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Abstract 

For millennia, scions have been grafted onto dwarfing apple rootstocks to reduce final 

tree size. However, it is unclear how scion architecture is first modified by the dwarfing 

apple rootstock, the time from grafting when this occurs and the endogenous hormonal 

signalling mechanisms that may cause the initial modifications in growth that then define 

the future architecture of the scion. In this study, the dwarfing (M.9) rootstock 

significantly decreased the mean total shoot length and node number of ‘Royal Gala’ 

apple scions by the end of the first year of growth from grafting when compared with 

rootstock(s) of greater vigour (MM.106, M.793 and a ‘Royal Gala’ rootstock control). 

Similarly, the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA) applied to the 

stem of vigorous rootstocks significantly decreased mean total shoot length and node 

number of the scion, and the architectural changes imposed were generally similar to 

those imposed by M.9. For example, both treatments decreased the mean length and node 

number of the primary shoot, reduced the formation of secondary axes on the primary 

shoot and caused a greater proportion of primary and secondary shoots (if present) to 

terminate growth early. Decreased formation of secondary axes imposed by both 

treatments was reversed by applying the cytokinin benzylaminopurine (BAP) repeatedly 

to the scion, whilst applications of gibberellins (GA4+7) reduced the proportion of primary 

and secondary shoots that terminated growth early, therefore increasing the final mean 

length and node number of these shoot types. Both M.9 and NPA also significantly 

decreased the final mean dry mass and length of the root system. Given these general 

similarities, it is proposed that the basipetal IAA signal is of central importance in 

rootstock-induced scion dwarfing, and that a shoot/root/shoot signalling mechanism may 

exist whereby the stem tissue of the M.9 rootstock decreases the basipetal transport of 

IAA to the root during summer, thereby decreasing root growth and the amount of root-

produced cytokinin and gibberellin transported to scion. Reduced amounts of cytokinin 

transported to the scion may decrease branching, whilst reduced amounts of gibberellins 

may decrease the duration for which a large proportion of primary and secondary shoots 

grow. Analysis of endogenous hormones for newly grafted composite ‘Royal Gala’ apple 

trees on rootstocks of different vigour provided some additional support for these ideas. It 

is recommended that future studies elucidate what unique properties of the M.9 bark act 

to restrict IAA transport, whilst it is concluded that gene(s) regulating rootstock-induced 
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scion dwarfing are likely to control processes within the rootstock that modify the 

metabolism of IAA, its basipetal transport and the subsequent synthesis of root-produced 

vigour-inducing hormones including cytokinins and gibberellins. 
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Extended thesis summary 

Recent research has identified a dwarfing locus (DW1) involved in the dwarfing 

mechanism of the M.9 rootstock (Rusholme-Pilcher et al., 2008) and a new genetic map 

has been constructed of apple rootstock progeny derived from a cross between M.9 and 

‘Robusta 5’ (Celton et al., 2009). These are important scientific advancements in the 

attempt to breed new and improved dwarfing apple rootstocks. For example, the 

identification of genetic markers linked to genes involved in rootstock-induced scion 

dwarfing, and other important traits like pest and disease resistance, will enable 

desirable progeny to be selected from large populations of tree material at a very young 

age. Therefore, efficiency and effectiveness of rootstock breeding programmes will be 

increased. Genetic maps constructed for rootstock progeny derived from a M.9 x 

‘Robusta 5’ cross (Celton et al., 2009) also have potential application in further 

elucidating the genetic control of rootstock-induced dwarfing of the scion. 

For the dwarfing apple rootstock, the fundamental biological processes that dwarfing 

gene(s) control are poorly understood, particularly the underlying physiological 

mechanism(s) that are first modified within the composite apple tree growing on a 

dwarfing rootstock, and their consequent expression in scion architecture during early 

tree phenology. Important physiological mechanisms by which dwarfing apple 

rootstocks decrease scion vigour may involve restricting the endogenous transport of 

nutrients, water and hormones. The most plausible of these is the modification of 

shoot/root/shoot signalling of endogenous plant hormones because alterations in their 

transport appear to explain some architectural changes imposed on the scion by the 

dwarfing apple rootstock. However, it is poorly understood how the modification of 

hormonal signals by a dwarfing apple rootstock may change scion architecture soon 

after grafting of the composite tree. Understanding this is essential to clearly identify 

those signals and processes that are the first physiological causes of scion dwarfing 

from those that are subsequent developmental effects.  

Therefore, ‘Royal Gala’ apple scions were grafted onto rootstocks of M.9 (dwarf), 

MM.106 (semi-vigorous), M.793 (vigorous) and ‘Royal Gala’ (self-rooted, very 

vigorous; control) to determine how each rootstock type initially modified scion 

architecture after propagation of the composite tree. These modifications were also 
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compared with those of root restriction and plant growth regulators applied to either the 

scion (± gibberellins (GA4+7), ± benzylaminopurine (BAP)) or an auxin transport 

inhibitor (± 1-N-naphthylphthalamic acid (NPA)) applied to the stem of the rootstock.  

In four different experiments, M.9 decreased the mean total shoot length and node 

number of ‘Royal Gala’ apple scions by the end of the first year of growth from grafting 

when compared with rootstocks of greater vigour (Chapters 3, 4, 5, and 6 and see Figure 

B for a typical example). The mean cumulative length and node number of the primary 

shoot was initially similar amongst rootstocks prior to December. Thereafter, 

cumulative growth of the primary shoot on M.9 was decreased compared with 

rootstocks of greater vigour. This occurred because a greater proportion of primary 

shoots either underwent a bicyclic pattern of growth in December (Chapter 4) or 

February (Chapter 5) and then terminated growth earlier in April (Chapter 4), or grew 

from a continuous season-long growth flush before terminating growth earlier in April 

(Chapter 3). The general effect of these growth patterns imposed by M.9 was to 

decrease the final mean length and node number of the primary shoot (Figure A) by 

complete growth cessation (Chapters, 3, 4 and 5). The mean internode length of the 

primary shoot was unaffected by rootstock type, hence the primary shoot on M.9 was 

shorter (i.e., Chapters 3, 4 and 5) because of fewer neoformed nodes. In Chapter 6, 

however, cumulative growth of the primary shoot on M.9 was similar to rootstocks of 

greater vigour, and the dwarfing effect mostly resulted from the development of fewer 

secondary shoots. The M.9 rootstock also decreased the formation of secondary axes on 

the primary shoot during the first year of growth from grafting, particularly secondary 

shoots (Figure B), and this was an important architectural change that also contributed 

to reduced total shoot growth of the ‘Royal Gala’ scion growing on M.9 (Chapters 3, 5, 

and 6 and see Figure B). In Chapter 4, however, the scion on M.9 produced a greater 

mean number of secondary axes compared with that on MM.106, although this was not 

a typical effect of M.9, and may have been imposed by transplanting the tree material 

into the field in December.  

In each experiment, M.9 formed proportionally more secondary spurs (i.e., < 25 mm) 

and short secondary shoots (i.e., ≥ 25 mm but with ≤ 10 nodes) compared with 

rootstocks of greater vigour. Both of these shoot types may have formed solely from 

preformed primordia within the vegetative axillary bud and terminated very soon after 
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their outgrowth. The M.9 rootstock also decreased the proportion of secondary shoots 

with more than 10 nodes, or those that had produced neoformed nodes, particularly very 

long secondary shoots with more than 20 nodes. This was a likely result of 

proportionally more secondary shoots completely terminating growth early in February 

and March when the scion was grown on M.9. Regardless of rootstock type, secondary 

shoots with the same node number were of almost identical length. Hence, M.9 did not 

affect internode length of ‘Royal Gala’ shoots, and this result supports the findings of 

other previous studies (Selezynova et al., 2003, 2008). 

The application of NPA to the rootstock stem of MM.106, M.793 and ‘Royal Gala’ 

significantly decreased the final mean total length and node number of the scion, and 

the architectural modifications were most similar to those that occurred for untreated 

‘Royal Gala’ trees growing on M.9 (compare Figures B and F). For example, following 

an application of NPA, the shoot apical meristem (SAM) on the primary shoot slowed, 

and/or, terminated its growth temporarily, thereby decreasing the final mean length and 

node number of the primary shoot. For both M.9 and NPA-treated trees, reduced 

cumulative growth of the primary shoot was reversed with GA4+7 applied repeatedly to 

the scion (Figure A), however few additional secondary and tertiary axes developed on 

the scion without applications of BAP (Figure B, D, F and H). The NPA treatment also 

decreased the formation of secondary axes on the primary shoot, and like M.9, the 

formation of secondary axes on the primary shoot was reinstated with exogenous BAP 

(Figures B, C, F and G). However, new secondary axes that formed for the BAP-treated 

scion on M.9 or NPA-treated rootstocks generally terminated without exogenous GA4+7 

(compare C and E or G and I for M.9 or NPA, respectively).  

Sequential applications of BAP followed by GA4+7 to the scion on M.9 increased branch 

formation and decreased the proportion of primary and secondary shoots that terminated 

growth early during summer. Consequently, the dwarfing effect of M.9 was reversed to 

some extent, particularly for the BAP x GA4+7-treated scion on M.9 and MM.106 that 

developed very similar total shoot growth (Figure E). In addition, total shoot length and 

node number of the BAP x GA4+7-treated scion on M.9 was much greater than that of 

the untreated tree grown on the ‘Royal Gala’ rootstock. However, the BAP x GA4+7-

treated scion on M.9 was still markedly smaller than the BAP x GA4+7-treated scion on 

M.793 or ‘Royal Gala’ (Figure E). Similarly, BAP x GA4+7 applied to the scion on 
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NPA-treated rootstocks of MM.106, M.793 and ‘Royal Gala’ increased total shoot 

growth of the scion (Figures F and I). However, BAP x GA4+7 applied to the scion on 

NPA-treated rootstocks of MM.106, M.793 and ‘Royal Gala’ stimulated markedly less 

total shoot extension growth when compared with the BAP x GA4+7-treated scion on the 

same rootstock type that was not treated with NPA (compare Figures E and I). Hence, 

BAP x GA4+7 could not fully reverse reductions in total scion growth whilst IAA 

transport from shoot to root was impaired by the NPA treatment, and this may explain 

why the BAP x GA4+7-treated scion on M.9 was smaller than the BAP x GA4+7-treated 

scion on M.793 and ‘Royal Gala’ (Figure E).  

Treatments that decreased the size of the root system, such as M.9, NPA and root 

restriction, also decreased the total shoot growth or size of the scion. This indicated that 

a functional relationship existed between the size of the root and shoot, and that part of 

the dwarfing effect imposed by M.9 may be explained because of its smaller root 

system. However, some physiological mechanisms regulating scion vigour for M.9 and 

root restriction differ because, unlike M.9, decreased formation of axillary axes imposed 

by root restriction was not fully reversed with BAP applied repeatedly to the scion, and 

root restriction tended to decrease the size of leaves. 

Results from this study, based on both application of plant growth regulators and 

analysis of endogenous hormones, have led to the conclusion that the basipetal IAA 

signal is of central importance in rootstock-induced scion dwarfing. A shoot/root/shoot 

signalling mechanism may exist whereby the stem tissue of the M.9 rootstock decreases 

the basipetal transport of IAA to the root during the summer, thereby decreasing root 

growth and the amount of root-produced cytokinin and gibberellin transported to scion, 

which consequently decreases either branch formation or the duration for which primary 

and secondary shoots grow, respectively. In partial support of this hypothesis, the M.9 

rootstock had a significantly lower concentration of GA19 in the xylem sap during 

March (Chapter 6). However, further research would be required to show more 

convincingly that the above model of growth regulation is reflected in the endogenous 

transport of hormones. In particular, it would be important to demonstrate that 

decreased shoot/root basipetal transport of IAA by the M.9 rootstock reduces root/shoot 

transport of either cytokinins or gibberellins, and that decreased root/shoot transport of 

cytokinins precede the period(s) in the growing season when axillary bud outgrowth 



Extended thesis summary   

viii 

occurs, whilst decreased root/shoot transport of gibberellins precedes the predominant 

time when shoot termination first occurs on the scion. It is also recommended that 

future studies elucidate what unique properties of the M.9 bark act to restrict IAA 

transport because it is likely that primary gene(s) regulating rootstock-induced scion 

dwarfing control processes within the rootstock that affect the transport and metabolism 

of IAA. 
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Figure A. Gibberellin (GA4+7) x 1-N-naphthylphthalamic acid (NPA) (i and ii) and 

rootstock x GA4+7 interactions (iii and iv) for the mean cumulative length and node 

number of ‘Royal Gala’ primary shoots during their first growing season from grafting. 

Arrows on ii or iv with a dotted line denotes the timing of GA4+7 treatments to the scion, 

whilst arrows with a solid line on ii denote the timing of NPA treatment to the rootstock 

stem. On a single graph, means sharing the same letter are not significantly different. 

Mean separation in May is at P≤0.11 for i and P≤0.05 for ii, iii and iv (lsmeans tests with 

Tukey’s adjustment, SAS). Data for i and ii are averaged over BAP and rootstock 

treatments, whilst iii and iv are averaged over BAP and NPA treatments. 
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