a). Although the amount of phenols per gram of bark in vigorous and non­

vigorous apple rootstocks was not different (Lockard and S chneider 198 1 b), it was 

found that dwarfing rootstocks contained a higher proportion of bark/wood 

(B eakbane and Thompson 1 9 40;  Lockard 1 97 6 ) .  Conse qu ently,  higher 

proportions of total phenols to imported auxin results in a higher rate of auxin 

destruction, leading to reduced amounts of auxin reaching root tips in the dwarfing 

rootstock (Gur and S amish 1 968). This possible mechanism, however, has been 

so far demonstrated only in apples. Generalization to other plant species would be 

difficult, non-woody plants in particular. It could also be argued that the relative 

thickness of bark is the effect of dwarfness, rather than vice versa. 

1 .3.3.2. Root Cytok in ins 

It is generally accepted that most cytokinins are synthesized in the roots 

(Van S taden and Davey 1979). These is also a close relationship between root 

growth, root meristems ( i .e . , the si tes of cytokinin synthesis) and cytokinin 

production by the roots (S alama and Wareing 1979; Donchev 1 98 1 ) .  In radish 

roots, cytokinin levels increase with the initiation of cambial activity (Radin and 

Loomis 1 97 1 ). Most of the evidence is, however, indirect and derived from the 

cytokinin content in xylem exudate and overall plant growth rather than root 

growth i tself. This is because vegetative shoot growth and root growth are in 

general closely correlated (see section 1 .5 and 1 .6). The level of cytokinin has 

been shown to be high during the vegetative phase as measured in root exudates 

(Sitton et al. 1 967) or activity (Donchev 1981), expressed as equivalents to kinetin 

concentration (Letham and Palni 1 9 83). The concentration drops sharply when 

plants attain full size, by which time vegetative growth ceases and the plants enter 

a transitional or predominately reproductive phase (Sitton et al. 1 967; Oritani and 

Yoshida 1 97 1 ;  Hurd 1 978;  Donchev 1 98 1 ). Circumstantial evidence from plants 

grown in hydroponic systems indicated that during this transitional stage, when 

vegetative growth was unwanted, severe root shedding occurred which would 
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reduc e  root cytokinin level i nstantaneously (Hurd 1 978;  Tucker 1 98 1 ) .  Thi s  

observation i s  also consistent with the hypothesis that a relation between the level 

of endogenous cytokinins and root growth exists. 

1 .3.3.3. Gibberel l ins  

Whether gibberellin (GA) present in roots is synthesized at  the root tips 

(Butcher 1 963; Carr et al. 1 964; Jones and Phillips 1 966; Kende and Sitton 1 967) 

or derived from other parts of  plants is  s till an open question (Crozier and Reid 

1 97 1 ) .  Nevertheless, a positive correlation was found between GA level in xylem 

sap and root growth (Reid et al. 1 969; Ibrahim and Dana 1 97 1 ;  Reid and Crozier 

1 97 1 ) .  Faster growing plants contain higher levels of GA-like substances in their 

roots tha n  the same species showing slow growth (Rood et al. 1988;  Dijkstra et aI. 
1 990) .  For instance, vigorous apple rootstocks have higher GA-like activity in the 

xylem sap than dwarfing clones (Ibrahim and Dana 1 97 1 ) .  The total content of 

either GA3 or GA4+7 was , h owever, not correlated with the degree of the root 

vigour (Yadava and Lockard 1 977) .  This discrepancy may be explained by the 

fact that not all , but specific GAs, GA 1 and its precursor (i.e. , GA20) ,  are active in 

promotin g  growth (Rood et al .  1 98 8 ) .  Therefore, the higher contents of these 

active GAs may be a better indicator of plant growth or root growth. One notable 

i n stanc e ,  when roo t  growth and GA content i n  xylem sap were concomitantly 

reduced, was reported under flooding conditions (Reid et al. 1 9 69; Reid and 

Crozier 1 97 1 ) .  This, h owever, did not occur under cold stress (Atkin et al. 1 973;  

Menhenett and Wareing 1 975). On the other hand, the use of anti-GA compounds 

interferin g  with GA synthesis,  such as the Pac1obutrazol (Atkinson et al. 198 1 ) ,  has 

been foun d  to reduce root growth. These data suggest that GA content and root 

growth are related, particularly with respect to certain growth conditions. 

1 .3.3.4. Abscisic Acid and Ethvlene 

A lthough it  i s  accepted that the major pool of ABA is in leaves (Davies et 

al. 1 98 6) ,  i t  has been found in roots, e specially root caps,  which may also be 

another site of  biosynthesis (pilet 1 98 1 ) .  According to Goss and Russell ( 1 980) 

root growth is negatively related to ABA content. High levels of ABA suppress 
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the elongation process,  and growth of the tips, in response to increasing stress 

conditions. This suppression was of main root extension (Barlow and Pilet 1 984), 

whereas lateral root initiation was enhanced (Biddington and Dearman 1 982) . 

Like ABA, ethylene at high levels inhibits extension of the main axes and 

strongly enhances the formation of lateral roots, p articularly under anaerobic 

conditions (Crossett and Campbell 1 975). Whether these effects are due to an 

enhancement of ethylene biosynthesis in response to environmental conditions 

(Stenlid 1982) is still a matter of debate (B utcher and Pilet 1983; Feldman 1984). 

1 . 4. EFFECTS O F  R O OT ENVIR O NMENT AL FACTORS ON ROOT 

GROWTH AND PHYSIOLOGICAL ACTIVITY 

Because root growth and distribution are related to the hormone balance in 

the roots, environmental factors such as the supply of minerals, soil aeration and 

soil mechanical factors are believed to affect root growth by modulati ng th e 

balance of hormones (Torrey and Wallace 1975; Marschner 1 986). The hormones 

most often implicated in the response of the root to the rhizosphere are cytokinins 

and gibberellins (Skene 1 975; Goodwin et at. 1 978). 

1 .4 . 1 .  Nutrient Avai labi l i ty  

Increasing soi l  ferti lity has a strong positive effect on root growth and 

distribution (Russell 1 982). It is commonly found that roots tend to proliferate in 

the zone of most suitable nutrient supply (Newbould 1 969; de Jager 1 9 82), such as, 

in fertile topsoil, and bands of richer soil at greater depth in orchards (Rogers and 

Head 1 969) .  B oth Root growth rate and lateral formation are stimulated when 

roots are well supplied with nutrients (de Jager 1 9 82), while under sub-optimal 

supply they are markedly reduced (Hackett 1 968). Placement of the fertil izers i s  

important in  determining root distribution and extension, since laterals can be  

induced by  the local placement of fertilizers (Drew 1 975; de  Jager 1 9 82; Granato 

and Raper, Jr. , 1989). Potassium and phosphate deficiency reduces the number, 

total length and volume of root axes and laterals (Hackett 1 968). Nevertheless, 

despite reduced growth and retarded lateral root formation, enhancement of 
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extension of the main axis is  often observed when there is  a sub-optimal supply or 

deficiency of mineral nutrients (Lambers et ai. 1 9 82). 

The level of nutrients i n  which plants grow (B anko and Boe 1 975) and the 

growth rate of roots is well correlated with the level of root cytokinins (Salama and 

Wareing 1979). Under conditions of sub-optimal nutrient s upply, the growth of 

roots was reduced and the level of root cytokinins concomitantly declined (Me nary 

and Van Staden 1 976; Salama and Wareing 1 979; Kuiper et al. 1 9 88).  A sudden 

change of ful l  to deficient n itrogen supply (from 1 00% to 2% N) caused a 50% 

red u c ti o n  in i nternal cytokinin c oncentration of root tissues within two days 

(Kuiper et al. 1 98 8).  In contrast, addition of nitrogen to plants induced a marked 

increase in the cytokinin content of root sap (Yoshida and Oritani 1 974). 

1 .4.2. S o i l  Moistu re 

Water is essential for plant growth because growth must be accompanied 

by irreversible w all  exte n s i o n  a n d  thus enlargement of the cells (Ray 1 987) .  

Nevenheless, indirect effects of soil water content, in which physical and chemical 

properties of soil  are also i nv olved, have a considerable impact on root growth. 

Mechanical impedance and shrinkage of roo t  tissues and soil particles, leading to 

the discontinuity of soil-root c o n tinuum, are the dominant factors (Marschner 

1 9 86) . Root growth generally declines when soil water potential reduces to -0. 5  

bar a n d  s tops a t  - 1 5  bars, which approximates the permanent wilting point (Kramer 

1 988) .  

Water availability restricts root depth as well a s  the pattern of distribution 

( S harp and Davies  1 9 8 5) .  If a uniform soil wa ter p o tential  is mai ntained 

throughout the rooting zone, root density is  generally highest at the soil surface and 

decreases downwards.  However, the root pattern is reversed when water is  lost at 

the surface (Ru s sell 1 9 82; S h arp and Davies 1 98 5) .  Local availability of water 

al s o  regulates the distribution and production of lateral roots.  Despite the 

substantial reduction in overall root activity ,  growth and development, more 

fibrous roots are encouraged and roots penetrate deeper into the soil profile of a 

drying soil (Zobel 1 975;  S harp and Davies 1 985 ;  Huck et al. 1 987). In grasses,  
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the seminal  axes become longer and both the  length a n d  diameter of l aterals 

formed immediately below the zone of desiccation are much increased (Russell 

1 982) .  

Soi l  drying reduces the synthesis and amount of cytokin ins exported to the 

leaves (Davies el al. 1 986) .  There is some i ndirect evidence of such changes i n  

p lan t s  exper ienci n g  a water  defic i t  ( I ta i  and Vaadia 1 965 ; 1 97 1 ) . Because 

transport of other substances, such as nutrients ,  from roots may also be reduced , it 

is poss ible that a mul tiple chemical signal with several variable components may 

move from roots to influence shoot physiology under conditions of water stress 

(Shaner and Boyer 1 976) .  

1 .4.3. Aeration 

Roots require oxygen for metabol i sm and he nce growth.  Conditions 

which allow a high oxyge n diffusion rate, therefore, are suitable for root growth. 

For each soil type an opt imum proportion of air space is required for maximum 

plant growth. Departing from this point, growth is reduced (Flocker et al. 1 959) .  

Under conditions of depleted air  space (i.e. , i nundation), growth of roots is  reduced 

(Bradford and Hs iao 1 982) .  I f  roots are flooded partially or temporarily, root 

depth,  distribution and types of roots fomled are altered (Rogers and Head 1 969) .  

Herbaceous as wel l  as  tree species, which can adapt and survive flooding, create 

adventitious roots at the stem above the water level where root laterals proliferate 

(Jackson and D rew 1 984;  Kozlowski 1 984) .  During  recovery from floodin g ,  

although the production o f  root number may increase, even though root s heddin g  

may occur (Bradford and Hsiao 1 982), root growth is reduced. This also results i n  

trees with shallow root systems where the active roots are i n  the zone o f  soil above 

the water level (Coutts and Phi l ipson 1 97 8 ;  B rouwer 1 98 1 ) . Nevertheless, the 

overall effect  of reduced aeration of the root system is  reduced root growth, and 

consequently plant growth (Kozlowski 1 9 84) even in specifically adapted species 

(Kordan 1 976). The quantity of extractable cytokinin-l ike substances transported 

to the shoot fel l  during flooding of the root system of sunflower (Burrows and Carr 

1 969). Similar results were obtained with gibberel l in- like compounds in the same 

species (Reid et al. 1969; Reid and Crozier 1 97 1) .  
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1 .4.4. Temperature 

Continuous diurnal and seasonal fluctuation in soil temperature no doubt 

plays a vital role in regulation of tree root growth and activity as a whole (Barlow 

and Adam 1 989).  In general, the range of temperatures in which root apices are 

able to grow is between 10 and 35-400C (Barlow and Adam 1 989). The optimum 

temperature for root growth is species and age dependent (Buggee and White 

1 984). In tomatoes, 250C is the optimum temperature for the first four weeks but 

this increases to 300C for 5-6 week-old plants (Buggee and White 1 984). The 

greater the temperature difference from the optimum temperature the more 

unfavorable the conditions become for root growth. Near the upper and lower 

temperature limits rates of cell division and cell elongation are no longer 

correlated, and root growth and distribution may cease (Aoalsteinsson and Jensen, 

1 990) because of the premature differentiation of meristematic cells (Erickson 

1 959) . 

1 .4.5. Mechanica l  Impedance 

Soil physical properties which are most associated with the mechanical 

impedance of the soil to roots are moisture and porosity (Letey 1 985) .  The 

relationship between ideal moisture content and aeration for root activity is in the 

opposite direction of that for moisture content and mechanical resistance (Letey 

1 985) .  High moisture content reduces aeration, which is undesirable, but reduces 

mechanical resistance, which is desirable. In other words, roots penetrate in 

wetter soil zones because mechanical resistance is low (Greacen and Oh 1 972). 

Root growth starts to decline at approximately -6 bars of soil pressure and ceases 

below -30 to -40 bars (Richards and Cockroft 1 974). 

The mechanical impedance for root growth can also be intensified in soil 

with low porosity (Letey 1 985) .  Porosity is an important characteristic of soil in 

relation to its water holding capacity, and hence, water availability for root growth 

and extension. The size of pores determines the potential of water held within 

them and consequently the suction required to withdraw it (Russell 1982). Heavy 

soils, in particular, consisting of a large proportion of clay and silt, leaving only 
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small pores, are difficult for roots to penetrate, especially under dry conditions. 

Improper cultivation reduces soil porosity and aggravates the situation (Richards 

and Cockroft 1974; Tardieu 1 9 8 8) .  Roots push with pressure to penetrate the 

barriers and this changes the shape of soil particles surrounding root tips. Root 

morphology is altere d when roots are unable to enter pores that are smaller than 

their (root) diameter (Goss an d Russell 1980; Atwell 1 988) .  Root growth rate 

declines because roots regulate osmotic potential to counter balance the mechanical 

pressure (Greacen an d Oh 1 97 2) .  Root growth continues to decline as soil 

becomes harder until growth ceases. Thus, reduction in growth is not related to 

nutrient deficiency, which has been demonstrated in experiments under simulated 

confinement (Hameed et al. 1 987). In poorly structured soil, the range of water 

potential over which favourable con ditions for root growth occur is narrower, 

compared to well structured soils. This means that the restriction of root growth 

occurs earlier, at a higher water content, than the value that would limit root 

growth on the basis of water availability alone (Letey 1 985) .  

As growth is restricte d by mechanical impe dance, root morphology is 

altered. In many crop plants, e.g. tomatoes, the main axis is shortened, whereas 

laterals are thickened (Hameed et al. 1987). Root number per unit length of roots 

and root dry weight per unit length of roots increases (Hameed et al. 1987) . The 

increase i n  root diameter in response to compaction is due to an increase in 

thickness of the cortex, while the stele remains constant in diameter (Russell and 

Goss 1 974). Cortical and epidermal cell diameters can be i ncreased by up to 50% 

compared to unstressed cells, while root length is decreased by 5% and 24% in the 

inner cortex and epidermis (Russell and Goss 1 974). In grasses, the pattern of root 

formation is changed in terms of quantity a n d  the zones in which they are 

produced. Laterals are formed at a shorter distance behind  the apex (Russell 1 982) 

and proliferate in response to compaction (Atwell 1 988).  

1 .4.6. Root Competi tion 

Competition between roots of neighbouring plants of the same or different 

species is largely a function of competing for nutrients and water (Caldwell 1 987). 

The rate of uptake of a plant, grown in the presence of an active competitor on one 
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side and a weak competitor o n  the other side, showed that the uptake of phosphate 

in the latter situation is considerably higher (Caldwell et al. 1 985) .  

The relationship between plant size and spacing implies the existence of 

competitive interference between plants. For example, in a monospecific stand, 

there is a positive relationship between the final size of individual plants and the 

distance to the nearest neighbour (Pielou 1 962). In high density plantations of 

apple trees, Atkinson et al. ( 1 976) found that the degree of root overlap increased 

considerably and in some cases trees were sharing soil space with trees two rows 

away. In contrast, the root systems of widely spaced trees were almost discrete 

and only occasionally intermingled at the periphery. Those at narrow spacings 

had a larger number of the major roots growing downward rather than spreading 

horizontally and had a greater proportion of finer roots. Thus, the distribution of a 

p lant root system can be expected to change depending on the proximity of its 

neighbours. This behaviour of roots, however, appears to vary from species to 

specles. Atkinson et al. ( 1 976) reported results, similar to those by Rogers and 

Head ( 1 969) on non-intermingling of roots of apple  trees ,  in widely spaced 

plantings. In peaches, however, the antagonism between roots of neighbouring 

trees is much more pronounced and almost no interminglin g occurs even at very 

close tree spacings (Chalmers et al. 1986) .  On the other hand, roots of pear trees, 

intermingle freely with their counterparts (Rogers and Head 1 969) .  This may be 

partly due to soil physical properties since poorly structured soil may not allow 

root extension even when soil moisture is relatively adequate (see section 3 .4.5) .  

For inter-specific plant stands, competition among roots for resources can 

result if roots of one plant deplete the soil resources more quickly than roots of 

another, or alternatively,  roots  of one species deplete resources to levels which 

other plant roots are sti l l  able to extract sufficient quantities for growth and 

survival (Tilman 1 9 8 2) .  S ince perennial plants have a long life span and their 

roots extend considerably further than annuals, overlapping between neighbouring 

root systems is common (Rogers and Head 1969). It is reported that roots of fruit 

trees grow well in a grass sward (Rogers and Head 1969). However, the species 

of grasses present in the orchard appear to be important as Cockroft ( 1 966) showed 

that growth of fruit trees was more affected by competition for nutrients  with 
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certain grass swards. 

In conclusion, plant growth is restricted by the competition for resources 

from roots of other plants . Whether roots intermingle or avoid each other, they 

tend to penetrate into deeper zones of the soil profile. B ut this can occur only to 

some extent because of unfavorable conditions for growth at deeper levels ,  and the 

methods of orchard soil management with which water and nutrients are supplied 

largely to the top soil. The available root volume of soil for each plant, therefore, 

is limited resulting in a situation which somewhat resembles root confinement. 

1 .5. S H O OT-ROOT INTER-RELATION 

The interdependence of root and shoot systems arises from the balance 

required between the supply of nutrients and water by the roots required by the 

shoot and in return the photosynthates supplied to roots for their growth and 

activity (Troughton 1974;  Wilson 1 975 ;  B rouwer 1 98 1 ) .  Thi s  relationship was 

initial ly described as a size equilibrium between shoot and roots corresponding to 

the need to have an amount of leaves and roots which were functionally equivalent 

in their capacity to support each other (Brouwer 1963). Many observations have 

provided general support for this shoot-root size relation. The classical example 

of thi s  evidence is compensatory growth , which occurs when disturbance by 

pruning roots or shoots results in a rapid recovery of the pruned part (Maggs 1 965; 

Richards and Rowe 1 977 b; Young and Werner 1982), leading back to the original 

ratio of roots and shoots (Brouwer 1 963) .  Many observations on partial leaf 

(Buttrose 1966; Kliewer and Fuller 1 973)  or root removal (Buttrose and Mullins 

1 968)  which resulted in the proportional reduction of growth of the counterpart 

system also demonstrate thi s  phenomenon. 

In particular circumstances, however, the relative size is found to be out of 

balance over short periods especially in rapid phases of vegetative growth as 

observed in seedlings of trees (Mullin 1963; Mertens and Wright 1 978 ;  Drew and 

Ledig 1980) and non-fruiting, frui t  trees (Williamson and Coston 1 989). Thus, 

during this period at least, high plasticity in both shoot and root activity is  evident. 
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I t  is therefore important to include a measure of the activities of both plant parts in 

any description of the shoo t-root relation ship .  Initially, D avidson ( 1 969 a) 

postulated this functional relationship empirically, in terms of the product of size of 

the organ and its activity, which he expressed in the form : 

root mass x specifi c  a bsorption rate ex s hoot mass x specific p hotosynthetic 

rate 

This model has been supported by many investigations and modified into several 

forms (Hunt et al. 1 97 5 ;  Thornley 1975;  Richards 1976; Richards 1978).  Hunt 

and Burnett ( 1 973)  and Hunt ( 1 975) preferred the expression : 

mass ratio ex 1 / act ivity ratio 

They also demonstrated that the relationship held whether a single or a group of 

mineral element(s) are considered. 

Thomley ( 1 975)  has stated that for a certain period of vegetative growth 

the equation can be written as:  

root mass x [ increment of element(s)/root mass] ex 

constant x shoot mass x [total weight increment/shoot mass] 

which later has been simplified to : 

increment of element(s) (J. constant x (total weight increment) 

Richards and colleagues u sing the latter expression of the relationship, have shown 

that for either water or nutrient uptake, the functional relation exists irrespective of 

external treatments  or p lant  growth stage (i .e . ,  vegetative or reproductive) 

(Richards 1 976;  Richards and Rowe 1 977  a; Richards et al. 1 979 a). This also 

indicates that the rates of both nutrient and water uptake by roots are a function of 

shoot demand (Richards and Rowe 1977 a). An increase in the size of the shoot 

being accompanied by increased root absorption per unit length, rather than the 

size of the root system per se. 
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This functional equil ibrium also explains the response of the plant when 

e i ther the root or shoot sys tem is in an unfavorable condition. S ince root and 

shoot activities are flexible to some extent, some adjustment in activity to meet the 

demand imposed by t he  o ther can occur .  Beyond th i s  l imi t ,  h owe ver, t he 

adj u s tm e n t  of re la t ive s i ze mus t  be made to compensate for the low ac t iv i ty 

imposed by the prevai l ing conditions .  The close l inkage between the two systems 

has been demonsrrated to occur in all circumstances (e.g. Richards and Rowe 1 977 

a; Raper, e[ at. 1 978). The conclusion that follows from these assumptions ,  is that 

there must be a regulatory mechanism controlling the growth distribution between 

organs of plants through their activities. 

1 .5 . 1 .  Shoot-root Ratio 

The simplest quantitative expression of the shoot to root relationship is the 

ratio of their respective dry weights .  Thi s  has been used extensively to reflect 

their funct ional  relat ionships  i rrespective of plant s ize (Brou wer 1 962 a ;  Van 

Noordwijk  and de Wil l igen 1 987) .  While  this i s  a useful and simple express ion 

for this purpose, i t  has a number of l imitations (Ledig er at. 1 970; Hunt and Burnett 

1 973) .  In particular, as a morphological index, i t  depends on in ternal and external 

factors ,  and reflects adj ustment in the s ize equilibrium of shoot and root to the 

prevai l ing circumstances of i mposed treatments or environmental conditions.  For 

a species  (or variety) grown u nder a given environment, the ratio is constant at 

parti c u lar s tages (e .g . B rouwer 1 9 62 a ;  Vose 1 962 ; Troughton 1 962 ; Lyr and 

Hoffmann 1967; Richards et at.  1 979 a; Hurd et al.  1 979).  

I t  is imponant to emphasize, however, that the ratio changes with size and 

phenological development of the plant (Ledig et al. 1 970). This is due to the fact 

that  root growth rate general l y  dec l i n e s  more rapid ly  than  that  of the shoot 

(Brouwer 1 962 a; Cooper 1 972; Schulze 1 983) .  This  gradual change i n  shoot-root 

ratio over time is the ontogenic drift, which is the change in plant response, to a 

specific  treatment or environment ,  as i t  progresses through its l ife cycle (Evans 

1 9 7 2 ) .  Therefore ,  i t  may not  be c lear i f  a change i n  shoot-root ratios i s  an 

adaptation to changing  conditions, which i s  differen t  to ontogenic drift, created by 

the i n teraction of the growing plant and the environment. With the exception of 
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root crops, the shoot-root ratio increases during the vegetative phase (Brouwer 

1 9 62 a). For e xample, this occurs in  peach trees (Chalmers and Van den Ende 

1 975),  tomatoes (Richards et al.  1 979 a), wheat (Barraclough 1 984) and forest trees 

(Mullin 1 963) .  The ratio remains constant after plants reach full size or maturity, 

h owever, it increases if fru i t  dry weight i s  accounted for in the shoot weight 

(Brouwer 1 962 a; Chalmers and Van den Ende 1 975; Hurd et al. 1 979; Richards et 
al. 1979 a; Richards 1983) .  

A n u mber of  e nviro nmenta l  fac tors  can modi fy the  ratio markedly 

(Brouwer 1 962 a). In the extreme example of pot-grown apple trees with optimum 

conditions for growth, the ratio can be as high as 7 : 1  or higher, while in normal soil 

condition it is co nsi derably lower (Rogers and Head 1 969) .  Unfavorable 

condi t io n s  w h i c h  decrease root  or s hoot gro w t h  such as l o w  temperatures 

(Davidson 1 969 a; B uggee and White 1 984), nutrient deficiency (Davidson 1 969 

b) , drought (Brouwer 1 9 66 ;  Davidson 1 969 b; c; Tan et ai. 1 9 8 1 ;  Hubick et al. 
1 9 8 6) ,  or inundation of roots (Tang and Kozlowski 1 9 82), or for the shoot such as 

low irradiance (Troughton 1 960) and temperatures (Davidson 1 969 a; Szaniawski 

1 985) ,  the part in the adverse environment is  affected to a lesser degree than the 

other part, leading to a lower or higher shoot-root ratio, respectively (Brouwer 

1 963 ; Richards 1 9 8 3 ;  S zaniawski 1 985) .  B y  contrast, an increase in  nutrient 

concentration can result in an increase in the ratio (Brouwer 1 966; Davidson 1969 

b; Kuiper and S taal 1 9 8 7 ;  Marschner 1 986) .  It should be emphasized, however, 

that when the ratio adj usts in an inclement environment, this is accompanied by a 

substantially reduced growth rate of the individual parts and the plant as a whole. 

1.5.2. S h oot-root A l l ometric Relationship 

The  relati o n s h i p  between shoot  and roots  can be considered more 

appropriately as an allometric relation between two plant parts resembling such 

relationships between organs of animals which have been studied extensively 

(Reiss 1 9 89). In general, the functional rel ationship between two size related 

organs measured at any i nstant is a constant (Reiss 1 9 89).  

The allometric equation is the power function of the two measures in the 

form of: 
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Y = a Xk ( 1 )  

W here X and Y are s ize o r  func tion es timates o f  two organs, and a and k are 

constants (Gould 1 966). The commonly adopted form of the equation ( 1 )  has been 

simplified by taking natural logarithms on both sides.  The equation becomes : 

In  Y = In a + k In X (2) 

Where In a and k are constants . A 6'Taph of logY and 10gX produces a straight l i ne 

with slope k, the s lope of which does not depend upon the units used (Reiss 1 989). 

In the form of equation (2) the allometric constant, or k value, therefore represents 

the  ratio of the mean relative growth rates of the shoot to that of the root, of that 

system. S ince the value of a natural logarithm of any dry weight is its relative 

growth rate, a plot  of both s hoot and root relative growth rates derived via this 

method represents the ratio of those relative growth rates .  Thus, the allometric 

relation ac tually integrates mass and activity of the shoot and root systems, while 

the stren gth of the relation between the two is indicated by the coefficient of 

determination .  

Comp ared t o  the  fu nc t iona l  re l a t ionsh i p  m odel  d i sc u s sed earl i er  

(Davidson 1 969 a), the allometric equation canies more statistical weight and may, 

therefore, give more meaningful interpretation and reliability. There has been 

debate whether least squares regression or reduced major axis regression is more 

appropriate to u se for an a lys i s  because both , not one, organ dry weights are 

variables (Reiss 1989 and references there in) .  Paradoxically, the results obtained 

by the two methods are not different. The slope calculated by reduced major axis 

regression equals the s lope c alculated by least squares regression divided by r, 

which is the difference between the methods. The method of maximum likel ihood 

h as also been s uggested by Causton and Venus ( 198 1 ) . The result, nonetheless, 

provides relatively similar values with differences, only at the third or higher digit 

(MacKay, pers . comm.).  

S ince the allometric constant, or k value, is unaffected by scale or plant 

s i ze (Hun t  a n d  B urnett  1 97 3 ;  Tro u g h to n  1 960), it  is u sed  more widely i n  
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comparisons of growth , altered by treatments or imposed conditions, than shoot­

root ratio (Hunt and Burnett 1 973).  In addition, the value is not influenced by the 

phase changes of plants, giving a general trend of plant growth and smoothing out 

the oscil lating pattern due to al ternating predominance by shoot and root growth . 

Cha lmers and Van den Ende ( 1 97 5 )  and Ric h ards ( 1 9 8 1 ) , found that k was 

unaltered if the fruit dry weight was excluded (only vegetative dry weights were 

coun ted) from the calcu lat ion,  but  when the frui t  weight  i s  included the va lue 

increased greatly (Troughton 1 960; Troughton 1 977; Richards el al. 1 979 a). 

Since the value of k is  a measure of the ratio of the relative growth rates of 

shoot and roots, it follows that it is a primary determinant  of shoot-root ratio and a 

measure of the functional equi l ibrium between the two systems. If the value is 

equal to one, which  i s  said to be i sometric (Reiss 1 9 89) ,  an equal growth rate 

occ urs betwe e n  the shoot and  root s ystem, and the  s hoot-root ratio re mains 

constant at unity.  If the value is less than one, the root system grows faster than its 

shoot, or the root growth rate decreases more slowly than the growth rate of the 

shoot, and vice versa. Changes of k, i ndicating the growth relation between the 

shoot  and the root ,  therefore, can describe the adaptation of plant growth in 

response to external treatments and the rhizosphere environment. When growth of 

roots is indispensable for survival such as in  newly transplanted seedlings, or in the 

situation of hostile root milieu,  such as drought or nutrient deficiency, the k value 

decreases, as a result of plant growth adjusting to provide more root surface area to 

m ai n ta i n  root act iv i ty .  In an u n favourable shoot  e nviro nment such as low 

irradiance, an i ncreased k value reflects the opposi te growth change (Hunt  and 

Burnett 1 973) .  Thus, the chan ge in k value enables one to predict that the shoot­

root ratio is decreased in the former and increased in the l atter conditions (e.g . 
Davidson 1969 a; Hunt and B urnett 1973) .  In comparisons of plants grown under 

differen t  soil fert i l i ty,  p lan ts growing w i th the superior soil environment with 

optimum resources will  have a h igher k value than those growing on poor soi l .  In 

fact, Rogers and Vyvyan ( 1 934) found that the shoot-root ratio of the former can be 

double of the latter. In fruit trees (and other fru i t-bearing plants), the k value is 

normally  greater than one implying the shoot growth rate exceeds that of roots, and 

the shoot-root ratio i ncreases as the plant grows. This may also indicate a lower 

requirement for root growth after p lants reach maturity. 
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1 .6 .  MANIPU LATI O N  OF ROOT SYSTEMS I N  O RDER T O  CONTROL 

PLANT SIZE 

In  fru i t trees, tree vigour i s  inversel y  related to fruit productivity, as the 

t w o  s i n k s  ( v e g e t a t i ve org a n s  v e rs u s  rep rod u c t i ve orga n s ) compete for 

photoassimilates. Management aims to hasten vegetative growth of young trees to 

fi ll their a l located area as quickly as possible. A fter fi l l ing their allocated area and 

reac h i n g  maturi ty ,  v i gorous vegetat i ve growth is not req u i red for h igh  fru i t  

produc t i v i ty  and  effic ient  fu nc t ion ing  o f  the tree .  At th is  s tage,  excess ive 

vegetative growth wi l l  increase management costs and lower production . The cost 

of i npu ts of ferti l i zers and irrigat ion to maintain vegetat ive v igour i s  not on ly  

was teful but i nduces light competi tion which  necessitates pruning or  results in  

depressed cropping.  If vege tative growth can be  retarded without affecting the 

heal th  of trees, the photoassimilates can be directed into economic yield. S ince 

shoot  growth is ph ys io logica l l y l i n ked with  root growth ,  as indicated by the 

strength of the a l lometric relation (Ware ing  1 970; Drew and Ledig 1 980) ,  the 

overal l  growth of plants can be regu lated by controll ing root vigour. 

1 .6 . 1 .  Dwa r fi ng Rootstocks 

Permanen t  s u ppress ion  of  root growth c an be s imply accompl i shed  

thro ug h  the  u se of dwarfing  roots tock s .  A lthough tree s i ze may vary with 

di fferen t  soi l ,  growi n g  condi t ions and management, the re lative size of trees 

growing  on rootstocks of vary ing  v igour in a given location s t i l l  ranges in a 

predictable order related to rootstock vigour (Parry 1977; Preston 1978).  Trees on 

dwarfin g  rootstocks are highly productive because the shoot growth is low due to 

the slow growth rate of the rootstocks (Tubbs 1973) . For certain apple rootstocks, 

e.g.  M27, shoot growth ceases as early as 5 to 6 years of age (Preston 1 97 8). At 

present, the use of dwarfing rootstocks may be the simplest w ay to control plant 

size, h owever, extensive use of widely s ui table rootstocks i s  confi ned to apples .  

Progres s  with other fruit crops remains s low.  Thus ,  i n  many species,  growth 

control can only be accomplished by the alternatives. I n  addition, rootstocks are 

expensive. As the name implies, a rootstock provides only the root system, the 

desired cultivar must be grafted or budded onto the dwarfing root system. This 

involves a second labour intens ive s tep in propagation. 
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1.6.2. Root Competi tion 

Root restriction imposed by high tree density has been reported to reduce 

tree size effectively without affecting crop yields in apples ( Atkinson 197 8) ,  

peaches (Chalmers e t  al. 1 9 8 1 )  and calamondrin (Citrus madurensis Loureiro) 

(S alomon 1 97 8 ) .  Tree size are in the reverse order to tree density because the 

amount of roots per tree is reduced and root orientation modified towards the 

vertical direction (Atkinson 1 978) .  The vigour of trees is directly related to the 

available volume of soil for root growth (Brouwer 1 9 8 1 ;  Richards and Rowe 1977 

b). The competitiveness of roots of neighbouring trees can limit space available 

for root growth, and the supply of nutrients and water in the soil (Atkinson 1978). 

This situation is
' 
frequently exacerbated by less than favourable conditions for 

growth of roots in  subsoil .  If shading and light competition can be avoided , 

vegetative growth can be controlled and fruit yield increased. Nevertheless, root 

competition alone is usually not sufficient to control growth on most horticultural 

soils  (Chalmers, pers.comrn.).  It becomes quite important, however, when used 

jointly with other methods for reducing tree vigour such as reduced irrigation 

(Chalmers et al. 1 9 8 1 ) .  

1.6.3.  S o i l  Compaction 

In  natural plant ecosystems, sites with poor soil physical properties 

support a markedly reduced population of thriving plants, because such conditions 

do not allow roots to grow and expand. With highly intensive management, 

however, root restriction due to poor soil physical properties can be overcome. In 

soils with shallow topsoil and heavy clay subsoil, under an appropriate cultivation 

system root volume can be restricted and vegetative growth suppressed, leading to 

an increase in fruit yield (Olsson and Cockroft 1980). 

1.6.4. Root Pru n i ng 

Root p r u n i n g  h a s  been  show n to r e s tric t root  g ro w t h ,  a l though ,  

temporarily. Hence, the  plant size can be  suppressed for only a limited period 

(Richards 1 986) .  For instance, Schupp and Ferree ( 1989) showed that annual root 
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pruning of apple trees could reduce shoot growth by up to 44%. To maintain plant 

size by this method, however, a portion of the root s ystem must  be removed 

repeatedly at regular intervals. For instance, B uttrose and Mullins ( 1 968) have 

demons trated that in grape s  a removal of 25 % of roots i s  needed to retain a 

cons tant plant size. Thi s  i s  because photoassimilates are mobilized in favour of 

root growth , in order to regain the pre-pruning shoot-root equilibrium (Brouwer 

1 963 ; Harri s et al. 1 97 1 ;  Richards and Rowe 1 977  a) .  In this s ituation, the 

vegetative sink potential of roots is  stimulated (Schupp and Ferree 1 989). As a 

consequence, the competitive potential of the vegetative portion of the plant is  

increased. Plant s ize i s  controlled, but this  i s  accomplished with no change, or 

often a decrease, in crop yield. Photoassimi1ates are diverted to the pruning site, at 

the expense of flower 
'
and fruit  production (Richards 1 986) .  For 1 5  year old 

Melrose on semi-dwarf apple rootstock (M26), pruning at full bloom reduced shoot 

growth substantially (Schupp and Ferree 1988) .  Leaf area was decreased via the 

reduction in both shoot leaf-size, and number, but not spur leaves. Although fruit 

yield was not s ignificantly reduced, and fruit number and quality were improved, 

fruit size was markedly suppressed (Schupp and Ferree 1 988) .  From the practical 

view point, a number of fac tors , such as time and severity of pruning, varietal 

response with respect to vigour and age of trees,  and proximity to trees and depth 

of pruning, also have to be taken into account (Schupp and Ferree 1 988 ;  1 989). If 

the technique is  to be applied for commercial benefit, further research is  needed. 

1 .6.5. Root Con finement 

The situation in which plant size is reduced because roots are overcrowded 

in potted plants  i s  commonl y  seen but h as not  been use d  a s  a method for 

controlling the size of crop plants until recently. Nevertheless, it has been shown 

that size of plants  can be control led through the u se of limited root volume 

(Richards and Rowe 1 977 a; Carmi and Shalhevet 1983 ;  Hameed et al. 1987; Ruff 

et al. 1 987). In field situations, root barriers restricting peach tree root systems to 

a limited soil volume for each tree drastically reduced root growth and tree size 

(Richards 1 986) . Precocity was also enhanced but fruit loads were slightly lower. 

Further studies would also seem necessary to make this technique feasible in 

orchards. 
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I rrigation a n d  n u tr i ti on re g i m e s  c a n  be tu n e d  to c o n trol  p l a n t  s i ze 

effectively, whi le fruitfulne s s  can be enhanced. Chalmers et al. ( 1 98 1 , 1 984) have 

succes s fully contro l l e d  vege tative vi gour with trickle irrigation applied with a 

deficit  w aterin g  regime durin g  rapi d  vegetati ve growth , and close plant spacing .  

Vege tative growth was reduced by 80% in peach and 70% i n  pear (Chalmers et at. 
1 984) . The w ater defici t  i mplemented to con trol root growth was i n troduced 

duri n g  t h e  i n i ti al period w h e n  frui t  growth was re l at i v e l y  i n s e n s i tive  to t h e  

treatment,  a n d  after harvest. The amount o f  water applied was detennined from 

the evaporation rate and rainfall data c alculated over the effective planting square 

of t h e  tree (Chal mers e[ al .  1 98 6 ) .  T h i s  s ystem,  h o w e ver ,  h a s  so far been 

effec ti ve , only in areas  where the c l imate is  s uitable a s  i nterference of natural 

precipitation s h ould be mini mal duri n g  the treatmen t  periods. S imi lar strategies 

may b e  employed with n u trie n t  supply (Hansen 1980; Hart et al. 1 990). 

1 . 7 .  PO S S I B L E  M E C H A N I S MS F O R  R E G U L A T I N G  S H O OT-R O OT 

GROWTH EQUILIBR IA 

The concept of correlative growth between the s hoot and root system can 

be considered as an adaptive mechanism for environmental  variation and ch ange. 

When soil properties c hange,  root fun c t ion can adj us t  to meet the demands for 

shoot activity. However, adj ustment of potential root activity b y  growth occurs 

only to some extent, as c an be seen in the recovery of s ize of roo·t s ystems after 

se vere pruni n g  or the gradual adaptation in s ize of p lant root syste m  to drought. 

This form of adj us tment can only occur at the expen se of growth and activity of the 

s hoot and total productio n  b y  the plant  must decl i n e .  I n  natural s y stems t h i s  

adjus tment  i s  dynamic b u t  slow. If a change i n  e nvironmental conditions pers i sts ,  

the plant adjusts its root growth so that a new shoot-root ratio i s  obtained to suit  in 

the new environment. For example, apple trees excavated from a loam soil  at  East 

Mail ing h ad a s hoot-root ratio of about 2:  1 ,  irre spective of differe n t  tree s ize 

induced b y  different rootstocks . B y  contrast, trees of the s ame cultivar excavated 

from a poor, sandy s oi l  h ad a s hoot-root ratio of about 1 :  1 (Rogers and Vyvyan 

1 934). The l atter group of trees h ad a relatively larger root system per unit plant 
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size and consequently were in  a better position t o  cope w i th the more demandi ng 

root environment. This and many similar results suggest, as does the al lometric 

relation between shoot and roor size, that th e  p lant has a balancing or homeostatic 

mechanism which regul ates the rel at i v e  s ize of s h oot  a n d  root systems for a 

particular root environmen t . 

Two major models h ave been postu l ated to describe this mechanism. The 

m o s t  w idely  accepted model  prop o s e s t h a t  shoot  and root s y s t e m s  p rod uce 

homlonal messages that  mediate growth of the  reciprocal  organ. This  model was 

firs t  advanced by Went ( 1 93 8 )  and is s u pported by n u merous other researc hers. 

The other mode l is  a physical mechani s m  i n volvi ng water transport in plants and 

cell turgor pressure (Passioura 1988 b;  Boyer 1989) . 

1 .7. 1 .  Potent ia l  S ignals 

1 .7 . 1 . 1 .  Turgor Pressure and Water Poten t ia l  

Based on the vast amount of evidence relating water stress  to growth , i t  

has been proposed that water potential  regulates s h o o t- root communicat ion .  

Growth of cel ls  depends directly upon turgor pressure w h ich expands cells that 

have extensible cell walls (Hsiao 1 973) .  Turgor changes with respect to water 

entering cells in response to the concentration of the cell solutes. The solutes in 

enlarging cells are concentrated because they are used for respiration and to build 

new materials (Boyer 1 988) .  Thus ,  water moves along water potential gradients, 

from the cells closest to the xylem, the other end of which connects to the roots and 

hence the soil.  The xylem water poten tial, therefore, can be changed with the 

changes in transpiration or soil water porential. Consequently, water potential and 

turgor may be the signals that communicate levels of water stress for roots to the 

shoot (Boyer 1 989). When the soil is drying, root water potential is lower, and i t  

is sugges ted that this message is transmitted through the xylem via cells adjacent to 

the xylem to the growing cells of the shoot and stomata (Non ami and B oyer 1987) . 

The reduced water entering the cells results in a reduced growth rate and induces 

stomatal closure. This also affects the photosynthetic mechanism of the leaf, 

probably through reduced stomatal conductance in the case of mild drought stress, 

while in  severe stress both s tomatal aperture and chloroplast reactions are affected 



2 6  

(Sharkey and Seemann 1989). 

Leaf growth, however, may be reduced in response to soil  drying with no 

change in Jeaf turgor (Munns 1 98 8 ; Passioura 1 988) .  Boyer ( 1 988)  argued that 

this i s  because the water potential of cells decreases with increasing distance from 

the xylem. In other words, growing cells have a much lower water potential  than 

xylem cel l s  and they wi l l  therefore be less  a ffected b y  a drop in  xylem water 

potential.  Hence, the turgor o f  growing cel l s  is  unchanged, unless the xylem water 

potential becomes very low or is  persiste n tl y  reduced. Cell growth is  reduced 

because there is less or no water entering the cell s .  S tomatal conductance has also 

been demonstrated to be unaffected by leaf turgor but related to soil water potential 

(Davies et al. 1 986; Schulze 1 986; Passioura 1988  a, b). Furthermore , stomatal 

conductance can  be modified in the absence of the roots within a few minutes 

(Ehret and Boyer 1 979). These observations i ndicate other mechanisms must be 

involved (Sharp and Davies 1 989) . Blackman and Davies ( 1 985) and Passioura 

( 1 98 8  a) noted that the s i gnals  sen t  by roots  to the leaves i n  re sponse to root 

environments may be honnonal, rather than phys ical in nature. 

1.7.1 . 2. Nutrient Molecules 

Nutrien t  molecules  may a l so  be s i gna l s  contro l li n g  the activi ty of a 

metabolic system in  water deficient p lants. As i norganic nutrients are transported 

through the transpiration stream from the roots,  reduced water potential in the roots 

could reduce the nutrient flux. It has been demonstrated that the rate of nitrogen 

addition regulates p lant relative growth rate (Duarte et al. 1 988) .  Reduced nitrate 

flux through roots has been shown to cause a reduction i n  the activity of nitrate 

reductase i n  maize shoots exposed to dehydration (Morilla et al. 1 973) .  B ecause 

n itrate reductase is  a short- lived enzyme, it must be synthesized continually,  and 

synthesis is induced only in  the presence of the substrate (nitrate). It was found, 

however, that under nitrogen deficient conditions, poor incorporation of nitrogen in 

leaves, rather than the unavailability of the nutrient limited growth CLambers e[ al. 
1 982). Therefore, it was proposed that the mech anism linkin g  nutrient levels to 

reg u lation of s hoot-root ratio was communicated h ormonal ly  rather than as a 

nutrien t  s tress .  
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1 .7.3. Hormonal Signals  

Wen t ( 1 9 3 8 )  pro p o sed in tu i t ive ly  t h a t  c h e mica l messengers  or 

' rh izocaline s '  from the roo ts and ' caulocal ines ' from the shoot formed the 

communicating link between the two parts which controlled plant growth. Of the 

five groups of hormones studied to date, cytokinins (Wareing 1 970; Skene 1 975;  

Goodwin ' et al. 1 97 8) have been most intensively studied as the root-produced 

hormones, followed by gibberellins (Carr et al .  1 964; Phillips and Jones 1 964; 

Kende and Sitton 1 967 ; Torrey 1 976; Goodwin et al .  1 9 7 8).  As extensively 

reviewed by Van Staden and Davey ( 1 979), considerable circumstantial evidence 

strongly indicates that roots, the tips in particular (Short and Torrey 1972), are the 

prime producers of cytokinins, which are exported to the shoots via the xylem 

(Kende 1964; Van Staden and Davey 1979 and references therein) .  Gibberellin 

activity has also been detected from the base of exci sed root tips (Jones and 

Phillips 1966), as well as in vitro root tips continually maintained in cultured forms 

for many years (Butcher 1 963). 

Auxin is considered to be the major candidate for the shoot-produced 

hormone as far as communication with the roots is concerned (Wareing 1977). 

Although auxin has been found in root tissues (Goldsmith 1 977), it is now known 

that the major amount of auxin is synthesized in the shoots; near apices and young 

leaves (Thimann and Skoog 1934) or young shoots (Hatcher 1959), and transported 

basipetally  in  stern and acropetally towards the tips in roots (Goldsmith 1 977).  

This polarity of movement of auxin fits in well with the mechanism in  relation to 

shoot-root communication (Golsmith 1977;  Goodwin 1 978) .  

There is also a good example of cooperative levels of cytokinins and auxin 

controlling an integrated system of growth and development of plants in tissue 

culture (Murashige and S koog 1 962) . Shoot initiation and growth was promoted 

by the high ratio of cytokinins/auxin, while a low ratio favoured root growth and 

development. The apical meristem of oat seedling coleoptiles was promoted when 

BA was applied at the apex of shoots or through the cut base in culture medium, 

whereas root excision reduced auxin secretion by coleoptile tips (Jordan and Skoog 
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1 9 8 1 ) . Auxin has an enhancing effect on root lateral formation (Webster and 

Radin 1972), and root cambial activity (Hejnowicz and Tomaszewski 1969; Wilson 

1 975) .  In addition , there is a positive relationship between auxin transport and 

growth of roots (Cane and Wilkins 1970; Hillman and Phillips 1970; Hejnowicz, 

1968;  Konings 1969) ,  and root cambial activity (Wilson 1975) .  

On the other hand, there seems to be limited circumstantial evidence on 

the involvement of other hormones in the regulation of shoot-root equilibrium. 

Abscisic acid is believed to have a specific role in shoot-root communication as far 

as water stress is concerned (Hubick er al. 1986, Sharp and Davies 1989) . The 

abscis ic  acid pool was once considered to be largely i n  the leaf mesophyl l  

(Heilmann e t  al .  1980), and was supposed to antagonise effects with cytokinins, 

especially on stomatal conductance (e.g. Blackman and· Davies 1983; Zhang et al. 

1 9 8 7  b) .  Recently,  however, evidence has been obtained that ABA can be 

produced i n  root  t i s sues  (Walton er al.  1 97 6 ; Lac h n o  and B aker 1 9 8 6 ) .  

S u bsequently ,  Sharp and Davies ( 1 989) suggested that root ABA may have a 

different rol e  from ABA emanating from the leaves and directly involve the 

mechanism of root controlled shoot growth via the control of stomata. S ince this 

work has been largely based on plants under water stress, the extent to which ABA 

functions as an inhibitor of photosynthesis in leaves (Sharkey et al. 1 989) and in 

intact plants, in general, still needs to be assessed. 

The hormone model proposes that the rate of primary growth in the shoot 

depends on the rate of primary growth of the root, and vice versa , through 

hormonal feedbacks,  and can be media ted by environmental factors such as, 

moisture and nutrient conditions of soils (Brouwer 1963 ; Wilson 1975;  Brouwer 

1 9 8 3 )  or lev e l s  of l ight  fal l ing on the leaves  ( Loveys and Wareing 1 97 1 ) .  

Circumstantial evidence has s o  far supported this view. Results from a number of 

studies indicate that root hormones are involved in many developmental processes 

of the shoot. It has been demonstrated that senescence of detached leaves can be 

retarded if they are rooted (Chibnall 1954) .  Foliar application of exogenous 

cytokin i n  a l so  delayed this aging process (Nooden 1 9 84) .  Kende ( 1 964)  

demonstrated that compounds in xylem exudate which were related to senescence 

co-chromatographed with zeatin. This effect of cytokinins on arresting senescence 
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has  been suggested to involve the regulation of protein synthesis (Chibnall 1 954) 

or chlorophyll formation in such leaves (Dei 1983) .  

S hoot activity may also be controlled by the cytokinin activity in the roots. 

Cytokinins enhanced transpiration (B iddington and Thomas 1978) and stomatal 

opening in grass leaves (Jewer and Incoll 1980; Blackman and Davies 1983). Bud 

break from dormancy is related to the activity of cytokinins, which has been 

detected in xylem sap of trees, e.g . in apples (Luckwill and Whyte 1968), Populus 

X robusta (Hewett and Warein g  1 97 3 ) ,  and oak (Smith and S chwabe 1 980) .  

Cytokinin activity was maximal just prior to bud burst (Hewett and Wareing 1 973) 

or at full bloom (Luckwill and Wareing 1 968),  and disappeared from the sap when 

shoot growth had ceased (Luckwill and Wareing 1 968) or in the dormant state 

(Hewett and Wareing 1973;  Qamaruddin et al. 1 990) . The control of lateral shoot 

production (Kender and Carpenter 1972; Richards 1980; Greene and Autio 1 989), 

and apical dominance (Woolley and Wareing 1972 a) are also influenced by the 

compound. Shoot growth has also been shown to be regulated by a mechanism 

involving the root cytokinins. Cessation of shoot growth coincided with the time 

when cytokinin level was low (Kende 1964; S itton et al. 1967;  Grochowska and 

Karaszewska 1978;  Hurd 1 97 8 ;  Donchev 198 1 ) . 

Under unfavourable root environments, root cytokinin production was 

suppressed, and so was shoot growth.  These situations include deficient nutrient 

levels (Woolley and Wareing 1 972 a; Menary and Van Staden 1 976; Kuiper and 

S taal 1 988) ,  saline s tress ( Itai et al. 1 96 8 ) ,  drought  (Itai and Vaadia 1 9 65),  

waterlogging (BuUITOWS and Carr 1 969), heat stress (Itai et al. 1 973; Caers et al. 
1 98 5 )  and cold stress  (Atkin et ai. 1 97 3 ) .  Reports on the relation between 

gibberellin levels in xylem sap and stressed root environments, however, have been 

mainly confined to flooding (Reid et al. 1 969; Reid and Crozier 1 969; 1 97 1 ) .  In 

addition, qualitative changes in cytokinins due to stresses have also been reported 

(Walker and Dumbroff 198 1 ) .  In contrast, improving root conditions results in an 

increased cytokinin content. Yoshida and Oritoni ( 1 974) showed that cytokinin 

level was increased by nitrogen fertilization .  Kuiper and Staal ( 1987) obtained 

similar results. The cytokinin content was correlated positively with the internal 

nutrient level in the plant tested. From this evidence, it is generally accepted that 
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the  p roduc t ion of cytoki n i n s  wi th in  root  tissues, may be environmental ly 

determined and since shoot growth i s  correlated with that of roots , overall plant 

growth may be controlled by the production of cytokinins within the roots. 

Application of synthetic cytokinins (Railton and Reid 1973;  Richards and 

Rowe 1977 b) or GA3 (Cam1i and Heuer 198 1)  to the s hoot of plants,  in which 

roots were stressed, can restore shoot growth partially or fully.  These resul ts 

indicate that in such conditions, shoot growth is suppressed by the lack of root 

hormones. In contrast, Kulaeva ( 1962) showed that rooted leaf-cuttings did not 

respond to exogenous cytokinin while derooted leaves did, indicating a response to 

applied cytokinin is dependent on the absence of the root system. I n  other words, 

the supply of cytokinins from the roots is optimum, or sufficient, in the normal 

plants, but deficient in the derooted plants. 

The implication of the preceding discussion is that the activity of the root 

t ip with  re spect to i ts  capacity to produce hormones determines the level of 

cytokinins and, perhaps, gibberellins in plants. Various models propose that the 

hormone activity of the root tip and consequently the quantity of the hormone 

exported from the root itself adjusts according to the rhizosphere environment 

( S ke n e  1 9 7 5 ;  B lackman and Davies 1 9 8 5 ;  Kuiper and S taal 1 98 7 ) .  This 

influences growth of shoot apices (Woolley and Wareing 1 972 b), shoot growth 

and development « !tai et al. 1 968, 1 973 ;  Reid and Crozier 197 1 ;  Richards and 

Rowe 1977 b; Walker and Dumbroff 198 1 ;  Blackman and Davies 1985;  Kuiper et 
al. 1988), production of auxins in the shoot tips (Jordan and Skoog 197 1 ) ,  ABA in 

the leaves (Davies et al. 1986) ,  stomatal conductance (Jewer and Incoll 1 9 80;  

Incoll  and Whitelam 1 97 7 ;  B lackman and Davies 1 9 8 3 ;  1 9 8 5 )  and perhaps  

transpiration rates (Biddington and Thomas 1978; Blackman and Davies 1 983) ,  the 

latter two of which lead to changes in photosynthetic rate. As a consequence of 

the altered rate of shoot growth, the quantity of auxins exponed to roots increases. 

This completes the feed back loop, which would continue to increase in activity 

until a factor in the root or shoot environment becomes limiting. 

Cons idering the ra n g e  of roo t and shoot  environments  norma l l y  

encountered during the growing season b y  crop plants, Chalmers ( 1 987) proposed 
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that the root env ironment l i mits  growth i n  the majori ty of s ituations.  If this i s  

correct, it follows that the hormonal signal produced by the root system in  response 

to the l im i ting root env ironment will limit overal l  growth and production by the 

whole p lant.  Extending the preceding argument ,  it is log ical to assume,  and 

indeed there is  cons iderable explicit evidence in plant  ecology, that the infl uence of 

the rhi zosphere has dominated evolution of the correlative growth mechanism of 

roots and shoot s .  If  th is  is  correct i t  i s  a lso l i ke ly  that t he activ i ty of the root 

system wi l l  re main the rate l imi t ing process in an experimental  s ystem (us ing  

natural l ight  and C02 levels) in which the physical and chemical l imitat ions of the 

rhizosphere have been minimized. 

Few attempts have been made to invest igate the functional relationship 

between shoot and root systems of trees. This  is main ly  due to the difficul ty of 

estab l i sh i ng the su i table plantation for experi mentation and in main tain i ng the 

operations involved for the time required for trees to become mature. Apart from 

excavation, accurate measurement of root parameters remains difficu l t  and t ime­

consuming to obtain due to tree s ize (Wilson 1 975) :  Thus,  on ly  seedl ings  of 

annuals or trees ,  mostly i n  pots, have so far been used for these types of studies. 

On the account of  this difficul ty, two parallel experiments were proposed for the 

studies .  The firs t experiment was to fol low the growth of a s lower growing 

peren nial fruit trees ,  i .e . , nashi ,  to investigate the  allometric rela tionship between 

the shoot and root system, and to provide information leading for future study. In 

the second experiment, tomato seedlings were used to provide rapid turnover of 

plant generations to al low for modification and testing of the hypothes is  of plant 

growth regulation via root hormones. 

S ince in the first study, establishing experimental trees required two years, 

which  fol lowed by two years of i nves tigat ion and measurements .  The main 

objectives were: 

1 ) .  To study the d i s tribution of photoassimi l ates (and c arbohydrate reserves) in 

young nashi  trees grafted onto three clones of seedling rootstocks. 

2). To determine quanti tatively the dimensions of the root and the shoot. 

3) .  To i nvestigate the dynamics of allometric growth between the shoot and root 

system. 
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4) . To investigate the respective roles o f  primary growth rates of shoot and roots in 
regulating the growth of nashi trees i n  the early years. 

In the p arallel group of experiments, a similar approach to growth analysis 

was followed. In addition, however, the involvement of the two key hormones in 

the shoot-root allometric relationship was studied. S ynthetic analogues of plant 

growth hormones can be applied in various ways to mimic effects of endogenously 

p roduced hormones .  Th i s  approach has been used to gather c ircu mstantial 

evidence that hormones regulate plant growth including the correlative mechanism 

(e.g. W are ing 1 970; Richards and Rowe 1 977 b; Kuiper and S taal 1 9 87) .  S uc h  

eviden c e  has often been questioned, however, o n  the grounds that, although the 

predicted response has been e licited, n o  evidence can be provided, that a parallel 

change in the analogous endogenous hormone causes that e ffect in normal (non­

experimental) plants.  Nevertheless ,  in studying whole plant models,  such a s  

i nter-organ communication, few alternative options are available. I n  order to 

minimize this criticism, in this study ,  I have also sought to include treatment 

methods i n  which the synthetic analogue was delivered to the point  o f  action , 

employing the natural pathway from the roots. By this approach, one could safely 

assume, that the synthetic chemical was moving with, and was probably combined 

with the pool of endogenous hormone. Therefore, in this work I have studied and 

analysed the growth respons e s  of p l a n ts in which s y nthetic gibberellins and 

c ytokinin s  have been applied via root systems and translocated to the shoots. 

Further, I employed a system of aeroponic irrigation which eliminates soil barriers , 

including, physical impedance, aeration, water and nutrient supply to avoid as far 

a s  p o s sible  c o n fo u nding o f  treatmen t  effects .  Finally,  I h ave e mp l o yed a 

concentration range which, not only, span s the important p ublished data, but also 

extends to l ower concentrations  to redu c e  the chance that normal physiological 

c o nc e n tratio n s  a n d  res p o n s e  to the e n dogenous hormone were n o t  grossly 

p erturbed. In these ways, I have aimed to ensure, a s  far as possible ,  that the 

synthetic analogue enters and becomes part of the endogenous hormone pool, and 

only marginally supplements the natural concentrations.  



CHAPTER 2 

SHOOT-RO OT ALLOMETRY OF TREES O N  DIFFERENT NASH I  

CLONES : A PRELIMINARY OBSERVATION 

2 . 1 .  INTR ODUCTION 

Concepts of growth of a grafted (or budded) tree have generally been 

de scribed in terms of a rootstock and scion rel ationship, rather than as  a 

coordination of growth and function between organs of the plant (Tubbs 1973) .  It 

has been demon strated, in pears on quince rootstocks (Tubbs 1 97 7  b), apples 

(Vyvyan 1 955;  Tubbs 1980) and other fruit  species (Tubbs 1977 b), that plant size 

is controlled by the genetics of the graft partners. The resultant relative growth 

rate of a young compound tree is the arithmetic mean of the two individual rates of 

its components when grown on their own roots, at the same age and site,  with only 

negligible contribution of the interaction between the two (Tubbs 1 9 80). The 

prediction of growth rate for such trees, therefore, can be made using the growth 

data of the individual partners. 

An attempt has also been made to quantify the influence of the genetic 

contribution as well as the effect due to position of the grafted partners. Lefort 

and Legisle ( 1977), working with only one character, i .e. ,  length of Vitis vine, for a 

single growing season, proposed a biometrical model composed of the simple 

influence of, and interaction between, the two grafted partners, and the position 

effect.  While this  genetic model seems to answer the question of uncertainty 

ari s i n g  from graft ing  two c lones of d ifferen t  growth rate, i t  appears that  

generalization cannot be made from this analysis for all species. 

On the  o t h er h a n d ,  t h e  v igour  of tre e s  c a n  be al tered by o ther  

characteristics in  mature trees (Tubbs 1973),  which may not be explained by such 

genetic model. For example, Quince C as a rootstock for pear cultivars showed no 

dwaIfing effect until this attribute was induced by precocious fruiting of the scion 

(Tubbs 1 977 a). Although varieties may differ in the proportion of stem and root 

in their first year as a seedling (Maggs 1958),  this difference decreases in mature 
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trees (Rogers and Vyvyan 1934) . These results imply that the growth o f  trees is  

modified, to some degree, by the environment. It has  been observed that growth 

characteristics of a c lone as a rootstock can be changed when it acts as a scion 

(Tubbs 1 977 b), and the stem-root ratio varies between different sites (Rogers and 

Vyvyan 1 934). Thus, the functional balance of plant shoot and root systems is no 

less important than their genetic composition in controlling plant growth, as well as 

yield. 

I t  i s  accepte d  that  p lan t s  cannot survive unless they c an maintain 

functional and size balances between their various organs (Pearsall 1 927; Brouwer 

1 9 6 3 ; Ware ing  1 97 0 ) .  This  requires an e xten sive  n etwork of feedback 

mechanisms by  which functioning of  various organs can be  continuously correlated 

and adj u s ted to e a c h  o ther (Wareing 1 97 0 ) .  This  assumption of growth 

coordination seems to hold for annuals, perennials and compound fruit trees alike 

(Brouwer 1 963; Wareing 1 970) . The aim of the study is to observe growth and 

development, and examine the allometric relationship, in young nashi trees. The 

method of measurements of dry weight and certain other attributes will enable the 

progressive changes with seasons to be analysed and described. The allometric 

relationships and related growth patterns have been studied in mature compound 

fruit trees throughout their growing stages (Chalmers and Van den Ende 1975). 

However, such an investigation has never been performed for very young grafted 

(or budded) trees .  
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2.2. MATERIALS AND METHODS 

2.2. 1 .  Experimental Procedures 

The three nashi (Pyrus serotina) rootstock clones used were initially found 

as seedlings growing in bags at a commercial nursery. Visually, they indicated 

differing degrees of vigour as three year-old plants. Rootstock #2 seemed to be 

most vigorous, while #1 appeared to be least vigorous. Multiplication of these 

clones in vitro was carried out at the nursery and in February 1986 one hundred 

propagules of each clone were obtained and repotted into 8
" 

volume planting bags. 

Each bag contained a mixture of 65 % peat, 3 5 %  sand, optimum quantities of 

complete fertilizers, and s low released fertilizers (Osmocote 1 4-6. 1 - 1 1 .6  and 1 8 -

2.6- 10) .  After two subsequent re-pottings, individual trees were transplanted into 

50-litre black polyvinyl bags in January 1987. The potting medium was composed 

of Manawatu river sand mixed thoroughly with the same rate of fertilizers. 

Thereafter, the similar rate of fertilizers were supplied by top dressing and drilling, 

coinciding with the addition of 24 g dolomite twice annually. 

Fifty four trees, selected for uniformity, from each clone were transferred 

to an experimental plot at the Fruit Crops Unit, Massey University, in December 

1 987 (Fig. 2 . 1 ) .  The trees were arranged in three double rows, running north­

south, with an initial spacing . of 80 cm X 125 cm on levelled-ground. This area 

was covered with a black polyethylene sheet, extending well beyond the bags on 

both sides of the rows to control weeds. The space between trees became larger as 

trees were harvested. Each plant was supplied with water through a drip emitter 

(capacity of 4 litreslhour) connected to a short sub-lateral (0.5 cm inner diameter) 

drawing water from the main irrigation laterals ( 1 .9 cm internal diameter) . The 

irrigation system was connected to the main orchard system which was scheduled 

using residual soil moisture. Due to the low water holding capacity of the sand, 

additional water was supplied to the experimental trees manually as n eeded, 

especially during dry period which coincided with a failure of the irrigation system. 

The emitters were frequently checked and changed if malfunctioning. In addition 

to holes in the base of the bag, four holes were made in each bag five centimetre 

above ground level to avoid water-logging. Routine orchard pest management 

was provided. 



P late 2 . 1 .  Re lat ive s i ze 

of t he th ree nashi root ­

s t ocks , at 1 5  mont hs old, 

p r i o r  to budding . 

T op left = rootstock # 1 ,  

t op right = rootstock #2 , 

bottom right = root stock 

# 3 .  

3 6  
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4 7 3 

BLK I 6 5 1 

2 9 8 

3 5 2 

BLK I I  7 1 6 

8 4 9 

9 2 3 

B LK II I  1 6 7 

1 5 8 4 

ate ! Road 
... � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - -- - - - - - - - - -

Figure 2 . 1 .  Nashi experimental layout , the number in each square 

indicates the scion/rootstock combination : 

1 == root stock# l / rootstock#l 

4 == 2 / 2  

7 == 3 / 3  

2 == Hosui / 1  

5 = H/2 

8 == H / 3  

3 == Ni j iseiki / l  

6 == N/2 

9 == N/3 
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The three rootstocks were T-budded in March 1 9 8 7  with the scion 

cultivars Hosui and Nijiseiki (henceforth called scion-budded trees) .  In addition, 

each rootstock clone was budded with the same rootstock c lone to provide a 

budded rootstock plant as a control (henceforth called rootstock trees). This gave 

nine combinations of rootstock and scion. Single trees of each scion clone were 

used as the source of buds . B udding was  completed in  August  w h en the 

rootstocks were topped. There was no visible signs of incompatibility for any bud 

combinations.  The trees were al lowed to grow untrained with the minimum 

amount of supporting wire required to prevent wind damage, and were unpruned 

for the course of the experiment. Measurement of rootstock diameters, S em 

under the bud, was made three months after budding to assess vigour. B utt cross 

sectional areas  calculated from these data showed a significant difference between 

rootstocks .  Rootstock #2 was largest ( 1 66 ± 3 .6 sq.mm.),  followed by rootstock 

#3 ( 128 ± 3.4 sq.mm.), and rootstock # 1  ( 1 07 ± 3.3 sq.mm.) was smallest. 

2.2.2. Experimental Design 

Serial harvests were planned as a split-plot design with three blocks, each 

covering one-third of all rows (Fig. 2. 1 ). In each block, a group of six trees of 

each budded combination represented a plot unit (factor A).  Time was the sub­

p lot factor (factor B )  with five levels or harvest dates, with one extra (spare) tree 

a l lowed for each plot. With this  arrangement, each harvest  could also be 

considered as a randomized complete block design (RCBD) experiment on its own. 

Three trees of each rootstock clone were selected at random, prior to 

budding in February 1 987 ,  and used as an i ni tial sample to determine the dry 

weight  of  plant  p arts at that time. I t  was p lanned to h arvest  one plant per 

treatment per block to make a total of 27 trees per harvest. During the two year 

course of the experiment, harvests were performed one year after budding and later 

at intervals of  three months, i .e . ,  the first week of February, May, August and 

November, as these times were at the transitions between seasons. 
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2.2.3. Collection o f  Data  

Water rinsing allowed each plant to be harvested with the minimum of 

sand attached to the root system. This process was slow and approximately three 

days were required for one complete harvest, i .e . ,  one block per day. Thorough 

rinsing was performed careful ly in the laboratory to minimize the loss of fine 

fibrous roots. 

Leaves (when present), stem and roots were separated for each plant. The 

root system was  kept in cold water in a cool room at SoC. Fol lowing 

measurements of shoot parameters which generally required two days, roots were 

further separated into the subsurface crown, and real roots. The crown was 

chopped into pieces, not larger than 1 X 2.5 X 1 .5 cm. After root volume was 

detennined by water displacement (Bohm 1 978),  roots were cut into lengths not 

exceeding 2.5 cm and laid onto a sampling tray (44 X 60 cm) with enough water to 

facilitate an uniform distribution. For a large root san1ple, three to five trays were 

needed to accommodate the sample. Five to ten percent of the total root sample 

was subsampled at random and submerged in cold fresh water, which was kept in a 

I -litre can at SoC until root number and root length were determined. The cold 

water was replaced every two days to keep the samples fresh. Towards the end of 

the experiment, subsamples taken from 4-5 very large samples (which more than 

three trays were needed to facilitate subsampling) was as low as 2.5% of total root 

length. 

The parameters measured in the study were: 

Shoot : 

- Total stem dry weight 

- Leaf dry weight 

- Leaf Number 

- Leaf area 

Root : 

- Root length 

- Root number 

- Root dry weight 
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- Root volume 

Leaf area was determined by Licor Area Meters, model U-3 1 00 (Lambda 

Instruments Corp. ,  USA) .  Root length was estimated by Comair Root Length 

Scanner (Richards et ai. 1979 b) (Hawker de Havilland Victoria Ltd. ,  Australia), 

calibrated using the formula: 

A = -0.2246 + 0.9655 £ + 0.00 1 23 £2, 

Where A = adjusted estimate of root length, 

and E = root length measured by the scanner. 

Root n umber was determined by countin g  the root jo in t  at which the  roots 

branched. For each subsample, this was conducted by examining a small portion 

of a subsample suspended i n  water in a petri-dish against a dark background 

(Richards and Rowe 1 977 a). The time consumed for root number determination 

was approximately two weeks. During this period, therefore, roots had to be kept 

in such  a way that no al teration of parameters occurred. According to the 

recommendation in the root length scanner manual, the storage life of roots can be 

extended to 6- 1 0  weeks if kept under the storage conditions described in this study. 

On the other hand, the subsamples were only 2.5 to 10% of the roots, and the effect 

of any losses to other root data would have been small .  Each plant part was oven­

dried separately at 7 00C for two to four weeks, to constant weight, before being 

weighed. 

2.2.4. Data Analvses 

2.2.4. 1 .  Mean Analvses and Comparisons 

Analysis of variance (ANOV A) and least significant difference test (Lsd) 

were performed on individual harvests (as a single RCBD).  In this  experiment, 

serial harvests provided data on developmental changes, along with seasonal 

changes and increments of plant size. All ANOVA performed in this study (and 

subsequent studies) were based on the random effect model of analysis of variance. 
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2.2.4.2. Est imations of K-values 

Dry matter data of aerial (leaf, stem or total shoot) parts of all harvests 

were transformed into natural logarithms, (In Y) , together with all the root dry 

weight data, (ln X), enabling a graph of In Y against In X to be drawn for each 

treatment and resulting trends were observed (Reiss 1988) .  Statistical tests of the 

apparent linearity were carried out by fitting the following least squares equation to 

the data: 

where In a 

k 

In Y = In a + k In X 

is a constant or intercept of the regression line at the y-axis. 

is the slope of the regression line, henceforth called the k­

value. 

In Y is the logarithm of leaf, stem or shoot (both leaf and stem) dry 

weight. 

In X is the logarithm of root dry weight. 

In this study, In and log will be used interchangably, but in all instances 

will refer to the natural logarithm. The k value was calculated for the pooled data 

only, since there was insufficient replications for each treatment at individual 

harvests. 

To resolve any differences between k-values , an unprotected means 

comparison was carried out using a t-test (Steel and Torrie 1980). 
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2.2.4.3. Calculation of  Mean Relative Growth Rates (RGR) and 

their  Va riances 

Mean relative growth rates (RGR) between two consecutive harvests were 

calcu lated by the method described by Venus and Causton ( 1 979) , using non­

pairing replicate plants of the two harvests. The mean RGR i s  given by : 

where E(RGR) 

V (RGR) 

is  the expected value of the relative growth rate. 

is the expected variance of the relative growth rate; 

t 1 ,t2 are harvest times 1 and 2 respectively. 

E(ln W2), E(ln WI ) are the expected values of logarithmic dry 

weights at times 1 and 2 respectively_ 

are the expected values of variance of the 

logarithmic means at times 1 and 2 

respectively_ 

B ec au se the samples collected at each harvest were independent of one 

another, there i s  no covariance between In WI and In W2-
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2.3. 1 .  Diffe rences i n  Leaf Attr ibutes 
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Leaf data were recorded only three times; in late summer (early February 

1988) ,  late spring (November 1 988) and in the following summer (February 1 989). 

Some leaves had abscissed before the final harvest was completed on February 1 8 ,  

1989. This premature leaf fall may have been due to drought during the previous 

month (January), which coincided with a failure of the irrigation system. Caution 

was therefore exercised in interpreting these data for the final harvest. 

B y  the e n d  of t h e  firs t  season (February 1 98 8 ) ,  rootstock 2/2 had 

significantly h igher leaf area than plants in other treatments (Table 2 . 1 ) .  Leaf. 

area and leaf number increased markedly between the first and the second growing 

season. Leaf expansion of the rootstock trees started earlier and proceeded at a 

more rapid rate t h an the scion-budded trees,  which increased in growth rate 

towards the end of the season. By the end of the growing period (summer), the 

rootstock trees had attained a significantly greater leaf areas compared to the scion­

budded trees. Rootstock 2/2 had the greatest leaf area, while the cultivars worked 

onto this rootstock, conspicuously, showed the lowest leaf area. 

Leaf number was the decisive factor caus ing the difference in leaf area 

between treatments (Table 2. 1 ) . Dissimilarity in  the number of leaves was so 

great that even at the final harvest the trend appeared not to be affected by the loss 

of leaves in the premature leaf fall (Table 2. 1 ) . Leaf number of rootstock trees 

was significantly higher than scion-budded trees. Nonetheless, the reverse trend 

was true for leaf size. Of the cultivars, Hosui had larger leaves than Nijiseiki 

which is characteristic of the cultivars. Between rootstocks, the larger leaf size of 

rootstock 2/2 resulted in the higher leaf area over other rootstocks, although this 

difference was non-significant. 

2.3.2. Differences in Root Attributes 

In general, the rootstock trees had much larger root systems than scion­

budded trees (Table 2.2).  A significant difference was, however, detected at only 



TABLE 2. 1 .  S e a s o n a l  changes in leaf  a t tributes during s e c ond 
year of  growth of nashi tre e s  

Time Scion/rootstock Leaf area Leaf number 
(X 1 03cm2) 

* *  

February 1 / 1  5 .46 a 
1 988 H/1  2 .66 a 

N/1  2 .90  a 
2/2 9 . 9 1  b 
H/2 3 . 25 a 
N/2 2 .69 a 
3/3 4 .2 1  a 
H/3 2 .84 a 
N/3 2 .7 1  a 

se 0 . 70 

Novem ber * *  

1 988 1 / 1 1 6 . 1 7  b 
H/ 1 6. 1 0  a 
N/ 1 4 .6 1  a 
2/2 22.49 b 
H/2 6.99 a 
N/2 
3/3 1 6.84 b 
H/3 1 0 .03 a 
N/3 5.68 a 

se 1 .28  

February ns  
1 989 1 / 1 1 5 .33 

H/1  1 1 .56 
N / 1  1 1 .8 1  
2/2 1 8 .94 
H/2 9 .26 
N/2 7. 1 5  
3/3 1 2 .76 
H/3 1 9.53 
N/3 1 2.46 

se 2 .71  

Each mean figure from 3 replications with df (error) = 1 6. 
Mean separation with in  column by Lsd (p :5 0.05) .  

* *  

489 b 
43 a 
60 a 

327 b 
34 a 
36 a 

392 b 
70 a 
5 1  a 

5 1  

* *  

2460 c 
233 a 
1 73 a 

1 085 b 
1 84 a 

2085 c 
379 a 
228 a 

1 33 

* 

1 774 b 
247 a 
1 60 a 
784 ab 
378 a 
1 02 a 

2462 b 
502 a 
375 a 

390 
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Leaf s ize 
(cm2 ) 

* *  

1 1 .0 a 
64 . 4  c 
5 2 . 2  c 
30. 1 b 

62.8 c 
55 .0 c 
1 0 .9  a 
5 1 . 1  c 
53 .7  c 

2 .7  

ns  
6 .6  

28 .6  
26 . 8  
2 1 . 6 
34 .6 

8.0 
27.2 
24.9 

1 8 .5  

* 

1 3 .0 a 
80.6 b 
74.0 b 
29 .2 ab  
70 . 1  b 
70.0 a 

6.2 a 
38.7  ab 
34.2 ab 

1 0 .4 



TABLE 2 . 2 .  Sea sonal  changes i n  r o o t  a t tributes during s econd y e a r  o f  
growth o f  nashi trees 

4 5  

Root length Root number Root volume 
Time Scion/rootstock (m)  X 1 0 3 (cm3 ) 

* *  * *  * *  

February 1 / 1 324 a 1 8 .8  a 338 a 
1 988 H/ 1 273 a 1 7 .2  a 2 1 3  a 

N/ 1 2 1 3  a 9 .9  a 265 a 
2/2 1 2 1 4  c 1 28.4 b 783 b 
H/2 50 1 ab  20 . 1  a 255 a 
N/2 723 b 45 .6  a 305 a 
3/3 327 a 27 .9 a 377 a 
H/3 303 a 30 .8 a 333 a 
N/3 271  a 28 .7  a 328 a 

se 52 1 0 .9  37  

* *  * ns 
May 1 / 1 1 2 1 9  a 42.7 ab 720 
1 988 H/1  279 a 23 .3  ab 245 

N/1  535 a 3 1 . 5 ab 373 
2/2 2386 b 34 .0  ab 72 1 
H/2 708 a 2 1 .9 ab 387 
N/2 1 227 a 45 .8 ab 527 
3/3 846 a 62 .7  b 803 
H/3 398 a 25 .8 ab 380 
N/3 403 a 20 .3  a 377 

se 2 1 5  7 .4  1 1 8 

ns ns ns 
August 1 / 1  79 1 44. 1 404 
1 988 H/1  1 293 55 .5  539 

N/ 1 959 45.6 557 
2/2 1 572 52 .3  697 
H/2 480 34.9 297 
N/2 1 258 37 .8 443 
3/3 1 708 67.0 8 1 8  
H/3 938 47 .0 502 
N/3 6 1 7  46.3 455 

se 397 1 2 . 5  1 38 

ns ns * *  

Novem ber 1 / 1 869 5 1 .0 9 1 3  b 
1 988 H/1  488 4 1 .0 275 ab 

N/1 560 4 1 .9 241  a 
2/2 1 420 52.4 1 935 d 
H/2 1 3 1 8  66.2 480 ab 
N/2 
3/3 959 58.0 1 392 c 
H/3 632 54.2 609 ab 
N/3 437 43.4 220 a 

se 2 1 3  8 .2  83 



TABLE 2 . 2 .  (continued) 

Root length Root number 
Ti me Scion/rootstock (m )  

ns 
February 1 / 1  4294 
1 989 H/ 1 1 82 1  

N/ 1 1 354 
2/2 8865 
H/2 3250 
N/2 2 1 0 1  
3/3 3208 
H/3 2361  
N/3 4 1 00  

se 1 449 

- Each mean figure from 3 replications with df (error) '" 1 6 . 
- Mean separation with in column by Lsd (p $ d .05). 

x 1 0 3 

ns 
1 92.4 
1 27.9 
1 08. 1 
1 72 .7 
1 06 .9 
1 24.3 
1 48.6 
1 44.3 
1 22 .0  

23 .3  
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Root volume 
(cm3 ) 

* *  

1 820  b 
823 a 
757 a 

2 1 57 b 
705 a 
5 1 7  a 

1 905 b 
1 1 68 a 
1 1 90 a 

1 64 
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one harvest. After one year of growth, the root size of rootstock 2/2 (measured as 

length, number and volume of roots), was greater than other combinations. Root 

length of most tree combinations increased throughout autumn, then decreased 

through winter and spring. This trend probably reflected root shedding, followed 

by elongation again during summer. In contrast to root length, root number 

decreased during autumn, increased again in early spring, and then seemed to 

decrease  in  early s u mmer (Table 2 . 2) . This fina l  decl ine  maybe due to 

competition with shoots for photoassimilates, before rapid production over the 

following period. Root volume, like root length, also increased over the autumn 

period but  not in winter (Fig. 2 .2).  By early summer, all rootstock trees had 

increased in root volume, while the scion-budded trees had remained inactive. B y  

the end o f  the second season, the rootstocks had attained an appreciably larger root 

volume. Thus, in the end, root size of rootstock trees had increased markedly, by 

whatever parameter measured. 

Of the root parameters investigated, root volume demonstrated the greatest 

discrimination between treatments  ( scion-budded versus  rootstock trees ) ,  

particularly a t  the two final harvests (Table 2.2). Root volume i s  perhaps a better 

indicator of root activity than either root length or root number as it combines 

differences of both parameters. 

2.3.3. Progression of C hanges i n  Absolute Growth 

The trees derived from buds of the same rootstock clone showed much 

stronger growth than the cultivars (Table 2.3), despite all tree combinations started 

from a single bud as a scion. By the end of the first year (February 1 988), the size 

of all  roots tock trees was larger than the scion-budded trees (Table 2 . 3 ) .  

Rootstock 2/2, i n  particular, resulted i n  all parameters measured being larger size. 

Durin g  autumn and winter there was only a small size increase in most  trees.  

Growth of rootstocks commenced earlier in spring than the scion-budded trees, in 

which growth occurred later in  summer (Fig. 2.3 to 2 .7) . Thus ,  it was not 

unexpected that the difference in  growth between the rootstocks and the scion­

budded trees was highly significant only during active growing periods, i .e . ,  at 

February 1 988,  November 1988 and February 1989 harvests. 
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TABLE 2 _3 _  Seasonal  changes  in dry weight of plant parts and whole 
plan t  during s econd year o f  growth of nashi trees 

Time Scion/rootstock L * 1 
w S *2 

w 
T *3 

w R 
*4 

w W *5 

** * * * *  * *  ** 
February 1 / 1  62 a 1 87 a 249 a 82 a 33 1  a 
1 988 H/ l  39  a 97 a 1 36 a 65 a 202 a 

N/ l  47  a 1 03 a 1 50 a 85 a 235 a 
2/2 1 37 b 341  b 478 b 204 b 682 b 
H/2 40 a 95 a 1 35 a 90 a 225 a 
N/2 34 a 46 a 8 1  a 87 a 1 67 a 
3/3 54 a 1 65 a 2 1 9  a 1 1 9  a 337 a 
H/3 38 a 9 1  a 1 29 a 1 00 a 228 a 
N/3 42 a 83 a 1 24 a 1 07 a 231  a 

se 1 0  3 0  34 1 0  48  

ns ns ns ns 
May 1 / 1  259 259 20 1 459 
1 988 H/ l 1 1 1  1 1 1  92 202 

N / l  1 24 1 24 1 26 250 
2/2 2 0 1  2 0 1  1 94 396 
H/2 1 29 1 29 1 28 256 
N/2 1 83 1 83 1 59 342 
3/3 225 225 285 5 1 0  
H/3 1 0 1  1 0 1 1 50 25 1 
N/3 82 81 1 45 226 

se 50 50 34 82 

ns ns ns ns 
August 1 / 1  1 4 1 1 4 1 1 3 1  272 
1 988 H/ 1 2 1 8  2 1 8  2 1 5  433 

N/ l 1 56 1 56 1 90 346 
2/2 203 203 1 7 1  373 
H/2 9 1  9 1  1 07 1 98 
N/2 1 09 1 09 1 1 0 2 1 9  
3/3  259 259 241 500 
H/3 1 29 1 29 1 56 285 
N/3 1 45 1 45 1 55 300 

se 37 37 44 77 

* *  * *  ** * *  * *  

November 1 / 1 1 40 b 329 b 470 b 2 1 7  a 687 b 
1 988 H/l 47 a 1 27 a 1 75 a 72 a 247 a 

N/l 30 a 99 a 1 30 a 81  a 2 1 0  a 
2/2 206 e 4 1 4  b 620 e 379 b 999 e 
H/2 34 a 1 8 1 a 2 1 5  a 1 37 a 352 a 
N/2 
3/3 1 64 b 382 b 546 be 445 b 991  e 
H/3 71 a 1 9 1 a 262 a 1 67 a 429 a 
N/3 42 a 75 a 1 1 6 a 1 03 a 220 a 

se 1 0  34 26 30 57 



Table  2.3.  (conti nued) 

Time SCion/Rootstock 

February 1 / 1 
1 989 H/ 1 

N/ 1 
2/2  
H/2  
N/2 
3 /3 
H/3 
N/3 

se 

* Lw 1 

ns 
200 
1 44 
1 68 
265 
1 1 8 
90 

1 74 
235 
1 72 

34 

Sw 
*2 T *3 

w 

** * 
838 b 1 039 b 
496 a 639 a 
368 a 536 a 
689 ab 953 ab  
385  a 503 a 
225 a 3 1 5  a 
502 a 676 a 
455 a 690 a 
302 a 474 a 

70  95 

Each mean f igure from 3 repl ications with df(error) == 1 6. 
Mean separation within column by Lsd (p  ::; d .05 ) .  
* 1 == Leaf dwt . ,  
*2  == Stem d .wt. , 
*3 == Shoot d .wt. , 
*4 == Root d .wt . ,  
*5  0:= Whole plant d.wt. 

50 

R *4 *5  
w W 

** * *  
603 ab 1 642 b 
25 1 a 890  a 
245 a 7 8 1  a 
672 b 1 62 6  b 
1 9 1 a 695 a 
1 74 a 488 a 
763 b 1 439 ab  
40 1 ab  1 09 1  a 
40 1  a 875 a 

67 1 50 



Figure 2 . 3 .  Temporal changes in leaf dry weight o f  nashi trees 

during the first two years after budding . I = standard error o f  

me ans . 
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Figure 2 . 4 .  Temporal changes in stem dry weight of nashi t rees 

during the first two years after budding . 

means . 

I = standard e rror o f  
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Figure 2 . 5 .  Temporal changes in shoot dry weight of nashi t rees 

during the first two years after budding . 

means . 

I = standard error o f  
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Figure 2 . 6 .  Temporal changes in root dry weight o f  nashi t rees 

during the f irst two years a fter budding .  

means . 

I = standard error of 

• I 
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Figure 2 . 7 .  T emporal changes in tot a l  dry weight o f  nashi trees 

during t he first two years after budding . 

means . 

I = standard error of 
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The pattern of changes in all organ and total dry weights indicated earlier 

spring growth and activity of the rootstock trees. The leaf development (Fig. 2.3) 

was significantly different due to early bud burst and rapid leaf expansion of the 

rootstocks, while in the scion-budded trees leaf expansion rate increased 

measurably, later in the season. 

The stem and root dry weights generally continued to increase during 

'autumn but decreased over the winter period (Fig. 2.4 and 2.6), which was also 

reported by Vyvyan (1931) in apple seedlings, and Bhar et ai. (1970) in plum trees. 

The development of the canopy appeared to be totally under scion control. 

Rootstocks did not influence lateral production or main shoot length (data not 

presented). The main shoot of the scion-budded trees was generally very long; up 

to two metres, with few laterals. The rootstocks, by contrast, had a considerably 

shorter main shoot with profuse branching. This contrast resulted in a vast 

difference in total shoot length between the two groups. When leaves were 

included in the data analysis, the pattern of changes in shoot (leaf plus stem) 

growth was similar to that of stern, reflecting the influence of the latter which was 

the major component of the tree, being approximately 45 to 55 % of total dry 

weight in general (Table 2.4). Root growth of scion-budded trees decreased (Fig. 

2.6), along with shoot growth (Fig.�, in S12ring, while rapidl�creasingj.lLthe 

rootstock trees. At the end of the second growing season, plants could be placed 

------=--+---�int-e>-t_we_disti_net-group-s--of roolsize_tFtg:__2-j)-):-ene-u)l1stsn;dorl-ne-roomocks ana 

.... 

--

the other of the scion-budded trees. Roots of the scion-budded trees were also 

grouped with respect to rootstocks, as was also apparent in root volume (Fig. 2.2). 

In this respect, root volume appeared to more reliably represent root size, measured 

by dry weight (Fig. 2.6), than either root length or number (Table 2.2). 

It is of interest that the root growth of rootstocks dominated increase in 

size, whlle in lhe scion-hudded-trees, the shoot-was the major Gontributor to the 

·'"'I----i'ncreased SIze of the total plant. For example, between the two growing seasons 

the increase in roots of rootstock 1/1 was 7.4 fold but only 4.2 fold in the shoot 

_ ----:::::::-�'� (Table�.3). -Ry-contrast, the increases in Nil tr�e-s weFe-by factors of 2.8'8 and 47'7 
-----:.;.-t-I---- -� fOl:-th.e--ro G-t_s-anG ,hGe-t--re--s-]3ee-t+ve-� l-Hret:tgh-t-h-es-e--ecmhi-nations-gaye h-"'-�----



TABLE 2 . 4 . 

5 7  

Sea s onal  cha nges  in dry weight  distribution during s e c ond year o f  
growth o f  nashi  tre es expressed a s  a ratio o f  plan t  organ to total  

plan t  dry w e ight or to root  dry weight 

Leaf weight  S t e m  we ight  Root we i g h t  Shoot- root S te m -r oot 

Time S c i o n /rootstock rat io  rat io rat io  rat io rat io 
% % % 

ns * * * * *  

February 1 / 1  1 8 . 6 56 . 3  b 25 . 1 a 3 . 02 b 2 . 2 7  b 

1 988 H/ 1 1 9 . 4  48 . 1 a b  3 2 . 5  a b  2 . 1 0  a 1 . 4 9  a 
N/ l 2 0 . 5  4 2 . 2  a 3 7 . 3  b 1 .  7 1  a 1 . 5 6  a 
2/2 1 9 . 7  48 .9 b 3 1 . 4 a b  2 . 22 a b  1 .58 a b  
H/2 1 8 .4 43.7 a 37.9 b 1 .77 a 1 .26 a 
N/2 20.6 33. 1 a 46.3 b 1 .05 a 0.63 a 

3/3 1 5 .3  46.2 a 38.6 b 1 .71 a 1 .28 a 

H/3 1 5 .7  38.2 a 46.0 b 1 . 39 a 0.8 1 a 

N/3 1 8 .0 35.7 a 46.3 b 1 . 1 6 a 0.77 a 

se 1 .2 2.9 3 . 4 0 .26 0 .20 

* * ns ns 
May 1 / 1 54.5 b 45.5 a 1 .22 1 .22 
1988 H/ l 54.6 b 45.4 a 1 . 21  1 .2 1  

N/l  49.6 b 50.4 a 0.98 0.98 
2/2 45.4 a b  54.6 a b  0 .87 0.87 
H/2 48.0 b 52.0 a 0.98 0.98 
N/2 53.8 b 46.2 a 1 . 1 7  1 . 1 7  
3/3 43.9 ab 56. 1  a b  0 .78 0 .78 
H/3 40. 1 a b  59 . 9 a b  0.67 0.67 
N/3 35.4 a 64.6 b 0 .55 0.55 

se 3.2 3 .2 0 . 1 2  0. 1 2  

ns ns ns ns 
August 1 / 1  5 1 .3 48.7 1 . 1 0  1 . 1 0  
1 988 H/ l 53.0 47.0 1 . 1 5  1 . 1 5  

N/l  46. 1 53 .9 0 .89 0.89 
2/2 53.9 46. 1  1 . 1 9  1 . 1 9  
H/2 46.5 53.5 0 .87 0.87 
N/2 50.0 50.0 1 .01  1 .0 1  
3/3 5 1 .4 48.6 1 .06 1 .06 
H/3 44.7 55.3 0 .86 0.86 
N/3 48.8 5 1 .2 0 .96 0.96 

se 4.3 4.3 0 . 1 6  0 . 1 6  

(continued) 



TABLE 2 . 4 .  (continued) 

Leaf weighl  Stem weight 

Time Sc ion /rootstock rat io ratio 
01 

": % 

ns .. " 

Nove m ber 1 / 1  2 0 . 7  4 7 . 4  b 
1 988 H / 1  1 9 . 5  5 1 . 4 b 

Ni l i 4 . 5  4 6 . 8  b 
2/2 2 i Q 4 2 . 6  b 
H/2 9 . 3  50.8 b 
N/2 
3/3 1 6 . 5 38.6 ab 
H/3 1 6.6 44. 1 b 
N/3 1 9 .0 33.2 a 

se 2.3 2.5 · 

ns * *  

February 1 / 1 1 2 . 0  5 1 .2 b 
1 989 H/1  1 6 .3 55.2 b 

N / 1  22 .0  4 5 . 6  b 
2/2 1 5 .5 43.6 b 
H/2 1 8. 0  54.8 b 
N/2 1 5 .6 49.9 b 
3/3 1 2 .2 35.0 ab 
H/3 2 1 . 5 4 1 .7 ab 
N/3 1 9.3 34. 1 a 

se 2.2 2.8 

Each mean figure from 3 replications with dfCerror) = 1 6. 

Mean separation within column by Lsd (p s d .05) . 

5 8  

Root weight  Shoot-root Stem-root 
rat io ratio ratio 

0/0 

n s  • ns 
3 1 . 8 2 . 1 5  b 1 .50 
29. 1 2 . 3 7  b 1 . 73 

38 . 7  1 . 4 7  b 1 .23 
36.4 1 . 6 4 b 1 . 1 8  
39 . 8 1 . 73 b 1 .45 

4 4 .8 1 .24 a 0.86 

39.3 1 .56 a 1 . 1 3  

47.8 1 . 1 1 a 0.71  

3.6 0.2 1 0 . 1 5  

* *  * *  * *  

36.8 b 1 .72 bed 1 .39 b 
28.5 a 2.52 d 1 . . 93 b 
32.4 ab 2. 1 1  cd 1 .43 b 
40.9 be 1 .47 abc 1 . 1 0  ab 
27.2 a 2.68 d 2.05 b 
34.5 ab 1 .88 bed 1 .4 1  b 
52.8 c 0.90 a 0.67 a 
36.8 b 1 .7 2  bed 1 . 1 3  b 
46.6 c 1 . 1 8  ab 0.75 ab  

2.3 0. 1 5  0 . 1 5  
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extreme values for this response, the effect was generally apparent among other 

treatments. This  result i ndicates that in the presence of the cul tivars, less 

photoassimilate was allocated to roots than in rootstocks. Meanwhile, it was also 

noted that rootstock 2/2 had declined in vigour by the end of the second year of 

growth (Table 2 .3 ) .  The tota l increment was only 2 . 4  fold for rootstock 2/2 

compared to 5 .0  and 4.3 in rootstock 1/1 and 3/3 respectively. By this time, the 

difference in plant size be tween rootstocks as seedlings had disappeared or had 

become small. It appears, therefore, that the vigour of rootstock 2/2 may have 

been associated with the juvenile stage and was not persistent. On the other hand, 

th is  may be related to the difference in response of rootstocks to water stress at 

mid-summer of the second year of growth. These results suggest that evaluating 

P.serotina rootstocks for their vigour potential during the early years of growth 

does not provide useful information regarding their potential for that purpose. The 

apparent vigour shown for these growing conditions, at this age also provided no 

information in relation to the growth of the same or older age plants under other 

growing conditions. 

2.3.4.  D i fferen ces i n  Parti t i o n i ng of C a r b o h v d rate Res e rves a n d  

O rgan Weight Ratios 

Since there were substantial differences in plant size as a result of the first 

year of growth, comparisons of the weight ratios, of organ dry weights to total 

plant dry weight, should give some insight to differences in photoassimilate and 

reserve distribution over the period studied for the two groups of trees. 

No significant difference was obtained for root weight ratio (RWR) and 

stem weight ratio (SWR) between the rootstocks and scion-budded trees (Table 

2.4). Initial growth of leaves appeared to be largely at the expense of reserves in 

the roots, as RWR decreased more markedly than SWR in  the presence of leaves.  

Other studies on seasonal changes in carbohydrate distribution reported similar 

ut i l ization o f  root reserves (Priestley 1 963 ; Hansen and Grauslund 1 97 3) .  

Excluding leaves,  RWR and SWR were approximately equal (Table 2.4) . The 

portion of root reserves in the rootstocks was smaller than the scion-budded trees 

during the first growing period. This may be the result of greater use of reserves 
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and greater growth increment of the former. This difference disappeared during 

the dormant period. The RWR of scion- budded trees decreased, whereas it 

increased in the rootstocks by the end of the second year of growth. The R WR of 

rootstocks was larger than for the scion-budded trees on the same rootstock. This 

may imply that growth of the rootstocks not only had started earlier but also ceased 

sooner than the scion-budded trees. Considering the vigour potential of the two 

cultivars, the more vigorous, Hosui, appeared to grow more s trongly than Nijiseiki, 

irrespective of the rootstock. These results indicate that the recognized vigour 

potential of scion had emerged after two years of growth. 

S hoot-root ratio (which included leaves) fluctuated with seasons (Fig.2 .8) ,  

as did stem-root ratio (Fig. 2 .9) .  As mentioned above, in the presence of leaves 

the shoot shared a greater fraction of tree dry weight than the root system. The 

shoot-root ratio during the active growth period was high while it was lower during 

dormancy (Table 2 . 4 ) .  S ince  leaves are an annual component of the trees,  

v ar ia t ion  due t o  leaves  m ay be el i minated by u s i n g  the s tem -root ra t io .  

Nevertheless, part of  the fluctuation was due to the movement of root reserves, 

which were utilized in new leaf production. Thus, it remained apparent in stem­

root ratios. 

At the end of the first growing season, the shoot-root ratio of rootstock 

trees was higher than the scion-budded trees of the same rootstock. This occurred 

because residual root tissues of scion-budded trees remained the maj or weight 

constituent and the top grew only a little. In contrast, a t  the end of the second 

growing season, shoot-root ratio had declined in the rootstock trees whilst it had 

increased in the scion group (Table 2.4; Fig. 2 .8) .  This suggests that compared to 

root growth, shoot growth rate increased more rapidly in the latter than the former, 

which was in  agreement with the RGR(s) .  This response was not significant, 

however, except for rootstock 2(2, which differed significantly to H/2 and N/2 at 

this time. This decline in shoot-root ratio in rootstocks was due to the more 

advanced develop ment of the rootstock trees  entering the rest period. The 

evidence of low leaf weight ratio in these trees,  which varied between 1 2  and 1 6% 

at Febru ary 1989 ,  compared to 23 to 29% at the end of the first year of growth 

may support this proposition (Table 2.4). 



Figure 2 . 8 .  Temporal changes in shoot -root rati o  of nashi trees 

during the first two years after budding .  I = s tandard error of 

me ans . 
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Figure 2 . 9 .  Temporal changes in stem- root ratio of nashi trees 

during the first two years after budding . I = standard error o f  

means . 
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at February 1989,  compared to 23  to 29% at the end of the flrst year of growth 

may support this proposition (Table 2.4). 

It could be argued that the decline of shoot-root ratios of the rootstocks 

may p artly be attributed to the early loss of leaves. The leaf fraction was reported 

to b e  aro u n d  2 2 %  of total  tree weight  during the e arly years of fru i t  tree 

deve lopment  (Vyvyan 1 95 7 ) ,  which a gree s  with the re su l t  of th is  s tudy. 

Adjustment of the leaf fractions by adding 5 %  of root weight back into shoot 

weight may correct for this error. This adjustment, however, made no substantial 

difference i n  the pattern of distribution. Thus,  it appears that the decline in shoot­

root ratios, of the rootstocks, was real. 

S hoot growth of rootstocks appeared to be more rapid than scion-budded 

trees in the first year only (Table 2.4) . In contrast, during the second year, shoot 

growth of the scion-budded trees was faster. The results appear to indicate that the 

development  of the latter was delayed, again supporting the hypothesis that the 

scion cultivars determined shoot-root performance and not vice versa. Similar 

results were obtained by Barden ( 1979), who found no effect of rootstock on shoot 

attributes in 1-year-old apple seedlings. 

2.3.5. Di fferences in Relative G rowth Rates 

The seasonal p attern of tree growth does not allow one to determine 

relative growth rates at different times during the season. Nevertheless , the 

RGR(s) were calculated for the period between the end of two growing seasons 

(Table 2.5). Despite having the largest size after the flrst season, the whole plant 

RGR (RGRW) of rootstock 2/2 declined during the second year, reflecting 

decl ining vigour with age.  I n  general, the RGR(s) of the rootstock 2/2 and 

cultivars w orked on it were lowest. Root RGR (RGRR) of the rootstocks were 

higher than the scion-budded trees , while the Hosui shoot RGR (RGRT) was 

higher than Nijiseiki on the same rootstock. 

The RGR results, in general, are in agreement with the preceding results 

of organ weight ratios. D uring the second season, RGRT of the rootstocks was 



TABLE 2 . 5 .  R e l a tive growth ra t e  o f  organs a nd w h o l e  p l a n t  o f  n a s h i  t r e e s  
during s e c o n d  y e a r  o f  g r owth 

RG RL 
* 1 RGR S 

*2 RGRT
*3 RGRR 

*4 

Time Scion/rootstock 1 - 1 1 - 1 1 - 1 1 - 1 g . g- .y g .g- .y g .g- .y  g .g- .y  

* * * * 
February 1 988- 1 / 1 1 . 1 1 b 1 .5 1  b 1 . 44 b 1 .99 b 
February 1 989 ( 0 .302)  (0. 1 55 )  (0 . 1 70 )  ( 0. 1 1 5) 

H / 1  1 . 1 6  b 1 .64 b 1 . 56 b 1 . 37 a 
( 0 .330)  (0 . 1 1 9) (0 .041  ) ( 0 .068) 

N / 1  1 .42 bc 1 .32 b 1 . 35 ab 1 . 07 a 
( 0 .258) (0.246) (0 .377)  (0 .3 1 6) 

2/2 0 .74  ab  0.72 a 0 .73 a 1 . 1 5  a 
( 0 .266) (0.269) (0 .268) ( 0.302) 

H/2 0 .80  ab  1 . 2 1  a b  1 . 1 3  a b  0 .70 a 
( 0 .227) (0.389) (0 .361 ) ( 0 . 1 78 )  

N/2  0 .32  a 1 . 3 1  a b  1 .04  ab  0.68 a 
( 0 .278) (0.394) (0 .374) ( 0.320) 

3/3 1 . 34 bc 1 . 29 ab  1 . 30  ab  1 .90 b 
( 0 .339 )  (0.36 1 )  (0 .355)  (0 .223)  

H/3 1 . 9 1  c 1 .69 b 1 . 76 b 1 .39 a 
( 0 .305)  (0.2 0 1  ) (0 .228)  (0 . 1 9 5 )  

N/3 1 . 40 bc 1 .29 ab 1 .33 a 1 .34 a 
( 0 .245)  (0. 2 1 6) (0 .225)  ( 0 . 1 42)  

- Each mean figure from 3 replications. 
- Mean separation withi n  column by t-test (p sO .05) .  
- Standard error of means in  bracket . 

* 1 = Leaf relative growth rate ,  
*2 = Stem relative growth rate, 
*3 = Shoot relative growth rate, 
*4 = Root relative growth rate ,  
*5 = Mean relative growth rate . 
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RGRW 
*5 

-1 g .g- 1 .y 

* 
1 .6 1  b 

( 0 . 1 5 1 )  
1 . 50 b 

( 0 .0 1 5) 
1 . 25 a l  

( 0 . 356) 
0 . 88 a 

( 0 .268) 
0 .98 a 

( 0 . 259) 
0 .90 a 

(0 .301  ) 
1 .56 b 

( 0 . 357) 
1 . 6 1  b 

( 0 . 2 1 3) 
1 . 34 b 

( 0 . 1 76) 
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scion-budded trees at the end o f  the fIrst season. Thus, it appears that as the trees 

were severely shoot pruned following budding, they responded in  order to 

rebalance the shoot-root size equilibrium. In the rootstock trees, this phenomenon, 

however, appeared to have occurred earlier, i .e . ,  during the first year. The data 

indicate that the regulating mechanism of shoot-root balance in compound trees 

may be more complex than in seedlings, at least during the early years of growth. 

2.3.6. Changes i n  A l lometric Relat ionships 

With the inclusion of leaf dry weight, there was a considerable reduction 

in the coefficient of determination (R2) for shoot-root allometric relationships (kT) 

(Table 2 .6 ;  2 . 7 ) .  I n  addition ,  the variation with respect to the intercepts or 

regre ssion coefficients was higher when leaf weights were included i n  the 

regressions. There was, however, better discrimination between the allometric 

values between stem and root dry weights (kS) than the values between shoot and 

roots (kT)'  Thus, kS appears to be more appropriate, giving more meaningful and 

stronger relationship than ky. 

Results from both data are generally similar, in that the trees on rootstock 

2/2 had higher k values than trees on other rootstocks, while all k(s) of trees on 

rootstock 1/1  were lower than unity. In the presence of leaves, kT of trees on the 

same rootstock was not signifIcantly different, except those on rootstock 3/3, for 

which, Hl3 was greater than other cultivars (Table 2.6; Fig. 2. 10) .  On the other 

hand, kS values for rootstocks were less than, or equal to u nity, and generally less 

than the scion-budded trees on the same rootstock, althoug h  most differences were 

not significant  (Table 2.7;  Fig. 2. 1 1 ) .  Rootstock 3/3 had the lowest kS v alue 

whereas N/2 trees the highest. These values were signifIcantly different from the 

other combinations.  The low kS value of rootstocks, in general, reflected the 

greater root growth over shoot growth, which was the reverse of the situation found 

in the scion-budded trees. The two extreme values suggest that in N/2 tree RGRS 

was approximately twice RGRR, while RGRS was only 0.78 of RGRR in rootstock 

3/3. The intercept of the regression line with the y-axis (In stem dry weight) of the 

rootstocks was higher than that for scion-budded trees. This reflected the larger 

plant size during e arly growth. This result for kS ' was in line with preceding 
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results , which suggests that in the presence of  scion of  different genetic material, 

the shoot-root equilibrium was slower to develop than in seedlings. 



TABLE 2 . 6.  All o m etric rela tio n s h ip between shoot  a nd r o o t  dry weight (k  T) 
o f  n a s h i  trees o v er the co urs e of s e cond y e a r  of growth 

* 1  
Time SCion/rootstock In a se( ln  a) kT se (kT ) 

* 

February 1 988 - 1 / 1 0.927 0.880 0 .924 a 0 . 1 66 
February 1 989 H/1  1 . 478 0 .858 0 . 8 1 0  a 0 . 1 80 

N/1  0 . 934 1 .0 1 9  0 . 894 a 0 . 2 1 1 
2/2 -0 .76 1 1 . 1 78 1 . 1 98 b 0 . 209  
H/2 -0 .259 3 .064 1 . 1 1 8  ab  0 .63 1 
N/2 - 1 .694 2.784 1 . 402 b 0 .594 
3/3 1 . 028 0 .680 0 .833 a 0 . 1 1 8 
H/3 - 1 .856 1 .220  1 .3 77 b 0 .234 
N/3 -0 .288 0 .786 1 . 0 46 a 0 . 1 55 

- kT values from slopes of l inear regressions of In y = In a + kT ln x, where y is shoot 
d .wt. and x is root d .wt. Each parameter estimated from 1 5  plants. . 

- Comparisons of kT based on t-test (p S O.05) ,  df(error) = 26. 
- * 1  = Standard error. 
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R2 (C/o)  

70 .4  
69.2 
59.9 
80 .4  
23 .9  
74 .9 
79 . 2  
74 .2 
77.7 

TABLE 2 . 7 .  Allom e tric rela t i o n ship . b e t w e e n  s t e m  a n d  r o o t  dry weight (k  S) o f  na shi  
trees o v e r  t h e  c o urse of s e c o nd year o f  growth 

* 1  
Time Scion/rootstock In a se(ln a} kS se (kS ) 

* 

February 1 988- 1 / 1 0 .834 0.649 0 .909 b 0 . 1 23 
February 1 989 H/1  0. 749 0 .595 0 .923 b 0 . 1 25 

N/1  0 . 264 0.6 1 8 0 .953 be 0 . 1 28 
2/2 0 .088 0 .955 1 .008  be 0. 1 70 
H/2 -0 .982 2.575 1 . 238 c 0 .530 
Nj2 -4.260 0.696 1 . 900 d 0. 1 43 
3/3 1 . 1 66 0.555 0 . 776 a 0 .097 
H/3 - 1 .2 1 6  0.859 1 . 2 1 4 c 0. 1 65 
N/3 -0.329 0.6 1 2 1 .002 be 0 . 1 2 1  

K S values from s lopes of l inear regressions of I n  y = In a + kS I n  x ,  where y .is 
stem d .wt. and x is root d.wt. Each parameter estimated from 1 5  p lants. 
Comparisons of kS based on t-test (p S 0.05), df(error} = 26. 
*1 = Standard error. 

R2 (C/o) 

80.9 
85 .8 
83.5 
8 1 .5 
35 .3 
98 .9 
83 .2 
8 1 .9 
84 . 1 



Figure 2 . 1 0 .  Allometric relationship between shoot and root dry 

weight ( kT ) o f  nashi t rees over the course of s econd year o f  

growth . 

Scion/ rootstock 1 / 1 : R2 = 7 0 . 4 % ,  Y = 0 . 92 7  + 0 . 92 x ,  

H / 1 : R2 = 6 9 . 2 % ,  Y = l .  4 7 8  + 0 . 8 1 x ,  

N / 1 : R2 = 5 9 . 9 % ,  Y = 0 . 9 3 4  + 0 . 8 9 x ,  

2 / 2 : R2 = 8 0 . 4 % ,  Y = - 0 . 7 6 1  + l . 2 0 x .  

H / 2 : R2 = 23 . 9 % Y = - 0 . 2 5 9  + l . 12 x ,  

N/2 : R2 = 7 4 . 9 % ,  Y = - 1 . 6 9 4  + l .  4 0  x ,  

3 / 3 : R2 = 7 9 . 2 % ,  Y = 1 . 0 2 8  + 0 . 8 3 x ,  

H / 3 : R2 = 7 4 . 2 % ,  Y = - 1 . 8 5 6  + l .  3 8  x ,  

N/3 : R2 = 77 . 7 % ,  Y = - 0 . 2 8 8  + l .  0 5  x ,  



8 . 0  

7 . 2  

� o 5 . 6 
-

4 . 8  

4 . 0  

3 . 0  

Tre atment  0 & 0 1 / 1  
N/2 

o 

o . 

3 . 8 4 . 6  

, I 
I I 

. / 1 I I 
" / // 1 1/ / , //// 

I if/ , 0/1/,1-
I I / I ,. 

I t. 
( .,�' 

I ' , 

." . ,.f �,/ 

o 0 I If
/

\ 

• 0 ' A�' , 
• 0 .hJ' �:/ 
O ;j' ; I , 

I / .&. ;' 
I '" ,,* 

68 

5 . 4  6 . 2  7 . 0  

J 

In (root dry weight) 

o 0 0 H/ 1 
-Ir--#s--A 3/3 

N/ 1 
-Ir--ts - -/J. H/3 

• • • 2/2 .-.--. H/2 
�--6-- N/3 



Figure 2 . 1 1 .  Allometric relationship between stem and root dry 

weight ( k S ) of nashi trees over the course of second yea r  o f  

growth . 

Scion/ rootstock 1 / 1 : R2 = 8 0 . 9 % ,  Y = 0 . 83 4 + 0 . 9 1 x ,  

H / 1 : R2 = 8 5 . 8 % ,  Y = 0 . 7 4 9  + 0 . 92 x ,  

N/ 1 : R2 = 8 3 . 5% ,  Y = 0 . 2 6 4  + 0 . 95 x ,  

2 / 2 : R2 = 8 1 . 5 % ,  Y = 0 . 0 8 8  + 1 .  0 1  x .  

H / 2 : R2 = 3 5 . 3 % Y =-0 . 9 8 2  + 1 . 2 4  x ,  

N/2 : R2 = 9 8 . 9 % ,  Y =-4 . 2 6 0  + 1 .  9 0  x, 

3 / 3 : R2 = 8 3 . 2 % ,  Y = 1 . 1 6 6  + 0 . 7 8  x ,  

H / 3 : R2 = 8 1 . 9 % ,  Y =-1 . 2 1 6  + 1 . 2 1  x ,  

N/3 : R2 = 8 4 . 1 % ,  y =-0 . 32 9  + 1 . 0 0 x, 
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2.4. D IS CUSSION 

2.4 .1 .  G rowth of  Nashi Trees after Budding 

70 

The size of scion-budded trees was markedly smaller than rootstock trees, 

irrespective of rootstock vigour, over the two year period observed. It appears, 

therefore, that properties of the scion initially limited growth. This phenomenon 

has also been reported in apples of the same age (Vyvyan 1955) .  Growth of trees 

composed of different clones was not lower than those of similar clones within the 

first year after budding, although this occurred in the later years. It was also noted 

that the growth of these trees was not substantial during this period. In contrast, 

for young nashi trees in this experiment, growth was many fold greater after one 

year of growth (Fig. 2.3 to 2.7). This difference may have been caused by both 

site and species differences .  Growth in the second year was, however, much 

greater in apples than nashi trees, i .e . ,  6 to 8 compared to 3 to 4 fold (Table 2.3). 

In apples, there was no apparent effect of residual root size on the growth of apple 

trees, in early years (Vyvyan 1955). In the second year, the size of the trees was 

already, more or less, in the order of rootstock. This phenomenon did not occur in 

nashi trees. The scion suppressed growth in the fIrst year. When stronger growth 

occurred (a season later than rootstock trees) the effect of the imbalance in shoot­

root ratio predominated. The size of scion-budded trees was in the expected order 

of scion growth potential, and not apparently related to rootstock (Table 2.3) .  A 

similar effect has also been noted by Rogers and Beakbane ( 1957), who recorded 

that scion p erformance over the first two to three years of age provided a 

s ufficient ly  reliable indication of the long term influence of that scion . 

Considering that a scion bud was worked onto a well established and relatively 

large root system (compared to the size of scion bud), the imbalance of these two 

systems would persist for at least some time. This phenomenon, however, has not 

been observed in transplanted seedlings, which might be regarded as the opposite 

situation (Vyvyan 1934) . This may be due to more rapid rebalancing of shoot-root 

ratio in transplanted seedlings. The data indicate that growth activity may be less 

flexible in shoots than roots. 

There was no visible evidence of incompatibility. For instance, there was 

no breaking at the (bud)graft�union, over growth at, below or above the union, 
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union, unusual leaf yellowing, or  growth decline at  early age, etc. (Hartmann and 

Kester 1 983;  Gamer 1988) ,  observed during the period of the experiment. I t  was 

noted that fail ure of bud-take on rootstock 2/2 was high (60% of total replicates for 

thi s  treatment, compared to 1 0-25% in o ther scion-budded trees, and 0- 1 % in  

rootstock trees). According to Jones ( 1 974), the graft-union commonly impedes a 

reasonable fraction of growth factors ascending  fro m  the roots . There i s ,  

therefore, the possibility of  a difference in the degree of completeness of graft 

unions ,  which may have impaired the performance of  rootstock 2/2 .  The 

conductive union formed between like tissues i s  more rapid, providing  greater 

growth substrate flows, than those fonned between unlike tissues. Alternatively, 

Vyvyan (1955) has proposed that the slower growth of scion-budded trees is due to 

the m u tua l  adjustments of the ir growth habits, and the commencement and  

cessation of growing periods. 

On the other hand, there was no difference between rootstocks i n  terms of 

vigour. Vigour of all rootstocks appeared to diminish with time and final tree size 

was not  well rel ated to initial rootstock vigour. For example, the potential ly 

v i g o r o u s  roo t s t o c k  (2/2) w h i c h  had a d i s t i n c t l y  l arger  roo t  s i ze had a 

correspondingly large leaf area,  leading to large top size and hence a large tree 

compared to other treatments. This vigour potential, however, was apparent only 

during the first season and disappeared thereafter. This result indicates that early 

growth of trees on an unknown rootstock is not adequate for forecasting the overall 

growth potential of the mature tree. Rogers and Vyvyan (1957) also concluded 

tha t  vigour pote n ti a l  of  a tree c ould change at later ages.  Furthermore, the 

evidently greater growth of the rootstocks over the scion-budded trees has been 

observed to diminish with age (Tubbs 1980). At five years of age, the fonner was 

smaller than the l atter. Other evidence in pear also indicated a similar reversal 

(Tubbs 1 977 a). The relative vigour of Quince C, compared to other quince 

rootstocks, was reversed when i t  was mature. For these reasons,  youn g  trees 

proved u nsuitable for the study of allometric relationship. Consequently, caution 

should be expressed when comparing the response of young budded tree s  to 

external treatmen ts ,  since the work on young trees would have limited value in 

relation to mature trees . 



2.4 .2. C h a ra cterist ics of Scions and R ootstocks 
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Neither rootstock nor scion morphological characteristics appeared to be 

changed by the partner. S imilar results were reported in two-year old apple trees 

(Rogers and Vyvyan 1 957) .  Root size continued to be a function of the rootstock, 

while the ramification of shoots remained related to the scio n  characteristics. It 

was clear at the final harvest that root size of the scion-budded trees was clustered 

with respect to rootstocks (Table 2.2, 2.3 and Fig. 2.2) . On the other hand, profuse 

branching of rootstock shoots contrasted with the shy branching of the scions (data 

not shown). Distinctive leaf characteristics, e.g. leaf size, of the scions was also 

unaltered by the rootstocks (Table 2. 1 ) .  

Nevertheless, s c i o n  infl uence on t h e  commencement  o f  root activi ty, 

during the active p eriod, was obvious. The presence of a c ultivar bud on the 

rootstocks delayed the commencement of root activity in early spring (Fig 2.6). 

As a consequence, at this time, the rootstocks gained in total weight rapidly while 

the scion-budded trees s howed little or no increment irrespective of rootstocks 

(Fig .  2.7) .  Although all root measures tended to indicate this effect (Table 2.2, 

2.3), only root volume (Fig. 2.2) and dry weight (Fig. 2.6) showed differences with 

respect to rootstocks. In fact, an abundance of white roots on rootstock trees at 

this time was observed, reflecting the high activity of the roots. The close relation 

between these two attributes seems to indicate that volume is better related to root 

activity, probably because it combines properties of root length and root n umber. 

Tan et al. ( 198 1 )  and Richards ( 1986) has also reported that root volume is well 

correlated to growth of plants. 

2.4.3.  Pattern of G rowth D is t ri but ion in Young Nash i  T rees with 

Respect t o  Seasonal Changes 

T h e  movement of t h e  p hotoassimi lates and c arbohydrate reserves i n  

relation t o  seasonal changes w as accounted for b y  changes i n  the proportions of 

organs in the trees. The increment of dry weight within a young n ashi tree 

partitioned into approximately 45% and 55% in stem and roots respectively, during 

the dormant period. The construction of new leaf mass c aused a pronounced 
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reduction i n  the root proportion during early spring. In the presence o f  l eaves, 

which comprised less than 20% of the plant, the fraction of either stem or roots was 

reduced to 40%. The result was in accord with the radioisotope study of Hansen 

and Gra u slund ( 1 97 3 )  who found that prior to leaf fall ,  most of the radioactive 

carbons fed to leaves were transferred to roots, within which the reserves were then 

formed. The reduction of the root fraction appeared to be positively correlated 

with the degree of new growth produced by the shoot (Table 2 .4) ,  being much 

greater in the rootstocks (Table 2 .4) . Root activity of the scion budded trees 

appeared, therefore, to h ave been retarded. 

2.4.4. S hoot-root Ratios of Young Nashi Trees after B u dding 

A l t h o u gh t h e  e ffe c ts of severe s h oo t p runing was o bvious  i n  both 

rootstock and scion budded trees, the timing of the response of these two groups 

appears to be different between scion-budded and rootstock trees. The increase of 

shoot-root ratio due to the pruning effect remained apparent in the rootstocks only 

during the . first year, while it  persisted into the second year in scion budded trees. 

In o ther w ords,  the s hoot-root equil i brium was a ttained more rapidly in the 

rootstocks. In contrast to newly plan ted cuttings, the i nitial shoot-root ratio was 

low and hence ,  the absorption rate must also have been low, despite the fact that 

there was a l arge number of roots for each shoot unit. These results i ndicate that 

although shoot-root interactions may regulate growth in the seedling trees on their 

own roots, this mechanism does not operate alone in worked trees ,  at least during 

the early years after budding, as has also been noted by other works (Tubbs 1973). 

2.4.5. Allometric Relationships of Young Nashi T rees after Budding 

The fact that variation in shoot dry weight was inadequately explained by 

the coefficient of determination (R2) of the allometric equations for scion-budded 

trees, c ombined with conclusions reached for other attributes, indicates that the 

residual effects due to budding in these plants most strongly influenced the pattern 

of growth distribution during the experimental period. 

It may be premature to draw more than very tentative c onclusions from 

the results of this investigation, which was confined to three rootstock seedlings, 
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and budded trees of the rootstocks and two scions for two seasons of growth. The 

results , taken in conjunction with those from other investigations, however, seem 

to indicate the unsuitability of the young fruit trees for studying of allometric 

relationships and shoot-root relationships. For this purpose, annual crop plant, 

such as tomato, may be more appropriate. 
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CHAPTER 3 

THE ROLE O F  G IBBERELLIC ACID ON G ROWTH AND 

SHOOT-ROOT ALLOMETRY OF TOMATO SEEDLING S  

3. 1 .  INTRO D UCTION 

The mec hanism distributing the growth increment between two inter­

dependent systems within a plant in an allometric manner has long been proposed 

to be regulated via hormonal signal (s) (Went 1938 ;  Warein g  1970). Various 

studies have i ndicated that one group of such hormones might be gibberellins 

(GAs) (Phillips 1 964; Jones and Phillips 1 966; Reid et al. 1 969; Reid and Crozier 

1 97 1 ;  Carmi and Heuer 1 9 8 1 ) . For instance, there is evidence which indicate that 

root tips are potential sites of GA biosynthesis (Phillip s  1 964; Jones and Phillips 

1 966). 

The use of growth regulators is based on the premise that they will be 

absorbed and act as chemical stimuli in a similar manner to endogenous sources of 

analogous hormones. If root produced hormones are mediators of root dependent 

shoot phenomena, i t  should be possible to mimic effects o f  intact roots with 

exogenously supplied growth regulators. S uch responses have been demonstrated 

in many experiments. For instance, exogenously supplied GAs have been shown 

to stimulate expansion of excised-leaves (Beakbane 1 965), and to restore growth o f  

the t o p  of plants in w h i c h  root growth is limited by root inundation (Reid and 

Crozier 1 97 1 ) ,  or restriction (Carmi and Heuer 198 1 ). This raises the question of 

whether GAs have such a role in controlling the allometric growth relationship 

between the shoot and the roots, and therefore, the overall plant growth via the 

activity of the root system. When roots are actively growing, tips are inevitably 

produced in abundance (Maggs 1 965; Werner and Young 1982). The question 

therefore arises, is information relating to increased root growth communicated to 

the shoot by the level of GAs produced by the roots and translocated upwards? 

In this study, since the shoot-root relationship was to be closely examined, 

an aeroponic  s ys tem was u se d  to conduct the experiments for the following 

reasons: 
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(a) . Root harvest could be managed efficiently and effectively. In a conventional 

soil system, i t  has been estimated that one-third of the roots may be lost during 

harvest  (Van Noordwijk and Floris 1979). 

(b). Limitation s  in root environments could be eliminated. S oil physical and 

biological properties make it  difficult to create an ideal and uniform soil medium 

(Letey 1 9 85) .  Due to the activity of individual roots, a depletion zone may be 

created in soil around the roots, which results in competition between roots for 

nutrients. This together with limitation in water and oxygen supply, which may be 

limited in conventional soil or water medium systems (Hurd 1 978 ;  Nir 1980) can 

be eliminated. Confounding effects caused by the interaction of roots with their 

surroundings may als o  be eliminated in aeroponic systems.  The d ynamic 

i nteraction c aused by the root  properties and the soil environment which may 

confound the plant response have not  been eliminated in  many experiments in  

which application of  external growth regulators has been performed. All such 

factors must  be removed if  the effects of treatments under scrutiny are to be 

identified. 

(c). Growth regulators can be applied, in precise doses, directly to the root system. 

This enables the experimental procedure to more closely mimic an effect upon 

hormone synthesiS in the root system and consequent export of hormone to the 

shoot is  affected. In addition, growth regulators fed in this way are most likely to 

move with and become part of the natural root hormone complement. 

In the first experiment described here, GA3 was applied as sprays to roots 

and shoot systems to mimic the effects of endogenously synthesized gibberellins 

produced in those organs. It was also considered that by using the separate sites of 

application, differences in response due to the site of origin or due to translocation 

of the chemical to the alternate organ might be identified. 

In the second GA experiment, treatments  were changed to ensure a 

continuous supply of a sufficiently high level of GA3 was maintained throughout 

the course of the experiment. It was proposed, that by exposing the shoot or the 

roots to a more-or-less constant dose of exogenous chemical over time, this would 

more closely mimic the natural system in a continuously and uniformly growing 

plant. Furthermore, such a system would be less artificially dynamic and make 

interpretation of responses less error prone. 
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3.2. MATERIALS AND METHODS 

3.2.1. Experiment 1 

3.2.1.1. Experimental  Procedure 

The experiment was conducted during a period of 9 weeks from March to 

May 1 988 in a 3x6 m glasshouse where temperatures were kept between 1 5  and 

250C using a heating system and fan ventilation. Tomato seeds, cultivar VF 1 45-

21 -4 P, were p re-germinated on moist  blotting p aper for 5 days at 1 00% RH. 

Seedlings were transplan ted to 4-c m-diameter pl ix seedling trays, containing 

p umice and fine  s a n d  mixed in the ratio of 1 :  1 (vol/vol) with a complete 

complement of fertilizers. Four-week old seedlings consisting of 5-6 leaves were 

selected and tran sferred into slots m ade on the c over of an aeroponic tank. 

Individual seedlings were spaced at 20 cm within e ach slot with 15 cm between 

slots giving a total of 24 plants per tank. Each plant was supported by a string, 

one end of which was tied loosely to the stem base, from where it was spiralled 

along the stem length, and attached to an aluminium frame above the cover (Plate 

3.1). 

The aeroponic system consisted of nutrient solution (with or without plant 

growth regulator) circulating through a tube between a reservoir covered with a 

tight lid and coated entirely with black polyvinyl sheet, and a closed, painted and a 

galvanized tank (plate 3.1 ) .  The tank, 60 X 1 20 X 55 em in size, was inclined 

slightly towards the drain. It was covered with a slightly larger wooden cover, in 

which four 1 em wide slots were made at 1 5  em apart. Beneath the cover, white 

polyvinyl sheets were applied and cut  along each slot to reduce the gap and 

minimize water loss while allowing the suspended to grow in the slots. Solution 

was pumped through tubing formed, inside the tank, into a rectangular closed loop, 

on which 1 0  jets fixed 1 0  em apart (Fig 3.1) provided a continuous fme spray to all 

points of the tank. The main tube was connected to a pump (Tsurumi, model 

Family-5 , outp u t  45 watts,  c ap acity max. 3 5  l i tres.min-1 ),  submerged in the 

experimental solution in a reservoir housing the p ump. The run of the sprays 

inside the tank drained through a hole at the lowest  point of the aeroponic tank 
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1 20 em. 

55 em. 

45 watts 
max. 35 litres.miii 1 

Figure 3 . 1 .  Schematic diagram o f  the aeroponic system . 

P late 3 . 1 . Layout o f  the experiments us ing growth reg·ulators . 
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back to the pump reservoir. Each system contained 15 l i tres o f  nutrient (and 

growth regulators) cycling between the tank and the reservoir. The solution, for 

all treatments, was replaced twice a week or when 80% depleted in any reservoir, 

whichever came first. Jets were checked daily and replaced if not functioning 

properly. 

Designated treatments were applied to tomato plants following a two 

week period of e s tablishment. G ibberellic acid (GA3,  MW 346.38 ,  DBH, 90% 

a.i .)  was dissolved in 10 ml of 90% ethanol and then diluted with distilled water to 

make up a stock solution containing the desired concentration. The solution was 

stored in a dark, cool room (SoC) until diluted and used. Two times a week, shoot 

treatments of aqueous GA3' were carefully applied with hand pressurized sprayers, 

which gave a fine mist at the rate of 6-7 ml per plant. A cardboard shield was 

used to intercept drift while spraying. Plants were thoroughly wetted, without run 

off to c o n tamin a te the nutrient solution. Treatments with  no G A 3  shoot 

application were sprayed with distilled water (containing the similar concentration 

of ethanol) .  To apply root treatments, the cover of each aeroponic tank was 

removed with plants suspended in place. Individual root  systems were then 

sprayed in a similar manner to the shoots, except that within three minutes of G A3 

application roots were thoroughly rinsed to minimize subsequent contamination of 

the nutrient solu tion with GA3' The plants (suspended on the cover) were then 

returned to the aeroponic system. 

3.2. 1.2. Experimental Design 

Four sets of the aeroponic system were arranged along the length of a 

glasshouse. Four plants per treatment (plus six extra plants to be harvested prior 

to treatments) were randomly assigned to four individual tanks, each of which 

therefore represented a block. After an acclimatization period of two weeks, one 

plant was harvested for each treatment per block as the zero time harvest to give an 

initial dry weight for the calculation of relative growth rate (not u sed to contribute 

to pooled mean and its ANOV A). Three subsequent harvests were made at 

weekly intervals. The same number of plants were culled at each harvest, which 

was planned as a 2X3 factorial experiment in a RCBD, with two levels of GA3 
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concentration as  a foliar spray (factor A)  and three levels as a root spray (factor B) .  

The application zone and concentrations, and the composition of nutrient solution 

used are shown in Table 3 . 1  and 3 .2, respectively. There was no physiological 

basis for the selection of these concentrations, or frequencies of application, other 

than to ensure a plant response without visible damage to the tissues. All data 

were eventually pooled and considered as split-plot-in-time experiment in a RCBD, 

with the factorial treatments as the main plot and time as the sub-plot factor. 

3.2.1 .3. Col lect ion of Data 

Similar harvesting procedures and measurements to the nashi study were 

followed. All harvested materials were eventually dried at 700C for 48 hours and 

then weighed. 

The parameters measured at each harvest were: 

Leaf : 

- Leaf area (Licor area meter model 3100) 

- Leaf number 

- Leaf dry weight 

Stem : 

- Total shoot length 

- Individual internode length 

- Internode number 

- Total lateral length 

- Branch number 

- Total stem dry weight 

Root : 

- Root length (Comair root length scanner) 

- Root number 

- Root dry weight 
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TABLE 3 . 1 .  S i t e s  o f  appli c a ti o n  a nd GA3 c o n c entra tions u s e d  in experim e n t  1 

GA3 treatment 

Control 
Shoot O , Root 1 
Shoot 0 ,  Root 2 
Shoot 1 ,  Root 0 
Shoot 1 ,  Root 1 
Shoot 1 , Root 2 

Shoot appl ication 

D isti l led water 
D istil led water 
D isti l led water 
2 .6  X1 0-5 M GA3 
2 .6  X 1  0-5 M GA3 
2 .6  X 1  0 -5 M GA3 

Root application 

NFT solution 
NFT + 2 .6 X 1 0-6 M GA3 
NFT + 2 .6  X 1  0-5 M GA3 
NFT solution 
NFT + 2.6 X 1  0-6 M GA3 
NFT + 2.6 X 1  0 -5 M GA3 

TABLE 3.2 .  C o m p o s ition o f  s t o c k  a n d  n ut ri e n t  film solutions used in t h e  
a er o p o n i c  expe rim e n t s  ( a fter C o oper 1 9 79 )  

ml stock soln 
g. per 2 l itre per l itre of g .  per 1 00 l i tre 

Chemicals stock soln final soln fina l  soln 

Major elements 
-KH2P 04 1 3 1 .5 4 26 .5  
-KN03 29 1 . 5  4 58 .3 
-Ca(N03)2.4H 20 5 0 1 .5 4 1 00 . 3  
-MgS04·7H2O 256.5 4 5 1 .3  

Minor elements 
-EDTA iron 1 58 .0  7 .9  
-MnS04 ·H20 1 2.2 } 0 .6 1 
-H3B03 3 .4 } 0 . 1 7  
-CuS04·5H20 0 . 78 } 0 . 039 
-(NH4)6M07024.4H2O 0 .74 } 0 .037 
-ZnSO 4' 7H2O 0 .88 } 0 .0 44 

The four major e lements and i ron were kept i n  separate two-litre bottles, whi le the other m inor 
elements were stored together in another bottle .  The amount of stock was taken  at the rate 
shown in the third column to make up each l i tre of tinal solution . The pH was adjusted to 5 . 8-
6 . 0  using d i lu ted n i tr ic acid and potassiu m  hydroxide. 
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3.2.1.4. Data Analyses 

Mean Analyses and Comparisons 

Mean analyses and comparisons, and estimation of k-values were similar 

to those described in the nashi study. With only four replications at each harvest, 

however, regression analysis could not be performed. Thus ,  allometric constants 

( k-values)  were computed only for the combi ned harvest .  Comparisons of k­

values were made by unprotected Lsd test (at p � 0.5) .  

Calculation of Ratios of Relative Growth Rates and their Variances 

Relative growth rates were calculated as described in the previous s tudy. 

The ratio of two RGR(s)  was then derived directly fro m  the  calcul ated RGR 

means ,  e .g . ,  

The approximation o f  variance  o f  the ratio was derived  using the following 

equation (Gordon et al. 1 972) : 

where Vx/y 

x 

y 

Yx 
Vy 

cov(x,y) 

is variance of ratio x to y; 

is expected value of x; 

is expected value of y; 

i s  variance of x; 

is  variance of y; 

is  covariance between attribute x and y. 



3.2.2. Experiment 2 

3.2.2. 1 .  Experimental Procedure and Design 
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Apart from the experimental procedures which were carried out (between 

J u n e  and S ep tember 1 9 8 8 )  i n  the s ame w a y  as in the first GA 3 e x p e riment,  

treatments  were applied to o ne s ite  per p la n t  only  since neither additive nor 

i nteractive res ponses between shoot and root GA3 were considered further. S hoot 

spray w a s  c o n d ucted a s  d e s cribed prev i o u s l y  ( s e c t i o n  3 . 2 . 1 . 1 ) , w h i l e  root 

appl icat ion was achieved b y  i ncorporatin g  the stock solution i nto the n utrient  

s y s te m, there b y  faci l i tatin g  cont inuous  a p p l ic ation.  Treatmen ts o f  one s hoot 

concentration at 2.9 X 1 0-5 M, two root concen trations at 5 . 8  X 1 0-5 and 2.9 X 1 0-

4 M and a water, control treatment, were allocated at random to the tanks. The 

constrai n t  o f  supplying o n e  treatmen t  to each tank prevented blocking.  Each 

h arvest, a s  well  as pooled harvest data, was c onsidered as  lists of treatmen ts (with 

internal replications only).  

3.2.2. 2. Collection of Data and Data Anal vses 

Destructive harvests c ommenced a week after treatment applic ation and 

were made at one week i n tervals. S imilar procedures to the previous s tudy were 

used for data collection and analyses.  One difference, however, was t h at in this 

e xperime n t  the s upply o f  G A3 solu tion s to roots imposed a c o n s trai nt  s o  that 

b l o c k i n g  was not p o s s i b l e  a s  each i n di v idual  tan k could repres e n t  only one 

treatment.  Data collected at e ac h  h arvest were therefore analysed a s  l ist  analyses ,  

using analysis  of variance ( ANOV A) and least  significance difference (Lsd) test. 

Pooled data for e ach attribute across all h arvests were analysed in the same manner 

(with time effect extracted out) .  Calculation of al l derived mea n s  fol lo wed the 

same methods described previously i n  section 3 .2. 1 .2. 
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3.3. RESULTS 

3.3. 1 .  Experiment 1 

Analys i s  of variance showed that there was no s ignificant i n terac tion 

between the two factors (A = s hoot and B = root appl ication) ,  ei ther at any harves t  

or in  pooled data, for al l attribu tes  i nves tigated. That is because the  shoot/root 

GA3 effects were not additive and are not rel ated to shoot or root treatments ,  the 

effects of eac h  treatment were distinctively expressed, and often, inconsistent with 

time (e.g . Table 3 . 3 ,  3 .4 and 3. 8) .  Thus, each A *B combination was treated as a 

single individual treatment, ignoring  the factors . In addition, within the range of 

root application studied, GA3 did not exhibi t  an unequivocal dose-response. For 

instance, the degree of reduction in leaf area (Table 3 . 3) and leaf dry weight (Table 

3.4) c aused by the two root concentrations fluctuated with time, as also occurred 

with the s timulatory effect on s tem dry weight (Table 3 .4) and stem weight  ratio 

(Table 3 . 8) .  From these observations,  it fol lows that, by and large, root treatment  

did not  give a response at a l l .  There appears to be two groups of responses, with 

respect to shoot treatments (Table 3 . 8).  The responses to shoot treatments were, 

clearly ,  significant ly different from the control i n  the proportions of organs to total 

p l a n t  dry weig h t ,  w h i l e  no c o n s i s te n t  responses were observed by t h e  root 

treatments. On the other hand, at the same concentration, a shoot spray general ly 

showed a s tronger effect than root application.  This may partly due to differences 

in effectiveness of the  application procedure; water rin sing  fol lowed only  root 

spray treatments .  

3.3. 1 . 1 . Changes in  Leaf Attributes 

Leaf Area 

Leaf area i n creased w ith time i n  a l l  treatments (Table 3 .3) .  Although 

differences among means were not significant, shoot treatments,  in  general, tended 

to reduce leaf area. 
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TABLE 3 . 3 .  C h a n g e s  in l e a f a ttrib utes with tim e a s  a f f e ct e d  b y  GA3 treatments 
( experim e n t  1 )  

Leaf a rea Specific 
Harvest Leaf area ratio leaf area 
no. GA 3 treatment cm2 cm2. m g- 1  cm2.mg- 1 

ns n s  n s  
Control 830 0 . 1 70 0 . 292 
S hoot 0, Root 1 764 0 . 1 93 0 . 320 
Shoot 0 ,  Root 2 864 0. 1 96 0 . 329 
Shoot 1 , Root O 7 2 1  0 . 2 1 3 0 . 357 
Shoot 1 ,  Root 1 72 1 0. 1 97 0 . 332 
Shoot 1 ,  Root 2 987 0.20 1 0 . 340 

se 1 4 1 0. 1 0  0.0 1 7  

ns ns ns 
2 Control 1 9 1 0  0.2 1 1 0 . 359 

Shoot 0 ,  Root 1 1 644 0.2 1 1 0.378 
Shoot 0, Root 2 2 079 0.2 1 2  0.383 
Shoot 1 , Root O 1 745 0.207 0.380 
Shoot 1 ,  R oot 1 2 5 43 0.2 1 0 0. 348 
Shoot 1 ,  R oot 2 2292 0 . 20 7  0 . 356 

se 346 0.008 0 . 0 1 3  

ns ns ns 
3 Control 3 760 0. 1 79 0 . 299 

S hoot 0, R oot 1 3 278 0 . 1 86 0.307 
Shoot 0 ,  Root 2 3 1 47 0. 1 85 0. 307 
Shoot 1 ,  Root 0 2756 0. 1 53 0 . 275 
Shoot 1 ,  Root 1 3 866 0. 1 66 0 . 292 
Shoot 1 , R oot 2 3 343 0 . 1 5 9  0.28 1 

se 498 0.008 0 .0 1 5  

ns ns ns 
Pooled Control 2 1 67 0. 1 87 0 .3 1 6  

Shoot 0 ,  Root 1 1 895 0. 1 97 0 . 335 
Shoot 0 ,  Root 2 2030 0. 1 98 0 .3 40 
Shoot 1 , Root 0 1 740 0 . 1 9 1  0 . 337 
Shoot 1 ,  Root 1 2377 0. 1 9 1 0.324 
Shoot 1 , Root 2 2207 0. 1 89 0 . 326 

se 1 99 0.009 0 .0 1 5  

- Each n:ea� figur� from 4 replications with df(error) = 1 5 at harvests, and pooled mean from 1 2  
replications With df(error) = 36. 
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Leaf Area Ratio (LAR) 

There were no s ignificant effects of GA3 on LAR (total leaf area in 

relation to w hole p lant  dry weight) ,  although at the fi nal harvest the means 

appeared to separate into two groups;  viz. the control and root treatments, and the 

shoot/root treatments (Table 3.3). It seemed that LAR was not related to its leaf 

area, implying that the effect of GA3 on leaf area was probably via reduced plant 

size, not the proportion of leaf area per plant. 

Specific Leaf A rea (SLA) 

The general pattern of specific leaf area (the ratio of total leaf area to total 

leaf dry weigth) was similar to that of LAR (Table 3.3). While no significant 

differences were obtained at individual harvests or in the pooled mean, the latter, 

nevertheless ,  indicated a trend towards increased SLA following GA3 application. 

It was also noticed that the treated plants generally exhibited slight roll of leaf 

edges (see later, in experiment 2). 

3.3. 1 . 2.  Changes i n  A bsol ute G rowth 

Leaf Dry Weight 

No significant effects of GA3 on leaf growth (Table 3.4) were detected 

due to high variation, which was a major factor affecting the statistical outcome. 

It was noteworthy that leaf growth appeared to be decreased, at the first harvest 

only, by all GA3 treatments, except the shoot/root spray at high concentration. 

Stem Dry weight 

In contrast to other attributes , stem weight consistently appeared to be 

affected by GA3 treatments and differences were amplified with time (Table 3.4) .  

Nonetheless, the results remained non-significant at al l  harvests . Pooled means 

indicated that combined shoot/root treatments appeared to increase stem growth (p 

� 0. 13). 
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TABLE 3 . 4. C h a n g e s  in dry w e i g h t  of pla n t  orga n s  a nd w h o l e  pla n t  with tim e 
a s  a f f e c t e d  by GA3 tr e a t m e n ts ( experi m e n t  1 )  

Harvest Lw * 1  Sw * 2  Tw *3 Rw *4 W *5 

no.  GA 3 treatment 9 9 9 9 9 

ns ns ns ns ns 
Control 3 . 0 0  0 . 77 3 . 77 1 . 3 1  5 . 07 
S hoot 0 ,  R oot 1 2 . 4 1  0 .66 3 . 07 0 .9 0  3 .97 
S hoot 0 ,  R oot 2 2 . 62 0 . 70 3 . 3 2 1 . 0 6  4 . 38 
S hoot 1 ,  R oot 0 2 . 0 0  0 . 5 4  2.54 0 .82 3 . 35 
S hoot 1 ,  R oot 1 2 . 1 8  0 . 6 5  2 . 8 3  0 . 8 4  3 . 67 
S hoot 1 , Root 2 2 .92 0 . 9 4  3 . 8 5  1 . 1 0  4 . 9 5  

se 0 . 5 4  

ns ns ns ns ns 
2 Control 5 . 29 1 .60 6 . 89 2 . 1 2  9 . 0 1  

Shoot 0 ,  Root 1 4 .37 1 . 2 1  5 .58 2 .24 7 . 8 2  

S hoot 0 ,  Root 2 5 . 4 6  1 . 74 7 . 2 0  2 . 6 1 9 . 8 1  

S hoot 1 ,  Root 0 4 .65 1 . 6 1  6 .25 2 . 29 8 . 54 

Shoot 1 ,  R oot 1 7 .38 2 .22 9 .60 2 . 5 9  1 2. 1 9  
Shoot 1 ,  Root 2 6 . 42 2 . 1 1  8 .52 . 2 . 5 1  1 1 . 0 3  

se 0 . 9 6  0 . 3 3  1 . 28 0 . 4 2  1 .6 4  

n s  ns ns ns ns 
3 Control 1 2 . 7 1  3 . 6 3  1 6. 3 4  4 . 9 4  2 1 .28 

Shoot 0 ,  Root 1 1 0 .79 3 . 0 3  1 3 .82 3 .87 1 7.69 

Shoot 0 ,  Root 2 1 0 . 4 1  2 .88 1 3 .29 3.95 1 7 . 2 4  

Shoot 1 ,  Root 0 1 0 . 0 7  3 . 9 0  1 3 .96 4 . 1 5  1 8. 1 2  

Shoot 1 ,  Root 1 1 3 . 1 0  5 .25 1 8 . 3 5  4 .66 2 3 . 0 0  

Shoot 1 ,  Root 2 1 1 . 9 8  4 .79 1 6. 77 4 . 1 5  2 0 . 9 2  

se 1 . 6 0  0 .66 2 . 2 3  0 . 5 2  2 .6 6  

ns ns ns ns ns 
Pooled Control 7 . 0 0  2 . 0 0  9 .00 2 . 7 9  1 1 .79 

Shoot 0 ,  Root 1 5 .86 1 .6 3  7.49 2 . 3 3  9 . 8 3  
Shoot 0 ,  Root 2 6 . 1 6  1 .77 7.94 2 . 5 4  1 0. 47 

Shoot l , Root O 5 . 57 2. 0 1  7 .58 2 . 4 2  1 0 . 0 0  

Shoot 1 ,  Root 1 7 . 5 6  2 . 7 1  1 0. 26 2 . 69 1 2.95 

Shoot l , Root 2 7. 1 1 2 .6 1 9 . 7 1  2 . 59 1 2. 3 0  

se 0 . 6 3  0 . 2 3  0 .85 0 . 2 2  1 . 7 0  

- Each m�an 
.
figure .

from 4 repl ications with df( error) =: 1 5  at harvests, and pooled mean from 1 2  
repl ications with df(error ) == 3 6 .  

- * 1 '" Leaf d .wt . ,  *2 = Stem d.wt. ,  *3 := Shoot d.wt. , * 4  == Root d .wt. ,  * 5  == Whole p lant d.wt. 
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Shoot Dry Weight 

S hoot growth response gave mixed results of both leaf and stem growth, 

with no significant difference between treatments detected (Table 3 .4) at any 

harvest.  In general, leaf and stem growth appeared to be increased in the 

shoot/root treatments at individual harvests. The pooled means also reveal this 

tendency.  

Root Dry Weight 

Root dry weight increased with time in all harvests. No significant effect 

of GA3 on root growth was obtained despite very uniform reduction by GA3 at 

most harvests (p .6 0. 30 - 0.64). 

Whole Plant Dry Weight 

There was no significant effect  of GA3 on plant dry weight, due to 

substantial variation of the plant size (Table 3 .4). At the first harvest, GA3 effect 

appeared to be inhibitory but this did not persist. While the overall growth of 

plants was not influenced by shoot or root spray of GA3, leaf and stem growth 

appeared to be promoted by combined shoot/root treatments. 

3.3. 1.3.  Changes in  Relative G rowth Rates 

Despite quite a large range of means at each of the harvests, no significant 

difference were demonstrated for any RGR(s) (Table 3 .5) ,  due to considerable 

variation. All plants had a similar pattern of change in RGR(s) and progression in 

shoot RGR (RGRT) closely followed RGRL, indicating the strong influence of leaf 

growth rate over the shoot. Root RGR (RGRR) appeared to be affected by GA3' 

however, n o  significant difference was detected at any h arvest. The control 

RGRR was close to the extreme value at all harvests, in a manner that was similar 

to that in RGRL. 
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\BLE 3 . 5 .  C h a n g e s  i n  r e l a tive growth r a t e  o f  pl a n t  o r g a n s  a n d  w h o l e  pla n t  with 
tim e  a s  a ff e c t e d  by GA3 tr e a tm en t s  ( experim e n t  1)  

RGRL 
* 1 RGRS 

*2 RGRT
*3 RGRR

*4 
eek GA3 treatment g .g- 1 . day - 1 g .g- 1 . day- 1 g .g - l .daY ' g .g- 1 . dayl 

ns ns  ns ns 
Control 0 . 233  0 . 1 97 0 .224 0. 2 1 8  

(0 .049 )  (0 .045)  (0 .048) (0 .044) 
Shoot 0, Root 1 0 . 1 99 0 . 1 7 1  0 . 1 93 0. 1 60 

(0 .050) (0 . 046) (0 . 049) (0.046) 
Shoot 0, Root 2 0 . 2 1 0  0 . 1 75 0 .202 0. 1 84 

(0 .050)  (0 .048)  (0 .049) (0.046) 
Shoot 1 ,  Root 0 0 . 1 83 0 . 1 52 0 . 1 75 0. 1 56 

(0 .045) ( 0 .042) (0 .044 ) (0 .04 1 ) 
Shoot 1 , Root 1 0 . 1 9 1 0 . 1 73 0 . 1 87 0 1 55 

(0 .047) ( 0 . 042)  (0 .046) (0 .044) 
Shoot 1 , Root 2 0 .234 0 .227 0 .232 0 . 1 94 

(0 .047) ( 0 .042)  (0 .046) (0. 044) 

ns ns  ns ns 
Control 0 .082 0 .093 0 . 085 0 .070 

(0 . 029) (0 .035)  (0 .030)  (0.02 1 )  
Shoot 0 ,  Root 1 0 .094 0 .094 0 .095 0 . 1 38 

(0 .025) (0 .022)  (0 .024) (0 .024) 
Shoot 0 ,  Root 2 0 . 1 1 3  0 . 1 38 0 . 1 1 9  0 . 1 37 

(0 .027) (0 .029)  (0 .027) (0.021 ) 
Shoot 1 ,  Root 0 0 . 1 1 5  0 . 1 53 0 . 1 24 0. 1 38 

(0 . 0 1 9) (0 .0 1 4) (0 .0 1 7) (0 .023) 
Shoot 1 ,  Root 1 0 . 1 76 0 . 1 78 0 . 1 76 0 . 1 60 

(0 .020)  (0 .022)  (0 .020)  (0 .025) 
Shoot 1 , Root 2 0. 1 06 0 . 1 07 0. 1 07 0. 1 1 2 

(0 .026)  (0 .026)  (0 .026) (0 .029) 

ns ns ns  ns  
Control 0 . 1 25  0 . 1 22  0 . 1 24 0 . 1 1 7  

(0 .028)  (0 .039)  (0 .03 1 ) (0 .024) 
Shoot 0 ,  Root 1 0 . 1 29 0 . 1 30 0 . 1 29 0. 080 

(0 .0 1 4) (0 . 0 1 5) (0 .0 1 3) (0 .0 1 1 ) 
Shoot O , Root 2 0 .092 0 .074 0 .088 0. 056 

(0 .020)  (0 .022) (0 .020) (0 .0 1 7) 
Shoot 1 , Root 0 0 . 1 1 6 0 . 1 29 0 . 1 1 9 0 .094 

(0 .020) (0 .0 1 6) (0 .0 1 8) (0.023) 
Shoot l , Root 1 0 .080 0 . 1 20 0 .09 1 0 .087 

(0 .01 9) (0 .020)  ( 0 . 0 1 9 )  (0 .023) 
Shoot 1 ,  Root 2 0 .094 0 . 1 25 0 . 1 02 0 .080 

(0 .028)  (0 .028)  (0.027)  (0.027) 

':ach mean figure from 4 repl ications. 
'Aean separation within column by t-test (p  � 0 .05) .  
Standard error of  means in  bracket. 

* 1 = Leaf relative growth rate , 
*2 == Stem relative growth rate , 
*3 = Shoot relative growth rate, 
*4 == R oot relative growth rate , 
*5 == Mean relative growth rate. 

RGRW 
*5 

g .g- l . dayl 

ns 
0 . 222 

(0 .047) 
0 . 1 84 

(0 .048) 
0 . 1 97 

(0 .048 )  
0. 1 70 

(0 .043)  
0 . 1 78 

(0 .045)  
0 .222 

(0 . 045)  

ns 
0 .08 1  

(0 . 027)  
0 . 1 06 

(0 .023)  
0 . 1 24 

(0 .025)  
0 . 1 28 

( 0 . 0 1 8 )  
0 . 1 73 

(0 .020)  
0 . 1 08 

(0 .026) 

ns  
0 . 1 22 

(0 .029) 
0 . 1 1 6  

( 0. 0 1 0 )  
0 .079 

(0 .0 1 9) 
0 . 1 1 2  

(0 .0 1 9) 
0 .089 

(0 .01 9) 
0.098 

(0 .026) 
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3.3.1 .4.  C h anges i n  Al lometric Relat ions h ips Between S hoot 

and Root S ystem 

The coefficient  of determination (R2) for the regre s sion was h igh ,  

indicating that the  allometric relationships were very strong between the shoot 

constituents and roots. 

Leaf-root Allometry (kLJ 

The allometric relationship between leaves and roots was strong. The 

coefficient of determination (R 2) ranging between 90.6 and 94. 1 % (fable 3 .6). 

Gibberellic acid reduced the regression coefficient (krJ significantly, making the 

kL value of the control highest  of all  treatments. No significant difference 

between GA3 treatments was detected. All k values, however, were higher than 

unity, except the GA3 root treatment at higher concentration. 

Stem-root Allometry (kSJ 

A very strong allometric relationship was also found between stem and 

root (R2 between 90.9 to 97.2%) (Table 3 .6) .  Most of the values were greater than 

unity, while the kS of the control was greatest. The significant reduction of kS 
obtained at the low GA3 root treatment (fable 3.6), however, did not fit logically 

with other effects and stem weight ratio (discussed later). Overall the data suggest 

little effect by GA3 on kS ' 

Shoot-root Allometry (kTJ 

The concomitant  reduction i n  both kL and kT suggests the allometric 

relationship between leaves and roots is the prime influence governing the overall 

shoot-root allometry. Results indicate the shoot-root allometric value (kT) was 

reduced by all GA3 treatments compared to the control (Table 3 .6). A strong 

relationship (R2 between 89.4 to 96.8%) was also found to exist between these two 

attributes. The differences in the allometric association between organs explain 

l ittle of the data derived from the relationship between growth of organs of the 

.. 
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TABLE 3.6 .  C h a n g es in a ll o m e tric r el a t i o n s hips b e tw e e n  dry w e ight o f  s h o o t  
a nd r o o t  o r g a n s  a s  a f f e c t e d  by GA3 tr e a tm en t s  ( experim e n t  1 )  

GA3 treatment 

y '" Leaf dry weight  
Control 
Shoot 0, R oot 1 
S h oot O , R oot 2 
S hoot 1 , R oot O 
Shoot 1 ,  Root 1 
Shoot 1 ,  Root 2 

y = Stem dry weight  
Control 
Shoot 0, Root 1 
Shoot 0, R oot 2 
Shoot 1 ,  Root 0 
Shoot 1 , R oot 1 
Shoot 1 ,  Root 2 

y '" Shoot dry weight  
Control 
S hoot 0, Root 1 
Shoot 0 ,  Root 2 
Shoot 1 , Root 0 
Shoot 1 ,  Root 1 
Shoot 1 , Root 2 

* 1 
I n  a se ( In a) 

- 1 .695 0 .924 
- 0 . 2 4 2  0 . 693 
- 0 . 9 9 7  0 .655 

- 1 . 1 7 1 0 . 706 
- 1 . 0 73 0 . 684 
-0 .858 0 .793 

0 . 2 2 5  0 . 6 1 7  
1 . 357 0 . 7 3 6  
0 . 8 5 0  0 . 6 3 3  
1 . 1 5 5 0 . 453 
1 . 0 2 7  0 . 5 1 3  
1 . 1 8 1 0 . 686 

0 . 0 7 9  0 . 5 5 8  
1 . 1 35 0 . 80 2  
0 . 6 9 0  0 . 6 5 4  
1 . 1 59 0 . 4 1 6  
0 . 9 72 0 . 5 1 1 
1 . 1 34 0 . 6 9 1  

k se (k )  

* 

1 . 1 65 b 0 . 1 1 9 9 0 . 6  
0 . 980 a 0 . 0 9 1 9 2 . 0  
1 . 0 78 a 0 . 085 94. 1 
1 . 1 20 a 0 . 093 9 3 . 6  

1 . 1 28 a 0 . 08 9  9 4. 1  
1 . 1 03 a 0 . 1 0 3  9 2 . 0  

* 

1 . 1 1 6  b 0 . 07 9  97.2 
0 . 9 7 1  a 0 .097 9 0 . 9  
1 .0 3 4  b 0 . 082 94.0 
0 .996 b 0.060 96.5  
1 .037 b 0.067 96.0  
1 . 0 1 5  b 0.089 92.8  

* 

1 . 1 03 b 0 . 072 95.9  
0 .967 a 0. 1 06 89.4  
1 . 022 a 0.085 9 3 . 5  
0 . 95 7  a 0 .055 96.8 
1 .006 a 0 . 06 6  9 5 . 8  
0 . 982 a 0 .090 92.3 

- K values from slopes of l inear regressions of I n  y == I n  a + k I n  x, where y is either shoot, stem or 
leaf d.wt. and x is root d.wt. Each parameter estimated from 1 2  plants .  

- Comparisons of  k based on  t-test (p $ 0.05),  df(error) = 2 0 .  
- * 1 := Standard error. 
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plants in this study. 

The data gained from the experiment conclusively indicate that the shoot­

root ratio was increased by GA3 treatments. Another report (Wood and Hanover 

1980) suggests that such an effect might be expected, but that if this occurred it 

was not via an effect on the k value. The parameter of the allometric relation 

which was disturbed by treatments, in a way that is consistent with other data, was 

the value of intercept of the regression l ine (on the ordinate). Treatment effects on 

this parameter were most marked for the stem versus root relation in which it  

would have had the effect of initially increasing the stem to root ratio compared to 

the control. This effect i s  also apparent in the allometric relation between shoot 

and roots which reflects the influence of stem weight in the overall allometric 

relationship. 

According to Wareing (1 970), a strong allometric relation between plant 

organs is  evidence of a physiological link between the processes controlling the 

growth of those organs .  Further, since the logarithm of the dry weight gives an 

estimate of the RGR (Pearsall 1 927; Ledig et al. 1 970), the ratio of the RGR(s) 

may reveal additional components of this relationship. 

3.3. 1 .5.  Changes i n  Ratios of Relat ive G rowt h Rates 

Because of very high variation, the ratios of RGR(s) showed no significant 

difference at any harvest (Table 3.7).  The ratio of leaf to root relative growth rate 

(RGRLR) fluctuated i n  GA3-treated plants, although this was not so apparent in 

the ratio of stem to root relative growth rate (RGRSR) '  The ratios declined at the 

second week and increased in the third week. This trend was also apparent in the 

ratio between stem and leaf relative growth rate (RGRSU' One obvious trend of 

the data w as that GA3 shoot application i ncreased RGRS L towards the final 

harvest. The changes in the ratio of shoot to root relative growth rate (RGRTR) 

paralleled RGRLR which further indicates the influence of the latter on the overall 

shoot and root relationship. 
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TABLE 3.7 Cha nges in ra tios of rela tive growth rates with tim e a s  affected by 
GA3 treatments ( experim ent  1) 

Week GA3 treatment RGRLR 
* 1 

ns 
Control 1 .07 

( 0 . 3 1 5 ) 

Shoot 0 ,  Root 1 1 .25 
(0 .484) 

Shoot 0 ,  Root 2 1 . 1 4 
( 0 . 397)  

Shoot 1 ,  Root 0 1 . 1 7 

(0 .432)  
Shoot 1 , Root 1 1 . 23 

(0 .475 ) 
Shoot 1 , Root 2 1 .2 1  

(0 .37 1  ) 

ns 
2 Control 1 . 1 7  

( 1 . 348) 
Shoot 0 ,  Root 1 0 .68 

(0 . 523) 
Shoot O, Root 2 0 .83 

(0 .584) 
Shoot 1 , Root O 0.83 

(0 .595) 
S hoot 1 ,  Root 1 1 . 1 0  

(0. 583) 
Shoot 1 , Root 2 0 .95 

(0.755)  

ns 
3 Control 1 . 07 

(0 .695) 
Shoot 0, Root 1 1 .6 1  

( 1 . 1 27)  
Shoot O, Root 2 1 .63 

( 1 .68 1 ) 
Shoot 1 ,  Root 0 1 .23 

(0 .893) 
Shoot 1 , Root 1 0 .93 

(0.836) 
Shoot 1 , Root 2 1 . 1 7  

( 1 . 066) 

- Each mean f igure from 4 replicat ions. 
- Mean separation with in  column by t-test (p s O.05) .  
- Standard error of  means i n  bracket . 

* 1 == Ratio of leaf to root relative growth rate, 
*2 == Ratio of stem to root relative growth rate, 
*3 == Ratio of shoot to root relative growth rate, 
*4 == Ratio of stem to leaf relative growth rate. 

RGRSR 
*2 

ns 
0 .90 

(0 .269) 
1 .07 

(0 .4 1 7) 
0 .95 

( 0 .344) 
0.97 

(0 .366)  
1 . 1 2  

(0 .423 ) 
1 . 1 7  

(0 .340) 

ns 
1 .32 

(0 .582) 
0 .68 

(0. 1 77) 
1 .0 1  

(0 . 236) 
1 . 1 1 

(0. 1 70 )  
1 . 1 2  

(0 . 1 86) 
0.96 

(0 . 3 1 1 ) 

ns 
1 .05  

(0.393) 
1 .62  

(0 .252)  
1 .3 2  

(0 .52 1 )  
1 .36 

(0.360) 
1 .38 

(0 .4 1 3 )  
1 .56  

(0.608) 

RGRTR 
*3 RGRSL 

*4 

ns ns 
1 .03 0 .85 

(0.297) (0 .294) 
1 .20 0 .86 

(0.457) (0 .353) 
1 .09 0 .83 

(0 .375)  (0 .335)  
1 . 1 3  0 .83 

(0 .404 ) (0 .350)  
1 .2 1  0 .9 1  

(0.450 ) (0 .365 ) 
1 .20 0 .97 

(0 .354)  ( 0. 300) 

ns ns 
1 .20  1 . 1 4  

(0.498) ( 1 . 1 00 )  
0 .69 1 .00 

(0. 1 85 )  (0 .956)  
0 .87 1 .22 

(0. 2 1 2)  (0 .854) 
0 .90 1 .33 

(0. 1 59)  (0 .932)  
1 . 1 0  1 .0 1  

(0 . 1 85 )  (0 .524 )  
0 .95 1 .0 1  

(0 .307) (0 .839) 

ns ns 
1 .06 0 .98 

(0 .334) (0 .765)  
1 .60 1 .0 1  

(0 .235)  (0 .670) 
1 .56 0 . 8 1  

(0 .557) (0 .871  ) 
1 .26 1 . 1 0  

(0 .355)  (0 .793 )  
1 .05  1 .49 

(0.339) ( 1 .341 ) 
1 .27  1 .34 

(0 .530)  ( 1 . 1 46 )  
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The distribution of dry matter between the differen t  organs of the plant i s  

an  important measure of  the in teracting effects of  age, p lant size, and  the growth 

rates of individual organs .  The previous section analysed the effects of treatments 

on plant dimensions and growth rates of the plant and its component parts. This 

sect ion discusses how the differences between treatmen ts came about .  Weight  

ra t ios o f  i nd iv idua l  organs i n  relat ion to  the whole  p lan t  amp l i fy effects of  

treatments  wh ich favour or  disadvantage a part icular organ compared to other 

constituen ts of the plant .  

Lea/ Weight Ratio (LWR) 

Leaf weigh t  ratio o f  control p lan ts  increased progressively with t ime 

whereas the LWR of GA3 treated plants appeared to fluctuate (Table 3 .8 ;  Fig. 3 .2 

a) .  By the third harvest, treatments appeared to have segregated into two groups, 

those receiving shoot appl ications of G A3 , and the control and remaining GA3 

treatments (p  S 0. 1 0) .  

Stem Weight Ratio (SWR) 

A t  the fina l  harvest ,  treatmen t  means showed an obvious separation of 

SWR i n to two groups (Fig .  3 .2  b),  which  resulted i n  a s ign ificant differences 

between the pooled means .  S tem weight ratio was i ncreased sign i ficantly in the 

treatments receiv ing  shoot sprays with or without root application (Table 3 . 8).  

The fact that GA3 treatments elicited s ignificant effects only when appl ied to the 

shoot of the p lants, suggests that the methods of application used to apply GAs to 

the roots were only marginally effective. 

Root Weight Ratio (RWR) 

Despite the  absence of any s ignificant  effect on RWR, i t  appeared that 

RWR was reduced by shoot/root applications (Table 3.8; Fig. 3.2 c). Root weight 

ratio also s egregated into two groups ;  the s hoot/root GA3 treatments and the 

remainder. 

• 
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TABLE 3 .8 .  C h a n g e s  i n  d r y  weight  dis trib ution with t im e  a s  a ff e c t e d  b y  GA3 
tre a t m e nts,  e xp r e s s e d  a s  a r a t i o  o f  plant org a n  t o  t o t a l  p l a n t  dry 

w e ight  a nd s h o o t-ro o t  ratio  (experim e n t  1 )  

Harvest Leaf Weight Stem Weight Root Weight 
no .  GA3 treatmen t  ratio ratio ratio 

% % % 

n s  ns ns 
Control 5 8 . 4  1 5 .3  2 6 . 2  
Shoot O .  R o o t  1 6 0 . 5  1 6 . 8  2 2 . 7  
Shoot O , Root 2 5 9 . 6  1 5 .7  24 .6  
Shoot 1 ,  R oot 0 5 9 . 5  1 6 .2 2 4 . 3  
Shoot 1 , R oot 1 5 9 . 4  1 7.8 22.8 
Shoot 1 ,  Root 2 5 9 . 0  1 9 .0 22 .0  

se  1 . 1  0.9 1 . 1  

ns ns ns 
2 Control 58.6 1 6.9 24.5 

Shoot 0,  R oot 1 55.9 1 5.5 28.6 
Shoot O , R oot 2 55.3 1 7.5 27 .2  
S hoot 1 , Root O 54.3 1 9.4 26.3 
Shoot 1 ,  R oot 1 60.7 1 8.3 2 1 .0 
Shoot 1 , R oot 2 58.4  1 8 .9 22 .7  

se 2 .2  1 .3 2 . 4  

ns * *  n s  
3 Control 60 . 0 1 6.7 a 23.3 

Shoot 0 ,  Root 1 60 . 8 1 7.0 a 22.2 
Shoot O , R oot 2 60.4 1 6.7 a 22 .9  
Shoot 1 ,  Root 0 55.6 2 1 ,4 b 23 .0  
Shoot 1 , Root 1 56.9 22.7 b 20.4 
Shoot 1 , Root 2 56.8 23.0  b 20 .2  

se 1 . 1  0 .9 1 . 0 

ns * ns 
Pooled Control 59.0 1 6.3 a 24.7 

Shoot 0 ,  Root 1 59. 1 1 6.4  a 24.5 
Shoot 0, Root 2 58.4 1 6.6 a 24.9 
Shoot 1 ,  Root 0 56.5 1 9.0 b 24.5 
Shoot 1 ,  Root 1 59.0 1 9.6 b 2 1 .4 
Shoot 1 ,  Root 2 58. 1 20.3 b 2 1 .6 

se 1 .7 1 . 1  1 .5 

- Each mean figure from 4 replications with df(error) = 1 5 at harvests. and pooled 
mean from 1 2  replications with df(error) = 36.  

- Mean separation within column by Lsd (p s; 0.05). 

S hoot-root 
ratio 

n s  
2 . 86 
3 . 4 1  
3 . 0 9  
3 . 1 2  
3 . 4 1 
3 . 5 8  

0 . 20 

n s  
3 . 2 1 
2 .57  
2 .76 
2 .87  
3 .9 1 
3 .48 

0 . 4 3  

ns 
3 .29 
3 .55 
3 .37 
3 .35  
3 .94  
4.08 

0 . 22  

ns  
3 . 1 2  
3 . 1 8  
3 .07 
3 . 1 1 
3 .75 
3 . 7 1  

0 .30 



F ig u r e  3 . 2 .  C h a n g e s  in t he p ro p o rt i o n  o f  p h ot o a s s imilates 

partitioned into t omato seedling organs when supplied via the roots 

and or the shoot with GA3 at varying concentrations ( experiment 1 ) ; 

( a )  leaf weight ratio , (b)  stem weight ratio , ( c )  root weight ratio 

and (d)  shoot -root ratio . I = standard error o f  means . 

• 
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These results provide some statistical verification of effects that appeared 

to be present in other data. Having established a significant effect in one tissue or 

organ makes the observation of non-significant trends in others more meaningful. 

It i s  well known (Jones 1983) that GA3 stimulates stem/internode elongation and 

growth. In this experiment, no stimulation in total growth was obtained, which 

has also been reponed by others (Wood and Hanover 1980). It therefore follows 

that enhanced stem growth could only have occurred at the expense of other organs 

and this appears to have been the leaves and roots. 

Shoot-root Ratio 

The decline of R WR resulted in a corresponding increase in shoot-root 

ratio. Treatments receiving shoot/root sprays (in which RWR was low) appeared 

to have the highest shoot-root ratio (Table 3.8;  Fig. 3.2 d). 

• 
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3.3.2. Experiment 2 

3.3.2. 1. Morphological Changes 

Leaf Attri butes 

Leaf Area 

Despite inconsistent statistical differences at serial harvests, the pooled 

means indicate leaf area was suppressed significantly by GA3 (Table 3.9). The 

result shows that in general the reduction of leaf area appeared to be related to GA3 

concentration. The high concentration reduced leaf area more strongly than other 

treatments. 

Leaf Area Ratio (LAR) 

In contrast to the control in which LAR fluctuated between harvests, LAR 

in GA3 treatments declined progressively with time. Excepting the first harvest, 

GA3 application reduced LAR significantly (Table 3 .9) .  The pooled means 

showed differential effects of GA3 due to concentrations. The high concentration 

applied to the roots reduced LAR more strongly than other treatments. 

Specific Leaf A rea (SLA) 

Gibbere l l i c  ac id  had n o  s i g n i fi c a n t  effect o n  S LA (Table 3 . 9 ) .  

Nonetheless, leaf lamina o f  plants fed with GA3 appeared t o  be thinner and tended 

to have rolled edges (Plate 3.2), which persisted until the fmal harvest. Values of 
SLA appeared to decline during the first two weeks but decreased slightly towards 

the later harvest, except for the shoot-sprayed plants. This may suggest that 

during the early weeks, accumulation of dry matter was unable to keep pace with 

leaf area development in some treatments. This is a common phenomenon in leaf 

development, durin g  which lamina thickness often continues to i ncreas e  after 

expansion in area has ceased (Dale 1982). 
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TABLE 3 .9 .  Changes  in  leaf  a t trib utes with time as  affected by GA3 treatm ents  
(experiment 2)  

Leaf area Specific 
Harvest Leaf area ratio leaf area Leaf 
no. GA3 treatment cm2 cm-2.mg- 1 cm-2.mg- 1 number 

ns ns ns 
Control 246 0 .2 1 6  0.397 
Shoot 2 .9X 1 0 -5M 1 92 0 .229 0 .427 
Root 5. 8X l O-5M 258 0 .220 0 .4 1 3  
Root 2 .9X 1 0 -4M 1 95 0.2 1 2  0 .4 1 6  

se 38 0.006 0 .0 1 1 

* ** ns 
2 Control 5 1 2  b 0.220 b 0.387 

Shoot 2 .9X 1 0-5M 372 a 0 .2 1 6  b 0 . 4 1 8  
Root 5 .8X l O -5M 347 a 0.209 b 0 .408 
Root 2 .9X 1 0-4M 30 1 a 0. 1 84 a 0 .382 

se 49 0.007 0 .0 1 5  

ns * ns 
3 Control 741  0. 1 97 b 0.327 

Shoot 2.9X 1 0-5M 694 0 . 1 79ab 0.348 
Root 5 .8X l O -5M 542 0. 1 69 a 0 .346 
Root 2 .9X 1 0 -4M 496 0 . 1 62 a 0 .338 

se 73 0 .007 0 .0 1 4  

ns * *  ns 
4 Control 1 440 0.229 b 0 .371  

Shoot 2 .9X 1 0-5M 1 0 1 7  0 . 1 70 a 0.339 
R oot 5 .8X l O -5M 1 065 0. 1 77 a 0 .356 
Root 2 .9X 1 0 -4M 1 1 1 6 0. 1 72 a 0 .360 

se 1 32 0.006 0 .0 1 1 

* *  * *  ns 
Pooled Control 734 b 0.2 1 5  c 0 .372 

Shoot 2 .9X 1 0-5M 569 a 0. 1 98 b 0.383 
Root 5.8X 1 0-5M 553 a 0. 1 94 b 0.382 
Root 2 .9X 1 0-4M 527 a 0. 1 83 a 0 .375 

se 4 1  0 .004 0.006 

- Each mean figure from 8 repl ications with df (error) = 28 at harvests, and pooled 
mean from 32 repl ications with df( error) = 1 1 2. 

- Mean separation with in column by Lsd (p $ 0 .0 5) .  

* *  

9.88 b 
7 .88 a 
7 .25 a 
7 .38 a 

0 .58 

Leaf 
size 
cm2 

ns 
1 47 
1 26 
1 53 
1 48 

1 3  
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P late 3 . 2 .  Morphological changes of tomato shoot s t reated with 

GA3 . From left to right : shoot 2 . 9  x 1 0 - 5  M, root 5 . 8  x 1 0 - 5  M, 

cont rol and root 2 . 9  x 1 0 - 4  M, respectively . 
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Leaf Number and Leaf Size 

Leaf number which was measured only at the final harvest, revealed an 

important effect of GA3 on the leaf development (Table 3 .9) . Leaf number was 

reduced to a similar degree by all GA 3 treatments. On average, there were 

approximately two fewer leaves on treated plants compared to the control. It was 

quite clear that leaf number was the major factor causing the decrease in leaf area 

of GA3 treated plants .  There was no significant difference in final leaf size, 

although this attribute was only measured at the final harvest. It should be noted, 

however, that there was considerable variation in individual leaf size. 

Stem Attributes 

Individual Internode Length 

A highly significant increase was observed in most internodes at all 

harvests (Table 3 . 10); there was a two to three fold increase in internode length 

caused by GA3. The enhancing effect was related to the age of the internode, 

rather than the GA3 concentration applied. More highly positioned internodes 

were exposed to G A3 for longer periods and con sequently longer i nternodes 

resulted. The first internode did not respond to GA3 because its growth had 

ceased prior to treatment. A similar result was reported by Carmi and Heuer 

( 1 98 1 ) . On the other hand, the highest internode, had had insufficient time to 

respond to the compound by the time of harvest. Although data are not shown, the 

internode length of lateral shoots was also clearly increased (Plate 3.2; see also the 

total lateral length and lateral number). 

Considering these variations in internode length with respect to time and 

positi o n ,  the e ffec t  of different  GA 3 treatme nts  o n  i n ter�ode length was 

remarkably similar throughout the experiment.  As there were quantitative 

differences between other attributes that appeared to be related to concentration of 

GA3 or the site of application, these results may indicate, that with respect to this 

attribute, the plant response was approaching saturation. 



" 1  

H4rve.st Int l l  Int' 2 Int' l Int i .  Intl 5 I n t l 6  In t i ?  Intl 8 l nt ' 9  

no . CA) trfil4tJnent em em em cm CIIl em em em em 

ns nB 

control • .  00 J . 78 a 2 . 10 4 2 .  0 5  a 2 . 29 a 2 . •  8 

Shoot BX'O·5 II • •  3 1  5 .  Jl b ' . 89 b 6 . 1 8 b 6 . 1 8 b 1 .  ' 6  

Root 5.BXlO-5, II ' . 56 5 . 7 4 b ' . 8 '  b 6 . 15 b ' . 9J b 2 . 64 

Root 2.9Xl0"f, II J . 51 5 . 41 b ' . 8 5 b 5 . 50 b 5 . 21 b . .  75 

"" 0 . 4 1 O .  JJ O. J9 0 . 29 0 . 5J 0 . 77 

ns .. ns 

Control ' . 96 J . 81 0 2 . 4 5 a. 2. 09 0 2 . 68 a. 2 . 8 1  0 2 . 1 5 

Shoot �.9Xl0·5 II 5 . •  0 5 . 98 b 5 . 8 5 b 6 . 69 b 8 . 25 b 1 0 . 6 0  b ' . 99 

Root 5.8Xl0·5 II ' • •  0 6 . 15 b 5 . 4 1 b 6 . 80 b 8 . 69 b 1 0 . 1 0  b J . 6 5 

Root 2. 9XIO·4, II ' . 88 5 . 69 b 6 .  06 b 8 . 7 5 c 9 . 16 b 9 . " b ' . 61 

O • •  � O .  J 7  0 . 60 0 . 65 0 . 6 2 1 . 1 7  0 . 8 9 

"" 

UJn�rol 4 .  JJ J . 88 a. 2 . 4 1 a 2 . 05 Do 2 . 80 0 2 . 9 9 a. 2 . 8 1  a J . 5 0  0 2 . J 1 a 

Shoot 2.9X'O·5 II ' . 01 5 . 1 5 ob • .  7 3  b 7 . 06 b 8 . 85 b 1 1  . 0 6  b 1 2 . 8 8  c 8 . 9 8  b 6 . 4 1  b 

Root 5 8Xl0'� II J . 56 5 .  J8 b ' . 9' b 6 . 96 b 7 . 99 b 1 0 . 2 8  b 8 . •  0 b 7 . 1 4  b 6 . 6 J  b 

Root 2,9Xl0·· II ' . 68 5 . 99 b ' . 96 b 7 . 99 b 8 . 7 8 b 9 . 6 5  b 11 . 5 0  be 9 . 2 0 b 7 . 1 4  b 

.... 0 . 5J O . •  8 O .  J8 0 . 58 0 . 7 2 0 . 7 8  1 .  5 .  0 . 7 6 0 . 8 0  

ns 

Poolec1 Control ' . 4J 3 . 82 a. 2 . 3 2 a 2 . 06 a 2 . 59 0 2 . 7 6  a 2 . •  8 0 

Shoot 2.9XIO'5 1\ ' . 58 5 . 48 b 5 . 1 5 b 6 . 6 ' b 7 . 7 6 b 8 . J 8  b 8 . 9 3 c 

Root 5.8X l 0 · !a  II " 1 8 5 . 7 5 b 5 . 06 b 6 . 6 ' b 7 . 20 b 7 . 6 7  b 6 . 0 ]  b 

Root 2.9Xl 0·4. II ' . 22 5 . 69 b 5 . 29 b 7 . 4 1 h 7 . 7 2 b 7 . 9 5  b 8 . 0 6 be 
-" 
0 N 

Be 0 . 4 6 0 . 40 0 . 4 7 0 . 53 0 . 63 0 . 9 J  1 . 26 

Each mean figure from 8 replications with df(error) = 28 at harvests and pooled mean figure 
for I nt# 1 to I nt#6 from 24 replications with d�error) = 84. 

Mean separation with in column by Lsd (p :s 0.0 ) . 

* 1  = I nternode Order; 1 th to 9th from the shoot-root juncture upwards. 



1 0 3  

Main Shoot Length 

As a consequence of enhanced internode length, the length of the main 

shoot was approximately double that of the control (Table 3 . 1 1 ) .  The effect was 

highly significant and consistent throughout (Plate 3.2). 

Total Lateral Number and Length 

Lateral number was reduced considerably by GA3 treatments (Plate 3 .2). 

There were about one and three branches on treated and control plants respectively 

(Table 3. 1 1 ). In contrast to main shoot length, no differences in the total lateral 

length was detected at the final harvest (Table 3 . 1 1) .  It is obvious ,  however, that 

the control treatment produced more, but shorter laterals than the GA3 treated 

plants (Plate 3 .2).  Thus, the increase in the total shoot length was due to the 

increased length of the main shoot only. 

3.3.2.2. Changes i n  Absolute G rowth 

Leaf Dry Weight 

The effect of GA3 on inhibition of leaf growth is apparent in terms of leaf 

dry weight. Although the difference was significant only at the third harvest 

(Table 3 . 12), the trend towards reduction by GA3 was apparent throughout. The 

pooled means reveal unequivocally that leaf dry weight was reduced by about a 

quarter compared to the control. 

Stem Dry Weight 

In contrast to leaf growth, GA3 strongly promoted stem growth compared 

to the control, and this difference amplified with time. On average, GA3 treated 

plants had 47 to 62% more stem weight than controls (Table 3. 1 2).  S ince all three 

organs were competing for the same pool of photoas similates,  GA3 diverted 

photoassimilates into stem, at the expense of the leaves and roots. 
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TABLE 3 . 1 1 .  C h a n g e s  in s t e m  a ttrib u t e s  with tim e a s  a ffe c t e d  by GA3 tr e a tm en t s  
(experim e n t  2 )  

Main S hoot Total Lateral Total shoot Lateral 

Harvest length length length n u m ber 

no. GA3 treatment cm em cm 

* *  

2 Control 28.8 a 
S hoot 2 . 9X 1 0-5M 43 .6 b 
R oot 5 .8X l O -5M 40.7 b 
R oot 2.9X 1 0 -4M 45. 1  b 

se 1 .8 

* *  * *  

3 Control 33 .0  a 1 .50 b 
S hoot 2 .9X 1 0-5M 64.3 b 0.88ab 
Root 5 .8X l O-5M 60 .6 b 0.25 a 
R oot 2 .9X 1 0-4M 63 .9 b 0.25 a 

se 2 .5  0 .25  

ns 
4 Control 40.3 a 30.7 7 1  a 4.63 b 

S hoot 2.9X 1 0-5M 84.9 b 30.8 1 1 6 b 1 .88 a 

R oot S .8X l O-SM 79.S b 2S. 1 1 0S b 2 . 1 3  a 
R oot 2 .9X 1 0-4M 89. 1 b 3 1 .6 1 2 1 b 1 .63 a 

se 2 .4  7 . 1  7 

Pooled Control 34.0  a 3 .06 b 

Shoo t  2 .9X 1 0-5M 63 .9  c 1 .38 a 
R oot S.8X l O-5M 59 .7  b 1 . 1 9  a 
R oo t  2 .9X 1 0-4M 66.7 c 0.94 a 

se 1 .3 
df(error) 74 54 

- Each mean fig ure from 8 replications with df(error) = 28 at harvests, and pooled mean 
from 1 6  and 24 replications with df(error)  as indicated. 

- Mean separation within column by Lsd (p � 0.05). 
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TABLE 3 . 1 2 .  Changes in dry w eight of pla nt  organs a n d  whole  pla nt with tim e 
a s  affected by GA3 trea tments ( experim ent 2)  

Harvest Lw 
* 1 Sw *2 Tw *3 Rw *4 

no. GA3 treatment 9 9 9 9 

ns ns ns ns 
Control 0 .62 0 .20 0 .82 0 .31  
Shoot 2 .9X 1 0-5M 0 .45 0. 1 8  0 .63 0 .20 
Root 5 .8X 1 Q-5M 0 .62 0 .24 0 .86 0 .30 
Root 2 .9X 1 0-4M 0 .47 0 .22 0 .69 0 .23 

se 0 .09 0.03 0 . 1 2  0.04 

ns ns ns * 

2 Control 1 .33 0 .43 1 . 76 0.57 b 
Shoot 2 .9X 1 0-5M 0 .9 1 0 .49 1 . 40 0 .34 a 
Root 5 .8X 1 0-5M 0 .77 0 .39 1 . 1 6  0 .26 a 
Root 2 .9X 1 0-4M 0 .94 0 .5 1  1 .46 0.43 ab 

se 0. 1 6  0 .07 0 .22 0.06 

* * ns * 

3 Control 2. 5 1  b 0 .69 a 3. 1 9  0.96 b 
Shoot 2 .9X 1 0-5M 2 . 0 1  ab 1 .22 b 3 .23  0 .66 a 
Root 5 .8X 1 0-5M 1 . 75 a 1 .06 b 2 .8 1  0 .72 a 
Root 2.9X 1 0 -4M 1 .59 a 1 . 05 b 2 .64 0.64 a 

se 0.23 0 . 1 2  0 .34 0 .08 

ns * *  ns ns 
4 Control 3 .84 1 . 1 3  a 4 .97 1 .34 

Shoot 2.9X 1 0-5M 2 .89 1 .98 b 4.88 0.92 
Root 5 .8X 1 Q-5M 2.96 1 .86 b 4.82 1 . 1 7  
Root 2 .9X 1 0-4M 3 .07 2 . 1 4  b 5 . 2 1  1 .20 

se 0 .35 0 . 1 8  0 .52  0 . 1 2  

* *  * *  ns * *  

Pooled Control 2 .03 b 0.60 a 2.63 0 .78 b 
Shoot 2.9X 1 0-5M 1 . 57 a 0 .97 b 2 .54 0.53 a 
Root 5 .8X 1 0 -5M 1 .5 1  a 0 .88 b 2.39 0.63 a 
Root 2.9X 1 0-4M 1 . 47 a 0.95 b 2 .43 0 .6 1  a 

se 0 . 1 1 0 .06 0 . 1 7  0.04 

W *5 

9 

ns 
1 . 1 3  
0 .83 
1 . 1 6  
0.92 

0 . 1 6  

ns 
2 .33 
1 .74 
1 . 52 
1 .89 

0 .28 

ns 
4. 1 5  
3.90 
3 .54 
3 .28 

0 .42 

ns 
6.33 
5.90 
6.05 
6.49 

0 .64 

ns 
3 .4 1  
3 .09 
3 .04 
3 .06 

0 .21  

- Each �ea� figure. f
rom 4 repl ications with df(error) = 28 at  harvests, and pooled mean from 32 

repl ications With df(error) = 1 1 2 . 

- Mean separation within column by Lsd (p ,5,0.05).  
- *1 = Leaf d .wt. ,  *2 = Stem d.wt. ,  *3 = Shoot d .wt. ,  *4 = Root d .wt., *5 = Whole p lant d .wt. 
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Shoot Dry Weight 

Treatments of GA3 tended to reduced total shoot weight slightly, although 

not significantly, as expressed in the pooled means (Table 3 . 1 2). The dual effects 

of increased stem and decreased leaf dry weight did not quite balance each other, 

with the net result that shoot dry weight was reduced slightly. 

Root Dry Weight 

Root dry weight increased with time and the root weight of the control 

was highest at all harvests. Root growth was suppressed considerably by GA3 

treatments, and at the second and third h arvests the difference was significant 

(Tabl e  3 . 1 2 ) .  D u r i n g  t h e s e  p e riods , the GA 3 - treated plants  produced 

approximately one-third to one-forth less root dry weight than the control. 

Whole Plant Dry Weight 

No significant effect of GA3 on plant dry weight was detected (Table 
3 . 1 2). Nevertheless, in all but one treatment at the first and at the final harvest, the 

weight of the control plants appeared to be higher. The pooled results  also 

indicate that GA3-treated plants were smaller than the control. S ince leaf and root 

weights were reduced significantly, by a greater amount than stem weight was 

increased, it seems reasonable to assume that the apparent reduction in whole plant 

dry weight was real. 

3.3.2.3. Changes in Relative G rowth R ates 

Because there was no harvest prior to treatment, relative growth rates 

could not be determined for the first week period. Consequently, results from only 

the subsequent weeks are shown. 

Leaf Relative Growth Rate (RGRL) 

Except during  the first two weeks , the d ifference i n  RGRL between 

treatments was not significant. In  the control, RGRL fel l  as the experiment 





Figure 3 . 3 .  Changes in relative growt h  rate o f  t omat o  s eedling 

o rgans and who le plant when supplied v i a  the r o ot s o r  the shoot 

with GA3 at varying concent rations ( experiment 2 ) ;  ( a )  RGRL, (b) 

RGRS and ( c )  RG� . I = standard error of means . 
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F i gure 3 . 3 .  ( c ont . )  Changes in r e l a t ive growth rate o f  t omat o  

s eedl ing o rgans and whole plant when supplied via the roots o r  the 

shoot with GA3 at va rying concent rations ( expe riment 2 ) ; (d)  RGRR 
and ( e )  RGRW ' I = st andard e rro r o f  means . 
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progressed. In contrast, in all GA3 treatments RGRL was reduced following one 
week of exposure to GA3' after which it appeared to increase. In the final week, 
the RGRL of GA3 root treatments continued to increase whereas that of shoot 
treatment dropped sharply. The fluctuation of RGRL in the GA3 treatments, when 
compared to the control, seemed to suggest that leaf development is delayed in 
these treatments. The developmental changes of RGRL closely paralleled changes 
in whole plant RGR (RGRW) (Fig. 3.3 a). 

Stem Relative Growth Rate (RGRS) 

In general, RGRS of GA3 treated plants fell from the first to the second 
week and recovered in the following week (Fig. 3.3 b). During the sharp fall of 
RGRS in the control which occurred during the second week (the time between the 
first and second harvest), the greatest difference between the control and GA3 
treatments was detected. The shoot GA3 treatment showed a stronger effect on 
RGRS than the root treatments. The shoot treatment increased RGRS more 

, rapidly and to a greater degree dmjng the experimental period than root treatments. 

1-

," c---

Although not significant, GA3 seemed to increase RGRS' with the exception of 
shoot treatment at the final harvest. 

Shoot Relative Growth Rate (RGRT) 

whole plant relative growth rate (RGRW) (Fig. 3.3 c). The changes in RGR(s) for 
each time of measuremenLCOITesponded-c-1Gs�,s-h0wing-the- strong-linlc-bc�1we-en 
growth of leaves and the shoot as a whole. 

Root Relative Growth Rate (RGRR) 

Although the pattern of changes in RGRR was not identical to RGRL (Fig. 
3.3 d), they were nevertheless quite similar. The RGRR of treated plants was 

j 

_-=-=-�-� ���� ==gre:=;ar�e; s�t- �a;f�er,�-�a-�w��=- �=�:.--0:- f:.-e=-){.� -p:..:o:.: s-=uf-=-:e-'� te:... -&'=-A==-3�,-=al=t=ho=- iU�g� fu:.:...-.:.:n�o....:::s.:.:ra::tl�· s.:.:ti:.:::. ca:.:l:....:-a�l�ffi:..::e::.: re:::.: n� c� e�s�c�o.:::.u� ld� ____ -; 
be establIshed. 

". 
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Whole Plant Relative Growth Rate (RGRW) 

Gibberel l ic acid altered the pattern of c hanges i n  RGRW considerably 

(Fig. 3 .3  e), although no significant difference was detected. During the first week 

of treatments, RGRW in all GA3 treatments was reduced, although s hoot-applied 

GA3 appeared to suppress RGRW less severely than root treatments . During the 

fol lowing week, RGRW of the control was lowest, reflecting the larger plant size at 

the early s tage of this  treatment. In contrast to the control ,  RGRW in G A3 
treatments increased progressively during the experiment. Considering that the 

difference in total plant  weight decreased (and perhaps was eliminated) by the final 

h arvest, the above changes i n  RGRW may suggest plants were adjusting to the 

exogenous growth regulator supply,  after an initial suppression. 

A s  occurred in RGR(s)  of leaf, shoot and whole p lant ,  G A3 altered 

RGR(s) by reducing these during the first week. Despite subsequent  recovery by 

GA3 treated plants , the advantage gained by the control ,  caused by early difference 

in the size, was maintained throughout the course of the experiment. With respect 

to the relationship of growth rates between organs, RGRL was correlated highly to 

RGRR' whereas RGRS was not. Consistent with the strong influence of the RGRL 

on the RGRT and RGRW' the s trong relationship between these parameters and 

RGRR appeared convincing. 

3.3.2.4. Changes in Allometric Relationsh ips B etween Shoot 

and Root SYstems 

S trong a l lome tric relationships with s ignificant  differences between 

treatments were detected at most harvests . No usefu l  deduction, however, could 

be made from allometric regression equations between leaves and roots (kL)' s tem 

and roots (kS) and shoot and roots (kT) (Table 3 . 1 3, 3. 1 4  and 3 . 1 5 ;  and Fig. 3 .4, 

3 .5  and 3 .6 ,  respectively) for i ndividual h arvests . It must be remembered that 

growth by roots and other p lant parts although linked is  probably not synchronous 

in time (Mul l in  1 96 3 ;  Drew and Ledig 1 980;  Drew 1 9 82;  Cha lmers 1 9 8 7 ) .  

Certainly, when growth i s  disturbed, compensatory growth occurs, during which 

rebalancin g  of root and shoot function takes place (Brouwer 1 963). During such 



TABLE 3 . 1 3 .  Changes in a llom e tric relationship between leaf  and root 
dry weight (kL) with tim e as a ffected by GA3 

treatm ents (experim ent 2 )  

Harvest * 1 
no. GA3 treatment In a se ( ln a) kL se (kL) 

* 

Control ·0. 593 0 .745 1 .223 b 0. 1 3 1  
Shoot 2 .9X 1 0-5 M 0 .636 0.528 1 . 033 a 0 . 1 0 1 
Root 5 .8X 1 O-5M 0.685 0.950 1 .006 a 0. 1 68 
Root 2 .9X 1 0-4M 0 .743 0 .66 1  0 .993 a 0. 1 23 

* 

2 Control -0 .024 0.356 1 . 1 36 b 0.056 
Shoot 2 .9X 1 0-5M 0 . 1 84 0 .474 1 . 1 36 b 0.082 
Root 5 .8X 1 O-5M -0 .995 1 .834 1 .303 b 0.3 1 0  
Root 2 .9X 1 0-4M 0 .474 0.652 1 .047 a 0 . 1 1 1  

ns 
3 Control 0 .290 0.6 1 8 1 . 097 0.092 

Shoot 2 .9X 1 0-5 M 0 .846 0.357 1 .040 0.055 
Root 5 .8X 1 O-5M 0.847 0 .349 1 .005 0 .054 
Root 2 .9X 1 0-4M 0 .0 1 1 1 .257 1 . 1 33 0 . 1 96 

* 

4 Control 0 . 1 1 0 0 .443 0 .992 a 0 .062 
Shoot 2 .9X 1 0-5M - 1 .996 1 .256 1 . 457 b 0 . 1 85  
Root 5 .8X 1 O-5M 0 .9 1 2  1 .099 1 . 003 a 0. 1 56 
Root 2 .9X 1 0-4M 0 .255 1 .032 1 .095 a 0 . 1 46 

* 

Pooled Control -0.603 0. 1 47 1 .228 c 0.023 
Shoot 2 .9X 1 0-5 M -0 .086 0 . 1 6 1  1 . 1 79 b 0.026 
Root 5 .8X 1 Q-5M 0 . 1 06 0.228 1 . 1 1 6  a 0.036 
Root 2 .9X 1 0-4M 0 .096 0 .206 1 . 1 1 6  a 0.033 

1 1 1  

R2 (%) 

93.5 
94.6 
85.6 
9 1 .6 

98.6 
97.0 
74.7 
93.7 

96.0 
98.3 
98.3 
84.7 

97.7 
9 1 .2  
87.3 
90.3 

99.0 
98.5 
97.0 
97.4 

- KL values from slopes of linear regressions of In y = In a + kL In x, where y is leaf d.wt. and x is 
root d .wt. Each parameter estimated from 8 and 32  plants and comparisons of kL values 
based on  t-test (p $ 0.05) , df(error) = 1 2  and 60 at harvests and pooled analysis, 
respectively. 

_* 1 
= Standard error . 



Figu re 3 . 4 .  Changes in allometric relat ionship between leaf and 

r o o t  dry we ight ( kL )  o f  tomat o s e e dl ings when s upplied via the 

root s or the s ho ot with GA3 at varying c oncentrations ( experiment 

2 )  . 

Cont ro l : R2 :::: 9 9 . 0 % ,  y =- 0 . 6 0 3  + 1 . 23 x ,  

Shoot GA3 2 . 9  X 1 0 - 5 M :  R2 :::: 9 8 . 5% ,  y =- 0 . 0 8 6  + 1 . 1 8 x, 

Root GA3 5 . 8  Xl 0 - 5 M :  R2 == 9 7 . 0 % ,  y = 0 . 1 0 6  + 1 . 12 x, 

Root GA3 2 . 9  X1 0 - 4 M :  R2 = 9 7 . 4 % ,  y = 0 . 0 9 6  + 1 . 12 x .  
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4 . 0  4 . 8  5 . 6  6 . 4  7 . 2  8 . 0  

In (root dry weight) 

Treatment 0 0 0 Con t r o l • • •  Shoot 2 . 9X 1 0-5 M 
& A 0 Root 5 . 8  X 10-5 M e e e Root 2 . 9  X 1 0-4 M 
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TABLE 3_ 1 4 _ Changes in allom etric relationship b e tween stem and 
root  dry weight (kS ) with tim e a s  a ffected by GA3 

trea tm ents ( experim ent 2 )  

Harvest * 1 
no. GA3 treatment In a se ( l n a) kS se (kS ) R2 (%) 

* 
Control -0 .91 7 0 . 622 1 .082 b 0 . 1 20 94 .2 
Shoot 2 .9X 1 0-5M 1 . 384 0 .761  0 .721  a 0 . 1 45 80A 
Root 5 .8X 1 Q-5M 0 .037 1 . 1 04 0 .952 b 0. 1 96 79.8 
Root 2 .9X 1 0-4M 0 . 1 50 0 .758 0 .962 b 0 . 1 40 88.7 

* 
2 Control -0.378 2 .331  1 .0 1 2  a 0 . 369 55 .7  

Shoot 2.9X 1 0-5M 0 .037 0 .6 1 5  1 .057 a 0 . 1 07 94 .2 
Root 5 .8X 1 0-5M - 1 .982 2 . 1 1 0  1 . 351  b 0 .356 70.6 
Root 2.9X 1 0-4M 0.992 0 . 535 0 .866 a 0 .091  93 .7  

* 

3 Control - 1 .454 0 .883 1 . 1 6 1 c 0 . 1 3 1 92 .9 
Shoot 2 .9X1 0-5M 0.865 0 .357 0.96 1  b 0 .055 98 . 1  
Root 5 .8X 1 Q-5M 1 . 229 0 .354 0 .872 a 0 .055 97.7 
Root 2 .9X 1 0-4M -0 .439 1 .446 1 . 1 36 c 0 .226 80 .8  

* 

4 Control -0. 1 07 0 .702 0 .991  b 0 .098 94 .5  
Shoot 2 .9X1 0-5M -0.802 0 .786 1 .229 c 0 . 1 1 6  95 .0 
Root 5 .8X 1 Q-5M 1 . 474 1 . 1 96 0 .858 a 0 . 1 70 80.9 
Root 2 .9X 1 0-4M 1 . 579 0 .882 0 .859 a 0 . 1 25 88.7 

* 
Pooled Control - 1 .250 0 .270 1 . 1 43 a 0 .041  96 .2  

Shoot 2 .9X 1 0-5M - 1 .871 0.325 1 .377 d 0 . 053 95 .7 
Root 5 .8X 1 0-5M - 1 .9 1 8  0 .430 1 .337 c 0 .068 92.7 
Root 2 .9X 1 0-4M - 1 .264 0 .32 1  1 .253 b 0 .052 95. 1 

- K S values from slopes of l inear regressions of In y= In a + kS l n  x. where y is stem d.wt. and x is 
root d.wt. Each parameter estimated from 8 and 32 plants. and comparisons of kS values 
based on t-test  ( p s O . O S ) .  df(e rror ) = 1 2  a n d  60 at harvests a n d  poo led a nalys is . 
respectively. 

* 1 = Standard error. 
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Figure 3 . 5 .  Changes in allomet ric relationship between stem and 

root dry weight ( kS )  o f  t omat o  s eedlings when supplied via the 

roo t s  or the shoot with GA3 at varying concentrations (experiment 

2 )  . 

Contro l : R2 = 9 6 . 2 % ,  Y =- l . 2 5 0  + l . 1 4 x ,  

Shoot GA3 2 . 9  X10
- 5  M :  R2 9 5 . 7 % ,  Y = - 1 . 8 7 1 + l . 3 8 x ,  

Root GA3 5 . 8  X 1 0- 5 M :  R2 = 92 . 7 % ,  y =- 1 . 9 1 8  + l . 3 4 x ,  

Root GA3 2 . 9  X10 - 4 M :  R2 = 9 5 . 1 % ,  Y =- 1 . 2 6 4 + l . 2 5 x .  
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TABLE 3 . 1 5 . Changes in a llom etric relationship b etw een shoot  and root  dry 
weight (kT)  with tim e as affected by GA3 treatments (experim ent  2)  

Harvest * 1 
no. GA3 treatment In a se ( I n  a) kT se (kT) R2 (%) 

* 
Control -0 . 1 1 0  0 .682 1 . 1 88 b 0 . 1 2 1 94.2 
Shoot 2.9X 1 0-5M 1 .482 0 .543 0.938 a 0 . 1 04 93.2 
Root 5 .8X 1 Q-5M 1 . 1 1 3  0 .932 0.988 a 0 . 1 65 85.7 
Root 2.9X1 0-4M 1 . 1 86 0 .646 0.982 a 0 . 1 20 9 1 .8 

* 
2 Control 0.4 1 9  0 .637 1 . 1 1 1  b 0. 1 0 1 95.3 

Shoot 2 .9X1 0-5M 0 .78 1 0 .5 1 0  1 . 1 08 b 0 . 089 96.3 
Root 5 .8X1 0-5M -0 .690 1 .909 1 . 3 1 9  b 0 . 322 73.6 
Root 2 .9X 1 0-4M 1 . 331  0 .602 0 .979 a 0 . 1 03 93.8 

* 
3 Control 0 .445 0 .653 1 . 1 09 b 0 .097 95.6 

Shoot 2 .9X1 0-5M 1 . 525 0. 279 1 .009 b 0 .043 98.9 
Root 5 .8X 1 0-5M 1 .665 0 .348 0 .953 a 0.054 98. 1 
Root 2 .9X1 0-4M 0.497 1 .284 1 . 1 35 b 0 .201  84 .2 

* 
4 Control 1 . 342 0 .487 0 .996 a 0 . 068 97.3 

Shoot 2 .9X1 0-5M -0 .796 1 . 0 1 2  1 . 361  b 0 . 1 49 93 .3 
Root 5 .8X 1 Q-5M 1 . 779 1 .033 0 .951  a 0 . 1 47 87.5 
Root 2 .9X 1 0-4M 1 . 342 0 .487 0 .998 a 0 . 1 32 90.6 

* 
Pooled Control -0 .2 1 7  0. 1 50 1 .2 1 0  a 0 .023 96.2 

Shoot 2 .9X1 0-5M -0 .096 0. 1 90 1 .256 b 0 .031  98.9 
Root 5 .8X 1 Q-5M 0.037 0 . 273 1 . 1 96 a 0 .044, 97.2 
Root 2.9X 1 0-4M 0.227 0 .227 1 . 1 72 a 0 .037 98.2 

- KT values from slopes of l inear regressions of In  y = In a + kT In  x, where y is shoot dwt. and x is 
root d .wt. Each parameter estimated from 8 and 32 plants, and comparisons of kT values 
based on t -test  (p 5 0 . 0 5 ) ,  df (error ) = 1 2  a n d  6 0  at h arvests and  pooled ana lys is ,  
respectively. 

-
* 1 = Standard error. 
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Figure 3 . 6 .  Changes in allometric relationship between shoot and 

root dry weight ( kT )  o f  t omat o  s eedlings when suppl ied via the 

roots or the s hoot with GA3 at varying concentrations ( experiment 

2 )  . 

Cont ro l : R
2 == 9 6 . 2% ,  Y = - 0 . 2 1 7  + 1 . 2 1  x ,  

Shoot GA3 2 . 9  X 1 0 - 5 M :  R2 == 9 8 . 9% ,  Y = - 0 . 0 9 6  + 1 . 2 6  x ,  

Root GA3 5 . 8  X1 0 - 5 M :  R2 ::: 97 . 2 % ,  y == 0 . 03 7  + 1 . 2 0 x ,  

Root GA3 2 . 9  X1 0 - 4 M :  R
2 ::;:: 9 8 . 2 % ,  Y = 0 . 2 2 7  + 1 . 17 x .  
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periods, the allometric regression equation must change but the change applies 

only to the growth incre me nt(s )  required to res tore b alance .  D urin g  this 

experiment there were probably temporal changes in the dynamics of growth rates 

of the roots and p arts of the shoot. First, there would have been effects of 

transplanting into the tanks, and secondly, there were effects of growth regulators 

which may also have been transi tional (see later discussion) . The pooled data, 

however, show higher and more consistent coefficients of determination. In 

addition, plant w eights increased six fold over the course of the experiment, and 

the effect of errors incurred over the narrower weight ranges at individual harvests, 

and any real fluc tuations in k values, would be greatly reduced when the regression 

equation included data spanning the entire weight range of the experimental data. 

Thus ,  i n  the fol lowing discussion, allometric relationships obtained from the 

pooled data only has been used to obtain the overall k value for each treatment. 

All GA3 treat�ents reduced kL but increased kS values. B y  contrast, kT 
was increased by shoot GA3 treatment, while it was unaffected by root treatments. 

The results of kL (Table 3 . 13) indicates that GA3 reduced RGRL when compared 

with RGRR' These data also show that root GA3 treatments had a greater 

infl u e nce in this  regard, than the shoot treatment. On the other hand, GA3 

treatments significantly increased the k value of the allometric relation between 

stem and roots (Table 3 . 1 4) , indicating the relative growth rate of the stem was 

increased compared to roots. The shoot GA3 treatment was significan tl y  more 

effective in this respect than the root treatments. 

Thus, G A3 enhanced the growth of the stem at the expense of the roots 

and leaves. The shoot GA3 treatment favoured growth in the total shoot system, at 

the expense of the root system, to a greater extent than the root treatments (Table 
3 . 1 5 ) .  These results are in close agreement with the effects of GA3 on organ 

weight ratios and shoot-root ratios (see section 3 .3 .2.6) which suggests that GA3 

enhanc es  assimilate p artitioning towards a p articular organ by  enhancing the 

growth rate of that organ in relation to others. 





3.3.2.5. C hanges i n  Ratios of Relative Growth Rates 

1 1 8  

Althou gh no s ign ificant differences were found i n  the ratios of  RGR(s) 

(Table 3 . 1 6) ,  the results reinforce the apparent effects reported for RGR(s),  in 

particular, the s ubstantial contribution of stem growth to plant growth in plants 

treated wi th GA3 ' While the ratio of RGRL to RGRR (RGRLR) of the control 

was constant, RGRLR of treated plants declined with time, i ndicating that GA3 

appeared to inhibit leaf growth more strongly than root growth. It i s  of interest to 

note that the ratio of RGRS to RGRR (RGRSR) of the control fluctuated compared 

to the ratios of all but shoot GA3 treatments, which declined. Considering these 

together with the ratios of RGRS to RGRL (RGRSL) '  it  appears that in the control 

plants ,  there i s  a s tron g  l ink  between the RGRL and R G RR ' which remain s  

constant with time,  w hilst  RGRS was not well correlated with either RGRL or 

RGRR· 

The RGRS of the control fluctuated whereas it diminished with time in the 

GA3 treatments. However, RGRS may have a strong contribution to plant growth 

as a whole, as the ratios associated with it (RGRSR , RGR S L  and the ratio of  

RGRT to RGRR (RGRTR») exhibited similar patterns of temporal changes. Up to 

the third week, the RGRSR appeared to be increased by GA3 treatments, but at the 

final harvest this effect had disappeared. This result supports the effects of  GA3 
demonstrated i n  other attributes and relative growth rates .  It i ndicates that stem 

growth, compared to the other organs,  seemed to be enhanced by GA3 and thi s  

resulted in  increased RGRTR' Thus, the shoot-root ratio was expected to  be raised 

in  these treatments. 

3 .3.2.6. Changes i n  the Distri bution of Assimilates 

Lea/ Weight Ratio (LWR) 

The  L WR, whic h  i ndicates the leafiness  of the p lants , w a s  stro n gly  

inhibi ted by  G A3 (Table 3 . 17) .  From the second harvest onwards ,  the effect of  

G A 3 was  h i gh l y  s i g n i fi c a n t .  T h e  roo t appl icat ion of  G A3 a t  the h i gher  

concentration showed the  strongest effect followed by  the lower root concentration 
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TABLE 3. 1 6. Changes in ra tios of rela tive growth rates with time a s  affec ted 
by GA3 trea tments (experim ent  2)  

RGRLR 
* 1 RGR SR

*2 

Week GA3 treatment 

ns ns 
2 Control 1 .252 1 .226 

(0 . 262) (0 .268) 
Shoot 2 .9Xl 0-5M 1 .304 1 .85 1 

(0 .473) (0.589) 
Root 5 .8X l 0-5M 1 .286 2 . 1 48 

(0 .606) (0 .890) 
Root 2.9X 1 0-4M 1 .086 1 . 592 

(0.569) (0 .698) 

ns ns 
3 Control 1 .250 0 .849 

(0 .423) (0 .376) 
Shoot 2.9X1 0-5M 1 . 1 95 1 .353 

(0.304) (0 . 3 1 3) 
Root 5 .8X l O-5M 1 . 1 67 1 .645 

(0 .422) (0 .502) 
Root 2.9X 1 0-4M 1 .202 1 .393 

(0 .475) (0 .489) 

ns ns 
4 Control 1 .258 1 .453 

(0 .383) (0 .435) 
Shoot 2.9X 1 0-5M 1 . 0 1 0  1 .396 

(0 .447) (0.496) 
Root 5 .8X l O-5M 1 . 082 1 . 1 06 

(0 .3 1 3) (0.300) 
Root 2.9X1 0-4M 1 . 1 0 1  1 .247 

(0 .283) (0 .290) 

- Each mean figure from 8 replications. 
- Mean separation within column by t-test (p 5 0 .05) .  
- Standard error of means in  bracket. 

* 1 = Ratio of leaf to root relative growth rate, 
*2 = Ratio of stem to root relative growth rate, 
*3 = Ratio of shoot to root relative growth rate , 
*4 = Ratio of stem to leaf relative growth rate. 

RGRTR 
*3 

ns 
1 . 252 

(0.262) 
1 . 477 

(0.505) 
1 . 544 

(0.682) 
1 . 261  

(0 .606) 

ns 
1 . 1 48 

(0 .403) 
1 .253 

(0.307) 
1 . 339 

(0 .448) 
1 .274 

(0 .480) 

ns 
1 .300 

(0 .394) 
1 . 1 63 

(0 .461 ) 
1 .092 

(0.307) 
1 . 1 6 1  

(0 .284) 

RGR SL 
*4 

ns 
0 .979 

(0 . 2 1 0) 
1 .4 1 9 

(0 .399) 
1 . 671  

(0 .649) 
1 .466 

(0 .6,33)  

ns  
0 .679 

(0 .293) 
1 . 1 32 

(0 .252) 
1 .409 

(0 .4 1 1 )  
1 . 1 59 

(0 .388)  

ns  
1 . 1 55 

(0 .3 1 7) 
1 . 382 

(0 .57 1 )  
1 .022 

(0 .268)  
1 . 1 33 

(0 .276)  
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TABLE 3 . 1 7 . Changes in dry w eight distrib ution with tim e a s  a ffected by GA3 
tre a tments, expr e ssed a s  a ratio of plant orga n to total  plan t  dry 

weight a n d  shoot-root  ra tio (experim ent 2)  

Harvest Leaf weight Stem weight Root weight 
no. GA3 treatment ratio ratio ratio 

% % % 

ns * *  * 

Control 54 .4 1 7.7  a 27.9 b 
Shoot 2 .9X 1 0-5M 53 .7  22.3 bc 24.0 a 
Root 5 .8X 1 Q-5M 53.2 20 .7 b 26. 1 b 
Root 2.9X 1 0-4M 5 1 .0 23.8 c 25.2 b 

se 0 .5  0 .4  0 .8 

* *  * * ** 

2 Control 56 .9  c 1 8 .5 a 24.7 b 
Shoot 2 .9X 1 0-5M 5 1 .9 b 28.4 c 1 9 .8 a 
Root 5 .8X 1 Q-5M 5 1 .3 b 25.4 b 24.0 b 
Root 2.9X1 0-4M 48.5 a 28.4 c 23.4 b 

se 0 .5  0 .5  0 .9 

* *  * *  ** 

3 Control 60.2 c 1 6 .3 a 23 .3 c 
Shoot 2 .9X 1 0-5M 5 1 .5 b 3 1 . 5 b 1 7.0 a 
Root 5 .8X 1 0-5M 49.0 a 30.6 b 20 .4 b 
Root 2.9X 1 0-4M 48. 1 a 3 1 .4 b 1 9.6 b 

se 0 .3  0 .3 0 .5 

* *  * *  * *  

4 Control 60 .6 c 1 7. 8  a 2 1 .2 c 
Shoot 2 .9X 1 0-5M 48.5 ab 33.8 c 1 6. 0  a 
Root 5 .8X 1 0-5M 48.8 b 30.9 b 1 9.3 b 
Root 2 .9X 1 0-4M 46.8 a 33.5 c 1 8.6 b 

se 0 .4  0 .3  0.5 

* *  * *  * *  

Pooled Control 58.0 c 1 7.6 a 24.3 c 
Shoot 2 .9X 1 0-5M 5 1 .4 b 29.0 c 1 9.2 a 
Root 5 .8X 1 Q-5M 50 .6  b 26.9 b 22.3 b 
Root 2 .9X 1 0-4M 48.6 a 29.3 c 2 1 .9 b 

se 0 .4  0.3 0 .4 

Shoot-root 
ratio 

* 

2 .6 1  a 
3 .20 b 
2 .87 ab 
2.99 b 

0 . 1 2  

* *  

3 .06 a 
4 .09 b 
3 .22 a 
3 .32 a 

0 . 1 6  

* *  

3 .3 1  a 
4.88 c 
3 .9 1  b 
4. 1 1  b 

0 . 1 0  

* *  

3 .71  a 
5. 1 9  c 
4. 1 6  b 
4.35 b 

0 . 1 6  

* *  

3 . 1 1 a 
4.33 c 
3 .58 b 
3 .67 b 

0 .07 

- Each mean f igure from 8 replications with df(error) = 28 harvests, pooled mean from 32 replications with 
df(error) = 1 1 2.  

- Mean separation within column by Lsd (p � 0.05) .  
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and the shoot application which were not significantly different. Whereas in the 

control ,  LWR increased with time, the LWR of all GA3 treatments decreased 

continuously (Fig. 3.7 a). Consequently, the difference between the two groups 

increased with time. 

Stem Weight Ratio (SWR) 

The SWR in relation to total plant size, was increased greatly by GA3 at 

all harvests, and also continued to increase throughout the experiment (Fig. 3 .7 b; 

Table 3. 17) .  In contrast, the SWR of the control changed only slightly over the 

period of the experiment. By the final harvest, the SWR of GA3 treated plants 

was double that of the control. The results for this attribute show that the more 

concentrated of the root GA3 treatments stimulated SWR less than the shoot 

treatment. This effect was noted at the third and the forth harvests and also in the 

pooled mean. The effects on SWR were highly significant throughout. 

Root Weight Ratio (RWR) 

Root proportion, expressed as root weight ratio, was decreased by GA3 at 

all harvests (Table 3 . 17) .  Figure 3.7 (c) showed that the root portion declined with 

age in all treatments. However, in the treated-plants the reduction in root 

proportion was intensified by GA3' The ratio was lowest when GA3 was applied 

to the shoots. When applied to roots, GA3 also suppressed RWR, but to a lesser 

degree. 

The GA3 effect on RWR makes a very interesting comparison, especially 

with that on SWR. With respect to the latter, the effect was similar, allowing for 

concentration effects when applied at the roots. The greatest suppression of root 

growth, and therefore, RWR, however, was obtained by shoot application. This 

would appear to suggest that GA3 supplied via the roots has a smaller effect on 

suppressing root growth than when applied directly to the shoots. This result 

could be explained if GA3 enhanced the growth potential of cells in the root as 

well as the stem. The relative growth rates of the two competing systems could 

then be determined by proximity of the growth zone to the photoassimilate source. 
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F ig u r e  3 . 7 .  C h a n g e s  i n  t h e  p ro p o r t i o n  o f  p h o t o a s s imil ates 

p a r t i t i oned int o t omat o  s eedling o rgans , when supplied via the 

root s or the shoot with GA3 at varying concentrations (expe"riment 

2 ) ; ( a )  leaf weight ratio , (b) stem weight ratio , ( c )  root weight 

ratio and (d) shoot- root ratio . I = standard error o f  means . 
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The absolute growth data show that photoassirnilate limits growth in GA3 treated 

plants compared to the control. 

Shoot-root Ratio 

Gibberellic acid significantly increased shoot-root ratio, particularly at the 

later harvests (Table 3 . 1 7  and Fig. 3 .7  d) . In all GA3 treatments, incremental 

stimulation or inhibition of growth of individual organs continued throughout the 

experiment, resulting in a shoot-root ratio that increased progressively with respect 

to the control. The imbalance between increased stem growth and reduced 

leaf growth by GA3 resulted in a substantial gain in weight by the shoot. This was 

also accompanied by reduced root growth resulting in a significantly increased 

shoot-root ratio in GA3 treated plants. B ecause shoot application gave the 

greatest effect in reducing root growth, this treatment had the greatest effect on 

shoot-root ratio. 
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3.4. DIS CUS S IO N  

3 . 4 . 1 .  Plan t R esponses i n  Relat ion  to t h e  S i te of Appli ca t i on a n d  

Va rious Concent rations of G A3 

In the experiment 1 ,  GA3 applied at shoot or both shoot and roots tended 

to increase stem growth and stem weight ratio (S WR) while root sprays were 

ineffective. In the following experiment, however, responses of plants to GA3 

were clearer. Nevertheless ,  the results of the first and second GA3 experiments 

were not contradic tory . It can be safely assumed that root sprays did not facilitate 

uptake of sufficient growth regulator to give measurable effects upon growth. The 

following discussion, thus,  will concentrate on the second experiment. 

Frequent reference i s  made to growth regulator concentrations. The 

effects  of concen tration and site of application are often compared. The 

limitations of such conclusions should therefore be recognized. Differences in 

effectiveness of uptake of chemical, resulting from application to different organs 

and the use of different methods of application , make comparisons of the actual 

application rates quite meaningless, both within this experiment, and with other 

experiments, except where the mode and site of application are comparable. It is 

the plant  response,  albeit to an unknown amount of chemical that is being 

considered. In this respect, i t  is clear that the concentrations applied have been 

chosen well, in that similar, even overlapping responses, have been obtained. On 

that basis ,  comparisons between the sites of application are well justified. Clearly, 

it would have been desirable to measure rates of uptake and transpon of chemical. 

This, however, would have been a large and complex investigation in its own right 

and was considered to be beyond the scope of this study. 

Results from both shoot and root treatments were qualitatively similar, 

despite concentrations of the latter being 2 and 1 0  times higher. While plant  

height was visibly increased at all GA3 concentrations, other effects obtained 

showed a range of responses from promotion to inhibition, which were, however, 

only detectable by precise measurement. The range of the concentrations used 

therefore, appeared to span the physiological range, perhaps extending at  the 
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highest  concentration to supra-optimal levels. In addition, no gross morphological 

changes were detected, in either experiment, at any concentration. 

Generally, application of GA3 to reciprocal organs gave qualitatively 

similar plant responses. Stimulation of stem growth leading to a reduction of leaf 

and root growth could be obtained by applying GA3 at the either site. Other work 

has shown that active forms of GA are ubiquitous in plant tissues and conducting 

systems (Ingram et al. 1 985;  Sponsel 1 985) . Indeed, this fact is probably partly 

responsible for the difficu lty that has been encountered by s tudies which have 

sought to identify tissues and lor organs from which these compounds emanate. 

Nevertheless, these results show that GA3 supplied exogenously enters and reacts 

similarly with  growth mechanisms,  whether they arrive at the site of action 

directly, via 'artificial ' pathways from the surface of shoot tissues, or, indirectly, 

through natural trans locative pathways from the roots. This may suggest that GAs 

produced in either organ,  control plant growth through the same pool of the 

endogenous hormone and act via the same mechanism. In this respect, these data 

resemble those obtained by S teffens and colleagues ( 1 985 )  who demonstrated 

recovery of growth, induced by foliar application of exogenous GA, on plants fed 

with growth retardant (GA biosynthesis inhibitor) via aerated nutrient solution. 

3.4.2. Effects of GA3 on Plant  Structures and Growth 

The increased levels of GAs in leaves or roots primarily caused an 

promotion in  stem growth and a reduction in root growth. As a consequence, LA, 

LAR and leaf growth were reduced. The result is in agreement with Ben-Gad et 

al. ( 1 979) and Tognoni et al. ( 1967),  who found that GA suppressed root and leaf 

growth and favour stem growth, w hich led to reduced plant growth as a whole. 

Nevertheless, it needs to be emphasized here that the effect of GA3 on leaf growth 

was an indirect result of the direct effect of GA3 in stimulating apical domin ance. 

Individual leaf parameters were not affected by GA3. The entire difference in leaf 

area was attributable to the reduction in leaf number due to suppression of lateral 

develop men t. 

On the other hand, growth of leaves of monocotyledonous plants have 

been shown to be stimulated by GAs. In maize and rice plants elongation of leaf 



1 26 

sheath and lor leaf blades was enhanced by GA application (Hayashi et al. 1956) as 

was rice coleoptile segment (Soni and Kaufman 1 972). The different GA effect on 

these plants may be due to the fact that growth in monocots occurs mainly at the 

leaf base whereas internode growth is  less important. Although promotion in 

growth was directed to alternative organs,  in this case, leaves, the target tis sue, 

expanding cells was the same. This raises the question of why cell expansion in 

leaves was not affected in the tomato which is an interesting question deserving 

further attention. 

Muir and C heng ( 1 98 8 )  also found that GA promoted growth in fresh 

weight and area of i solated cotyledons in light. In this instance, however, isolated 

organs, perhaps responded as independent free cells, rather than as components of 

an organism, within which priority amongst cells,  tissues and organs to receive 

photoassimilates would also influence the relative growth of individual organs.  A 

similar explanation may account for discrepancies observed in work with excised 

roots (e .g . Butcher and S treet 1 960; Pecket 1960). 

While growth of stem tissues was promoted by GA3 in these experiments, 

there was no evidence that total plant growth was promoted. Indeed, although 

results were not s ignificant, GA3 treated plants tended to be smaller than control 

plants, and it was clear that the increase in stem weight did not match the total 

reduction in leaf and root weight. Considering that in this (tomato) system leaf 

area was reduced, it is logical to conclude that overall growth would be suppressed 

by GA3' The extent to which one could interpret this  to be a general prinCiple, i s  

not  c lear. Certainly in dicotyledonous plants in which stem growth was promoted, 

this could only occur at the expense (directly or indirectly) of the leaves .  In 

monocotyledonous plants, where the growth zone is the leaf base, it is conceivable 

that absolute growth might be enhanced by GA. 

While these results are obviously a good indication that GA may have a 

role in  the regulation of leaf expansion, the reduction of leaf area in this study i s  

the result of e nhanced stem growth priority, rather than inhibition of leaf growth 

per se. In turn, reduced leaf area was the prime cause of the decline in plant 

growth as photosynthetic leaf area declined. Leaves have also been shown to be 
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less affected than internode length by growth retardant with known anti-gibberellin 

biosynthetic properties (Cathey 1 964; Steffens et al. 1 985) .  Leaf number in  

particular was reduced by 1 7  % compared to a 91  % reduction in shoot length. 

It should also be pointed out that the results of this study do not contradict 

those reported for hydroponically-grown tomatoes, in which leaf area and overall 

growth were promoted by GA3 as reported by Buggee and White ( 1984). This, 

however, only occurred when the solution temperature was maintained at 1 5°C. It 

did not occur at 25°C. The stimulated growth therefore, appeared to be the 

recovery of shoot growth of plants growing under cold stress rather than actual 

growth stimulation of GA per se. Since it is known that GA production, or export, 

is severely inhibited by prolonged exposure to cold temperatures (Atkin et al.  

1973), exogenous GA would be expected to release growth of the shoot from the 

cold stress. 

On the other hand, it also is important to note that reduced plant growth 

was an i ndirect effect of growth priorities, not growth inhibition. With the 

increased stem growth, plant structure was greatly modified towards a tall and less 

branched plant. It has been demonstrated that GA stimulates growth in certain 

situations ,  such as stimulation of young radicle elongation (Paleg 1 965). The 

evidence that GA stimulates elongation of root sections (Butcher and Street 1 960; 

Packet 1 960) also supports this statement. Wheeler ( 1960) also showed that the 

GA level of bean leaves rises sharply at the time that light induced expansion 

begins.  It seems that the level of GA fluctuates according to plant growth and 

development, and external environments (Sponsel 1 985). These reports concur 

with  t h i s  s tudy  o n  the p o s sible  role of GA in adaptati o n  in respo n s e  to  

environments, especially light intensity (Smith and Holmes 1 977; Junttilla 1 982; 

Jones 1983;  Pharis and King 1 985). As a further outcome, the change (from leaf 

and root production to stem production) will necessarily result in a reduced rate of 

leaf growth and a decreased overall growth rate. 

On the o ther hand,  the response to GA fed to the root system was 

quantitatively different in a number of important respects. Root growth was also 

disadvantaged by enhanced s tem growth, but the effect was more pronounced 
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when GA was applied to the shoot of the plant. Maximum promotion of growth 

by the s tem and suppression of growth by roots was obtained when GA was 

applied to shoot (see Table 3 .9; 3 . 12; and 3 . 17).  This difference in GA effects was 

highly significant, while all o thers were similar. This may point to a key 

difference in function between root and shoot derived hormone. It appears that 

root produced GA3 may have less effect in suppressing root growth than stem 

produced GA3 ' This could occur if part of the root produced GA was utilized in 

root growth as it was being transported into the shoot system (e.g . see Chalmers 

1 985). 

This could have adaptive or selective advantages in that growth of the 

roots would be most severely suppressed in situations which originated from 

stimuli affecting gibberellic acid synthesis by the shoots. Thus, for instance, in 

low light situations,  which frequently threaten p lant survival, the maximum 

possible stimulation of stem growth from the available pool of growth substrates 

would result. If leaf function was the limiting factor in such a situation, additional 

growth by the root system would be wasteful until the plant had grown into an 

improved light regime. The corollary of this model would also have an adaptive 

significance. Enhanced root produced GA would result in less suppression of root 

growth and a partly attenuated effect on stem elongation. This, perhaps, leading to 

a more general increase in plant stature and size, and maintained root capability. 

This condition would be in accord with the desirable rhizosphere environment that 

give rise to it. 

These effects of GA3' which lead to enhanced apical dominance and stem 

elongation, are a well documented property of this hormone (growth regulator) 

(Brian and Hemming 1955;  Woolley and Wareing 1 972 a; Jones 1 983). The 

adaptive role of the hormone, particularly to light environments is obvious (Pharis 

and King 1985) .  Nevertheless, a specific partitioning model, such as these data 

implicate, has not been previously proposed. These data demonstrate that GAs 

produced in shoots will have different effects to active GAs transported from the 

root system via xylem. 

Gibberellins originating in the shoots favour growth of the stem at the 

expense of the roots, more than GAs  exported from root system. Thus, for 
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instance, GA production by the shoot system in response (directly or indirectly) to 

shoot stimuli such as light (Wheeler 1 960), will stimulate etiolation to a greater 

extent than GAs produced in the root system. Gibberellins originating from roots 

maintain root growth while at the same time stimulating stem growth in the shoot 

at the expense of leaves. In this respect, GA tends to maintain the balance of root 

function with shoot function whilst also promoting apical dominance as a 

component of the optimum plant s tructure (size and shape), for maximum 

production in a non-competitive growing environment. 

The results  of this study suggest that the tissue or organ in which 

physiologically active GAs originate may be an important component of plant 

response to environmental stress .  In environmental conditions specifically 

. limiting to shoot development, such as low irradiance, roots might not be expected 

. to be sensitive. Consequently any signal to enhance plant height as a competitive 

growth strategy might be expected to originate in the illuminated part of the plant. 

Elongated features of shade-grown plants  are reported to be mediated by 

phytochrome responding to the enriched far-red component of light that has passed 

through a leaf canopy (Holmes and Smith 1 975). Morgan and Smith ( 1978) have 

shown that the ratio of leaf to stem dry weight in Chenopodiwn albwn was least in 

the intense shading. Jones ( 1 983) noted that GA3 can interact with phytochrome 

and blue light to control elongation of stem. Exogenous GA can also replace the 

light or cold requirement in long-day or cold-requiring plants to initiate flower 

formation (Pharis and King 1985).  These effects, thus, induce a change in GA or 

hormonal balance,  leading to an alteration of plant structures in the manner 

predicted by this model. 

The results of these experiments strongly suggest that GAs act as natural 

regulators of partitioning of photoassimilates between expanding cells in the stem 

and other organs in tomatoes .  High levels of GAs applied to roots or leaves 

promoted stem elongation and reduced growth of leaves and roots and productivity 

overall,  irrespective of the site of the application. Nevertheless, the effect of GA 

on actual leaf growth was neither stimulatory nor inhibitory, but neutral. The 

reduction in leaf and root growth occurred indirectly when stem growth and apical 

dominance were promoted. S ince numbers of leaves and shoot apices were 
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production of reciprocal hormones in the allometric balance would have been 

correspondingly reduced (Baker and Allen 1988) .  The reduced promotive signal 

from the leaves would stimulate less root growth and consequently less demand for 

photoassimilate for root growth. 

3.4.3. Effects of GA3 on the  Al lometric Relationships 

The allometric value between the shoot and root system (kT) was affected 

only by GA3 shoot treatment (Table 3 . 1 5 ;  Fig. 3 .6).  This was because, first, the 

shoot treatment gave the greatest response; but secondly, because the increase in 

kS (Table 3 . 14 ;  Fig. 3 .5) and the decrease in kL (Table 3 . 1 3; Fig. 3.4) tended to 

balance each other in kT (Table 3 . 1 5 ;  Fig. 3 .6).  The significant increase in kS 
indicates that GA3 increases the RGRS in relation to the root system. This change 

accounts for the fac t  that the S WR increases with time and shows that G A3 

treatment established a new equilibrium ratio of RGR(s). Under continuous GA3 
supply to roots or shoot, the effects of GA3 on growth were continuous and 

additive. This was reflected in the increasing difference in SWR, L WR and shoot­

root ratio with time and the change in the kS ,  which increased, and kL' which 

decreased, as a result of GA treatments. In this way, the rate of GA production 

would determine the degree of apical dominance and stem growth. 



CHAPTER 4 
THE ROLE OF CYTOKININS IN G ROWTH 

AND SHOOT -ROOT ALLOMETRY OF TOMATO SEEDLINGS 

4 . 1.  INTRODUCTION 

In a similar w a y  to gibberell i n s ,  the concept of hormonal s i gnal(s),  

produced by root tips controlling shoot growth, has also been applied to c ytokinins 

(Warein g  1 970; S kene 1 975 ;  Richards and Rowe 1977 b; Goodwin et ai. 1 978) .  

Considerable evidence has shown that root cytokinins have a role i n  shoot growth 

and development (e.g. Woolley and Wareing 1972 a; b; Hewett and Wareing 1 973;  

S kene 1 97 5 ;  G arrison et  aI.  1 984) . While this  function of cytokinins is now 

widely accepted, evidence remains circumstantial, and the mechanism of action is 

unknown (Moore 1 989). 

It  has been reported that growth of leaf tissues, in particular, is  stimulated 

by exogenou sly applied c y tokinins via protein synthe sis  and enzyme activity 

(Caers and Vendrig 1 986; Kuiper and Staal 1987) . In addition, the responses of 

the shoot, obtained when exogenous cytokinins are applied to the shoot or roots are 

similar (Badenoch-Jones et al. 1 984), indicating that the shoot i s  the target for the 

action of root- produced cytokinins. Further, high contents of c ytokinins are well 

correlated with vegetative growth, root growth and plant growth as a whole (Sitton 

et aI. 1967; Luckwill and Whyte 1 968; Hurd 1978; Donchev 1 98 1 ;  Tucker 198 1 ;  

Richards 1 986). Finally, the inhibition of plant growth induced by stresses, which 

is proposed to res trict c y tokinin p roduction within roots, can b e  overcome by 

applying exogenous cytokinins to the shoot (Richards and Rowe 1 977 b; Carmi 

and Heuer 198 1 ) .  

Since treatments o f  B A  (Benzylaminopurine) i n  this experiment were to 

applied via the root system, factors relati n g  to such treatments  need also to be 

considered here. 

Root uptake of cytokinins is reported to be rapid, only within the first hour 

after application, and declines progressively with time (Volgelmann et al. 1984; 
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Van der Krieken et al. 1988) .  The uptake mechanism remains a controversial, 

although it  is  believed to be, at least ,  p artially passive (Fantelli et al. 1 982; 

Lampugnani et al.  198 1 ). Nevertheless, the uptake rate was much reduced at low 

temperature (SoC) (Volgelmann et al. 1 984) and appears likely to be related to 

transpiration (Forsyth and Van Staden 1987 b). 

Uptake seemed to be limited in intact (tomato) seedlings (Van Staden and 

Mallett 1 988) .  Nevertheless, the amount taken up depends to a large extent on the 

concentration applied (Minocha and Nissen 1982; Forsyth and Van Staden 1987;  

Van S taden and Mallett 1 988 ;  Bayley et  al .  1 989).  In  intact tree seedlings, the 

maximum in ternal concentration was found to be one-third of the external 

concentration (Volgelmann et al. 1 984). The uptake across the root surfaces is 

limited and most of the substance supplied, ranging between 50 to 99%, remained 

at the site of application (Mozes and Altman 1977; Gordon et al. 1974), indicating 

strictly stelar transport within the plants (Jameson et al. 1987) .  The presence of 

BA in the root bathing solution was necessary only during the first two days and 

equilibrium between BA and its metabolites within the tissues was obtained four 

days after the chemical was first applied, irrespectively of BA concentration or the 

plant response (Volgelmann et al. 1984). Williams and Stahley ( 1968) found that 

one application of cytokinins yie lded no response,  and proposed that plant  

responses can not be induced unless the threshold concentration of  cytokinin was 

reached. Nevertheless, continual supply of the chemical may not be essential for 

optimum response, since maximum increases in fresh weight was obtained after a 

pulse treatment of one hour (Longo et al. 1979). On the other hand, these results 

are difficult to interpret, since in the former, coordination between organs on intact 

plants was being studied, while the latter system consisted of detached watermelon 

cotyledons. In all instances, however, the level of metabolites was proportional to 

the concentration of BA applied (Van der Krieken et al. 1988).  

Metabolism within the roots i s  rapid and the labelled compounds are 

transported to the major receivers, the leaves and shoot laterals (Davey and Van 

Staden 198 1 ;  Jameson et al. 1 987), even during fruit bearing stages of development 

(Nooden and Letham 1 984) . The exogenous cytokinins used were generally 

nitrogen bases, which are believed to be converted to ribosides and ribotides (Van 
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nitrogen bases, which are believed to be converted to ribosides and ribotides (Van 

Staden and Davey 1 979; Letham and Palni 1983;  Bayley et al. 1 9 89). The level of 

metabolites obtained in the tissues receiving exogenous cytokinins, also correlated 

well with external concentration of the chemical (Van der Krieken et ai. 1988) .  

Different tissues differed in capacity to metabolizing cytokinins (Forsyth 

and Van Staden 1 987;  Jameson et al. 1 987). Of the organ segments tested, leaf 

tissues were the most effective at BA metabolism followed by the stem, while root 

t issues were least active, despite the fact that there were more varieties of  

metabolites in roots than in other organs (Bay ley et  al .  1 989). In  their reviews, 

Letham and Palni ( 1983)  and Zhang et al. ( 1 9 87 a) reported that plant tissues 

converted exogenous cytokinin bases (including BA) into a great variety of 

metabolites, but that the action of most derivatives appeared to be less effective 

than the base itself. Because the activity of endogenous cytokinins has been found 

to peak just  prior to significant periods of shoot development; such as breaking 

dormancy or bud burst (Luckwill and Whyte 1 968; Hewett and Wareing 1 973;  

Young 1 989;  Qamaruddin et al. 1 990), i t  appears that the process of cytokinin 

metabolism produces the plant responses. 

Although there have been many studies on the application of exogenous 

cytokinins, most have been related to growth restoration in stressed plants. It 

would be of great value, however, to investigate to what extent shoot growth may 

be altered or controlled by hormones from the roots in normal situations of plant 

growth. Application of cytokinins has not succeeded in stimulating plant growth 

per se. Tognoni et al. ( 1967), Wittwer and Dedolph ( 1 963), and Richards ( 1 9 80) 

concluded that cytokinins reduced plant growth because they attracted metabolites, 

towards the site of application, at the expense of overall growth, and frequently, 

shoot or root morphology was altered, indicating phytotoxic effects (Busch and 

Sievers 1 990). Consequently, in this experiment the effects of external cytokinin 

( B A )  h av e  been s tudied.  The concentrations of the chemical used were 

sufficiently low to avoid phytotoxic effects, and shoot treatments, which may 

confound interpretation, were excluded. 



4.2. MATERIALS AND METHODS 

4.2. 1 .  Experimental  Procedu re and Design 
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Under the same greenhouse condi tions , a similar experiment was 

conducted from March to June, 1989 , with the same seed lot of the tomato cultivar 

described earlier (Chapter 3). The procedure for this experiment was the same as 

for the second gibberellic acid experiment, except that a synthetic cytokinin (BA) 

was used. The external replications were also arranged by duplicating the number 

of the tanks.  The tanks were arrange d along the length of the glasshouse. 

Uniform four week-old seedlings were carefully selected and transplanted onto the 

aeroponic tanks. A fter one week of e s tabl ishment ,  t reatments  o f  6-

Benzylaminopurine (N6
-benzyladenine , MW 225. 6, C 1 2H 1 1  NS' SERVA , 

Heidelberg, BA) were applied. The chemical was flrst dissolved in 1 0  ml of 9 0% 

ethanol, and then diluted by the nutrient solution, to make up the designated 

concentrations. The BA used during each experiment was freshly made as a stock 

solution and stored in a dark, cool, room (5 °C) when not in use. 

The serial harvest was planned as a split-plot design with two blocks, each 

consisting of four tanks, each of which represented a treatment. There were four 

different BA concentrations (factor A); 2.22 X 1 0-8 M, 2.2 X 10-7 M, 2.2 X 1 0-6 

M and control (water + ethanol), arranged in whole units with four harvest times, at 

weekly intervals (factor B or subunits). The BA treatments were assigned at 

random to the tanks and plants were collected at random at each time of harvests. 

With this arrangement, each harvest could also be considered as a common RCBD 

experiment on its own. 

4.2.2. Collection of Data and Data Analyses 

Destructive harvests commenced before the treatments were applied and 

were made at seven day intervals thereafter. Two plants were sampled from each 

tank for initial measurement at harvest zero, and four plants were collected from 

each tank at each subsequent harvest. Branches and inflorescences were measured 

when they were present. Similar procedures to the previous study (Chapter 2 and 
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3) were employed for data collection and analyses. A t  each harvest, data were 

analysed in a RCBD, using ANOV A and Lsd test. Pooled data from each attribute 

across all harvests were analysed using a split-plot RCBD design. Calculation of 

all derived means followed the methods described earlier. 

The parameters measured were the same as for the second gibberellic acid 

experiment, except that parameters of inflorescences and root were also measured. 

The root measurements followed the methods described in Chapter 2. 

The analyses and comparisons of means and other statistical analyses 

involved in the experiment followed the procedures described in Chapters 2 and 3. 

In this experiment, the allometric values between leaf and root parameters, which 

have not been determined in the previous studies, were determined using simple 

l inear regression.  S tatistical tests of apparent  linearity and comparisons of 

allometric values were carried out in the similar procedures as described for 

allometric equations derived from dry weights (in Chapter 2). 



4.3. RESULTS 

4.3.1 .  Morphological C hanges due to B A  Appl i cat ion 

4.3. 1 . 1 .  Lea f A tt ri butes 

Leaf A rea 
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At all stages of the experiment, the effect of B A  at all concentrations on 

leaf area was significantly different (Table 4. 1 ) .  Benzylaminopurine, at low 

concentration, promoted leaf area production due to reduced apical dominance 

throughout the experimental period, although this was not initially significant. 

The m id-concentration appeared to suppress leaf area slightly (although not 

significantly),  whereas the high concentration had a strongly suppressive effect 

(Fig. 4. 1 a). These effects were consistent and thus, the general effects of BA 

expres sed in  p oo led means show s imi lar  r e s u l t s .  Plants  fro m  the low 

concentration treatment had 20% more leaf area than the control. Plants in the 

mid concentration treatment had a similar leaf area to the control, while plants 

treated with the high concentration had 35% less. 

This result is  a very i mportant outcome because it indicates that with 

respect to this plant attribute the control, which received no exogenous synthetic 

cytokinin, was intermediate to treatments receiving synthetic growth regulators. 

This  sugges ts that  the  exogeno u s  compound entered, formed part of, and 

supplemented the pool of endogenous cytokinins, thereby eliciting a physiological 

response by the plant that was indistinguishable from the endogenous hormone. 

The low concentration thus gave a clearly physiological effect, exceeding that of 

the control ,  whereas the higher c oncentration s  exhibited supra-optimal, and 

perhaps, ' non-physiological' effects. 

Leaf Area Ratio (LAR) 

The pooled means of LAR revealed that BA reduced LAR, but only at the 

high concentration (Table 4. 1 ) .  In fact ,  the LAR of the low B A  treatment 



LE 4. 1 .  Changes in leaf  a t trib utes with tim e as  affected by 
root application of  6·N·benzyla minopurine 

Leaf area Leaf area Specific 
'est ratio leaf area 

SA treatment cm2 cm·2.mg- 1 cm-2 .mg·1  

* * *  * 

Control 599 a 0.226 b 0.353 a 
2 .2X 1 0 -8M 641 a 0.242 b 0.373 a 
2 .2X 1 O -7M 589 ab  0.2 1 7  b 0 .357 a 
2 .2X1 0-6M 464 b 0. 1 74 a 0 . 3 1 7  b 

se 44 0.005 0.009 

* *  * *  ns 
Control 1 4 1 0  c 0.230 , b 0 .360 
2 .2X 1 0-8 M 1 487 r- 0.220 b 0.340 '-' 

2 .2X 1 O-7M 1 1 47 b 0.223 b 0 .368 
2 .2X 1 0-6M 882 a 0. 1 93 a 0.342 

se 87 0.006 0 .0 1 3  

* ns ns 
Control 2634 b 0 .225 0.373 
2 .2X 1 0-8 M 2929 b 0 .234 0 .378 
2 .2X l 0-7M 2386 b 0 .241 0 .395 
2 .2X l 0-6M 1 594 a 0 .2 1 6  0.372 

se 2 1 1 0.008 0 . 0 1 3  

* *  * *  ns 
Control 3566 b 0 .258 b 0.437 
2 .2X 1 0-8M 4782 c 0.268 b 0 .442 
2 . 2X 1 O-7M 3396 ab 0.250 b 0 .426 
2 .2X l O-6M 237 1 a 0 .228 a 0 .406 

se 397 0.004 0 .0 1 4  

* * ns 
led Control 2052 b 0 .235 b 0 .379 

2 .2X 1 0-8 M 2460 c 0 .241 b 0 .382 
2 .2X 1 0-7M 1 880 b 0.233 b 0 .386 
2 .2X l 0-6M 1 328 a 0 .203 a 0 .360 

se 1 1 4 0.004 0 .006 
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Leaf Leaf I 
num ber size 

cm2 

ns ns 
9 .3  54.8 

1 0 . 0  65.8 
9. 1 64.6 
8 .6  53 .6 

0 .6  4.3 

ns ns 
1 3 .3 1 09 . 1  b 
1 3 .0 1 1 3 . 1  b 
1 1 .5 98.4 b 
1 1 . 0 80.3 a 

I 
0 .5  5 .8 1 
ns ns I 

27.6 96.4 I 
37 .5  82 .9 
30 .5 87.3 
25 .9 7 1 .4 

4 .7  6 .5  

ns * 

32.9 1 1 5 .8  b 
4 1 . 0  1 1 9 .0 b 
30 .4  1 1 3 . 2  b 
30 .4 80.5 a 

4 .5 6.8 

* * * I 20.7 a 96 .5 b 
25 .4  b 95 .2 1 b 
20 .4  a 90.9 b 
1 9. 0  a 7 1 . 4 a 

1 .6 3 .0  

lch m�an 
.
f igure

. 
from 8 repl ications wi th  df(error) = 27 at harvests , and poo led m ean fro m  32 

replications With df(error) = 1 08 .  
lan separation with in column by Lsd (p ::; 0 .05) .  



Figure 4 . 1 .  Changes in l eaf attributes of t oma t o  s eedlings when 

s up p l i e d  vi a t h e  ro o t s  w i t h  6 - N - b e n z y l ami n o p u r in e  a t  v a ry ing 

concent rations ; ( a )  leaf area , ( b )  leaf area ratio and ( c )  specific 

leaf a rea . I = st andard error of mean s . 
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reverse effect which was significant at the high concentration (Fig. 4.1 b). Despite 

LAR falling during the period between harvest one to three, LAR of the control 

and the low BA concentration remained higher than other treatments due to their 

larger plant size rather than area of individual leaves. These results add weight to 

the conclusion that the highest BA concentration gave ' non-physiological effects ' .  

Specific Leaf Area (SLA) 

Although the high B A  concentration significantly inhibited SLA at the 

first harvest, this effect did not persist (Table 4.1). At the second harvest, the SLA 

of the low concentration treatment decreased considerably (Fig.  4.1 c) .  This 

occurred against increasing SLA for all other treatments, and despite the fact that 

the dry weight and leaf area of the low B A  treatment still exceeded those of the 

remaining treatments. This SLA decrease suggests that there was a lower rate of 

expansion in relation to dry matter accumulation at the time between the first two 

harvests than during other experimental periods. A comparison between the mean 

S LA (s )  of the firs t  and second harvests was made using t-test, the decrease, 

however, was not significant. 

This result  together with the effe c t  on leaf area  i ndicates that leaf 

expansion during the first week is an important factor causing superior plant size in 

the low BA treatment. 

Leaf Number 

Leaf number was significantly increased by low concentration of B A  

(Table 4.1) .  Leaf numbers, determined b y  leaves o n  the main stem, were not 

different at the two early harvests (Fig. 4.1 d). A burst of leaves produced on the 

side branches, commencing in the week between the second and the third harvests, 

was responsible for the increase in leaf number and consequently leaf area during 

that period. The larger production of leaves on side branches due to low BA 

concentration, caused the curve for this treatment to diverge rapidly from the other 

three treatments at the third harvest. By the time of the final harvest there were 

41.0 ± 4.5 leaves on the low BA concentration compared with 30.4 to 32.9 C± 4.5) 



Figure 4 . 1 .  ( cont . )  Changes in leaf attribute s  o f  tomato seedlins 

when suppl ied via the roots with 6 -N-benzylaminopurine at varyir. 

c oncentrat ion s ; ( d) leaf number and ( e )  leaf s i z e . I = standar 

e rror of means . 
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leaves on plants from the remaining treatments including the control. On average, 

the increase in  leaf number due to the low BA treatment was five leaves, which 

was 23 % ,  more than the control. The leaf area increased at the highest rate 

between harvests two and four (EgA. 1 a), because there was a greater number of 

leaves on plants in all treatments (Table 4. 1 d) after the second harvest. The 

increase in leaf number in the low B A  treatment accounted for the substantial 

increase in leaf area over other treatments. 

Lea/Size 

The size of leaves increased progressively with time (Fig. 4 . 1 e), only 

reducing when there was a flush of new leaves at the third harvest. This apparent 

decrease in leaf size was greatest on the low BA treatment, reflecting the greatest 

increase in leaf number on that treatment. This temporary reduction was caused 

by the production of new leaves on side shoots. The data serve to verify the 

earlier conclusions (in leaf area section) with respect to this event. Average leaf 

size, however, was reduced by the high concentration of BA. On the other hand, 

this attribute was not affected by the other two BA concentrations at any time. 

The average leaf size of plants treated with the highest concentration of B A  was 

26% s maller than c ontrol .  S ince leaf size was not affected by the low B A  

treatment, while leaf number accounted for the entire difference i n  leaf area, it can 

be concluded that the effect of this treatment was on the rate of leaf initiation on 

the main stem and lateral shoots. 

4.3. 1.2.  Stem Attributes 

Individual Internode Length 

A lthough all internodes were measured at all harvests, variation in the 

number of internodes present at each harvest prevented all internodes being used in 

statistical analyses. Consequently, only internodes up to the ninth were used in 

single and pooled analyses of internode length. Internodes one to three were not 

affected by the treatments because these internodes had completed growth before 

the first harvest (Table 4 .2) ,  Elongation of the upper internodes was rapid, 



TABLE 4.2. 

' 1  

liarveet IntH Inti 2 Int i )  

no . M tnatll'W3nt em em em 

ns os ns 

Control 1 . 8 2 1 . 67 2 . 90 

2 .  aXlO-8 I'[ 2 . 22 1 . 7 4 3 . )5 

2 .  aXlO
-7 I'[ 1 . 81 2 . 1 7  3 . 07 

2. 2Xl0
-6 l! 2 . 1 0 2 . 4 2  3 . 17 

"" 0 . 0 7 0 . 1 3 0 . 1 1 

ns os ns 

Control 1 . 5 7 1 .  7 5  2 . 4 6 

2. aXlO
-6 I'[ 1 .  59 1. 8 5  2 . 4. 4. 

2. 2XlO
-7 K 1 . 7 1  1 . 7 2 3 . 1 9 

2 . 2XIO
-6 K 1 . 84 2 . 00 3 . 04 

.... 0 . 0 8  0 . 0 9 0 . 1 2  

ns ns ns 

Control 2 . 01 2 . 2 4 2 . 8 6 

2. 2XlO
-8 K 2 . 09 2 . 1 4 3 . 06 

2. 2XlO
-7 K 2 . 01 2 . 1 1 3 . 10 

2 . 2X10
-6 l! 1 . 6 5 1 . 9 2 3 . 00 

"" 0. 09 0 . 0 9  0 . 1 2  

c;nanges In f il l er I I tJtJ t:: / tj 0 Y I / I  W i l l i  ' ' ' U e U w "' "  " " . � �  � ,  

r o o t  applica tion of  6- N-benzy Jamin opurine 

IntH In t I S  IntH IntO In t l 8  In t l 9  

em em em ern em em 

ns OS nil I11l 

3 . 11 4 . 27 4 . 22 b 3 . 1 0 b 2 . 1 5 1. 3 7  

3 . &2 4 . 95 4 . 4 9 b 3 . 8 4 b 2 . 3 4 1. 3 7  

3 . 31 4 . 1 7 4 . 06 b 3 . 1 4 b 1 .  8 5  1 .  21 

2 . 9 2 2 . 9 1 2 . 7 0 a 1 . 9 1 a 1 .  3 5  G . 7 5-

0 . 12 0. 1 1  0. 1 2  0 . 1 4  0 . 1 2 0 . 1 2  

ns DS na DS os 

2 . 7 7  3 . 9 5 5 . 34 5 . 4 2 5 . 40 b 6 . 0 4 

2 . 8 4 3 . 94 4 .  61 4 .  55 5 . 4 0 b 4 . 7 5  

2 . 9 7  4 . 7 2 & . 11 5 . 8 2  6 . 05 b 4 . 96 

2 . 7 9  3 . 4 0 J . 7 5 3 . 99 3 . 6 9 a 3 . 3 7 

0 . 1 5  0 . 1 9 0 . 1 9 0 . 17 D . 2 3  0 . 2 ) 

ns ns .. os os ne 

3 . 6 6 5 . 6 7 6 . 59 b 6 . 7 0 8 . 1 4  8 . 29 

3 . 3 2 4 .  54 5 . 3 9 b 5 . 69 6 . 22 7 . 4 2 

3 . 6 2 4. . 7 7 5 . 51 b 6 . 3 6 7 . 0 2 7 . 27 

2 . 7 2 3 . 41 4 . 09 a 4 . 50 5 . 3 5  6 .  ) 4  

0 . 1 3  0 . 1 6 0 . 1 8 0 . 2 1  0 . 2 3 0 . 22 

' 2  

Total 

nutrber 

DB 

9 . 75 

9 . 1 2 

9 . 37 

9 . 25 

0 . 1 4  

De 

1 2 . 12 

1 2 . 87 

1 1 .  25 

1 0 . 87 

0 . 24 

ne 

1 3 . 29 

1 4  . 62 

1 3 . 62 ..... 
1 3 . 25 

+::-tv 

0 . 17 

(continued) 



TABLE 4 . 2  (continued) 

Harvaet Intl l intO In t ' 3  IntH int I S  IntH 

no .  SA. treatmant em em em em 

"" "" ns na .. 

Control 1. 89 2 . 69 3 . 00 3 . 80 5 . 11 b 5 . 1 4 

2 . 2X10-
8 K 2 . 01 2 . 35 2 . 85 l . U  5 . 29 b 6 . 55 

2 . ZX10-7 K 1 . 77 2 . 4 5 2 . 71 l . 49 5 . 6 6  b 6 . 4 6 

2 . 2X10-
6 K 2 . 14 1 .  90 2 . 7 7  2 . 90 3 . 3 9 a 3 . 74 

Be 0 . 08 0 . 12 0 . 10 0 . 1 1  0 . 17 0 . 17 

ns ns ns 

Pooled Control 1 . 85 2 . 08 2 . 8 0 l . 3 3 b 4 . 72 b 5 . 4 4 

2 . 2X 10 -
8 K 1 .  98 2 . 0 2 2 . 9 2 l . 30 b 4 . 68 b 5. J l  

2 . ZX10-
7 K 1 .  83 2 . 12 3 . 02 3 . 35 b 4 . 8 3 b 5 . 54 

Z . 2XIO-
6 K 1 .  93 2 . 06 3 . 00 2 . 83 a 3 . 28 a 3 . 57 

Be 0 . 08 0 . 11 0 . 1 2 O . l l 0 . 16 0 . 1 7  

_ Each mean f igure from 8 replications with df (error) 24 at harvests . pooled mean 

from 32 replications with df(error) = 1 08 . 

- Mean separation within column by Lsd (p $ 0 .05) .  

b 

b 

b 

a 

b 

b 

b 

a 

IntH intI B 

em 

ns 

6 . 72 b 7 . 60 

6 . 62 b 7 . 09 

6 . 86 b 8 . 26 

4 . 19 a 6 . 12 

0 . 28 0 . 28 

5 . 4 5  b 5 . 7 5 b 

5 . 17 b 5 . 26 b 

5 . 55 b 5 . 80 b 

3 . 65 a " . 13 • 

0 . 20 0 . 22 

- * 1 Internode oFder, ittrto 9th frOItl tfle shoot-root juncture upwar--I::fO,,.------------__ 

* ?  = Tl"\t�1 I ntprnnrip Nllmber 

In t l 9  To ta l * 2  
em 

ns "" 

9 . 09 1 4 . 75 

8 . 40 1 5 .  l7 

8 . 84 1 4 . 75 

7 . 69 1 4 . 00 

O .  J l  0 . 19 

ns 

6 . l l b 1 2 . 4 5 

5 . 4 9  b 1 3 . 00 

5 . 57 b 1 2 . 25 

4 .  5 4  a 1 1 .  84 

0 . 05 0 . 19 
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especially during the period between the first and the second harvests. It is of 

interest, that at any time other than the fIrst harvest, each internode was longer than 

the one beneath. B enz ylaminopurine at the high concentration shortened 

internode length by 30% compared with the control, but there was no effect at 

other concentrations. 

Total Internode Number 

Table 4.2 shows there was no significant difference in total number of 

internodes at any single harvest. The increase in number was relatively uniform 

over all treatments. This result, however, refers only to internodes on the main 

axis of each plant. There were clearly additional internodes on the laterals of 

plants treated with the low BA concentration (although data are not shown) . 

Increases in both total leaf number, and total lateral length demonstrated this. As 

discussed earlier, the number of leaves on laterals was markedly increased by this 

treatment, if these leaves had been included the difference between the control and 

the low BA treatment would have been more marked. 

Main Shoot Length 

Main shoot length i ncreased linearly with plant age during the course of 

the experiment, although, apparently, at different rates for different treatments (see 

later discussion). Table 4.3 indicates that the high concentration of BA reduced 

main shoot length severely while the lower concentrations had no significant effect 

on this attribute. The plants were relatively uniform with respect to main shoot 

length as reflected in the small standard error of the means. The reduction in main 

shoot length by the high BA treatment was cumulative and differed significantly 

from the o ther three treatments throughout,  resulting i n  plants that were 

consistently one third shorter than the control. 

Total Lateral Length 

Measurement of the branching system was conducted from the second 

harvest onwards. Data of the first measurement showed a most marked difference 



TABLE 4 . 3 .  Changes i n  s t e m  a ttrib utes with tim e a s  affected b y  r o o t  
application of 6-N-b e nzy/a minopurin e 

Main Shoot Total Lateral Total shoot 
Harvest length length length 
no. BA treatment em cm cm 

* 

Control 25 .0 b 
2 .2X1 0-8M 28.5 b 
2 .2X1 0 -7M 26.0 b 
2 .2X 1 0-6M 20 .5 a 

se 1 .3 

* *  * * *  

2 Control 45.0 b 20. 1 ab 65 . 1  b 
2 .2X 1 0-8M 43 .3 b 23 .9 b 67.2 b 
2 .2X 1 0-7M 42.3 b 3 . 1  a 45 .4 a 
2 . 2X 1 0-6M 3 1 .2 a 4.0 a 35 .2  a 

se 1 .8 6.0 6.3 

* *  ns * 

3 Control 67.5 b 46.2 1 1 3 .7  b 
2 .2X 1 0-8 M 60.9 b 69.7 1 30 .7  b 
2 .2X1 0-7M 62.3 b 39.3 1 0 1 .6 ab 
2 .2X 1 0-6M 46.6 a 24.5 7 1 . 1  a 

se 2 .6 1 2.4 1 2 .4 

* *  ns * 

4 Control 82.6 b 68.5 1 5 1 . 1  ab  
2 .2X 1 0-8M 90.2 b 97. 1 1 87.3 b 
2 .2X 1 0-7M 80.2 b 54. 1 1 34.3 a 
2 . 2X 1 0-6M 62.8 a 44.0 1 06.4 a 

se 3 . 1  20.7 1 9. 2  

* *  ns * *  

Pooled Control 55 .0  b 44.9 1 09 .9 b 
2 .2X1 0-8 M 55.7 b 63.6 1 28 .4  c 
2 .2X1 0 -7M 52.7 b 32.2 93.8 b 
2 .2X 1 0-6M 40.3 a 24.2 7 1 . 0  a 

se 1 .2 8 . 1  7 .8  
df(error) 1 0 8 80 80  

145 

Lateral 
number 

* 

4.00 b c  
4.25 c 
1 .37 a 
2 .00 ab 

0 .75 

ns 
5 .25 
6.62 
4.88 
4.38 

1 .09 

ns 
5.63 
8 .25 
5 .25 
6.25 

1 .00 

ns 
4.96 
6.37 
3.83 
4 .2 1  

0 .55  
80 

:ach mean figure from 8 replications with df(error) = 24 at harvests, and pooled mean from 
�4 or 32 replications with df (error) = 80 or 1 08 as i nd icated. 
Aean separation within column by Lsd (p :s 0.05 ) . 
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between the two groups; viz. The control and the low BA treatment versus the other 

treatments (Table 4 .3 ) .  As the experiment  progressed, this difference was 

maintained, but did not increase. Although not significantly different at any other 

harvest or in the pooled means, due to variability of branching (length and number) 

within groups of plants,  it i s  n otable that plants at the low B A  concentration 

appeared to have more and l onger la tera ls  than the remaining treatments 

throughout the experiment. 

Total Shoot Length 

The p attern o f  c h anges  i n  total  s hoot length due to d ifferent B A  

concentrations over time, parallels that of leaf area (Fig. 4. 1 a). The divergence of 

the low B A  curve began at the second harvest. Considering total shoot length, leaf 

area and leaf number, all three attributes appear to confirm that the branching 

effect of low BA application is one of the initial effects of BA, contributing to the 

increase of leaf area and plant size. 

When the data of main shoot and lateral length was aggregated the mean 

difference i n  response to B A  was c learer than when each set of the data was 

considered alone. The pooled means of total shoot length (Table 4.3) show BA at 

low concentration promoted overall growth while there was no effect of the mid 

concentration and an opposite effect by the high concentration. This conclusion is 

supported by a similar trend at all harvests after the second harvest. The mean 

shoot len gth o f  the promoted treatment was almost double that of the inhibited 

treatment. 

Lateral Number 

Benzylaminopurine h ad n o  s ignificant effect on the final n umber of 

laterals produced by the tomato plants in  this experiment. Nevertheless, B A  at 

low concentration appeared to increase the rate of production of laterals while at 

higher concentrations branching rate was inhibited. Given the overall growth 

promoting effect of BA, it seems reasonable to conclude that the number of laterals 

made a p artial contribution to the total lateral length, particularly in the low BA 

treatment. 
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4.3. 1 .3 .  Flower P roduction 

Onset of flowering was uneven, caused by l arge variation in flower 

number. Consequently no significant difference between flower numbers and dry 

weights among BA treatments was found (fable 4.4) . In fact, on some plants fruit 

set had occurred whereas only a few flowers emerged on treatment counterparts . 

Precocity was assessed by determining the first node upon which the first flower 

truss formed. There was no effect of treatment on the location of the first flower 

truss. In general, flowering occurred at the 9th or 1 0th internodes. 

4.3. 1 .4. Root Attributes 

Root Length 

Benzylaminopurine at low concentration had no effect on root length but 

both higher concentrations appeared to decrease root extension. In all treatments, 

root length increased with time, except for the control at the final harvest (Fig. 4.2 

a) . At the second and the third harvests, root length appeared to be reduced by BA 

treatments, amongst which the low concentration was least effective (Table 4.5). 

By the fourth harvest, however, this difference had disappeared and the effect of 

BA was reversed. Despite the large number of replications used in the experiment 

for a four week period, n o  s ignifican t  effect  of B A  on root length was 

demonstrated. Root morphology, however, was obviously altered on the plants 

treated with the highest BA concentration (Plate 4. 1) ,  being more compact and 

shortened (see also results of root number per unit root length and root dry weight 

per unit root length). 

Root Number 

Benzylaminopurine had no significant effect on root  number. The 

general pattern of temporal changes due to BA, however, was similar to root length 

(Fig. 4.2 b). At the second and third harvests, treatments appeared to separate into 

two different groups; the low BA treatment and control in one group and the other 



LE 4 .4 .  Effe cts of  6-N-b enzy/aminopurine on inflorescences 
and developm e nt o f  flower truss of toma t o  s eedlings 

est Number of Dry Weight Position* 1  

BA treatment inflorescences g 

ns 
Control 1 . 1 3  
2 . 2X 1 0-8M 1 .2 5  
2 .2X 1 0-7M 0 .38 
2 .2X 1 0-6M 0 .50 

se 0 .04 

ns  
Control 6 .00 
2 .2X l 0-8M 4 .38 
2 . 2X 1 0-7M 5 .00 
2 .2X l 0-6M 3 .00 

se 0.95 

ns ns 
Control 4 .38 0.0 1 9  
2 .2X 1 0-8M 7.25 0.066 
2 .2X 1 0-7M 5. 1 3  0.029 
2 .2X 1 0-6M 3 .75 0.022 

se 1 .39 1 7  

ns  
led Control 3 .83 

2 .2X 1 0-8M 4.29 
2 .2X 1 0-7M 3 .50 
2 . 2X l 0-6M 2 .42 

se 
df(error) 80 

ach mean f igure from 8 repl ications with df(error) == 24 at harvests, and 
ooled mean from 1 6  or 24 replications with df( error) = 48 or 80 as indicated. 
lean separation within  column by Lsd (p ::; 0 . 05 ) .  
1 "" I nternode where first truss appeared. 

ns 
9 .50 
9 .83 
9 .71  
9. 1 4  

ns 
9 .25  
9 .38 
8 .75 
9 .75 

ns 
9 .37 
9 .65 
9 .25  
9.43 

48 

1 48 



LE  4 .5 .  Changes in root  a ttrib utes with tim e as  a ffected by root  
applic a tion of 6-N-benzy/aminopurin e 

Root Root Root number 

1 49 

Root d.w.t 
Harvest length number per unit length per unit length 

(X 1 0-3) m - 1 mg.m-1 no. SA treatment m 

ns ns * *  

Control 66.3 4 .73 69.9 b 
2 .2X 1 0-8M 68 . 7  4 .40 63.6 ab 
2 . 2X 1 0-7M 79 .2  4 .50 55 .8 a 
2 . 2X 1 0-6M 60 .7 3 .99 64.0 b 

se 0 .8  0.64 2.8 

ns ns * 

2 Control 1 56 .9  9 .28  60.5 c 
2 .2X 1 0-8M 1 50 .0  8 .83 58.6 bc 
2 .2X 1 0-7M 1 1 4.9 6 .22 52 .7  ab 
2 . 2X1 0 -6M 1 3 1 .9 6 .99 51 .8 a 

se 1 1 .8 0 .77 2. 1 

ns ns * 

3 Control 285.4 1 5.28 52 .7  a 
2 .2X 1 0-8 M 28 1 .8 1 4 .99 52.6 a 
2 .2X 1 0-7M 23 1 . 0 1 1 . 79 50.4 a 
2 .2X1 0 -6M 2 1 0 . 5  1 2 .75 59.7 b 

se 27 .4  1 . 74 2 .2  

ns ns ns 
4 Control 263.8 1 2 .52 5 1 .5  

2 . 2X 1 0-8M 325 .2  1 8.76 56.6 
2 .2X 1 0-7M 287.4 1 5 .29 53.2 
2 . 2X 1 0-6M 293.5 1 7.57 58.4 

se 37. 1 2.93 2.2 

ns ns  ns  
Pooled Control 1 93 . 1  1 0.49 58.9 

2 . 2X 1 0-8 M 206.4 1 1 .7 1  57.9 
2 .2X1 0-7M 1 78 . 1 9 .47 53.0 
2 .2X 1 0-6M 1 74. 1 1 0.33 58.5 

se 1 2 .2 0 .86 1 . 1  

�ch mean f igure from 8 repl ications with df(error) = 24 and pooled mean from � repl ications with df( error) = 1 08 .  
ean separation within column by Lsd (p $ 0.05 ) . 

* *  

7.39 b 
6.07 a 
7.42 b 

1 1 .85 c 

0 .36 

* *  

5 .89 a 
6.28 a 
8.02 b 
9 .21  c 

0 .39 

* *  

5.25 a 
5.45 b 
6.5 1 bc 
7.82 c 

0 .41  

* 

6.33 a 
6.20 a 
6.86 ab 
7.5 1 b 

0 .32 

* *  

6.21 a 
6.00 a 
7.2 1 b 
9 . 1 0  c 

0 .20 



F igure 4 . 2 .  

�-� �--- �--- -----

Changes in root attribute s  of tomato seedlings when 

s upp l i e d  vi a t he root s w i t h  6 -N - b e n z y l aminop u rine at v a ry ing 

concentrations ; ( a )  root lengt h ,  (b)  root number ,  ( c )  root number 

per unit length and ( d )  root dry we ight per unit length . I = 

standard error o f  means . 
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P l a t e  4 . 1 .  Ab n o rma l m o r p h o l o gy o f  t o ma t o  r o o t  s y s t ems 

when roots were exposed to continual application o f  BA at 2 . 2 x 1 0 -

6 M f o r  8 weeks ( right ) , c ompa red t o  t he cont rol ( le f t ) . No 

apparent abnormality in plants treated at lower concentrations . 
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two treatments in  the other group. This may have been a segregation between 

'normal ' and 'phytotoxic' or ' supra-optimal' or 'non-physiological ' levels. At the 

final harvest, however, the number of roots in the control treatment dropped to be 

lower than that of highest BA concentration. Variability was quite low as the 

general means ranged between 9473 . 1  C± 8 56.0) to 1 1704.8 C± 856.0). This range 

of about 1 ,000 roots, is quite small in relation to the means. 

The separate measurements of root length and root number provided no 

information in relation to the abnormal ity in root morphology of the highest 

concentration of BA. The data derived from both attributes, may give some 

indication of this effect. 

Root Number per Unit Root Length 

The ratio of root number per unit length of root was used to measure the 

intensity of lateral roots produced. There was no significant difference between 

the pooled means of this attribute because of the irregular pattern of individual 

means, over the course of the experiment (Table 4.5 ) .  Nonetheless, there was a 

s ignificant ly  lower intensity of root l aterals i n  the  p lants exposed to high 

concentration of  BA during the early harvests. A similar trend also occurred in the 

other B A  treatments (Fig. 4.2 c). These results suggest that with the additional 

cytokin in  supplies the production of root n umber per uni t  root length,  and 

therefore, the synthesis the endogenous cytokinins may have been lower than in 

normal plants. 

The disappearance of the statistical difference in this and other data 

suggests that the effects of B A  may be transient only, disappearing in the later 

weeks of exposure to BA. 

Root Dry Weight per Unit Root Length 

The dry weight per uni t  length of roots measures the root thickness 

provided that there is no difference in the specific density of root tissues. Effects 

of the low B A  concentration upon this attribute were significant, but did not 
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persist.  This treatment appeared to be similar to the control from the second 

harvest onwards (Fig 4.2 d). At the fIrst harvest, however, root dry weight per unit 

length was reduced signifIcantly compared to the con trol and other cytokinin 

treatments. In later harvests, this treatment was very similar to the control while it 

was signifIcantly greater in the higher BA treatments. Since in the pooled mean, 

the control gave an intermediate response between stimulation and inhibition of 

root dry weight per unit length (Table 4.5), this result is further evidence that the 

exogenous B A  became p art  of, and supplemen ted the endogenous pool of 

cytokinins. Consequently, these data add further credence to the hypothesis that 

synthetic cytokinins did, at these concentrations, and by this mechanism, form part 

of the endogenous pool and elicit responses that are typical physiological responses 

to endogenously synthesized cytokinins. 

Benzylaminopurine at the higher concentrations increased the thickness of 

lateral roots in proportion to the concentration of BA applied. 

4.3.2. Changes in  A bsolute Growth 

4.3.2 . 1 .  Lea f Drv Weight 

Benzylaminopurine at the low concentration significantly increased leaf 

growth whereas at high concentration the effect was reversed (Table 4.6). The 

mid concentration, although not significantly different from the control, appeared 

to be slightly inhibitory. Figure 4.3 (a) shows that there was a consistent trend 

towards reduced leaf growth at the mid concentration, except during the final 

week. Reduced leaf growth by the control prior to the fInal harvest, in relation to 

the B A  treatments, offset the difference between the two treatments, without 

affecting the other treatments. Thus, with this plant attribute the control treatment 

also gave an intermediate response between the low and higher BA concentrations. 

4.3.2.2. Stem D ry Weight 

The effect of BA on stem growth appears to be similar to the effect on leaf 

growth, although less pronounced (Table 4.6; Fig. 4.3 b). Despite the signifIcant 
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TABLE 4.6.  Chang es in dry weight o f  plant organs and whole pla nt  
with t ime as af fected by root  application of  6�N-benzylaminopurine 

Lw 
* 1 Sw 

*2 Tw 
*3 Rw 

*4 

Time SA treatment 9 9 9 9 

ns ns ns * 
Control 1 .72 0 . 48 2 . 1 8  0 .48 a 

' 2 . 2  x 1 O-8M 1 .74 0 .52 2 .25 0 .42 a 
2 .2  x 1 0-7M 2.68 0 .53 2 .20 0 .54 a 
2 .2  x 1 0-6M 1 .48 0 .50 1 .98 0 .71  b 

se 0 . 1 6  0.05 0 . 2 1  0 .05 

2 Control 3 .98 bc 1 .34  b 5 .33 bc 0 .89 a 
2 . 2  x 1 0-8M 4 .40 c 1 .44 b 5 .84 c 0.94 a 
2 .2  x 1 O-7M 3 .20 ab 1 . 1 2  b 4 .32 ab 0.89 a 
2 .2  x 1 0-6M 2 .58 a 0 .8 1  a 3 . 40 a 1 . 1 7  b 

se 0 . 32 0 .08 0 .39 0 .07 

ns 
3 Control 7 .3 1  bc 3 . 1 0  b 1 0 . 4 1  bc 1 .48 

2 . 2  x 1 O-8M 8.06 c 3 .26 b 1 1 .32  c 1 .49 
2 .2 x 1 O-7M 6.06 ab 2 .40 b 8 .46 ab 1 .43 
2.2 x 1 0-6M 4 .30 a 1 .48 a 5 .78 a 1 .63 

se 0 .68 0.25 0 .93 0. 1 4  

ns 
4 Control 8 . 1 2  ab  3 .95 b 1 2 .07 ab 1 .65 

2 . 2  x 1 0-8 M 1 0 .93 b 5 .06 b 1 5.99 b 1 .96 
2 .2  x 1 O-7M 8. 1 8  ab  3 .66 b 1 1 .84  a 1 .97 
2 . 2  x 1 0-6M 5.93 a 2 .39 a 8 .32  a 2. 1 7  

se 0.99 0 .40 1 . 38  0 .22 

* ns ns * *  

Pooled Control 5.28 b 2 .28 7 .67 1 . 1 3  a 
2 . 2  x 1 0-8M 6.28 c 2 .57 8 .85 1 .20 a 
2 .2 x 1 O-7M 4.78 b 1 .93 6 .71  1 .2 1  a 
2 . 2  x 1 0-6M 3.57 a 1 .30  4.87 1 .42 b 

se 0 . 3 1  0 . 1 2  0.43  0.07 

- Each mean figure from 8 repl ications with df(error) =: 24 at harvests, and pooled 
mean from 3 2  repl ications with df(error) = 1 08 . 

.. .  � � -� - - - - - _ .&.! _ - . .. .  : ... t... ! ..-.  ..... _I • •  �_ 1....., . 1 .,.. ...4 f _ _  n n t::. \ 

W *5 

9 

ns 
2 .66 
2.67 
2 .74 
2 .69 

0 .26 

6 .22 bc 
6 .77 c 
5 .22 ab  
4 .57 a 

0 . 46 

1 1 .89 b 
1 2. 8 1  b 
9 .90 ab  
7 .4 1  a 

1 . 06 

1 3 .72 ab 
1 7.95 b 
1 3. 8 1  a b  
1 0 . 49 a 

1 . 5 

ns 
8 .82 

1 0 .05 
7.92 
6 .39 

0 .49 



F igure 4 . 3 .  Changes in dry weight of tomato seedling o rgans and 

whole p lant when supplied via the roots with 6-N-benzylaminopurine 

at varying concentrations ; ( a )  leaf d .  wt . ,  ( b )  stem d .  wt . and ( c )  

shoot d .  wt . I = standard error o f  means . 
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difference at most individual harvests, there was no significant difference in 

general means in the pooled analysis ,  although it was almost so (p < 0.075). In 

contrast to leaf dry weight, however, stem dry weight was not significantly 

increased at the low BA concentration at any stage of the experiment. Similar 

factors may account for the growth pattern of the stem as for the leaves, since the 

changes with time are similar, particularly at the final harvest. The same general 

trend, as leaf weight, can also be seen in the pooled harvest analysis ,  with a 

promotory effect of BA at low concentration and an inhibitory effect at the mid and 

high concentrations. 

4.3.2.3. Shoot Dry Weight 

Since the pattern of change in shoot dry weight with time is the sum of 

leaf and stem dry weight (Fig. 4. 3 c), the same trends appear in shoot growth due to 

BA. The data (Table 4.6) show that the effects of B A  treatments were greatest on 

the dry weight of leaves and consequently the effect on shoots statistically and 

qualitatively is intermediate between that on leaves and stem. 

4.3.2.4. Root D ry Weight 

During the first week root weight increased at quite a high rate in all 

treatments. Root dry weight had doubled at the second harvest, but later declined 

gradually with time (Table 4.6). This marked increase of root dry weight in the 

early harvests may be, partly, accounted for by compensatory growth which was a 

residual effect of transplanting into the aeroponic tanks, which initially caused root 

loss .  B enzylaminopurine enhanced root dry weight markedly, but only at the 

highest concentration, while other treatments had no effect (Fig. 4.3 d). In fact, 

the increase in root dry weight resulting from this treatment was observed after the 

first week of B A  application. Thereafter, there was no further stimulation of root 

dry weight by the high BA concentration but the difference established in week one 

was maintained. As noted with root number and root length, there was a decline 

in the rate of increase in root dry weight by the control at the final harvest. 



F i gu r e  4 . 3 .  ( c ont . )  Changes in dry weight o f  t oma t o  s eedling 

o rg a n s  and who le p lant when s upp l i e d  via the r o o t s  w i t h  6 -N­

ben zylaminopurine at va rying concent rat ions ; ( d) root d .  wt .  and 

( e )  whole plant d .  wt .  I = standard error of means . 
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4.3.2.5. Whole Plant Drv Weight 

1 5 8 

T here was  a s i g ni ficant difference b e tween the  low and high B A  
treatments only at certain harvests (Table 4.6). The apparent difference between 

the control and other treatment means became progressively larger with time. 

Although at the final harvest, growth was still continuing, the growth rate of the 

control declined before the final harvest p artially offsetting the early difference 

between the control and the mid B A  treatment (Fig. 4.3 e) . The mean of low BA 

concentration was  higher than control throughout the experiment, although not 

s i gnifi c ant ly ,  while  the means of the two higher B A  tre atments produced 

consistently less  dry matter than the control. 

Whilst these results could only show statistical significance at the 0.06% 

level, taken overall the data strongly indicate that the low level of BA increased the 

total plant dry weight of plants growing in this system. First, the total plant dry 

weight of the low BA treatment was higher than the control or any other treatments 

at all but the initial harVest, including the pooled mean. Secondly, on each of 

these occ asions the significance level was greater than 0.007. Thirdly, the dry 

weight of the leaves from the low BA treatment was significantly greater in the 

pooled mean and exceeded 0.02 significance level in all, but the first  harvest. 

Considering that the weight of stems of thi s treatment w a s  actually,  if not 

significantly greater than all other treatments, and the weight of roots was greater 

than the control in all but the first harvest, it follow s  that overall, growth was very 

probably  s timu late d.  S ubsequent studi e s  of  the effec t  of B A  at the low 

concentrations  support this important c on clusion ( An drew s ,  Chal mers and 

Thuantavee unpublished data). 

4.3.3. Changes in Relative Growth R ates 

The pattern of changes in leaf relative growth rate (RGRIJ (Fig. 4.4 a) and 

shoot relative growth rate (RGRT) (Fig. 4.4 c) parallel those of whole plant relative 

growth r ate (RGRW) '  indi c ating the o v erridi n g  i m p ortan c e  of l e av e s  i n  

determining the growth rate of the shoot and plant a s  a w hole. This i s  because 

leaves were the greatest proportion by weight of the whole plants. The pattern of 





Figure 4 . 4 . Changes in relative growth rate o f  t omato seedling 

o rg a n s  and who l e  p lant when s upp l ie d  v i a  t h e  r o o t s  w i t h  6 -N­

benzylaminopurine at varying concentrations ; (a)  RGRL , (b)  RGRS and 

( c )  RG� . I = standard error of means . 
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changes in relative growth rate of stem (RGRS) Fig. 4.4 b)  and root (RGRR) (Fig. 

4.4 d) differ to that of RGRL' The RGRS of the low B A  and control were very 

similar throughout the experiment, except at the final harvest, suggesting that the 

low B A  treatment was not affecting this attribute, at least, during the initial growth 

period. The difference between the mid and the high concentration was greatest at 

the second harvest and then reduced to be negligible at the final harvest. The 

RGRR decreased progressively with time. At high BA concentration, RGRR w as 

increased significantly at the fITst harvest  which resulted in the initial increment in 

root weights , but thereafter no significant effects upon this attribute persisted. The 

high rate of RGRR during the fITst two weeks may have also been, partly, related to 

the residual effects of root weight loss due to transplanting into the tanks. It is  of 

interest that in the low BA treatment, RGRR appeared to increase during the week 

between the fITst and second harvest whereas it declined in other treatments. 

During early weeks of the experiment, RGRT, or rather RGRL, continued 

to increase, while RGRR steadily declined. The increase of leaf growth during the 

week between the first and second harvest may have caused the c orresponding 

increased growth in roots at that period. In this sense, the initial effects of the low 

BA treatment on leaves led to the enhanced overall growth of plants. 

In all treatments an increase in whole plant relative growth rate (RGRW) 

occurred during the first half of the experiment, when there appeared to be two 

separate groups of treatments. One group consisted of the low B A  and control 

treatments, and the other, the remainders. Thereafter, the RGRW of the control 

and the low B A  treatment declined sharply, while the RGRW of the mid and the 

high B A  treatments gradually declined. The RGRW of the low B A  treatment 

appeared to be higher than the control from the second harves t  onwards .  No 

significant effe c t  of B A  w as revealed in the pooled means of RGRW' because 

flu ctuations over the course of the experiment cancelled the difference between 

treatments (Fig .  4.4 e) . The response of control w as also intennediate for this 

attribute . 

The R G R  of plan t  parts and the entire plant i n  response to cytokinin 

application was completely different to the response of RGR to GA. Although the 





Figure 4 . 4 .  ( cont . )  Changes in relat ive growth rate o f  t omato 

s eedling o rgans and whole plant when supplied via the roots with 6 -

N-benzylaminopurine at varying concentrations ; (d)  RGRR a n d  ( e )  

RGRw ' I = standard error of means . 
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initial RGR measurement was approximately one week later in the GA experiment, 

the pattern of RGR change of the control treatment was similar to the cytokinin 

contro l .  Following GA treatment, however, RGR(s) trended upwards while 

controls and cytokinin treatments trended downwards after an initial increase. 

System 

4.3.4. Changes i n  A l l ometric Relationsh ips Between Shoot a n d  Root 

For similar reasons as those discussed earlier (in Chapter 3), the regression 

of logarithmic values of dry weights of eight plants at each harvest did not yield a 

consistent regression coefficient or a strong coefficient of determination (R2) .  

They were, therefore, considered to be unsuitable for interpretation i n  the context 

of this experiment. In the sense that the RGRs of the paired organs fluctuated and 

may be alternately predominant as in many plants when growth is rapid (Mullin 

1963; Drew and Ledig 1 980; Drew 1 982), the resultant k of such short intervals ,  

especially when the plant is small, also fluctuates, but gives little or  no information 

which is useful for the overall analysis of growth and development. When all data 

were included, the allometric relationship between shoot and roots (kT) was very 

strong with coefficients of determination between 95 to 97% (Table 4.7). When 

stem dry weight i s  not included in the regression, the allometric relationship was 

even stronger, resulting in a coefficient of determination of between 96 to 98% for 

the allometric relationship between leaves and roots (kL) (Fig. 4.5). The kT (Fig. 

4.7) and kL, expressed as the slope of the regression coefficient, was unaffected by 

BA, although that of stem and roots, kS (Fig. 4.6), appears to be reduced. All k 

values were greater than unity, which is in agreement with RGR results, in that root 

growth rate was generally lower than the growth rate of the shoot. In all instances, 

the variation between the intercepts of the regression lines is far much greater than 

any variation in the slopes (Table 4.7). 

These results suggest one of two possible conclusions : 

(a) Treatment with BA did not affect the ratio of the relative growth rates. That i s ,  

the effects of  BA on shoot-root ratio were the result of  moderation of  the overall 

growth rate. Environmental and/or ontogenetic changes that result in a lower 



E 4.7.  Changes in a llom e tric relationships betwe en dry weight of  
shoot and root  organs as affe cted by root  applica tion of 

6-N-b enzyla minopurine 

BA treatment In a se(ln a)  k se (k ) 

Y = Leaf d.wt. 
ns 

Control 0 . 032 0. 3 1 7  1 .2 1 1 0 .0 46 
2 . 2X 1 0-8M 0 .624 0 .224 1 . 1 4 1 0 . 032  
2 . 2X 1 0 -7M 0. 053 0. 308 1 . 1 8 1 0 .044  
2 . 2X 1 0-6M -0 .495 0 .32 1 1 . 1 9 1  0 .045 

Y = Stem d.wt.  
* 

Control -3 .225 0 .558 1 .5 4 1  b 0 .080 
2 . 2X 1 0-8M - 1 .735 0 .473 1 .339 a 0 . 068 
2 . 2X 1 0 -7M - 1 .799 0.530 1 .309 a 0 . 076 
2 . 2X1 0 -6M -2. 1 05  0 .522 1 .270 a 0 .0 73 

Y = S hoot d.wt. 
ns 

Control -0 .284 0 .380 1 .303 0 .055 
2 . 2X 1 0-8M 0 .577 0 .282 1 . 1 94 0 . 0 4 1  
2 . 2X 1 0-7M 0. 1 36 0 .354 1 .2 1 6  0 . 0 5 1  
2 . 2X 1 0-6M -0 .344 0 .354  1 .2 1 3  0 . 049 

lues from slopes of l inear regressions of I n  y == I n  a + k In  x, where y i s  either leaf d .w!. , 
m d .wt. or shoot d .wt. and x is root d .wt. Each k estimated from 3 2  repl ications. 
lparisons of k values based on t-test (p ::::; 0 .05) .  df(error) == 60. 
Stan dard error. 
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Figure 4 . 5 .  Changes in allomet ric relationship between le a f  and 

r o o t  dry w e i gh t  ( kL ) of t omat o  s eedlings when s upp lied via t he 

root s with 6 -N-benzylaminopurine at varying concentrat ions . 

Contro l : R2 == 9 5 . 9 % ,  Y == 0 . 0 32 + 1 . 2 1 x, 

BA 2 . 2  X 1 0 � 8 M :  R2 = 9 7 . 7 % ,  y == 0 . 62 4  + 1 . 1 4 x ,  

BA 2 . 2 X1 0 - 7 M :  R2 == 9 6 . 0 % ,  y = 0 . 0 5 3  + 1 . 1 8 x ,  

BA 2 . 2  X 1 0 - 6 M :  R2 = 9 5 . 9 % ,  Y =- 0 . 4 9 5  + 1 . 1 9 x .  
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F igure 4 . 6 .  Changes in allometric relationship (kS > between ste 

and root dry weight ( kS > of tomato seedlings when s upplied via th 

roots with 6 -N-benzylaminopurine at varying concentrations ·. 

Cont ro l : R2 = 92 . 7 % ,  Y = -3 . 2 3  + 1 . 5 4  x ,  

BA 2 . 2  X1 0 - 8 M :  R2 = 9 7 . 8 % ,  Y =- 1 . 7 4 + 1 . 3 4 x ,  

BA 2 . 2 X 1 0 - 7 M :  R2 = 9 0 . 8 % ,  Y =- 1 . 8 0 + 1 . 3 1  x ,  

BA 2 . 2  X1 0 - 6 M :  R2 = 9 1 . 0 % ,  y =-2 . 1 1 + 1 . 27 x .  
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Figure 4 . 7 .  

- -- --- ------

Changes in allometric relationship between shoot and 

r o o t  dry weigh t  ( kT )  of t omat o  s eedlings when supp lied via the 

roots with 6 -N-benzy1aminopurine at varying concentrat ions . 

Control : R2 = 9 5 . 1% ,  Y = - 0 . 2 8 4  + 1 . 3 0 x ,  

BA 2 . 2  X1 0 - 8 M :  R2 = 9 6 . 6% ,  Y = 0 . 5 7 7  + 1 . 1 9 x ,  

BA 2 . 2 X 1 0 - 7 M :  R2 = 9 5 . 0 % ,  Y = 0 . 13 6  + 1 . 22 x ,  

BA 2 . 2  X 1 0 - 6 M :  R2 = 9 5 . 3 % ,  Y =-0 . 3 4 4 + 1 . 2 1 x .  
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overall growth rate m ay l e ad to a higher proportion of the avai l able photo­

assimilates being c h anneled into root growth. This could aris e  if reduced 

cytokinin output by the root system resulted in fewer or less active metabolite sinks 

in the shoot of the plant. 

(b) Treatments with BA changed the k value initially only, and that the homeostatic 

mechanism regulating shoot and root growth immediately rebalanced growth. In 

thi s  model, the increased dry matter production of BA treated plants would have 

been due to the initial advantage in plant size, resulting from the low BA treatment. 

If the latter hypothesis were correct allometry alone would be unsuitable 

for detecting changes brou ght about by B A  because time i s  eliminated as a 

variable. Thus, if BA changed the relationship only briefly at the start of the 

experiment, after which the original relationship was restored. Changes due to BA 

treatment would not h ave accumulated over time, and the value of  k would not 

have been altered in the long term. To further investigate this possibility, the ratio 

of shoot and root relative growth rate were examined more closely for individual 

harvests. 

4.3.5. Changes in Ratios of Relat ive Growth Rates 

During the first week only, there was a significant difference in the ratio 

of leaf relative growth rate to root relative growth rate (RGRLR) between the B A  

at mid concentration and the other treatments (Table 4.8) .  In fact, during this 

period the growth rate of roots of all treatments exceeded all other organs,  

i ndicating that root production to compensate for the loss during transplanting may 

have been still taking place. No effect of B A  on the RGR ratio at other harvests 

was detected. The high level of variation inherent in mea s urements of RGR 

undoubtedly contributed to the failure to measure statistical defferences in ratios of 

RGR(s) .  

Nevertheles s ,  the measured i n creases  i n  leaf area and mass s trongly 

indicate a stimulatory effect  of BA at  the low concentration, which must be 

satisfactorily explained. 



1 6 8  

l E  4 . 8 .  Changes i n  r a tios of  relative growth ra tes with tim e a s  affected 
by root  application of 6-N-b e nzylaminopurine 

k SA treatment RGRlR 
* 1 RGRSR 

*2 RGRTR 
*3 RGRSL 

*4 

* ns ns ns 
Control 0 .871  b 0 .635 0.800 0 .729 

(0.269) (0.040) (0.047) (0 .030) 
2 .2X 1 0-8M 0 .68 1  ab 0 .674 0 .677 0 .989 

(0 .030) (0 .05 1 ) (0 .047) (0 .070) 
2 .2X l 0-7M 0 .3 1 5  a 0 .299 0 .3 1 2  0 .949 

(0 .0 1 9) (0.028) (0 .030) (0 .088) 
2 .2X l 0-6M 0.087 a 0 .068 0 .082 0 .769 

(0 .0 1 8) (0 .0 1 9) (0 .0 1 9) (0 .02 1 ) 

ns ns ns ns 
Control 1 .372 1 .687 1 .464 1 .229 

(0.026) (0 .029) (0.027) (0 .0 1 6) 
2 .2X l 0-8M 1 . 1 47 1 .259 1 . 1 73 1 .098 

2 .2X l 0-7M 
(0 .0 1 9) (0 .0 1 8) (0. 0 1 8) (0 .0 1 2) 
1 . 297 1 .57 1  1 .368 1 .2 1 1 

2 .2Xl 0-6M 
(0.053) (0.054) (0 .053) (0.036) 
1 . 1 02 0 .965 1 .069 0 .876 

(0 .032) (0.030) (0.031 ) . (0 .026) 

ns ns ns ns 
Control 1 . 1 45 1 .594 1 .267 1 . 39 1 

2 .2X l 0-8M 
(0.042) (0 . 049) (0.044) (0 .044 ) 
1 .304 1 . 78 1 1 .432 1 . 365 

2 .2X l 0-7M 
(0 .041  ) (0 .049) (0 .043) (0 .032) 
1 .346 1 .5 5 1  1 . 400 1 . 1 52 

2 .2X l 0-6M 
(0 .060) (0 .06 1 ) (0 .060) (0 .038) 
1 .637 1 .980 1 .720 1 .2 1 0  

(0 .064) (0.070) (0 .065) (0 .030) 

ns ns ns ns 
Control 1 . 1 47 2. 1 55 1 .465 1 .878 

2.2X l 0-8M 
(0 . 1 46) (0 . 2 1 7) (0 . 1 66) (0 . 1 99) 
1 .204 1 .832 1 .398 1 .522 

2 .2X 1 0-7M 
(0 . 1 24) (0. 1 65) (0 . 1 35) (0 . 1 1 2) 
0 .962 1 .334 1 .078 1 .386 

2.2X l 0-6M 
(0 .068) (0 .078) (0 .071  ) (0 .084) 
1 .086 1 .671  1 .246 1 .539 

(0 .074) (0 .092) (0 .078) (0.079) 

- Each figure from 8 replications. 
- Standard error of means in  bracket 
- Mean separation within column by t-test (p $ 0.05) .  

* 1 = Ratio of leaf to root relative growth rate, 
*2 = Ratio of stem to root relative growth rate, 
*3 = Ratio of shoot to root relative growth rate, 
*4 = Ratio of stem to leaf relative growth rate. 
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4 . 3 . 6 .  C h a n ges in L i n ea r  R e l a t i o n s h i ps B etween Leaf a n d  Root  

Attributes 

The linear relationship between leaf area and root number was moderately 

strong (Table 4.9) as expressed by the coefficient of detem1ination (R2), with the 

exception of the control in which R2 was somewhat lower. B enzylaminopurine at 

low and mid concentrations tended to increase the regression coefficient and also 

the value of y-intercept. The low B A  treatment,  thus,  had a greater leaf area per 

root number than the control at all times. On the other hand, during the early 

period, the mid concentration had a smaller leaf area per root number while the 

opposite was true for the high concentration treatment. These results may indicate 

that with BA, at the low and the mid concentration, supplementing the endogenous 

cytokinins, expansion of leaves was less dependent on c ytokinins produced from 

roots (Fig. 4.8) .  

The relationship between leaf area and root length (Fig.4.9) could relate 

more closely to the s urface area of the root and shoot systems, and perhap s ,  

therefore, also leaf and root function (Table 4.9). Consequently, examination of 

this relation may reveal whether the rate limiting function between roots and shoots 

r e l a t e s  to t h e  c ap a c i t y  to a b sorb a n d  transpire w a ter. The coeffi c ie n t  of 

determin ation for the linear relationship between leaf area and root length was 

slightly stronger than those between leaf area and root number (Table 4.9) (values 

ranged between 76 and 93%).  While this could indicate that the root absorbing 

surfaces related more closely to leaf surface area than root number, no statistical 

difference between the regression coefficients was observed. The result predicted 

that, with the exception of BA at high concentration, leaf area per unit root length 

for BA tre atments was greater than the control. This was not so, however, at the 

early stage of growth since the y-intercept of the control was higher than the low 

and mid BA treatments (Table 4.9). 

By contrast, there was a relatively weak relationship between leaf number 

and root number (Table 4 . 9 ;  Fig.  4 . 1 0) or root length (Fig. 4 . 1 1 ) ( R2 ranged 

between 59.4 and 72.4%, for root number and 58.4 and 72.4%, for root length). 

Nevertheless, the trends in both regression constants (a and b) (Fig. 4. 1 0  and 4. 1 1) 
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_E 4 .9 .  Changes in  line a r  r elationships b e twe e n  leaf  and root attrib utes 
a s  affected by root applica tion o f  6-N-b e nzylaminopurine 

* 1 
SA treatment In a se( ln a)  b se (b) 

eaf area, x =: Root Number * 

Control 62 . 1  227.4 0 . 1 77 b 0 . 024 
2 .2X 1 0 -8M 1 7 1 . 1  233.9 0 . 1 89 b 0 . 0 1 7  
2 .2X 1 0-7M -5 .4  1 40 .9 0 . 1 97 b 0 .0 1 3  
2 .2X 1 0-6M 1 9 1 . 4 94.4 0 . 1 1 0  a 0 .008 

.eaf area, x =: Root Length , ns 
Control -45 .6  240.7 1 0.9 1 . 1 1  
2 .2X 1 0-8M - 1 28 .9  230 .2  1 2 .5 0.94 
2 . 2X 1 0-7M -88.6 1 26 .3 1 1 . 1  0 .61  
2 .2X 1 0-6M 1 3. 7  79.9 7.5 0.39 

_eaf number, x =: Root Number x 1 0  3 

ns 
Control 2 .03 2. 1 6  1 .6 1  0. 1 9  
2 .2X 1 0-8M 5.70 2.98 1 .65 0 .2 1 
2 .2X 1 0-7M 1 .98 2 .77 1 .95 0 .25 
2 .2X 1 0-6M 4.09 2 .7 1  1 .44 0.22 

_eat number, x =: Root length 
ns 

Control 0 . 68 2.59 0 . 1 04 0.0 1 2  
2 .2X 1 0-8M 3 .50 3 .00 0 . 1 06 0.0 1 2  
2 .2X 1 0-7M 1 .00 2.53 0 . 1 09 0 .0 1 2  
2 .2X 1 0-6M 2 .37 2.98 0 .095 0 .0 1 5  

efficients b from s lopes of l inear regressions of I n  y =: I n  a + b I n  x, where y is either 
at area or leaf number and x is either root number or root length. Each parameter 
,timated from 32 plants. 
mparisons of b based on t-test (p 50.05) , df(error) = 60.  

=: Standard error. 

R2 (%) 

65.7 
8 1 . 7 
88 .8 
87.5 

76.3 
85.6 
9 1 .6 
92.5 

72.4 
67.6 
66.7 
59.4 

7 1 .6 
7 1 . 5  
72.5 
58.4 



Figure 4 . 8 .  Changes in linear relationship between leaf area and 

root numbe r of t omato seedlings when supplied via the roots with 6 -

N-benzylaminopurine at varying concentrat ions . 

Cont rol : R2 = 65 . 7 % ,  y == 62 . 1  + 0 . 1 7 7  x ,  

BA 2 . 2  X1 0 - 8 M :  R2 = 8 1 . 7 % ,  Y == 1 7 1 . 1  + 0 . 1 8 9  x ,  

BA 2 . 2  X1 0 -7 M :  R2 = 8 8 . 8 % ,  y = 
- 5 . 4  + 0 . 1 9 7  x ,  

BA 2 . 2  X1 0 - 6 M :  R2 8 7 . 5% ,  y == 1 9 1 . 4 + 0 . 1 1 9  x .  
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F i gure 4 . 9 .  Changes in line a r  relationship between leaf area 

and root length o f  t omat o  seedlings when supplied via the roots 

with 6-N-benzylaminopurine at varying concent rations . 

Contro l : R2 = 7 6 . 3% , Y = - 45 . 6  + 1 0 . 9  x ,  

BA 2 . 2 X10 - 8 M :  R2 = 8 5 . 6% ,  Y = - 12 8 . 9  + 12 . 5  x ,  

BA 2 . 2 X10 -7 M :  R2 = 9 1 . 6% ,  Y = - 8 8 . 6  + 11 . 1  x ,  

BA 2 . 2 X1 0 - 6 M :  R2 = 9 2 . 5% ,  Y = 1 3 . 7  + 7 . 5 x .  
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F igu re 4 . 1 0 .  Changes in l inea r  rela t i o n s h ip between leaf 

numb e r  and root number of t omato s ee dlings when supplied via the 

roots with 6 -N-benzylaminopurine at varying concentrations . 

Contro l : R2 = 7 2 . 4% ,  Y = 2 . 03 + 1 . 61 X 1 0 - 3 
x ,  

BA 2 . 2  X1 0- 8 M :  R2 67 . 6% , Y = 5 . 7 0 + 1 . 65 X 1 0 - 3 
x ,  

BA 2 . 2 X10- 7 M :  R2 = 6 6 . 7 % ,  Y = 1 .  9 8  + 1 . 95 X 1 0 - 3 
x ,  

BA 2 . 2  X10- 6  M :  R2 = 5 9 . 4 % ,  Y = 4 . 0 9 + 1 . 4 4  X10 - 3 
x .  
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F i gu re 4 . 1 1 .  Changes in l in e a r  re lat i onship between leaf 

number and root length of t omat o  s eedlings when supplied via the 

roots with 6 -N-benzylaminopurine at varying concentrations . 

Contro l : R2 = 7 1 . 6 % ,  Y = 0 . 6 8 + 0 . 1 0 4  x ,  

BA 2 . 2  X10- 8 M :  R2 = 7 1 . 5 % ,  Y = 3 . 5 0 + 0 . 1 0 6  x ,  

BA 2 . 2  X1 0 - 7 M :  R2 = 7 2 . 5 % ,  Y = 1 . 0 0 + 0 . 1 0 9  x ,  

BA 2 . 2  X1 0- 6 M :  R2 = 5 8 . 4 % ,  Y = 2 . 37 + 0 . 0 9 5  x .  
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were similar to those of leaf area and root number, and leaf area and root length, 

respectively. 

The results show that the relationships between these attributes of roots 

and leaves are not as strong as that established between their log dry weights, in  

which  R2 values  were a lway s  gre a ter than 90 % .  Al though  i t  has  bee n 

demon s trated that ,  without exogenous cytokinins supplied , there i s  a strong 

relationship between leaf number and root number (Chung et  al. 1982) ,  leaf area 

and root  n umber (Richards 1 9 8 1 ) ,  and leaf  area and root length . These 

relationships, particularly in the control treatment, were substantially lower than 

those reported by these workers. In plants treated with cytokinins, the relation 

between root number and leaf number (Richards and Rowe 1 977 b) accounted for 

an unacceptably low proportion of the variation (R2 only 60 . 8%) .  Although 

h igher R2 values  than those reported by Richards and Rowe ( 1 977  b) were 

obtained for cytokini:n treatments in this experiment, the conspicuously low R2 of 

the control treatment provided c onvincing evidence that the linear relationships 

between leaf and root attributes are not as reliable as  those derived from log dry 

weights. 

4.3.7. C hanges in the Distribution of Photoassirnilates 

4.3.7 . 1 .  Leaf Weigh t  Ratio (LWR) 

Figure 4. 1 2 (a) reveals that the proportion of the photoassimilates supply 

directed towards leaves did not remain constant for each treatment during this  

study. Leaf weight ratio ranged between 55 to  65% (Table 4. 1 0) .  Furthermore, 

the differences in L WR were greatest after a week of exposure to treatments. The 

low BA concentration produced a consistently greater leaf weight than the control 

throughout the experiment. In contrast, the two higher BA concentrations had a 

consistently lower L WR than the control, except, perhaps at the [mal two harvests. 

At the highest B A  concentration the L WR increased with successive h arvests ,  

whereas in other treatments, the ratio remained constant for the second week, after 

which i t  declined. Thi s  phase, however, was limited and consequently plants 

produced a decreasing proportio n  of leaf dry weight for the remainder of the 
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.E 4 . 1 0_ Cha n g es in dry w eight distrib u tion with tim e as  affe cted by r o o t  appli cation 

o f  6-N-benzylaminopurine 1 expressed a s  a ra tio of  pla nt  organ to to tal  
pla n t  dry weight  and shoot-root  rat io 

!st Leaf weight Stem weight Root weight 
SA treatment ratio ratio ratio 

% % % 
* *  ns * *  

Control 63.7 c 1 8 . 1  1 8. 2  b 
2 . 2X 1 0-8M 64.9 d 1 9. 5  1 5 .6  a 
2 . 2X 1 0-7M 60 .8  b 1 9 . 3  1 9 .9 c 
2 . 2X 1 0-6M 54.9 a 1 8 . 7  26.5 d 

se 0.4 0 .5  0 . 5  

* *  * *  * *  

Control 64.0 c 2 1 .8 b 1 4.3 a 
2 . 2X1 0-8M 64.9 c 2 1 .4 b 1 3 .8  a 
2 . 2X 1 0-7M 60.7 b 22. 1 b 1 7.2  b 
2 . 2X 1 0-6M 56.5 a 1 7.8 a 25 .8 c 

se 0.7 0 .6  0 .4  

* *  * *  * *  

Control 6 1 .2 b 26. 1 b 1 2 .7  a 
2 . 2X 1 0-8M 62.8 c 25.6 b 1 1 .7 a 
2 . 2X 1 0-7M 6 1 .0 b 24.5 b 1 4. 5  b 
2 . 2X 1 0-6M 57.9 a 20 .3  a 2 1 .9 c 

se 0 .5  0 .4  0 .4  

* *  * *  * *  

Control 59. 1 b 28.7 c 1 2 .2  a 
2 . 2X 1 0-8M 60 .7  b 28.5 c 1 0 .8 a 
2 . 2X 1 0-7M 59.9 b 26.8 b 1 4.3  b 
2 . 2X 1 0-6M 56 . 1  a 23. 1 a 20 .7  c 

se 0 .5  0 .5  0 .5  

* *  * *  * *  

:d Control 62 .0  c 23.5 b 1 4.3 b 
2 . 2X 1 0-8M 63.3 d 23.7 b 1 3 .0  a 
2 . 2X 1 0-7M 60.4 b 23 .2 b 1 6 .5 c 
2 . 2X 1 0-6M 56.3 a 20.0 a 23.7 d 

se 0 .3  0 .4 0 .8  

:h mean figure fror:n 8 
.
replic�tions with df(error) = 24 at  harvests, and pooled mean from 32 

replications with df(error) = 1 08. 
:in separation with in  column by Lsd (p $ 0.05) . 

Shoot-root 
ratio 

* *  

4.57 c 
5 .45 d 
4 .08 b 
2 .79 a 

0 . 1 4  

* *  

6 . 04 c 
6 .27 c 
4.89 b 
2 .90 a 

0 . 1 2  

* *  

6.92 c 
7.62 d 
5.90 b 
3 .60 a 

0 . 1 8  

* *  

7.40 c 
8 .36 d 
6. 1 1  b 
3 .86 a 

0 .25 

* *  

6.25 c 
6.93 d 
5 .25 b 
3 .29 a 

0 . 1 0  



F i gu re 4 . 1 2 .  Changes in t h e  p ropo r t i o n  o f  phot o a s s imi lates 

partitioned into tomato seedling o rgans when supplied via the roots 

w i t h  6 -N -ben zylaminopurine at va rying concent rat ions ; ( a )  leaf 

weight rat i o , (b) stem weight rat i o , (c) root weight rati o  and (d) 

s hoot -root rat io . I = standard error o f  means . 
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experimental period. The tendency for L WR t o  fall, established that the 

proportion of dry matter going to new leaves steadily declines with increasing plant 

size and, or age. 

4.3.7.2. Stem Weight Ratio (SWR) 

In general, the SWR increased with plant age (Table 4.10; Fig. 4.12 b), 

reflecting the accumulation of dry weight in the stem over time. The mean 

SWR(s) increased from 18.1 to 19.5% following the fIrst week period to 23.1 to 

28.7% at the final harvest. The increase in the proportion of stem was 

compensated for by the decline in the proportion of leaves (cf. Fig. 4.12 a), and 
,-

roots (cf. Fig. 4.12 c). The proportion of stem and leaves were more or less equal 

at the first harvest. After a week of application, the ratio was not changed 

significantly by BA. Thereafter the low BA treatment contained the same 

proportion of stem as the control. The mid concentration produced less stem than 

the control in later weeks and the high concentration markedly less throughout the 

course of the experiment than the control. 

4.3.7.3. Root Weight Ratio (RWR) 

The low BA concentration reduced the root weight ratio whereas both 

__ __ +--- --"'"'-
.

. gheL-CilllC .entratio-ns-pr-0ffietee.-the-p-red-ucti-on-ohouts in relation to plant SIze. 

a ing all the three ratios into account, it seems clear, that where RWR 

ITc'fffi&l-;-rhe decreasmg proportion of photoassimilates used for the growth of 

stem was diverted into the roots as the change in the RWR was in the opposite 

jrecuon to that of the stem (Table 4.10; Fig. 4.12 c). These effects, however, did 

was more regular than the corresponding progressions of stem and 

� leaf, and differences between treatments were-highl.y---signillGant throughout. 

4.3.7.4. Shoot-root Ratio 

_
_ ---=.:' -== F-=------�I t __ i"",is,-",,_--.ap.p.aren t that th-e-dfu G-t-5-0f-BA-0fl-sh-eet=roorratius-ciusely parailel 

those on the preceding organ ratios (Table 4.10). At all stages of the experiment, 
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BA at low concentration had the highest shoot-root ratio because it had a higher 

leaf weight ratio and lower root weight ratio than all other treatments. The 

converse situation was obtained with the higher BA treatments. In detail, the high 

concentration suppressed both leaf and stem weight ratio more strongly than the 

mid c oncentration. Although plant size did not significantly differ between the 

low B A  treatment and the control, the proportion of leaf appeared to be in the order 

of plant size, while the proportion of roots was in the reverse order. 

The shoot-root ratios are the most definitive of the organ weight ratios 

(Table 4. 1 0) .  The differences between treatments was established at the first 

harvest, and persisted throughout, while in other ratios, it became less clear with 

time. These highly significant differences, apparent at the fIrst harvest, were the 

outcome of the initial growth stimulation of leaves by the low BA treatment, which 

was opposite to the other B A  treatments. In contrast to GA effects, these 

differences did not increase with time (Fig. 4. 12  d). 

The preceding section s  established, with respect to photoassimilate 

distribution, that the response of the control was intermediate compared to the high 

and low BA treatments. These results show that shoot-root ratio was affected in  

the same way as  other attributes. The low concentration of BA increased, while 

the mid and the high concentrations reduced shoot-root ratio in proportion to 

concentration. Indeed, these results are the most important outcome of the effects 

of varying BA concentration, revealed by this study. Of the values considered, the 

shoot-root ratio was the most sensitive to BA, because effects on other individual 

tissues and organs were compounded in the shoot-root ratio. 

Table 4. 10 shows that the effects of the l ow BA treatment on the organ 

weight ratios and shoot-root ratio were statistically stronger than all other effects 

(e.g. increases in  leaf area and other leaf attributes in Table 4. 1 ). These data 

indicate that the effect of cytokinins on partitioning towards the leaves ,  is the 

primary mode of action. This effect appears to be precise and powerful, judging 

by the extremely low variation recorded (Table 4. 10). As discussed above, effects 

of BA appear to have occurred prior to the first harvest, as the differences between 

the proportions of all plant parts remain constant, for each treatment, after the flrst 
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harvest. In contrast, the stem proportion was significantly different only between 

the high BA concentration and the remainder treatments. This difference was 

probably caused by phytotoxicity and therefore, may not be pertinent to the role of 

BA in growth regulation. 
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4.4.  DISCUSSION 

4 . 4 . 1 .  The Respo n s es of  P l a n t s  to BA Wit h i n  the  R ange o f  t h e  

Concentrations Used 

Under t h i s  experimental system, physical factors,  water and nutrient 

limitations to root growth a n d  function h ave been minimized compared to most 

conceivable n atural rhizospheres.  Nevertheless, total plant  dry matter production 

was increased by supplementing the level of endogenous cytokinins produced by 

n atural activities ,  very margin ally,  via the root system. This suggests that in a 

plant in which all constraints to root growth and function have been removed, 

growth and overall production remain a function of the root cytokinin production. 

This response has  not been demonstrated in similar studies by other 

workers (Wittwer and D edolph 1 963 ;  Tognoni et al .  1 967; Richards 1 98 0) .  

Kuiper and Staal ( 1 988) found that addition of  BA at 1 0-8 M into nutrient solution, 

upon which Plantago major was growing, w as effective, at least  initial ly,  i n  

inhibi ting t h e  reduction o f  growth rate induced by nutrient deficiency. In other 

works, however, total plant growth was reduced but root weight ratio increased by 

exogenously applied-cytokinins. This effect was rationalized as typical of the 

capability of these compounds to draw photoassimilates towards the site of the 

application which subsequently became growth zones (Richards 1 980). In those 

s tudies,  root growth rate, compared to that of the shoot, was increased, while 

growth in the other parts and, in particular, plant growth as a whole was reduced. 

In contrast, in this experiment the stimulatory effects of the very low concentration 

of B A  was accompanied by a decreased root weight ratio (RWR) and increased 

shoot-root ratios which i s  the normal p lant response to improved growing 

conditions and higher p lan t  growth rate,  such as  occurs with fertilization 

(Troughton 1 977) and enhanced rhi zosphere condition in  general (Rogers and 

Vyvyan 1 934; Brouwer 1 963; 198 1 ;  Davidson 1969 a; b; Richards and Rowe 1 977 

b; Ruff et al. 1 9 87). On the other hand, as with earlier s tudies this work also 

found that  higher levels  of B A  s uppre s sed overall growth and dry m at ter 

production while decreasing shoot-root ratio and increasing RWR. At the highest 

concentration this treatment was clearly phytotoxic (see Plate 4. 1 ). This and other 
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related results clearly indicate that increased RWR and decreased shoot-root ratio 

i n  those s tudies are a n  effect of supra-optimal cytokinin  level rather than 

enhancement the natural promotive response. The range of concentrations used in 

those studies was much higher than used in this study. Furthermore, the effect was 

probably exacerbated by the mode and frequency of application. Tomato roots 

were submerged in culture solution using kinetin at 10-7 to 1 0-5 M (Wittwer and 

Dedolph 1963), or BA at 3 X lO-7 to 1 0-6 M (Tognoni et al. 1967), or applied via 

vermiculite with BA at 4.4 X l O-5 M (Richards 1980) . Not surprisingly, the plant 

responses reported were identical to (or even greater than) the inhibitory results of 

BA at the high concentration, 2.2 X 10-6 M, obtained in this  study. At the highest 

concentration in this and in other studies, the malformation of root systems was 

observed in the form of profuse production of short, stubby laterals, resulting in 

very comp act  root sys tems . In addition, the tips of the lateral roots pointed 

abnormally upwards (Plate 4. 1) .  This response may be associated with the failure 

of gravitropism, whic h  was microscopically examined by B usch and S ievers 

( 1990) in roots supplied with very high concentrations of cytokinin and gibberellic 

acid. 

I n  my prel i m i n ary e xperiment ,  2 .2  X 1 0- 5 M ( 5  mgX 1 ) B A  was 

phytotoxic and induced growth of 'pseudonodules '  as reported by others (e .g.  

Wittwer and Dedolph 1 963) .  Roots were severely shortened and only a few 

laterals ,  p articularly of the secondary form, were produced. The so-called 

pseudonodules were callus-like, and all the roots were covered with a mucous-like 

slime. In my preliminary trials, the higher BA concentration killed the plants 

within a few days. 

There also appeared to be differences in the cultural s ystem which may 

have affected the response in these experiments. The optimum BA concentration 

for hydroponically grown plants could also be lower than for plants in an aeroponic 

system, since the roots of the former are surrounded by the solution at positive 

hydrostatic pressure compared to the latter system in which roots are coated with a 

film of solution. This conclusion is supported by subsequent observations in this 

laboratory in which concentrations of 1 0-9 M BA gave the promotive response in 

an hydroponic system (Andrews, pers. comm.) ,  compared to 2.2 X 1 0-8 M (20 
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times higher) in this experiment. Therefore, even concentrations in the range from 

1 0-7 to 1 0-5 M used by Tognoni et al.( 1 967) were probably much too high to 

induce the positive responses observed here. 

P l a n t s  r e c ei v i n g  n o n - to x i c  a p p l ic a t i o n  of c y toki n i n s  responded 

distinctively is another important aspect, compared to  other reports. The control 

treatment showed an intermediate respons e  compared to the enhanced overall 

growth response of the low B A  treatment and the non-physiological or supra­

optimal responses of the mid concentration and the high concentration. In 

addi tion to overall growth, the control treatment gave an intermediate response 

with respect to all parameters measured. This is the fIrst experiment in which this 

effect has been explicitly and u nequivocally demonstrated. Importantly, these 

res u l t s  s trong l y  s u g ge s t, that at the low concentration ,  exogenous cytokinin 

supplemented the endogenous pool and took part of the normal suite of responses 

generated by cytokinin hormone (s) emanating from the roots. 

4.4.2. Mode of Action of Exogenousl v-applied Root C ytokinins and 

Implications for Natural Shoot-root Interactions 

Increased levels of cytokinins affected shoot-root ratio most strongly of all 

responses measure d .  Measurements of this attribute resulted in the first and 

greatest  number of significant outcomes and the highest levels of significance (p .:::; 

0 . 000 1 ). Furthermore, shoot-root ratio data were the resultant of s ignificant, 

separate effects,  upon leaf weight ratio and root weight ratio. Also, the effect of 

B A  on shoot-root ratio remained consistent while i t  became weaker in other organ 

weight ratios as time progressed. Consequently we can assume that the growth 

responses observed were due to reciprocal changes in leaf and root fractions, and 

the shoot-root ratio combined coin cidental e ffects of root s upplied B A .  This 

implies that the mode of action of the compound i s  via a mechanism involving the 

partitioning between leaves and roots. 

It s hould b e  n oted, h o wever, that this p artitioning effect of B A  was 

between leaves and roots only.  The effect  o n  stem weight ratio was neutral 

throughout the experiment. The effect on partitioning was apparent before any 
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significant effects were obtained on growth by leaves or roots. Indeed, neither 

was growth of roots suppressed (even later in the experiment) nor growth of 

individual leaves increased, in leaf area or specific leaf area. The first significant 

BA effects on attributes of individual organs or tissues was on specific root weight 

(root dry weight per unit length) which was reduced at the first harvest (Fig. 4.2 d) 

and later upon leaf area and leaf number which increased, the former at least by the 

second harvest (Table 4. 1 ). Time would be required to activate apical meristems 

before increased growth, in terms of leaf number, or shoots, was visible, which 

could delay a measurable effect on shoot and/or leaf number. Nevertheless, the 

results clearly show that partitioning effects were set in train, well before the plant 

had developed additional photosynthetic potential. These facts, plus the apparent 

depletion of root dry weight at the first harvest, point strongly to an increase in sink 

strength of apical meristems caused by cytokinin enhancement of growth. This is 

not a new idea but these data appear unequivocal and they clarify the role of 

cytokinin in regulation of photosynthesis as one indirect stimulation. 

The inhibitory effect on root growth of BA at low concentration was only 

temporary. Subsequently, the faster growth rate facilitated by increased leaf area 

in this treatment, resulted in an increased root dry weight per unit length and 

allowed root size to be maintained. In contrast, in the inhibitory treatments, 

reduced use of photoassimilates led to an accumulation of reserves in roots, which 

was reflected in increased root dry weight per unit length throughout the period of 

experiment. Similar indications can be observed in the root number per unit 

length. This effect, however, was only marginally significant. 

Enhanced leaf growth resulting from BA occurred as production of leaves 

on shoot laterals, together with the stimulation of lateral production. The latter is a 

well known effect of cytokinins associated with the release of buds from apical 

dominance (Kender and Carpenter 1 972;  Baraldi et al . 1 9 8 8) and increased 

branching and sucker growth (Mynett 1977; Richards 1980). Other evidence also 

showed that high levels of total endogenous cytokinins was well correlated with 

the numbers of adventitious buds formed on cuttings (Hansen et at. 1988).  This 

morphological alteration, however, did not cause any concomitant change in stem 

dry weight or stem weight ratio (see later). This observation also supports the 
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conclusion that the effect of B A  is on stimulation of shoot and leaf primordia. In 

the i nhibitory treatment however, both leaf i nitiation and expansion were 

suppressed. 

In contrast to leaf and root growth, the stem was not affected by B A  

application, except at the highest, clearly non-physiological concentration. Similar 

results were obtained by Richards ( 1 980) with apple seedlings in which he found 

an increased number of shoot suckers was not accompanied with the increase in 

stem weight. Even in stressed cucumber plants, exogenously-applied cytokinins 

did not improve stem gro wth (Carmi and Heuer 1 98 1 ) . This indicates that 

cytokinins are not involved i n  the growth, or more specifically, photoassimilate 

partitioning into the stem. 

Regulation of photoassimilate p artitioning by cytokinins  appears to 

involve increasing the sink potential of the shoot meristems. The increase in the 

proportion of photoassimilates directed towards leaves,  resulting from activation of 

shoot meristems and i ncreased leaf number, led to a larger area of leaves and leaf 

mass. Initially, the high activity in leaves was facilitated by reduced supply of 

resources to the roots. Even though root weight was not reduced compared to the 

control, the proportion of photoassimilates directed to leaves was increased in  

relation to the roots, and initially, root weight per unit length reduced. This 

appears to be an expression of enhanced photoassimilate economy resulting from 

the adaptive potential derived from the plasticity of root function in a suitable root 

e nvironm e n t .  B e c au s e  root  ac t iv i ty  c o u l d  adj u s t  to match the h i gh er 

photosynthetic potential of a larger plant without increasing root size, which was 

also observed by Richards (1977; 1 978) ,  savings could be made in the amount of 

photoassimilates invested in root growth, which could be reallocated for additional 

leaf area. 

4.4.3. The R egulation of Shoot-root AJlometry and B A  

The results c learly show that exogenous cytokinins applied via the root 

system, control the shoot-root relationship via partitioning of photoassimilates. 

The fac t  that s uch e xo genous cytokinins  appear to be i ntroduced into, and 



1 8 6  

supplement the level and the effects of, an endogenous cytokinin pool strongly 

suggests  root-produced cytokinins  also have this function.  Nevertheless, it  

remains to be established if the above effects on shoot-root ratio affect the root to 

shoot allometric relation, and if so, how? 

The k value of al lometric relationships between the shoot and root 

systems, and the leaf and root systems, were unaltered by B A .  Nor were any 

changes detected in RGR ratios despite marked and rapid changes in shoot-root 

ratio. Since the regression equation of the allometric relation must change to give 

an increasing difference change in shoot-root ratio for a given plant size or age, the 

differences in shoot-root ratio observed between treatments must be due to changes 

in the i ntercept. It follows,  therefore, that one needs to determine what is the 

cause, and physiological significance of a change in the value of the intercept in 

order to establish in what way cytokinin controls the allometric relation to affect a 

c hange in  shoot-root ratio .  Whi le  the RGR of individual organs were not 

significantly different at any stage during the experiment, the ratio of RGRLR 
(Table 4 . 8 )  approached significance at the firs t  harvest.  At all subsequent 

harvests ,  and for all other RGR ratio no significant effects were observed. 

B y  expressing size or growth of a plant organ as a function of the size or 

growth of another, as is done in allometric equations, one eliminates time as a 

variable. According to the most widely accepted hormone models of allometric 

growth ,  amendments  to the  rhizosp h ere , such as added n u trients ,  water or 

improved soil structure which facilitate root function, stimulate shoot growth and 

promote auxin production (Wareing 1 970; Brouwer 198 1 ;  Richards 1986). Auxin 

thus synthesized would return via the phloem (Baker and Allen 1988) to the roots 

to s timulate root growth via the homeostatic mechanism. If the improved root 

conditions  prevail, enhanced growth by roots and shoot would result in a change in 

the value of k and shoot-root ratio. In this experimental system, root conditions 

were not limiting. If the small increase in cytokinin level, that stimulated growth 

of the s hoots initially, was followed by homeostatic balancing of root growth by 

auxin, an increase in root weight over the control would h ave been obtained. 

Although, there may have been a trend in that direction after an initial decrease in 

root weight, the data are not significant or convincing (Table 4.6). 
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Indeed, the available data appears to indicate that root growth did not 

adjust to the transitory increase in shoot growth. The shoot-root ratio increased 

rapidly up to the first harvest and then only slowly thereafter (Fig. 4. 12  d). Thus, 

the i nitial response in shoot growth was not followed by a balan�ing increase in 

root growth, resulting from increased auxin production. This would result in a 

transitory increase in the value of k, but it is clear from figure (Fig. 4.7) that this 

was not sustained. On the other hand, since the initial increase in shoot growth 

was never balanced by a matching burst of root growth, the intercept of the 

allometric regression equation would have been displaced in the way the results 

show (Fig. 4.7). 

The physiological interpretation of these data is complex. It could be 
argued that since there was no matching root growth response, that this was an 

artificially induced change of no physiological significance. The evidence in this 

connection, discussed earlier, however, i s  s u pported by these observations.  

Further, the data establish that there was a transitory change to a higher k value, 

followed (rapidly) by a return to the original k value which resulted in the change 

in the intercept; despite the fact that exogenous cytokinin was available at a more 

or less a constant level. 

It is clear from studies of the periodicity of root and shoot growth that they 

do not necessarily occur simultaneously ( Mullin 1 963;  Drew and Led i g  1 980; 

Drew 1982). Chalmers ( 1987) noting those reports of non-synchronous growth by 

roots and shoots, proposed that shoot and root growth was complementary rather 

than synchronous or simultaneous. Of course, the hormone model of regulation of 

allometric growth by roots and shoot impl ies a sequential mechan i s m  such as 

indicated in Figure 4. 1 3  (i). Figures 4. 1 3  (ii) through (iv), indicate what should 

occur if the mechanism was comprised simply of a sequence of promotion of root 

and shoot growth by auxin and cytokinin respectively. Since exogenous cytokinin 

was continually available to augment root-produced cytokinin, the relative growth 

rates of the components of the system would i ncrease until a new rate limiting 

barrier (e.g. s unlight) was encountered. The data clearly indicates, however, that 

no root growth response occurred to compensate for the initial stimulation of shoot 

growth. Subsequent stimulation of growth by cytokinin in this treatment, appears 
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growth. Subsequent stimulation of growth by cytokinin in this treatment, appears 

to have been solely the result  of the growth economy gained from the initial 

increase in shoot-root ratio. 

The question therefore remains,  why was root growth not stimulated in 

relation to the control, which would have led to a new growth equilibrium and 

higher value of k? From the preceding discussion it is clear that if exogenous 

cytokinin was not participating in or affecting the homeostatic balance between 

roots and shoot, a sequence of events similar to that indicated in Figs. 4. 13  (i to iv) 

should occur and an increase in k would be obtained. 

One possible explanation is that the exogenous cytokinin participates in a 

feedback system to suppress additional cytokinin synthesis that would otherwise 

follow increased shoot growth and auxin synthesis. Cytokinin produced as a result 

of root growth i s  exported from the root system and affects growth elsewhere. 

While exogenous cytokinin entering the root is clearly also exported, there i s  

nevertheless a c ontinuous source which will maintain a n  elevated (residual) 

cytokinin  concentration in the root tissues. Cytokinin can inhibit root growth 

(Evans 1 984) which may be a feedback mechanism to l imit further cytokinin 

synthesis in s ituations where potential for shoot growth is  reduced. This effect 

may be via the reduction of IAA in roots, through increased IAA oxidation (Evans 

1 984). If the apparent increase in cytokinin concentration in the root resulted in 

growth and consequent cytokinin synthesis being suppressed by the same order, 

this would resul t  in the balancing of the new system, without additional root 

growth, at the same value of k (Fig. 4. 14) .  

4.4.5. Leaf a n d  Root Functional Relationships 

I n  plants not receiving exogenous growth regulators the relation ships 

between leaf area or leaf number and either root number or root length have been 

reported to be s trong (Richards 198 1 ,  Chung et al. 1982). Similar results were 

obtained in this  experiment. In the untreated plants R2 for these attributes was 

generally low to moderately high (66 to 7 6%). These relationships are less 

convincing, however, than those derived from the log dry weights. A relationship 
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between leaf and root number has also been reported for plants treated with BA 

which changed as  a function of the BA treatment (Richards and Rowe 1 977 a). In 

this  experiment, the slope representing this relationship also appeared to change 

with respect  to the treatments ,  although not substantially. The R2 values,  

however, were higher than those reported by Richards and Rowe ( 1 977  a), but they 

remain less convincing than those obtained for k values which related shoot and 

root dry weights. The se results cast some doubt on the c onclusions reached in 

other work, at least to the extent, that root number or root length establish a strong 

case for a link to root function, e.g . cytokinin synthesis or water uptake, and leaf 

number or leaf area. 
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Proposed Homeostatic Mechanism for Cytoki n i n  Regulation of Plant Growth 

(i) 

AUXIN  
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( b )  
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homeostatic rate of hormone synthesis and corresponding root and shoot g rowth rate, 
the constant rate of exoge nous BA absorption ,  
the increased rate of  export of  cytokinin o r  metabolites from root system which reduces or increases 

s hoot g rowth.  

;ure 4. 1 3 .  The sequential events illustrated as if cytokinin and auxin had been 
) d u ced in  h o me o s ta t ic  m an n er and th ereby k v a l u e s  would  have  been 
respondingly changed. 



P roposed Mechanism of C vtokinins in Regulating Plant G rowth 

With  Respect to the Experimental Results  
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= homeostatic rate of hormone synthesis and corresponding root 
and shoot growth rate ,  

= the constant rate of  exogenous SA absorption, 
= the increased rate of export of cytokini n or metabolites from 

root system which causes a reduced or increased corresponding 
shoot g rowth. 
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tgure 4. 1 4. Possible sequence of events induced by BA application as indicated by 
,.e results. 



CHA PTER S 

GENERAL D ISCUSSION 

5 . 1 .  EV ALUA T I O N  O F  THE EFFECTI VENESS OF A L L O M E T R I C  

M O D E LS AS A N  A P P R O A C H  F O R  STUDYING T H E  S H O O T - RO O T  

RELATIONSHIP 

S everal models  h ave been formulated in an attempt to describe the 

coordination of growth , which explains the change in shoot-root ratios in response 

to extemal changes (Wilson 1 988) .  Although these models are useful in that they 

indicate physical and/or functional changes which lead to shoo t-root alteration 

(Wilson 1988), the mechanism which regulates organ growth and dimensions has 

never been discussed. In this work, analysis of the allometric relationship, which 

is one of these models, has been used to study this control mechanism. As with 

most studies using this approach, results revealed very high values of R2, which 

underlined, in  common with numerous previous studies, that the, so far undefined, 

l ink be tween shoot  and root s y s tems is very s tron g .  The a dvantage of th e 

allometric equation over the shoot-root ratio is well accepted (Ledig et al. 1 970; 

Tro u g h to n  1 977) .  I t  remain s  the same, independent of time. Any change 

suggests a change in growth of the organ in relation to the other. In plants this i s  

usually due to a change i n  the root or shoot environment. 

R e s u l t s  o f  t h i s  work a l s o  i n dicate t h a t  the allometric model i s  a n  

appropriate approach for detecting and analysing dynamic changes in shoot-root 

relat ionships .  A l though alteration of t h e  value for allometric relationships 

between shoot and root dry weight (kT) alone may be difficult to interpret,  when 

cons idered with other d ata, such as RGR(s) , shoot-root and organ weight ratios, 

allometric model provides a robust rational for the formulation of mechanisms to 

explain the regulation of shoot-root equilibrium. In the sense that weight ratios 

were sensitive to transient changes in growth (Table 4. 10), while the kT value was 

not (Table 4.7), the data were rigorously complementary. 

S ince the kT value provides an estimate of the ratio of the RGR(s) of the 

organs being s tudied, it can vary markedly over shon intervals (Table 3 . 1 4  to 3 . 1 6) .  



1 93 

S uch fluctuations ,  however, will  be confined to plants, in which the growth 

increment during a fluctuation in root or shoot growth, is a substantial proportion 

of total plant weight. In these circumstances the change to shoot growth which 

may precede or follow the complementary change in root growth will cause a 

substantial change in k. Over longer periods, however, alternating growth of the 

shoot and root system smooths out variations i n  kT' In most mature plants,  

alternating growth between roots and above ground organs does not disturb the 

long term allometric relation, because the residual mass of the organs under study 

greatly exceeds short term growth increments. 

It is well known that the change in kT value is determined by changes in 

external environment (Hunt and Burnett  1973 ;  Szaniawski 1 98 5 ;  S aunders, 

pers .comm.) .  Evidence has shown that as long as the environmental change 

persists, there will be a change in kT value (and shoot-root ratio) (Ledig et al. 
1 970; Hunt and Burnett 1 973 ;  S zaniawski 1 985). The results from this study, 

however, raise the question whether a change of shoot-root ratio is always 

accompanied by the change in kT value, and if not, under what circumstances this 

could occur. Using a consistent environment with a continuing high level of 

exogenous plant growth regulator, shoot-root ratio was altered in contrasting ways, 

by GA3 and BA.  Although treatment with GA3 did not alter the kT value i n  

relation t o  t h e  c hange in  shoot-root ratio, kS was altered i n  a consistent and 

predictable way. Because GA3 stimulated p artitioning towards the stem, partially, 

although indirectly, at the expense of leaves (section 3 .3 .2.6),  this would tend to 

cancel changes in the value of kT' Nevertheless, since these data also showed that 

the direct effect of GA3 was on partitioning of assimilates towards the stem at the 

expense of the roots, it is this relationship that is of interest, with respect to the GA 

mechanism, and therefore should produce the change in kS ' that indeed was 

measured. 

I n  contrast ,  the direct effect of B A  was upon the allometric relation 

between leaves and roots (kL) '  In this experiment, however, neither kL nor kT 

was affected by the physiologically important treatments of BA, despite significant 

and relevant c hanges in shoot-root ratio. On the other hand, BA treatments 

significantly altered the value of In a, which is the intercept on the ordinate of the 

allometric regression line. 
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The above mathematical solution rules out any biological explanation for 

these BA treatment effects, which involves any persistent change in relative growth 

rates of the shoot versus the roots. In these experiments, the results pointed to a 

brief period of growth by the shoot that was not subsequently balanced by growth 

of the roots. This initial period of enhanced carbon economy with respect to leaf 

produ c tion res u l te d  in an increase in leaf area, photosynthetic potential, and 

consequently overall p lant growth.  This  advantage was maintained, but not 

increased for the remainder of the experiment. Thus, it  is clear that changes in the 

intercept of the allometric regression also point to important developmental events, 

and that allometric analysis highlights their occurrence. consequently, the lack of 

a statistically significant change i n  k value did not diminish the usefulness of the 

allome tric regre s sion coefficient .  This  potential contribution of changes in 

intercept  has not  been cons idere d  in other studie s (e.g . Ledig et al .  1 970;  

Troughton 1 977;  Reiss  1 989) ,  except in one recent report (Huges, Nichols and 

Woolley, 1 99 1 ) .  

Consideration o f  the value o f  k a t  the organ level, provides information of 

the relative preferences with which assimilates are directed to different organs. In 

this study, comparisons of the k values of allometric relationships between organs 

assi sted in indicating which grow t h  regul ators (cytokinin s or gibberellins) 

regulated partitioning between which p arts of the plant. The results showed that 

cytoki n i n s  regul ated growth between leaf and root system (Table 4. 1 0).  In 

contrast, GA 3 did not exert direct control over partitioning to shoot meristems and 

leaf development, but s timulated stem growth substantially, initially at the expense 

of root growth and only l ater, and probably indirectly, affecting leaf growth (Table 
3 . 1 7).  

5.2. GIBBERELLINS AND C YTOKININS IN THE CONTROL OF S HOOT 

GROWTH AND PLANT GROWTH : A PROPOSED MECHANISM 

Growth of tomato plants responded differently to BA and GA3 in several 

important and definitive ways. 

( 1 ) ,  While BA clearly affected the allometric relation between roots and leaves, i t  

was neutral with respect t o  stem gro wth. In contrast, GA3 applied t o  shoots or 
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roots increased the kS value of the allometric relation between stem and roots 

directly by stimulating partitioning of dry weight towards the stem at the expense 

of the roots and only indirectly at the expense of leaves. Effects of GA3 on leaf 

growth were clearly attributable to increased apical dominance or reduced leaf 

initiation. Treatments with GA3 did not appear to diminish the competitive 

potential of individual leaves with respect to their capacity to compete with the 

stem for the available photoassimilates .  In natural systems, gibberellins could 

suppress or enhance leaf growth by this indirect mechanism, depending upon the 

location of the expanding cells favoured by enhanced dry weight partitioning. 

These conclusions are compatible with most reports of other studies of the 

mechanism of action of cytokinins and gibberellins. Taken together they suggest a 

complementary model of G A  and cytokinin involvement in the regulation of 

vegetative growth, mediated by the specific effects of each growth substance upon 

dry weight partitioning. Leaf initiation and growth is promoted at the expense of 

roots, by increasing cytokinin level in relation to gibberellins,  while relatively 

higher active gibberellin levels  would promote growth of the stem at the expense 

of the roots and, perhaps also, leaves. The growth processes  involved i n  the 

cytokinin response include increased leaf initiation, which consequently enhanced 

leaf growth and leaf area, increased shoot initiation and total production. Root 

growth, although reduced as a proportion of total growth and, at least initially, 

reduced absolutely, was u ltimately increased due to the enhanced productive 

potential of the whole plant. On the other hand, gibberellic acid increased apical 

dominance, stem growth, internode length, and indirectly, reduced leaf number and 

consequently leaf area. The above hypothesis clearly extends the model proposed 

by Woolley and Wareing ( 1 972 a; b) who proposed that the relative levels of 

gibberellins and cytokinins control apical dominance. 

(2). Both cytokinins and gibberellic acid increased shoot-root ratio compared to the 

control. Cytokinin, however, failed to alter the kL' In contrast, GA3 altered the 

kS value upon which it was acting, directly. The effect of BA was clearly limited 

to an initial s timulation of leaf growth which was not subsequently balanced by 

compensating root growth. It was proposed (section 4.3.4) that the response to BA 

was rapidly curtailed by a feed-back mechanism, possibly affecting the rate of 
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endogenous cytokinin synthesis. On the other hand, GA3 continued to affect kS 

throughout the experiment leading to a persistent change in the kS value and the 

shoot-root ratio, suggesting no feedback mechanism was activated. This evidence 

of a feedback reaction affecting the mechanism of cytokinins ,  b ut not that of 

gibberellins, on the tomato plant shoot-root ratio, suggests that cytokinins, not 

gibberellins, is responsible for controlling the relationship, when root activity or 

root size is the rate limiting variable. 

During the experiment, the root environment was not altered, except for 

the addition of BA.  Growth changes following treatment with BA indicated that 

endogenous cytokinin synthesis, or turnover, adjusted rapidly to keep the total root 

concentration derived from endogenous and exogenous sources the same as in the 

control. Treatments resulted in two contrasting out comes, both of which were 

consistent with the established effects of exogenous cytokinin treatments reported 

by others (e.g .  Woolley and Wareing 1972 a; b). At the low BA concentration, it 

could be argued that the feedback mechanism, regulating the total concentration of 

cytokinin at a point within the root, was unsaturated by the exogenous supply of 

cytokinin. Under this condition, cytokinin transport to the shoot was initially 

enhanced ,  and de novo synthesis inhibited, thereby maintaining the total B A  

concentration at the level prevailing i n  that environment i n  the control treatment. 

No net increase in the root cytokinin concentrated resulted, and the transitory 

increase in cytokinin gave the growth responses obtained. On the other hand, high 

concentrations  of B A  saturated the feedback mechanism. Neither enhanced 

transport, nor suppressed de novo synthesis ,  could prevent accumulation of BA in 

root ti s s u e s .  U nder t h e s e  c irc u m s ta n c e s ,  the  root  became a s ink  for 

photoassimilates,  a s  proposed by others (Wittwer and Dedolph 1963 ; Tognoni et 

al. 1 967; Richards 1 9 80) and consequen tly,  the shoot-root ratio and also total 

production decreased. 

Considering the shoot-root relationship is dynamic ,  changing in response 

to changes in the root environment, a feedback loop between the mechanism and 

the function or size of the two systems, must be required. It has been proposed 

that responses of tomatoes  to the application of B A  indicate that c ytokinin is 

involved in the shoot-root balance mechanism, and the endogenous level of 
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cytokinin adjusts to changes in the root environment. Nevertheless, the proposed 

model is not  simp l y  one in which root meristem activity (responding to soil 

conditions) produces cytokinins  in proportion to that activity.  The model 

specifies ,  that a p articular root e nvironment corre sponds to a particular root 

cytokinin c oncentration , as p art of the feedback loop . Once the appropriate 

cytokinin c oncen trat ion was  e x c eeded (by feeding exogenous cytokinin) ,  

endogenous cytokinin synthesis  was suppressed or reduced. Furthermore, 

subsequent growth measurements suggested that in the presence of an exogenous 

source of cytokinin,  endogenous production adjusted, so that the resultant total 

cytokinin concentration was similar to the untreated control. If so, this suggests 

that cytokinin synthesis and or turnover in the roots is involved in detection of 

environmental changes in the rhizosphere. 

In contrast, this study with GA3 suggested that while gibberellins may be 

involved in the alteration of shoot-root ratio, these effects do not link with changes 

in the rhizosphere. Nevertheless, the results suggest that different morphological 

and developmental effects will result, depending upon whether gibberellin arrives 

at the site of action directly from sites of synthesis in the top of the plant, or via the 

xylem, from the root system. The results, however, do not clarify whether the root 

system has a direct or indirect role in the synthesis and or activation of gibberellin. 

On the other hand, there is much circumstantial evidence that proximity to the root 

system is an important factor in regulation of phenomena such as juvenility which 

are known to be associated with gibberellins (Chalmers 1985). 
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