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ABSTRACT 

Hardwood cuttings of easy-to-root ( r:JM 106 ) and difficult-to-root  

(EM XII ) apple (Malus sylves tris M . ) rootstocks were seQuentially har­

vested and planted according to the East Malling system , over a period 

from late autumn (April ) until early spring ( October ) . Tissue samples  

collected on harvest dates and from cuttings undergoing root initiation , 

were analysed for endogenous, plant growth regulators . 

Promotion of root formation b� a concentrated , QUick-dip treatment 

of Indol e-butyric acid ( IBA ) was only observed in shoots with a high 

natural ability to initiate roots , when planted as cuttings . Root 

ini tiation potential appeared to  be directly related to endogenous l ev e l s  

of an indole-acetic  acid ( IAA )-like growth promoter . No positive corre­

lation between root initiation and bud dormancy , endogenous Abscisic 

Aci d ,  Cytokinin or Rooting Cofactor levels was e stablished . Reciprocal 

donor-grafting experiments showed that a root  promoting stimulus vias 

graft transferable frcm MM 1 06 into EM XII  and that a promoter chromato­

graphi cally similar to IAA accumulated in EM XII stocks grafted with 

MM 1 06 scions . No active rooting inhibitors we�e located frcm the 

seasonal or donor-grafted tissue samples . 

A separation of the modes of action of IAA and IBA in promoting 

root formation wa s shown . IAA appeared to b e  the fundamenta l physiologi­

cal promot er of adventi tious root formation ; the number of roots increas ­

ing with an increased concentration of IAA. IBA seemed to have a 

supporting ro l e  in promoting root formation , and could not further 

promote rooting if appli ed at increasing concentrations above a threshold 

l eve l . IBA appeared to  be active in the root initiation process by pro­

t ecting the endogenous IAA l ev e l s  in the cuttin� ba se. Studie s  of the 



metabolism of 14c-IAA in the cutting-s base indicated that IAA was pro­

tected from enzymic degradation and conjugation ( both inactivation 

processes ) by the application of IBA prior to planting. IBA was only 

active in promoting rooting if  an optimum level of  IAA was present . 

The results are discussed in terms of the integrated control of 

root formation on woody shoots and a hypothetical model of the physio­

logical co�trol of root initiation is  proposed on the basis  of the 

present work and evidence available in the li terature . 



A .  Introduction 

REVIEW OF' Ln'ERATURE 

Asexual propagation involves reprc,duction fr(Jffi vegetative parts of 

plants which have the capacity for regeneration . The asexual process i s  

of  particular importance in horticulture because most valuable fruit and 

ornamental cultivars are highly heterozygous and sexual reproduction 

would cause an immediate loss of the unique cultivar characteris tics . 

1 • 

The characteristics of any s ingle cultivar are perpetuated by establish­

ing a clone , a prc.cess entirely dependant on e.s e:xual propagating techniques . 

Apart from the maintenance  of specific clones of plants , asexual propaga­

t ion has some very obvious advantages in terms of  production of large 

quanti ties of specifi c  cultivars , a factor obviously capi talised upon by 

the nursery industry . 

The simplest method of asexual propagation is by cuttings ; leaf , 

s tem , or root . Stem cuttings are most widely used and prcvide the greatest 

s cope for utilisation of asexual propagating techniques . To establish a 

small grov1ing plant from a s tem cuttinp,· , a new root system must  develop 

frorr. the basal tissue of the cutting. This  i s  a complex physiological pro­

cess under the control of  natural plant gTowth substances , the promotion 

of which is  not well understood. The ability to  promote root  formation on 

stem cut'!iine.,"S is clea.rly critical for the nur:sery industry and a mass ive 

volume of research has been ca.rried out , studying methods of improving the 

rooting of many species  (Thimann and Behnke-Rogers , 19 50) . Ever since 

plants  were first propagated from s tem cuttings , s ome clones have been 

considered difficult-to-root . vfuile the number of these clones has decreased 

with the advancement of research , the problem i s  still considerable and re­

flects  the level of unders tanding of the fundamental process  of root  

initiation achieved to date . Tremendous technological advances , in 



2 . 

particular the discovery of the role  of IAA by Went ( 1 934 ) , have revolu­

tionised the science of plant propagation . The time is rapidly approaching 

when any further major advance in plant prcpagation by stem cuttings will 

only be  achieved with the knowledge of the intimate mechanisms of the root 

initiation process . By achieving the unders tanding of such a process , the 

technical development of methods suitable for commercial use may virtually 

eliminate the "difficult-to-root" clones of plant species . 

In the following sections , the physical , environmental and physiolo­

gical factors affecting the propagation of hardwood cuttings are reviewed . 

The influences of cultural treatments and plant growth regulators on 

adventitious root initiation are examined . 

B . Part I .  Phys ical Factors Affecting. the Propagation of Apple 

Hootstocks from Cuttings 

1 .  Physiological Age of Parent Plant 

The influence of the physiological age on root initiation of cuttings 

is a well  known phenomenon today and is widely utilised . This  juvenility 

factor is s till  very difficult to define , but in some cases  i s  involved 

with changes in form and appearance in certain plants. It can also apply 

to certain regions of mature plants , e . g. Chadwick ( 1 95 5 ) suggested that 

the basal portion of trunks and .lateral roots of woody plants retained 

juvenile characteristics and this was borne out by the frequency of adven-

titipus shoot production, often observed in many species . These shoo ts were 

inva:t'iably "juvenile" and nearly always rooted readily . Garner and Hatcher 

( 1955 ) have found that adventitious shoots produced by shy rooting apple 

cultivars usually rooted better , particula�ly with the use of growth 

regulators , than ordinary vegetative cuttings . Olden ( 1952 ) and Smith 

( 1959 ) also reported that cuttings produced from basal buds on apple culti-

vars , whether produced naturally or  artificially induced ,  roo ted readily. 

In both cases  cuttings derived from mature fruiting wood either failed to 
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root or rooted very poorly . Smith also noted that cuttings , made from root 

suckers of a mature ornamental apple tree , rooted well in comparison with 

cuttings taken from fruiting branches . A general trend found by Danilov 

(1968 ) was that cuttings from lower parts of apple tree crowns rooted bet­

ter than those from the upper parts . Stepanov and Kuzin (1973 ) classified 

hybrid apple seedlings o� their ability to root  from juvenile and mature 

tissue , the juvenile generally performing better . Later Kuzin (197 5 ) 

found that cuttings taken from lower , more juvenile shoots rooted earlier 

and better than those taken from upper , more mature shoots of apple tree 

crowns . 

The physiological age of the whole plant is also important when con­

sidering sources of cutting material , because in many cases  whole plants 

are maintained as stock material . Stoutmeyer (1937 ) recognised two distinct 

phases of growth in the apple , the juvenile phase rooting readily from cut­

tings , and the mature phase cuttingB rooting very slowly and poorly . 

Gardner (1929 ) found rooting decreased with increasing age of the plant from 

seed with apple hardwood cuttings . Vekhov and Iljin ( 1934 ) studied 600 
varieties of trees and shrubs and concluded that shoots from young plants 

rooted better than those from older plants . Subsequently many workers 

have s tudied the juvenility factor with respect  to propagation by cuttings 

and have found that the ease with which roots are formed on cuttings of one 

year old wood falls off with increasing age of  the stock plant ; apple 

rootstocks and cultivars are no exception as found by Knight � al. (1927 ) , 

Frischenschlager (1938 ) , Zimmerman and Hitchcock ( 1946 ) ,  Garner and Hatcher 

(1947) and Turovskaja (1974 ) . 

With the knowledge of the changes in juvenile characteristics as plants 

age and also the location of juvenile tissue on older plants , more careful 

selection of propagation material has been c arried out , and treatments of 

s t ock plants to maintain juvenile characteristics in propagation material 
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have been utilised . By selecting propagules which might be expected to 

be juvenile , greater success in propagation by cuttings in apples has 

been achieved .  Garner and Hatcher ( 1 947 ) noted that young parent plants 

propagated from roots  give more readily rooted stem cuttings than young 

parents propagated from shoots . After ano ther season's growth the res­

ponse was reversed ;  2 year old parents from shoots were better than 1 

year old parents , and 2 year old parents from roots were poorer than 1 

year old parents . Stou tmeyer ( 1 9 37 ) found cu ttinr�·s taken from apple 

shoots derived from root cuttings , rooted easily . Turovskaja ( 1 969a ) 
verified this by using shoots from horizontally planted root cut tings , 

particularly if taken at the 3-5 leaf stage . Garner and Hatcher ( 1 95 5a ) 
also found that hedge produced apple hard\vood cuttings were more disposed 

to rooting than those taken from lined out nursery plants . Similar con­

clusions were ob1;ained by Sinha and Vyvyan ( 1 943 ) with Myrobalan B plum 

roots tock . Further work by Garner and Hatcher ( 1 955b ) showed that etio­

lated basal shoots off stools , rooted better than hedge growths but when 

rooting of non-etiolated cuttings was satisfactory the dispari ty between 

hedge derived cuttings and stool derived cuttings diminished . I t  would 

be expected that hard pruning of the hedges  and stools maintained the 

production of juvenil e  shoots . Nelson ( 1 955 ) and Singh et al . ( 1 957 ) 
also noted this  phenomenon when comparing stooled stocks and newly lined 

out plants . The stock s ource influenced the speed , degree and percentage 

of rooting of the cut tings . Tarasenko ( 1 964 ) compared hardwood and root  

cuttings taken from juvenile and adult plants and plant parts . Propaga­

tion of hardwood cuttings was most  successful when material was obtained 

from juvenile plants , juvenile parts of mature plants and plants reverted 

to a juvenile state by induction . Hatcher ( 1 959 ) noted that s evere top 

pruning or root pruning promoted rooting of tip cuttings of apple root­

stocks . Carlson ( 1 966 ) reported that the current season's growth was 

most  satisfactory for propagation of fruit trees by cuttings . 
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It is  evident that , although a precise  definition of the juvenile s tate 

of plants or plant parts is very difficult to express , the influence of 

this physiological s tate on the degree of root  initiation obtained on 

cuttings is very important . Thimann's ( 1 942 ) comment that wi th shy root­

ing species  of plants ,  the most  important s ingle factor affecting root 

initiation was the age of the tree from which the cuttings were taken , is  

significant. By beginning propagation s tudies with non-juvenile plant 

material , subsequent treatments will not serve to  replace the juvenile 

factor required for successful root  ini t iation . 

2 .  Choice of Material from Parent Plant 

Much of the research into the effect  of juvenility on the rooting of 

cuttings has resulted in relatively detailed mapping of regions of plants 

which retain juvenile  characteristics  and also changes in the juvenil e  

state wi th time . T�e most significant contribution this has made to pro­

pagation is  in determining which plant material is bes t for use in produ­

cing rooted cut tings successfully . As early as 1 926 , Knight suggested 

that on pyrus and Prupus species, lateral shoots which were not actively 

elongating provided a better source of cut ting material than terminal 

shoots  or elongating laterals . Lateral cuttings were cons i s tent:•_y 

superior to terminal cuttings of Norw ay Spruce according to  Farrar and 

Grace ( 1 942 ) . Turovcev ( 1 960 ) found that , with apples , shoots  from 

adventitious buds of secondary meris tems rooted better than shoots from 

lateral or axillary buds from the primary meristem. These  reports c onfir­

med information obtained in juvenil i ty s tudies that cuttings froill the 

lower parts of the plant , not assoc iated wi th the primary leader , provided 

the better source of cutting material . 

Perhaps e qually important i s  the region of the shoot  t o  be used. 

Garner and Hatcher ( 1 947) reported that apple stem cuttings from the base 
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of yearling shoots were superior to those from upper parts of  the shoot , 

irrespective of the origin of the parent . Further to this  they described 

a decreasing gradient of rooting ability along a yearling shoot from base 

to terminal . Perhaps one of the more s ignificant advances in propagation 

from hardwood cuttings was the discovery of the propensity of basal cut­

tings to root more readily than intermediate or terminal cuttings. Pope 

( 1 960 ) reported that basal cuttings of Ilex , Fei j oa ,  Cocculus and Thryal­

lis all rooted more readily than terminal cuttings . Many reports exist 

on the success of propagati on from basal hardwood cuttings , parti,�ularly 

with reference to fruit  tree rootstocks ; for example , rooting ability 

increased wi th increasing dis tance from the apex in rootstocks of apple , 

plum and quince ( Garner and Hatcher , 1 95 5 ;  Hartmann , 1 955 ; Peters , 1 959 ) . 

More detailed work by Howard et al . showed that basal hardwood cuttings 

of apple and plum rootstocks taken as close to the previous s eason's 

growth , including the swollen base of the shoot but not a heel of older 

wood , proved to be the most  suitable propagation material . (Howard , 1 966 ; 

Howard and Nahlawi , 1 969b ; Howard , 1 970a ;  Howard , 1 970b ;  Howard , 1 970c ; 

Howard , 1 970d ) . It was noted however that plums were influenced less by 

use of basal cutting' material than apple roots tocks . Later  work by Doud 

and Carlson ( 1 972 ) confirmed Reward's work and also showed that a similar 

situation existed with peaches , cherries and apricots . Contrary to these 

reports , Danilov ( 1 968 ) found that the results from apple cuttings taken 

from different parts of the shoot  were contradictory and appeared to be 

cultivar dependent . It should be noted that when referring to the type 

of cutting used for propagation , the wood from which it i s  derived is 

that which has been produced in the current season of growth immediately 

prior to the harves ting of the cuttings . 

It can now be stated that in general when propagating apple  roots tocks 

from hardwood cuttings , basal hardwood cuttings are likely to result in 
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higher percentages of  rooted cuttings than ei ther intermediate or terminal 

cuttings . 

3. Seasonal Effects and the Time of Taki ng Cuttings 

The time at which cuttings are col lected has been found to  be cri tical 

in terms of the expected successful propagation of apple rootstocks . The 

timing of the collection i s  also  related to the physiological concli tion 

of the s tock plant rather than the calendar date. Cuttings of apple , 

peach , pear , cherry and apricot cultivars collec ted in autumn rooted in 

moderately hi gh percentages , but cuttings collected in mid winter rooted 

very poorly ,  ( Howard , 1 966 ; Doud and Carlson , 1 972 ) . A rapid ri se in the 

abil i ty to roo t  occurred in spring. In some cases the autumn peaK was not 

present but the spring flush was always recorded . Upon investigation , 

Howard ( 1 968a ) concluded that the mid winter depression in rooting was not 

due to the influence of vegetative buds in varying degrees of dormancy. 

Fadl and Hartmann ( 1 967a ) found that root initiation on Old Home pear hard­

wood cuttings was bes t in autumn and was correlated with the ability of 

the buds to shoot i mmediately. As the buds entered dormancy the ability 

of the cuttings to root  also decreased. Nesterov ( 1 968 ) noted that the 

successful propagation of s tem cuttings of quince depended on the amount 

of chilling the mother plant had undergone. Cut tings of Myrobalan B plum 

rootstock were found to  exhibi t similar trends observed in apple and pear 

hardwood cuttings , ( Reward and Nahlawi , 1 969b) . High levels  of rooting 

were recorded in autumn over a period  of 4 years , decreasing to virtually 

no rooting in mid winter and then rapidly improving with the onset of  

spring. Each of these reports s tres s  that the trend in  rbot initiation 

was apparent when propagation was carried out with the use of hi gh basal 

s torage temperatures and a synthetic  growth promoter ( IBA ) . 

Similar work with MM 1 06 apple rootstock did not show any decline in 
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the percentage of cuttings rooted on progressive harvest  dates  from autumn 

until  mid winter but the environmental conditions (mid winter conditions ) 
were considered t o  be partially responsible for this response (Tustin , 

1972). It  was noted that the rate of ini tiation of adventitious roots was 

slower in the winter months compared \vi th the autumn harves t  datei3 . 

In virtually all the reports on the effect of the time of  taking fruit 

tree rootstock hardwood cuttings , autumn or spring were the times when a 

high degTee of success was achieved . Generally much poorer rc.ml ts were 

obtained during the mid winter months and in some cases  the aut�! peak 

was also absent . 

Part I I . Physical Treatments Prior to Planting 

1. Treatment vli th Synthetic Growth Substances 

With the comparison of a root inducing hormone and of auxin 

( Thimann and Went , 1934) and the subsequent proof that they were one and 

the same ( Thimann and Koepfli , 1935), the breakthrough in hormonal regula­

tion of adventitious root  initiation appeared to have occurred . Practical 

application followed rapidly , e . g. Cooper (1935) applied IAA in lanolin 

to  lemon cuttings and found it  promotive to rooting; as well as substi­

tution of IAA by other similar synthetic compounds such as IPA and NAA 

(Hitchcock , 1935; Zimmerman and Wilcoxon , 1935). 

Rapid progress in testing compounds for root forming activity was made . 

IBA and NAA were found to be bet ter than IAA because of their persistence 

and the phenoxyacetic acid compounds found to have adverse side effects 

because threshold levels were als o  toxic . Once the efficacy of the com­

pounds was established , the methods of application became important als o .  

Hitchcock and Zimmerman (1939) were the first recorded workers t o  
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use the concentrated dip treatment o f  growth subs tances on cuttings . 

Cooper ( 1 944 ) found that IBA applied as concentrated dips of varying 

strengths gave excellent responses on a range of tropical plants , when 

planted as leafy cuttings . Satisfact ory responses  were also  obtained 

with lower concentrations when the base of the cutting was immersed for 

long periods e . g. 24 hour soak treatments . 

Hatcher and Garner ( 1 947 ) es tablished the first positive reac 1;ion of 

hardwood apple  cuttings to  growth substance treatment , but found vhat with 

the concentrated dip method , deleteri ous resul ts were obtained . In fur­

ther work , namely trying to es tablish a s tandard treatment of fruit tree 

roots tock cut tings , Hatcher and Garner ( 1 950 ) found 0 . 5 mg/ml IBA applied 

as a quick dip , best for Myrobalan B plum rootstock. With Crab C apple 

rootstock , while it  responded without damage to 5 . 0 mg/ml IBA ,  the best  

response was at 0. 5 mg/ml . Subsequently a s tandard treatment of 500 ppm 

was adopted to  be applied as a concentrated quick dip ,  whi ch was considered 

most  functional , commercially . 

With the development of high temperature s torage of cuttings while 

undergoing root initiation , a re-evaluation of the growth substance 

treatment occurred . Howard ( 1 966 ) in an interim report , suggested a quick 

dip of IBA in 5o% methylated spiri t ;  for plums a concentration o f  500 ppm 

and apples, 2 , 500 ppm. A critical examination of the influence of IBA , 

(Howard , 1 968b ) on root  initiation in apple hardwood cuttings , showed that 

rooting in terms of percentage , number of roots and dry weight of roots  

improved with increasing concentration up to 1 , 2 50 ppm. Further improve­

ment in percentage was obtained at 2 , 500 ppm , but at 5 , 000 ppm root  

numbers were higher ,  though percentage rooted was lower .  With plum root­

stocks Reward and Nahlawi ( 1969b) found clonal differences , Myrobalan B 

and St Julian being optimum at 5 , 000 ppm , while Brompton and EA, 1 6  show-
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ing no improvement above 1 , 2 50 ppm . Again the optimum concentration for 

root number tended to be hi gher than for rooting percentage . An asess­

ment of new clones of plum roots tocks (Howard and Nahlawi , 1 969a ) showed 

that many responded well to increased concentrations of IBA al though more 

variation between clones was apparent than wi th apple roots tocks . 

Cri tical asses sments of the method of application of IBA in solution , 

resulted in the de rr,onstration that wi th apple and plum cuttings , highest  

rooting percentages were obtained when cuttings were dipped as  shallowly 

as poss ible . This  varied between clones and was also influenced by the 

IBA concentration (Howard and Nahlawi , 1 970 ) . Nahlawi and Howard ( 1 97 1 ) 

verified that , on plum cuttings , when only the basal cut end v1as treated 

with IBA the bes t  rooting percentages were obtained. The de trimental 

effec t of deeper dipping in higher concentrations of IBA was proved to be 

caused by IBA application to the cutting epidermis . Epidermal application 

was only beneficial when insufficient s timulation occurred via the base . 

Howard ( 1 97 0 ) found that me thyl alcohol , me thylated spri t alld acetone 

were cheap and sui table al ternatives to ethyl alcohol solvents for IBA 

application . Methylated spirit seemed to increase the level of rooting 

if propagating conditions were less  than optimum. Ensuring adequate in­

gress  of IBA into the cutting was important and the duration of dipping 

and the moisture content of the cuttings both influenced this . Nahlawi 

and Howard ( 1 972 ) no ted that a l onger duration of dipping was required at 

l ower concentrations of IBA to obtain equivalent rooting responses  to 

quick dips at high concentration . A delay between harvest  and dipping 

causes  a vrater deficit in the cuttings which increases  uptake of IBA , 

improving the response with l ower lEA concentrations but reducing the 

levels of rooting from concentrated dips (Nahlawi and Howard, 1 972 ;  

Howard , 1 974 ) . 
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Although much of the research into the effect of growth substances  on  

rooting i n  fruit tree hardwood cuttings has been carried out at  East 

Malling over the las t decade , independent workers have verified results 

obtained  by Howard et  al . As early as 1940, Hitchcock and Zimrnerman noted 

that a combination of grov1th substances was more effective in  promoting 

root i nitiation than ei ther of the components separately . IBA and NAA 

were most effective i n  combi nation where one or the other had a �esser 

effect  on  a particular cultivar . Components which were both equally 

effective on one cultivar did not exhibit the massive promotary e ::fect 

of the combination. Responses  t o  the combinations which were effective 

were usually synergis tic . Moretti  (1954) found IAA and NAA (50 ppm each ) 
i n  combination gave better promotion to rooting of mulberry cuttings , 

than ei ther IBA or a co��ercial preparation  applied at 100 ppm separately . 

Zatyko (1959) found on  fruit tree rootstocks and cultivars that NAA ·was 

not uniformly effective i n  promoting root  i ni tiation ,  but by splitting 

the basC) of the cutting , rooting was enhanced further . Rooting on E11IX 

was improvRd using a 50 ppm soak of IAA and heat , Van Doesburg, (1960), 

and Pope (1960) found on  a range of woody ornamental plants that 1000 ppm 

IBA quick dip was moot effective in promoting root  i nitiation. Ha:rtmann , 

Hansen and Loreti (1965) found that a 24 hour soak i n  an aqueous solution  

of  100 ppm IBA was promotive to  rooting of a range of apple rootetock 

hardwood cuttings , but further treatments such as heat were often re�uired 

fo:r a high degree of success . Carlson (1966) also reported that the con­

centration and duration of the IBA treatment had a profound effect on root  

initiation in  frui t  tree hardwood cuttings . Fernandez-Sevilla (i969) 

found various clones of apples responded differently to IBA as a quick 

dip but in general a concentration within the range of 1000-4000 ppm was 

opti tnum. Ashiru and Carlson ( 1 968 ) ooncluded the optimum concentration  

of  IBA for obtaining a maximum rooting percentage was 1500 ppm in associa­

tion with 2 1 °C bottom heat . Ashiru ( 1 968 ) also  found a combinati on 
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treatment of 200 ppm IBA and 300 ppm NAA stimulated root initiation in MM 

1 06 cuttings taken in early spring. Further work by Doud and Carlson 

( 1 972 ) with apple , peach , pear , cherry and apricot cultivars confirmed 

that 1 000-1 500 ppm IBA as a 1 0  second quick dip gave the optimal response . 

A range of clonal apple roots tocks were treated with I BA at varying conc­

entrations ( 1 50-300 ppm ) for 24 hours or for 5 seconds with 3000 ppm IBA 

by Guerriero and Loreti ( 1 968 ) . Rooting was lower at 3000 ppm IBA but 

of the cuttings rooted more survived from this treatment than the soaks . 

Tkacenko ( 1 97 0 ) stimulated rooting in the difficult-to-root  paradise apple 

roots tock by using 24 hour soaks of IAA (.001%) , IBA ( . 0005%) or 2 , 4-D 

( . 0001%) or by q·.1ick dips in IBA ( . 005%)  or ( . 01%) or IAA ( . 02%) . 

It  is  now accepted that for successful propagation of apple roots tock 

hardwood cuttings , the use of an effective synthetic growth regulator is  

es sential . The literature confirms the generally better performance pro­

duced by quick dip treatments at high concentrations of IBA and a�so  re­

cognises the fact that , although not necessarily related , the use of high 

temperature s torage with the IBA treatment is  essential to  get op�imum 

results . 

2 .  Temperature Treatments Prior to Planting 

Wi th many fruit tree roots tocks , particularly shy rooting clones , tem­

perature treatments prior to planting of the cuttings has shown beneficial 

effects  on the subsequent root initiation . 

Hatcher and Garner ( 1 956 ) s tudied  the effect of overwinter s torage 

of apple  and plum hardwood cuttings . By maintaining a minimum heat of 

45°F throughout the duration of s torage , cuttings which had been treated 

with IBA prior to  storage , generally rooted better when l ined out in the 

spring. The exception was Crab C which , after the IBA treatment , rooted 

wel l  when planted out directly in autumn . Plum cuttings e stablished well  
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after winter storage irrespective of the IBA treatment. 

Harcma�n � al . ( 1963 ) found that hardvwod cutt ings of the shy-rooting 

Bartlett  Pear which had been planted with basal temperatures of 7 5°F , 

responded well  to  a cold s torage treatment for three weeks before lining 

out, compared with the response of similar cuttings which had received 

treatments usually successful with Old Home pear cuttings . It  was found 
\ 

that with the use of a lower basal temperature treatment , root appearance 

was not as pronounced as at 75°F. Howard and Garner ( 1 965 ) , when study-

ing the prolonged s torage of rooted and unrooted fruit tree hardwood cut-

tings , noted that wi th unrooted cuttings treated with IBA after storage 

and placed on s torage beds wi th a minimum heat of 45°F , the maximum 

number of roots and root length were often greater than on those :.�ooted 

before s torage . The percentage of the cutt ings rooted was considerably 

increas8d in most  cases and the period of root s timulation was also 
• 

shorter . It was cons idered that although rooting was readily achieved , 

the rapid leafing out of buds on the cuttings was disadvantageous from a 

conunercia1 aspect . Further work by Garner ( 1 965 ) found that s torage of 

M 26 apple cuttings with a minimum bottom heat of  45°F for 2-4 mo�ths , 

enhanced rooting and the percentage survival of cuttings l ined out in 

spring. Very little root  development occurred during s torage . 

Fadl and Hartmann ( 1 967a ) verified the data of Hartmann � al .  ( 1 96 3 ) 

on Bartlett pear cutting'S and found that the highest  level of root  pro-

motion was correlated to the lowest mean temperature the buds had been 

exposed to . Bartlett cuttin,-:;s s tored artificially at 40°F rather than 

at high temperatures showed increases in root promoting compounds and de-

creases in root  inhibiting compounds when extracts were assayed . 

Turovskaja ( 1 969b ) subjected apple root  cuttings from four year old trees 

for periods from 30  to  2 00 days under winter temperatures . Root  and 
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Shoot development on these cutting-s when placed in favourabl e  conditions 

was quickest and best on cutting-s which had received the long-est storag-e 

time . 

Cripps ( 1 974 ) , workine wit'-1 apple rootstock hardwood cuttings found 

a 1 0  week storage period at 0°C was essential to obtain commercially 

useful percentag-es of cutting-s rooted . M 26 and MlVI 1 06 were found to be 

the best rootstocks for propag-ation by thi s  method . 

It seems apparent that shy rooting hardwoo d  cutting'S of fruit root­

stocks respond favourably to periods of low temperature storag-e p�ior  to 

g-iving- additional , more routine root stimulating treatments . Warm tem­

perature storage of cutting-s above the amb ient minimums als o  enhance s  

the subsequent rooting and e stablishment of cuttings when l ined out . 

3. Wounding and Bud Removal as an Aid to Root Initiation 

Wounding has traditionally been used in propagation by hardwood cut­

ting'S , although the reas ons for doing so are probably not underst•)od . It 

has als o  been proposed  that season difference s  in root initiation may 

be a result of changing promotory and inhibitory activity of buds on the 

cuttings . This i s  in part based on observations that removal of  non­

dormant buds in autumn and spring is detrimental and chilling and bud 

removal in mid winter i s  beneficial to root initiation . 

Fadl and Hartmann ( 1 967a ) compared easy rooting Old Home and shy 

rooting Bartlett pear rootstock cuttings . Disbudding of Old Home cutt­

ings reduced the rooting to a low but constant level throughout the seas on . 

Bartlett cutting-s would not root at all unless di sbudded , when a small 

stimulation in rooting was achieved . Chil l ing the buds of Bartlett pear 

cuttings whil e  rooting proceeded , effected improvements in percentage 



root formation , except in late winter , when no differences occurred . The 

greater the number of buds present on the cuttings , the greater w�s the 

chilling effect on rooting. Changes in root initiation with bud activity 

were correlated in terms of inhibi tor and promoter levels assayed from 

treated cuttings . 

Howard ( 1 968a ) could not substantiate the results of Fadl and Hartmann . 

Hardwood cuttings of Myrobalan B plum roots tock were collected throughout 

the season , disbudded and treated in the usual way for rooting . Di sbud­

ded cuttings rooted consis tently better than normal cuttings but cuttings 

which were disbudded one month or more prior to  harvest  QUickly lost  any 

stimulus caused by disbudding. Removal of only 3o% of the buds was found 

to stimulate roo ting and their position was not important . Cuttings 

of M 26 apple roots tock vrere used to investigate the effect of  winter 

chilling on bud activity and rooting and no difference was found 0etween 

chilled and unchilled cuttings . Al so , removal of potentially active buds 

of plum cuttings did not depress rooting . Therefore none of these  results  

support the view that bud activity fluxes , throughout the season , account 

for fluctuations in rooting abili ty, 

Because bud removal causes wounding to  the cutting , wounding per se 

was also  investigated by Howard ( 1 968a ) . Wounding was found to  give a 

big stimulus t o  rooting, s imilar to  disbudding and also to  a combination 

of the two , on both Myrobalan plum and M 26  apple roots tock cuttings . 

Often the s timulus from wounding was greater than from disbudding. 

Howard concluded that a wound-induced stimulus and not the s tate of 

activity of the buds was responsible for improved root  initiat ion . 

A further suggestion on the effect of wounding was that in some 

plants a tough ring of sclerenchyma in the cortex , external to the site  

of initiation , prevented root emergence and that wounding provided a 
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point of  exit for deve l oping roots ( Beakbane , 1 96 1 ) . The other commonly 

held view was that increased uptake of growth substances was achieved 

through a basal wound . 

In general , the effects of bud removal and wounding have both been 

s een to promote root initiation but there i s  still  a divergence of opinion 

in the interpretation of  the data. It sti l l  remains to be shown con-

elusively that one or the other , or both the treatments are responsible 

for the promoti on and exactly what mechanism i s  involved . 

Part III . Phys ical Treatment During Root Initiation 

1 .  High Temperature Storage o f  Cuttings 

While the effect of  grov1th substanc es on root initiation of  hardwood 

cuttings was elucidated , another critical treatment was developed in con-

junction v!ith it , namely high temperature storage of the bases of cuttings . 

As success with concentrated dipping techniques was achieved it was al so 

noted that warm or high temperature storage , during the rooting perio d , 

gTeatly improved the rate of root initiation on many fruit tree 

rootstocks . 

Hatcher and Garner ( 1 956 ) first noted that by maintaining a minimum 

temperature of 45°F during storage through the winter , after an IBA dip , 

cuttings :!:'ooted much more readily . The effect was most noticeabl e  on 

material collected in autumn rather than that from l ater in the winter. 

Als o , with higher storage temperatures (65°F) rooting was acce lerated 

c onsiderably . Reaction to this treatment was obtained whether given 

immediately after planting, or after an initial period without heat . 

Hartmann ( 1 955 ) had als o  noted that on plum and quince hardwood cuttings , 

0 
a 30 day storage peri od in moist peat mos s  at 50 F ,  after an IBA treatment , 

promoted the rooting of cuttings when subsequently l ined out . 
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Howard and Garner ( 1 964 ) investigated the high temperature s torage of 

M 26 apple hardwood cuttings , as a method of rapid propagation and in-

creasing rooting percentages . A range of hi:_;·h temperatures applied t o  

the base of the cuttings , v/n.ich had been given the normal IBA concentrated 

dip ( 2 , 500 ppm ) , were evaluated . Rooting was found to occur mos t  rapidly 

at 70°-80°F. At higher temperatures the basal tissue was often k�l led . 

Rooting was achieved in approximately two vreeks at 76°F and 8 1 °F but the 

effect on root  numbers was less cl early defined . In a further experiment , 

M 26 , EM VII and Old Hollle pear cuttings were sufficiently rooted after 

four weeks at 65°F to  be lined out . 

At this time , many workers found the effect  of gTowth substanGe 

application could be enhanced gre�tly by the use of high temperature 

s torage . With a range of clones of apple rootstocks , the most  effective 

treatment in improving rooting was basal s torage at 2 1 °C , after a� IBA 

treatment , wi th the above ground parts of the cuttings at ambient t ern-

peratures ,  (Hartmann et al . ,  1 96 5 ; Carls on , 1 966 ; Ashiru and Carlson , 

1 968 ; Guerriero and Loreti , 1 968 ; Doud and Carlson , 1 972 ) . 

Howard ( 1 968b ) re-examined the effect  of  temperature and horm:me 

treatments on root ini tiation . He found the optimum temperature for 

rooting percentage was at or above 22°C . As with the IBA concent ration , 

a higher temperature of 27°C favoured root  numbers rather than rooting 

percentage . Auxin treatments and temperature treatments were found to  

promote rooting independently and i t  was necessary to  use  the auxin  

treatment to  obtain satisfactory rooting. It  was from this  work and that 

of Howard and Garner ( 1 965 ) that the standard East Mall ing treatment of 

hardwood 8uttings was formulated . 

Although promo tion by growth substance s  and high temperature treatments 
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of hardwood cuttings have been found to be independent of each other , 

the greatest success e s  in rooting apple hardwood cuttings have combined 

both treatments . From a commercial point of  vi ew , the independent action 

of each factor offers more scope for variati on to achieve the optimum of 

both treatments . 

C .  Plant Growth Regulators and Their Effect on Adventitious Root 
Initiation 

1 .  Endogenous Auxins 

Since the original demonstrati on by Went ( 1934 )  and Thimann and Went 

( 1 934 ), o f  the stimulati on of adventitious root initiation on stem cut-

tings by plant extracts , and their correlation and identification of  

Hetero-auxin (IAA ) (Kogl et  al . , 1 934 )  as being the active component , 

research into auxin effects in root initiation has taken two main paths . 

By far the most common has been the influence of exogBnously applied 

auxins , and synthetic compounds exhibiting auxin activity , on  root 

formation on cu ttin, ,·s and tissue explants . No less important has been 

investigations into endo�enous levels of native plant auxins and their  

relation to  ease of  propagation of plants from cuttings . In combination 

with thi s  work have been studies on ratios  of auxins and inhibito rs of 

root initiation , and the correlation of these ratios to the ease of root 

formation on cuttings and tis sue explants . 

The clas s ical work of Warmke and Warmke ( 1 950) finnly e stab l ished the 

role of endogenous auxins in the differentiation of roots compared with 

shoots in plants . A high distal auxin c ontent in root cuttings of  

Taraxacum and Cichorium accounted for  the regeneration of new roots . 

This proce s s  could be reverted to shoot formation to a l imited extent , 

by exhaustive leaching of the cutting bases in water , or by treatment 

with an auxin inhibitor . After 96 hours a distinct polari ty exi sted in 

the cuttings with a higher distal auxin content. Addition of synthetic 
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auxins also aided root initiati on . In a range of herbaceous spec ies , 

Odom and Carpenter ( 1 96 5 ) related rooting abi lity to the pres ence or 

accumulation of  " free auxin" in the cutting bas es . Rapidity and vigour 

of rooting paralle led the level of endo ·enous auxin . An inverse relation­

ship between the endogenous acidic auxin level and the known beneficial 

response to added root promoting substances was e stabli shed . Where auxi n  

levels were loH in fresh s amples , an accumulation o f  acidic or neutral 

auxins occurred just pri o r  to , or during, root initi ati on , but where high 

levels  of auxins were present initially , the level declined during root­

ing. Saito and Ogasawara ( 1 960 ) had noted that in cuttings of Salix 

p,Taci l istyla , the IAA level was high at harvest time and decreased rapidly 

during root ini tiation and suggested that this  indicated that IAA was 

instrumental in the initiation of roots on cuttings of this spec i es . 

Conversely , Smith and Wareing ( 1 972a ) found that endogenous auxir. levels 

at the base of both intact , and disbudded , chilled poplar cuttings Here 

high at the time of root initiation , but were low 1 5  days later 1.-·hen the 

roots were s everal ems long. It must be noted though , that the poplar 

cuttings had been given seve:r·al weeks after chilling to allow the 

"hormonal " change s to occur prior to sampling, so  a s ituation s imilar to 

Odom and Carpenter ' s low initial auxin status cuttings exi sted with the 

paplar . Nanda et al . ( 1 968 ) found that segments of Populus nigra 

shorter than 3 . 5 cm in length would only root when exposed to three o r  

more days of darknes s  and this was related t o  the auxin status of the 

s egments . The dark requirement could be replaced by IAA or IBA or by 

using larger segments . The fai lure of l i ght grown segments was attri buted 

to l ow auxi n  status , o r  more probably , a high rate of  destruction . 

Haissig  ( 1 97 0 ) used the removal of stem apices ,  l eaves and axil lary buds 

to demonstrate that endogenous auxins were responsible for root initia­

tion in Salix fragi l i s  cutti ngs . Surgery reduced endogenous auxin l e vels  

and caused a reduction in primordial initiat i on and to a l es ser extent 

primordial grovvth . As cells  lo st thei r  meristematic abi l ity , they d i f-
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ferentiated into mature parenchyma c e l l s . Application of  IAA overcame 

the effects  of surgery . More labelled IAA was taken up by primordia in 

the earliest stage of initiation , indicating that the establishment of 

a meri steQatic site was more dependent on IAA , than the subsequent devel op­

ment of  the primordia . The auxin als o  appeared to act directly in the 

cell s  which become meristematic . Greenwood and Goldsmith ( 1 970 ) attri­

buted the regeneration of roots on exc ised Pinus lambertiana embrJoS to 

the transport and accumulation of endogenous IAA . 4o% of the cuttings 

rooted wi t:wut the addition of exogenous IAA and the first regene ration 

always occurred at the basal tip of the slanting cut ( IAA accumulation 

point ) . Regeneration was not affected by the removal of the regenerating 

region and addition of exogenous IAA could increase the number of roots ; 

appli cation o f  TIBA totally inhibite d  rooting. They als o  concluded that 

polar auxin transport rai sed local c oncentrati ons of IAA in the cutting 

base to levels  sufficient for promoting root regeneration . 

Etiolati on of tissue prior to or during planting as a cutting has been 

found to be beneficial in propagati on . Kawase ( 1965 ) proposed ttat etio­

lated cuttin 'S retained a higher level of endogenous auxin at thE s ite of 

etiolation during root initiat i. on and that thi s  seemed to account for the 

better rooting compared to non-etiolated cuttings . IAA was able  to re­

place the etiolation effect in non-etiolated cuttings . In etiolated cut­

tings it was found that much lower dosage s  of IAA inhibited root initia­

tion sugges ting a near optimum IAA level existed in thes e  cuttin6s , for 

root regenerati on . Herman and Hess  ( 1 963 ) had noted a s lightly higher 

level of IAA in etiolated tissues c ompared to non-etiolated tis sue of 

cuttin�s of Phaseolus vulgaris and several cultivars of Hibiscus 

rosas inens is . An unidentified auxin at Rf 0 . 05-0 . 15 was als o  present in 

the same proportions as IAA in etiolated and non-etio late d  tis sue . . Bastin 

( 1 966 ) found that differences  in rooting abi l ity of Abie s  bals emia cutt­

ings were due to differences  in extractable IAA . Light grown cuttings 
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rooted better than dark grown and thi s was a ttri�uted. to  increased syn­

thesis  of dipher:.ol c ornpcund s Hhic�1 inhibit  IAA-oxidase activi ty . A l inear 

increas r� cf  diphenol cod. ent  and. number of roots per cu.tting \-Jas establ is­

hed . Bas tin sugges ted tha.t dipher..ols acted as  compe titive inhibi tors of  

IAA oxi dati on rather than by  complexing wi th IAA as  suggested by the 

Rhi zocalj ne and Co-fac t Jr thecr:;. e s . 

Seasonal chaEge::: in the abi l i ty of many species  of plants to root  from 

cut tings , has been corn lated Hith le\' el s  and fluxe s of extractabl e auxir_s . 

In general , periods of do:rrrrancy are accomJ:anied by lower free auxin levels  

and dt:ring these  phases , lower level s  of rooting occur . The optimum t ime 

for roc t  ini t i ation i s  often at the tern inati on cf a dormant or bud-re s t  

phas e , when a flush o f  renewed amt:ir. J ·rcduction often occu:r·s .  As a re­

sult of thi s  obs ervation , a relati onship between bud ac t ivi ty and rc ot  

ini tiati on has been  e ::: tabli shed . Peri ods of active bud deve lopment and 

growth are as s ociated wi th be tter roo t  ini tiation in s ome specie s . 

Spi ege l  ( 1 955) inves tigated rooting· o f  grape cuttings and noted that an 

auxin peak occurred jus t pri or t o  bud-break in spring whil e inhi'::·i tor 

levels  were low . Vieit.e z  and Pena ( 1 968) e s tabl ished a loose  correlati on 

·between seas onal rooting of  Sali:x atrocinerec.. and IAA content of the s tem 

ti s sue . Samples  frcm July did no t fi t the correlation and this was unex­

plained . No a.ct ive inhibi tors of roo t  initiation were located . Sin and 

SurJg ( 1 968) and Sung ( 1 969) cor.fj rmed that , in a range of Pinus species  

and Populus alba , IAA was an important rooting promoter and that easi ly 

rooted brachyblas t cuttings had a higher auxin s tatus than normal cut­

t in gs . In s onte cas es , IAN \\'as als o  considered to be an ac tive rooting 

promoter . Nanda and Anand ( 1 970) found that , wi th the onse t  of dormancy , 

and through the \\'inter , l ow rooting· was achieved in Populus nigT§:_ , but 

with the renewed growth in spring, high rooting occurre d . Also the 

response to exogenous auxins 'tJas greates t  in the \\'inter months . They pro­

posed that auxin level s in the Hinter were sub-optimal for roo t  ini t ia-
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tion , and added auxin thus facil i tated root initiation . In spring , added 

auxin inhibited rooting , presumably because of supra-optimal l evels , since 

cut tings root  read i ly at this time . They concluded that root  ini tiation 

was determined by the physiological ccndi tion of the cut ting materi2.l , 

and that any respom-:e to exogenous auxin \\as governed by the endogenous 

auxin status of the cut tings . Smith and Wareing ( 1 972b ) examined rooting 

in act ive and dorm<mt leafy poplar cuttings . Long days were found to 

promote root  init iation and this  was related to a high auxin s tatus under 

these  condi ti ons . Rooting over a pericd from April to Augus t was corre­

lated with auxin l evels . Fu rther work by Smith and Wareing ( 1 972a)  demon­

strated that the buds on the cut tings influer.ced rooting via the auxin  

supply . Chill ing shortened bud dormancy and increased roct initiation . 

Endogenous auxin levels  were hi ,;!,her in chilled. than urJChilled. buds 5 Heeks 

after chilling ended. . It  has been noted in many cases , that the influence 

of chil ling , and the effects of bud-burs t on subsequent root ini tiation , 

have been generally prorr.otive . Smi th and. Wareing ( 1 97 1 ) al so correlated 

bud size 'tli th root ini tiation ;  bud size  affec ting the quanti tative cut­

put of IAA . Warei�g and Roberts ( 1 956 ) and Bhella and Roberts ( 1 974 ) 

both related l ong' day treatments Hi th improved carnbial ac tivi ty and the 

possible l ink of endogenous IAA production as the effector of thi s process . 

Seasonal variations in root ini tiation , Hhe ther caused by day length , 

dormancy or bud ac tivity , have in many cases been associated Hitr. fluxes 

in endogenous auxin levels under thes. e  condi ti ons , and c orrelations have 

been established be tHeen ease of rooting and high auxin s tatus . 

With improvements in plant extrac t assay techniques , i t  might be more 

relevant today to examine auxin : inhibitor ratios and ratios betHeen auxins 

and other plant hormones which are knoVIll to antagonise  root ini t :�ation.  

Work on tissue expl ants  has defined the importance of auxin : cytokinin 

ratios in determining Hhether roots will be initiated . Spiegel ( 1 95 5 )  
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found in Viti s cuttings that the auxin : inhibitor relati onship vari ed with 

different cultivars ; easy rooting cuttings had a high auxin : low inhibitor 

ratio and the converse was true for difficult-to-root cuttings . Leachings 

containing the rocting inhibitor cou ld inhibit rooting of the easy-to-root 

cultivar. A high auxin : inhibitor rati o was also detected just pri or to 

spring bud break . Ogasavmra ( 1 960 ) found that as Pinus dens iflora stock 

plants increased  in age , the rooting capacity of cuttings decreased 

accordingly . Correl ated with this was a change in the 2.uxin : inhibitor 

status of the stock plants , from a high to a low ratio . He concluded 

that the auxin : inhibitor balancE was important in root initiation . Heide 

( 1 967 ) fm.md that the IAA level in Begonia l eaves varied with day l ength 

and temperature . High temperatures and long days increase d endogenous 

auxin levels . Short days and low temperatures decreased auxin production 

and also reduced the propagation abi l ity of Begonia leaves . Day length 

and temperature influenced the regeneration of Begonia leaves by altering 

the endogenous auxin : cytokin in ratio (Heide , 1 965b , 1 968 ; Heide and 

Skoog , 1 967 ) . Short days decreased auxin synthe sis  and promoted cytokinin 

synthe s is , thereby reducing the auxin : cytokinin ratio . It was als o  noted 

that short days and low temperatures favoured adventitious bud develop­

ment . In apple , peach , pear and quince cuttings , Sarki s ova ( 1 972 ) found 

that endozenous auxin : inhibitor ratio s  were high in easy and difficult­

to-root species  during the autumn . This time correl ated with the best 

months for rooting cuttings , whether easy or difficult-to-root . 

2 . Gibberell ins 

Gibberel l ins are notable for their  i nhibition of root initiation in 

cuttings and ti s sue culture explants . In his review , Scott ( 1 972 ) con­

cluded that most reports of gibberel l in effects on root initiation showe d  

inhibition , whether i n  the presence of auxins or not . Early reports on 

gibberel l ins and root initiation soon establ ished their inhibitory nature . 

Brian £1 al . ( 1 95 5 ) and Brian ( 1 959 ) showed that GA
3 inhibited root ini-
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tiation on pea , bean and tomato cuttings . Kato ( 1 9 58 )  verified this 

and als o  found that GA
3 

counteracted the stimulatory e ffect of auxin on 

root formati on . Gray ( 1 9 58 ) found GA
3 

inhibited rooting on Saintpaulia 

ionanthe and Hibiscus rosasinensis cuttings when applied wi th IBA , at 1 0  

times the concentration of the IBA , i . e .  it counteracted the auxin effect 

on rooting. Schraudolf and Reinert ( 1 959 ) found that GA inhibited both 

root and shoot development in i solated Begonia leaf di s cs , at concentra-

-6 -5 I tions of  1 0  - 1 0  gm, ml . The inhibition could be removed by 2 , 4-D at the 

same concer. tration but not by kinetin . Brian et al . ( 1 960 )  found vari e-

tal differences in rootabili ty of pea cultivars but the GA
3 

inhibition 

of rooting was uniformly effective and promo ted stem extension.  Similar 

results were obtained wi th dwarf beans . The degree o f  rooting was 

inverse ly proporti onal to the promotion of stem extension and the anta-

gonism between GA3 and auxins was found to be non-c ompetitive . Bachelard 

and Stowe ( 1 963 ) noted the inhibi tion of rooting of Acer rubrum cuttings 

by GA even in the pres ence of added auxin . Murashige ( 1 964 ) showed that 

with tobacco  tissue culture s , the l evel of GA
3 

which s timulated callus 

grovrth , inhibited root or shoot di fferentiation . Cell division per � 

was not prevented . GA also persi s ted through t\.Jo subcultures ( dilution 

1 : 400 ) indi cating that it was not easily me tabolised . Jansen ( 1 967 ) 

reported that root  formation on tomato cuttings was always inhibited by 

GA , never promoted ; fe1ver roots were produced and their  emergence delayed . 

The effe c t  was concentration dependant , the lowest e ffective concentration 

being 1 0-3 mg/1 and the inhibi tion increased up to 1 000 mg/1 . Nanda et 

al . ( 1 9o8 ) found that GA
3 

inhibited rooting of Populus nigra segments 

under favourable dark treatments . Heide ( 1 969 ) in a further work with 

Begonia cuttings established that a non-reversible i nhibition of  rooting 

and bud formation occurred after treatment with GA
3

• Auxin , cytokinin , 

ABA , CCC or  Phosphon were unable to counteract or reverse the GA-induced 

inhibition of  organogenesis . Pierik and Steegmans ( 1 97 5 )  noted that the 
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influence of GA3 on the rooting of Rhododendron explants was always 

negative and especially at hi gh concentrat ions ; all parameters of rooting 

were decreased . Hansen ( 1 97 5 )  found that the gibberellin effects were 

l i ght dependent . High GA3 concentrations caused inhibition of rooting , 

regardles3  of the light regime and cuttings from plants under high light 

intensities  were no t affec ted by low GA3 levels  but higher concentrations  

gave the usual inhibition . However , cuttin s fro:rr. lowl ight treated 

plants were significantly promo ted in rooting b�, low GA l evel s  ( 1 0-7
- 1 o-8M )  

but above 1 0-6
M ,  inhibition occurred . 

Isolated reports have recer.tly reported instances of  gibberellin pro-

mated root initiation . Nanda et al . ( 1 972 ) reported that GA3 treated 

Ipomoea fistulosa cuttings rooted wi th greater numbers of roots  and als o  

i ncreased number and l ength of sprouted buds . They suggested that i t  was 

an indirect promotion ; GA3 caused bud burs t and increased the endogenous 

auxin supply from the axillary buds as postulated by Erikson ( 1 97 1 ) . 

Ano ther indirect promo tion of rooting by gibberellin was found by Varga 

and Humphries ( 1 974 ) . Pretreatment of the laminae of isolated primary 

l eaves of dwarf bean wi th GA especially wi th the addi tion of tryptophane 

s trikingly increased the rooting of the petiol es . TIBA applied to  the 

upper part of the petiole  prevented the promotion presumably by blocking 

IAA translocation . This re sult demons trated the effect of GA3 on increa­

s ing IAA synthesis  and l evel in the leaf . Hansen ( 1 97 5 )  reported that 

with plants grown under low l ight intensi ties , cv.ttings supplied wi th GA3 

( 1 0-3
-1 0-B

M )  were s ignificantly promoted in root initiation ; high con-

centrations caused the usual inhibi tory effec t . 

Two theories on the mode of action of gibberellin inhibition of root 

init iation have been proposed . An early theory proposed by Brian ( 1 957 ) 

was the nutri ent divers ion hypothesis . Thi s  proposed that gibberel l in s , 
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by inducing s tem elongation , or bud burst and elongation , set up a new 

sink for ni trogenous compounds and carbohydrates , which compe ted more 

effectively for thes e  food reserves than did  meri s tematic  sites  of root 

regeneration . Nanda et al . ( 1 968 ) subscribed to this  theory even though 

Brian et al . ( 1 96 0 )  abandoned the theory after finding that a small 

apical dose of GA caused extension growth without roo t  regenerati on inhi-

bition ,  and removal of the apical bud prevented extens ion growth 11hile 

rooting was inhibi ted by a small basal dose  of GA . 

A more recent theory has emerged wi th subs tantial support from the 

l i terature . This  i s  that gibberell ins may inhibit roo t  initiatio!1 by 

acting directly on the s ite of regenerat i on , i . e .  blockage of the initial 

organis ed cell  divi sions required to form roo t primordia . The inhibi tion 

appears to be non-c ompe ti tive with auxins , as it  is not revers ed by auxin 

treatment . GA3 doe s  not effect the subsequent development of exi s ting 

root primordia at the time of treatment . Brian et al . ( 1 960 ) found that 

the effectiveness of GA3 on inhibition of root  formation was greatest if 

applied jus t prior to removal of the cut ting and the effectivenes s  decre-

ased markedly if appl ied two days after the cutting was taken . This 

suggested that GA3 prevented rooting by direct local inhibi tion of  organ­

ised cell  divi si ons preceding the formati on of organised root primordia . 

Jansen ( 1 967 ) obtained similar resul ts ; GA-treated tomato cuttings being 

most  effectively i nhibi ted from rooting by treatment in the firs t three 

days . Growth of existing primordia was not  affected by GA . The s e  results 

also indicate that GA inhibits  rooting by inhibiting or retarding the in-

duction of root primordia. Heide ( 1 969 ) found with Begonia leaf cuttings 

that organogenes i s  of both roots  and buds was inhibited by GA3 and that 

in both cases  the dPvel opment of pre-exi s t ing primordia was unimpeded . 

GA-induced petiole  e longation could be competitively inhibited by auxin 

and cytokinin but inhibi tion of organogenesis  was non-competi tive with 

auxin and cytokinin . Heide agreed wi th Brian et  al . ( 1 960 ) , Murashige - -
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( 1 964 ) , Kaufman ( 1 96 5 )  and Jans en ( 1 967 ) in that organised cell division 

for roo t and bud primordial formation were bl ocked by GA3 • Hais s j_g ( 1 97 3 )  

found further that i n  willow , GA3 blocked the auxin-induced primordial 

devel opment subsequent to ini tiation . As Kaufman and Murashige ( loc . ci t . ) 

concurred � thi s action of gibberellin was different from that seen in the 

apical meris tem , where gibberellin commonly induced cell  divi s ion . Heide 

found that thi s  di fference in effects  was clearly manifest  in Begonia by 

studying the influence of GA3 on growth and development appl ied before 

and after organi sed bud primordia are formed . 

3 .  Cytokinins 

Cytokinins , like gibberell ins , inhib i t  root ini tiation but i t  is 

doubtful whe ther the physioloe;ical mechanism in the two groups of hormones 

is  s imi lar .  Early inves tigati ons wi th kinetin soon demons trated that i t  

possessed the abi l i ty t o  inhibit  root  formation and promo te callus devel-

opment . Grego ry and Samantarai ( 1 95 0 )  found this  response using 1 mg/1 

kinetin , on the petioles of i solated primary leaves of dwarf bean . If the 

supply of kinetin was removed , rooting from the developed callus on the 

base of the petiole occurred . Early research soon es tabl i shed that not 

only was root ini tiation suppres sed by cytokinins , but the i nfluence of 

added auxins was counteracted also . De Ropp ( 1 956 ) noted that the IAA-

induced rooting of sunfl ower hypocotyls was suppressed by kine t in , at 

1 mg/1 and to a lesser extent at 0 . 1 mg/1 . Schraudolf and Reinert ( 1 9 59 ) 

found that kinetin suppressed root ini tiation on i s ol ated Begonia leaf 

discs and counteracted their  promotion by 2 , 4-D. Kinetin als o  abolished 

the polari ty of the leaf disc s , so that shoots  formed over the whole area 

of the di sc . Humphries  ( 1 960 ) reported the inhibi tion of root initiation 

on petioles  and hypocotyls  of  dwarf bean , and the subsequent successful 

rooting if kine tin was wi thhel d ;  kinetin also  counteracted the e ffect of  

NAA in i nduction of  new root s . 
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Another development was the di scovery o f  the effect  o f  low level s  of 

cytokinin on root ini tiation in as sociation with a constant l evel of  auxin. 

Skoog and Miller ( 1 9 57 ) found that kinetin appeared to enhance roo t  ini­

tiation on tobacco callus cul tures , at low concentrati ons , in the presence 

of a cons tant supply of IAA . In contras t a high concentration of  kinetin , 

wi th the same level of I AA re sul ted in bud formation . They concluded that 

the type of organ regenerated was controlled by a deli cate interaction 

of cytokinins and av.xins . Mull ins ( 1 970 ) found that the auxin : cytokinin 

ratio was of importance in the rooting of cuttings as wel l  as of undi ff­

erentiated tissue . Similar responses have been reported by Filet  ( 1 96 0 ) 
using carro t callus and Toponi ( 1 963 ) wi th endive . Okazawa e t  al . ( 1 967 ) 
no ted that wi th potato tuber explants , kinetin  appeared essential for 

root formation in comb ination wi th a sufficiently low auxin l evel . 

He ide ( 1 96 5b ) also  found that at low concentrations both auxins and cyto­

kinins appeared to enhance the processes whi ch both normally oppo sed if 

present in high concentrati on . Thus the interaction of cytokinins and 

auxins in the root initiation process was es tablished . I t  has also  been 

noted that cytokinins competi tively inhibi ted the auxin effect on root  

ini tiation and that this  inhibi tion could be overcome by increasing the 

auxin supply . Heid9 ( 1 97 1 ) summarised the evidence for an in vivo inter­

ac tion of auxin and cytokinins in the regene ration of Begonia leaves , 

notably with temperature and day length treatments correlating with endo­

genous hormonal level s ,  giving responses  which had been induced previously 

with the use of exogenous auxins and cytokinins . 

Further reports provide more information on cytokinin activi ty on 

root initiat ion . Bachelard and Stowe ( 1 96 3 ) found that Acer rubrum cut­

t ings roo ted less  wel l  when kine tin was applied to the cutting bas e ; in 

contrast , if  kine tin was applied to the l eaves , rooting appeared to be 

s timulated , but no evidence of changes in the auxin : cytokinin ratio  was 

found . They suggested that an al tered ni trogen metabolism in the cuttings 
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may have occurred causing a s timulati on of rooting. Gautheret ( 1 969 ) noted 

that on Helianthus tuberosus cul ture s , kine tin exhibited no rhizogenic ac­

tivi ty alone wi th glucose and light , but it did reduce the rhi zoger.ic action 

of NAA . Pierek and Steegmans ( 1 975 ) found that , on Rhododendron explants , 

the addi tion of low concentrations o f  6-benzylamino-purine ( BA )  did not 

affect  root ini tiation , but at 1 0-5 g/ml and above , roo ting was s trongly 

inhibi ted . Heide ( 1 965b )and He ide and Skoog ( 1 967 ) es tablished a s trong 

reac tion to changing auxin : cytokinin ratios  in Begonia leaf cut tings . A 

high cytokinin level stimulated bud formation and inhbi tion of rooting while 

a high auxin content had the opposi te effect . Short days and low tempera­

tures favoured the produc tion of endoger1ous cytokinins , a treatment also  

known to enhance bud formation . Long days and high temperatures favoured 

root  ini tiation , condi tions which were found to produce a high auxin : cyto­

kinin ratio . Varga and Humphries  ( 1 974 ) found that change s in the auxin : 

cytokinin rati o  which occurred after pre treating detached l eaves of dwarf 

bean with cytokinins , were respons ible for the failure of  the petioles to 

form roots . They sugges ted  that this ratio  was al tered partially by redu­

cing protein decomposi tion , thus making less  trypotophane available for 

auxin synthesi s . 

The possible mode of action o f  cytokinins in the inhibi tion of roo t  

initiation has been inves tigated . Humphries and Maciej ewska-Potapczyk 

( 1 96 0 )  proposed that kinetin inhibited root initiation not  by inhibiting 

cell  divis ion , but by influencing the kind of cell produced . They sug­

ges ted i t  ac ted on the meri s tematic  region of the pericycle  of  the cut ting 

hypocotyl , from whi ch roots originated , rather than on the organised root 

meris tem i tself .  Chandra � al .  ( 1 97 3 )  found that BA caused extensive cell 

division and tracheid differentiation in mung bean hypoco tyl s , but inhi­

bited root ini tiation . The cellular organisation usually associated with 

roo t  initiation was no t evident in  the ' BA-treated cuttings . Root  primordia 

already formed prior to treatment with BA , were not affec ted in any way . 

Th�y proposed that the production of specific iso-enzymes necessary for 

roo t  formation was prevented by BA , and that BA was only effec tive in  
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the very early s tages of root  induction . Smi th and Thorpe ( 1 97 5 )  verified 

the observations that cytokinins were only effective inhibitors of the 

pre-ini tiation phase of root initiation and that once primordia were formed , 

no inhibition of development occurred . They also  concluded that cytokinins 

were effective by preventing the formation of meris tematic root primordia , 

an opinicn shared by Erik �en ( 1 974 ) who found that kinetin blocked IAA 

activity in root promotion at a pre-ini tiation s tage on pea cuttings . 

4 . Abscisic Acid 

The effect of Abscisic Acid  ( ABA ) on inhibi tion and retardation of 

growth processes in plants is  wel l documented (Addicott  and Lyons , 1 969 ) . 

The role  of ABA in root ini tiation processes i s  relatively unknown and 

reports are often of  conflic ting opinions . 

Heide ( 1 968 ) while s tudying the role of growth regulators on the dif­

ferentiation of buds and roots on begonia leaf cutt ings , noted that bud 

formation was promoted by short days , suggesting the possible implication 

of ABA . Application of exogenous ABA promoted bud formation , a process 

opposed by auxins and GA . Reduction in the number of roo ts formed occur­

red at higher ABA concentrations , while  bud formati on promotion occurred 

at al l concentrations . Heide compared this result with that of Linser 

( 1 948 ) who obtained an inhibit or from Syringia leaves which inhibited 

roo t  initiation and opposed the action of IAA on Cochlearia officinal is . 

Thi s inhibitor was considered to be similar t o  ABA . El iasson ( 1 969 ) in 

a s tudy of growth regulators in  Populus ,  noted the ease with which suckers 

initiated roots , compared wi th cut tings taken from the tree crown .  He 

considered the difference was related to the difference in level of in­

hibitor B (ABA in part ) between the two tissues . The bases of the suckers 

were l ow in inhibi tor content , while there was a high content of inhibitors 

in the crown derived shoots . Tognoni and Lorenzi ( 1 972 ) isolated an 
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acidic root promoting growth in' ibi tor from Picea glauca and Chamaecyparis 

lawsoniana . By comparative work i t  was consi dered that this inhibitor  

was more like ABA than any o ther compound . No synergis tic  response with 

IAA on root initiation in the mung bean bioassay was noted and the ease 

of propagati on between the two species could not be related to the growth 

inhibitor . Pierek and Steegmans ( 1 97 5 )  found the addition of ABA always 

had a negative effect or no effect  at all on the rooting of Rhododendron 

explants . All parameters of rooting were s trongly inhibited as the conc­

entration of ABA increased . One cul tivar appeared to be tolerant t o  ABA 

s ince the inhibition was much less . 

In compc.ri son to  reports of ABA-inhibition of root  initiation , several 

reports demonstrate root-promoting activities  of ABA . Chin et  al . ( 1 969 ) 

and Chin and Beevers ( 1 969 ) found that ABA s t imulated rooting in mung 

bean cuttings . IAA or ABA treatments both promoted rooting , but no evi­

dence for synergistic or addi tive effects  occurred . GA inhibition of 

rooting could be partially overcome by ABA , but the reduction of rooting 

by kinetin could not . With Hedera cuttings , the actively growing form 

rooted readily with no treatment , while the i nactive , difficult-to-root , 

form exhibited root :Lng comparable  with the active form , after treatment 

with ppm ABA for 48 hours . With 1 0  ppm ABA both forms rooted equally 

well . Basu , Gosh and Sen ( 1 968 ) detected ABA in shoots of mango and from 

i t s  biological activi ty , denoted i t  as a naturally occurring mung bean 

rooting factor . Basu et al . ( 1 97 0 )  found l i t tle  response of mung bean to 

ABA up to 1 . 0 ppm but above this rooting was px·omoted . Tomato cuttings 

were significantly promoted in root initiation at 1 . 0 ,  1 0  and 50  ppm. 

In c ombination with IAA ,  ABA gave mainly additive effects . Very l i t tle  

promotion of rooting by ABA in  the presence of  IBA or NAA occurred on 

mung bean , french br3a.n or tomato , and only i.n the 0. 1 ppm ABA + IBA on 

t om::1to cuttings was any synergistic  response evident . 
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5 . Rootir.g Cofactor� 

During the initial research into auxins and root initiation , Went ( 1 9 34 ) 

found that budless  pea cuttings would not root even in an auxin-rich medium. 

Also  substances in the cotyledons , leaves and buds which s timulated roo ting 

of cuttings were isolated (Bouillenne and Went , 1 933 ) . This led to the 

pos tulation of the presence of specific factors o ther than auxin , which 

were produced in the leaves , and vrere necessary for root  initiation (Went , 

1 938 ) . This fac tor was termed ' Rhizocal ine ' .  

Further evidence for the involvement of another factor o ther 0han 

a�xin in root  ini tiation was provided by Cooper ( 1 93 5 ) ( 1 936 ) . Gi�dling 

could prevent root  initiation on lemon cuttings treated with IAA . A 

partial girdle reduced rooting. Removal of the cutting base after the 

initial auxin treatment caused a large decrease in rooting which could not 

be replaced by a further IAA treatment . Cooper concluded that auxin plus 

another factor synthesised s lowly in lemon leaves were necessary for root  

formati on . Similar conclusi ons were reached by Gregory and van Overbeek 

( 1 945 ) and van Overbeek and Gregory ( 1 945 ) . Donor grafting an easy root­

ing red hibiscas scion t o  a difficult rooting white hibiscus s tock , 

enhanced  the roo ting of the stock . Girdling prevented rooting on the 

compound cuttings even wi th a basal IBA treatment but a partial girdle 

did not reduce rooting. A factor o ther than auxin had been produ0ed in 

the red hibiscus and transl ocated through the graft union . Further work 

by van Overbeek e t  al . ( 1 946 ) concluded that the main function of the 

leaf was a nutri tional one ; sugars and ni trogenous compounds replacing 

the leaf function and these  compound� being actually contributed by the 

hibiscus l eaves . No evidence for a specific ' Rhizocaline ' compound 

could be found . 

Hess ( 1 959 , 1 960 , 1 962a , 1 964 ) reported the presence of several root 

promoting compounds in Hedera helix and Hibiscus rosasinensis . No dif-
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ferences in auxins or inhibi tors could account for the differences in root 

ini tiation abi l i ty of mature and juvenile  Hedera hel ix cuttings , or in the 

red or whi te hibiscus varieties . Four " rooting cofactors "  were isolated 

from Hedera as determined by activity in the mung bean rooting bioassay ;  

the levels i n  the easily roo ted juvenile  s ta,"·e being much higher than in 

the mature stage . The promotion of rooting was transferable across a 

graft uni on from a juvenile to a mature cutting. Hess found that the 

white hibiscus only contained one rooting cofactor , an intermediate root­

ing whi te variety contained three cofactors and the readily rooted red 

hibiscus contained all four , similar to those found in Hedera helix . 

Hess postulated that seasonal changes in  root  init iation may be due t o  

changes in  content of cofac tors , especially when leaves were absent . 

Hess  found wi th easy and difficult rooting Chrysanthemums , cofactor levels 

correlated wi th differences in rooting and that the cofactors corresponded 

to both H� and Hibiscus cofactors . Wi th the development of the mung 

bean root  ini tiation bioassay by Hess , many subsequent reports of rooting 

cofactors have appeared . 

Richards ( 1 964 ) equated the ease of  rooting of Camellia species with 

the presence of a cofactor promoter , which was graft transmis s ible and 

promoted rooting in a difficult-to-root  cultivar lacking the natural 

accumulation of the promoter . Lee � al . ( 1 969 ) relate ease of roo ting 

in Rhododendron cultivars to levels  of cofactors detected . Promotion 

from easy to difficult rooting cultivars by donor grafts was achieved . 

Also  seasonal changes in rooting were explained by fluxes in cofactor 

contents . Stoltz  ( 1 968 ) found that in a hard-to-root Chrysanthemum 

cultivar , the leaves had a high cofactor four content but the s tem had a 

very low level when compared with an easy t o  root cul tivar . Challenger 

et al . ( 1 965 ) established an increase in the activity of a rooting pro­

moter when Malus and Prunus hardwood cuttings were given high bottom heat 

while  rooting, a treatment known to enhance root initiation . Thi s  pro-



moter of rooting inhibited coleoptil e  s traight growth . Ashiru and 
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Carls on ( 1 968 ) al s o  found cofactors in Malus roots tock cuttings . The 

differences in root  ini tiation seemed to be due to an active inhibitor 

rather than differing level s  of promo ters as shown by reciprocal grafting 

experiments . By centrifuging cuttings , Kawase ( 1 964a and b ,  1 96 5 ) 
demonstrated that a roo ting promoter was present in Sal ix alba which 

synergi s tically promoted root ini tiat i on of mung beans wi th IAA. Rooting 

of Salix alba was reduced if the cutting base was removed after centri ­

fugation . The diffusate of centrifugation was heat s tabl e  and mos t  of 

the act�vity resi ded in the aqueous phase after bas ic and aci dic ether 

parti tions . Kawase proposed that thi s compound might be Rhi zocaLne and 

that i t  has been  found in various other species using simi l ar techniques . 

Fadl and Hartmann ( 1 967a,  b ,  c ) correlated the ease of rooting wi�h 

different l evels  of rooting cofac tors in Pyrus hardwood cut tings . Treat­

ments which improved rooting re sponse s  gave corresponding increase s  in 

the levels  of cofactor promoters . Donor grafting and centri fugation both 

increased the ac tivi ty of basal samples from cuttings . A potent :promoter 

was i solated from cuttings which had received root promoting condi tions 

for 1 0  days . I t  was considered to be a condensation product between 

exogenous auxin and a phenolic compound from the buds of Old Home pear . 

Quamme and Nelson ( 1 965 ) isolated an unidentified auxin synergist  from 

juvenil�  and adul t tis sue of Malus robus ta 5 apple roo t s tock . This factor , 

more than the auxin levels , was related to  the difference in propagati on 

success  of the two phase s  of the roo ts tock . Shah ( 1 969 ) working on Ci trus 

propagati on noted that difference s  in propagati on of cultivars , was 

direc tly related to the l evels  of cofactors or rooting inhibitors . 

Rooting cofactors have als o  been located in coniferous plants . 

Zimmerman ( 1 963 ) found active cofactors in several Pinus s pecies and these  

appeared to  be  s imilar to those des cribed by Hess . Simil ar contents were 

obtained from 22 year old flowering trees  and one year old  seedlings . I t  
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was not e s tablished i f  they promo ted rooting in pine cut tings . Lanphear 

and Meahl (1 963 ) found four cofac tors present in extracts taken from Taxus 

and Juniperus plant ti s sue . The level of these remained constant over 

the whol e  year even though the rooting ability of cuttings fluc tuated . 

They sugges t  that the cofactor level s  may reflect the root ing po tential 

of the cut tings but other fac tors , parti cularly dormancy , al s o  have a 

mediating effect on the formation of roots . Tognoni and Lorenzi ( 1 972 ) 

isolated a coleopti le  strai ght grm1th inhibi tor from Picea and 

Chamaecyparis whi ch gave root promotion activity in the mung bean bio­

assay . Levels  in both species  were s j mi lar al though rooting capacities  

varied widely . 

Treatments known to enhance root ini tiation , such as girdling and 

etiol ation have been examined for change s in rooting cofac tor contents 

as an explanation of  their efficacy . Stoltz  and Hes s  ( 1 966 ) s tudied 

level s  of the four cofactors above and below and girdled s tem of  easy and 

difficul t-to-root hibiscus cul tivars . Changes in the level of cofactor 

four were most  dramatic , with large increase s  in level occurring above 

the girdle in the easy rooting red varie ty . The difficQlt roo ting whi te 

varie ty showed no such accumulation . Thi s  was in accordance wi th earlier 

work by Hess which related the difference in rooting ability to differing 

level s  of cofactor four in Hibiscus . Etiolation i s  als o  a treatment known 

to improve roo ting responses of cuttings . Herman and Hes s  ( 1 96 3 , 1 966 ) 

examined the phys iology of etiolation to find how rooting was improved . 

Only slight difference s  in auxin content occurred in etiolated and non­

etiolated tissue . An indication of a higher ' cofactor ' content in some 

etiolated tis sue compared wi th non-e ti olated tissue was obtaine d . Although 

bi oassay of thes e  cofactors was not entirely success ful , a great response 

to added auxin in etiolated cuttin:-·s sugge sted the presence of an auxin 

synergi s t .  The use of  mis t  for propagation has been shown t o  have many 

benefici al effec ts . Lee and Tukey ( 1 97 1 ) found on Euonymus alatus that 
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mis ting s tock plants prevented the onset of dormancy and natural root  in­

ducing phenolics and flavanoids accumulated in the leaves . Consequently 

stern cuttings ta£en and grown under mist , rooted easily while cuttings 

from non-misted s tocks rooted less well . Rutin ,  a flavenol similar t o  

the naturally occurring ones , replaced the mis ting treatment of stock 

plants ,  resulting in equally well rooted cuttings as those from misted 

s tock . 

Characterisation of the four rooting cofactors isolated by Hess has 

been attempted , as well as identifying their mode of action . Most  work 

has involved cofactor four which appears to  be the most  impol· tant one 

over a range of plants . All the cofactors are auxin synergists  by 

definition . Hess ( 1 96 1 , 1 965 ) identified cofactor four as a phenolic  

complex , more specifically a group of oxygenated terpenoids . Str�ctural 

requirements for activity in the mung bean bioassay ,  seern to be an ortho­

dihydroxy configuration with an open para position . Cofactor three has 

b�en sho�1 to consist  of at least partially , of isochlorogenic acid , 

another phenolic  compound possessing an ortho-dihydroxy s tructure . Hess 

suggested that the firs t s tep in root initiati on may be oxidative , under 

the control of these phenolic  compounds , but experiments with phenolase 

inhibitors and reducing agents did not substantiate this (Hess , 1 96 1 ) . 

Bouillenne and Bouillenne-Walrand ( 1 95 5 )  came to the same conclusions as 

Leopold and Plummer ( 1 96 1 ) ,  which suggested that IAA complexes with the 

quinones formed from the oxidation process , thus affording protection of 

IAA from enzyrnic oxidation . Using gradient e lution techniques Girouard 

( 1 969 ) found five main peaks of promotion from the cofactor four compl ex 

in Hedera helix , all being identified as possessing oxygenated terpenoid 

characteristics . Hess had previously fo��d that cofactor four from 

Hedera had three highly volatile peaks in the juvenile extract but these 

were abse�t in the mature extract , when analys ed by gas chromatogTaphy. 
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Heuser and Hes s  ( 1 972 ) have also  isolated three lipid-like root  p�omoting 

compounds from juvenile Hedera helix . These l ipids were derived from the 

cofactor four complex and are unstable compounds . 

During characterisati on of cofactor four , Hess  ( 1 96 1 ) found tne 

structural requirements of  phenolic compounds which were synergi s tic  with 

IAA in root initiation . Other unrelated reports also  record the synergism 

of IAA by phenols in the rooting process . Bastin ( 1 966 ) related auxin­

induced rooting to an increase in the synthesi s  of phenolic compounds 

which are inhibitors of the IAA-oxidizing enzyme . Changes in the diphenol­

l ike substances  increased the level of endogenous IAA by inhibiting the 

IAA oxidation . Basu et  al . ( 1 969 ) treated Eranthemum cuttings with a 

range of phenolics prior to a�in treatments . None of the phenolics 

showed any activity singly . Tannic acid and gallic acid  were synergistic  

with IBA and NAA but not with IAA.  Salicylic acid promoted IBA , NAA and 

IAA-induced rooting and p-hydroxybenzoic acid was synergistic with IAA or 

NAA . These results agreed with those of Gorter ( 1 962 ) in that no close  

s tructural resemblance between auxins and synergists occurred , and did 

not agree with Hess ' s  structural requiremen ts for synergism . If i t  is 

assumed that synergism is via IAA oxidase inhibition , then the enzyme 

system must  be non-specific since IBA and NAA showed synergis tic responses , 

also agreeing wi th the resul ts of Gorter ( 1 962 ) . Poapst  and Durkee ( 1 967 ) 

found the oxidation products of a range of s imple aromatic compoLunds from 

apple fruit greatly improved the rooting of dwarf bean cuttings . Effect­

ive molecular arrangements included vicinal di and trihydroxylation and 

para dihydroxylation . Methoxylation which blocked oxidation also  nulli­

fied root  promotion . Oxidati on productions of phenols such as catechol 

and pyrob�llol  were nearer the active mol ecul e  than the phenolic  i tself . 



38 . 

6 . Endog8nous Roo ting Inhibi tors 

Certain difficul t-to-root plants may fail to  form roots because of the 

presence of naturally occurring chemical inhibi tors . These may act in 

the presence or abs ence of  roo ting promo ters by changing the promo ter : 

inhibitor balance , this balance probably being more important than the 

presence of any one promoter or inhibi tor . 

Spiegel ( 1 9 55 ) found that roo ting in Vi tis cuttings was controlled by 

an auxin : �ooting inhibitor  balance . The diffi cul t-to-root cul tivar had 

a high inhibi tor l evel which could be reduced by water steeping and cold  

treatment . Thes e  treatments resulted in improved rooting while  a� aqueous 

extract of the inhibi tor could reduce the roo t ing response of the e asy-to­

root cultivar . Odom and Carpenter ( 1 965 ) s tudying root initiation in 

s everal herbaceous speci e s , located inhibitors but no correlation between 

their presence and the rooting of the cuttings c ould be es tablished . 

Fadl and Hartmarm ( 1 967a , b ,  c ) , working with pear hardwood cut tings , 

found that treatments which promoted rooting in Old Home cut tings , were 

not successful wi th Bartlett  cuttings . Extracts  from the bases  of the two 

root s tocks , three weeks after  planting showed that Old Home cuttings had 

a high level of strong rooting promoters whil e  Bartlett  had produced a 

considerable amount of inhibitors . These inhibitors could be reduce d  and 

roo ting improved by simultaneous chilling of the buds whil e  the cuttings 

were rooting. They proposed that the inhibitors were produced by the buds 

of Bartlett and that they interfered wi th the metabolic processes l e ading 

to adventitious root initiat i on . Ashiru and Carls on ( 1 968 ) found that 

with apple roots tock hardwoo d  cuttings , the difference be tween easy and 

difficult rooting clones was due to both cofactor and inhibi�or l evel s . 

Rec iprocal grafts resul ted in the easy-rooting clone being inhibi ted  

significantly by  a scion of the difficul t-to-root c lone . No s i gn ificant 
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promot ion of rooting was achieved with the opposite combination . Shah 

(1 969 ) found that decreasing l evels  of rooting promoters and increasing 

levels  of inhibitors accounte d  for the increasing difficulty of sc.me 

clones of Ci trus species to root from cuttings . 

The rooting of offshoots of Phoenix dactylifera was positively cor­

related to carbohydrate levels  and negatively correlated to rooting 

inhibitor levels ( Reuveni and Adato , 1 974 ) . In all difficult-to-root 

offshoots , high concentrations of a rooting inhibitor ( Rf 0 .5-o . s : was 

found . Easy-rooting offshoot s ,  whether by cultivar or posi tion on the 

mother s tock , invariably contained a l o\fer l evel of rooting inhib�tor . 

Three closely related inhibi tors from adult tissue of Eucalyp�us 

grandis were isolated , one of  them beinb determined by x-ray diff�action 

(Nicholls , Crow and Paton , 1 970 ) . The most  closely related compounds 

appeared to be B-triketones . Each compound inhibited rooting of s tem 

cuttings of E . grandis seedlings , �· deglupta seedlin ·s and mung 0ean 

seedl ings at 1 0-� concentration . The natural concentration in the plant 

(1 0-3M )  appeared sufficient to  cause inhibition of root initiatio� on 

�· grandis . I t  was cons idered that the three inhibitors were responsible 

for the increasing rooting inhibitor level in successively higher l eaf 

pairs and the related decrease in rooting ability as seedlings grew older . 

The occurrence of root initiation inhibitors appears to be definitely 

es tablished today . What i s  still  to be determined i s  whether inhibition 

of root initiation is  a function of a more general plant growth i�hibi tor 

such as ABA , or whether inhibitors of root initiation are species or 

genera dependent such as might be expected from Eucalyptus _ grandis . 

I t  i s  notable that reports on inhibitors of root initiation often demon­

s trate chromatographic zones which are similar to known plant inhibitors 
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( Challenger et  al . ,  1 96 5 ;  Ashiru and Carlson , 1 968 ; Reuveni and Adato , 

1 974 ) . 

7 .  Ethylene 

With reports of IAA-induced ethylene production in plants , the effects  

of ethylene on  adventi tious root  formation have been s tudied in several 

instances . 

Initial work by Zimmerman and Hitchcock ( 1 93 3 )  established the promo­

tory activity of unsaturated hydrocarbon gases on adventitious root ini­

tiation . Ethylene , acetylene and propylene s timulated rooting in 1 5  

plant species . Latent root  primordia in hardwood cuttin6B were also 

s timulated to develop by the gases . Root  hairs and secondary roots could 

be induced by intermi ttent exposure to  the gases . 

Kawase ( 1 97 1 ) investigated the cause of centrifugal and water-steeping 

promotion of root initiation in cuttings of Salix fragilis . I t  was found 

that these treatments increased the e thylene concentration within the 

cuttings . With the demons tration of the root-promoting properties of 

e thylene and e threl , i t  was proposed that centrifugation and the submer­

ging of cuttings in water , caused an injection of water into the cutting , 

triggering a peak of ethylene product ion which in turn stimulated root  

initiation . In  contrast , Mullins ( 1 97 0 )  found that ethylene inhibi ted 

formation of adventi tious roots  on mung bean hypocotyl cuttings , but 

enhanced the emergence of pre-formed root  initials . He proposed that the 

promotive effects of auxin on rooting were opposed by the inhibitory 

effects  of auxin-induced ethylene , i . e . a feedback mechanism . Adventitious 

root promotion occurred when e thylene production was low compared to auxin 

concentration . Further work by Batten and Mullins ( 1 97 5 ) concluded that 

e thyl ene was not directly involved in auxin-induced root promotion . No 
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relationship between various auxins , their rhi zogenic abil i ty or their 

capacity to  induce e thyl ene biosynthesis was e s tablished . Application of  

ethylene at  physiological l evels had no  effect  on  root  initiation .  The 

ineffectiveness  of IAA in the mung bean bioassay was found not to be due 

to the stimulation of the biosynthesis  of e thylene . Also e thylene had no 

effect  on the IBA s timulation of rooting. 

With only sparse and conflicting evidence on the role of e thylene in 

adventitious root  formation , it  is very difficult to draw any con8lusions 

on the involvement cf e thylene in this process . 

D .  Metabolism o f  Indoleacetic Acid during Adventitious Root  Initiation 

The definition of physical requirements for successful root  ini tiation 

on cuttings and the related effects and correlation with exogenous and 

endogenous plant growth regulators has been well documented ( Sections B 

and C ) .  One clearly apparent factor was common throughout most  of this 

review ; the necessity and cen�ral importance of indole-3-acetic aci d  and/ 

or its  analogs in root ini tiation . Despite vhe many theories on root  

initiation , IAA is  always considered an essential factor ; the mechanism 

of its  action being the controversial point in the current theories . While  

the metabolism of IAA in other plant processes  has been extensively s tudied 

and reviewed ( Schneider and Wightman , 1 974 ) , it is surprising that tech­

niques for s tudying the metabolism of IAA during root initiation have been 

used only occasional ly . 

The first reported use of 
1 4c-IAA for s tudying root  initiation was by 

Strydom and Hartmarr� ( 1 96 0 )  on plum cuttings . They observed rapid absorp­

tion and movement of IAA-2 1 4c into the cuttings , the bulk of the IAA 

remaining in the basal portion of the cutting. After 1 2  hours , activity 

was detectable in 1 4co2 , the level peaking after three days and then 
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decreasing to  a l ower level for the remaining 25  days . After 28  days , 

adventitious roots showed appreciable levels of activi ty , but thi s was 

probably not due to IAA but rather to some compo_und formed from 
1 4co2 

derived from the 
1 4c-IAA . Two possible mechanisms of des truction of IAA 

were apparent . Enzymic destruc tion resul ting in 
1 4co2 accounted for most  

of the loss of activi ty , but degradation by binding with phenolic compounds 

was also  evi dent . Two rr,ethods of  enzymic oxidation of IAA were proposed , 

both requiring the ini tial cleavage of the indole ring. Geronimo et  al . 

( 1 964 ) virtually repeated the work of Strydom and Hartmann and also  found 

the appearance of 1 4co2 . The 1 4co peaked at three days , but did not 2 

reflect an increase in respirati on , or coincide wi th the peak of auxin 

des truction . Cons iderable metabol ism of  the non-IAA-2
1 4c had occurred 

- t th f 
1 4co2 • prl or o . e  appearance o 7o% of the non-indolic  activi ty was 

in aromatic c ompounds especially quinic and shikimic acid , suggesting that 

the shikimic acid pathway may be important in IAA des truction . No evi-

dence of indoleace tyl aspartate formation was de tec ted although an 

uniden tifi ed indole metaboli te '''as l ocated . They concluded that ring 

cleavage ·v�as an early reac ti on in the met .=tbolism of IAA , but extens ive 

metabolism cccurr-ed before 1 4co2 appeared . 'l'hi s sugges ted that 1 4co2 

was produced by decarboxy lation processes  of a metaboli te ratr.er than 

by cJ... or B oxidation as pos t-dated  by Strydom and Hartmann . I t  was inter-

esting that , from both of these  reports , no postulati on of IAA mechani sm 

of action in root ini tiation was dis cussed . 

Catechol , the phenolic auxin rooting ccfactor appeared to  act partially 

by protecting and enhancing the IAA-aspartate conjugation (Hes s , 1 969 ) . 

It  was also shown that IAA-aspartate was very active in the mung bean 

rootin€;' bioassay ,  but seccndary metaboli i.es were not .  This t ended to  sup-

port Hes s ' s  cofactor theory for the mechanism of roo t  initiation ,  since 

a conju§.."ation product showed activity in the mung bean rooting test . 
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Ryugo and Breen ( 1 974 ) agreed wi th Hess , that IAA-aspartate may be the 

first s tep to promoting root ini tia.tion by IAA . They found IBA enhanced 

the produc tion cf  1 4c-IAA-aspartate in plum cuttings and 1 4c-IAA-aspartate 

1 4  and C-IAA could be obtained after a peptidase treatment of the alcohol-

insoluble residue . They postulated that IAA forms the aspartate conjugate , 

which is  then incorporc:,ted into specifi c  pro teins necessary for roc t  

ini tiati on . Thes e  views are in accorda1 tce wi th ideas on the mode of  

action of other auxin-induced growth prc ,mo tions ( Gals ton , 1 967 ; Kobayashi 

and Yamaki , 1 972 ; Venis , 1 972 ; Morris � al . ,  1 969 , Masuda , 1 96 5 ; 

Masuda e t  al . ,  1 967 ; Pilet  and Braun , 1 967 ; Tautvy das and Gals ton , 1 970 ) . 

Leshalll and Schwartz ( 1 968 ) considered that the free IAA level was 

responsibl e  for shori. day-induced root ini tiation of chrysanthemums . 

Dichl orophenol and/or t;yrosir t e , both promo ters of IAA-oxidase activity , 

reduced the rooting of the cuttings in inductive day lengths . Inhibi tion 

was al so  a.chieved wi th TIBA via IAA transport inhibition . Greenwood 

et  al . ( 1 974 ) al so c cncluded that the free auxin level and not the con-

version produc ts 1-.re re essential for root  in itiation . This  was because 

1 0-7M NAA was more effective at promo ting root formation than 1 0-6M IAA , 

yet i t  formed conversion products much less  rapidly . Continuous exposure 

to IAA was neces sary for optimum root formation . Muir ( 1 97 0 )  considered 

that the free-IAA level was important , ne t the cor..jugation products of IAA 

metabolism ,  and tha t increased growth was always related to increases in 

free IAA level . He illus trated this wi th growth in Avena. coleoptHes , 

dwarfism in peas and GA-induced growth of savoy cabbage . Thi s  theory sup-

parted both Lesham and Schwartz and Greenwood et al . Various other 

reports indicated that conjugation of  IAA , especially to IAA-aspartate 

was a detoxification process  of exces s  IAA , converting it into a stable  

storage form which was inactive physiologi cal ly . ( Andreae , 1 967 ; Lanti can 

and Muir ,  1 969 ; Morris e t  al . ,  1 969 ) . 
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Many workers recognise  that one of the main methods by which IAA 

influences  growth and development is by promoting the synthesis of new RNA , 

(Masuda , 1 96 5 ; Masuda et  al . , 1 967 ; Gal ston , 1 967 ; Kobayashi and Yamaki , 

1 97 2 ; Morris � al . ,  1 969 ) which in turn affects IAA oxidation ani conju­

gati on . ( Sudi , 1 964 ; 1 966 ; Gal s ton � al . , 1 968 ; Filet  and Bra·m , 1 967 ; 

Lesham � al . , 1 97 0 ;  Lee , 1 97 1 ; Venis , 1 972 ) . By this feedback �echani sm 

auxin-induced gTowth promotions may be regulated in vivo . The mechanism 

by whi ch IAA induces the synthesis  of new RNA , particularly in root ini tia­

tion , is  where current theories diverge , as seen in the l i terature jus t 

reported . 

Rati onale of the Present Work 

Advent itious roo t  init i ation on cuttings is  one of the mos t  complex 

plant physiologi cal phenomenon known . The theories on the mechanism of  

roo t  ini tiation are many and varied , all subs tantially supported by the 

li terature . A complex set  of phys ical requirements has been shown to aid 

and improve the roo ting response of many species of cuttings . Perhaps the 

large s t  field of s tudy is the hormonal and biochemical regulation of root 

initiation Hhich is  s till  far from being clearly understood . 

As wi th mos t  physiological processes , certain physical treatments , 

known or  observed to cause a response , can be explained and more closely 

understood by observing the concurrent biochemical changes induced by the 

treatments . Roo t  initiation on cuttings i. s no exception , although the many 

and varied chemical processes  observed , have contributed to demons trating 

that a number of possible control mech2 ni sms might be involved . 

Whil e  the defini tion of physical requirements for succes sful root 

formation has been achieved in many plant species , the resis tance to such 

t reatments by difficult-to-root species only i ndi cates that the processes  

involved are not  fully unders tood . The obj ective of the present work was to 
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root formati on on cuttings of woody shoots of apple rootstocks . This was 

achieved in the following manner : -
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Section I : - Most  complex physiological responses are probably the result 

of a del icate balance between hormones ( Galston and Davies , 1969 ) . There­

fore by studying seasonal changes in endogenous growth regulators and 

relating these changes to seasonal variations in root formation of apple 

rootstock hardwood cuttings , a clearer understanding of the endogenous 

promot i on and control of root formation mizht be achieved . This was done 

using easy and difficu lt-to-roo t clones of apple rootstocks . An attempt 

t o  l ocate the fundamental promoter of root  formcttion was undertaken . The 

effects  of root-promoting treatments of cuttings on endogenous levels  of 

plant growth regulators and rooting processes were also  investigated . 

Section I I : - Any promoter or inhibitor of root  formation might be expected 

to be transferable across  a graft union and influence a rootstock with the 

opposi te rooting potential . To further identify roo ting promoters or 

inhibi tors , reciprocal cutting-graft transfers were carried out . Analyses 

of endogenous growth regulators and rooting trials were used to identify 

endogenous root-promoting substances . 

Section III : - A s tudy of the physiology of root formation and the 

influence of IAA upon this process was attempted . In relating the effect 

of an endogenous rooting promoter l ocated �n Sections I and II to  the rol e  

o f  IAA in  the rooting process , attempts to  gain further information on 

the endogenous promotion of root  formation in apple rootstock hardwood 

cuttings , �ere carried out . An investigation of the mode of action of 

root-promoting IBA hormone t reatments was also  attempted . 



A .  Plant Materials 

MATERIALS AND METHODS 

Mature stoolbeds of Merton-Malling 1 06 and East  Mall ing XII apple 

rootstocks provided the source of plant material for experimental c;.se . 

A widely different abil i ty to produce adventitio'..ls root s  when planted  as 

cuttings made these roo tstocks very sui t.s.ble for studies  on adventi tious 

root initiation . Stool beds were m:1in tain2d c;.ccording to ncrmal nur-sery 

practice wi th regular pest and disease control sprays being applied. 

B . Coll�ciion and Preparat i on of Cutting Materials 

Vigorous adventit ious shoots  approximately 1 cm in diameter , of 

current season ' s  g-ro '.v th , vrere selected for use as CIJ.tting materi al . 

These \�ere harves ted 1 5  cm a1ove ground level . Leaves w�re usllally about 

to absciss , or had fallen but i f  necer;sary the leaves  were removed 

immediately . Collection was '1lwetys carried out in the early morning. 

Hardwoo d  cuttin8'S , 2 5  cm long, Here made by trimming the baEal end of 

the shoots to just belo·w an axillary bud and trimming the rod to the 

reLllli red l ength . 

C .  Treatment and Planting of Cuttings 
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Considerable studies have been m:1de on the physical requirements needed 

to induce root formation on apple rootstock hard wood  cuttings . Most  notable  

in this field has been research conducted at East  Malling Research Station 

(Howard , 1 966 , 1 968a , b ,  1 970 , 1 97 1 , 1 974 ; Howard and Garner , 1 964 , 1 965 ) . 

From this research and additional work on plum hardwood cuttings ( Howard 

and Nahlawi , 1 969a , b ,  1 970 ) , a set  of standard recommendations for improv­

ing the propagation of hardwood cuttings was develope d . The East Malling 

technique for - hardwood cutting propagation was used  in this study . 



Cuttings were wounded oppos i te the basal bud dnd then given a 1 0  

second quick dip , 1 cm deep , in a 5o% e thanol solution of 2 , 500 ppm 
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Indole  butyric acid (IBA ) . They were then air-d ried  and planted 1 0  cm deep , 

in coarse river-washed sand . A temperature of 2 3° ! 2 °C was maintained by 

means of a thermos tatically c ontrolled electric cable , layed at 1 3 5 watt s/ 

square metre and cut tings were planted to a depth 2 . 5 cm above the cable . 

After six weeks on the heat bed , cut tings were lifted . The number 

of cut tings rooted and the number of roots per cutting was recorded . 

Cut tings were then discarded and the rooting trials terminated . 

D . Production of Maiden Trees 

The use of apple roo ts tocks grown under controlled condi tions for 

manipulations such as reciprocal grafting , necessitated the produc tion of 

maiden trees of each rootstock under glas shouse condi tions . 

Rooted stool s tocks of  MM 1 06 and EM XII , cut back t o  a length of 

1 5  cm , \vere planted in 2 l i tre black polythene containers in a medium of 

coarse sand and peat , ( 1 : 1  v/v ) in early spring ( August ) . Nutri tion was 

provided by the following fertiliser programme : -

Osmocote 1 8 : 2 . 6 : 1 0  2 . 5 kg/m3 

1 4 : 6 : 1 1 . 6 1 kg/m3 

Supe rphosphate 1 . 5  kg/m3 

Lime 1 . 5 kg/m3 

Dol omite Lime 1 .  5 kg/m3 

Thi s  was estimated to  be adequate for a growth period of  1 0  months . 

The potted stocks were lined out on foam plas t i c  padE in a 6 m x 6 m 

glas shouse . Watering was achi eved by capillary action from the foam 

plastic  pads , these  being fed from a header pipe via four microtubes per 



pad . Watering time was controlled by a solenoid valve regulated  by a time 

clock and was adjusted to suit the climatic and growing conditions as 

necessary . Once a week , the media was leached by overhead watering to  

remove any excess soluble salts . Two shoots on each tree were trained up 

during the growing season and in mid-summer were grafted . 
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Regular pest  and disease control measures were provided for protection 

against powdery mildevl and aphid infestations . 

E.  Reciprocal Donor Grafting 

Reciprocal donor grafting has been a useful method of s tudying the 

presence and translocation of endogenous root-promoting regulators in 

comparative root  ini tiation studies . The method has been employed by 

several workers in this fi eld of s tudy ( Gregory and van Overbeek , 1 945 ; 

Richard , 1 964 ; Fadl and Hartmann , 1 96 7 ; Ashiru and Carlson , 1 968 ; 

Lee et  al . ,  1 969 ; Shah , 1 969 ) . The e ffects on root initiation of 

endogenous promoting and inhibiting growth substances can be identified 

in difficult or easy-to-root  cuttings using this method . 

Stocks t o  be grafted were sprayed with a commercial anti-transpirant 

( "Wi l t-pruf" ) and cleft grafts of MM 1 06 scions onto EM XII rootstocks 

and vice versa were made . At this s tage , the s tock material was divided 

into four equal parts ;  MM 1 06 (ungrafted ) , MM 1 06 with EM XII scions , 

EM XII (ungrafted ) and EM XII with MM 1 06 scions . Grafts  were wrapped 

tightly with plastic  tape and the scion and graft union completely 

covered with plastic bags . 

One month after grafting , the unions were well callused and the 

plas tic bags and tape removed . The scions commenced extension growth 

almost  immediately and by autumn (April ) , had made approximately 30  cm 

of growth . 



Just prior to dormancy , 1 cm wide girdles were made 1 5  cm below the 

graft unions , or in comparable positions on ungrafted stocks . This was to  

halt any downward transport of growth substances being exported from the 

scions or upper parts of the control plants . The dis tance below the graft 

union was 1 5  cm to ensure no rooting of the scions occurred when planted 

subsequent:Iy . 

F . Sampl ing of Material for Hormone Extraction 

When the hor�onal status of cutting material was to be determ tned , 

extra s tem tissue was harvested and used as samples for extraction . 

Ti ssue  samples were sliced up and immediately frozen in dry ice and 
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then freeze dried for 48 hours . Once dried , the tissue samples were stored i 

in sealed jars at - 1 5°C . 

The s tem tissue used for hormone extraction was taken from plant 

material considered suitable for use as cuttings . 

G. Extraction of Plant Material for Hormone Analysis 

( 1 ) Initial Extraction 

Determinati ons of endogenous levels of auxins , cytokinins , a·:Jscisic  

acid  and rooting cofactors were made in conjunction wi th field exyeriments . 

By comparisons wi th freeze dried and oven dried s tem tissue , i t  was 

found that 5 grams of dried tissue were equivalent to 1 0  grams fresh 

weight . The procedure employed for initial extraction and purifi;::!ation 

was basically that described by Yadava and Dayton ( 1 972 ) . 

A 5 gram sample of finely ground , freeze dried s tem tissue was sus­

pended in 1 00 ml of chilled so% aqueous , redistilled methanGl , giving a 



1 0 : 1  v/w r&ti o  of solvent to plant fresh weight . This was placed under 

refrigeration at 1 °C for 1 8  hours in the dark , \vith intermi ttent shaking. 

After 1 8  hours , the extract was fil tered and the residue extracted twice 

more in 5 volumes of Bo% methanol for four hours each time , giving a final 

volume of 200 mls .  

5 0 . 

The combined fil trate was reduced to 2 5  ml s of the aQueous phase , 

using a rotary evaporator (Buchi i Ro tavapor-R ) and dry ice  trapping system , 

at 2 5°C under vacuum and shielded from direct  light . The aQueous phase 

was transferred to a 2 50 ml centrifuge tube and made up to  50 ml with 

successive rinsings of distilled water from the rotary evaporating flask . 

The aQueous residue was then placed in the refrigerator at 1 °C for 1 2  

hours to precipitate chlorophyll and lipid material , and was then centri­

fuged at 23 , 000 x g i or 40 minutes at 0°C . 

( 2 )  Procedure for Separation of  Auxins , I�hibi tors and Cytokinins 

After centrifugation , the c lear aQueous phase was adjusted to pH 2 . 5 

wi th 5o% HCl . This  was then shaken vigorously wi th three separate , eQual 

volumes of diethyl e ther for five minutes each . The bulked e ther fraction 

was backwashed for five minutes  with 1 5  ml di stilled water ( pH 2 . 5 )  to 

remove any remaining cytokinins from the e ther fraction ( Park , pers . comm. ) . 

The aQueous phase of the backwash was combined with the ini tial aQueous 

extract and retained for further separation of cytokinins . 

The e ther fraction was then extracted twice wi th 50  ml volumes of 5% 

sodium bicarbonate ( pH 8 . 5 )  by shaking for five minutes  each . The ether 

fraction was retained ( Neutral Ether Phase )  for assaying for neutral 

auxins and inhibi tors . 

The bulked bicarbonate fraction ( 1 00 ml s )  was aci dified to ph 2 . 5  with 

5o% HCl and extracted three times by shaking wi th eQual volumes of  di�thyl 

ether. The e ther extracts were c ombined ( Acidic  Ether Phase )  and retained 



for assaying for aci di c  auxins and Abscisic  Acid . The remaining aqueous 

fract ion wEs di scarded . 
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The Neutral and Acidi c Ether frac tions were dried over anhydrous s odium 

sulphate at 1 °C for two hours , then fil tered and evaporated to dryness  in 

the rotary evaporator . The res i due was redi ssolved in s everal ml s of 

absolute me thanol and trans ferred to a sample vial , dried under vacuum in 

0 
darknes s , capped and s tored at - 1 5 C until required . 

The combined aqueous frac tion and backwash from the first acidic 

e ther extraction , was adjus ted to pH 8 . 0 with 5o% NH
4

0H and extrac ted three 

times by shaking with equal volumes of water saturated n-butanol . The 

butanol fraction was reduced to drynes s  on the ro tary evaporator and re-

tained for as saying for the free bases and rib o s i des of  cytokinins and 

the aqueous frac tion was also re tained for ribotides of cytokinins . Thes e  

were both transferred t o  s ampl e tubes by di s s olving the residue i n  1 0o% 

redi s tilled me thanol , drie d  under vacuum and s tored at - 1 5°C unti l  

required .  

A summary o f  the extraction procedur:e i s  presented in figure 1 .  

( 3 ) Extraction and Separation of Rooting Co factors 

Extraction and separati on of sample s  for bioassay of rooting cofactors 

was ini tally achieved using the same procedure as for auxins and inhibi tors . 

Inhibi tory activity located in oat and wheat coleoptile bioassay of  aci di c  

e ther fractions could b e  res tricted t o  one zone of Rf 0 . 2 -0 . 3 by using 

only 1 gram dry weight ti ssue samples . Thi s  was nece ssary , s ince no 

further puri ficati on of the extrac ts was undertaken , as roo ting cofactors 

have been described as being phenolic in nature . Purification procedures 

used for o ther gro\Jth subs tances  removed mos t  of  the phenolic con tent 

of the extracts . 
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A revised scheme for the extraction and separation of rooting cofactors 

was devised , to  allow the examination of the aqueous fraction remaining 

after neutral and acidic ether extractions . A summary of this procedure 

i s  presented in figure 2 . 

H . Chromatography of Extracts  for Hormone Analysis 

Prel iminary experiments wi th the purification and bioassay procedures 

to be empl oyed , resulted in large areas of inhibitory activity being 

located from Rf ' s  0 . 1 -0 . 5 , in acidic e ther extracts , tes ted in the wheat 

and oat coleoptile bioassays . I t  was assumed a large amount of the inhibi­

tory activity was caused by the glycoside Phloridzin , s ince its chromato­

graphic behaviour and effects on the bioassay were similar to those des­

cribed by Hancock � al . ( 1 96 1 ) ;  Challenger et  al . ( 1 964 ) ; Grochowska , 

( 1 966 ) ;  and Robi taille , ( 1 97 0 ) . Phloridzin is  also known to be present 

in apple tissue in high levels . Because of the masking effect of the 

inhibi tor further purification of the extracts  was needed . 

Polyclar A . T . , an insoluble  form of the polymer n-polyvinylpyrrolidone 

( P . V . P . ) has been used by various methods to  remove phenolic compounds from 

plant extracts ( Simpson and Saunders , 1 972 ; Lenton � al . ,  1 97 1 ; Glenn 

et al . ,  1 972  ; Hew�t t  and Wareing , 1 97 3 ) . Hewett and Wareing ( 1 97 3 )  

slurried the aqueous alcohol extract wi th P . V . P .  for 3 0  minutes . This  was 

examined and found to be ineffective in removing the z one of inhibi tion , 

although added synthetic  IAA and ABA were not bound to  the P . V . P .  Slurry­

ing the aqueous phase prior to  partitioning removed the zone of inhibi tory 

activity from the extract , but when the technique was examined using 

synthetic IAA and ABA , it was found that 2 5% of the added IAA had been 

retained by the P . V . P . Because neither of these methods were entirely 

satisfactory ,  it was decided to examine the use of P . V . P .  as a column . 
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( 1 ) Column Chromatography of the Ac i dic Ether Fraction 

The P . V . P . was prepared in the manner described by Glenn e t  al . ( 1 972 ) . 

Dry P . V . P . powder , sieved to a particle size  of 1 2 5-2 50� diameter , was 

slurried in five t imes i ts own volume of di stilled water and left to settle 

for 1 5  minutes . The fines were then decanted off and the process  repeated 

for a further five times . To pack the column , the P . V . P . was suspended in 

an equal volume of di stilled  water and pured into a glass column ( 1 . 8 cm , 

internal diame ter) and the excess water run off . The suspens ion was added 

until  the final length of the packed column was 1 0  cm . A fil ter paper 

disc was placed on top of the P . V . P . packing , which was Lhen washed 

exhaus tively with 0 . 1 M phosphate buffer ( see Appendix I )  at pH 8 . 0 . The 

flow rate of such columns was approximately 1 00 mls per hour . 

Charac terisation of the column was achieved in the following manner . 

Approximately 1 mg of ABA or IAA was dissolved in 2 ml s of ammonia s olution 

( S . G . 0 . 9 1 ) and the ammonia was removed under vacuum on a rotary e·.raporator . 

The aqueous solution was then loaded onto the top of the column and subse­

quently eluted wi th buffer at pH 8 . 0 . 1 0  m l  frac t ions were coll ected and 

analysed  on a Un i c g,m S . P .  800 U . V .  Srectrophotometer . Approx Lmate elut ion 

vol:A.mes had b.::�en calculated from dg,ta of Glenn � a1 . ( 1 972 ) . Fi rs t de tec­

tion of  ABA was in �rac tio� 3 ,  the bulk appearing i n  fraction 4 . There 

was no de tec t, ·L cn in frac t i on 6 .  Recovery of ABA was calculated t o  be 

greater than 95%. Fi rs t de tection of IAA occurred in fraction 7 which 

also  contained the bL:lk of the compound . No detection was evident in  

frac tion 1 0 . Recovery of  IAA was calculated to be approximately 97%. 

Becau3e of the efficiency of recovery of  ABA and IAA off P . V . P . 

columns , i t  was considered to  be a s uitable method for further purification 

of the acidic ether fractions . The dried aci dic e ther extracts were re­

dissolved in 2 ml of ammonia s olution ( S . G . 0 . 9 1 ) and the ammonia was 

removed under vacuum . The sample was then l oaded onto  the top of  the 
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column and eluted o ff wi th buffer at pH 8 . 0 . Samples for .ABA determinations 

were collected as a bulk fraction of 60 ml , while sawples for I AA determin­

ations were collected as a bulk fraction o f  1 00 ml . The bulk s amples  were 

acidifieu to pH 2 . 5 and partitioned three times wi th equal volume s of 

diethyl e ther and the combined ether fractions were reduced to drynes s  on 

the rotary evaporator . Samples  were then transferred to test tubes , dried 

under vacuwn and s tored at -1 5°C until required for further purif ication . 

Almo s t  all the coloured pigments associated wi th the zone o f  inhibition 

were retained on the top 1 cm of the c olumn and the purified plant extracts 

had only a faint pink colouration . 

( 2 ) Column ChromH tography of the Neutral Ether Frac tion 

Column chromatography of neutral e ther extrac ts was uns uccessful on 

P .V . P . Synthe tic indoleacetoni trile ( IAN ) could not be recovered from a 

1 0  cm column over a range of pH ' s  from 8 . 0 to  4 . 0 . Elution volume s of 

500 ml were taken at each pH . 

Silica gel c olumns were prepared by sl urrying silica gel powder ( 1 00-

200 mesh ) in five times the volume of di s tilled water and left for 1 5  

minutes . The fines were decanted and the process repeated a further five 

times . To pack the column , the silica g-el was suspended in an equal 

volume o f  water and poured into a glass column ( 1 . 8 cm internal diameter) 

to a hei ght of 1 0  cm . A fil ter paper disc was placed on top of the packing 

and the c olumn was washed exhaus tively wi th 0 . 1 M phosphate buffer , pH 5 . 0 

( see appendix I ) . 1 mg of IAN was dissolved in 1 Ml of absolute methanol 

and 2 ml distilled  water were added and the methanol was evaporated off on 

a rotary evaporator . The IAN s olution was loaded onto the top of the 

column and 1 0  ml fractions of eluant were collected . IAN was firs t 

detected in fraction 5 ,  the bulk of the sample eluting off in the 6th 

fraction . No IAN was detected in fraction 9 . Recovery was c al culated to 



57 . 

be greater than 90%. 

Neutral e ther sampl3s were dissolved in 1 ml of absolute methanol and 

2 ml of distilled water were added and the methanol was removed on the 

ro tary evaporator . The samples were loaded onto the top of the column and 

eluted with 0 . 1 M phosphate buffer at pH 5 . 0 . All the chlorophyll pigments 

eluted through the column in the first 30 mls . This was discarded and a 

bulk fraction of 7 0  ml was collected . The bulk samples were adjusted to  

pH 8 . 0 and partitioned three times with equal volumes of diethyl ether . 

The combined ether fractions were reduced t o  dryness and transferred into 

sample  tubes for s torage until required . 

( 3 )  Column Chromatography of Butanol-soluble Cytokinins 

Several workers have reported the separation of cytokinins on insoluble 

polyvinylpyrrolidone (Polyclar A . T . ) ( Glenn et  al . ,  1 972 ; Thomas et al o , 

1 975 ) . Reported elution volumes are relative ly similar and i t  appears 

that the elution volume for each compound i s  pH dependant . 

Preliminary trials using preparations of synthetic cytokinins were con­

ducted , using a 1 0  x 1 . 8 cm P . V . P . column connected with an ISCO , Type 6 

optical unit and U .A . 5 U . V .  absorbance monitor . 

Samples of sing�e cytokinins and also  mixtures of several cytokinins 

were loaded onto the column and eluted with distilled water or 0 . 01 M 

phosphate buffer at pH 6 . 0 and pH 8 . 0 . 

The results  obtained suggested that at a slightly acid pH , elution 

volumes were nearer to  those reported by Glenn et al . ( 1 972 ) .  At pH 8 . 0 

elution volumes were nearer to those reported  by Thomas e t  al . ( 1 97 5 )  at 

pH 6. 4 .  
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Good recovery o f  z eatin and zeatin ribos i de was obtained with the total 

sample of each cytokinin e luting in 3 ,  9 ml fractions or less . Zeatin  

riboside W<'-S eluted in the 5th and 6th fractions ( 36-50 ml ) and zeatin , 

in the 6th � 7th ,  and 8th fractions ( 50-65  ml ) ,  at pH 8 . 0 . 

Butanol-solubl e  extracts were di ssolved in 1 ml of ammoni a  solution 

( S . G . 0 . 9 1 ) and the ammonia was evaporated off under vacuum . The samples 

were loaded onto the top of the column and eluted off wi th 0 . 0 1  M phosphate 

buffer at pH 8 . 0 . A bulk fraction of 1 00 ml was collected for each s am­

ple . The bulked eluate of each sample was partitioned three times with 

equal volumes of water saturated n-butanol at pH 8 . 0 . The combined butanol 

fractions were reduced to drynes s  and transferred into sample tubes and 

s tored until required . 

(4 ) Paper Chromatography of Auxins and Inhibi tors 

Further purificat.i_on , immediately prior to bioassaying, was a:::hieved 

by use of paper chromatography of purified t i s sue samples . The residues 

of  column chromatographed acidic and neutral e ther fractions were dis solved 

in 0 . 5 ml ace tone : me thanol ( 1 : 1  v/v ) . A further 0 . 25 ml was used t o  

rinse the sample tube and was taken u p  i n  the same pipette . The samples 

were streak-l oaded , 1 5  cm wide , onto pre-washed Whatmann no . 1 chromatography 

paper.  All paper used for chromatography was pre-run in the devel oping 

s olvent to  be used . Marker spots of syntheti c plant hormones relevant to  

the extracts  were run concurrently with the devel oping chromatogram . The 

chromatograms were developed by descending chromatography using 1 0 : 1 : 1 v/v 

i sopropano l  ammonia : water (Wright and Hiron , 1 969 ) . Development was 

carried out in darknes s  at room temperature and the solvent all owed to run 

for approximately 2 0  cm from the base l ine . When development was compl eted , 

the chromatograms were removed and the solvent front marked immediat ely . 

The chromatogTams were air-dried for one hour and then dried under vacuum 

for a further 1 2  hours . The samples were now ready for measurement of 



activi ty in the respective bioas says . 

( 5 )  Paper Chroma to?;raphy of Root ing Cofactors 

Acidic and neutral ether extracts  were chromatographed using the same 

method as for auxins and inhibitors . 
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Aqueous extracts  were dis solved in 0 . 5 ml dis tilled water and the vials 

were rinsed in a further 0 . 25  ml of dis tilled water . The samples were 

streak-loaded onto Whatmann No . 3 MM ,  prewashed , chromatography paper , in 

a band 1 5  cm wide . Development of the chromatograms was achieved in the 

same manner as for auxins and inhibito�s using the same solvent system . 

( 6 )  Paper Chromatography of Butanol-solubl e  Cytokinins 

Chromatography of butanol-soluble  cytokinins was carried out using the 

same technique as for auxins and inhibi tors . The solvent sys tem used was 

n-butanol :  ammonia (4 : 1  v/v ) . 

I .  Bioassay Procedures 

( 1 )  Tri ticum Coleoptile Bioass� 

The procedure described by Nitsch and Nitsch ( 1 956 ) was used . 

Seed of the wheat variety "Ao tea" was soaked in tap water  for two 

hours and then placed on moist  fil ter paper in plastic trays . Glass covers 

were placed over the trays and the whe at was germinated in the dark at 25°C . 

On the third day after sowing, the coleoptiles were 2 to 3 cm long and 

ready for use . 1 0  mm coleoptile secti ons , 3 mm below the tip , were cut 

using a preci s ion ,  double-bladed guil l otine . All work was done in the dark 

using a green safe l ight . The cut c oleoptiles were floated in dis tilled 

water until loaded into the bioass ay vials . 

The paper chromatograms were cut into 1 0  equal transverse s trips , plus 



a control s trip taken from above the base l ine . Each s trip was lightly 

rolled and placed inside a 40 x 2 5  mm glass vial , so  that the paper was in 

contact with the wall  of the vial . Ten coleoptiles  were introduced into 

each vial , under the green safe light and each vial was capped with a 

plasti c  top with a needle hol e  in the centre . The vials were then placed 

in a turntable , which rotated at approximately 1 r . p . m. for 20 hou�s . 

6 0 . 

The vials  were removed and 2 ml of 1 (Jjo methanol were added to each vial to  

kill the co leoptiles . The coleoptiles were then measured on a photographic 

enlarger at  3 x magnification . 

Wi . h each bioassay ,  a standard series  of AEA solutions from 0 . 001 �/ 

ml t o  1 0JLg/ml in a log dilution series , was run concurrently . St�ips of 

washed chromatography paper were included with each s tandard vial , t o  com­

pensate for any effect  of the paper on the bioassay . A typical s tandard 

curve is shown in fi�ure 3 .  

( 2 ) Avena Coleoptile Bioassay 

Attempts to use wheat coleoptiles , employing the method of Nitsch and 

Nitsch ( 1 956 ) for measuring levels  of auxins were unsuccessful . S�andard 

solutions in logTithmic concentration from 1 0p.g/ml to 0 . 001
.p-

g/ml gave 

consistently poor responses . 

By combining the technique of Sirois ( 1 967 ) and Burstrem ( 1 97 3 ) , a very 

sensitive bioassay for auxins was developed . Initial experimentation de­

monstrated that the oat coleoptile was more s ensitive than either the 

wheat coleoptile , whi �h Burstrem used , or the oat mesocotyl . 

Seeds of the oat cultivar "Brighton" were soaked for 1 5  hours in 0 . 1% 

hydrogen peroxide . They were then washed and spread evenly on moi s t  filter 

paper in a plastic tray . A glass cover was placed over the tray , whi ch 
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0 was then placed in the dark room under red light  for 24 hours at 2 5  C .  The 

red l ight was turned off and the seed left for a further two days until  the 

coleopti les were 2 to 3 cm long and ready to use . 5 mm sections were cut 

3 mm below the coleoptile  tip , usinb a precision double bladed guillotine . 

The coleoptile sections were s oaked in Burstrem ' s  basal s olution ( see 

appendix I ) for one hour prior to use . 

Chromatograms were cut into 1 0  equal transverse s trips , plus a c ontrol 

strip taken from above the base l ine and placed in 40 x 25 mm glas�; vials , 

as described in the Triticum coleoptile bioassay . 2 ml of Burstrem ' s  

basal solution was then added to each vial . All  manipulations of the 

coleoptiles were carried out in the dark , under a green safe light . The 

vials were capped after loading and placed on the turntable and run at 

approximately 1 r . p . m . for six hours . The vials were removed and 2 ml of 

1 o% methanol added to  kill the coleoptiles . Measurements were done as pre-

viously described in the Triticum coleoptile bi oassay . 

Standards of IAA or IAN from 1 0�g/ml t o  0 . 001 f4g/ml , were run c on-

currently with each tioassay . A s trip of washed chromatography paper was 

added to each vial , to standardise the procedure . Standard curves for 

I AA  and Illi� responses  are shown in figures 4 and 5 .  Standard errors were 

so small , they fell within the boundaries of the symbols denoting res ponses . 

(3 )  Mung Bean Root  Ini tiation Bioassay 

Preliminary experiments ,  using a l ocally available ,  un-named source 

of mung bean ( Phaseolus aureus ) seed , indicated that variation was so great 

that an improved bioassay method was required . 

Incorporation of Boron ( Jackson and Harney , 1 970 ) , Nicotinic aci d  

(Peters et al . ,  1 974 ) and a dilute phosphate buffer , ei ther separately o r  

in  combination , failed  to  give any improvement i n  the response , when used 
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with 1 f'- g/ml IAA in the bioassay . 

A selection of improved mung bean varieties was obtained from the 

Asian Vegetable Research and Development Centre , Taiwan , and screened for 

their response to  added IAA ( 1 _P- g/ml ) and Catechol ( 1 0  p. g/ml ) , both 

separately and in combination ( Challenger £! al . ,  1 964 ) . It was noted 

that al though the responses to  added growth promoters varied widely , the 

variation between replicates in any one t reatment , wi th all the cul tivars , 

was reduced markedly . From these trials , one cultivar was selected and 

then tested 1-1i th the addition of boron , nicotinic acid and phosphate buffer , 

either separately or in combination . No further improvement in  response 

was achieved s o  none of these addi tional treatments were utilised in the 

bioassay . 

Seed of mung bean , cultivar Tainan no . 1 ,  were soaked in a chlorox : 

water solution ( 1 : 1 6  v/v ) for five minutes and then washed in running tap 

water for 24 hours . The seed was then s own in moist , fine , pumice to  a 

depth of 1 cm and pl�ced in a high humidity cabinet at 27°C under continuous 

light . Lighting was provided by seven double banks of 40 wat t , cool , whi te 

fluorescent lamps , arranged above and around the cabinet . I t  was found 

that high humidi ty conditions were needed to maintain a low degree of 

variation of root initiation within replicates and that even small degrees 

of water  stress had an adverse effect on both response and variation of 

the bioassay . 

After four days the plants were ready for use .  Cuttings were harvested 

at ground level and leached in dis tilled  water for six hours ( Zabkiewicz  

and Steele , 1 974 ) to  remove any exudate that was emitted from the cut bases 

of the cuttings . 

Chromatograms of acidic and neutral fractions of s tem extracts  were 
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cut into 1 0  equal transverse s trips plus a control strip taken from above 

the base l ine . Each s trip was rolled and placed in a dark brown 40 x 20  mm 

glass vial and 6 ml distilled water with 1 � g/ml IAA was added to each 

vial . These were eluted for three hours in the dark and then used in  the 

bioassay . 

Cuttings of similar size  were selected and cut 3 cm below the coty­

ledonary node . Any remaining cotyledons were removed and 1 0  cuttings were 

added to each vial and the vial s placed in the high humidity cabinet . 

The test s olutio�s were taken up in 42 hours , at which time the vials 

were filled to a level equal to the cotyledonary noies of the cuttings , 

with distilled water . Distilled water was maintained at this level until 

the roots  on the cuttings had developed sufficiently to  allow countingo 

This  took four days from the time the cuttings were placed in the test  

solutions . 

Results were recorded by counting the number of roots  initiated on 

each cutting. 

(4) Radish Cotyledon Expansion Bioassay 

The procedure of Letham ( 1 97 1 ) was adopted for the bioassay of cytokinin 

activity in tissue extracts . 

Radish seed ( Raphanus sativus 1 . ) ,  cultivar Long Scarlet , Market Strain , 

retained by a 2 mm sieve , were s oaked for five minutes in a 1% chlorox 

solution and then thoroughly rinsed . Seed was then sown on moist  filter 

paper in plastic trays , covered with a sheet  of glass and then grown in 

darkness at 2 5°C for 36 hours . 

The smaller cotyledon of each seed was excised from the rest  of the 



seed making sure no part of the hypocotyl was retained.  Chromatogram seg 
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ments  were cut up and placed in small petri dishes containing 2 ml dis ti led 

water ( pH 6 .  5 ) .  Eight co tyledons of uniform size were placed in e&,ch petri 

dish , wi th the upper surface in contact with the chromatogram segment . 

The petris di shes were placed in a plastic  tray on moist  fil ter paper and 

covered with a sheet of glass . The trays were placed under continuous , low 

0 intensi ty ,  fluorescent l ight at 24 C and left for three days . 

After 72 hours , the cotyledons were blotted dry with fil ter paper and 

weighed . 

With each bioassay ,  kinetin standards from 3 . 0 )A g/ml to  0 . 003 � g/ml 

were run and relative activity was estimated from these standard curves .  

A standard curve for the radish cotyledon response to kinetin s tandards i s  

shown in  figure 6 . 

The application of lanolin impregnated with plant hormones is  a clas-

sical method of  s tudying respon3es of plants or plru1t parts to the hormones 

applied . v/oolley ( 1 97 1 ) and Patrick and Woolley ( 1 974 ) showed that 0 . 1% 

IAA in lanolin maintained auxin characteristics in the top node of dwarf 

bean which were s imilar to those in intact plants , but suggested that l ano-

lin caps should be replaced every 24 hours . IAA also appeared to  be 

transported at a rate whi ch fell within the range of reported velocities 

and so could be regarded as being normal . 

Pastes were prepared containing 0 . 1% or 1 . o% IAA. The required amount 

of IAA was dissolved in a minimum quantity of e thanol and warm , semi-mol ten 

lanolin ( 35-40°C )  was added until the correct proportion was obtained.  

The liquid mixture was s tirred vigorously for some time to ensure complete 

homogeneity and then smeared thinly around the wall of a beaker and left 
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in the dark at room temperature overnight for the ethanol to evaporate . 

The paste  was then dispensed via a disposable plastic syringe into small 

gelatine capsules . The capsules  were applied firmly to the cutting apices , 

and covered with tin foil caps to prevent photodegradation of the IAA .  

K .  Radioactive Chemicals 

1 - 1 4C-IAA ( sp . act . 46 me/mM) and 2-1 4C-IAA ( sp . act . 55  mc/�1) were 

obtained from the Radiochemical Centre , Amersham , Bucks . 

All 1 4C-pormones were in the ammonium salt  form which allowed easy 

dissolution in water . 

1 .  Radioassay of 1 4c 

The level of 1 4c present in extracts and solutions was determined by 

counting on a Beckman LS-350 , ambient temperature , beta-counting 

spectrometer . 

( 1 ) Scintillation Cocktails 

For trapped 1 4co2 

Toluene 

Ethylene glycol monomethyl ether 

Ethanolamine 

2 , 5 diphenyloxazole (PPO ) 

For aqueous methanolic extracts 

1 li tre 

7 00 mls 

1 00 mls 

Birks ( 1 964 ) indicated the while 8 g PPO/l gave the greates t  

counting efficiency , reduction to 3-4 g gave considerable economy 

with only a srnall decrease in efficiency . The cocktail described 

by Patterson and Greene ( 1 96 5 )  was used :  

Toluene 

PPO 

Triton x-1 00 

1 litre 

4 g 

500 mls 
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Scintillation vials were allowed to stand for 24 hours , in  the 

dark prior t o  counting to allow chemiluminescence to fade . 

( 2 )  1 4co2 trappinc system 

One problem with trapping 1 4co2 was doing so in a form which was suit­

able for counting . Methods of  trapping whi ch relied on precipitation did 

not lend themselves to liquid scintillation counting. The method of Jeffay 

and Alvarez ( 1 96 1 ) for trapping C02 in a soluble form was used . 

A s olution of  ethanolamine in ethylene glycol monmethyl e ther ( 1 : 2  v/v ) 
was made up and 9 ml placed in a scintillation vial . This was connected 

into a closed system using a Watson/Marlow peristaltic  pump with a gas 

bubbler immersed to the bottom of the vial (Ryugo and Breen , 1 974 ) . Every 

1 2  hours , the vials were replaced wi th new ones containing fresh trapping 

solution . 

Two aliquots  of 3 ml each of the solution were placed in scintillation 

vials and 1 5  mls of scintillation medium were added. 

Scintillation medium : Toluene : - e thyl ene glycol monomethyl ether 

2 : 1  v/v ,  PPO 5 . 5 g/1 . This gives a final scintillation cocktail of : 

Toluene : e thylene glycol monomethyl e ther : ethanolamine 1 0 : 7 : 1  v/v .  

( 3 ) Preparation of External Medium for Counting 

After 72 hours exposure to an 1 4c-IAA solution , cuttings were rinsed 

thoroughly and the remaining external 1 4c-IAA solution was made up to 

volume with So% methanol . One aliquot was pipetted into a s cintillation 

vial and counted whil e  another was streaked onto Whatmann no . 3 MM 

chromatography paper and developed in i sopropanol : ammonia : water ( 8 : 1 : 1 . 5 

v/v ) . The radi ochromatograms were cut into 1 0  equal transverse strips , 



diced into small pieces and eluted in scintillation vials with 2 ml So% 

ethanol for 24 hours at 0°C . 1 1  mls of scintillant were dispensed into 

7 1 . 

each vial which was then capped ,  shaken and left in the dark to allow chemi­

luminescence to fade . 

( 4 )  Preparation of Samples for Counting 

Cuttings were cut into s!I!all pieces and homogenised in a blender in 

chilled aqueous So% methanol at 0°C and extracted for 4S hours . The ex­

tract was filtered and the fil trate reduced to 1 ml on a rotary evaporator 

and then made up to  volume with SO% methanol . 

One aliquot was counted immediately , while another was chromatographed 

and e luted in the same manner as external medium samples and prepared for 

countin8,'. 

( 5 )  Treatment of Tissue Residue 

The remaining woody ti ssue , after alcohol extractions , was immersed in 

25 mls of 0 . 3N KOH and heated for one hour to hydrolyse any bound IAA , 

( Gals ton , 1 967 ) . After cooling and filtering, the fil trate was acidified 

to pH 2 . 5 and extracted three times with diethyl ether . The organic phase 

was reduced to dryness  on the rotary evaporator and then dissolved and made 

up to volume with SO% methanol . One aliquot was counted and another was 

chromatographed ,  eluted and then counted . 

( 6 )  Counting of Radioactive Samples 

The Beckman 1-S 350 spectrometer has three channels  into which iso-sets 

can be inserted for counting 3H ,  1 4c and 32P ,  e i ther alone or in combination , 

and an external caesium-1 37 standard source from which quenching errors can 

be es timated. The master gain setting was set  at 4 . 1 5 with the window 

width for counting set  at the full 3H and 1 4c spectrum. This was achieved 

using Beckmann prepared s tandard 3H and 1 4c iso-sets  and counting the 

lowest  quenched sample at varying gain settings until mos t  of the counts 
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fell  in the 1 4
c channel . 

Background counts were es tablished by counting three non-active vials , 

containing the appropriate cocktail ,  prior to each counting run , for 1 0  

minutes each . These were found to be 38-40 cpm for all runs and the average 

was subtracted from sample values . 

Counting of active samples was achieved using a double check system. 

A pre-set counting error ( 20 )  programmed to give a 1 . 5% counting error for 

all samples over 1 000 cpm was used . As soon as the 1 . 5% error was achieved , 

the teletype printed out the counts per minute . Samples of low activity 

were counted for 1 0  minutes if  a 1 . 5% pre-set  error was not achieved .  All 

samples counted achieved a maximum ccunting error of 1 0%. Zones of radio­

active metabolites of 1 4
c-IAA all achieved counting errors of 1 . 5% 

( 7 )  Quench Correction 

Various factors in liquid s cintillation counting cause quenching of 

prepared samples , resulting in a lower number of counts being recorded than 

are actually emitted . The main source of quenching was due to plant pig­

ments discolouring scintillation mediums . A colour quench correction 

curve , based on an external standard ratio was prepared ( figure 7 )  to 

allow accurate calculation of  ac tivity . 

A sample of apple s tem tissue equivalent to the volume of tissue to 

be extracted experimental ly was homogenised and extracted for 48 hours in 

80% methanol . The alcohol filtrate was reduced to 1 ml and made up to 

volume with 80% methanol . A l inear dilution series was made up so  that 

each vial contained 2 ml , 80% methanol with varying degrees of colour. 1 1  

ml of Toluene-Triton scintillation cocktail with a known amount of radio­

activity added , was 1ispensed into each vial . 

Counted  samples were usually within 5% efficiency of the least quenched 

samples ; l arger differences in quenching were corrected by reference to 

the colour quench correction curve . 
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Least quenched samples of  both cocktails used gave counting effici­

encies of SCY/o. 
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EXPERIMP�TAL 

Section I 

Seasonal Changes in Root  Initiation, Bud Dormancy and Hormonal Status 

in MM 1 06 and EM XII Apple Rootstock Hardwood Cuttings 

A .  Seasonal Changes in Root Initiation of Hardwood Cuttings 

Introduction and Methods 

7 5 .  

The need t o  develop a sati sfactory alternative t o  traditional methods 

of fru1t tree rootstock propagation has been emphasised over the last 

decade . Extensive study in the UK and USA has demonstrated the potential 

of using hardwood cuttings subjected to certain root-inducing hormone and 

high temperature treatments , particularly with apple rootstocks . :�ile 

the physical treatments which promote root formation on cuttings have been 

well defined , very little study of the hormonal physiology associated 

with rooting promotion has been reported . Another face t  relatively unex­

plored i s  the factors associated with the widely varying responses to 

root formation promoting treatments . 

Many physiological factors can affect the ability of a hardwood 

cuttings to initiate roots ( Section B ,  Literature Review ) . To  enable the 

s tudy of s easonal changes in the ability of apple rootstock hardwood 

cuttings to  form adventitious roots , juvenile plant material from estab­

lished stool beds was used to minimise complicating factors such as the 

age and condition of the parent plant . Details  of specific treatments 

of plant material are presented  in the Materj als and Methods . The use 

of juvenile  plant ma�erial als o  allowed the study of inherent factors 

affecting the process  of adventitious root formation in apple rootstocks , 

particularly the endogenous hormonal physiology . 
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Cuttinb� of MW! 1 06 and EM XII apple rootstocks were harvested from 

s tools each month , from a period in late aut'.lllll1. (April ) until  the spring 

bud burst ( October ) . Cutting's 2 5  cm in  length were treated according 

to the East I'1alling hardwood cuttings technique (Howard , 1 966 , 1 968b , 

1 97 1 ; Howard and Garner ,  1 964 ) and four blocks o f  1 0  cuttings eac h , o f  

each rootstock were planted i n  the heat bed . Another four blocks of 1 0  

cuttings of MM 1 06 and EM XII rootstocks were collected at the same time 

and treated in a s imilar fasl:.ion , except the:d they were dipped in 50% 
ethanol only , i . e . no exogenous auxin treatment was applied . 

Cuttings wsre s tored in the heat bed for s ix weeks and then lifted 

carefully and the number of rooted cu-':;tings recorded . Each trial vras 

terminated at this point and unroo ted cut tings were discarded . 

The 1e.s t harves t  ' , f  �·JM 1 06 cu ttings was taken in September at a t ime 

when bud movement had just begun . Bud movement in EM XII occurred one 

month later so an extra harvest  of cuttings was taken in October . Axillary 

bud devel opment on :MM 1 06 rootstocks in October was so  advanced , that the 

shoots were considered w1suitable for use as cutting material for propa­

gation purposes . 

Results  

Prel iminary experiments indicated a large difference in the ability 

of MM 1 06 ru1d EM XII apple rootstocks to  initiate roots when planted as 

hardwood cut tings . Thi s difference in root  formation was maintained 

throughout the harvesting time of April to October , i n  cuttings both 

treated and untreated with IBA ( figure 8 ) . 

A ve�r high level of rooting w�s achieved throughout the whol e  season , 

with MM 1 06 treated with IBA. There v.1as no significant difference between 
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any harvest  dates and at all harvests , 9o% or more cutt ings rooted . MM 1 06 

hardwood  cuttings not treated wi th IBA tended to  vary more in their  

response , with the April harves t  being significantly l ower than the other 

harvest  dates ( see Table 1 . ) 

Table 1 .  Mean Number of Cutting� Rooted on Successive Harvest  Dates 

Month of Harvest  
April May June July August Sept . Oct .  

MM 1 06 

+ IBA 9 . 0 a 9 . 7 5 a 9 . 5 a 9 . 7 5  a 9 . 7 5  a 1 0  a 

N . S . 

MM 1 06 

- IBA 6 . 0 b 9 . 0ab 8 . 0 b 7 . 7 5 b 8 . 7 5ab 8 . 7 5  b 

5 . o% 

EM XII 

+ IBA 1 .  75 c 0 . 7 5  c o . o c 0 . 5 c 0 . 25  c 5 . 2 5  c 1 . 25  c 

1 .  o% 

EM XII 

- IBA O . Ocd o . o d 0 . Ocd o . o d O , Ood o . o d o . o d 

N . S .  

Treatments joined by the same line were not significantly different 

when analysed by Duncan ' s  Multiple Range Test . 

EM XII hardwood cuttings treated with IBA showed very low numbers of 

cutting'S rooted on successive harvest  dates until September , when a large 

increase in the mean number o f  cuttings rooted occurred .  This  time coin-

cided  with axillary bud burst on the cuttings , shortly after being placed 

on the heat bed .  Successive harves ts o f  EM XII hardwood cuttings not 

treated  with IBA , fai led to root . A comparison between each treatment on 
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each harvest  date  also  yielded some interesting data ( see Table 1 ) . Treat-

ments sharing the same letter ( looking vertically ) are not signifi cantly 

different when analysed by T-tests . 

Treating MM 1 06 cuttings with IBA gave significantly higher numbers of 

cuttings forming roots wi th the exception of May and August where there was 

no s ignificant difference between treated and untreated cuttings . Untreated 

cuttings of MM 1 06 rooted more readily than any of the EM XII cuttings , 

irrespective of their  treatment ( P � 0 . 05 minimum) . 

EM XII hardwood cuttinG'S treated with IBA , fluctuated quite widely in 

response , with significant differences from untreated EM XII cuttings in 

May , July , September and October . Nevertheless , only low numbers of cut-

tin.__,'s formed roots , with the exception of  the September harvest , Hhen a 

large increase occurred in the number of cuttin:_:;s rooted . 

B . The Relationship between Bud Dormancy and Root  Initiation 

Introduction and Methods 

The role of bud dormancy in the control of adventitious root initia-

tion is both obscure and complex . Conflicting reports have been made , per-

taining to the influence of dormant buds on inhibition of root  initiation 

of cutting� (Fadl and Hartmann , 1 967a ; Howard , 1 968a) . An investigation 

to find if  any correlation existed between the ability of cuttings to  

initiate roots  and the ability of the buds on the cuttings to shoot , was 

undertaken , 

At each harvest  date , 1 0  cuttings of r� 1 06 and EM XII rootst�cks were 

0 taken and placed in distilled w�ter  under continuous light at 27 C .  The 

method of Hewett  and Wareing ( 1 97 3 ) was used to record the time to bud 

break . When 5 0%  of the cuttings had exhibited bud movement ( i . e .  sprouting 

had begun) the number of days from harves t  was recorded . 



Results  

The results are presented in  Table 2 .  

Table 2 .  Time in days , to 59% bud burst of cut tings of MM 1 06 and EM XII 

apple rootstocks 

Month of Harvest  
April May June July August Sept . Oct . 

MM 1 06 7 1 2  1 2  1 1  9 0 

EM XII 7 1 2  1 4  failed 1 1  8 5 

to 

shoot 

Both MM 1 06 and EM XII hardwood cutting-s tended to  take similar times 

for buds to renew act ivity vihile going into winter rest . In later winter , 

i t  was not iceable that the buds of MM 1 06 cuttings resQffied activity more 

quickly than EM XII buds . Buds on the established s tools in the field , 

burs t one montr_ ea.rlier on MM 1 06 than on EM XII 

C .  Seasona.J Changes of Endogenous Growth Regul a":;ors of MM 1 06 and 
EM X1I Aople Rootst 8cks 

Methods 

80 . 

At each harvest  date , stem tissue sa.mples v1ere taken and freeze-dried 

prior to  analysis for endogenous plcmt growth regulators . 

Samples were so% methanol extracted and purified initially by basic  

and acidic ether extractions ( Section G ,  materials and methods ) . Further 

purificati on was required and was achieved by column chromatography and 

paper chromatography ( section H ,  materials and methods ) . 

Additional IBA-treated cuttings of both rootstocks were planted in 
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the heat bed at each harves t  date and these were l ifted after being on the 

heat bed for three weeks . The basal 5 cm was cut off and freeze-dried  for 

examination of endogenous growth regulators . These samples should reflect 

the hormonal status of the cutting while undergoing adventitious roo t  

initiation .  

Measurement o f  hormonal activi t�r was achieved by use o f  various bio­

assa:,r systems relevant to the ,:rowth regulator being assayed . Auxins were 

assayed by using the o at coleoptile bioassay , Abscisic Aci d ,  using the 

wheat coleoptile  bioassay , C· rtokinins using the radish cotyledon expansion 

bioassay and rooting cofactors were located using the mung bean bi oassay . 

Details  of these procedur:es are presented in s ection I of the Materials 

and Methods . 

Results 

( 1 ) Auxins 

An acidic gTowth promoter , the same or similar to IAA was isolated 

chromatographically from both MM 1 06 and EM XII apple rootstocks . Marked 

promotory zones were otserved at Rf 0 . 2-0 . 4 , the same zone being covered 

by IAA marker spots on paper chrom�tograms developed in i sopropanol : ammonia : 

water ( 1 0 : 1 : 1 v/v ) . 

Values of promoter concentration are expressed as g equivalents per 

5 grams dry weight of plant s tem tissue and are plotted in figure 9 . 

Confidence l imits  of P = 0 . 01 were calculated by the Link and Wallace 

method (Tukey , 1 95 3 )  for his tograms derived from the oat coleoptile  bio­

assay . Values belO\'<' 0. 001 pg/ml IAA ( from s tandards run concurrently ) 
were not signi ficantly different from controls  but arP. plotted in figure 9 

for comparative pUrposes . These are the EM XII values for three 1veek 

harvest  dates of April ,  May , June and July . 
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The notations ' MM  1 06 three week ' and ' EM  XII three week ' refer t o  

samples taken from cutting bases which had been treated with IBA and planted 

on the heat bed for three weeks and then l ifted and sampled . 

A very significant difference in the IAA content of the two r'Jots tocks 

exis ted at all harvest  dates throughout the season ;  MM 1 06 had a leve l  

more than 1 0  times that o f  EM XII at any s j_n.:_>,1e harvest  date , wi th the 

exception of the September three week sample .  

Both MM 1 06 and EM XII show similar trends from autumn until spring, 

wi th higher levels in autumn , decreasing to  a minimum in mid winter and 

subsequently increasing in early spring when bud burst occuTred on cuttings 

on the heat bed s oon after being planted . A qui te dramatic decrease in 

IAA content occurs Hi thin the cutting bases of two rootstocks Hhile  on 

the heat bed . MM 1 06 three Heek and EM XII three Heek samples shcH large 

decreases in IAA content after three Heeks on the heat bed . This  sampling 

time coincides Hi th the emergence of roots from cutting bases . I t  is 

notable that this decrease  is  virtual ly eliminated in early sprir.,; Hhen 

buds are beginning to shoo t Hhile on the heat bed (August , September ) and 

that a peak of IAA production in EM XII occurs in the September three Heek 

sample . This peak coincided wi th the significant promotion of root 

initiation in EM XII cuttings shoHn in figure 8 . 

A neutral growth promoter chromatographically similar to indoleaceto­

ni trile  ( IAN)  \vas also  isolated from both MM 1 06 and EM XII apple root­

stocks . Consi derable promotive activity in the oat coleoptile bioassay 

was observed in Rfs 0 . 7-0 . 9 from paper chromatograms developed in isopro­

panol : ammonia : Hater ( 1 0 : 1 : 1  v/v ) . 

Values of promoter concentration are expressed in a similar way as 

the IAA levels and are represented in figure 1 0 .  May , June , July , April 
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three week and May three week samples from EM XII were not significantly 

different from controls  but are plotted for comparative purposes . 

Al though the absolute levels  of IAN in MM 1 06 and EM XII were l ower 

than for IAA , the same magnitude of difference in seasonal levels "be tween 

the two rootstocks existed . Levels of endogenous IAN in MM 1 06 diQ not 

change much through the winter , a s light decrease bein_.; evident . IAN 

levels  from EM XII followed a similar trend as IAA from EM XII , wi th 

higher levels in autumn and spring than in mid winter . 

Samples taken from cuttings after being on the heat bed for three 

weeks initially showed the same trend as IAA , with large decreases in 

level occurring. In the winter months , the recorded decrease in �1 1 06 

was much smaller and in EM XII , higher levels of IAN were recorded than 

from the ini tial samples . In early spring the level in MM 1 06 three week 

samples decreased again and the EM XII three week samples remained at 

approximately the same concentration as the initial s amples indicated . 

( 2 )  Abscisic Acid 

Marked in ibi tory activity was observed in acidic ether extracts  at 

Rf 0 . 5-0 . 7 , the same zone descri bed by Bennet-Clarke and Kefford ( 1 952 ) . 

ABA marker spots run concurrently with extracts in i sopropanol : amm•)nia : 

water ( 1 0 : 1 : 1 v/v ) corresponded to the inhibitory zone . A Polyclar A . T .  

separation , s imilar t o  that used  by Lenton et  al . ,  ( 1 97 1 ) prior t o  GLC of 

endogenous ABA , removed virtually all the phenolic  contamination from the 

apple tissue extracts . Since phenolic  compounds constitute most  of the 

inhibitory activity other than ABA , the iill1ibi tory activity l ocated was 

probably mainly due to endogeno�s ABA . 

ABA was isolated chromatographically in both MM 1 06 and EM XII stem 

tissue samples . Values of inhibitory activity are expressed as f'- g ABA 



equivalents per 5 grams dry weight of s tem tissue sample and are shown in 

figure 1 1 .  

In tissue samples taken at harvest  dates , s imilar levels of ABA were 

found to be present in both MM 1 06 and EM XII roots tocks . The seasonal 

trend in ABA levels closely followed the trend of the buds ' ability to 

shoot and renew growth , over the same time period . Samples taken from 

cuttings which had been on the heat bed for three weeks showed quite wide 

variation , but in general , the levels of ABA in both rootstocks showed a 

considerable decrease ,  except in the early spring months . In Augu�. t ,  

the levels Here approximately the same as the initial harvest , whil e  in  

September they rose considerably higher than the initial levels  recorded . 

The increased levels  of ABA in the three Heek samples coincided Hith the 

burs ting of buds and reneHed groHth Hhile the cuttings Here still  under-

going root ini tiati on . 

( 3 )  Rooting Cofactors 

An acidic rooting promoter was isolated in the acidic ether fractions 

of MM 1 06 and EM XII extracts  at Rf 0 . 7-0 . 9 on chromatograms devel�ped in 

isopropanol : ammonia : Hater ( 1 0 : 1 : 1  v/v ) . Levels  Here high in April but 

relatively loH in subsequent months in both roots tocks , ( figure 1 2 ) , Hhen 

assayed in the mung bean bioassay . Bioassays of samples taken from the 

heat bed after three Heeks shoHed that the promoter had disappeared or 

the act ivity was not significant . 

Using a revised separation system ( figure 2 ) ,  the aqueous fraction 

Has bioassayed after neutral and acidic extractions Hith ether . Q '  .....lnce a 

ful l  seasonal analysis  Has not possible , June and June three Heek samples 

of MM 1 06 and EM XII rootstocks Here assayed . A very active zone of 

promotion was detected at Rf 0 . 2-0 . 5 in both rootstocks , using the s olvent 

86 . 
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system i sopropanol : ammonia : water ( 1 0 : 1 : 1  v/v ) ( figure 1 3 ) .  This  water­

soluble  promoter appeared t o  be chromatogra:,:>hically si;nilar to Kawase's 

"Rhi zocaline-like" co.rnpound (Kawase ,  1 964 ) . Promotory activity was very 

s imil ar for both MM 1 05 and EM XII rootstocks and levels from three week 

samples were similar to the original extracts . Further "'uioassays 'vere 

conducted for the promo ter , with the exclusion of 1 JUg/ml IAA from the 

mung bean bioassay . The promotive activi ty of both 1'-IM 1 06 and EM ZII 

aqueous extracts was similar ,  and of the same ma�1itude and Rf , as the 

zones identified by the standard mung bean bioassay which included 1 ,..« g/ml 

IAA in the test solution ( figure 1 4 ) . 

It  was noted that Hhile root ini tiation on mung bean cuttings was 

dramatically increased b the aqueous promoter , root elongation was re­

tarded ,  resulting in an in::;rease of one or two days more be in�· required 

for satisfactory recording of root numbers . In s ome bioassays of the 

aqueous extract it was noticed that Rf 0 . 3-0 . 4 , promoter levels were so  

high that inhibition of rooting occurred . The hypocotyls :Jecame very 

flaccid 2nd glassy in appearance and the leaves wilted and died . A ten­

fold dilution of the elua.'1t of the chromatogram segment resulted in a 

promotion of approximately 30% o f  the normal promotion recorded . 

No significant promotion or inhibition of rooting from neutral ether 

extracts of ei ther rootstock was recorded in the mung bean bioa.; say . 

( 4 ) Butanol-soluble Cytokinins 

A peak of rowth promotion of radish cotyledons was located at Rf 0 . 4-

0 . 7 in butanol-soluble extracts of both apple rootstocks, when chromate­

grams were developed in n-Butanol : amrnonia ( 4 : 1  v/v ) . This peak coinci des  

with the Rf's of  zeatin and zeatin riboside, as  found using marker spots  

run concurrently with chromatograrns . 
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Values of the total promotion are expressed as g equivalents of  

kinetin pe� 5 grams dry weight of plant ti s sue and are plotted in  figure 

1 5 .  

Confidence limi ts of P = 0 . 01 were calculated for the histograms 

derived from the radish cotyledon bioassay , by the Link and Wallace 

analysis . Values plotted as 0 . 001�g/5 gm dry weight represent samples 

where no cytokinin activity was detected or was not significantly 

different from the controls . These include the MM 1 06 June and July 

samples , the EM XII May , June , July and August samples , the MM 1 06 three 

week and EM XII three week June samples . 

Similar trends in seasonal changes occurred with both MM 1 06 and 

EM XI I rootstocks . There was no large difference between the two root­

stocks in  cytokinin content , except in  the early s oring samples off the 

s tool s , when MM 1 06 exhibited bud movement one month earlier than EM XII . 

92 . 

Cytokinin levels from samples taken on harvest dates decreased 

rapidly in autumn in both rootstocks , wi th the EM XI I s tatus decreasing 

more rapidly . Through the mid winter months no cytokinin activi ty was 

detectable in ei ther roots tocks but in early spring a rapid increase in  

activity occurred . The increase was coincident with bud break on both 

rootstocks , the rise in activity , slightly preceding bud break , but with 

a peak at the time of bud break in the field rootstocks . Because of this , 

MM 1 06 rootstock showed a rise in activity one month earlier than EM XII . 

Samples taken after the cuttings had been exposed to three weeks on 

the heat bed snowed slightly different trends . At tim s when the buds 

have the ability to rapidly renew growth if placed in conducive condit ions 

( autumn and spring) , hi ;;:s·her levels  of cytokinin activity were detected 
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in the three week samples , compared with the initial samples . When leafing 

cut was further advanced ( spring) the levels  of three week samples were 

lower than the original sample levels , e . g. MM 1 06 September and EM XI I 

October . 



95 . 

DISCUSSION 

Preliminary rooting trials with hardwood cuttings of MM 1 06 and 

EM XII apple rootstocks demonstrated a large difference in their abi l i ty 

to  initiate roots , when treated by the Eas t Malling technique . The differ­

ence was evident throughout the whole season of planting. According to  

Howard ( 1 966 , 1 96Bb , 1 97 1 ) , treatments of high bottom heat and concentrated 

IBA dips promoted root initiation in some clones of apple and plum root­

stocks . Results presented in Table 1 confirmed that a promotion of root­

ing can be achieved by the application of IBA and bottom heat , but the 

degree of promotion by IBA application was l imited by some o ther fac tor . 

Cuttings possessing a high natural abil i ty t o  initiate roots  (MM 1 06 ) 

responded more readily than did difficul t-to-root cuttings ( EM  XII ) . In 

early spring , EM XII showed a much improved response to IBA applicati on 

and since no treatment factor was varied some other factor which inter­

acts  with IBA and varies with the season , must have altered . 

Howard ( 1 966 , 1 97 1 ) and Howard and Nahlawi ( 1 969b ) found that under 

standard East Malling propagating conditions , rooting decreased from 

autumn to mid winter and increased to a second peak in spring. The autumn 

peak may have been absent , but the high rooting abili ty in spring was 

always present wi th apple rootstocks . In the easily rooted MM 1 06 cut­

t ings , no apparent decrease in rooting abili ty occurred through the 

winter months . Since the degree of rooting was so low in EM XII cut tings , 

no s ignificant decrease occurred in mid winter . 

In both rootstocks treated with IBA an increase t o  a seasonal maximum 

number of rooted cuttings occurred in spring . The increase was also  

evident in  MM 1 06 untreated with IBA ,  but not in untreated EM XII cuttings . 

Since an increase in roo t  formation occurred on IBA-treated MM 1 06 and 
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EM XII and untreated l\1M 1 06 cuttinr·s in spring , a change in an endogenous 

factor necessary for rooting may have occurred because the only variable 

experimental factor was the season of harvest . The ability of IBA t o  

promote root formation was also ench0nced a t  this time which suggested  that 

IBA alone could not promote root  initiation . Some decrease in the l evel of 

rooting through the winter months was apparent in untreated MM 1 06 cuttings 

but the decline was much less than that described by Howard and Nahlawi 

( loc . cit . ) ,  and wa.s s tatistically insignificant . Untreated MM 1 06 and 

IBA-treated EM XII cuttin,s-s exhibited seasonal changes in rooting ability 

mos t  like those reported by Howard , with both autumn and spring peaks being 

evident . Since only small decreases in roo ting ability of easy-to·-root 

cuttin ;·s were recorded ,  i t  is possible that endogenous factors necessary 

for root formation were maintained at high levels throughout the harvest 

season. Decreases in the ability of cllttin,,�·s to root on successive harvest  

dates from autumn through mid winter have als o  been reported by Fadl and 

Hartmann ( 1 967a) , Nes terov ( 1 968 ) and Doud and Carlson ( 1 972 ) for other 

fruit tree species . Results in Table 1 confirmed earlier results obtained 

by the author , in whi ch no decline in the rooting of IBA-treated MM 1 06 

cutting� was recorded from autumn until mid winter ( Tustin , 1 972 ) . 

The idea that bud dormancy may influence root initiation has been 

suggested by s everal workers ( Wareing and Smith , 1 963 ; Fadl and Hartmann , 

1 967a ;  Roberts and Fuchigami , 1 97 3 ; Roberts � al . , 1 974 ) .  In the 

present work it would seem that seasonal changes in root  formatioL of 

both MM 1 06 and EM: XII cuttings were not related to the degree of bud 

dormancy of the cuttings , an opinion shared by Howard ( 1 968a) from s tudies 

on M. 26 apple rootstock and Myrobalan B plum rootstock . While bud dormancy 

followed an expected trend of increasing from autumn until mid winter and 

then declining until  bud break in spring, no positive or negative re­

lationship to  rooting abi lity of the two rootstocks was evident . .However 
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a good correlation was found between the termination of bud rest  ( bud break) 

in early spring and promotion of root ini tiation in both MM 1 06 and EM XII .  

When axillary bud burst occurred on cuttings , shortly after being placed 

in the heat bed ,  strong promotion of root ini tiation was achieved , particu­

larly when combined with an IBA treatment as emphasised previously . This  

correlation of bud burst with root initiation is well documented ( Spe i0el , 

1 955 ; Lanphear and Meahl , 1 963 ; Howard , 1 96 5 ; Fadl and Hartmann , 1 967 ; 

Nanda and Anand , 1 97 0 ;  Roberts et al . ,  1 974 )  and treatments which induce 

bud burst ( e . g. chilling and day length manipulations ) have been known to 

enhance root initi ation ( Fadl and Hartmann , 1 967 ; Smith and Wareing , 1 972 , 

a ,  b ;  Roberts and FuchiGami , 1 97 3 ;  Roberts et  al . ,  1 974 ; Bhella and 

Roberts , 1 974 ; Whi tehill and Schwabe , 1 97 5 ) . It  would appear however , 

that the exact time at which bud burst occurs in the heat bed i s  important . 

For example ,  the October planted EM XII cuttin�s came into growth rapidly 

when planted in the propagating bed but the cuttings roo ted poorly . This 

failure to roo t  may have been due to dehydration of the cuttings , the for­

mati on of a s trong alternative sink bein� set  up by the rapidly developing 

buds which thus competed with the rooting process  for a limited nutri ent 

supply , or some other effect on the apparently delicate balance of factors 

influencing the complex sequence of events leading to root  formation . 

A considerable difference in the IAA s tatus of the two rootstocks was 

evident throughout the harvest season ( figure 9 ) . The easily-rooted MM 

1 06 rootstock contained a substantially higher level of endogenous free 

IAA in the ti s sue than EM XII ,  on each harvest  date . The promotive 

activity of IAA on root initiation has been well documented (Went , 1 934 ; 

Thimann and Went , 1 934 ; Warmke and Warmke , 1950) , and is now consi dered 

to be an essential factor for successful induction of rooting of cutting� . 

The seasonal changes in root formation of cuttings of both rootstocks  

closely followed the seasonal changes in  endogenous IAA levels for e ach 
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harvest date . An exception to  this was on the September EM XII harvest , 

when a very significant rise in root  initiation was related to a peak of 

IAA production while on the heat bed . Seasonal changes in root  initiation 

have also been related t o  patterns of endogenous auxin production in Salix 

( Vieitez and Pena , 1 968 ) , and Populus species  (Nanda and Anand , 1 97 0 ;  

Smith and Wareing, 1 972b ) . 

Cuttings of MM 1 06 roots tock , rooted much more readily than EM XII 

cuttings throughout the s eason of harvest , possibly because the motherstock 

retained a high IAA s tatus during the dormant period compared to  E� XII .  

The mechanism by which MM 1 06 retained the high IAA status is unkn8wn. 

Hatcher ( 1 959 ) found that mature internode t i ssue could either produce 

considerable diffusable auxin after periods of temporary rest , or auxin 

which had been converted to a bound form could be released again . Earlier 

work by 2immerman ( 1 9 36 ) and Soding ( 1 937 ) had shmm that diffus::ble auxin 

levels in the lower s tem could be higher than present in the apex . Mirov 

( 1 94 1 ) and Alden ( 1 97 1 ) both found that in Pinus species the greatest  

amount of  diffusable auxin was present in  the basal parts of  the shoot , and 

declined towards the apex . Gunkel and Thimann ( 1 949 ) found in Gingko that 

in the later stages of s tem growth , an increasing part of the auxin supply 

was derived from the basal inte:rnodes .  Basal internodes of MM 1 06 c ontained 

levels of IAA comparable with the basal internodes of pine shoots s tudied 

by Alden ( 1 97 1 ) . MM 1 06 may possess a mechanism , lacking in EM XII , by which 

mature internodes can produce IAA , or s tore and remobilise IAA in the late 

summer and winter months . Alternatively , des truction of  IAA in MM 1 06 may 

be limited and the higher endogenous IAA levels may , in part , reflect  the 

lower degree of dormancy exhibited by the roo tstock when compared to EM XII .  

Maximum root initiation potential was realised in early spring at a 

time which coincided with bud burst on the cuttings shortly after being 

placed on the heat bed .  A peak of IAA production occurred in both root-
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s tocks just prior to  and during bud burst , suggesting that improved rooting 

of cuttings , especially in the EM XII c lone , was brought about by a flush 

of auxin produced in the rapidly developing buds . A lower endogenous IAA 

level detected in the October EM XII 3 week sample might indicate that the 

auxin flush actually preceded bud burst rather than occurred as a �esult of 

i t .  The lower degree o f  rooting o f  October EM XII cuttings tended to 

support this hypothesi s . A dis tinct and transient flush of auxin Jroduc-

tion in buds of trees resuming growth after winter rest , has been �eported 

by many workers , ( Czaj a , 1 934 ; Zimmermann , 1 936 ; Seding , 1 937 ; Speigel , 

1 955 ; Nanda and Anand , 1 970 ;  Smith and Wareing , 1 97 1 , 1 972a ) , s ome of whom 

have related the peak to times of maximum rooting potential of cuttings . 

Artificial termination of bud rest  has als o  induced the flush of aaxin 

production ( Smi th and. Wareing, 1 972a ;  Tomsett and Schwabe , 1 974 ) . 

A large decreas€ in the IAA content in the cutting bases  of both 

rootstocks was evider·.t after being on the heat bed for 3 weeks . This 

decrease was only apparent when buds remained dormant on cuttings under-

going root initiation ; a renewed auxin supply from developing buds in 

the early spring maintained or increased the levels present at harvest  

date . Metabolism or inactivation of IAA appeared to have occurred in 

the cutting bases , c�used by ei ther the bottom heat treatment or  by the 

presence of newly formed roots , since roots themselves are known to retain 

high IAA-oxidase level s . It  i s  difficult t o  propose any mechanis� by 

which the decrease in IAA level was achieved ,  since i t  occurred irrespec-

tive of whe ther root  initiation took place or not , Odom and Carpenter 

( 1 96 5 ) found that when higher levels of endogenous acidic auxins were 

initially present in cuttings , the level declined during rooting. Saito 

and Ogasawara ( 1 960 ) noted that IAA level s  in Salix were high at harvest  

time and decreased rapidly during roo t  initiation . I t  was sugges ted that 

the decline indicated IAA was instrumental in the initiation of  roots on 

Salix.  Banner and Banner ( 1 948 ) and Gals ton ( 1 955 ) both believed that 
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tissues responding t o  IAA , exhibited a reduction in IAA levels as the 

response was manifest . Smith and Wareing ( 1 972a)  found endozenous levels 

of IAA at the cutting base were high at the time of root initiation and low 

once root emergence had occurred . These reports in • icated that once root 

initiation had occurred , the level of endogenous IAA decreased ;  the 

apparent mechanism which operated in MM 1 06 cuttings . It  is conceivable 

that the same metabolic reduction of endogenous IAA levels occurred in 

EM XII cuttings , but the initial levPl was below that required to facili­

tate promotion of root ini tiation . Possibly in early spring , a flush of 

endogenous IAA production from the bursting buds of EM XII cuttings 

enabled an optimum level of IAA to be reached , thus resulting in a con­

siderable increase in the number of cuttings initiating roots . 

Auxin activi ty , chromatographically s imilar to IAN was observed in 

both rootstocks . Absolute levels of IAN in both rootstocks were consider­

ably lower than IAA levels , but the magnitude of difference betwee� the 

two rootstocks was similar to that found for IAA. The biological signifi­

cance of IAN in root  initiation is relatively unknown . Sin and Sung ( 1 968 )  

and Sung ( 1 969 ) found that in  the absence of  IAA ,  IAN appeared to  be  an 

active rooting promoter in brachyblast cut tings of pine . It is well  known 

that grain coleoptiles are capable of converting IAN to IAA readily , and 

that to be biologi cally active , the conversion of IAN to IAA is necessary , 

Gur and Samish ( 1 96 8 )  reported the ability of apple rootstock roots  to 

convert JAN to IAA and suggested that upsetting the IAN-IAA equilibrium 

by IAA-oxidase ,  might result in IAN being converted to IAA , to maintain a 

s table IAA level . Odom and Carpenter ( 1 96 5 )  suggested that neutra l auxins 

were active in roo t  initiation through conversion to IAA in Coleus sp . and 

Chrysanthemum sp . 

Seasonal changes in IAN levels  in the two rootstocks did not closely 

resemble the seasonal pattern in roo t  initiation . MM 1 06 retained a qui te 
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stable IAN content throughout the whole  harvesting season . EM XII demon­

strated a change in IAN content similar t o  the seasonal change in IAA levels  

with the exception of the high spring peak , which was not evident for IAN. 

The bases of cutting� from the heat bed showed a decrease in level of IAN 

in the autumn months ; through the mid winter , the decrease in IJLW level s  

was not apparent , and , i n  EM XII , an increased level o f  IAN was observed . 

With the onset of spring, MM 1 06 again showed the decrease in IAN levels 

after three weeks on the heat bed , but EM XII retained a level similar to 

the initial harves t  dates (figure 1 0 ) . C onversion of IAN to IAA may have 

occurred during the more active growth periods ( autumn and spring) in cut­

tings undergoing root in-L tiation , to maintain an IAA pool , as suggested by 

Gur and Samish ( 1 968 ) . This was more evident in MM 1 06 but did not appear 

to occur in mid wi nter . EM XII showed an increased level of IAN after 3 

weeks wl1ich sugges ted that a reversal of the IAA-IAN equilibrium ( Gur and 

Samish ,  1 968 ) ,  or release from a further storage form , such as glucobrassicin 

( Gmellin and Virtanen , 1 96 1 ) ,  had possibly occurred . The role  of IAN in 

root initiation of apple cuttin6s remains obscure . The detection of IAN 

levels  which were proportionally similar to IAA levels , indicated that 

biosynthesis  of both auxins in each rootstock was regulated by a common 

factor or factors . I t  is  conceivable that the biosynthesis  of IAA in the 

apple rootstocks involves an intermediate step resulting in the formation 

of IAN. A reduction in the conversion of IAN to IAA during the mid winter 

dormant period may account for the absence of the decrease in IAN levels in 

MM 1 06 ( 3  week ) and for the increase in l evel in EM XII ( 3  week ) extracts , 

particularly if a s tored form of auxin was being remobilised . 

A potent growth-inhibiting compound , probably abscisic aci d  (ABA ) , was 

located in both rootstocks (figure 1 1 ) . In  tissue samples from the same 

harvest  dates , similar AEA levels  were located in both rootstocks . The 

s easonal changes of AEA content in both rootstocks were closely related to 

the dormancy of buds on the cuttings . The correlation between endogenous 
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AEA and the degree of dormancy , as well  as the importance of inhibitor : 

promoter ratios in regQlating bud dormancy have been well researched and 

reviewed (Milborrow , 1 967 ; Wareing and Saunders , 1 97 1 ; Milborrow , 1 974) . 

An increase in AEA level  in both rootstocks , progressed into the winter 

months and then declined ; bud burst on cuttings on the heat bed occurred 

at a time when a minimum level of AEA was present . Bud burst on stool 

s tocks was al so related to ABA levels , wi th MM 1 06 demonstrating bud move­

ment one month earlier than EM XII . 

AEA has been found to promote root  initiation on cuttings of some 

plant species ( Chin et al . , 1 969 ; Basu et al . , 1 970 ) , but as many reports 

noted the inhibi tion of root ini tiation by ABA (Heide , 1 968 ; Eliasson , 

1 969 ; Pierek and Steegmans , 1 975 ) .  No evidence of root-promoting 

activity of compounds in the inhibi tor-B complex was noted in the mung 

bean rooting bioassay , and differences between ABA levels of MM 1 06 and 

EM XII could not account for the differences in ability to ini tiate roots . 

As was found with IAA levels , sampl es taken from the heat bed CJ.fter 3 

weeks , sho1!1ed a dramatic  decrease in ABA levels , although considerable 

fluc tuations occuTred in these samples . In early spring (Augus t , September ) 
AEA l evels increased subs tantially when cuttings were on the heat bed . The 

increased levels  of AEA coincided with early leafing out of buds while 

cuttings were still undergoing root ini tiation . Wright and Hiron ( 1 969 ) ;  

Zeevart , ( 1 97 1 ) ;  Most , ( 1 97 1 ) ;  and Ivey ( 1 974 ) all reported that AEA 

levels  increased wj th water stress  in wheat , spinach , sugar cane and peas 

respectively . I t  was considered probable that the presence of young leaflets 

on apple cuttings induced a degree of water s tress on unrooted cuttings , 

resulting in increased  AEA levels in cuttings on the heat bed . Increases in 

.ABA level s  were recorded in cuttings on the heat bed , irrespective of 

whether root formation took place . 
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Since the ini t i al di s covery of the ac t i on of IAA on ro o t  initiat i on 

proce s s e s , tte p o s tulation of the involvement of compounds ( " Rhi zo cal i ne , 

auxi n  synergi s t s , root ing cofac t ors " ) o ther than auxins in the " tri ggering" 

of root ini t i at i or- has been prominer. t . Perhaps the mo s t  no tab l e  re cent 

advance was by He ss ( 1 957 ,  1 9 59 , 1 960 , 1 96 1  , 1 962 , 1 964 , 1 966 ) ,  who deve l o ped 

the roo t ing c o fac t o r  theoc:-y . In the present work a z one of ro o t -promo t ing 

ac t iv i ty from the ac i , l i c  e ther fra.c t i onc of b o th roots to cks was found using 

the mung bean b i oas s ay ( figure 1 2 ) . Level s of the ac i dic ro o t i ng promoter 

were high during the autumn but fel l t o  low l evel during the m i d  wint e r  and 

s pring mont!·1s i n  both roo t s t o cks and d i s appeared from extrac t s  taken from 

cu t t ings whi ch h;otd been in the propagat ing bed for 3 weeks . Leve l s  o f  

the promo t e r  were s imi l ar i n  the t'..ro ro o t s t ocks which was no t unexpe c t ed 

s ince b o th s ourc e s  of cu t t ing mat erial were in a very juven i l e  s tate . 

Di fferenc e s  in the level o: the ac idic ro c t ing promoter could not c;,ccount 

for the di fference<;.; in root formati on b e tween J'lill'l 1 06 and EJ'vl XI I cu t tings . 

Al though numerous reports exi s t  de s c ri b ing relati onships be twe en ' ' rooting 

cofac t o rs " and root init i at i on ( s e e  Part B .  6 of Li terature Review ) , no 

root prumo t i ng c o fac t o rs or inhibi t ing c ompound.s were l ocat e d  in the 

neut ral e ther e x trac ts . 

A very ac t i ve p romo t e r  of mung bean root ini tiat i on was chromatogra­

phically i s o l a t e d  from the aQueous re s i due of both MM 1 06 and EM XII . 

Ac tiv i ty was very s imi lar in both roots t o cks i rre s pec tive of whe ther s amp l ed 

at harve s t  da t e , or af ter 3 we eks on the heat bed . The inclu s i on of IAA in 

the bioas s ay had no influence on the ac t ivi ty of the promo te r , Kawas e  ( 1 964 ) 

des cribe d a corr.pound extracted f:rom Sa1 i x ,  thought t o  b e  " Rhi z o caline " , 

which appearad to be chromatogTaphi cal ly s imilar t o  the aqueous promo ter 

from appl e . Kawase no ted a synergi sm o f  IAA wi th the " rhizocaline -like " 

promo ter . The promo t e r  was s o  active that the number of roo t s  ini tiated on 

the mung bean cuttings appeared only t o  be res tri c ted by a phys i cal l imi ta-



tion of space for root initials to develop . Since level s  of the aqueous 

promoter were very similar in both MM 1 06 and EM XII rootstocks , ru1d the 

biological activity seemed independent of IAA , the physiol ogi cal role  of 

the promoter in advent i t i ous root ini t iat i on remaine d obscure . As both 

sources of cuttin,:;s were considered to be  in a juvenile state , i t  \vould 
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seem lik9ly that the aquecus rooting IJromoter was pre s ent in l evel s  above a 

required threshold and t ·1ere fore did not l imit and promo t i on of root forma­

tion . Lanphear and Meahl ( 1 96 3 ) suegested that the cofactor conter.t may 

reflect the rootin5 potential of the cuttings but o ther factors had a 

mediatin.3' �ffect  on the formation of roots . 

Cytokinin ac tivi ty in the butanol-soluble extracts from both root-

stocks followed similar pat terns to , an� was positively related to , the 

buds ability to shcot  rapidly when placed in induc tive condi t i ons . Hevrett 

and Ware ing ( 1 97 3 ) reported similar chru1ges from mi d winter unt i l  s pring in 

dormant shoots of poplar , with a peak of cytokinin activity at bud break . 

An increase in cytokinin production may cvell  be a critical factor for bud 

burst to occur , since in I�1 1 06 , both increased cytokinin activity and bud 

burst occurred one mon th earl i e r  thart in EM XI I and artificially induced 

bud burs t by the high tempera ture s torage conditions of the cuttings ' bases , 

was also preceded by increases in endogenous cytokinin levels . These in-

duced levels reached a lower maximum concentration than those recorded at 

natural bud burst ,  but the levels appeared to increase earlier ( see figure 

1 5 ; 3 week determinations ) . Similar observations have been noted by 

Hewett  and Wareing ( loo . cit . ) also . Thus i t  seems likely that buds 

appear to depend on an increase in cytokinin levels in the spring before 

resuming growth , an opinion shared by Pieniazek et al . ,  ( 1972) who - -
suggested that cytokinins may be primarily responsible for inducing bud 

break in apple , as have Chvojka e t  al . , ( 1962) and Williams and Stahly , 

( 1 968 ) . 
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The imrortance of auxin : cytokinin ratios  in the control of  b'TO\vth and 

development of plants has become increasingly well docum,�nted . In particu­

lar , c ontrol of organogenesi.s  has been found largely to depend on the auxin : 

cytokinin ratios  ( Skoog and Jl1iller , 1 957 ) . neide , 1 965b ; TVIullins , 1 970 ;  

and Heide , 1 97 1  produced evidence for the existence of  both in  vi tro and 

in vivo in teractions of auxins and cytokinins in the regenP-rati on of roots 

on cuttint:;·s . Along ,,ri th many other reports ( Part B .  3 Literature Review) 

the inhibitory effect of high cytoki nin lFvels on root ini ticdion and more 

important , the c ompetitive inhlbition of auxin-induced root initiation has 

been clear1y demonstrated . No correlation was es tablished between differ­

ences in root ini tiation and cytokinin levels  obtained throughout the 

harvest  season on either apple rootstock . Cytokinins could not be identi­

fied as rooting promoters and l2.ck of detection throughout the winter 

months precluded their being involved in promoting root initiation . In 

MM 1 06 ,  a high ;_mxin : cytokinin r21. tio  (minimum = 1 0 :  1 ) existed throughout 

the whole  harves tinc· season , whil e  in EM XII the ratio was much lovrer 

(minimum = 1 : 1 ) .  In tht:: early spring when bu:i bm::st "''as occurring 

naturally or was induced by root initiation treatments , the root  ini tiation 

promoting auxin : cytokinin ra tios vrere not  s o  obvious . This was likely to 

be due to the physical separation in time of the auxin and cytokinin peaks 

at bud burst . C;rtokinins ce.n induce the breaking of dormancy of apple buds 

(Chvojka � �· ,  1 902 ; Weinberger , 1 969 ; Pieniazek � al . , 1 97 0 )  and the 

developing buds subsequently produce a. transient flush of auxin production 

as they ini tially develop ( Smith and Wareing, 1 97 1 , 1 972a;  Tomsett  and 

Schwabe , 1 974 ; Pi eni a.zek et �· , 1 970 ) . This could account for the 

real isation of maximum roo ting potential of both rootstocks at a time of an 

appa.rcmtly unfavourable auxin : cytokinin balance . 

Seasocal changes in root initiation o..nd the differences in capacity 

to form roots on hardvrood cutting'S of the 2 rootstocks , could  only be 

related to changes in endogenous IAA l evels . Endogenous levels of IAN were 
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present in the same differential magnitude as IAA l evels  and could account 

for the differences in root ini tiation ability between MM 1 06 and EM XII 

cuttings , but the rattern of seasonal change was inconsis tent with the 

observed seasonal changes in root initi ation potential . No auxin synergis ts 

were l o cat e d , but commonly present acidic and aqueous rooting promoters 

were found ; +.he physiol:>gical significA-nce of these promote:rs being somewhat 

obscure . Seas ::mal changes of ABA and -outanol-soluble cytokinins correlated 

well  with commonly observed physiological phenomena such as the inQuction 

and termination of winter dormancy and bud burst .  Levels o f  both ABA and 

butanol-soluble  cytokinins were similar for both roo ts tocks anj bore no 

direct relati onship to  promotion of roo t  ini tiation on hardwoo d  apple 

cuttings . Burl d o rmancy per � had no influence on root ini tiation , but 

changes in endo,:-;-enous growth promoters and inhibitors as sociated wi th 

termination of bud dormancy appeared to resv lt  in a physiological balance 

most sui table for induction of roots  on appl e harrh10od cu ttings . 

In many studies  on roe: ting promoters and inhibitors , the transmission 

of a rooting s t imulus or inhibit ion across a graft tmion has been used t o  

help elucidate the physioloB'ical basis  of  adventitious root initi ation . 

Promotion of root ini t i at i on in apple root stock hardwo od cut t i ngs does not 

se em to be a s imple auxin e ffect  since IBA did not promot e  rooting in EM XII . 

I t  i s  conceivable that IBA and IAA do not ac t in the same way within appl e 

cuttings and that promotion of roo ting i s  dependent on a specific  auxin( s ) . 

�1 1 06 apple roots t0ck has been shown �o retain a consider�bly higher con­

centrati on of IAA than EM XII ,  whi ch appeared to account for the higher 

deg-ree of ro o ting . By use of recipro c al grafting techniques , furthe r 

studies on endo[_·enous promotion o f  ro ot initia tion in appl e ro ot stock hard­

wood cuttings were undertaken in Section I I . Using this technique 1 the 

promotional ac tivity by IAA could be more cl early demonstrated by transfer 

of root i ng ability int o EM XII rootsto cks from cleft grafts of MM 1 06 .  



SECTION I I  

Demons tration and Location o f  a Transmi ssable Root 

Promoter in  Am,l e Rootstock Ha rdwood Cuttings 

A .  Roo t  Ini tiati on ·rrials o f  Reciproc a l  Donor Grafted Roo t s tocks 

In troduct i on and Methods 

Maiden trees of MM 1 06 and EM XII were g-rafted \vi th s c i ons of one 

another , grovm on and prepa.red for plan tine as cut tings in early winter . 

De tailed procedure i s  outlined in Materials and Me thods , Sec t i ons C ,  D 

and E . 

By usi n,c; two rootstocks wi th such a l arge difference in  capad ty to 

initiate ro o t s , it could be expec ted th�t any activi ty of a root promoting 

or inhibiting grov1th regulator would be demons trated by transfer across  a 

graft union . Thi s would subsequently affec t  the abi l i ty of  cuttings to  

ini t i ate roots . A notation has been adopted for explanatory purposes when 

discussing stock-s cion combinations . Control plots of each roo t s tock are 

referred to  by their clonal names (�1 1 06 and EM XII ) . Compound cuttings 
EM XII 

with a scion o f  EM XII and a s tock of MM 1 06 are referred t o  as MM 1 06 
MM 1 06 

and the oppo s i te combination i s  called EM XII. 

Root ini t iati on trials were conducted using standard t echniques 

previously discussed . 

Result s  

Results  are presented in  Table 3 . 



Table 3. Results  of  Root Ini tiation Tri al s of Stock-scion Combinations 

of MM 1 06 and EM XI I Apple Roots tocks . 

Treatment 

MM 1 06 
EM XI I MM 1 06 EM XII 
MM 1 06 EM XII 

Replicate 9 9 6 4 

( Number 9 9 5 3 

Roo ted ) 9 9 6 3 

1 0  9 5 3 

Mean number 
9 . 2 5  9 . 0 5 . 5 3 . 2 5  

rooted 
1% 

Numbers j o ined by the same line are no t significantly different when 

analysed by Duncan ' s  Multiple Range Tes t . 

Both MM 1 06 and EM XII treatments verified earlier resul t s  obtained 

in Secti on I ,  A .  MM 1 06 demons trated a high degree of root ini tiation 

and EM XII rooted s l i ghtly better than wculd  norrral ly be expected , but 

this was probably a resul t of the girdling treatment imposed  three weeks 

prior to cut ting harvest . 

EM ll i 
The compound cuttings �i 1 06 ,  showed no significant difference in 

rooting abi l i ty , from the MM 1 06 control treatment , the mean number of 
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MM 1 06 
cuttings rooted being almost identical . The opposi te combination , EM XII ,  

demonstrated a degree of root initiat i on which was intermediate between 

the MM 1 06 and EM XII control treatments , but significantly higher than 

the EM XII treatment .  These results  indicated s trongly that an active 

promoter or promo ters , were responsible for the diff��ences in root  

ini tiat i on capacities  between the two roots tocks , rather than the presence 



of an active root  ini tiation inhibitor.  

B .  Examination o f  Endogenous GroHth Regu lators from Reciprocal 

Donor-grafted MM 1 06 and EM XII Apple Rootstccks 

Methods 

Stem tissue samples , taken from the basal 5 cm of cuttings from each 
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treatment at the harvest  date , were examined for the presence o f  endog·enous 

growth regulc:1tors using standard techniques described in the Materials and 

Methods , Sections  F ,  G ,  H and I .  

Results 

( 1 )  Auxins 

Promotive activity was found in the acidic ether fractions of s tock-

scion combination extracts at the Rf of  IAA . The large difference in 

auxin level between MM 1 06 and EM XII was verified in this analysis . The 

t k · b '  t ·  
EM XII t . d t t ·  f . s oc -sclon corn lna lon MM 1 06 con alne a concen ra lon o auxln very 

MM 1 06 
similar to that of the f'!M 1 06 sample , whil e  the corr:bination EM XII ,  was 

found to  have a level intermediate to  MM 1 06 and EM XII ;  a considerable 

increase over ungrafted EM XII cutting samples . I t  would appear that a 

transfer or partial transfer of endogenous IAA from MM 1 06 scions into 

EM XII s tocks had occurred , being l imi ted from further transport by the 

girdle below the graft union . A graphical representation is  shown in 

figure 1 6 .  Horizontal bars deno te IAA standards run concurrently with the 

bioassay .  

Bioassays of the Neutral Ether Extracts resulted in promo tive activ ity 

being isolated in Rf 0 . 7 -0 . 9 ,  the same Rf as IAN . As was found in the IAA 

extracts , a large difference in levels of IAN occurred between MM 1 06 and 
EM XII MM 1 06 

EM XII .  Both MM 1 06 and EM XII showed a level between MM 1 06 and EM XII , 

but both had concentrations considerably higher than EM XII alone , It  
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would appear that a transfer of IAN had occurred from MM 1 06 scions into 

EM XII stocks al ong wi th IAA ,  or that some of the transferred IAA had been 
EM XII 

converted to IAN . I t  also appears that the level of IAN in MM 1 06 had 

decreased relative to MM 1 06 ,  possibly by conversion to IAA or by the trans-

fer of a des tructor from EM XII .  No such effect was apparent with IAA . 

A graphical representation of  IAN levels , and IAN standards is shown 

in figure 1 7 . 

( 2 )  Abscisic  acid 

An acidic gTowth inhibitor , coincident wi th ABA marker spots was 

isolated from all four s tock-scion combinations . Was was found with the 

seasonal changes in inhibitor level of the two roots tocks , virtually no 

difference in levels  of ABA were detected between any of the s tock-scion 

combinations . The absolute level s  of all samples were very s imilar to  

those determined from the same time period during the seasonal ABA 

determinations . Figure 1 8  shows ABA levels in all stock-scion combinations 

and AEA s tandards . 

( 3 )  Rooting cofactors 

Examination of the aqueous phase of the revised extraction procedure 

( figure 2 ) ,  resul ted in the location of the potent roo t  initiation promoter 

at Rf 0 . 2-0 . 5 , in all cutting-graft combinations . Hi s tograms of promoter 

levels are shown in figure 1 9 .  Levels  of the promoter were approximately 
MM 1 06 

similar although i t  could be argued that an increase in EM XII , compared 

t o  EM XI I , had occurred .  Nevertheless , the fact that such high levels  of 

the promote� are present in all stock-scion combinations places the 

significance of the small increase in some doubt . 

(4)  Butanol-soluble cytokinins 

Examination of the butanol extract of all four s tock-scion combinations 
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was carried out . No signifi cant cytokinin activity was detected in any 

of  the extracts , whi ch i s  in accordance with the results obtained in the 

s easonal changes s tudy . 

1 1 5 .  



DISCUSSION 

The transferance of a rooting s timulus or inhibition has been demon-

strated frequently in s tudies on adventitious root initiation . FaQl and 

Hartmann ( 1 967c ) ,  no ted on pear hardwood cuttings that a girdle below the 

graft union was necessary to ensure accumulation of rooting promoters and 

inhibi tors . This treatment was apr.·lied to the apple shoots t o  enal)le a 

clear demons trati on of endogenous promotion or inhibition of rooting. 

The high rooting ability of MM 1 06 Has retained on control cuttings 
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and those  grafted wi th EM XII scions . This indicated that the si tuation in 

the present s tudy was clearly different from that found with MM 1 06 and 

EM II  apple roots tock cuttings (Ashiru and Carlson , 1 968 ) and Old Borne and 

Bartlett pear rootstock cuttings ( Fadl and Hartmann , 1 967c ) . Several 

alternative possibili ties could account for the different response . There 

may not be an active rooting inhibitor present in EM XII roots tock and 

studies in Section I have shown this to be a possible explanation . Alter-

natively an inhibitor in EM XII may not be graft-transferable or may not 

be active in the MM 1 06 rootstocks . EM XII cutting'S showed a low ability to 
MM 1 06 

initiate roots , while the compound EM XII cuttings exhibited a degree of 

rooting less than that of MM 1 06 but significantly higher than EM XII 

( Table 3 ) . A promotory compound appeared to  have been accumulated in EM XII 

which was translocated from the r1M 1 06 scion . Indications from the s tudies 

on seasonal changes of endogenous growth regulators in MM 1 06 and EM XII 

apple rootstocks suggested that promotion of root initiation of cuttings 

was in part related to  endogenous IAA l evels . lators were 

not directly involved in promoting roo t  initiation but their influence on 

the physiological s tate of cutt�ng tissue indirectly affected the degree of 

rooting. Studies of auxin ,  ABA � cytokinin and rooting promoter levels from 

donor-grafted ��ocks , demonstrated that the growth regUlator status in 



control cuttings corresponded to levels obtained for the same t ime period 

in the seasonal s tudies ( figures 1 6- 1 9 ) . 
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Root  initiation on reciprocal grafted cuttings showed a positive 

correlation Hi th both IAA and IAN level s . A high level of both auxins was 

retained in cuttings which utilised MM 1 06 as the rootstock . When used as 

a scion some factor a llowed the accumulation of IAA ��d IAN to occur in the 

EM XII rootstock . Several possible alternatives exist  which could explain 

this phenomenon . Endogenous IAA and/or IAN could have been translocated 

across  the graft union and accumulated in the basal tissue of the EM XII 

rootstock . Endogenous IAA may have been translocated , some of which was 

converted to IAN in the EM XII tissue . Alternatively , some factor which 

slows the destruction of auxin may have been translocated from MM 1 06 into 

EM XII , thus allowing local IAA level s to  increase within the EM XII 

roots tock . Improved rooting could be related to increases in both IAA and 

IAN in �1 XII with a MM 1 06 scion . A number of reports document the trans­

ference of a root promoting stimulus across  a graft union , (Muzik and 

Cruzado , 1 958 ; Stoutmeyer et al . ,  1 9 6 1 ; Richards , 1 964 ; Shah , 1 969 ; 

Lee � �· ,  1 969 ) j but reference is  only made to rooting cofactors or a 

"juvenile factor" . 

ABA inhibi tor levels were similar in both rootstocks , as found in the 

seasonal s tudies in Section I .  A level consistent with the corresponding 

seasonal determination , was l ocated in all extracts . No cytokinin activity 

was detected in any extract which indicated that promotion of rooting 

depended only on an optimum level of endoc;·enous IAA being reached, l:'ath8:r 

than additionally overcoming an adverse auxin : cytokinin interaction.  The 

potent aqueous rooting promoter located in the seasonal s tudies  was found 

to be present in approximately equal quantities in al l stock-scion com­

binations . As was concluded in the seasonal studies , the physiological 
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significance of the promoter was not clear as difficult-to-root cuttings 

had a high level of the promoter present , al though ttis might be expected 

since both sources of cuttin�s were physiological ly juvenile . 

Prcmotion of roo� ini tiation in apple rootstock donor-grafted cuttings 

could only be related to changes in endogenous auxin levels ( IAA and IAN) . 

While IAA is  known to promote root  initiation in cuttings , the promotional 

activi ty of IAN in rooting i s  virtually unknown . IAA has been shown to be 

the main physiologically active auxin in plants , and IAN probably has to  be 

converted to  IAA to  be active , a reaction which has been found to occur in 

the roots of apple rootstocks ( Gur and Samish , 1 968 ) . Studies of seasonal 

changes and donor-grafting trials both suggested that root ini tiation in 

apple  roots tock hardwood cuttings was controlled primarily by endogenous 

levels  of IAA . No indication of promotion of root  ini tiation by ABA , 

rooting cofactors or cytokinins was obtained in ei ther seasonal or donor­

graft s tudies . Root ini tiation appeared to be a preaominantly auxin specific 

process in apple roo tstocks , i . e . there was no indication of the necessity 

of an auxin : cofactor complex which was essential for the promotion of root  

ini tiation , although IAA alone could not entirely promote rooting on  EM XII .  

Some factor other than IAA but not a complex-forming cofactor seemed to be 

essential for promoting roo t  formation in apple roots tock hardwood cutting� . 

I t  is  conceivable that the aqueous rooting promoter may be an essential 

cofactor which is  present in both rootstocks , but requires an optimum level 

of IAA with wrJich to  interact . This seemed unlikely , since no synergism 

was recorded between IAA and the promoter and activity was unaffected by 

the addition of IAA to the mung bean rooting test . Hess ( 1 96 5 )  reported 

that phenolic rooting cofactors could s timulate root  initiation on mung 

beans when· applied a�one , but reacted synergistically wi th IAA. 

The two most  no�able promotions of rooting of EM XII ,  irrespective of  
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the method , were related t o  considerable increases in the endogenous IAA 

l evel s . The easily-rooted MM 1 06 cuttings retained high concentrati ons 

of IAA compared with EM XII on all harvest  dates  during the seasonal s tudies 

as well as in the donor-grafting experiment . The donor-graft experiment 

indicated that IAA , although an essential requirement for adventitious root  

formation , was not the only neces sary factor since the rooting percentage 
MM 1 06 EM XII 

of EM XII compound cuttings was not as high as MM 1 06 or MM 1 06 . I t  i s  

pos sible that any other factor necessary for root formation acts by main-

taining a high IAA level , i . e . res tricting IAA metabolism . If IAA alone is  

the fundamental promoter of  root  formation a·pplication of high level s  of 

exogenous IAA should reflect a promotion of rooting to l evels similar to 

that seen in MM 1 06 cuttings . A major problem associated with exogenous 

application of IAA to cuttings , has been the rapid destruction of IAA by 

IAA-oxidase .  By providing a continuous supply , the problem should be 

minimi sed. 

Studies  of seasonal root  initiation and donor-gTafted promotion of 

rooting showed that any maj or promotion of root  initiation by IBA appli-

cation , only occurred in cuttings with a high natural ability to initiate 

roots . Lanphear and Meahl ( 1 96 3 )  noted the same re l ati onship when s tudying 

the propagation of Taxus and Juniperus cuttings . This  indicated that for 

IBA to be ru1 effective rooting promoter , optimum levels  of endogenous 

IAA were required . This  further suggested that an IBA-IAA interaction 

exi sted which improved root  initiation responses and that IBA did no t act 

in the ro l e  that it had traditionally been thought to do , i . e .  a s  an ' auxin ' 

increasing the total auxin content to overcome a threshold level required 

for rooting, a s  suggested by Nanda and Anand (1970) . In Section I I ! , a 

study is made of the interactions be tween IAA and lBA i nc luding an 

inv e s t i gat i on of the e ffe c t  of IBA and ro o t s t ock t i s sue on the me tab o l i sm o f  

1 4c-IAA . 



SECTION III  

Examination of the Roles o f  IAA and IBA in Roo t  Formation 

o f  Difficult and Easy-to-Root Cuttings o f  Apple Roots tocks 

INTRODUCTION 

Since the use of IBA i s  s o  important and widespread in propa�iti on , 

eluci dation of the mode of act i on of IBA would enable improvement of 

exi s t i ng t reatments 1Ls ing exogenous rooting promo ters . Section III  con­

s i s t s  of a series of experiments whi ch evaluate the action of IAA and 
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IBA in  this process . These s tudies led to the inves t i g�tion of the meta­

bolism of IAA wi thin the two roots tocks using radio-i sotope tracing 

techniques .  In the same expe riment , the influence o f  IBA on IAA me tabol­

ism was s tudied . The hypo the sis  that IAA al one direc tly promotes root  

ini tiation in apple roo ts tock hardwood cuttings and that IBA can only pro­

mote rooting in the presence of a threshold level of IAA , was evaluated . 

A .  The Effect of IAA and IBA o n  ,Root Formation when Appli ed Alone 

o r  in Combination, I .  

Methods 

By applying IBA basally as a concentrated dip and providing a con tin­

uous supply of IAA , by apical application of IAA-lanolin ( 0 . 1%) , it was 

intended to evaluate the roles  of IAA and I BA in the roo t  ini t iation pro c e s s . 

1 5  cm long hardwood cut tings of MM 1 06 and EM XII were harves ted and 

the buds removed by exci sion . Buds were removed to  avoid interac t i ons 

wi th endogenous plant growth regulators from the buds which might obscure 

the e ffects  of the treatment s . Cuttings were planted 1 0  cm deep in  the heat 

bed and were treate d  by one o f  the four following me thods : 



Treatment No IAA No IBA 

Treatment 2 + IAA No IBA 

Treatment 3 No IAA + IBA 

Treatment 4 + IAA + IBA 

IBA was applied basally as a 2 , 500 ppm quick dip in 50% e thanol . IAA was 

applied api cally as a 0 . 1% lanolin-IAA mixture . Cuttings not treated with 

IBA , received a quick dip in 50% e thanol and pure lanol i n  was applied to 

cuttings untreated wi th IAA . The IAA-lanolin and pure lanolin treatments 

were replaced every second day and a 1 mm slice  removed from the top of 
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each cutting each week , to ensure a continuing supply o f  IAA to the cutting 

ti s sue . 

After s ix weeks ; the cut tings were lifted and the number of  cut tings 

rooted and the number of roots  per cutting was recorded .  

Resul -ts 

The resul t s  �re presented in  Tables  4 and 5 . 

Table 4. The number of MM 1 06 cuttings rooted, and the average number of  

roots per cutting when treated e i ther s_ingly or in combi nation wi th IAA or IBA 

Treatment 
- IBA - IBA + IBA + IAA 
- IAA + IAA - IAA + IBA 

6 9 20  6 

8 1 1 5  32 

0 6 3 28 

Repl i cate 3 4 1 4 2 5  

1 1 2  1 0  1 9  

0 1 6  22  1 8  

5 8 9 22 

1 2 6 30 

4 5 20 27  

2 1 3  1 0  1 2  

Total Rooted 8 1 0  1 0  1 0  

Mean No . 3 . 0 7 . 6 1 2 . 9 2 1 . 9  
roo t s/cutting 

1% 



Treatments l inked by the same line are not s i gnificantly different when 

analysed by Duncan ' s  Mul t ipl e  Range Tes t . Figures in the columns o f  

replicates indicate the  number of roots per  cut ting, each treatment being 

made up of 1 0  cuttings . 

Tab le  5. The number of  EM XII cuttinp:s rooted , and the average number of 

roots  pe-r cutting, when treated ei ther s ingly or in combination with 

IAA and IBA 

Treatment 

- IBA - IBA + IBA + IBA 
- IAA + IAA - IAA + IAA 

0 0 0 2 

0 0 0 0* 

0 0 0 0 

0 0 0 1 

Rep l i cate 0 0 0 3 

0 0 0 1 

0 0 0 0* 

0 0 0 0 

0 0 0 0 

0 0 0 0* 

To tal ro oted 0 0 0 4 
Mean No . 0 0 0 0 . 7  

roo t s/cut ting 5% 

* Base decayed 

Non-roo t e d  cut t i ngs were included in the calculati ons of the average 

number of  ro o t s  per cutting for purposes of s tatisti cal analys i s , whi ch 

was by Duncan ' s  Mul tiple Range Test . A photographic record of the s e  

1 2 2 .  

resul ts can b e  s een i n  Plate 1 .  Thi s i s  a repres entative samp l e  o f  cuttings 



PLATE 1 .  
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A pho tographic representation of the effects of IBA and 0 . 1% IAA in lanolin , app l i ed ei ther separately or in  combination , on root formation of appl e  root-s tock hardwoo d  cut t ings . 



from the va�ious treatments . 

Root  development was less advanced on EM XII than on MM 1 06 hence the 

poor defini tion achieved photographi cal ly . Three of the 1 0  cuttings of 

EM XII from the IAA/IBA treatment had rotted at the base , thus detracting 

from the recorded results . 

In MM 1 0b rootstock , there was little difference in the number of 

cuttings forming roots , indicating the ease with which these can be propa­

gated . All treatments wi th IBA or IAA resulted in all 1 0  cuttings 

ini tiating roots . Untreated controls  produced 80% of the cuttings rooted . 

More important is  the number of roo ts per cuttings in each treatment . 
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There was no s igni ficant difference ( 5%)  between the number of roots per 

cutting produced by the IAA-treated cuttings or the control , al though this 

was only marginal . Even so the IAA-treated cuttings produced 4 . 6 roots per 

cutting more than the control . The IBA-tre�ted cuttings produced signifi­

cantly ( 1%)  more roots per cutting than the control , but not from �he IAA­

treated cuttings , although the IBA- treated cuttings produced 5 . 3 roots  per 

cutting more than the IAA treatment . Cuttings treated wi th both IAA and IBA 

produced si .  ni ficantly ( 1%) more roots per cutting than any other treatment , 

the average number of roots being the sum of the IBA and IAA treatment means , 

i . e .  an addi tive promotion was evident . 

With EM XII cuttings , only the combined IAA/IBA treatment resulted in 

any root  initiation . This  indicated that nei ther IAA or IBA alone was 

sufficiently promotive to induce root initiation , but in combination , a 

threshold was reached which induced 40% of the cuttings t o  initiate roots . 



B . The Effect  of IL� and IBA on Root Formation when Applied Alone 

or in Combination, I I . 

Introduction 
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From the indications of Part A of this experiment , s everal complica­

ting factors were recognised and further examination was considered 

necessary . With the knowledge of the endogenous levels of IAA in the two 

rootstocks obtained from Section I c ,  EM XII and MM 1 06 ruotstocks were 

treated differently . 

Methods 

( 1 ) EM XII Hardwood Cuttings 

I t  was found in Section I c than EM XII rootstock had a very low 

level of endogenous IAA . To ensure that a threshold l evel of IAA was 

obtained , a similar experiment to part A ,  but wi th a ten-fold increase in 

IAA concentration , was set up . 

Cuttin ·s of EM XII were made and treated apically with a 1 . 0% IAA­

lanolin mixture . All o ther procedures were done in a similar manner to 

part A. 

Resul ts 

Results are presented in Table 6 . Non-rooted cut tings were included 

in the estimation of average numbers of roots per cuttings for s tatistical 

purposes . Stati stical significance was es tablished by Duncan ' s Multiple 

Range Tes t . 



Table 6 .  The number of EM XII cuttings rooted and the average number of 

roots  per cutting, when treated either s ingly or in combination with 

IAA ( 1 .Q%) and IBA . 

Repli cate 

Total rooted 

Mean No . 

roots/cutting 

- IBA 
- IAA 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Treatment 

- IBA 
+ IAA 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 . 2 

+ IBA + IBA 
- IAA + IAA 

0 

0 0 

0 5 

0 3 

0 3 

0 0 

0 1 

0 2 

0 0 

0 6 

1 6 

0 . 1 2 . 0 

The trend observed on EM XII cuttings treated with 1% lanolin was 

similar to cuttings treated wi th 0 . 1% lanolin . No cuttings initiated 

roots  in the untreated controls  and only one cutting in 1 0  formed roots 

in the IAA or IBA treatments . The combined IAA/IBA treatment showed 60% 

of the cuttings ini ti ate·d roo ts , an increase of 20% over the 0. 1%  IAA-

lanolin . I t  was also evident tho.t on rooted cuttlngs , JJtOre roots  per 

Clltting Here j_ni tiated . Therefore by increasing the IAA level , relative 

t o  the IBA concentrati on , a fllrther promotion in roo t  initiation was 

1 26 . 



achieved , and a synergis tic interaction between IAA and IBA was clearly 

demonstrated . 
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Most of  the EM XII cuttings which received the combined IAA/IBA 

treatment , had developed a basal rot which rendered them useless for 

photographic purposes . Those which had rooted and then rotted , had distinct 

root skeletons of up to 2 cm long which facili tated recording of root  

numbers and also  the number of  ,cuttings rooted . Howard ( 1 968b , 1 974 ) 

reported that some clones of apple rootstocks were more predisposed to 

rotting when planted as cuttings on the heat bed and that the rotting is  

c orrelated with the high concentration auxin treatment . I t  had been noticed 

that in previous experiments , varying degrees of rotting of EM XII had 

occurred ( normally 5-1 0%) , but an increased incidence s temmed from the com­

bined IAA/IBA treatments , particularly at 1 . 0% IAA concentrations . MM 1 06 

did not exhibit the ro tting induced by high auxin concentration . I -;; was 

considered that the rot was not due to an active pathogen in the heat bed 

medium , s ince cuttings of MM 1 06 immediately adjacent to affected EM XII 

cuttings were no t damaged . 

( 2 ) MM 1 06 Hardwood Cuttings 

Introduction 

I t  is  known frum Section I c that MM 1 06 apple rootstock contains a 

high concentration of endogenous IAA in the stem tis sue . It  is  considered 

that this fac tor may have reduced the effective demonstration of a syner­

gistic promotion of rooting by IAA and IBA in part A ,  because superoptimal 

levels of IAA may have been reached in the base of the cuttings . This  

opinion i s  reinforced by results presented in  Section III  c where it i s  

shown that increasing IBA concentrations above 2 , 500 ppm do not promote root 

formation . As a result a different treatment of MM 1 06 cuttings was formu­

lated . 



Methods 

1 5  cm long hardwood cuttings of MM 1 06 rootstock were disbudded and 

centrifuged at 2000 x g for three hours , base do·..m in 20 ml water . The 

basal 2 . 5 cm of each cutting was removed and the following treatments 

applied : 

Treatment 

Treatment 2 

Treatment 3 

Treatment 4 

No IAA 

+ IAA 

No IAA 

+ IAA 

No IBA 

No IBA 

+ IBA 

+ IBA 

IAA was applied as a 1 . 0% lanolin mixture , a ten-fold increase in concen­

tration over Part A .  All other procedures were conducted in the same 

manner as i n  Part A . 
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The centrifugate of the cuttings was retained and acidified and par­

titioned three t imes ·,.,ri th diethyl ether . Both the ether and aqueous frac­

tions were reduced to drynes s  and stored for analysis of growth regulators . 

The excised bases and remaining cuttings were homogenised and extracted 

in chilled sO% methanol . Purification of the extracts  was done according 

to the revised mung bean separation procedure and column chromatography . 

The centrifugation procedure adopted was designed to reduce tne 

endogenous levels of rooting prc.moters within the cuttings , by extending 

treatments used by Ka.wase ( 1 964 ) and Fadl and Hartmann ( 1 967 ) over a 

greater time period . Removal of the cutting base was an added treatment 

to ensure reduced gro·wth factor levels . 

Results 

Table 7 shows the results of root initiation trials on MM 1 06 cuttings 

after  the centrifugation treatment . Statistical significance was 

established by Duncan ' s Mul tiple Range Tes t .  



Table 7. The number of centrifuged MM 1 06 cuttings rooted and the average 

number of roots 12er cutting2 when treated ei ther s ingl;y: 

with IAA ( 1 .c!}O) and IBA 

Replicate 

Total rooted 

Meo.n no . 

roots/cutting 

- IBA 
- IAA 

0 

4 

0 

0 

0 

0 

0 

0 

0 

0 

1 

Treatment 

- IBA + IBA 
+ IAA - IAA 

1 7  

1 3  1 1  

1 3  7 

9 1 0  

1 3  6 

5 8 

8 1 7 

7 6 

1 D  7 

5 6 

1 0  1 0  

or in combination 

+ IBA 
+ IAA 

1 5  

1 6  

1 8  

1 5  

2 1  

4 

2 1  

29 

24 

2'J  

1 0  

The moat  noi:;able effect after centrif,�gation of the cuttings was that 

a dramatic decrease occurred , in the number of cuttings rooted in the un-

treated control . Only one of the 1 0  cuttings formed roots . Application 

of IAA or IBA singly , restored the ability of the cuttings to form roots , 

but the average number of roots per cutting for each treatment was not 
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significantly different ( 5%) . Cuttings treated with the IAA/IBA combination 

all rooted and the average number of roots per cutting was e�uivalent to  

the sum of  the IAA and IBA treated cuttings ( an additive effect ) . Since IBA 
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promoted rooting equally as well as I�� and an addi tive promotion of rooting 

was obtained with the IAA/IBA treatment , it is possible that the IBA treat­

ment l owered the optimum IAA l evel required for root formation . Application 

of IAA with IBA may have resulted in superoptimal IAA levels in the cutting 

base . The combined IAA/IBA t reatment was significantly different from all 

other treatments ( 1%) . A photographic record of the results i s  presented in  

plate 2 . 

Since centrifugation caused a loss of rooting ability which could be 

replaced by IAA or IBA or more effectively by a combination of both , some 

endogenous root promoting factor had been reduced in the cuttings . An 

examination of the centrifugate , excised bases and remaining cuttincs in­

dicated the nature of the promoter . 

An examination of the aqueous root ini tiation promoter in the three 

samples  i s  presented graphically in figure 20 . I t  was evident that centri­

fugation had only a small effect on the mobilisation of the aqueous root 

initiation promoter , as seen in the concentration present in the centri ­

fugate . Although a considerable level is  present in the bases  which were 

excised , the cuttings still  retained a high level of the promoter . From the 

concentration present in the cuttin�s , it would noi appear to be a limiting 

factor in the con crol of root initiation in the centrifuged MM 1 06 cuttings . 

The other root initiation promoter that was studied was endogenous IAA . 

Figure 2 1  shows the extractable levels  of an IAA-like growth promoter from 

the centrifugate , excised bases  and cuttings of MM 1 06 rootstock after cen­

trifugation . Horizontal bars denote IAA standards run concurrently with the 

bioassay . A considerable reduction in endogenous IAA concentration was 

achieved by centrifugation . The centrifugate contained the highest  l evel 

of IAA , of the three extracts . The basal extract contained the next highest  

concentration , a supply which was removed from the cutting. The cuttings 



PLATE 2 .  

- I BR 
- I R R 

- I B R 
+ I RR 

M M 1 0 6 

A photographic representation of the effects of IBA and 1 . o% IAA in lanolin , applied ei ther separately or in combinati on , on root  formation of MM 1 06 apple  roots tock hardwood cuttings after centrifugation and base removal . The lower left hand group should read + IBA , - IAA . 
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retained the l owes t  concentration of IAA. The reduction of root ini tiation 

by centrifugati on seems likely to be a result of depleted endogeno�s IAA , 

s ince restoration of tbe rooting abil i ty was possible by the addition of 

exogenously supplied auxins . 

C .  The Effec t  o f  Varying Concentrations of IBA on Root Formation of 

MM 1 06 and EM XII Hardwood Cutting-s 

Although much work has defined the optimum levels of IBA in terms of 

commercial propagation of hardwood cuttings , it is still necessary to 

critically evaluate the effects of increasing concentrations of IBA on root 

initiation . Using the assumption that 2 , 500 ppm IBA is  at or  above the opti-

mum level required to promote root initiation on ap�le rootstock hardwood 

cuttings , the influence of higher concentrations of IBA was investigated . 

Cuttings 1 5  cm long were prepared and disbudded . Solutions of IBA at 

concentrations of 2 , 500 , 5 , 000 , 1 0 , 000 and 20 , 000 ppm were prepared in 50% 

ethanol solutions . Ten cuttings were treated accordingly t o  standard 

techniques , in each concentration and planted on the heat bed . Lanolin cap­

sules were placed on the cutting apices  and the cuttings were left for 6 weeks . 

Tables 8 and 9 show the effect of  IBA concentration on root  initiation 

of MM 1 06 and EM XII hardwood cuttings . Statistical analysis  was by 

Duncan ' s  Multiple Range Test . 

Table 8 .  The effect of IBA concentration on root initiation of EM XII 

apple rootstock hardwood cuttings 

Total rooted 

Mean No . 

roo ts/cutting 

2 , 500 

1 

0 . 1 

IBA Concentration (ppm ) 
5 ' 000 1 0 ' 000 2 0 '  000 

0 0 

0 0 

0 

0 

N . S .  



Table 

apple 

9. The effect of IBA concentration on root  initiation of MM 1 06 

rootstock hardwood cuttings 

IBA Concentration ( ppm ) 

Replicate 

Total rooted 

Mean No . 

roo ts/cutting 

2 , 500 

8 

9 

1 4  

9 

2 

1 3  

7 

1 

1 8  

0 

9 

8 . 1 

5 , 000 

1 4  

4 

1 3  

1 7  

1 2  

1 2  

1 3  

9 

0 

9 

9 . 5 

1 0 , 000 20 , 000 

1 1  1 

8 3 

1 2  1 

1 0  1 0  

1 8  5 

6 1 3  

8 1 

1 4  1 8  

8 7 

0 0 

9 9 

N . S .  

1 35 .  

No signifi cant increase or  decrease in the number of cuttings initiating 

roots , or in the average number of roots per cutting was evident as a result 

of increasing concentration of IBA. Some toxic effects on rooting were 

noted in MM 1 06 cuttings at 1 0 , 000 and 2 0 , 000 ppm IBA . In both ca.ses , the 

damage was in the form of stunted and twisted roots . Normal elongation of 

the roots had been inhibi ted particularly at 20 , 000 ppm. Although not 

significant , reduction of root number was apparent in MM 1 06 ,  20 , 000 ppm 

IBA . In the EM XII plots , increased damage in the form of basal rot or 

failure to form callus tissue was correlated with the rise in IBA concen-

tration. 
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Indications from this experiment suggest that once the optimum level 

of activity of IBA in root initiation processes has been reached ,  no further 

promotion of  rooting can be obtained by increasine the dosage of IBA. These 

results suQgest  that the additive interaction between IAA and IBA in MM 1 06 

i s  not s imply due to an increase in the total auxin-promotion of root 

init iation . 

D.  The Metabolism of 1 4c-IAA in Hardwood Cuttings of MM 1 06 and EM XII 

Apple Rootstocks 

Further examination of the roles of IAA and IBA in the physiology of 

root initiation was achieved by studying the metabolism of IAA in the cut­

ting� , using 1 - 1 4c-IAA and 2-1 4c-IAA radi o-i sotopes . Several aspects 

of the metabolism of IAA were studied simultaneously . Comparis on of the 

metabolism between the two rootstocks by studying the formation of meta­

bolites  and the des t ruction of IAA by measurement of 1 4co2 evolution , were 

made to evaluate differences in abil i ty to initiate roots . The effect  of 

a basal IBA treatment on the metaboli sm of IAA was compared in both root­

stocks to attempt t o  elucidate the mechanism of action of IBA on root  

formation processes , in relation to IAA . 

Methods 

Hardwood cuttings of MM 1 06 and EM XII apple rootstocks approximately 

5 mm in diameter were collected in mid-winter , immersed in a 1% chlorox 

solution for five minutes , and then rinsed twice in sterile  water. The 

cuttings were then tritnmed to a leng·th of 4 cm including a basal bud .  All 

treatments were conducted under sterile  conditions in a transfer cabinet . 

The fbllowing treatments were applied t o  both rootstocks . 

Treatment 1 : - a basal 1 0  second QUick dip in IBA ( 2 , 500 ppm ) in 5Q% 

ethanol , and then transferred to a s terile s cintillation vial containing 
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1 ml of 1 - 1 4c-IAA a�ueous solution , concentration 1 ppm ( 580 , 000 cpm Sp . 

act . 46 mci/mM ) . 

Treatment 2 : - a similar treatment , dipping in 5o% e thanol minus the 

IBA . 

After loading, the vials were capped with sterile screw caps which 

had had inlet  and outlet tubes packed with cotton wool prior to autoclaving. 

This  was to main tain s terile  conditions for as long as poss ible . The vials 

were connected into a closed system between an air humidifier and a co2 

trapping system . The system used was a modification of the apparatus used 

by Ryugo and Breen ( 1 974 ) .  A peri s taltic pump was connected in series  to 

an air humidifier , a vial containing cuttings and 1 4c-IAA , a 1 4co2 trapping 

system and then back to the pump forming a closed air system. 

The same methods were repeated using 2-1 4c-IAA ( 690 , 000 cpm sp . act .  

5 5  mci/mM ) and each treatment was duplicated . Each set  of treatments were 

0 run for 72 hours in darkness  at 2 5  C .  

( 1 ) 

Results 

1 4co Evolution � ���� 
The rate curves of 

1 4
co2 evolution from 1 - 1 4c-IAA treated cuttings 

are presented in figure 22 , each point representing the t o tal cpms of the 

1 2 hour period prior to the recorded time . 

In MM 1 06 and EM XI I cuttings wi thout IBA , a relatively steady 

evolution of 1 -1 4co2 occurred for the first 36 hours , but then a consi der­

abl e  increase occurred in the l eve l of l abelled 
1 4co2 evolve d , continuing 

to increase unti l  the terminati on of the treatment . Al though a s imi lar 

t rend occurred in both rootstocks , the effect was most  pronounced in EM XII.  

In cuttings which had been treated with IBA prior t o  exposure to  1 - 1 4C-IAA 
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a different pattern was evident . In EM XII ,  a rate of 
1 4co

2 
evolution , half 

or less  than the initial rate of undipped cutting was observed and was main-

tained at the low level for the duration of the experiment . With MM 1 06 

initial 1 4co evolution increased qui te rapidly until 36 hours , but then 2 

rapidly decreased to  a level similar to the initial rate of  evolution of 

undipped cuttings . 

The same treatments were repeated using 2-
1 4

c-IAA , and high levels of 

1 4co2 were detected . The rate curves of 1 4co2 evolution from 2-1 4c-IAA 

treated cuttings are pre�ented in figure 2 3 . In both rootstocks pre-treated 

with IBA , a l ow level of 1 4co evolution occurred , increasing only s lowly 2 

with time . In untreated cuttings , with both rootstocks , the rate of 
1 4

co
2 

evoluti on increased rapidly to  a peak 48-60 hours after the treatment began 

and then declined slowly . In bo th experiments , the production of label led 

co
2 

from untreated cuttin6S is greater and more rapid from EM XII ,  than 

MM 1 06 . In general , the degradation of IAA which results in 
1 4co

2 
evolution 

in both experiments , is retarded by the IBA treatment administered prior to  

the addition of the radio-isotope . 

( 2 )  External Solutions 

The remaining solutions of 1 4c-IAA at the cuttings bases of each 

treatment were made up to a known volume "''i th So% methanol and called the 

external solutions . These were tainted a brown colour from pigments 

leached from the cutting bases . The radiochromatograms o f  external solutions 

of 1 -1 4c-IAA and 2 -1 4c-IAA are presented in figure 24 and 2 5  respectively . 

The only prominent area of activity was in the zone corresponding to  

IAA . A low level of activity was always present in the first chromatogram 

segment , the same zone in which the brovm pigments in the s olutions were 

l imited .  This is  probably due t o  label J  ed  IAA complexing with phenolic 
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compounds described by Leopold and Plummer ( 1 96 1 ) , released from the cut ends 

of the cuttings and leached from the cutting bases . The activity in  this 

zone was not considered to be of any real significance in the metabolism of 

1 4c-IAA . No maj or metabolite was located in the external media , suggesting 

that they are not freely mobile  once formed . 

In external solutions of both 1 - 1 4c-IAA and 2 - 1 4c-IAA experiments , the 

level of remaining 1 4c-IAA in the external solution was always higher in 

treatments which had included an IBA pre-treatment of the cuttings . This  

was much more evident in  MM 1 06 than in EM XII . 

( 3 )  Alcohol Extracts of Cuttings 

Two maj or zones of activity were located on chromatograms of the alco­

hol extracts , one corresponding to  IAA and one corresponding to  indoleacetyl 

aspartic acid ( IAA-asp . ) . Figure 26 presents radiochromatograms of alcoholic  

extracts of the two rootstocks treated wi th 1 -1 4c-IAA .  Cuttings of  both 

MM 1 06 and EM XII pretreated with IBA retained a higher level of activity in  

the IAA zone than untreated cuttings . !n both cases the ratio of IAA level 

between IBA-treated cuttings and untreated cuttings was approximately 2 : 1 . 

In MM 1 06 cuttings the degree of IAA-asp . conjugate formation i s  very 

different between IBA-treated and untreated cuttings . The level of IAA-asp .  

i n  IBA-treated cuttings is  only one �uarter o f  the free IAA level , whereas 

in untreated cuttings , conjugati on has proceeded to a much greater degree , 

so that twice as much activity resides in the IAA-asp .  zone compared to  

free IAA. 

In EM XII cuttings , those treated with IBA show no development of 

IAA-asp . conjugation , whereas untreated cuttings show only a low development 

of IAA-asp . In general the conjugation reaction s eems to be much slower i n  

EM XII than i n  MM 1 06 . 
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Figure 27 shows radiochromatograms of alcoholic extracts of EM XII and 

MM 1 06 cuttings after exposure to 2-1 4c-IAA . A similar pattern emerges with 

2-1 4c-IAA as was evident in cuttings treated with 1 -1 4C-IAA. In IBA-treated 

MM 1 06 cuttings , the IAA-as p . activity is restricted to approximately one 

third of the activity of IAA , but in untreated cuttings , 2 . 5 times the 

activi ty of IAA was located in the IAA-asp . zone . More than twice as much 

activi ty in the free IAA zone was present in the IBA-treated cuttings com­

pared wi th untreated MM 1 06 cuttings . 

EM XII cuttings pre-treated with IBA show only minimal IAA-asp . c onju­

gation , but untreated cuttin,'·s have an IAA-ASP . activity approaching one 

half the activi ty of free IAA . As was found in MM 1 06 , the activity found 

in the free IAA zone was twice as high for IBA-treated cuttings than 

untreated EM XII cuttings . 

(4 ) Alcohol Insoluble Compounds 

Tissue remaining after alcohol extraction underwent alkaline hydrolysis 

and e ther extraction . In both MM 1 06 and EM XII tissue treated wi th both 

carboxyl and methylene labelled IAA , very little activi ty was obtained after 

hydrolysis . ChromatogTams showed that any activity present was located at 

Rfs 0 . 0-0. 1 and Rf 0 . 5-0 . 6 ( IAA ) .  The activity obtained was only minimally 

above background levels  and was not considered to be signifi cant in the 

metabolism of 1 4C-IAA. Thi s  was verified by analysis of activity budgets  

whi ch showed that almos t all the activity was accounted for  in  the 1 4co2 , 

external solutions and alcohol extracts of the various treatments . 
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DISCUSSION 

The concept of promotion of root initiation by IAA is  now generally 

accepted . Exogenous applications of IAA or synthetic auxins ( IBA , NAA , 

2 , 4-D)  have been shown to promote root initiation on cuttings of fruit 
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tree rootstocks ( Cooper , 1 935 ; Hatcher and Garner , 1 947 ; Hartmann � al . , 

1 965 ; Howard , 1 966 , 1 968a ; Cal lson , 1 966 ; Nahlawi and Howard , 1 97 1 ; 

Doud and Carlson , 1 972 ) . A tradi tional interpretation has been that exo­

genous auxin applications increase the total auxin pool to a level -v�hich 

wil l  promote root initiation . Results from Sections I and II demonstrated 

that rooting was promoted by endogenous IAA and that IBA could only further 

promo te root initiation in the presence of a threshold level of IAA ; a 

s imilar situation was observed by Lanphear and Meahl ( 1 96 3 ) . 

Treatments of IAA , IBA or both promoted rooting in MM 1 06 rootstock 

( see  Table 4 ) ,  when compared with the control in terms of the number of 

cuttings rooted . When compared on the basis  of average number of roots  per 

cutting, the IAA treatment was not significantly different from the c ontrol 

but the lack of statistical significance was only marginal . Simila�ly the 

IBA t reatment was not s i gnificantly different from the IAA treatment but 

this lack of significance was also marginal . A combined treatment was 

signi ficantly better than all other treatments . With EM XII rootstock , the 

only treai _:.�ent to induce root initiation was the IAA/IBA combined treatment 

( Table  5 ) . Root initiation on MM 1 06 appeared to  be promoted more readily 

by IBA than IAA , the combination producing an additive promotion . This 

suggested that both IAA and IBA have a role in the same physiological 

process  but that they do not both act on the same process . In EM ;ai 

rootstock , neither exogBnous auxin stimulated root initiation when applied 

al one , but the combined treatment induced rooting on 4o% of the cuttings . 
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This indicated that nei ther IAA nor IBA alone could reach an optimum l evel 

for promoting rooting· , but in combination , ei ther the total auxin level or 

the combined reactions of IAA and IBA , served to  promote root  ini tiation . 

Knowledge o f  the endogenous levels of IAA in the two rootstocks led to 

the conclusion that confounding of the resul ts  had occurred . Since MM 1 06 

had a level of endogenous IAA which facili tated the rooting of a high 

percentage of the cuttings throughout the season , marked promotion by the 

addition of further IAA was not likely to be forthcoming. Furthermore , the 

addition of IBA would be expected to give a considerable degree of roo ting 

promo tion . EM XII was found to retain a very l ow level of endogenous IAA 

through the season , so the concentration applied  ( 0 . 1%) did not necessarily 

raise IAA l evels  to an optimum level . The fai l ure of IBA alone , to  promote 

rooting in EM XII no ted in Sections I and I I , was again evident . 

Treatments designed to overcome the respec tive complicating factors 

were used to modify the experiments . A spectacular removal of the roo ting 

abil i ty of MM 1 06 was achieved using centrifugation and cutting base removal . 

Examination of centri fugates and tissue samples indicated that a raduction 

in the endogenous IAA l evel within the cuttings accounted for the decreased 

roo ting abil i ty . Restorati on of the rooting abi l i ty of MM 1 06 in terms of 

numbers rooted and the average number of roots  per cutting was achieved by 

both IAA and IBA application ; the combined treatment again showed an 

addi tive promotion effect ( Table 7 ) . A ten-fold  increase in the IAA concen­

tration applied to �[ XII cuttings did not promote roo ting in the IAA treat­

ment . An effective IJrorr.otion of rooting of 5afo ( i . e . from 4o% to 6Cf/o of the 

cutt ings rooted ) was observed in the combined t reatment , i . e .  by increasing 

the IAA level , rooting was promoted in the IAA/IBA treatment ( Table 6 ) .  

Removal and the subsequent restoration of a root-promoting s timulus 
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and the increased stimulation o f  rooting i n  a difficult-to-root species , 

were related to the changes in level of endogenous and exogenously supplied 

IAA . Since IBA also restored the ability of MM 1 06 cuttings to root , the 

effect of changing IBA concentrations on roo t  initiation was evaluated . 

Changes in IBA concentration from 2 , 500 ppm to 20 , 000 ppm had no 

significant effect on the number of cuttings rooted or the average number 

of roots per cutting in MM 1 06 and EM XII ( Tables  8 and 9 ) . This indicated 

that once an optimum l evel was achieved in the cutting base , no further 

promot ion was obtained by increasing the IBA concentration . Because the 

IBA-promoted rooting stimulus could easily be saturated ,  the postulation 

that IBA promotes rooting by the same mechanism as IAA does not seem tenable . 

An effect on some supporting mechanism of IAA-induced root  initiation , 

appeared to be the mos t  likely role of IBA in promoting root formation . 

IAA appeared to be the fundamental promoter of root initiation in 

apple rootstock hardwood cuttings . The mos t  recent research reports on the 

physiolo�- of root initiation indicated that root initiation was an IAA­

specific mechanism and that IAA influenced the first "initiation of root 

meristems '! phase of adventitious root  regeneration ( Greenwood and Gol dsmith ,  

1 97 0 ;  Hai ssig , 1 97 0 ,  1 97 3 ; Smith and Wareing, 1 97 1 , 1 972a , b ;  Eriksen 

and Mohammed ,  1 974 , Mohammed and Eriksen , 1 974 ; Greenwood � al . ,  1 974 ; 

Ryugo and Breen , 1 974 ; Mohammed ,  1 97 5 ) . Furthermore , a continuous IAA 

supply during the initial primordial devel opment was essential for root 

initiation (Haissig , 1 970 ;  Greenwood et  al . , 1 974 , Mohammed and Eriksen , 

1 974 ) .  Results in Section III suggested that root initiation in MM 1 06 and 

EM XII was controlled primarily by endogenous IAA levels . No evidence that 

IAA acted by forming complexes with cofactor-like compounds as suggested by 

Hess ( 1 96 5 )  and Fadl and Hartmann ( 1 967a ,  b ) , was found . Total removal and 

res toration of  the rooting stimulus in MM 1 06 were directly related  to  
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levels  of free IAA within the cuttings . While  root initiation in EM XII 

could not be promoted by IAA alone , different levels of applied IAA , in 

combination with a standard IBA treatment , increased the promotion of  

rooting considerably . Because EM XII had a very low free IAA level in vivo , 

a rapid and vigorous IAA-inactivation system may operate which inactivates 

exogenously-applied IAA when administered alone , thus preventing the in­

duction of roo t  primordia . This could also  explain why a spring peak of 

roo ting of EM XII seen in Section I was only evident after an IBA pre­

treatment . :MM 1 06 could have a less vigorous IAA-inactivation system in 

vivo , enabling high levels of endogenous IAA to be retained by the root­

s tock . 

There was no evidence that IBA acted on the same root-promoting processes 

as IAA in ei ther rootstock . This  casts doubt on the interpretation of re­

sults by equating exogenously-applied synthetic auxins with endogenous IAA ; 

in terms of a total auxin pool reaching optimum requirements . IBA could 

only promote rooting in cuttings containing near-optimum levels of IAA .  

Therefore IBA must have promoted root initiation by some supporting reaction 

to  that of IAA . Ryugo and Breen ( 1 974 ) found that IBA inhibited IAA-oxidase 

activity as measured by the rate of1 4co2 evolution , in plum cuttings . 

Inhibition of the IAA-inactivation systems in  apple rootstocks could account 

for the observed promotions of root initiation in MM 1 06 and EM XII . In 

rootstocks with a hi�n endogenous !AA level (MM 1 06 ) ,  any inhibition of IAA 

inactivation would allow optimum levels of IAA to accumulate more rapidly 

in the cutting base , facilitating greater induction of root primordia ,  the 

auxin sensitive phase of root initiation ( Haissig, 1 970 ;  Greenwood � al . ,  

1 974 ; Mohammed and Eriksen , 1 974 ) . Thi s  would be reflected in a promotion 

of root initiation , both in numbers rooted and average number of roots per 

cutting. In rootstocks with a l ow IAA s tatus ( EM  XII ) application of  IBA 

may not promote roo ting , s ince insufficient IAA may have been synthesised 

even though IAA inactivation systems were inhibited. If  IBA was applied 
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and the endogenous IAA l evel increased ( e . g. by spring bud-burst or by 

exogenous IAA-lanolin application ) simultaneously , the IAA would be protected 

from inactivation and could then induce root initiationq It is proposed 

that this mode of action could occur in EM XII cuttings since : -

( i ) an increase in endogenous IAA resul ting in improved rooting 

in early spring \-las either protected by or the result  of an 

IBA pretreatment prior to planting the cuttings . 

( i i ) the only treatment t o  initiate roots  on EM XII cuttings was 

the IAA/IBA combination . 

( iii ) by increasing the IAA level to 1% IAA in lanolin , a 5o% 

promotion in root  initiation was achieved on EM XII 

cuttings receiving the combined IAA/IBA treatment , compared 

with a 0 . 1% IAA-lanolin application . 

The protective action of IBA would allow endogenous IAA levels at the base 

of the cutting to  increase to  a concentrati on nearer the optimum for initia­

tion of roots . This  was the most  likely mode of action in the centrifuged 

MM 1 06 cuttings treated with IBA and the EM XII cuttings receiving the 

IAA/IBA treatment . Odom and Carpenter ( 1 96 5 )  found that the greates t  

response t o  synthetic roo t-promoting substances  was from cuttings whi ch 

exhibited a slowly accumulated acidic auxin c ontent . 

In order to s tudy the exact mode of act i on of IBA in root  initiation 

on apple rootstocks and to  understand any differences in IAA metabolism 

between MM 1 06 and EM XII ,  further investigations of their respectlve 

roles were achieved using 1 -1 4c-IAA and 2-1 4c-IAA radio-isotopes . High 

activity , low concentration solutions of both radioactive compounds were 

used to facilitate c lear tracing of metabolites . Radioactive IAA s o lutions 
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were made up to  1?ug/ml concentration , the l evel observed to be near the 

optimum for root ini tiation in MM 1 06 , in the seasonal studies ( 1  pg/5 gm 

dry tissue ) . 

IAA-decarboxylation and inactivation activity was measured by monitor­

ing the production of  
1 4co

2
• The evolution of 1 4co

2 
from 1 - 1 4C-IAA was 

observed to increase rapidly after 36 hours exposure to the labelled IAA , 

in the cuttincs untreated with I BA . A constant low level of evolution was 

seen in IBA-treated EM XII cuttings and in IBA-treated MM 1 06 cuttings , 

a rapid initial increase in 1 4co2 was reduced to low levels after 48 hours . 

IAA-decarboxylation activity appeared t o  be more vigorous in EM XII 

than in MM 1 06 ,  but was more effectively blocked by IBA treatment . In both 

rootstocks , IBA exhibited IAA-decarboxylation-inhibiting activity as was 

found by Ryugo and Breen ( 1 974 ) in plum cuttings . 

Cuttings exposed to  2-1 4c-IAA � IBA produced considerable levels  of 

1 4
co

2
, with a peak of 1 4co2 occurring in both untreated rootstocks after 

48-60 hours . Evolution of 1 4co
2 

from 2-1 4c-IAA treated cuttings suggested 

IAA inactivation could be caused by ei ther ot.. -a�.. decarboxylation or ring 

cleavage resulting in fragmentation of the IAA molecule . Both inactivation 

processes have been found to occur in plum cuttings by Strydom and Hartmann 

( 1 960 ) and Geronimo et al . ( 1 964 ) but not by Ryugo and Breen ( 1 974 ) .  - -

Cuttings treated with IBA maintained a l ow s teady level of 1 4co2 
evolution . 

Enzymic degradation of free IAA by IAA-oxidase ( Ryugo and Breen , 1 974 ) 

and by � - � decarboxylation ( Strydom and Hartmann , 1 960 ) and/ or ring cleavage 

( Geronimo � al . , 1 964 ) , has been shown to  be significant inactivation 

processes in frLd t tree rootstocks . IBA may possibly inhibit the rapid 

destruction of IAA by all the inactivati on processes ; the mode o f  action 
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which was proposed to operate in MM 1 06 and EM XII .  As was postulated , a 

more vigorous IAA-decarboxylation system was apparent in EM XII ,  possibly 

accounting for the l ower endogenous le\ el s of  free IAA present , over the 

harvest season ( Section I ) . Nevertheless , IBA appeared to be most  effect­

ive in inhibi ting the EM XII IAA-inactivation system . 

Solutions of 1 4c-IAA remaining after the treatment of cuttings , showed 

that treatments which included an IBA dip on the cuttings , took up less 

IAA from the external solutions . This correl ated with reduced inaetivation 

by IAA-decarboxylation , a process already found to be inhibited by IBA 

treatment . 

Examinati on of the alcohol extracts of the cuttings showed two major 

zones of activi ty corresponding to IAA and IAA-asp . ( figures 26 and 27 ) . 

In both 1 - 1 4C-IAA and 2-1 4c-IAA extracts , cuttings which had received a 

baeal IBA treatment , retained twice the level of activity in the IAA zone , 

than untreated cuttings . This was apparent in both EM XII and MM 1 06 and 

suggested that IBA did not act solely by inhibiting decarboxylation . IAA-asp . 

conjugation was very different between the rootstocks , but appeared to  be 

inhibited by IBA application in both EM XII and MM 1 06 , contrary to the 

report of Ryugo and Breen ( 1 974 ) . MM 1 06 showed a high propensity to form 

the IAA-asp . conju�ate 1hereas EM XII derronstrated a very low ability to do 

s o . 

Since IBA promoted rooting if IAA was present ; but prevented the con­

jugation of IAA with aspartic  acid ,  it is 1il1likely that the conjugation 

reaction is  the first step in root initiation as suggested by Hes s  ( 1 969 ) 

and Ryugo and Breen ( 1 974 ) .  Several workers considered that IAA-asp . 

formation to be an inactivation , detoxificati on or storage process  of  

excess  endogenous IAA (Andreae and Good , 1 957 ; Andreae and van Ysselstein , 
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1 956 , 1 960 ;  Andreae , 1 967 ; Lantican and Mui r ,  1 969 ; Morris et  al . ,  1 969 ; 

Muir ,  1 970 ) in which the conjugation product has no physiological auxin 

activity . The significance of the widely differing levels  of IAA-asp .  

conjugation between MM 1 06 and EM XII was mos t  l ikely related to the 

differences in endogenous IAA concentration . Natural formation of IAA-asp . 

in  tomato indicated that formation of the conjugate could occur under 

physiological condi tions ( Row et  al . ,  1 96 1 ) and that high endogenous IAA - -
l evels indt:.'ced  the formation of IAA-asp . synthetase ( Zenk , 1 962 ; Andreae , 

1 967 ) . Morris e t  al . ( 1 969 ) al so found that conditions that reduced des-

truction of IAA favoured IAA-asp . conjugation and also promoted the conju-

gation reaction . MM 1 06 rootstock has both a l ower rate of IAA inactivation 

and a high endogenous IAA l evel , both of which would enccurage high IAA-asp . 

synthetase activity . Because EM XII had a l ow endogenous IAA l evel , 

s timulation of the synthesis  of the conjugation enzyme would not occur to 

the same extent as in MM 1 06 . Therefore the large difference in degree of 

IAA-asp . conjugation appeared to be related  to the respective endogenous 

IAA levels  of the two roots tocks . The formation of IAA-asp . was considered 

to be a s torage or inactivation process of excess free IAA by the plant 

tissue , which was independent of the root  initiation process . 

An alternative explanation of the action of IBA on IAA-asp . formation 

could be that IAA-asp .  is rapidly metabolised  by EM XII resulting in low 

detectable l evels  of the conjugate . IBA may protect IAA-asp . from further 

metabolism in both rootstocks , thus facili tating the deconjugati on of IAA­

asp . to release free IAA over a longer period  of time . There i s  l i ttle  

evidence to  support this hypothesis  in the l iterature and considerable 

evidence that sugges ts that IAA-asp . synthetase is  only induced by high 

enqogenous IAA levels  ( Zenk , 1 962 ; Andreae , 1 967 ; Morris � �. ,  1 969 ) . 

I t  would seem more l ikely that the difference in level of IAA-asp . formation 

was related to the differing IAA s tatus of  MM 1 06 and EM XII particularly 
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when IAA-asp . appears t o  be a s table conjugate whose most  l ikely fate i s  in­

c orporation into proteins as suggested by Ryugo and Breen ( 1 974 ) .  

The action of IBA , in promoting root initiation on apple roots tock 

cuttings , may well  be by a mechanism of protection of IAA from inactivation 

or  oxidation ; the basic  method suggested by Hes s  ( 1 969 ) and Ryugo and Breen 

( 1 974 ) , al though the mechanism was apparently different from that p�opos ed 

by Hess . Induc tion of root formation appeared to be an IAA-specific  reac­

t ion which did not require the formation of a c onjugation product , �ontrary 

t o  reports from Fadl and Hartmann ( 1 967 ) , Hess  ( 1 969 )  and Ryugo and Breen 

( 1 97 4 ) .  It  v/Ould appear to be more l ogical that IBA inhibited all IAA­

inactivation processes , as suggested in this s tudy , rather than inhibiting 

IAA-oxidase and promoting IAA-asp .  conjugation ( both inactivation processes ) 

as Ryugo and Breen ( 1 974 ) suggested . I t  is  pos tulated that the role  of IBA 

in promoting root ini tiation i s  by inhibiting the IAA-inactivation and con­

jugation mechanisms which regulate and reduce free IAA levels  in tt.e woody 

shoot . Since IBA is a s tructural analog of IAA , the most  likely mechanism 

would be by occupying the active sites on the respective enzymes , thus 

blocking IAA d e s truction and allowing local !AA levels in the cuttirtg base 

to  increase .  The aspartate conjugation enzyme in  pea tissue has been shown 

to be capable of forming conjugates with IAA , NAA and benzoic acid  ( Venis , 

1 972 ) . The induction of  this enzyme was absolutely dependant on phys i o l ogi­

cally active auxins ( Sudi , 1 964 , 1 966 ; Venis , 1 972 ) . It would therefore 

be reasonable to  assume that IBA could form conjugates with aspartic  acid  

and thus block the inactivation of IAA by competitive inhibition of 

IAA-inactivation systems by irreversible binding, the apparent mechanism 

operating i.n MM 1 06 . 

Hi�1 levels  of phy s i o l o gi cal ly active auxins induce the synthesis of 

IAA-conjugation and oxidation enzymes thus providing an IAA-regulati ng 



system in plants . Blocking the IAA regulatory system by IBA application 

in the cutting base may increase IAA levels to  an optimum concentration 

required to trigger root  meristem formation. 

1 56 .  
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S��y AND GENERAL DISCUSSION 

A comparison be tween easily-rooted (MM 1 06 ) and difficult-to-root  

(EM XII ) apple rootstocks showed that the difference in ability to  form 

roots on hardwood cuttings occurred throughout the whole harvesting season 

when planted according to the Eas t Malling system . Only with the spring 

harvest did the shy-rooting EM XII rootstock show any significant improve­

ment in root  formation , following an IBA quick dip treatment . Re�orts on 

the influence of the season of harvest  on adventitious root formation of 

fruit tree rootstock cuttings indicated that autumn or spring-planted 

cuttings rooted w.ost  readily with a definite falling-off of roo ting abil­

ity occurring during the mid winter (Howard , 1 966 ; Fadl and Hartmann , 

1 967a ; Nesterov , 1 968 ; Howard and Nahlawi , 1 969b ; Doud and Carlson , 

1 972 ) . No s trong seasonal trend in root formation was evident in either 

roots tock in the present study , al though untreated MM 1 06 and IBA-treated 

EM XII cuttings exhibited seasonal changes most  like those reported by 

Howard ( loc . ci t . ) . Nevertheless an increase to a seasonal maximum per­

centage of cuttings rooted was demons trated in both IBA-treated roots tocks 

and in MM 1 06 untreated wi th IBA . I t  al so became apparent that the sea­

sonal promotion of rooting by IBA was only poss ible on cuttings exhibiting 

a high potential ability to root . 

'J'lle e ffect  of bud dormancy on root formation h21.s been demonstrated 

by several workers ( Wareing· and Smith , 1 963 ; Fadl and Hartmann , 1 967a;  

Roberts and Fuchigami , 1 97 3 ;  Roberts e t  al . ,  1 974 ) , but could not be 

substantiated on cuttin6s of apple roots tocks (Howard , 1 968a) . Seasonal 

changes in root  formation of both MM 1 06 and EM XII could not be related 

to the degree of dormancy of the buds on the cuttings although a corre­

lation was found between the termination of winter rest  and promotion of 

rooting. The physiological s tate of the cutting resul ting in axillary bud 
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burst may also be  very conducive to  promoting root  formation . Spiegel 

( 1 955 ) , Lanphear and Meahl ( 1 96 3 ) , Howard ( 1 96 5 ) , Nanda and Anand ( 1 970 ) 

and Roberts et al . ( 1 974 ) have reported similar promotions of root forma­

tion coinciding with the resumption of gTowth in the spring with a range 

of cutting species . 

The in1portance of IAA in promoting adventi ti ous root formation is  

now universally accepted and changes in  the patterns of root  forma. tion 

have often been related to changes in endogenous auxin levels (Warmke 

and Warmke , 1 9 50 ;  Spiegel , 1 955 ; Odom and Carpenter , 1 965 ; Hai 3 sig , 

1 970 ;  Greenwood and Goldsmi th , 1 970 ;  Smi th and Wareing , 1 972a , b ) . In  

the pre3ent study , seasonal changes in root  formati on on both rootstocks 

could be related to changes in an IAA-like growth promoter . The differ­

ence in rooting abil i ty of EM XII and MM 1 06 cuttings was also directly 

correlated with l evels  of IAA and the increased rooting in early spring 

was correlated wi th an increase in extractable IAA . 

A measure of the cri tical minimum level of free endogenous IAA re­

quired to promote rooting might be broadly defined from the data presented 

in the previous three sections . The cri tical level of IAA which �ppeared 

necessary to promote rooting was approxj mately 0 . 1 ug/5 gm dry weight of  

stem tissue . Cuttings retaining auxin levels at or above this concentra­

tion of auxin exhibi ted a high potential to root when treated with IBA . 

Promotion of rooting with IBA was most  spectacular on cuttings with a 

higher IAA level and seemed dependant on an optimum level o£ endogenous 

IAA within the cutting base . Cuttings wbich had very low endogenous auxin 

levels  failed to root  after I BA application , but promotion of rocting 

( significant at the 1% level ) on EM XII was achieved with IBA when endo­

genous l evels  of IAA rose above a critical minimum in early spring. 
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The role of IAN in promoting roo t  formation is relatively unknown 

al though its  physiological activity may depend on being converted to  IAA , 

a process which has been shown to  occur in apple rootstocks ( Gur and 

Samish , 1 968 ) . Differences in levels  of IAN in MM 1 06 and EM XII were of 

a similar magnitude to IAA but seasonal changes of the IAN content of 

either rootstock could not be correlated with the seasonal changes in 

root formation . No increase in IAN l e\ ..;1  was evident in the early spring 

when adventitious root formation increased . It is  conceivable that IAN 

may be ::m inactive s torac__:·e form of auxin which can be converted to IAA at 

times of increased physiological activity such as during spring bud break . 

This could explain why reduced levels of IAN \vere only located in samples 

taken from the propagating bin in autumn and s�:ring and why no peak of 

IAN production coincided wi th bud burst as was seen with endogenous IAA 

levels . 

Abscisic aci d  has been found to  both promote root  initiation ( Chin 

and Beevers , 1 969 ; Basu e t  al . ,  1 970 ) or al ternatively inhibit  root 

formation ( Heide , 1 968 ; Eliasson , 1 969 ; Pierek and Steegmans , 1 975 ) . 

In the present study , no root-promo ting activi ty was found in the inhibi­

tor-B complex and therefore ABA could not be shown to be an active 

rooting promoter . Heide ( loc . ci t . ) suggested that ABA antagonised root­

ing on Begonia cuttings , since ABA enchanced processes \vhich had been 

shown to  reduce auxin synthesis and root formation . Therefore IAA : ABA 

interactions may be important in the c orrelative regulation of root  for­

mation . Both apple  rootstocks were found to have similar ABA levels  

throughout the season , therefore the easily-rooted MM 1 06 retained a 

higher IAA : ABA ratio than EM XII . Increasing ABA and decreasing IAA 

levels  through the winter months reduced the IAA : ABA ratios in  both root­

stocks , a time when difficult and poor rooting may occur ( Howard � 1 966 , 

1 97 1 ; Fald and Hartmann , 1 967a ; Nesterov , 1 968 ; Howard and Nahlawi , 

1 969 ; Doud and Carlson , 1 972 ) . In both rootstocks , an IAA : ABA Tatio of 
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1 : 1 favoured root  formation sugces ting that ABA was not a potent compet­

i tive rooting inhibi tor . 

Most  prominent o f  the .g;rmrth regulator interacti ons affec tinK root 

formation on cut tings has been shown to be the auxin : cytokinin rati o  

( Skoog and Mill (�r , 1 9 57 ; Heide , 1 965b , 1 97 1  ; Mull ins , 1 970 ) . As has been 

seen wi th ABA , MM 1 06 r(J tained a high IAA : cytokinin ratio through the 

winter months compared wi th EM XII . In the early spring, when the auxin : 

cytokinin ratio  in  EM XI I was increased by a high auxin flush , a s ignifi­

cant promotion ( 1 . 0%) in rooting occurred . Al though no intimate rel ation­

ship be tween IAA , cytokinins and root  ini tiation was es tabli shed , the 

importance of the interaction has been reported (Hei de , loc . c i t . ) . 

Whenever the IAA : cytokinin ratio was high , a high degree o f  roo t  formation 

was achieved in both MM 1 06 and EM XII . Further study of the effe c t s  of 

exo._:;enously applied  IAA and c::tokinins is required to ascertain whe ther 

an antagoni s t i c  IAA : cytokinin ratio i �3 ins trumental in control l ing root 

formation in apple roots tock cuttings . 

Numerous workers have reported the involvement of rooting cofac tors 

or auxin synergi s t s  i n  !"oot ini tiation o f  cut tings including fru i t  t ree 

roo t s tocks ( Chall enge r � al . ,  1 965 ; Fadl and Hartmar� , 1 967 ; Ashiru 

and Carlson , 1 968 ) . In Section I two promoters of mung bean roo t  ini­

tiation were l ocated , one being present in  high levels only in the autumn 

and the other being a potent aqueous promo te r . Both rooting promo ters 

were pres ent in approxj mately similar c oncentrati ons in  MM . 1 06 and EM XII 

roo t s tock cuttings and di fferences in roo t  initiation between the two 

roo t stocks could not be related to differenti al levels of the promot ers . 

Hes s  ( 1 959 , 1 960 , 1 96 1 , 1 962 , 1 964 ) located high levels  of rooting eo­

factors in  juveni le  plant tissue of Hedera hel ix , Chrysanthemum and 

Hibiscus rosa-sinens i s  and sugges ted that differences i n  ease o f  root ing 



were related to  the presence and level of such cofactors . Since both 

EM XII and MM 1 06 stock sources were in a juvenile condition i t  is  not 

1 6 1 . 

unexpected that high levels of promotive compounds were located with the 

mung bean bioassay . Wi th both rootstocks exhibiting high root promoting 

activity but possessing widely varying ability to form roots , neither the 

acidic no:r the aqueous promoter appeared to be a factor limiting root  

formation . No evidence from the 1 4C-IAA metabolism s tudies ( Section III ) 

was found to suggest  that the promoters complexed wi th an auxin as propo-

sed by Bouillenne and Bouillenne-Walrand ( 1 955 ) ,  Hess ( 1 965 ) and Fadl and 

Hartrnann ( 1 967 ) . Nevertheless i t  does  not preclude the possibility that 

the promoters may be active in some supporting mechanism of root forma-

tion , such as protecting IAA from oxidation by IAA-oxidase as found by 

Bastin ( 1 966 ) . Further identification and study of the physiolo.s·ical pro-
' 

perties o f  the promoters should indicate more clearly their role  and 

significance on adventitious root  forme>.tion . 

A number of reports document the transferance of a roo t  promoting 

st imulus across a graft union (Muzik and Cruzado , 1 958 ;  Stoutmeyer � 

al . ,  1 96 1 ; Richards , 1 964 ; Shah , 1 969 ) . Rooting of EM XII s tocks 

bearing MM 1 06 scions was promoted while  rooting of MM 1 06 and MM 1 06 

stocks grafted 1-1i th EM XII scions remained both s imilar and at a very 
MM 1 06 

high level . The increased r:J Oting of EM XII cuttings was directly related 

to increased levels  of IAA and IAN in the cutting base prior  to  rlanting , 

compared to  EM XII controls . No evidence of inhibition of  rootiLg , as 

suggestea by Ashiru and Carlson ( 1 968 ) and Fadl and Hartmaqn ( 1 967 ) was 
EM XII 

found with MM 1 06 cuttings . Some factor , either auxin or a factor inhib-

i ting auxin metabolism in EM XII cuttings was apparently transferred 

from MM 1 06 across  the graft union into EM XII .  Endogenous levels of 

ABA , cytokinin and rooting cofactors correlated with the s easona: trends 

seen in Section I for the season of harvest  and did not account for 
MM 1 06 

rooting promotion of EM XII cuttings . In both the seasonal s tudies  and 



1 62 .  

the donor grafting experiments , improved rooting of EM XII cutt ings was 

associated with considerable increase s  in endogenous IAA levels combined 
Ml'1 1 06 

wi th an IBA dipping treatment . The degree of root formation i n  N'1 XII EM XII 
was considerably l ess  than for both Ml'1 1 06 and Ml'1 1 06 ,  sugge s t ing that 

root initiation may no t be enti rely dependant on auxin . This was als o  

evident when IBA failed  to  promote root  formati on o n  EM XII cuttings 

throughout mos t  of the season of harves t  and in the donor grafting experi -

ments . 

Improved roo t i ng on apple roots tock hardwood cuttings in Sec t i ons I 

and II appeared to  be directly related t o  high levels or increase s  in 

endogenous IAA l evel s and promotion of root ing by IBA also s eemed depend-

ant on hi;;h endogenous auxin l evel s . Studie s  in  Section I I I  showed that , 

wi th Ml'1 1 06 cuttings , c ombined applicat i on o f  IAA and IBA produced an 

additive promotion o f  rooting wben compared wi th ei ther auxin applied  

singly . EM XII cutt i ngs showed a strongly synergistic response to a 

combined IAA/IBA tre atment , when compared wi th IAA or IBA applied alone . 

A dramati� removal o f  rooting ability o f  MM 1 06 by centrifugation and 

base remov<1l could be re stored wi th e i ther IAA or IBA applied alone , a 

c ombined treatment producing an addi tive promotion . Increasing c oncen-

trations of IBA could not promote rooting further than was achieved wi th 

2 , 500 ppm when applied alone . These observat ions indicated that the 

addi tive promo tion of rooting in MM 1 06 by IAA/IBA was not due s imply to 

an increase in total auxin concentration promoting root  formati on , and 

that promotion of roo ting by IBA was possibly no t through �he same meta-

boli c  functions as by IAA . A s trong synergis tic promotion o f  rocting by 

combined IBA/IAA treatments wi th EM XII cut t ings supported thi s hypo the si s . 

A more detailed examination of the effe c t s  o f  IBA on the metab o l i sm 

of IAA in the cutting base showed that the pos sible mode of action o f  

IBA was by prevention of inactivation o f  I AA  by decarboxylation o r  c o nju-



gation with aspartic acid . Cuttings o f  both rootstocks retained higher 

levels  of l abelled IAA and exhibi ted  l ower 1 4co2 evolution and IAA-asp .  

conjugatior1 i f  pretreated with IBA . External solutions from IBA-treated 

cuttings al s o  exhibited higher levels  of IAA- 1 4c ,  suggesting reduced 

inactivation of IAA wi thin the cuttings . While IBA appeared to act as an 

IAA-sparing device , no evidence of an IAA-cofactor complex was fo:md , 

which could be regarded as an IAA protective process . From these s tudies , 

the possibi lity that IBA acts in an IAA-sparing role rather than ·ooosting 

the total auxin pool appears more tenable . In support of this hypothesis , 

it  should be noted that improved rooting of EM XII cuttings only occurred 

when high l evel s  of IAA were present in the cutting base accompanied by 

an IBA treatment . The interpretati on that IBA promotes roo t  formation 

by increasing the active auxin pool (Nanda and Anand , 1 97 0 ) seems unlikely 

when it is considered that IBA has only weak auxin activi ty (Weaver , 1 972 ) . 

Auxin-promoted growth by IBA in the oat coleoptile bioassay was only 1% 

of a similar concentration of IAA , as found by the author . A suggestion 

that IBA ac ts  by undergoing B-oxidation to form IAA as found by Fawcett 

� �· ( 1 958 )  does not seem likely , since some of the reported benefits  

of using IBA for propagation are the persistence , poor translocating 

ability and res i s tance to auxin-degrading enzymes (Weaver , loo . c i t . ) .  

IAA inactivation processes appeared to be more vigorous in EM XII 

than in MM 1 06 which may accoQllt for the l ower level of endogenous IAA 

found in the seasonal s tudies and donor-graft experiments . I t  might also 

indicate why root  formation only occurred on EM XII when a pigh IAA plus 

a high IBA level were present . If  the rapid metabolism of IAA by EM XII 

was arres ted by IBA applicatioh , optimum levels of IAA required for root 

formation could be achieved as s een in the three sections , provided that 

a continuing supply of IAA was available ( e . g. at spring bud burst ;  with 

the presence of a MM 1 06 scion , or with a continuous IAA supply from 

lanolin caps ) . Presumably IAA i s  rapidly metabolised by EM XII tissue 



when IBA is not present . The large difference in IAA-asp . conjugation 

between the two roots tocks seemed to be more related t o  their differential 

endor;enous IAA levels ,  since IAA-asp .  synthetase depends on the presence 

of a physiological ly act ive auxin in high levels  ( Sudi , 1 964 , 1 966 ; 

Venis , 1 972 ) , rather than accounting for differences in roo t  formation 

between the two root s tocks . I t  would also  seem more likely that IBA 

would inhibi t  all IAA inac tivat i on processes as found in the pr·esent s tudy , 

rather than inhibi ting one inac tivation process ( IAA-der.truction )  and 

promoting another ( IAA-asp . conjugation ) as sugges ted by Ryugo and Breen 

( 1 97 4 ) . 

With the kno1vledge that IBA may protect  and ensure the persis tence 

of free IAA in the basal t issue , a reasses sment of current commercial 

treatments of cut tings could improve propagating succes s . Examination 

of the endogenous I.fl..A content of shy-rooting cul t ivars might show that 

IAA is often the l imi ting factor res tricting root  ini tiation , as has been 

shown in apple roots tocks in this s tudy . A major  problem to overcome 

wil l  be the adminis tering of IAA to the cuttings without losing the 

' auxin ' activity . While  this was achieved experimentally by using 

apical ly-appl i ed lanolin-IAA capsul es , the c o�ne rc i al application of an 

IAA treatment will  be more difficul t and requires further study . Mean­

while by manipulati 'n of the parent plant  and environment to enable the 

harves t  of propagating material to coincide wi th a time when high 

endogenous IAA levels  are present , im)roved roo ting of shy-rooting culti­

vars may be  achieved . An example of this was seen wi th EM XII cut tings 

taken in early spring. 

A Proposed Model of the Initiation Phase of Adventitious Root  Formation 

The proces s  of  roo t  formation on cut tings has been s eparated into two 

phases ; the ini tiation phase and the roo t  growth and elongation phase 

( Lovell  et  al . ,  1 97 1 ; Eriksen , 1 97 3 ) .  Further work by Eriksen and 
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Mohammed ( 1 974 ) and Mohammed and Eriksen ( 1 974 ) showed that the ini t i ation 

phase may have h10 stage s , an auxin active and an auxin-inactive phase and 

that auxin ( IAA ) was more important in the earlier part of the ini tiation 

phase , a factor already s tres sed by Hai s s i g  ( 1 970 , 1 972 ) . Considerabl e 

evidence exis t s  i ndicating that IAA influence s  growth processes  by 

triggering the sy-nthe s i s  of specific new RNA ' s and enzyme proteins (Masuda , 

1 965 ; Gal ston , 1 967 ; Morri s et al . ,  1 969 ; Tautvydas and Galston , 1 97 0 ;  

Kobayashi and Yamaki , 1 972 ) . Anzai ( 1 97 5 ) showed that root  formati on on 

mung bean cut tings was a two-phase proces s , the j ni tial phase being s en­

si tive to RNA synthes i s  inhibi tors and the lat ter phase , to DNA synthesi s 

inhibitors . 

The initiation phase of root formation i s  dependant upon IAA as a 

continuous supply over the period of i ni tiati on , rather than its  availa­

bil i ty at one time in hi ';her concentrations ( Greenwood and Goldsmi th , 

1 97 0 ;  Hai .sig , 1 97 0 ,  1 97 2 ; Eriksen , 1 97 3 ;  Eriksen and Mohammed , 1 974 ; 

Mohammed and Eriks en , 1 97 4 ;  Ryugo and Breen , 1 97 4 ;  Greenwood et  al . ,  

1 974 ; Mohammed , 1 97 5 ) .  Evidence suggests that the role of IAA in root 

initiation may be by inducing the synthes i s  o f  speci fic nzymes and pro­

teins ( Ryugo and Breen , loc . ci t . ) wJ·,j eh induces the cell to become a 

rudimentary roo t  meri s tematic zone . Fi,r:ure 28 i s  a scheme postulating 

the integrated contro l o f  root ini tiation by plant growth regulators , 

incorporating evidence from this study and the relevant li terature . 

Whi le the induction of root  ini tiation i s  possibly an _ IAA-specific 

reaction ,  the interactions of plant gTowth regulators mediate the mani­

festation of the process . Organogenes is o f  roots on cuttings i s  partly 

controlled by the delicate balance between IAA and cytokinins ( Heide , 

1 965b , 1 97 1 ; Mullins , 1 97 0 )  and possibly by interactions wi th ABA and 

gibberellins also . The auxin : cytokinin ratio  appears to be cri tical in 
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determinine whe ther adventitious roo t s  wi l l  initiate on cuttings of s ome 

species  or whe ther roots or buds wil l  initiate on various t i s sue explants ,  

( Skoog and Miller , 1 957 ; Heide , l o c . ci t . ; Heide and Skoog , 1 967 ; 

Gautheret ,  1 969 ; Mullins , loc . c i t . ; Pi erek and Steegmans , 1 97 5 ) .  A 

competition e ffect  regulated by the rati o  seems to determine the type of 

meri s temati c cell ini tiated (Humphri es and Maciej ewska-Po tapc zyk , 1 960 ; 

Chandra e t  al . ,  1 97 3 ) . This is  conceivably regulated by the synthes i s  

o f  spec ific RNA ' s wi thin the dedifferentiating cell . ABA has been found 

to influence < ;row th processes  by i nhibiting RNA synthesis  (Vil l i e rs , 1 968 ; 

Chen and Osborne , 1 97 0 ;  Bex , 1 97 2 ; Walbot � al . , 1 97 5 ) . A compet i t ive 

balance wi th IAA could operate , the rati o  de termining the rate of RNA 

synthesis  at the s i te of act ion o f  root ini tiation . Recent reports indi ­

cated that a continuous supply o f  IAA during the ini tiation phase was 

criti cal . This may be important in  maintaining a high IAA : ABA rati o  to 

fac i l i tate the necessary RNA synthes i s  required for ini t iati on . Several 

reports have shown that root ini tiat i on could be promoted by exogenously 

appl ied ABA ( Chin et al . ,  1 969 ; Chin and Beevers , 1 969 ; Basu et  al . ,  

1 968 , 1 970 ) . Anzai ( 1 97 5 )  found that several RNA synthes i s  inhibi tors 

inhibited roo t  ini tiation as measured by the number of roo t s  appearing 

wi th t ime , but increased the number of roo ts per cutting when the cuttings 

ul timately rooted . The otserved promoti on of root  ini tiation by ABA may 

have been induced by a s imilar proces s . Gibberellins have been shown to  

non-c ompet i tively inhibit natural or IAA-induced root  ini tiation (Kato , 

1 958 ; Brian et  al . , 1 960 ; Bachel ard and Stowe , 1 963 ; Jansen , 1 967 ; 

Pierek and Steegmans , 1 97 5 ) and t o tally inhibit root  and bud organogene s i s  

on Begonia l eaf cut tings ( Schraudol f  and Reinert , 1 959 ; Heide , 1 969 ) .  No 

interact i on wi th IAA was evident in any report and the mode of act i on 

appeared to  be via an inhibi tion o f  the product i on of speciali s e d  meri­

s tematic cel l s . Cell  divis i on per � was not prevented . 

The interac t i ons between IAA and cytok inins and ABA , and the inhibi-
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t i on o f  root ini tiation by gibberel l in are all effec tive on the first 

phase of root format i on ; the ini tiati on of a meristematic root primordial 

s i t e . Competi tive and non-competi tive inhibi t i on of root ini tiati on by 

growth regulators other than IAA , appear to act on the initiating phase , 

rather than the re tardation of the subsequent development of root primordi a , 

s i nce primordia already initiated prior to treatment remain unaffected and 

develop normal ly . 

I t  has been sho·.m that the ini tiation phase of root formation i s  

dependa�t on a continuous supply o f  free IAA above a threshold concentrat i on . 

The present s t udy supports the hypothesis , that free IAA alone , rather than 

the conjugat ion production of IAA plus ano ther compound , may be the ac tive 

primary effector of  the initiat i on phase . The abi l i ty to maintain a pro­

mot ive l evel of IAA in the cutting base is counteracted no t only by inter­

act ions vli th o ther fTOivth reg1.1lators , bu "L al s o  by the endogenous IAA 

des truction and inac tivati on �Yroce sses , som9 of which have been reported to 

be very active jus t after the c utting is  made ( Chandra et al . ,  1 97 1 ; 

Nanda � al . ,  1 97 3 ) . The inhibi tion of the enzymic des truction o f  Ift_A by 

synthetic or non-auxin compoun s has been shown (Bastin , 1 966 ; Ryugo and 

Breen , 1 974 ) . The pre sent s tudy p rovides evidence that IBA , applied to  

the  base of apple roo t s tock cuttin �s ( a commercial nursery practice ) , not  

only inhibits the enzymic de  radation of IAA but also inhibi ts the inac ti ­

vation by the IAA-aspartate synthetase enzyme sys tem . The protec t i on 

mechani sm ensures the main tenance of a maximal l evel of IAA in the cut ting 

base . IBA i tsel f , did not  seem to  promote roo t  i nitiation dire c t ly . The 

apparent promotion of roo ting by synthetic auxins may be by the method o f  

pro tec ting the endogenous IAA from me tabol i sm rather than by actinc:, on 

the same metabolic  process  as IAA . No evi dence in the present s tudy or 

in the mos t  recent res earch reports was found to indicate that an auxin­

c o factor complex was a nec e s s ary pre-requi site  for roo t  ini tiation t o  

occur , although i t  is  ross ible that auxin-synergi s ts are active in  pro t e c t-



ing I.All. from me tabo l i s m  b;v i nhibi t ing I.All.-inac t ivati on pro c e s s e s  as s h o wn 

by Bas t in ( 1 966 ) . 

Whi l e  the s e para t i on of the ro l e s  of IAA and IBA offers one exp l anat i on 

of why basal ' hormone ' t re atments wi th synthe t i c  auxins are no t uni v e rs al ly 

suc c e s s ful , unt i l  the me chani sm of root ini t i a t ion and auxin activi ty 

wi thin thi s pro c e s s  i s  more c l e arly de fined , further improvement o f  pro p a­

gat i on te chniques wi l l  be l imi ted . The abi l i ty to acl1 i eve the ini t i a t i on 

of r o o t s  on cut t inr:r,s of diffi c ul t -t o -ro o t  s p •2 C i e s  paral l e l s  the phys i o ­

l ogi cal advances m:1de in the und ers tanding o f  the pro c e s s  of advent i t i ous 

ro o t  ini ti at i on . The ro le o f  rooting c o fac t o rs and auxin-synergis t s i s  

s t i l l  unre so lved al though rec ent re ports s e em t o  indicate that IAA i s  the 

s p e c i f i c  effec t o r  of ro o t  ini t iati on . The c on c e p t  of a�in-p ro te c t ors has 

been s ugges ted and s�-:to\m to o perate wi thin the i ni tiating phas e of 

adventi t i ous ro o t  fo rmat i on . A maj o r  f i e l d  of s tud�r y e t  to be unde rtaken , 

i s  in e s tab l i s hi nb· the e xten t to Hhi ch the ho rmonal interac t i ons sugge s t e d  

in t h e  pres ent s tudy i nfluence ro o t  format i on o n  Hoody sho o t s , and t o  

e lu c i date the mechani s ms i nvolved i n  t h e s e  p ro c e s s es . Only by unders tand­

ing the corre l at ive phy s i o l o gy  of the control o f  roo t ini t i at i on wi l l  

maj o r  advanc e s  b e  achi ev e d  i n  further deve l 0 p i nb the s c i ence o f  as exual 

p l an t  propae;ati on by ro o t ing cut tin ·s of sho o t s . 



APPENDIX I 

Buffer Solutions 

1 .  Phosphate-citrate Buffer for the Wheat Coleoptile Bioassay . 

K
2
HP0

4 
4 . 485 gm 

Citric acid  monohydrate 2 . 547 gm 

- dissolve in 250 ml distilled water . This buffer i s  a 1 0  x con-

centrated solution . For use , dilute 1 in 1 0  and add 2 gm of sucros e  per 

1 00 ml buffer . pH = 5 . 3 . 

2 .  BurstrBm Basal Solution . 

To obtain maximum response to  auxins in the Avena coleoptile bio-

assay , the BurstrBm basal solution ( BurstrBm , 1 97 3 ) was found to  be mos t  

satisfactory . 

K
2
HP0

4 
1 0-3 mol/litre 

Ca (No
3

)
2 

1 0-4 mol/litre 

Mgso
4 

1 0-5 mol/litre 

Glucose 1 6  gm/litre 

0/1 M ci tric acid  was added to the solution until a final pH of 5 . 6 

was reached . 

3 .  Phosphate Buffers for Column Chromatography . 

Buffer pH 8 . 0 .  

Buffer pH 5 . 0 . 

K2HPO 
4 

so
.
lu tion ( 1 0-1  mol/litre ) adjusted t o  

pH 8 . 0  with KH2Po4 ( 1 0-1 mol/litre ) . 

KH2
Po

4 
solution ( 1 0-1  mol/litre ) adjusted t o  

pH 5 . 0  with K2
HP0

4 
( 1 0

- 1  
mol/litre ) . 

Buffer pH 8 . 0 for oytokinirt extracts : - 0 . 1 M phosphate buffe� 

(pH 8 . 0 )  was diluted 1 in 1 0 . 



APPENDIX II 

Summary of Statistical Analyses 

1 .  Seasonal Changes in Root Initiation of MM 1 06 and EM XII apple 

rootstocks a 

Analysis of Variance 

( a ) MM 1 06 treated with IBA . 

Source of v,,riation d .  f .  

Total 2 3  

Block 3 

Treatment 5 

Error 1 5  

s . s 

9 . 6 

0 . 43 

2 . 35  

6 . 82 

(b ) EM XII treated with IBA . 

Source of variation d . f .  s . s . 

To tal ? 3  9G . 62 5  

Block 3 3 . 458 

m. s .  

0 . 1 4  

0 . 47 

0 . 45 

m . s . 

1 .  1 53 

Observed F . 

0 . 3 1  N . S . 

1 .  04 N . S . 

Observed F . 

0 . 742 N . S . 

Treatment 5 69 . 87 5 1 1 . 645 7 . 498 ** 

Error 1 5  2 3 . 292 1 . 553 

( c ) MM 1 06 untreated with IBA . 

Source of variation d . f .  s . s . 

Total 2 3  43 

Block 3 1 . 46 

Treatment 5 24 . 7 1  

Error 1 5  1 6 . 83 

m . s .  

0 . 486 

4 . 942 

1 . 1 2 

Observed F . 

0 . 433 

4 . 4 1 2 * 

5% 

2 . 90 4 . 56 

S . E . o . 1 "1 2  

5% 1% 

2 . 90 4 . 56 

S . E . = 0 . 62 3 

5% 1% 

2 . 90 4 . 56 



2 . Ro o t  Ini t i at i on o f  Donor-graf t e d  ro o t s to cks . 

Source o f  vari at i on d .  f .  s .  s . m . s . Obs erve d F .  5% 

Total 1 5  1 03 

B l o ck 3 0 . 5 0 . 1 66  0 . 747 N . S .  

Treatment 3 1 00 . 5 3 3 . 5 1 50 o 9  ** 

Error 9 2 . 0 0 . 222  

S . E . 

3 .  0 . 1% IAA-l ano l in Experiment . 

( a ) MM 1 06 .  

Source o f  vari a t i on d .  f .  s . s .  m .  s . Obs erved F .  5% 

Total 39 3 1 1 2  

Bl o ck 9 1 38 . 1 1 5 . 344 0 . 4 1 4  N . S . 2 . 96 

Treatment 3 1 974 . 9 658 . 3 1 7 . 79 ** 

Error 27  999 37 . 0 

S . E .  

( b ) EM XI I . 

Source of variation d .  f . B . S ,  m . s . Observed 1. 5% 

To tal 39  1 3 o 77 5  

Bl ock 9 2 . 52 5 0 . 28  1 .  0 N . S . 2 . 96 

Treatment 3 3 . 675  1 . 225 4 ·  375 * 

Error 27 7 .  57 5 0 . 28  

S . E . = 

1% 

6 . 99 

0 . 234 

1% 

4 . 6  

1 . 923  

1% 

4 . 6  

0 . 1 67 



4 .  1 . o% IAA- l an o l i n  and C entri fuga t i on o f  MM 1 06 . 

Source of vari ati on d . f : s . s .  m . s . Ob s e rved F .  5% 

To tal 39 2 333 . 1 

Block 9 1 46 .  1 1 6 . 2 3 0 . 759 N . S . 

Treatment 3 1 609 . 7 536 . 56 25 . 09 ** 2 . 96 

Error 27 577 . 3 2 1 . 38 

S . E . 

5 . 1 . o% IAA-lano l i n  on EM XII . 

Sour c e  o f  vari ati on d . f .  s . s .  m . s . Observed F .  5% 

To tal 39 75 . 78 

Block 9 9 . 03 1 .  0 0 . 68 N . S . 

Treatment 3 27 . 28 9 . 09 6 . 22 * *  2 . 96 

Error 27 39 . 47 1 . 46 

S . E • 

. . 

1% 

4 . 6 

1 . 462 

1% 

4 . 6  

0 . 382 
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