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Abstract 

Branching is one of the major developmental processes that determine the architecture of a 

plant. Lateral branching is the outgrowth of axillary buds from the main shoot axis of the 

plant, and in Petunia hybrida this process is controlled by the DECREASED APICAL 

DOMINANCE (DAD) genes. The three dad mutants are characterised by increased levels of 

basal branching, and decreased height when compared to wild-type petunia. Double mutant 

analyses were carried out to determine whether these genes act in the same pathway to 

control branching. The dad1dad2 and dad2dad3 double mutants were indistinguishable 

from the dad2 mutant, which indicated that DAD2 acts in the same pathway as DAD1 and 

DAD3. Grafting experiments confirmed the action of DAD2 in this pathway, potentially 

with a role in signal reception or transduction. The dad1dad3 double mutant has an additive 

phenotype with decreased plant height and delayed flowering compared to the single 

mutants, indicating that these genes do not act in a simple step-wise fashion. 

The function of the DAD1 and DAD3 genes was investigated by expression analysis using 

quantitative RT-PCR (qRT-PCR). The genes were expressed in root and stem and showed 

upregulation in the stem, but not the roots of the dad mutants, suggesting the involvement 

of a feedback mechanism in the control of gene expression. The expression of DAD1 and 

DAD3 in the stem of grafted plants was linked with the branching phenotype not the 

genotype of the scion. 

A candidate gene (PhMAX2) was investigated to ascertain whether it was the same locus as 

DAD2. Results from Southern analyses and qRT-PCR experiments, combined with existing 

sequencing data, indicated that PhMAX2 is unlikely to encode DAD2. The function of the 

PhMAX2 gene was investigated by construction RNAi transgenic plants with decreased 

levels of PhMAX2 transcript, which showed a slight increase in branching and decrease in 

height compared to wild-type petunia. 

A model is presented that describes how the DAD genes are thought to act together, as well 

as with internal and external signals, to control the outgrowth of axillary buds into branches 

in petunia. 
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Chapter 1 Introduction to the Genetic Controls of Branching in 
Plants 
 
Branching, the outgrowth of axillary buds from a primary shoot, is a fundamental 

developmental process that controls the shape of a plant. There is an enormous amount of 

diversity in the types of branching possible, which is reflected in the multitude of plant shoot 

patterns found in nature. The main apical-basal shoot axis of the plant is provided by the 

primary shoot apical meristem (SAM) and is established during embryogenesis. In flowering 

plants, the shoot architecture is modified by the growth of axillary meristems that form in the 

axils of leaves on the main shoot axis. These axillary shoot meristems develop into axillary 

branches that may repeat the growth pattern of the main shoot and contribute additional sites 

for leaf, flower and fruit development. This is referred to as lateral branching (Steeves and 

Sussex, 1972) and in this thesis the terms lateral branching and axillary branching are used 

interchangeably. Branches derived from axillary meristems may also take over the role of the 

main growth axis of the plant if the SAM is damaged.  

 
In some plants axillary meristems only form in the axils of specific leaves and are initiated 

with a regular pattern of development. However, placement of the meristems that will 

become axillary branches is not sufficient to explain the complexity of branching patterns 

observed in plants. There are three other important aspects of lateral branching; meristem 

potential that determines whether an axillary bud develops into a branch, the onset or timing 

of the bud outgrowth, and the meristem identity that specifies whether vegetative or 

reproductive branches form (Bell 1991). Although these factors are flexible, and can be 

altered by environmental cues, their basic pattern is genetically determined and provides the 

general template for the plant architecture of a particular species.  

 
Along the length of the main shoot axis of a plant there are different areas called enrichment, 

inhibition and innovation zones that demonstrate contrasting levels of axillary bud potential 

(Weberling, 1989). The inflorescence develops in the enrichment zone, and this is often the 

most highly branched part of a plant, the branching observed in Arabidopsis is a good 

example of this. The inhibition zone is immediately below the enrichment zone on the main 

shoot. There is often little axillary bud outgrowth in this region prior to flowering, but lateral 

branches may develop in a basipetal manner in this zone as the inflorescence continues to 

develop in an acropetal manner. In perennial plants an innovation zone is often observed at 

the basal-most region of the main shoot. This contains dormant buds that can replace the 
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whole branching system upon damage to the main shoot axis. In petunia (Napoli, 1996; 

Snowden and Napoli, 2003), and tomato (Cline, 1991) this zone is often favoured for axillary 

branching, although in petunia the innovation zone is located just above an area on the shoot 

where no branching occurs. 

 

This Introduction will cover the characteristics of branching in the various plant models used 

to study branching. It will introduce the theory of apical dominance as a control of axillary 

bud outgrowth and the roles that plant growth regulators are known to play in this process. It 

will describe the use of induced mutants to study branching and will focus on the increased 

branching mutants identified in several species. Finally, this chapter will introduce the 

decreased apical dominance mutants in petunia that are the focus of this thesis, and will 

describe the involvement of F-box proteins in the control of developmental processes in 

plants. 

 
 
1.1 Plant species used as models to study branching control 

 
Many processes fundamental to the development and function of plants remain poorly 

understood. These processes, including branching, are complex, and thus the use of model 

organisms that allow the most effective experimental strategies has become common. Several 

different types of plant are used to study branching in order to be able to apply the 

knowledge of how branching is controlled to as wide a range of plants as possible. It is 

important to include both annual and perennial plants as models, as control of branching may 

vary in plants that continue to grow and develop over many seasons. In some perennial 

plants, the SAM either ceases in activity or undergoes the transition into a terminal floral 

meristem relatively early in the life of the plant. When this occurs the development of the 

shoot system is often continued by one or several of the axillary meristems, creating a 

sympodial branching pattern (Napoli and Ruehle, 1996; McSteen and Leyser, 2005).  

 
 
1.1.1 Arabidopsis 
Arabidopsis thaliana L. Heynh (Arabidopsis) is the most commonly used model plant in the 

broad general area of plant science. Arabidopsis is a small annual crucifer, a member of the 

Brassicacea. The whole genome of the plant has been sequenced (The Arabidopsis Genome 

Initiative (AGI), 2000), and over 25,000 genes have been annotated as protein coding 

(Yamada et al., 2003). There is also a very comprehensive physical map of the chromosomes 
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(Mozo et al., 1999) that greatly increases the ease of finding a gene of interest. Grafting is 

difficult to perform in Arabidopsis, although progress has been made in this area (Turnbull et 

al., 2002), but transformation to alter gene expression is relatively straightforward using 

Agrobacterium tumefaciens gene transfer by the floral dip method (Clough and Bent, 1998). 

Arabidopsis also lends itself to genetic studies, as it is a small plant that can be grown at high 

densities, has a short generation time and produces up to 20,000 seed per plant (reviewed by 

Dean, 1993). 

 
In Arabidopsis, the primary SAM continues to 

produce new lateral organs throughout the life of the 

plant, resulting in a monopodial branching pattern. 

During the vegetative growth phase, lateral meristems 

are not detectable in the axils of the rosette leaves and 

do not necessarily form in the axils of all leaves 

(Grbić and Bleecker, 2000). After the transition to 

flowering of the SAM when the stem starts to bolt, 

axillary meristems become visible, first in the axils of 

the cauline leaves and then spreading in a basipetal 

wave to the axils of the rosette leaves (Hempel and 

Feldman, 1994). Given sufficient time in the 

vegetative growth phase, axillary branches on the 

main shoot can also be initiated in an acropetal 

manner (Grbić and Bleeker, 2000). 

 

 
1.1.2 Pea 
Most of the physiological studies of branching in plants have focused on using the garden 

pea (Pisum sativa) as a model. This is due to the ease of grafting, the long internodes, and the 

comparatively simple branching structure that occurs during both vegetative and reproductive 

branching (reviewed in Beveridge et al., 2003a). A relatively large number of branching 

mutants are also available to study. Most of the pea cultivars grown for agriculture do not 

branch a great deal from the lower nodes, although they branch freely from the upper nodes 

after the transition to flowering (Murfet and Reid, 1993; Beveridge et al., 2003a). Controlling 

the basal branching of the plants is important in agriculture, as the number of branches 

bearing pods has a strong effect on seed number.  

Fig 1.1 Monopodial branching of Arabidopsis 
plants 

Direction of 
branch 
outgrowth 

Axillary 
branches 

Cauline 
leaves 



 4 

 

Although it is easier to perform physiological studies on pea, it has some disadvantages as a 

model with regards to molecular studies due to the difficulty of gene transfer by 

Agrobacterium-mediated transformation. The large flowers make crosses between plants 

easy to control, but the low numbers of seeds produced per cross are not optimal for large 

genetic studies. Pea is also important as a model for agricultural legumes, as nodulation is not 

a process shared by all plants. It is not known what affect this additional process within the 

plant may have on the control of branching although nutrient levels do have effects on 

branching (Beveridge et al., 2003b). 

 
 
 

1.1.3 Tomato 
Tomato (Solanum lycopersicon) is a model for branching that is also an important 

horticultural crop. Several branching mutants have been identified in this species (e.g. 

Schmitz et al., 2002; Sun et al., 2004), and it has importance as a model due to the fruit it 

produces. This allows study of how changes in branching affect the fruit load. 

Agrobacterium-mediated transformation is routine in this species and new dwarf cultivars 

have allowed higher density growth for large-scale studies (Scott and Harbaugh, 1995). 

 
In contrast to Arabidopsis, axillary buds in wild-type tomato are formed early in development 

in all of the axils of leaf primordia (Malayer and Guard, 1964). Due to weak inhibition by the 

shoot apex in this species, these axillary buds develop into axillary branches without a resting 

phase. As all nodes of an axillary branch in tomato can again form lateral shoots, this pattern 

can be repeated indefinitely, resulting in a very dense growth habit that can be difficult to 

analyse (reviewed in Schmitz and Theres, 1999). 

 
 

 
1.1.4 Petunia 
Petunia (Petunia x hybrida) is an herbaceous perennial that is used as a model to study 

branching patterns and many other developmental processes (Angenent et al., 2005). Petunia 

has the advantages as an experimental model that grafting, hormone measurements, standard 

molecular biology and Agrobacterium-mediated transformation are routine, enabling both 

physiological and molecular studies of branching.  Growing EST databases are increasing the 

ease of gene identification but the genome has not yet been sequenced and map-based 

cloning is difficult to do. Although not producing as much seed per plant as Arabidopsis, 
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petunia plants can provide several hundred seed from a single cross and can be grown at 

relatively high density. The flowers are large, making controlled crosses for genetic studies 

easy to perform, and asexual propagation from cuttings or callus is also straightforward 

(Gerats and Vandenbussche, 2005). 

 
Petunia has a similar type of branching development to 

tomato, but has less dense branching in the wild type 

plant that makes it easier to study changes in branching 

patterns. This is due to a somewhat greater inhibitory 

effect of the shoot apex on the outgrowth of axillary 

buds into branches. Petunia is also useful as a 

branching model because, like tomato, it displays 

several different types of branching.  

 
When in the vegetative growth stage, axillary branching 

in petunia is monopodial, with branches developing in 

an acropetal manner from the basal nodes of the plant. 

After the transition to flowering, the SAM forms a 

terminal flower and apical axillary branches form in a 

basipetal manner from the nodes immediately below 

this first flower. The reproductive shoot system is 

formed by sympodial branching consisting of tightly regulated units that originate as axillary 

branches then terminate in a flower after two nodes at which point a new axillary branch 

develops (Napoli and Ruehle, 1996, Snowden and Napoli, 2003). The strong growth of the 

original sympodial shoot can displace the terminal flower to the side, creating the false 

impression of continuing monopodial development. Branching in petunia can also be 

modified by environmental conditions including daylength and being grown under crowded 

conditions (Napoli, 1996). In wild-type petunia there is a zone of branching inhibition at the 

very base of the plant, and lateral branches are most likely to occur between nodes three and 

nine on the main shoot axis, with another zone of branching inhibition in the nodes above 

this innovation zone (Snowden and Napoli, 2003). 

 
 
 

Fig 1.2 Types of branching in wild type 
petunia 

Sympodial 

Basipetal 
(Apical) 

Acropetal 
(Basal) 



 6 

1.2 The theory of apical dominance 
 
Apical dominance is a term that refers to the inhibitory effect that an intact SAM has on the 

outgrowth of axillary buds along the main shoot axis of the plant. This process has a 

considerable influence on the control of lateral branching.  The traditional dogma of apical 

dominance is that auxin, a plant growth regulator produced in the shoot apex and unexpanded 

leaves, passes from the shoot apex to the axillary buds where it prevents them from developing 

into lateral branches (Hillman, 1984).  

 
Different species of plants have been classified as having different levels of apical dominance, 

measured by the amount of axillary bud outgrowth observed. In plants with what is considered 

complete, or strong, apical dominance, macroscopic axillary buds either fail to form in the leaf 

axils or are arrested very early in their development. In plants with weak apical dominance 

axillary buds continue to grow at a slow rate throughout the life of the intact plant (Cline, 

1997).  

 
 
1.2.1 The development of theories on apical dominance 
 
The control of branching in plants is a process that has been studied for many years. The 

growth modifying interactions between the shoot apex and lateral structures were originally 

thought to be dependent on the spread of available nutrients between the various organs (Jost, 

1907). It was believed that the SAM absorbed all available nutrients or growth factors when 

active, thereby depriving the lateral meristems and preventing their growth. This theory was 

supported by evidence from Loeb (1915, 1918, 1923) who noted that removal of plant organs 

resulted in “compensation” growth in the remaining parts of the plant. 

 
The discovery of processes that would require plant “hormones” (eg “wound hormones” 

theorised by Haberlandt, 1913, cited by Hillman, 1984) in conjunction with early 

experiments on apical dominance in bean (Harvey, 1920), led to the idea that inhibitory 

substances might be responsible for the effect that the shoot apex has on axillary bud 

outgrowth. Snow (1925) discovered that the influence that was inhibitory to lateral bud 

outgrowth could pass through a section of stem internode with all tissues outside of the 

xylem removed. He also confirmed Harvey’s (1920) result that living tissue was required for 

the transmission of the inhibition signal. In the many years of research since then, the effects 
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and interactions between various plant hormones, nutrients, water, light and gravity have all 

been investigated, but the exact roles of these factors in apical dominance are still not clear. 

 
 
1.2.2 Plant hormones and apical dominance 
 
1.2.2.1 Auxin 
Many plant hormones have been considered as factors in the control of axillary branching in 

plants, but the auxin indole-3 acetic acid (IAA) has been the most extensively studied. The 

major sites of synthesis are in the shoot apex and young expanding leaves and stems 

(Matthysse and Scott, 1984). Auxin influences many developmental processes. Its presence 

stimulates such diverse activities as leaf expansion, wound healing and seedling germination, 

but also inhibits processes such as abscission and lateral bud growth (Matthysse and Scott, 

1984). 

 
The early studies by Thimann and Skoog (1933, 1934) found that they could collect auxin 

(detected by the Avena curvature bioassay) in agar from excised sections of Faba. They 

showed that similar amounts of auxin isolated from Rhizopus fungal cultures could partially 

replace the shoot tip with regards to bud outgrowth when applied to the cut-stem surfaces of 

decapitated plants. In addition, pure IAA isolated from plants could inhibit bud outgrowth on 

decapitated plants in such a way that the amount of bud growth was inversely proportional to 

the concentration of the IAA applied to the cut stem surface (Skoog and Thimann, 1934). 

This brought about the suggestion that auxin synthesised in the shoot apex reaches the lateral 

buds and inhibits their growth. A role for auxin in vivo is supported by the observation that 

the application of auxin transport inhibitors such as TIBA (triiodobenzoic acid) to the upper 

stem of intact tomato plants can reduce the level of apical dominance shown by the plant 

(Tucker, 1978). Transgenic plants have been produced that overexpress genes such as the 

iaaH (indoleacetamide hydrolase) and iaaM (Trp monooxygenase) genes from A. 

tumefaciens; this leads to increased levels of IAA compared to wild-type and the plants show 

increased apical dominance (Sitbon et al., 1992; Romano et al., 1993). 

 

Later studies have shown that the action of auxin on bud outgrowth is unlikely to be direct, 

as auxin from the source tissues does not seem to actually enter the bud (Booker et al., 2003), 

and bud outgrowth cannot be inhibited by direct application of auxin to the buds (reviewed in 

Hillman, 1984). This indicates that some sort of second messenger signal is required to 

respond to auxin and enter the bud where it acts to affect bud outgrowth. One of the theories 
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for the indirect action of IAA, is that it acts by regulating the synthesis and export of 

cytokinins (another type of growth regulator) from the roots of the plant (Bangerth, 1994; 

Nordstrom et al., 2004). Alternatively the second messenger could be some, as yet 

unidentified hormone signal. A recent report studying the PIN-FORMED (PIN) genes which 

encode the auxin efflux transporters has suggested that the rate of auxin transport past a bud 

may act as a sink for auxin from the bud and affect the bud outgrowth (Bennett et al., 2006). 

 
 

1.2.2.2 Cytokinin 
Cytokinins (CKs) are a group of plant growth regulators originally identified by their ability 

to promote plant cell division. Virtually all of the known naturally occurring cytokinins are 

substituted purines. Kinetin, the first member of the cytokinin family isolated was actually 

derived from autoclaved herring sperm DNA (Miller et al., 1956), and when purified was 

found to be a potent promoter of cell division in the tobacco pith assay. Kinetin does not 

occur naturally in plants, and it was several more years before Letham isolated the first plant 

cytokinin, zeatin, from Zea mays seed kernels (Letham, 1963). 

 
In the early 1960s, work in the laboratory of Thimann showed that application of exogenous 

cytokinin could reverse the inhibitory effects of auxin on lateral bud outgrowth in plant 

sections (Wickson and Thimann, 1960; Sachs and Thimann, 1964). Later research has 

verified this response in intact plants (Pillay and Railton, 1983; Semenuik and Griesbach, 

1985). Work by Li et al. (1995) demonstrated that the removal of the shoot apex in peas led 

to a large increase in endogenous CKs as well as release of the inhibited lateral buds. Mader 

et al. (2003) also noted significant increases in the CK levels of chickpea axillary buds after 

decapitation.  A recent study showed correlations between levels of lateral bud outgrowth 

and the concentrations of exogenous CK used (Li and Bangerth, 2003). It has been suggested 

that the increased IAA synthesis and export induced by the CK application might be 

responsible for the growth of lateral shoots in the intact pea plants studied.  

 

In an alternative model, it has been suggested that control of lateral bud outgrowth might be 

dependent on the ratios of IAA to CK levels in gradients along the shoot axis, rather than an 

absolute level of either (Stafstrom, 1993). Plants that overproduce cytokinins have been 

created by transgenic overexpression of the ipt (isopentenyl transferase) genes from A. 

tumefaciens and have been reported to show a decrease in apical dominance (Medford et al., 

1989; Romano et al., 1991). However, both auxin-reduced plants and cytokinin 
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overproducing plants do not necessarily affect branching during the juvenile phase of plant 

growth (reviewed in Napoli et al., 1999). 

 

1.2.2.3 Other plant growth regulators 
The other major plant growth regulators, gibberellin (GA), abscisic acid (ABA) and ethylene 

have all been implicated in the control of lateral bud outgrowth to some degree, but their 

interactions are largely undefined. Studies with exogenously applied GA have shown that it 

alone cannot release axillary buds from inhibition, but will cause rapid elongation in released 

buds (Cline, 1991). When applied with IAA at the shoot apex, however, GA enhances the 

inhibitory effect on axillary bud outgrowth (Jacobs and Case, 1965). Increased ABA levels 

have been shown to correlate with axillary bud dormancy (Galoch et al., 1998; Le Bris et al., 

1999) but there is still no conclusive evidence as to its role. A recent study has further linked 

ABA with apical dominance in tomato and sunflower (Cline and Oh, 2006). ABA could not 

restore apical dominance when applied to the cut surface where the shoot apex had been 

excised, but when applied beneath a lateral bud could repress its outgrowth in a decapitated 

plant. 

 
There has been evidence that ethylene acts to enhance apical dominance, but this may be due 

to the fact that high concentrations of IAA enhance the synthesis of ethylene in the plant. 

However, transgenic plants where ethylene synthesis is inhibited still show strong apical 

dominance (reviewed in Hillman, 1984; Cline 1991). Ethylene insensitive mutants of 

Arabidopsis show wildtype branching patterns and show inhibition of axillary bud outgrowth 

in response to applied IAA (Romano et al., 1993). Ethylene has also been shown to release 

plants from apical dominance caused by root restriction in petunia (Haver and Schuch, 2001). 

These conflicting reports on the action of ethylene demonstrate how little is still known of its 

function in apical dominance, and how complicated the interactions between various plant 

growth regulators can be. 

 
Widespread use of the term apical dominance has led to a focus in research on the apical bud 

as the main source of branching control. This underestimates the contributions that roots, stems 

and leaves can make to the regulation of lateral bud outgrowth (Hosokawa et al., 1990) and 

does not take into account the effects that environmental conditions may have on the plant. 
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1.3 Environmental Effects on Axillary Shoot Development  
 

As plants are sessile organisms, their 

developmental processes need to be 

relatively plastic, as they cannot 

move away in response to 

environmental changes. Lateral 

branching is a process that responds 

to several environmental cues, 

including light and nutrition. 

Changes in day length control flowering time in many plants (Reviewed in Thomas, 2006) 

and also have marked effects on axillary branching. The formation of axillary buds on the 

main plant axis is regulated during development by photoperiod in many plants including 

pea, tomato and Arabidopsis (Schmitz and Theres, 1999; Grbić and Bleeker, 2000; Beveridge 

et al., 2003a). The lateral branching phenotypes of petunia are strikingly different when 

grown under long or short day photoperiods (Snowden and Napoli, 2003, Figure 1.3). Under 

long day conditions, only a few buds develop into branches and mimic the structure of the 

main shoot. When plants are grown under short day conditions the branches form a 

candelabra-like pattern and many more lateral branches develop, while growth of the main 

shoot is severely restricted. Arabidopsis and pea also show effects of daylength on the 

phenotype of the plants, in that the flowering is delayed and axillary branching is increased 

under short day light conditions (Stirnberg et al., 2002; Beveridge et al., 2003a).  

 
Development of axillary branches is also affected by the quantity and quality of light. Under 

low levels of light photosynthetic rates are reduced and diversion of assimilates to other areas 

can restrict axillary shoot development (Cline, 1991). Plants often exhibit different branching 

patterns when grown in shaded environments. Tucker and Mansfield (1973) exposed 

Xanthium strumarium plants to far-red light to mimic shade and showed that this inhibited 

the formation of axillary branches.  

 
Light is not the only environmental factor affecting lateral branch development. Atmospheric 

factors such as humidity and carbon dioxide content can alter the amount of axillary bud 

outgrowth (Andersen, 1976).  Mineral nutrition and physical root restriction can significantly 

decrease the amount of lateral branching in plants, possibly due to competing nutrient sinks 

in the shoot apical and axillary meristems (Miguel et al., 1998; Haver and Schuch, 2001).  

Figure 1.3 Effects of daylength on wild-type petunias. 
Long day (A) and short day (B) light conditions. Picture 
from Snowden and Napoli (2003) reproduced with 
permission. 
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Temperature plays an important control of bud break from long-term dormancy, or 

overwintering, in perennial plants (discussed in Horvath et al., 2003). Endodormancy of 

lateral buds during winter does not respond to environmental fluctuations but requires 

extended chilling for bud release from dormancy. Control of this type of bud dormancy is 

important in many horticultural crops such as apple and kiwifruit (Faust et al., 1991, Austin 

et al., 2002). 

 
 
1.4 Other signals in plant branching 
 
Although most of the study on signals in plant branching has focussed on the classical plant 

hormones, there may be other signals that regulate axillary bud outgrowth. After plant 

decapitation, there are dramatic changes in xylem and phloem transport with various solutes 

and assimilates being redirected to other parts of the plant (Mader et al., 2003). The flow of 

metal ions plays an important part in the signalling of many processes in plants, and within 

five minutes of decapitation, potassium ions accumulate in the stem of Bidens plants (Kramer 

et al., 1980). Stahlberg and Cosgrove (1992) observed a huge membrane depolarisation in 

pea plants within thirty seconds of decapitation. This depolarisation was propagated in the 

phloem at approximately 1mm.s-1. It has also been noted that performing auxin replacement 

immediately upon decapitation cannot totally replace the shoot tip in pea. Although the auxin 

does prevent bud outgrowth into lateral branches there is swelling and a very small, but 

measurable amount of outgrowth that may not be immediately visible to the casual observer.  

The rapidity of movement of this response down the stem suggests that some physiological 

signal other than transport of known hormones is involved (Morris et al., 2005). 

 
 
1.5 A Genetic approach to studying branching control 
 
Many of the studies of apical dominance use plant decapitation in order to observe the 

differences between dormant and growing axillary buds. Although this removes the SAM, 

thought to be the source of axillary bud inhibition, the act of decapitation itself causes 

changes within the plant. Apart from the stress caused by wounding, there are changes to 

xylem sap flow and a redirection of assimilate and hormone transport around the plant 

(Mader et al., 2003). The removal of the shoot apex also removes an important site of 

hormone synthesis, including IAA and GA and perhaps other signals. Although the point is 
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to remove the inhibition (caused by IAA), IAA is also involved in controlling many other 

processes around the plant, which may be interrupted by its removal. Thus the question has 

been asked; are decapitation-induced axillary bud outgrowth and axillary basal branching in 

the presence of an intact shoot apex controlled by the same mechanisms (Napoli et al., 

1999)? It is likely that the two types of control overlap considerably, but there are obviously 

some differences, and there may be some differences in the signalling mechanisms as well. 

 
Studies using plants with induced genetic mutations that lead to differences in their axillary 

branching patterns have enabled the control of branching to be studied in intact plants. These 

studies are especially effective with mutations that have been induced in a single genetic 

background, as this allows for comparison of two types of plant, wild type and mutant, which 

only differ at a single genetic locus (reviewed in Peters et al., 2003). However, there are also 

advantages to working with different cultivars, as branching patterns can differ markedly 

from line to line (e.g. pea, reviewed in Murfet and Reid, 1993). Some genetic studies make 

use of these cultivar differences, such as QTL mapping for loci that affect branching (Wu et 

al., 1999, Frewen et al., 2000). Additionally, having the same mutation in different genetic 

backgrounds can also provide corroborating evidence as to the action of the gene of interest 

(e.g. the use of Mitchell and V26 inbred petunia lines in Snowden et al. 2005, and the use of 

Parvus, Weitor and Torsdag pea cultivars in Beveridge et al., 1997b). Genetic mutants are 

important because they allow for study of one stage in the control of branching at a time, 

which helps to elucidate the steps involved in controlling axillary branching.  

 
The downside to mutant analyses is that loss of a single gene product by mutation can also 

result in changes to a number of processes, leading to a pleiotropic phenotype. This can make 

analysis of the main function of the wild-type gene quite complex. There may be an indirect 

change to branching morphology caused by a mutation involving a different developmental 

process that has side effects on branching. For example, when the flowering stimulus is 

affected by a genetic mutation in gi and veg mutant pea plants, the large decrease in 

photoperiod gene activity leads to a reduction in apical sink strength that results in an altered 

hormone profile and weak apical dominance (Beveridge et al., 2001). Identification of the 

genes involved in axillary branching is a necessary part of determining how the process is 

controlled and using induced mutants is one of the best ways to do this. Most of the problems 

involved in their use can be overcome by combining these techniques with other molecular 

and physiological research tools. 



 13 

 
 
1.6 Induced branching mutants in model plants 
 
1.6.1 Morphology mutants 
 

Many axillary shoots in plants repeat the morphology of the main shoot to some degree, 

starting in a vegetative phase and later developing an inflorescence meristem. The pattern is 

genetically determined and changing the length of these phases of development changes the 

shoot architecture of the plant (McSteen and Leyser, 2005). In Arabidopsis, the lateral 

branches do not fully repeat the morphology of the shoot, and do not develop the rosette of 

leaves that typifies the morphology at the base of the main shoot. The late flowering ecotype 

Sy-0 differs in that it develops rosettes at the base of each lateral shoot, and it has been shown 

that this is caused by dominant alleles of the genes ART and EAR affecting the morphology 

(Grbić and Bleeker, 1996). This does not seem to be premature initiation of the axillary 

meristems; rather, the meristems in the axils of the leaves seem to have an identity similar to 

young primary SAMs instead, giving the axillary shoots a longer vegetative phase.  

 
 
1.6.2 Decreased branching mutants 
 
Independent genetic pathways control the initiation of axillary bud development and their 

eventual outgrowth into axillary branches, and several plants with mutations in one of these 

pathways have been identified. The revoluta (rev) mutant isolated in Arabidopsis has a 

pleiotropic phenotype with very large leaves, stems and floral organs as well as a marked 

decrease in its levels of axillary branching (Talbert et al., 1995). However, a more recent study 

(Otsuga et al., 2001) found that the rev mutants in a Landsberg genetic background exhibited 

lateral meristem defects without any apparent organ defects. Otsuga et al. (2001) propose that 

REV acts at lateral positions to activate expression of meristem regulators, but that it may 

interact with different transcription factors in the different tissues in which it is expressed.  

 

Decreased branching mutants that display a less pleiotropic phenotype are the lateral 

suppressor (ls aka. sideshootless) mutant in tomato (Malayer and Guard, 1964; Schumacher et 

al., 1999), and the orthologous lateral suppressor (las) mutant in Arabidopsis (Greb et al., 

2003) and moc1 mutant from rice (Li et al., 2003). These plants do not form axillary meristems 

in most of the nodes on the main shoot axis, but still have a basically normal development of 
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the SAM and any remaining axillary meristems. These genes are members of the GRAS family 

of proteins which are proposed to be transcription factors. In tomato, even the null alleles of ls 

form a sympodial shoot, or sub-floral lateral shoot (Schumacher et al. 1999), which indicates 

that the formation of sub-floral lateral shoots and sympodial shoots may be under different 

controls to the other axillary meristems.  

 
The torosa mutant in tomato, and the corresponding mutant blind in Arabidopsis, also display 

an absence of meristems in many of their leaf axils and a relatively nonpleiotropic phenotype 

(Mapelli and Kinet, 1992; Schmitz et al., 2002). In contrast to ls, when the axillary meristems 

are initiated they develop into slow growing lateral shoots or into leaf-like structures. The blind 

and torosa mutants also often fail to form a sympodial shoot and have strong decreases in 

inflorescence branching. This may mean that both of these types of branching are partly 

controlled by the same mechanism.  

 
There are also mutants that display a specific decrease in sympodial and inflorescence 

branching. The genes that control the terminal flower 1 (tfl1) mutant in Arabidopsis (Alvarez et 

al., 1992), the self-pruning (sp) mutant in tomato (Pnueli et al., 1998) and the centroradialis 

(cen) mutant of Antirrhinum (Bradley et al., 1996) have been shown to be homologues (Pnueli 

et al., 1998; Ratcliffe et al., 1998) and orthologous genes have also been isolated from rice 

(Zhang et al., 2005). There is a high level of similarity between these genes and the 

phosphatidylethanolamin-binding proteins of animals that are known to bind to membrane 

protein complexes. This suggests that they may have a role in signalling between cells in the 

shoot apex. The TFL1/SP/CEN genes are interesting because their mutants have quite distinct 

phenotypes in different species. The genes seem to control the length of all phases of shoot 

development in Arabidopsis, but only affect the length of the vegetative phase of sympodial 

shoots in tomato (Bradley et al., 1996; Pnueli et al., 1998). This demonstrates the way that 

orthologous genes may function in different ways in different species, and stresses the 

importance of using several model plant species to study branching. 

 
The sn, dne and ppd mutants in pea all display decreased basal branching, but this effect is 

linked to their other phenotype of day-neutral flowering, as these genes jointly control the 

photoperiod response in pea (Floyd and Murfet, 1986). The sym1 mutant in petunia has a lack 

of sympodial branching, which is associated with flowering, with a concomitant increase in 

apical branching and a reduction in basal branching (Snowden and Napoli, 2003). 
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1.6.3 Auxin response mutants 
 
As mentioned previously (section 1.2.2.1), auxin is one of the main plant growth regulators of 

plant branching. A large group of well-characterised mutants selected by their resistance to 

exogenous IAA applications have been identified in Arabidopsis. Although many of these do 

not appear to have strong affects on branching, a subset of these mutants has pleiotropic 

phenotypes including changes to axillary branching. Mutations to the AXR1 gene, which acts in 

the auxin responsive protein degradation pathway (del Pozo et al., 2002), are correlated with 

increased apical branching in Arabidopsis (Leyser et al., 1993), but seem to affect the rate of 

growth of the axillary branches rather than axillary meristem formation (Stirnberg et al., 1999). 

An auxin polar transport mutant that also shows increased axillary branching is the tir3 mutant 

which carries a mutation in the BIG gene (Ruegger et al., 1997, Gil et al., 2001). A recent 

study characterised the bud mutant in Arabidopsis, which has increased branching and is 

caused by increased expression of a MAP Kinase Kinase gene (Dai et al., 2006). This report 

showed that the branching phenotype was due to a deficiency in polar auxin transport. 

 
In contrast, the axr3 mutant in Arabidopsis displays greatly reduced apical axillary branching. 

This gene is a member of the Aux/IAA gene family and is thought to play a part in controlling 

gene expression in response to auxin (Rouse et al., 1999; Ouellet et al., 2001). The SAR1 gene 

from Arabidopsis seems to have no branching effects of its own as there are no obvious 

changes to axillary branches in the sar1 mutant. The sar1axr1 double mutant, however, has 

decreased apical branching in comparison to the axr1 mutant, so the SAR1 gene must be 

involved in the control of axillary branch growth (Cernac et al., 1997). Although these auxin 

responsive genes obviously have some influence on the development of lateral branches, there 

is still much to learn about how they act and whether they act directly or indirectly. 

 
 
1.6.4 Increased branching mutants 
 
Both the hoc and amp1 (altered meristem program) mutants in Arabidopsis are described as 

having decreased apical dominance and a corresponding increase in CK levels (Chaudhury et 

al., 1993, Catterou et al., 2002), but like the auxin-resistance mutants these show pleiotropic 

phenotypes and the increased axillary branching may be linked to other factors. The amp1 

mutant is a photomorphogenic mutant that only displays increased branching after the 

transition to flowering. The appearance of having increased bud outgrowth could also be 
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caused by the fact that amp1 develops more nodes (more sites for bud development) and 

produces leaves much more quickly than the wild-type plant (Chaudhury et al., 1993).  

 
The supershoot/bushy mutants isolated in Arabidopsis display a phenotype of extremely large 

numbers of axillary branches caused by the initiation of multiple lateral buds at single nodes in 

both the rosette and cauline leaves (Reintanz et al., 2001; Tantakanjana et al., 2001). The 

SPS/BUS gene encodes a cytochrome P450, CYP79F1, but the function of this product is as yet 

unknown (Reintanz et al., 2001). In these mutants initiation of extra meristems is thought to 

lead to the increased branching, but there is also a corresponding increase in Z-type cytokinins 

that may explain why these extra axillary buds do not remain dormant. 

 
In maize, the teosinte branched (tb1) gene affects the developmental fate of axillary meristems. 

In the tb1 mutant, the buds at basal nodes on the stem, inhibited from outgrowth in wild type 

plants, grow out to form basal branches known as tillers, and the buds of upper nodes grow into 

branches tipped with male inflorescences, instead of developing into female inflorescences or 

ears. This highly branched phenotype is very similar to that of teosinte, the probable wild 

ancestor of domestic maize (Doebley et al., 1995; 1997). Tb1 belongs to the TCP family of 

basic-Helix-Loop-Helix DNA binding proteins that often play a role in organ growth (Cubas et 

al., 1999). Because mutations in this gene may have been inadvertently selected for during 

domestication, tb1 and related genes are being used to create phylogenies to describe the 

evolution of maize and some of the related grasses (Lukens and Doebley, 2001).  

 
 
1.6.5 The MAX genes in Arabidopsis 
Four loci in Arabidopsis have been identified that, when mutated, cause relatively non-

pleiotropic increased branching phenotypes. They were named the MAX genes, because the 

mutants have more axillary growth. In both the max1 and max2 mutants, the loss of repression 

of axillary bud outgrowth was specific to those buds in the rosette, near the base of the main 

shoot (Stirnberg et al., 2002). Of the max1 and max2 alleles tested, none had any effect on the 

timing of axillary meristem initiation, so it was postulated that MAX1 and MAX2 act by 

controlling the axillary branch growth rate by regulating the rate of axillary leaf primordia 

initiation and development. There are some minor morphological changes in the mutants such 

as the fact that the leaves are rounder than in the wild type plants, and the mutants are 

decreased in height compared to wild-type plants due to a reduction in internode length. 
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MAX1 has been shown to encode a protein belonging to the cytochrome P450 family and has 

similarity to a mammalian thromboxane synthase, although there is as yet no direct evidence of 

its enzymatic function (Booker et al., 2005). A recent report has indicated that MAX1 may act 

to regulate flavonoid synthesis and predicts that this gene affects branching via the effects of 

flavonoids on auxin transport (Lazar and Goodman, 2006). However, Bennett et al. (2006) 

have shown that the tt4 mutant of Arabidopsis, which has severely reduced flavonoid content, 

has only slight changes in auxin transport and does not have a significant branching phenotype. 

 
MAX2 is identical to the ORE9 gene, also from Arabidopsis, which was identified by the 

phenotype of delayed leaf senescence seen in the ore9 mutants (Woo et al., 2001). Sequence 

analysis indicates that MAX2 encodes an F-box leucine-rich repeat protein. These F-box 

proteins act as subunits of the multiprotein SCF (Skp1, Cullin, F-box)-type E3 ligases that 

target proteins for degradation by the ubiquitin dependent proteolysis pathway (reviewed in 

Xiao and Jang, 2000; Koruda et al., 2002; Kepinski and Leyser, 2002). The MAX2 protein has 

been shown to interact with AtASK1, an Arabidopsis homologue of Skp1 (Woo et al., 2001) 

and it has been hypothesised that MAX2 could regulate the degradation of proteins that activate 

lateral bud outgrowth (Stirnberg et al., 2002). 

 
The MAX3 gene has been shown to encode an enzyme that belongs to the carotenoid cleavage 

dioxygenase family (Booker et al., 2004). It has been shown to cleave certain carotenoid 

substrates in bacterial expression systems (Schwartz et al., 2004; Auldridge et al., 2006), but it 

is not known what type of substrate the enzyme might cleave or modify in vivo. A recent report 

on the MAX4 gene has shown that it is allelic to AtCCD8, and that the increased branching 

phenotype is reverted by grafting of a mutant max4 scion over a wild-type rootstock (Sorefan 

et al., 2003). Sorefan et al. also reported that MAX4 was inducible by IAA although only in 

root tips and not in stem nodal tissue. This gene also belongs to the carotenoid cleavage 

dioxygenase gene family, and may have a role in cleavage of a carotenoid or apocarotenoid 

substrate to produce a branching signal (Schwartz et al., 2004; Auldridge et al., 2006). Both of 

the predicted proteins encoded by MAX3 and MAX4 have plastid targeting motifs, and it has 

been shown that GFP-fusion proteins can be transported into chloroplasts during in vitro tests 

(Auldridge et al., 2006). 
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1.6.6 The RMS genes in pea  
RAMOSUS (RMS) is the Latin word for “many branches”, and the name is representative of the 

phenotype of the rms mutants isolated from pea. So far there have been over 30 mutant alleles 

identified for the five major RMS genes (RMS1-5) and these mutants show increased levels of 

branching at basal and apical nodes (Reviewed in Napoli et al., 1999; Beveridge, 2000). The 

mutant rms1, 2 and 5 plants can be reverted to a wild type branching phenotype by grafting to a 

wild-type rootstock, indicating the presence of a graft-transmissible branching signal that is 

lacking in these mutants (Beveridge et al., 1994; 1997b; Morris et al., 2001). In contrast, the 

increased branching in rms3 and 4 mutant scions cannot be reverted by grafting to wild-type 

rootstocks, indicating that they are not involved with the control of a graft transmissible signal, 

but act in the shoot, perhaps in the axillary buds (Beveridge et al., 1996).  

 
The standard models for apical dominance via plant hormones would predict that mutants 

displaying an increased axillary branching phenotype would have either low levels of IAA in 

the shoot, or high levels of CK being produced from the roots, to release the buds from 

inhibition. The levels of IAA in the shoot apices of the rms mutants are either the same as wild 

type, as in rms4, or slightly higher than wild type, as in rms1, 2 and 3 (Beveridge et al., 1994; 

1996; 1997b). The levels of CK in the xylem sap exported from the roots of rms1, 3 and 4 

mutants is substantially lower than in wild-type peas, so this cannot be the cause of the 

increased lateral branching (Beveridge et al., 1994; 1997a). In contrast, the rms2 mutant has a 

slightly elevated xylem sap CK level compared to wild type (Beveridge et al., 1997b) and all 

graft combinations including rms2 as either scion or rootstock have increased cytokinins. 

When rms4 is used as the scion in any graft, the cytokinin exported from the roots (of any 

genotype) is down-regulated. However, in grafted plants with a wild-type scion over an rms4 

rootstock, the CK levels exported are the same as wild type. This is thought to be a feedback 

consequence of the increased branching rather than the cause of the commitment to branching 

in rms4 shoots (Beveridge et al. 1997a,).  

 
It has been shown that RMS1 is an orthologue of MAX4 in Arabidopsis and the expression of 

both genes is up-regulated by auxin (Sorefan et al., 2003). RMS5 has recently been shown to be 

orthologous to MAX3, and RMS4 is orthologous to MAX2 in Arabidopsis (Johnson et al., 

2006). 
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Two other RMS loci have been identified, RMS6 and RMS7, where mutations in these genes 

affect branching in only the lowest nodes on the plant (Rameau et al., 2002). These mutants 

could be particularly interesting, if they do indeed represent specific controls at these nodes.  

 

 
1.6.7 The DAD genes in petunia 
Three non-pleiotropic branching mutants classified by their decreased apical dominance (dad) 

have been isolated in petunia (Napoli, 1996, Napoli and Ruehle, 1996). The dad mutants share 

many phenotypic similarities with both the rms mutants from pea and the max mutants from 

Arabidopsis. It has been shown that the increased branching phenotype of both dad1 and dad3 

can be reverted to one of near wild type by grafting to wild-type rootstocks in a manner similar 

to that of some of the rms mutants. In this case, it has also been taken to indicate that both of 

these genes are involved with control of a graft-transmissible branching signal. This phenotype 

reversion can be induced by the inclusion of a wild-type interstock of only a few millimetres 

between dad1 mutant roots and scion (Napoli, 1996).  

 

This reversion to wild type branching occurs unless mutant roots form above the graft union, 

when the scion retains the increased branching phenotype. This result is in contrast to studies 

of rms1 in pea where the presence of rms1 mutant roots did not result in promotion of 

branching in rms1 scions grafted simultaneously to both rms1 and wild-type rootstocks (Foo et 

al., 2001). However, the ‘two-root’ system used in the pea grafting does not always result in a 

contiguous rms1 root-shoot tissue, and often includes what is effectively a small wild-type 

interstock.   

 
Although both dad1 and dad2 show an extreme amount of axillary bud outgrowth, possibly to 

the point of saturation (Snowden and Napoli, 2003), dad3 has a more subtle effect on 

branching. The amount of lateral branching in a highly branched wild-type petunia and a dad3 

mutant with low levels of branching can overlap, but the upper limit of branching in dad3 is 

much higher than that of wild-type plants (Snowden and Napoli, 2003). It has also been noted 

that flowering is somewhat delayed in the dad1 mutant (Napoli, 1996) but double mutants 

created with sym1 (dad1-1sym1) do not show a decrease in lateral branching, although they 

flower earlier and have less nodes (Snowden and Napoli, 2003). This indicates that the 

increased branching in dad1 is not directly caused by the flowering-time phenotype. 

 



 20 

Sequence analysis of the DAD1 gene has indicated that it is another orthologue of MAX4 and 

RMS1, and this hypothesis is supported by the phenotypic similarities between the mutants of 

these genes (Snowden et al., 2005). In reciprocal grafts between dad1 and dad3 mutants, in 

neither case does the scion revert to a wild type branching pattern, but instead retains the 

standard phenotype of the genotype of the scion (Simons et al., accepted with minor edits). If 

one of the two genes involved was epistatic to the other (i.e. they were steps in a pathway) then 

it would be expected that the scion should return to a wild-type phenotype in one of the grafts. 

The similarity of the interactions between DAD1 and DAD3 and the interactions between 

RMS1 and RMS5, have led to speculation that DAD3 and RMS5 may be functional homologues 

(Simons et al., accepted with minor edits).  

 

The dad2 mutant, like rms3, rms4 and max2 cannot be reverted by grafting, and is thought to 

act in a cell-autonomous manner (Napoli, 1996; Napoli and Ruehle, 1996; Simons et al., 

accepted with minor edits). It has been suggested that DAD2 acts mainly in the shoot where it 

may have a function in reception or signal transduction of the branching signal produced by 

DAD1 and DAD3. Currently the identity of the DAD2 gene is unknown. 

 
 
1.7 Influence of ubiquitin and proteosome-dependent proteolysis on 
development in plants 
 
Some of the increased branching mutants such as max2/ore9 and rms4 have been shown to be 

caused by mutations affecting the F-box proteins that may target repressor proteins for 

degradation (Woo et al., 2001, Johnson et al., 2006). Ubiquitin- and proteosome-dependent 

proteolysis is a method that organisms use to control cellular processes at the protein level, 

rather than at the level of gene transcription. Proteins are labelled with several ubiquitin 

molecules, which generally leads to degradation by proteosome complexes within the cell. This 

is a highly specific process, but controls a large number of cellular events due to a huge 

amount of diversity in the conjugating enzymes available. In plants, this pathway is known to 

have a role in the removal of damaged and abnormal proteins, ER-associated protein 

degradation, and the removal of proteins that repress expression of other genes (Xiao and Jang, 

2000). 

 

However, ubiquitination does not always condemn a protein to degradation. Ubiquitination is a 

reversible process, and several de-ubiquitinating enzymes play important regulatory roles in 
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editing the length of the ubiquitin chains on targeted proteins (Wilkinson, 2000). 

Ubiquitination also regulates certain processes that do not appear to involve proteolysis. These 

include cell cycle-regulated ribosome modulation (Spence et al., 2000), repair of DNA after 

replication (Hofmann and Pickart, 1999), initiation of the inflammatory response via IκB 

Kinase activation (Deng et al., 2000) and regulation of transcription factor activity (Kaiser et 

al., 2000). 

 
 
1.7.1 F-box Proteins in Plants 
 
The SCF (Skp1-Cullin-F-box) protein complex is one of the ubiquitin E3 type ligases in the 

proteosome pathway. The E3 ligases are the targeting system that attaches the multi-ubiquitin 

chain to the proteins to be degraded. The F-box protein is the receptor subunit of the SCF 

protein complex that recognises and interacts with specific substrate proteins. Thus it is not 

surprising that there are many more genes coding for various F-box proteins than those coding 

for other parts of the SCF complex. Reports vary according to how the genome sequence 

database analysis was done, but in Arabidopsis there are between 38 and 703 genes coding for 

F-box proteins (Xiao and Jang, 2000; Koruda et al., 2002; Risseeuw et al., 2003).  

 

F-box proteins are characterised by a conserved F-box domain, predominately found in the 

N-terminal region of the protein, that interacts with the other parts of the SCF complex, and a 

C-terminal region that interacts with the target protein and may contain such protein interaction 

domains as leucine-rich repeats (LRRs), Kelch repeats or TUBBY domains (Risseeuw et al., 

2003). Although the F-box proteins form such a large family in Arabidopsis, to date only a 

small number of these proteins have been functionally characterised by the identification of 

mutants for F-box genes. 

 
Of the F-box genes for which a function is known, UFO is involved in flower formation 

(Ingram et al., 1995), TIR1 regulates auxin response and targets the IAA/Aux repressor 

proteins when activated by auxin (Ruegger et al., 1998; Dharmasiri et al., 2005a; Kepinski and 

Leyser, 2005) and COI1 is involved with jasmonate-regulated defence and fertility (Xie et al., 

1998, Feng et al., 2003). FKF1, ZTL and LKP2 act as part of the regulation of circadian 

rhythms in plants (Nelson et al., 2000; Somers et al., 2000) and EID1 is involved with 

phytochrome A-specific light signal transduction (Dieterle et al., 2001). As stated previously, 

the MAX2/ORE9 gene has also been reported to be an F-box protein and is involved in the 
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control of senescence and axillary branching (Woo et al., 2001; Stirnberg et al., 2002), and the 

RMS4 gene has been shown to encode an orthologous protein in pea (Johnson et al., 2006). The 

F-box protein SLEEPY1 (SLY1) has also been assigned a function in Arabidopsis, as a positive 

regulator of GA signalling (McGinnis et al., 2003). 

 
Several of these F-box proteins are involved with the regulation of plant hormone levels or 

responses (TIR1, COI1 and SLY1). Exactly how MAX2 acts to control lateral branching is not 

yet known – does it have a role in control via known plant growth regulators as these other F-

box genes do, or could it be involved in the regulation or reception of an as yet unidentified 

branching signal? 

 

 
1.8 Aims of this thesis 
Although branching and apical dominance have been studied in plants for many years, 

there is still much that is not known about how plants control the outgrowth of axillary 

buds into lateral branches. This thesis aims to clarify the mechanisms of branching 

control using petunia as a model and with the following aims in mind: 

 

1. To determine whether the DAD genes act in the same pathway to control branching. If 

they do act in the same pathway, then to determine the relationship of the DAD genes to 

each other. 

 

To achieve this goal, the phenotype of plants with homozygous mutations in two or more 

of the DAD genes was studied, and grafting experiments with dad mutant plants carried 

out to investigate the interactions of the mutant phenotypes and the effect on the 

branching signal. A heterozygote effect test was also carried out to determine whether 

there were any effects of DAD gene dosage on the phenotypes of the plants (see 

Chapter 3). 

 

 

2. To further clarify the function of the DAD1 and DAD3 genes by investigation of the 

sequence of their predicted proteins, identification of the tissues the genes are active in 

within the plant, and determining whether mutations in these genes cause changes in the 

expression of other branching genes.  
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To achieve this goal, the predicted protein sequence encoded by the genes was compared 

to those of their homologues in other species and their similarity calculated by 

phylogenetic analysis. The tissue specificity of DAD1 and DAD3 expression, and the 

effects on the expression of these genes in the dad mutants was determined by 

quantitative RT-PCR (qRT-PCR). The effects of the dad mutants on the PhLS branching 

gene, which is not thought to be part of the DAD pathway, were also studied by qRT-

PCR (see Chapter 4). 

 

 

3. To determine whether the PhMAX2 gene encodes the DAD2 branching locus, and to 

investigate the function of PhMAX2 in the control of branching in petunia. 

 

To achieve this third goal, phylogenetic analysis of the PhMAX2 gene and its homologues 

in other species was carried out. Southern analysis was performed for the PhMAX2 gene 

in the dad mutants to identify any large-scale changes in the non-coding regions of the 

gene. qRT-PCR was carried out to determine the tissue specificity of PhMAX2 gene 

expression, and to determine whether expression of the gene was altered in any of the dad 

mutants. Finally, transgenic plants were constructed to investigate the effects of mis-

expression of PhMAX2 on the phenotype of the plants (see Chapter 5). 
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Chapter 2 General Methods 
This chapter describes all chemicals, buffers, growth media, organisms, molecular 
constructs and experimental techniques used during the studies reported in this thesis. 
 
All percentages are weight by volume (w/v) unless stated otherwise. 

2.1 Buffers and Solutions 
 
Name Constituents 

Chloroform Chloroform:isoamyl alcohol (24:1) 

Church buffer 7 % SDS, 0.5 M Sodium phosphate buffer (pH 7.2), 10 mM EDTA 

Electrophoresis loading 
dye (5×) 

30 % (v/v) glycerol, 0.25 % bromophenol blue, 0.25 % xylene cyanol 
FF, 5 % (v/v) 20× TBE 

GUS staining solution 1 mM X-Gluc, 0.5 mM potassium ferro-/ferri-cyanide, 0.1 % Triton 
X-100, 10 mM sodium phosphate buffer pH 7.0 

Neutralising buffer 0.5 M Tris HCl pH 7.0, 1 M NaCl 

Northern transfer buffer 50 mM NaOH 

Phenol/chloroform Phenol:chloroform:isoamyl alcohol (25:24:1) 

Plant DNA extraction 
buffer 0.1 M Tris HCl pH 8.0, 0.05 M EDTA, 0.5 M NaCl 

Sodium phosphate buffer 1 M NaH2PO4, 1 M Na2HPO4 mixed to the appropriate pH required 

Solution I 50 mM glucose, 25 mM Tris HCl pH 8.0, 10 mM EDTA (stored at 4 ºC) 

Solution II 0.2 M NaOH, 1 % SDS (made up fresh) 

Solution III 3 M potassium, 5 M acetate pH 4.8 

SSC 150 mM NaCl, 15 mM tri-sodium citrate pH 7.0 

STE 0.1 M NaCl, 10 mM Tris HCl pH 8.0, 1 mM EDTA 

TBE 90 mM H3BO3, 2 mM EDTA, 90 mM Tris HCl pH 8.0 

TE 0.1 M EDTA, 10 mM Tris HCl pH 8.0 

TER TE, 20 µg mL-1 RNAse A 

Transfer buffer 0.4 M NaOH, 0.6 M NaCl 

 
Table 2.1 A range of standard buffers and solutions used in this thesis. 
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2.2 Growth Media 
2.2.1 Bacterial Growth Media 
Bacteria were grown in both liquid media and on bacterial media plates. The components 
of the various media used are described in Table 2.2. 
 

Name Constituents 

Luria-Betani (LB) 
Broth 

1 % bactotryptone, 0.5 % yeast extract, 1 % NaCl, pH 7.0 

2×L Broth 2 % bactotryptone, 1 % yeast extract, 0.1 % NaCl, 10 mM glucose, pH 7.2 

Infiltration Media 5 % sucrose, 0.05 % Silwet L-77 (Lehle Seeds, TX, USA) 

Terrific Broth 1.2 % bactotryptone, 2.4 % yeast extract, 0.4 % (v/v) glycerol, 170 mM 
KH2PO4 and 720 mM K2HPO4 added after sterilisation in the autoclave 

YM media 0.04 % yeast extract, 1.0 % mannitol, 1.7 mM NaCl, 0.8 mM MgSO4, 2.2 
mM K2HPO4 

 
Table 2.2 A range of growth media used for the culture of bacteria during this thesis. When 
bacterial plates were required, 1.5 % agar was added to solidify media before autoclaving. 
 
2.2.2 Plant Growth Media 
Plants were grown both in soil and in artificial media. The components of the various 
media used are listed in Table 2.3: 
 

Name Format 
MS Media 0.44 % Murashige and Skoog salts and vitamin mixture (Murashige and 

Skoog, 1962), 3% sucrose, pH to 5.7 with KOH 

BSM 0.44 % Murashige and Skoog salts and vitamin mixture, 3 % sucrose, 
0.05% MES, pH to 5.8 with KOH 

CCM BSM supplemented with 0.25 µM IAA and 2.5 µM BAP 
(no acetosyringone) 

SSM BSM supplemented with 0.25 µM IAA,  2.5 µM BAP, 300 µg·mL-1 
Timentin, 300 µg·mL-1 Kanamycin 

SRM BSM supplemented with 2 µM IBA, 300 µg mL-1 Timentin, 300 µg mL-1 
Kanamycin 

Planting Soil Dalton’s Potting Mix (Daltons; Matamata NZ) and/or YATES® Black 
Magic seed raising mix (Orica New Zealand Ltd; Auckland New Zealand) 

 
Table 2.3 A variety of media were used to grow plants in tissue culture. When solid media was 
required for tissue culture, media were solidified by the addition of 0.75 % agar or 0.275 % 
phytagel prior to autoclaving. All plant growth regulators and selective agents were added in a 
sterile manner after autoclaving. 
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2.3 Antibiotics and Growth Regulators 
2.3.1 Antibiotics 
Antibiotics were purchased from Invitrogen (Carlsbad, California, USA), Roche Applied 
Science (Mannheim, Germany), or the SIGMA Aldrich Chemical company (St Louis, 
Missouri, USA). Antibiotic stock solutions were made up in water and filter sterilised 
(0.22 µm filter). Antibiotics were added to both liquid and solid media in order to select 
for the maintenance of plasmids. The stock and final working concentrations, as well as 
the storage temperature of the antibiotics used are listed in Table 2.4. 
 

Antibiotic 
Final working 
concentration 
(µg mL-1) 

Stock 
concentration 
(mg mL-1) 

Storage 
temperature (ºC) 

Ampicillin 100 100 -20 

Kanamycin 100, 300 100 4 

Spectinomycin 100 100 -20 

Timentin 300 100 -20 

 
Table 2.4 Concentrations and storage temperatures of selective antibiotics used  
 
2.3.2 Plant growth regulators 
Plant growth regulators were added to plant media to control the stages of regeneration of 
transformed plants in tissue culture. Growth regulators were dissolved in ethanol or 1N 
NaOH then diluted with water to the appropriate concentration and filter sterilised using a 
Minisart® 0.22 µm filter (Sartorius AG, Goettingen, Germany). The stock concentrations 
and storage temperature of the growth regulators used in this work are listed in Table 2.5. 
 
 

 
Table 2.5 Concentrations and storage temperatures of plant growth regulators used 

2.4 Enzymes and Chemicals 
Enzymes, buffers and chemicals used were of analytical grade and obtained from the 
following suppliers:  
BDH Chemicals NZ Ltd., Bio-Rad Laboratories, DUCHEFA, Global Science, Invitrogen, 
MERCK NZ Ltd., New England Biolabs, Promega, Roche Applied Science, and SIGMA 
Aldrich Chemical Company. Dimilin 25W® is the brand name for 250g kg-1 
diflubenzuron (Uniroyal Chemical Company Inc. USA). Tween 20 is the product name of 
polyethylene(20)sorbitan monolaurate (BDH). 

Growth Regulator 
Final working 
concentration (µg L-1) 

Stock 
concentration 
(mg mL-1) 

Storage 
temperature (ºC) 

BAP 550 3.00 4 

IAA 50 1.00 4 

IBA 410 0.41 4 
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2.5 Bacterial Strains 
The E. coli strain DH5α [genotype = SupE44, ∆ lac U169 (φ 80lacZ∆M15), hsdR17, 
recA1, endA1, gyrA96, thi-1, relA1] was used as a bacterial host for propagation of 
plasmids. 
 
The Agrobacterium tumefaciens strain LBA4404 was used in the transformation of binary 
vectors into plant tissue. It carries a disarmed Ti-plasmid containing the vir and ori 
regions required for transfer and integration of genetic information into plant cells 
(Hoekema et al., 1983). 
 
When bacteria were stored for longer than one month, cells from 1 mL of an overnight 
liquid culture were collected by centrifugation (4500 ×g, 1 min) and resuspended in LB 
and 15 % sterile glycerol then stored at -80 ºC. 

2.6 Plasmids 
All plasmids used are listed below. Plasmids were stored in either TE buffer or water, at 
either 4 ºC (for short term) or -20 ºC (for longer term storage). 
 

Plasmid Supplier/reference Use/description 

pART7 Gleave, A. (1992) Construction of binary vectors for 
overexpression of genes 

pART27 Gleave, A. (1992) Construction of binary vectors for 
overexpression of genes 

pART2710 Yao et al. (1996) Control binary vector for overexpression 
of GUS in plants 

pFOX1 This thesis, see Ch X.X Binary vector for overexpression of the 
PhMAX2 gene in Petunia  

pGEM®-T Easy Promega Cloning of PCR fragments for 
sequencing or vector construction 

pHEX14 S. Karunairetnam 
(HortResearch) 

Construction of promoter-GUS fusion 
binary vectors 

pTKO2 Snowden et al. (2005) Construction of binary vectors for RNAi 
silencing of genes 

pTKO2_apFSIL This thesis see Ch X.X Binary vector for RNAi hairpin silencing 
of MdMAX2 in Apple 

pTKO2_petFSIL This thesis see Ch X.X Binary vector for RNAi hairpin silencing 
of PhMAX2 in Petunia 

pDAD3::GUS This thesis see Ch X.X Binary vector to drive GUS expression 
under control of DAD3 promoter 

 
Table 2.6 Bacterial plasmids used for transformation of bacteria and plants, cloning of DNA, and 
construction of vectors. 
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2.7 Oligonucleotide Primers 
The oligonucleotide primers used for cloning, reverse transcription, PCR 
detection/screening and sequencing of genes in this thesis are listed below. All primers 
were purchased from Invitrogen or Sigma Aldrich. Bold bases denote restriction sites 
used in cloning. All primers were designed by the author unless otherwise stated. 
 
Primer name Sequence (5´-3´) Use 

apFSIL1 ggggacaagtttgtacaaaaaagca 
ggctccgacttcgatcctctgttc 

Amplification of MdMAX2 
fragment for silencing vector. 
Contains attB sites 

apFSIL2 ggggaccactttgtacaagaaagc 
tgggtgttggcggagatcgataaga 

As above 

 

apFSIL3 ccgacttcgatcctctgttc Primer to confirm presence of 
TKO2_apFSIL vector 

apFSIL4 gccgtgatggatttgatctc As above 

D3UTR1 gcgagctcccacaaagtgatgatta 

cacttgc 

PCR amplification, sequencing 
and cloning of DAD3 promoter 
region. 

D3UTR2 agctcgagctagaggagttgtactagtga As above 

Dad3RT1 ctgaaaggtgggaagatggt Quantitative RT-PCR for 
expression analysis of DAD3 

Dad3RT2 ccttcccacaagcataacaa As above 

FSIL1 ggggacaagtttgtacaaaaaagc 
aggctaagaagcgatgcaagttctcc 

Amplification of fragment of 
PhMAX2 for silencing vector. 
Contains attB sites 

FSIL2 gggaccactttgtacaagaaagct 
gggtgctcaaagttccaatcccaag 

As above 

JS1 caacacctgtgactgattgctc PCR amplification, sequencing 
and cloning of PhMAX2 

JS2 

 

ccaaagcaggaccagtgtct As above 

JS3 cactcgagcaacacctgtgactgattgct Cloning of PhMAX2 into binary 
vector 

JS4 gctctagaccaatttgcacaaagtg 

cacc 

As above 

oFBx6 (K. Snowden this 
laboratory) 

cttagtccaaatgcctgctc PCR amplification, sequencing 
and cloning of PhMAX2 

oFBx8 (K. Snowden this 
laboratory) 

ggatgtttaatacatgaatggcgga PCR amplification, sequencing 
and cloning of PhMAX2 
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oFBx10 (K. Snowden this 
laboratory) 

tgttggtgatcttctgactcc As above 

oFBx13 (K. Snowden this 
laboratory) 

tccattgccatgtccattgac As above 

oFBx15 (K. Snowden this 
laboratory) 

cagctttgtccaactctagg As above 

oKan5 (K. Snowden this 
laboratory) 

gaggctattcggctatgact nptII (KanR) gene sequencing and 
amplification 

oKan8 (K. Templeton, 
this laboratory) 

tcttcgtccagatcatcctg As above 

omax4 (K. Snowden this 
laboratory) 

gtggcaagtgtagaagttcc Quantitative RT-PCR for 
expression analysis of DAD1 

omax5 (K. Snowden this 
laboratory) 

tcagcgctatgctcacagc As above 

pBAct2 Fwd cctgatgaagatcctcaccga Amplification of housekeeper 
gene Actin2 in petunia for 
RT-PCR 

pBAct2 Rev caagagccacataggcaagct As above 

pEF1a Fwd tgttctctgccttgtatgtctgg Amplification of housekeeper 
gene EF1α in petunia for RT-PCR 

pEF1a Rev tcaaaagaggcaggcagacag As above 

pHis4 Fwd atacgcttgcacccaccccta Amplification of housekeeper 
gene Histone4 in petunia for 
RT-PCR 

pHis4 Rev ggaggagctaaacgacaccg As above 

pLatS Fwd taatcatggtgttcaatggcca Quantitative RT-PCR for 
expression analysis of PhLS 

pLatS Rev gggtatcaaggtcatttccgg As above 

poly dT23V tttttttttttttttttttttttv 

(v = a or c or g) 

First strand synthesis of cDNA 
from RNA in RT-PCR 

 
Table 2.7 Sequence and purpose of oligonucleotide primers used in this thesis. 
 

2.8 Plants 
2.8.1 Plant material 
All Petunia (Petunia hybrida) Vilm plants used were of the hybrid inbred line V26 and 
were grown from seed unless otherwise stated. The decreased apical dominance (dad) 
mutant lines had previously been generated by EMS mutagenesis in a background of V26 
(Napoli and Ruehle, 1996). All Arabidopsis thaliana plants were of the ecotype Columbia 
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and were grown from seed. The Arabidopsis max2 transgenic T-DNA insert lines were in 
a Columbia background and were provided by the Salk Institute. 
 
 
2.8.2 Plant growth conditions 

2.8.2.1 Glasshouse growth 
Seeds were sown directly onto pots of soil (Dalton’s Potting Mix; Daltons, Matamata 
NZ) topped with YATES® Black Magic seed raising mix (Orica New Zealand Ltd, 
Auckland New Zealand) that had been thoroughly soaked with water containing the 
insecticide Dimilin 25W® (Uniroyal Chemical Company Inc. USA) at 0.1g L-1 to 
discourage insect pests. Pots were placed inside humidity chambers in trays in the 
glasshouse rooms and grown in long day conditions (16 h light, 8 h dark) when possible. 
As the seeds germinated, the adjustable vents were opened slightly, then fully opened a 
day later to acclimatise the seedlings to less humid conditions. Once the seedlings were 
large enough (approx 6-7 days post germination) they were transferred to individual pots 
or 6-packs and moved out of the humidity chambers.  

2.8.2.2 Sterile growth of Petunia in tissue culture  
To sterilise the surface of petunia seeds for growth on tissue culture media, they were 
wrapped in miracloth packets fastened by clips. The miracloth was submerged in 100 mL 
of 3 % hypochlorite solution with a drop of Tween 20 detergent, and the seeds sterilised 
by soaking in this solution (with occasional agitation) for 15 min. The sterilisation 
solution was poured off and the seeds rinsed five times with sterile filtered water. The 
seed packets were set to air dry on sterile filter paper in a laminar flow hood. Once dry, 
the seeds were sown onto plates of 0.5× MS media using sterile technique to prevent 
contamination. Plates were wrapped with cling film and seeds germinated in the tissue 
culture room at 24 ºC in long day conditions (16 h light, 8 h dark). 

2.8.2.3 Sterile growth of Arabidopsis in tissue culture 
To sterilise the surface of Arabidopsis seeds for growth on tissue culture media, they 
were soaked in water for 30 min then collected by centrifugation (5000 ×g, 3 min). Seeds 
were treated with 95 % ethanol (5 min) and collected by centrifugation (5000 ×g, 2 min) 
within the treatment time. The ethanol was removed and the seeds then treated with 5 % 
hypochlorite/triton X-100 (0.05 %) for 10 min and collected as above. Seeds were rinsed 
with 1 mL water by vortex and collected as above between each rinse. Dormancy of the 
seeds was released by treatment at 4 ºC for 3-4 days. The cold treated seeds were 
resuspended in sterile 0.1 % agarose, and then spread onto 0.5× MS plates containing the 
appropriate selection agent. Plates were wrapped with cling film and germinated in the 
tissue culture room at 24 ºC in long day conditions (16 h light, 8 h dark). 
 
2.8.3 Controlled pollination of Petunia 
Controlled pollination was performed when specific crosses between particular parental 
plants were required. On the day prior to anthesis, the petals were split, and the anthers 
were removed from flowers on the plant to be used as the female. Although the stigmas 
on these flowers were receptive to pollen, the pollen in the anthers was not yet mature. 
On the day following emasculation, when the flower petals on the female plant had fully 
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opened, pollen from the plant used as the male was dabbed onto the stigma of the 
exposed pistil. This pollination was sometimes repeated on the following day to ensure 
fertilisation. Controlled crosses were marked on the plant with colour-coded tags, and the 
seed pods collected individually upon maturation. 
 

2.9 Phenotype Characterisation of Petunia Plants 
2.9.1 Characterisation of Petunia aerial morphology 
Plants to be characterised were germinated in tissue culture, then transferred to the 
greenhouse for growth and comparisons. The phenotyping study was carried out when the 
plants were 3 months old and had begun to flower. Plants were grown under standard 
greenhouse conditions (section 2.8.2.1) and were grown on a watering system, which 
provided a consistent amount of water and fertilizer (WUXAL® Super; Aglukon, 
Germany) to each plant. The number, length and position of branches, the number of 
flowers, and the height of the main shoot were measured. This characterisation is 
discussed in more detail in section 3.1.1. 
 
2.9.2 Characterisation of Petunia flowering time 
Flowering time in Petunia is measured as the number of leaf nodes formed before the 
node where the first flower is initiated. Young plants that had been transferred to the 
greenhouse were measured from an age of 4 weeks on. As new leaves emerged, a 
permanent marker was used to tag each leaf with the number of the node it was forming 
on the stem. This tagging was carried out until it was clearly visible which node the 
flower was developing from. 
 

2.10 Bacterial Transformation 
2.10.1 Preparation of E. coli heat-shock competent cells 

A single colony of DH5α E. coli was used to inoculate 10 mL of 2×L broth and grown 
overnight in a shaking incubator at 30 °C. A 1.5 mL aliquot of this culture was used to 
inoculate 150 mL of prewarmed (30 °C) 2×L broth and grown at 30 °C with shaking 
(150-200 rpm). After two hours of growth, optical densities were measured by 
spectroscope every 20 min until the optical density at 600 nm (OD600) reached 0.45. The 
cells were chilled on ice water for two hours then collected by centrifugation at 2500 ×g 
for 15-20 min at 4 °C. The pellets were resuspended gently in 5 mL of freshly made ice-
cold salt solution (100 mM CaCl2, 70 mM MnCl2, 40 mM anhydrous sodium acetate, pH 
5.5). Once resuspended, the volume of each solution was increased to a total of 25 mL 
with the ice-cold salt solution and incubated on ice water for 45 min before centrifugation 
at 1800 ×g for 15 min at 4 °C. The pellets were resuspended gently by swirling in 7.5 mL 
of the ice-cold salt solution and incubated at 4 °C with gentle shaking for 30 min. 
Glycerol was added drop-wise with gentle swirling to give a final concentration of 15 %. 
The cell suspension was dispensed in aliquots of 200 µL into microfuge tubes and stored 
at -80 °C until required. Transformation of the cells with an ampicillin resistant pUC19 
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plasmid indicated that they had a transformation efficiency of 5 × 107 transformed 
colonies per µg of plasmid DNA. 
 
 
2.10.2 Heat-shock transformation of E. coli 
Aliquots of competent cells prepared by the method described in section 2.10.1 were 
thawed on ice. Up to 20 ng of plasmid DNA was diluted to 10 µL in water, in a 
microfuge tube on ice. Half an aliquot (100 µL) of the thawed cells was added to the 
DNA in the tubes (without mixing) and incubated on ice for 30 min. The cells were heat-
shocked for 5 min at 37 °C then added to 0.7 mL aliquots of prewarmed 2×L broth and 
incubated at 37 °C with shaking for 1-2 h. Aliquots (50 µL and 200 µL) of this culture 
were spread on L-plates containing the appropriate antibiotic for selection and incubated 
overnight at 37 °C then inspected for colony growth.  
 
 
2.10.3 Electroshock transformation of Agrobacterium tumefaciens 
Electrocompetent ElectroMAXTM Agrobacterium tumefaciens LBA4404 cells were 
purchased from Invitrogen. Cells stored at -80 ºC were thawed on ice. A 1 µL aliquot of 
the binary vector (100 ng µL-1) to be transformed into agrobacteria was placed in a 
microfuge tube on ice. A 20 µL aliquot of the thawed cells was then added to the DNA in 
the chilled microfuge tubes. The cell/DNA mixture was transferred to a chilled disposable 
micro-electroporation chamber (Life Technologies). The cell/DNA mixture was 
electroporated by applying 18 kV cm-1 with a pulse of approximately 5 msec. The cells 
were immediately removed from the micro-electroporation chamber and added to 1 mL 
of room temperature sterile YM media. The cells were incubated with shaking (225 rpm) 
at 30 ºC for 3 h. After recovery, 150 µL aliquots of transformed cells were spread on YM 
plates containing the appropriate selective agents for the binary vector. Plates were 
incubated at 28 ºC for 48-56 h and inspected for colony growth. 
 
 
2.10.4 Screening bacteria for recombinant plasmids 

2.10.4.1 Blue/white screen for recombinant plasmids 
When transforming E. coli bacteria with constructs based on the pGEM®-T, pGEM®-T 
EASY, and pART27 vectors, transformants containing the recombinant plasmids of 
interest can be selected by a blue/white screen (as described in Sambrook et al., 1989). 
Insertion of DNA fragments into the multiple cloning regions of any of these vectors 
disrupts the coding sequence of the β-galactosidase (β-gal) enzyme. Transformed bacteria 
are grown on plates containing 32 mg mL-1 of the β-gal substrate 5-bromo-4-chloro-3-
indolyl-β-thiogalactoside (X-gal) and 16 mg mL-1 of the inducer isopropylthio-b-D-
thiogalactoside (IPTG). Bacterial colonies carrying a plasmid with an intact β-gal gene 
appear blue, while bacteria containing recombinant plasmids, where the β-gal gene is 
disrupted, appear white or pale blue. Other plasmids used in this thesis did not contain the 
β-gal gene and so PCR-based screens were used to identify bacteria containing 
recombinant plasmids. 
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2.10.4.2 PCR-based screen for recombinant plasmids 
PCR-based screening is an effective alternative method for screening bacterial colonies 
for recombinant plasmids. Colonies were picked from the transformation plate and 
resuspended in 40 µL of water. A 1 µL aliquot of the resuspended colony was then used 
as the template in a PCR reaction. Oligonucleotide primers (see section. 2.7) designed to 
amplify the fragment of DNA incorporated into the plasmid were used in the PCR. 
Recombinant plasmids were detected by DNA electrophoresis of the PCR product and 
looking for the presence of the amplified fragment. Where required, PCR analysis using 
one primer that targeted the plasmid backbone, and one that targeted the DNA insert were 
used to determine the orientation of the insertion into the plasmid. This method was used 
for colonies of both E. coli and Agrobacteria. 
 

2.11 Plasmid Extraction from Bacteria 
2.11.1 Plasmid extraction from E. coli 

2.11.1.1 Plasmid extraction for general use 
A single colony of transformed E. coli was used to inoculate a 1.5 mL culture of LB 
media (see Table 2.2) containing the appropriate antibiotic for selection. The bacterial 
culture was grown in a small bench-top incubator (Eppendorf Thermomixer comfort) at 
37 ºC with shaking (1,300 rpm) for 16 h. Bacteria from the culture were collected from 
suspension by centrifugation (15200 ×g, 1 min). The supernatant was discarded and the 
bacterial pellet resuspended vigorously by vortex in 100 µL of Solution I (see Table 2.1). 
A 200 µL aliquot of Solution II (see Table 2.1) was added and mixed gently by inverting 
the tube 5-10 times, then the mixture was incubated at room temperature for 5 min. At 
this point, a 150 µL aliquot of ice-cold Solution III (see Table 2.1) was added, mixed in 
by inversion of the tube and then the mixture incubated on ice for 5 min. Cellular debris 
was collected by centrifugation in a microfuge (15200 ×g, 5 min). The supernatant was 
removed and the plasmid DNA precipitated from it by the addition of 800 µL of 100 % 
ethanol. The DNA was collected by centrifugation (15200 ×g, 10 min) then the 
supernatant discarded and the pellet washed with 300 µL of 70 % ethanol. The ethanol 
was discarded and the pellet air dried for 5 min at room temperature. Plasmid DNA was 
resuspended in 50 µL of TER and stored at 4 or -20 ºC until needed for further use. 

2.11.1.2 Plasmid extraction for sequencing 
A single colony of transformed E.coli was used to inoculate a 5 mL culture of LB media 
containing the appropriate antibiotic for selection. The bacterial culture was grown for 
16 h in a bench-top incubator (Heidolf Unimax 1010, Inkubator 1000) at 37 ºC with 
shaking. Centrifugation (15200 ×g, 1 min) was used to collect the bacterial cells from 
3 mL of culture. The QIAGEN Plasmid mini-kit was used to extract the plasmid DNA, 
and the extraction was performed following the manufacturer’s instructions 
 
 
2.11.2 Plasmid extraction from A. tumefaciens 
A single colony of the transformed agrobacterium was used to inoculate a 10 mL culture 
of YM media containing the appropriate antibiotic for selection. The bacterial culture was 
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grown at 28 °C with shaking (225 rpm) for 24 h. The bacteria from the entire overnight 
culture were collected by centrifugation (400 ×g, 10 min) in a 15 mL sterile tube. The 
supernatant was discarded, and the bacterial pellet resuspended in 0.5 mL of STE (see 
Table 2.1) buffer to wash. The resuspended cells were transferred to a microfuge tube, 
then collected by centrifugation (15200 ×g, 1 min) and the supernatant discarded. The 
pellet was resuspended by vortex in 200 µL of Solution I and 5 µL lysozyme (at 50 mg 
mL-1), then incubated at room temperature for 30 min. At this point, 400 µL of freshly 
made Solution II was added, then mixed gently by inversion and incubated at room 
temperature for 10 min. After incubation, 300 µL of ice cold Solution III was added, 
mixed gently by inversion, then incubated on ice for 15 min. Cellular debris was 
collected by centrifugation (15200 ×g, 5 min) and the supernatant transferred to a fresh 
microfuge tube. To remove proteins, the supernatant was extracted with 
phenol/chloroform. An aliquot of 600 µL of phenol/chloroform was added to each sample 
then mixed by vortex for one min, then the phases separated by centrifugation (15200 ×g, 
5 min). The top phase was carefully removed to avoid disturbing the interface and then 
transferred to a new microfuge tube to be extracted with chloroform. Aliquots of 600 µL 
of chloroform were added to the sample, mixed by vortex for one min, and the phases 
separated by centrifugation (15200 ×g, 5 min). The top phase was carefully collected 
from the sample and transferred to a new tube. In order to precipitate the DNA, 800 µL of 
isopropanol was added to the sample, and mixed well, then the DNA collected by 
centrifugation (15200 ×g, 10 min). The supernatant was discarded, and the pellet washed 
in 300 µL of 70 % ethanol to remove salts. The pellet was air dried for 5 min at room 
temperature, then resuspended in 25 µL of TER (see Table 2.1) and stored at -20 ºC until 
further use. 
 

2.12 Isolation of Petunia DNA and RNA 
2.12.1 Isolation of Petunia gDNA for PCR analysis 

Tissue was harvested but not frozen, and then ground in a microfuge tube at room 
temperature under 560 µL of Plant DNA extraction buffer with a microfuge pestle. A 
40 µL aliquot of 20 % SDS was added, the microfuge tube inverted to mix, then the 
extraction incubated at 65 ºC for 20 min. After incubation, 200 µL of 5 M potassium 
acetate was added, inverted to mix and incubated on ice for 15 min. Cellular debris was 
removed by centrifugation (15200 ×g, 10 min) and the supernatant transferred to a clean 
tube. The gDNA was precipitated by addition of 0.8 volumes of isopropanol and 
collected by centrifugation (15200 ×g, 5 min). The supernatant was discarded and the 
gDNA pellet washed with 300 µL of 70 % ethanol, then air dried for 5 min at room 
temperature. The pellet was resuspended in 100 µL of TER and stored at 4 ºC until 
further use. This was a fast and cost-effective method of isolating gDNA of sufficient 
quality for PCR analysis (but not for other methods of analysis). 
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2.12.2 Isolation of Petunia gDNA for Southern analysis 
High quality genomic DNA (gDNA), which was not contaminated and was not sheared, 
was required for use in Southern analysis. Tissue for extractions was harvested from 
tissue culture or glasshouse grown plants and stored immediately on ice until the 
extraction was performed. The tissue was ground to a fine powder under liquid nitrogen 
in a mortar and pestle, and the gDNA extracted using the DNeasy® Plant Mini Kit 
(QIAGEN). This procedure included tissue disruption, binding of gDNA to a column, 
washing of the column and elution of the gDNA from the column. The extraction was 
carried out according to the instructions provided by the manufacturer, with the 
exceptions that the initial incubation at 65ºC was extended to 20-30 min, the incubation 
on ice to precipitate cellular debris was increased to 10-15 min and the elution in 100 µL 
of buffer AE was repeated with a second aliquot of buffer to get a final volume of 200 
µL. Genomic DNA was stored at 4 ºC to avoid shearing of the DNA by freezing. 
 
 
2.12.3 Isolation of Petunia RNA 
To obtain total plant RNA, the tissue used in extractions was harvested from tissue 
culture or glasshouse grown plants by scalpel, and immediately snap-frozen in liquid 
nitrogen. When root samples were taken from plants grown in soil, the tissue was gently 
agitated in clean water to remove all soil, and then the excess water removed before the 
samples were snap-frozen. To avoid degradation and contamination of RNA, precautions 
were taken when handling tissue and solutions. RNAse free solutions and plasticware was 
used and clean gloves worn at all times. Extraction of total plant RNA was carried out 
using the RNeasy® Plant Mini Kit (QIAGEN, Germany). This procedure included tissue 
disruption, binding of RNA to a column, washing of the column and elution of the RNA 
with RNAse-free water. The extraction was carried out following the instructions 
provided by the manufacturer using the RLT (see Table 2.1) buffer. Exceptions to this 
were: the optional 1-3 min incubation at 56 ºC was included, the RNA was eluted in 40 
µL of water and the optional repeat of the elution, using the eluate was included to 
increase the concentration of the RNA retrieved. 
 

2.13 Manipulation of DNA and RNA 
2.13.1 Agarose gel electrophoresis of DNA 
Horizontal submerged agarose gels, 0.7 % - 2.0 % in 0.5× TBE (Table 2.1), were used to 
separate and identify DNA fragments by size as detailed in Sambrook et al. (1989). DNA 
samples were mixed with 0.2 volumes of 5× electrophoresis loading dye, loaded into 
wells of an agarose gel and electrophoresed in a field of 1 to 6 V cm-1. Gels were stained 
with ethidium bromide (EtBr) at 0.5 mg L-1 for 30 min then the nucleic acids visualised 
using the UViTech UViSave gel documentation system and the Ultra Violet Products 
Ultraviolet Transilluminator. The 1Kb Plus DNA ladder (Invitrogen, USA) was used to 
estimate the size of DNA products. 
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2.13.2 Quantification of DNA and RNA  

2.13.2.1 Quantifying nucleic acids using the NanoDrop® Spectrophotometer 
The NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, USA) was used 
to quantify nucleic acids in a sample and provide a rough estimate of quality. A 1 µL 
aliquot of sample was pipetted onto the end of a fibre optic cable and held in place by 
surface tension between this and a second cable. This procedure uses a xenon flash lamp 
and a spectrometer with a linear CCD array to analyse the light after it passes through the 
sample. The instrument is controlled by NanoDrop software run from a PC and the data 
logged on the PC. 

2.13.2.2 Analysis of nucleic acid quality and quantity by Agilent 2100 Bioanalyzer 
Electrophoretic assays were performed using the Agilent Bioanalyzer (Agilent 
Technologies, Palo Alto, USA) when very accurate analysis of nucleic acids was 
required. During chip preparation, micro-channels were filled with a sieving polymer and 
fluorescent dye. Charged DNA and RNA biomolecules were driven by a voltage gradient 
and separated by size. Dye molecules are intercalated into DNA or RNA strands and are 
detected by laser induced fluorescence. These experiments were performed using the 
RNA and DNA reagent kits (Agilent, USA) and carried out according to the protocol 
provided by the manufacturer. Data was analysed using the Agilent 2100 Expert software 
on a PC. These assays were used when preparing RNA for quantitative RT-PCR and to 
differentiate DNA fragments of very similar sizes produced by PCR. 
 
 
2.13.3 Restriction endonuclease digest of DNA 
Plasmid or genomic DNA was digested in 10-50 µL reaction volumes containing 0.1 
volumes of the 10× reaction buffer (provided by the manufacturer) and 1-10 units of 
enzyme per µg of DNA to be treated. The reaction was incubated at 37 ºC (unless 
otherwise specified) overnight. For digests containing more than one restriction enzyme, 
the reaction buffer that optimised activity for both enzymes was used. 
 
 
2.13.4 Purification of DNA fragments 

2.13.4.1 Purification of PCR products 
Purification of PCR products for cloning was carried out using the QIAquick® PCR 
Purification Kit (QIAGEN, Germany). Purification was performed on aliquots of 100 µL 
of PCR product and involved the binding of DNA to a column, washing and elution in 
purified water according to the protocol provided by the manufacturer. The purified DNA 
was either used immediately, or stored at -20 ºC until needed.  

2.13.4.2 Extraction of DNA fragments from agarose gels 
When DNA fragments were to be extracted from agarose gels the enzyme digest reaction 
was run on a low melting point agarose gel, made up with new 10× TBE and filtered 
water. In order to isolate the band of interest, it was visualised under UV light and 
excised from the gel using a scalpel. The DNA fragment was isolated from the agarose 
gel using the QIAEX II® gel extraction kit (QIAGEN, Germany). The extraction involved 
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binding of the DNA to a resin, washing and elution in purified water according to the 
protocol provided by the manufacturer. The optional extra elution step was carried out. 
DNA was either used immediately, or stored at -20 ºC for later use. 
 
 
2.13.5 Ligation of DNA fragments 

2.13.5.1 pGEM-T® Easy Ligations 
To facilitate DNA manipulation, DNA fragments produced by PCR were cloned into the 
pGEM-T® Easy plasmid (Invitrogen, USA). These ligation reactions were carried out in 
volumes of 10 µL containing 0.5 volumes of 2× ligation buffer and 3 units of T4 DNA 
ligase (Invitrogen, USA). The ratio of vector to insert was 1:3 - 1:6 with 25-50 ng of 
vector DNA being used in each reaction. The reaction was incubated at 4 ºC overnight, 
and then used immediately to transform bacteria and if necessary stored at -20 ºC. 

2.13.5.2 Ligation of DNA fragments to form other vectors 
Ligation reactions for cloning of other vectors were carried out in volumes of 20 µL 
containing 0.1 volumes of 10× ligation buffer containing 10 mM ATP (New England 
Biolabs, USA) and 5 units of T4 DNA ligase (New England Biolabs, USA). The ratio of 
vector to insert was 1:3 – 1:10, with 50 ng of vector DNA being used in each reaction. 
The reaction was incubated at 4 ºC overnight. 
 
 
2.13.6 Southern analyses 

2.13.6.1 DNA digest and gel electrophoresis  
Genomic DNA was digested overnight with restriction enzymes in 50 µL volumes, then 
precipitated the following day with 0.1 volumes of 3M sodium acetate and 2 volumes of 
100 % ethanol by centrifugation (15200 ×g, 20 min). The DNA was resuspended in 
15 µL of water, dry loaded into an agarose gel, migrated through by electrophoresis and 
stained with EtBr (section 2.13.1). The DNA was depurinated by soaking in 0.25 N HCl 
for 30 min and then the gel was neutralised by washing in transfer buffer (see Table 2.1) 
for 15 min.  

2.13.6.2 Transfer from gel to nylon membrane 
Nucleic acids were transferred from gels to membranes using the method of capillary 
transfer. A stack of sponges soaked in transfer buffer were prepared in a shallow dish. 
Two pieces of Whatman 3MM paper were placed on top of the stack of sponges and the 
gel was inverted on top of the paper. A piece of nylon transfer membrane (Hybond N+, 
Amersham Pharmacia) was pre-wetted with transfer solution and placed on top of the gel. 
Care was taken when placing each layer, that all air bubbles were removed to prevent 
them interfering with the transfer. Two sheets of Whatman 3MM paper were placed on 
top of the membrane and a layer of parafilm placed around the edge of the stack to 
prevent short circuiting of the transfer. A stack of paper towels was placed on top of the 
parafilm and 3MM paper, then covered with a tray containing weights of approximately 
500 g. The transfer buffer passes up through the gel and membrane into the paper towels, 
and the transfer is allowed to proceed overnight. The stack is disassembled, and the 
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position of wells marked on the membrane and then it was washed in neutralising buffer 
(see Table 2.1) for 30 min. The membrane was air dried on filter paper at room 
temperature for an hour, and the agarose gel was restained in EtBr to test that transfer of 
DNA fragments to the membrane was complete. 

2.13.6.3 Preparation of radiolabelled DNA probes 
Probe DNA (25 ng per labelling reaction) was produced by PCR, denatured in boiling 
water, and snap-cooled on ice. It was then labelled with α-32P dCTP using the RadPrime 
DNA Labeling System (Invitrogen) in a 50 µL reaction. This reaction was carried out 
according to the instructions provided by the manufacturer. Unincorporated nucleotides 
were removed from the probe DNA using Probe-quant microcolumns (Amersham 
Pharmacia). 

2.13.6.4 Detection of gene by hybridisation 
The membrane was prehybridised in a roller bottle with 5-10 mL of Church buffer (see 
Table 2.1) and 100 µL of denatured salmon sperm DNA (100 µg mL-1) at 65 ºC for at 
least 1 h. The labelled probe was denatured by the addition of an equal volume of 0.2 N 
NaOH and incubation for 10 min at room temperature. The probe was then added to the 
Church buffer with the membrane, and the hybridisation carried out overnight at 65 ºC. 
The unbound probe was removed the following morning by 3 washes with 2 × SSC, 0.1 
% SDS, the first a rinse at room temperature, the following two at 65 ºC for 20 min. The 
membrane was sealed in a plastic bag and exposed to a PhosphorImage screen (Kodak, 
Molecular Dynamics) and then visualised using the Storm 840 PhosphorImager 
(Molecular Dynamics). When many bands were seen, any non-specific binding was 
removed by taking the membrane from the plastic and performing a high stringency 
wash. The membrane was washed two times for 20 min at 65 ºC in 0.5 × SSC, 0.1 % 
SDS, then resealed in plastic and exposed to the PhosphorImage screen for several days 
before visualisation with the Storm 840. 
 
 
2.13.7 Polymerase chain reaction 

2.13.7.1 Standard polymerase chain reaction 
Polymerase chain reactions (PCR) were carried out in 25 µL volumes in thin-walled 
0.2 mL PCR tubes (Axygen Scientific Ltd). These volumes contained 2 units of the 
thermostable enzyme Taq polymerase (Platinum Taq, Invitrogen), 0.1 volumes of the 
10× PCR buffer supplied with the Platinum Taq, 2 mM MgCl2, 50 µM dNTPs, 1 µL of 
template DNA and 1 µM of the appropriate oligonucleotide primers (see Table 2.7). Plant 
genomic DNA, plasmid DNA and cDNA were used as templates. For screening of 
transformed bacterial colonies (see section 2.10.4.2), colonies were resuspended in 40 µL 
of sterile water and 1 µL of this used as template. PCR reactions were carried out in 
either a Techne Genius or Eppendorf Mastercycler epgradient S thermocycler. The cycle 
parameters for amplification varied by experiment and are discussed with results, but all 
reactions included a 2 min pre-incubation at 94 ºC to activate the enzyme, and a 5 min 
incubation at 72 ºC after the final cycle to ensure the full length of the desired fragment 
was amplified. Success of the PCR was determined by electrophoresis of 5 µL aliquots of 
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the reactions on 0.7-2.0 % agarose gels (see section 2.13.1) or by running 1 µL of the 
reaction on a chip in the Agilent bioanalyzer (see section 2.13.2.2). 

2.13.7.2 Proof-reading polymerase chain reaction 
Proof-reading PCRs were performed to decrease the likelihood of sequence errors being 
introduced into DNA fragments amplified for cloning. They were carried out in 50 µL 
volumes containing 2.5 units of the Expand™ Long Template polymerase mix (Roche 
Applied Science), which contained the thermostable enzyme Taq polymerase and the 
proof-reading enzyme Pwo polymerase. All extension cycles were carried out at 68 ºC. 
The reactions were carried out following the manufacturer’s instructions with minor 
modifications as described alongside the corresponding results. 

2.13.7.3 Quantitative real-time PCR for gene expression analysis 
Real-time PCR reactions to analyse gene expression levels were carried out in 20 µL 
volumes in clear 384 well PCR plates (Axygen), with 4 replicates for each reaction type. 
Expression of three housekeeper genes, as well as the gene of interest, was measured for 
each tissue sample. A 4 µL aliquot of a 1/20 dilution of sample cDNA was used as a 
template for the PCR which also contained 1x Platinum Taq reaction buffer (Invitrogen, 
USA), 0.1mM dNTPs, 1.5mM MgCl2, 0.2 mM of each primer, 0.1x SYBR Green I dye 
(Molecular Probes), and 0.5 Units of the thermostable enzyme Platinum Taq Polymerase. 
Reaction mixtures were incubated for 2 min at 94 ºC, followed by 40 cycles of 15 s at 
94 ºC/30 s at 59-60 ºC/20 s at 72 ºC and a dissociation stage of 15 s at 95 ºC/30 sec at 
60 ºC with a slow ramp to 15 sec at 95 ºC. Incubation cycles and expression 
quantification was performed using the Applied Biosystems ABI 7900HT SDS detection 
system. Data was analysed using the Outlier, Baseline, Threshold (OBT) principle (SDS 
Compendium:7900HT SDS 4.0, www.appliedbiosystems.com.au) and relative expression 
calculated using the model proposed by Pfaffl (2001).  
 
 
2.13.8 DNA sequencing 
DNA to be sequenced was sent to the sequencing facility at the Allan Wilson Centre 
Genome Service (AWCGS, Massey University, Albany campus). Plasmid DNA was 
prepared as in section 2.11.1.2, and made up in volumes of 15 µL in 0.2 mL tubes. These 
volumes contained the plasmid DNA at a concentration of 20 ng µL-1, and the appropriate 
primer for sequencing at a concentration of 3.2 pmol. Sequencing was carried out by 
C. Gao at the AWCGS using the Applied Biosystems GeneAmp PCR System 9700, the 
BigDyeTM Terminator Version 3.1 Ready Reaction Cycle Sequencing Kit (Applied 
Biosystems), and the 3730 DNA Analyzer (Applied Biosystems) sequencing machine. 
 
 
2.13.9 Northern analysis 
DNA-RNA hybridisation analysis (northern analysis) was carried out using a method 
adapted from Sambrook et al. (1989) with modifications as described below.  

2.13.9.1 Gel electrophoresis and transfer of RNA to a nylon membrane 
RNA samples were denatured in a reaction volume of 30 µL that contained 5 µg of RNA 
as well as 10 mM sodium phosphate pH 7.0, deionised glyoxal and DMSO. Samples were 

http://www.appliedbiosystems.com.au/
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passed through sodium phosphate gels containing 1 % agarose using 10 mM sodium 
phosphate pH 7.0 recirculated by a peristaltic pump as the running buffer. To transfer the 
RNA to a nylon membrane, apparatus for capillary transfer was set up as in section 
2.13.6.2 with the two exceptions that the transfer solution used was 50 mM NaOH, and 
the transfer was only allowed to proceed for 3-4 hours. After transfer, the stack was 
dismantled and the membrane rinsed in 2 × SSC and air dried. The gel was then stained 
in ethidium bromide to check the efficiency of transfer. 

2.13.9.2 Detection of gene expression by hybridisation 
Membranes were prehybridised in a roller bottle with 5-10 mL of Church Buffer (see 
Table 2.1) and denatured salmon sperm DNA (10 µg) at 65 ºC for at least an hour. Probe 
DNA was labelled as described in section 2.13.6.3 and the hybridisation carried out 
overnight with constant motion (see section 2.13.6.4). The unbound probe was removed 
the following morning by 4 washes with 2 × SSC, 0.1 % SDS, the first a rinse with the 
prewarmed buffer, the following three at 65 ºC for 30 min. The membrane was sealed in a 
plastic bag and exposed to a PhosphorImage screen (Kodak, Molecular Dynamics) and 
then visualised using the Storm 840 PhosphorImager (Molecular Dynamics). 
 
 
2.13.10 First strand synthesis of cDNA from RNA 

2.13.10.1 DNAse treatment of RNA samples 
RNA was treated with DNAse to ensure that it was not contaminated with genomic DNA 
when used for making cDNA. Reactions were performed in volumes of 30 µL using the 
DNA-free kit (Ambion) and contained 6 µg of total RNA, 0.1 volumes of 10× DNAse 
buffer provided with the kit, and one unit of DNAseI. The reaction was mixed and 
incubated at 37 ºC for 30 min. The reaction was stopped by addition of 2 µL of 
inactivation agent (Ambion) and incubated for 2 min at room temperature with regular 
mixing to keep the resin resuspended. The resin was removed from solution by 
centrifugation (15200 ×g, 1.5 min) and the supernatant removed to a new RNAse-free 
tube. The quality and quantity of the RNA after treatment was checked using the Agilent 
bioanalyzer (see section 2.13.2.2). 

2.13.10.2 First strand synthesis of cDNA 
Each reverse transcription (RT) reaction contained 1.5 µg of RNA in 11 µL of water. The 
oligonucleotide primer used in these reactions was the polydT23V primer which binds to 
the polyA tail of mRNA and was used at a final concentration of 7 µM. The RNA and 
poly dT23V were denatured at 70 ºC for 10 min to remove any secondary structures. The 
denatured RNA was then snap-cooled on ice, and then 0.4 volumes of first strand buffer 
(Invitrogen) were added, DTT added to a final concentration of 10 mM and dNTPs added 
to a final concentration of 1mM in the mixture. The reaction was incubated at 55 ºC for 1-
2 min then 200 units of Superscript RT III reverse transcriptase enzyme added and the 
reaction incubated at 55 ºC for a further hour. When cDNA was required for quantitative 
RT-PCR, these reactions were carried out in triplicate and then pooled to minimise 
variations in reaction efficiency. 
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2.14 Hormone analysis 
2.14.1 Deuterated hormone standards 
When isolating hormones from plant tissue samples, the ground samples were spiked  
with known amounts of deuterated hormones that are slightly heavier than the 
compounds of interest. Deuterated IAA ([2H5] indole-3-acetic acid) and deuterated 
cytokinins were sourced from OlChemIm (Czech Republic). Deuterated hormones 
arrived in powder form and were resuspended in methanol to the appropriate 
concentration for use (see section 3.XXX). 
 
 
2.14.2 Hormone extraction from petunia tissue 
Tissue was harvested from plants using a scalpel and snap-frozen in liquid nitrogen. 
Xylem sap extracted from the roots of plants (see section 3.x.x) was also snap-frozen in 
liquid nitrogen. Hormones were extracted from ground samples with methanol, filtered 
through Sep-Pak C18 cartridges (Waters Corporation, USA) to remove hydrophilic 
compounds, evaporated to concentrate the samples and resuspended in methanol again 
(section 3.x.x). Extracted IAA was methylated using diazomethane for analysis by 
GC-MS-SIM (gas-chromatography mass spectrometry). Cytokinins were analysed using 
LC-MS-MS (liquid-chromatography electrospray tandem mass spectrometry). More 
details are given with the results in section 3.X. 
 

2.15 Transformation of Petunia hybrida and Arabidopsis thaliana plants 
2.15.1 Growth of Petunia plants for transformation 
Petunia tissue for transformation was sourced from wild type and dad mutant plants 
grown in sterile tissue culture on 0.5× MS or BSM media (see Table 2.3). Plants were 
subcultured onto new media seven days prior to the transformation to ensure new growth 
and the presence of sufficient young expanded leaves to conduct the experiment.  
 
 
2.15.2 Agrobacterium culture for plant transformation 
A single colony of transformed Agrobacterium tumefaciens carrying the desired binary 
vector was used to inoculate a 10 mL culture of YM media (see Table 2.2) containing the 
appropriate antibiotic for selection. The bacterial culture was grown at 28 °C with 
shaking (225 rpm) for 24 h. After incubation, the density of the culture growth was 
measured optically at 600nm using a Hitachi U-2000 spectrophotometer (OD600), then 
diluted to an OD600 of 0.1 with sterile YM media. This diluted bacteria was either used 
directly for petunia transformation or used to inoculate (2 mL) a 200 mL culture of YM 
containing the appropriate selection antibiotic. This larger culture was used for 
Arabidopsis floral dip transformation, and was grown at 28 °C with shaking (225 rpm) 
for 18 h. Cells were harvested by centrifugation (5500 ×g, 20 min) then resuspended in 
infiltration medium (see Table 2.2) to a final OD600 of 0.8 for use. 
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2.15.3 Petunia tissue explant transformation 
All work for the tissue transformation was carried out in a laminar flow hood using sterile 
technique. Young, expanded leaves were removed from plants grown in tissue culture 
using a scalpel and submerged in the diluted Agrobacteria where they were sliced into 
strips 1-2 mm by 4-8 mm. These strips were then blotted on sterile filter paper to remove 
excess Agrobacteria then placed on filter paper over CCM media (see Table 2.3). The 
CCM plates were sealed and placed at 24 ºC in the dark for 48 h to allow co-cultivation 
of the Agrobacteria with the plant tissue. Bacteria treated petunia explants were removed 
from the CCM plates and transferred to selection/regeneration media (SSM, see 
Table 2.3). Explants were placed directly on the surface of SSM plates to select for 
regeneration of plants from transformed cells. SSM plates are incubated at 24 ºC in the 
dark for 14 days, and then are subcultured onto new SSM plates and the incubation 
continued for a further 10-14 days in 16 h light conditions. Adventitious shoots form 
from the callus during the light phase of the incubation. The adventitious shoots were 
excised from the callus using a scalpel and subcultured on selection/rooting media (SRM, 
see Table 2.3) and incubated in the light (16 h light cycle) until the plantlets reached 3-4 
cm in height and had sufficient roots to be transferred to soil in the greenhouse. 
 
 
2.15.4 Arabidopsis floral dip transformation 
Arabidopsis plants for transformation were grown in pots in the greenhouse. The first bolt 
was clipped to encourage growth of many secondary bolts. Plants were ready for 
transformation 6-7 days later when they had many immature flower heads and few 
siliques. The agrobacteria inoculum containing the vector of interest and resuspended in 
infiltration media (see section 2.15.2) was put into a beaker, the plants were inverted, and 
the aerial parts dipped into the solution with gentle agitation for 3-5 seconds. Dipped 
plants were placed under a plastic cover to maintain high humidity for 16-24 h and kept 
out of direct light. After this period of time, dipped plants were transferred to normal 
conditions in the greenhouse, and the seed harvested. 
 
 
2.15.5 Selection of single insert transgenic plant lines 
Single insert heterozygous transgenic lines were defined as lines where the segregation of 
kanamycin resistant (KanR) to kanamycin sensitive (KanS) progeny followed a ratio of 
3:1. In order to identify single insert lines, seeds from KanR T0 petunia plants (or T1 
Arabidopsis plants) were surface sterilised and plated on 0.5× MS plates containing 
kanamycin and timentin as selective agents (see Table 2.4). Seeds were germinated in 
tissue culture under long-day light conditions (16 h light, 8 h dark) at 24 ºC. After 14 
days, seedlings had generally developed one true leaf, and KanR plants were 
distinguishable from KanS plants. The number of KanR and KanS plants were counted and 
the ratio of plants examined by a χ2 test. Where the χ2 test showed that the segregation 
was 3:1 with a 95 % confidence interval, several of the T1 plants were transferred to soil, 
grown to maturity, self-crossed and the seed collected. 
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2.15.6 Visualisation of GUS expression in transgenic plants 
Transgenic plants carrying an expression vector for GUS were either grown in tissue 
culture or on soil (section 2.8.2). Seedlings were collected whole from tissue culture, and 
plant tissue from larger plants harvested using a scalpel onto ice. Tissues to be stained for 
the presence of GUS were placed in 15 mL falcon tubes or into the wells of cell culture 
plates. An aliquot of 1-2 mL of GUS staining solution (see Table 2.1) was added to each 
sample and the tubes or plates incubated at 37 ºC overnight. After staining, plants were 
cleared of chlorophyll by washing the stained tissue twice in 95 % ethanol for 4h at 
37 ºC. The plants were then stored in 99 % ethanol until required for photography. 
 

2.16 Reproduction of photographs and other images for thesis production 
All photographs were taken using a Kodak DC4800 Zoom Digital Camera by the author 
unless otherwise indicated. Images of agarose gels were recorded as tiff files by the 
UViTech gel documentation system.  Images were manipulated for size and contrast 
using the Adobe Photoshop Elements program and labelled using Microsoft Office 
PowerPoint 2003. The content of these images was not altered during this process. 
 

2.17 Computing 
2.17.1 Sequence analysis 
The Vector NTI suite of programs was used to view chromatograms produced by the 
DNA sequencing facility, to make DNA contigs and to design plasmid vectors. The 
BLAST search algorithm (Altschul et al., 1990; Altschul et al., 1997) on the NCBI 
database (http://www.ncbi.nih.gov/) was used to identify gene homologues from different 
species. The Geneious (version 2.0.6) suite of programs was used to produce alignments 
of homologous gene sequences and to produce phylogenetic trees based on these 
alignments. The programs ClustalX (version 1.83) and GSview (Ghostgum Software, 
Australia) were used to convert sequence alignments into files suitable for inclusion in 
figures. 
 
 
2.17.2 General computing 
Word processing, compilation and formatting of references, graph and figure drawing 
were performed using the programs Microsoft Office Word 2003, EndNote 7 (Thomson 
ISI ReserachSoft), Microsoft Office Excel 2003 and Microsoft Office PowerPoint 2003 
respectively on a Dell Pentium 4 PC. Statistical analysis of results was performed using 
the GenStat program (version 4.0). 
 

2.17 Gene terminology 
In this thesis, the current convention has been followed for the naming of genes, mutants 
and proteins for the model plant Petunia hybrida. Wild type gene names are written in 
italic upper case letters (e.g. DAD1), proteins in normal upper case letters (e.g. DAD1), 

http://www.ncbi.nih.gov/
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mutant genes in italic lower case letters (e.g. dad1) and mutant proteins in lower case 
letters (e.g. dad1). 
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Chapter 3 Characterising the phenotype of the dad mutants in 
petunia 
 
3.1 Introduction 
A main focus of this work was to study the decreased apical dominance (dad) mutants in 

petunia and to clarify the part they play in determining the shape of the plant. These plants 

were originally identified by EMS mutant screens in the Napoli laboratory (Napoli, 1996; 

Napoli and Ruehle, 1996) and are discussed in detail in Chapter 1. The DAD1 gene has 

been shown to be orthologous to the Arabidopsis gene MAX4/CCD8 (Snowden et al., 

2005). Mutations in these genes produce similar phenotype alterations in both species, in 

that they both manifest as increased branching mutants, and have decreased height. 

However, the max4 mutants are not reported to have any effects on flowering (see Ch 1). 

 

In order to understand the role of the DAD genes in the control of plant branching, it is 

required that their relationship to each other be clarified. Genetic analyses have shown that 

the DAD loci are independent and unlinked (Napoli and Ruehle, 1996), but it is unknown 

whether they act in the same biochemical or signalling pathways, and if so, in what order. 

The interactions of genes in plants can be investigated by several methods. These include 

studying the phenotype of plants that are homozygous for mutations in two of the genes, 

and studying grafted plants.  

 

The defining physical characteristics of the dad mutants are their decreased height and 

increased basal branching. Measuring the morphology of the double mutants in comparison 

to the single dad mutants and wild type plants may provide evidence of interactions 

between the genes. The theory of epistasis allows the prediction of where in a biochemical 

or signalling pathway a gene acts with relation to another gene and whether they act in the 

same pathway or act independently to cause a similar phenotype when mutated (reviewed 

in Avery and Wasserman, 1992).  

 

Grafting experiments have been one of the common techniques used to characterise 

branching mutants in petunia and other species. In previous experiments (Napoli, 1996; 

Simons et al., accepted with minor edits) when dad1 and dad3 mutant scions have been 

grafted over wild-type petunia rootstocks the increased branching phenotype was reverted 

to that of a wild-type branching pattern. This indicated that the DAD1 and DAD3 gene 
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products were involved in the control of a graft transmissible branching signal. When dad2 

scions were grafted over wild type rootstocks their branching phenotype was not revertible 

(Simons et al., accepted with minor edits). Thus the DAD2 gene is not involved in the 

control or production of the branching signal, but is possibly involved in the reception of 

this signal.  

 

As discussed in Chapter 1, there is considerable evidence that the plant growth regulators 

auxin and cytokinin play important roles in the control of branching in plants. It is possible 

that they, or similar compounds, are part of the graft-transmissible branching signal 

implicated in the dad mutants, but to date, there is no information about the relative levels 

of these compounds in wild type and dad mutant petunia. 

 

The remainder of this chapter will be divided into four sections dealing with 

characterisation of the dad mutant phenotypes. The sections will deal with studying the 

morphology of the single and double dad mutant petunia (section 3.2), grafting 

experiments (section 3.3), study of plants heterozygous for the intact and mutant DAD loci 

(section 3.4), and analysis of hormone levels in the dad mutants compared to wild type 

plants (section 3.5).  

 
3.2 Characterising the morphology of the dad double mutants 
Seeds for the double mutants, along with seeds for the single (dad1, dad2, dad3) mutants 

and wild type petunia were germinated in tissue culture and then the seedlings were 

transferred to soil in the greenhouse. Plants were grown in pots on a watering system until 

3 months old, and then their morphology was characterised and recorded. A minimum of 

eight plants was measured for each genotype. The physical characteristics of the single 

(dad1, dad2, dad3) and double (dad1dad2, dad1dad3, dad2dad3) mutants were quantified 

and compared against those of wild-type petunia in order to study the interactions of the 

genes. The main characters that showed variation between the dad mutants were plant 

height, number of basal branches, and the number of flowers formed so these data have 

been presented here (see Figure 3.1). Statistical analysis of the data presented in Figure 3.1 

is included in Table 3.1. ANOVAs were performed for statistical analysis using the 

GenStat statistical package (version 8). A full replication of this experiment was carried 

out, and the data displayed the same patterns of results (see Appendix 1). 
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 Figure 3.1 Phenotypes of the single and double 
dad mutants. A. Representative plants of those used 
in the study; B. Number of primary branches (solid 
bars) and secondary branches (shaded bars) arising 
from primary branches present on single and double 
dad mutant plants; C. Plant height (cm) of single and 
double dad mutants; D. Number of flowering nodes 
produced after three months of growth. Data shown 
are means ± SEM (n ≥ 8 for all samples). 
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Genotype Primary 
branches 
 (F < 0.001)  

LSD 5% = 0.40 

Secondary 
branches  
(F < 0.001)  

LSD 5% = 7.51 

Plant height 
(cm) 

(F < 0.001) 
 LSD 5% = 4.16 

Flowers formed  
(F < 0.001) 

 LSD 5% = 1.49 

Wild-type 0.92 d 0.0 c 50.93 a 10.87 a 

dad1 3.33 a, b 14.3 b 22.80 c 5.20 c 

dad2 3.25 b 20.5 a, b 23.50 c 4.50 c, d 

dad3 2.54 c 0.0 c 38.22 b 8.67 b 

dad1dad2 3.70 a 23.5 a 22.50 c 4.00 c, d 

dad1dad3 3.59 a, b 18.4 a, b 13.00 d 0.44 e 

dad2ddad3 3.42 a, b 26.2 a 23.28 c 3.33 d 

 
Table 3.1 Means and statistical analysis for data from double mutant phenotype study in Figure 3.1. 
ANOVAs were carried out and mean separation tests were performed using Fisher’s Protected 
Least Significant Difference (LSD) test. Values within a column that have the same letter are not 
significantly different at the P = 0.05 level. 
 
In this study the three single dad mutants displayed a decrease in plant height (main shoot 

length) and an increased amount of basal branching when compared to wild type plants, as 

has been observed previously (Napoli 1996, Napoli and Ruehle 1996, Snowden and Napoli 

2003). The dad3 mutant does not display as severe a phenotype as the other single dad 

mutants, but dad1 and dad2 are very similar in morphology (Figure 3.1). The dad1dad3 

mutant is additive with regards to the height of the main shoot, i.e. it is shorter than either 

dad1 or dad3, although it is not additive with regards to the number of basal branches. The 

dad2dad3 double mutant is not additive for either height or number of branches, but is 

indistinguishable from the dad2 mutant. The dad1dad2 double mutant is indistinguishable 

by morphology from either the dad1 or dad2 single mutants in the characters measured; 

hence the two genes act in the same pathway. By studying the characters measured, it 

cannot be predicted how the DAD1 and DAD2 genes interact.  

 
One of the other characteristics of the dad1 mutant is a slight delay in flowering compared 

to wild type petunia (Napoli, 1996). Snowden and Napoli (2003) also noted a significant 

difference in the number of nodes to flower initiation between dad1 and dad2. As there was 

no detectable significant difference between these mutants in the first morphology study, an 

experiment to characterise this phenotype in the dad1dad2 double mutant was undertaken. 

Wild type, dad1, dad2 and dad1dad2 double mutant plants were grown in the glasshouse 

and the number of nodes tracked until the main shoot of the plant terminated in a flower. 
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The flowering times for both of the single dad mutants and the dad1dad2 double mutant 

were significantly longer than those of wild type plants (see Figure 3.2). However, there 

was no significant difference between dad1 and dad2 or dad1dad2 (Table 3.2), so no 

further predictions about the interactions of these genes could be made. Technically, the 

flowering times of the dad2 and dad1dad2 mutants were significantly different, but this 

does not clarify the interactions of DAD1 and DAD2 as the single mutants were not 

significantly different.  Measurements of the branching and plant height characters of these 

plants were also recorded, but showed the same trends as those presented in the previous 

experiment (data included in Appendix 1). 

 

 
 
Figure 3.2 Flowering time in dad1, dad2 and dad1dad2 mutants. A. Representative plants of those 
used in the study. B. Number of leaf nodes produced on the main shoot axis before formation of the 
first flower. Data shown are means ± SEM (n ≥ 8 for all samples). WT indicates wild-type plants. 
 

Genotype 
 

Number of nodes to first flower 
(F < 0.001),  LSD (5%) = 1.369 

Wild-type 20.00 a 

dad1 26.12 b, c 

dad2 24.75 b 

dad1dad2 27.25 c 

 
Table 3.2 Means and statistical analysis of the dad1 and dad2 flowering time data from Figure 3.2. 
Flowering time is measured as the number of leaf nodes produced on the main shoot axis when the 
first flower develops. ANOVAs were carried out and mean separation tests were performed using 
Fisher’s Protected Least Significant Difference (LSD) test. Values that have the same letter are not 
significantly different at the P = 0.05 level. 
 
 
3.3 Grafting experiments to clarify the type of interaction between DAD1 
and DAD2 
The lack of a transgressive phenotype in the dad1dad2 double mutant indicates that the two 

genes are probably acting in the same biochemical or signalling pathway, but due to the 
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difficulty in differentiating the dad1 and dad2 single mutants, it has not been possible to 

predict the order in which the genes would act in such a pathway. In previous studies, 

grafting of dad1 scions over wild type rootstocks reverted the branching phenotype of the 

scion to that of near wild type (Napoli 1996). This provides another way to study the 

phenotype of the dad1 and dad2 mutants. The dad2 mutant phenotype cannot be reverted 

by grafting over wild-type rootstocks (Simons et al., accepted with minor edits), so grafted 

plants were produced to test whether the dad2 mutant rootstocks could revert the dad1 

scion (see section 2.8.3). Control grafts of wild-type scions over wild-type roots, and dad1 

scions over dad1 roots were used. An additional positive control treatment was set up 

where plants with dad1 scions grafted over wild-type rootstocks were used to display the 

reversion phenotype. Grafted plants were grown in individual pots and were eight weeks 

old when their physical phenotype was characterised. Two independent studies were 

carried out, at different times of the year. Data from the first experiment are shown in 

Figure 3.3. The data from the second experiment includes two additional grafting 

combinations, one where dad2 scions are grafted over dad1 root stocks, and one where 

wild-type scions were grafted over dad2 mutant root stocks (see Figure 3.4). Statistical 

analyses of the data from the two experiments are shown in Tables 3.3 and 3.4 respectively. 

Graft type 
scion/rootstock 

Plant height (cm) 
(F < 0.001)  

LSD (5%) = 7.81 

Primary Branches 
(F < 0.001)  

LSD (5%) = 2.47 

Flowering time 
(F < 0.001)  

LSD (5%) = 1.90 

wt/wt 68.4 c 4.62 a 22.88 b, c

dad1/dad1 30.7 a 19.17 b 30.33 d

dad1/dad2 56.9 b 3.57 a 21.00 a

dad1/wt 49.8 b 5.25 a 22.25 a, b

Table 3.3 Means and statistical analyses of grafted plant phenotype data presented in Figure 3.3. 
ANOVAs were carried out and mean separation tests were performed using Fisher’s Protected 
Least Significant Difference (LSD) test. Values within a column that have the same letter are not 
significantly different at the P = 0.05 level. wt indicates wild-type tissue. Flowering time is measured 
as the number of leaf nodes produced on the main shoot axis when the first flower develops. 

In order to test the level of reversion of the grafted plants, three characters that represent 

the phenotype of the dad mutants were measured; plant height, number of primary basal 

branches and number of nodes to flowering. Self-grafting did not affect the scion 

phenotype. Plants with wild-type scions grafted over a wild-type rootstock were wild type 

in phenotype and plants with dad1 mutant scions grafted over dad1 mutant rootstocks  
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showed the typical dad1 mutant phenotype (Figures 3.3 and 3.4). With regards to all 

characters measured, grafting of dad1 scions over wild type or dad2 rootstocks reverted the 

phenotype of the dad1 scions to near wild type appearance (Figures 3.3 and 3.4). The 

revertant phenotype is not complete with regards to plant height (Tables 3.3 and 3.4). 

Although dad1 plants grafted to either dad2 or wild type rootstocks are significantly taller 

than those grafted over dad1 rootstocks, they are still significantly shorter than wild type 

plants. The revertant phenotype is more complete, however, with regards to the other two 

characters, the number of primary basal branches and flowering time. In fact, when the 

dad1 scions are grafted over dad2 rootstocks, in some cases the plants have even less 

primary branches than wild type plants and develop fewer leaf nodes before branching. 

This may indicate some increased level of branching inhibition when using the dad2 

rootstocks.  
 
 

Graft type 
scion/rootstock 

Plant height (cm) 
(F < 0.001) 

LSD 5% = 5.58 

Primary Branches 
(F < 0.001) 

LSD 5% = 4.16 

Flowering time 
 (F < 0.001) 

 LSD 5% = 2.51 

wt/wt 31.85 b, c 7.90 a 25.30 a 

dad1/dad1 20.90 a 37.80 c 35.60 d 

dad1/dad2 31.67 b, c 7.22 a 28.33 b 

dad1/wt 35.65 c 9.00 a 31.40 c 

dad2/dad1 17.86 a 31.00 b 35.33 d 

wt/dad2 28.86 b 8.14 a 24.71 a 

 
Table 3.4 Means and statistical analyses of grafted plant phenotype data presented in Figure 3.4. 
ANOVAs were carried out and mean separation tests were performed using Fisher’s Protected 
Least Significant Difference (LSD) test. Values within a column that have the same letter are not 
significantly different at the P = 0.05 level. wt indicates wild-type tissue. Flowering time is measured 
as the number of leaf nodes produced on the main shoot axis when the first flower develops. 
 
In the first replicate of the branching experiment, dad2 rootstocks seemed to have a slightly 

stronger effect on the reversion of dad1 scions than wild-type rootstocks, although it was 

not statistically significant. This was also observed in the second replicate of the 

experiment, and with regards to flowering time, there was a significant effect (Figure 3.4, 

Table 3.4). Plants with a dad1 scion had a significantly delayed flowering time compared 

to self-grafted wild-type plants regardless of the genotype of the rootstock. However in the 

grafts where the phenotype was reverting, dad1 scions had a flowering time more similar to 

wild type when they were grafted over a dad2 rootstock than when they were grafted over a 
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wild-type rootstock. However, grafting of a wild-type scion over a dad2 rootstock had no 

observable effect on the plant phenotype. 

 
 

3.4 Analysis of heterozygote effect of DAD gene mutations 
During the original isolation of the dad double mutant plants it was noted in passing that 

the heterozygote progeny of two mutants seemed to have some slight changes in phenotype 

compared to wild-type plants (K. Snowden, pers. comm.). This observation led to a study 

that was carried out to document any dosage effects of mutations at the DAD gene loci.  

Controlled crosses were performed between dad mutant and wild-type plants to create 

progeny that were heterozygous at the DAD loci (see Table 3.5). These plants were 

germinated in tissue culture and transferred to soil, and then grown to three months of age, 

when their phenotype was characterised. 
 

During the growth of the plants, the leaf nodes were numbered as they emerged, to 

facilitate calculation of the time to flowering of each genotype (see section 2.9.2). At these 

leaf numbering time points the number of leaf nodes that had developed was also recorded, 

and gave a measure of the rate of vegetative node development. Vegetative nodes were 

calculated as nodes formed on the main shoot axis before the first flower emerged, as the 

nodes formed after that point come from axillary branches that carry bracts, not leaves and 

show different ontogeny (Napoli and Ruehle, 1996). The wild-type (D1D1D2D2D3D3) 

and triple heterozygote plants (D1d1D2d2D3d3) showed the fastest rate of vegetative node 

development, and the plants that were heterozygous at only one locus (e.g. 

D1d1D2D2D3D3) or two loci (e.g. D1d1D2d2D3D3) had a slower rate of vegetative node 

development (see Figure 3.5). The plants with the slowest rate of vegetative development 

carried a homozygous mutation for at least one DAD locus (e.g. D1D1 D2D2 d3d3). 

Heterozygous mutations in additional loci did not have a detectable effect on the rate of 

node formation in homozygous mutant plants. 
 

Fifteen weeks after the seed from the controlled crosses was sown, the morphology of the 

heterozygote, dad mutant, and wild-type plants was characterised. Plant height and the 

number of basal branches on the plant are two of the main characters that are used to 

differentiate between wild type and dad mutant petunias. There were no significant effects 

on these characters caused by loci heterozygous for the dad mutations (Figure 3.6, Table 

3.6). Plants with one, two or three heterozygous loci were not significantly different to wild  
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Figure 3.5 Rate of vegetative node formation before flowering in petunia plants heterozygous for mutations at the DAD loci.  The legend 
indicates the genotype of each plant type (as defined in Table 3.4). Wild-type plants (D1D1D2D2D3D3) are represented by the green line, 
the triple mutant plants(d1d1d2d2d3d3) represented by the teal line, the dad3 mutant  (D1D1D2D2d3d3) represented by the maroon line 
and the triple heterozygote plants (D1d1D2d2D3d3) represented by the blue line. Plants indicated by yellow lines are heterozygous at one 
of the DAD loci, orange lines are plants heterozygous at two of the DAD loci, and pale blue lines are plants that are homozygous for a 
mutation at one of the DAD loci. Data shown are means +/- SEM (n≥ 8 for all samples).  
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type plants with regards to their height or the number of basal branches. None of the 

genotypes carrying homozygous mutations in dad1 or dad2 could be differentiated from 

each other by branching (Figure 3.6 A) or plant height (Figure 3.6 B). The heights of plants 

carrying a homozygous dad3 mutation were not significantly different from each other. 

Although the dad3 plants with an additional heterozygous mutation (e.g. D1D1D2d2d3d3) 

had significantly different numbers of branches, this was not an additive effect, and the 

heterozygotes had fewer branches than the dad3 mutant plants (D1D1D2D2d3d3). 

 
 

Parent Plants Progeny Genotype Progeny 
Nomenclature 

Male Female DAD1 DAD2 DAD3 

WT WT + + + + + + D1D1 D2D2 D3D3 

WT dad1 + - + + + + D1d1 D2D2 D3D3 

WT dad2 + + + - + + D1D1 D2d2 D3D3 

WT dad3 + + + + + - D1D1 D2D2 D3d3 

WT dad1dad2 + - + - + + D1d1 D2d2 D3D3 

WT dad1dad3 + - + + + - D1d1 D2D2 D3d3 

WT dad2dad3 + + + - + - D1D1 D2d2 D3d3 

dad1 dad1dad2 - - + - + + d1d1 D2d2 D3D3 

dad2 dad1dad2 + - - - + + D1d1 d2d2 D3D3 

dad1 dad1dad3 - - + + + - d1d1 D2D2 D3d3 

dad3 dad1dad3 + - + + - - D1d1 D2D2 d3d3 

dad2 dad2dad3 + + - - + - D1D1 d2d2 D3d3 

dad3 dad2dad3 + + + - - - D1D1 D2d2 d3d3 

dad3 dad3 + + + + - - D1D1 D2D2 d3d3 

WT dad1dad2dad3 + - + - + - D1d1 D2d2 D3d3 

dad1dad2dad3 dad1dad2dad3 - - - - - - d1d1 d2d2 d3d3 
 
Table 3.5 Controlled crosses performed to create plants heterozygous at the DAD loci. + 
indicates an intact gene at a locus. - indicates a mutated gene at a locus. WT indicates a wild-type 
plant. In the progeny nomenclature, the wild type alleles are indicated by a capital letter and the 
mutant alleles by a lower case letter. Mutant alleles have also been highlighted in bold to make the 
genotype easier to determine. 
 
The other main character that is representative of the dad phenotype is the flowering time. 

This was measured in two different ways, the number of leaf nodes formed on the main 

shoot axis before flower development, and the number of flowers produced on the main 

axis of growth. The phenotype of the plants with regards to the number of leaf nodes 

formed before flowering showed the same patterns previously observed (see sections 3.3 
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and 3.4) where plants homozygous for a dad1 mutation took longer to flower than wild 

type plants (see Figure 3.7). 

 
Plant type 
 

Branches 
 

(F < 0.001) 
LSD (5%) = 

1.22 

Height 
(cm) 

(F < 0.001) 
LSD (5%) = 

6.62  

Height first 
flower (cm) 
(F < 0.001) 
LSD (5%) = 

5.79 

Number 
of flowers 
(F < 0.001) 
LSD (5%) = 

1.87 

Flowering 
time (nodes) 

(F < 0.001) 
LSD (5%) = 

2.45 

Senescence 
 

(F < 0.001) 
LSD (5%) = 

1.93 

D1D1D2D2D3D3 0.27 a 74.47 d e 22.87 a b 10.47 d 26.87 c 18.13 d 

D1d1D2D2D3D3 0.41 a 75.12 d e 26.44 a b c 8.65 c d 27.00 c 16.29c d 

D1D1D2d2D3D3 0.29 a 69.65 d 27.53 a b c 8.88 c d 27.00 c 16.59 c d 

D1D1D2D2D3d3 0.69 a b c 78.81 e 28.75 a b c 8.69 c d 25.31 a b c 14.94 a b c 

D1d1D2d2D3D3 0.64 a b c 70.00 d e 31.32 c d e  7.18 b c d 27.29 c 16.79 c d 

D1d1D2D2D3d3 0.00 a 78.75 e 29.53 a b c d 9.06 c d 27.25 c 14.81 a b c 

D1D1D2d2D3d3 0.17 a 73.50 d e 27.79 a b c 8.83 c d 24.92 a b c  13.83 a b c 

d1d1D2d2D3D3 6.69 e 44.46 b c 38.00 d e  0.73 a 33.38 d 17.85 d 

D1d1d2d2D3D3 8.67 e 36.00 a b 33.13 c d e  0.53 a 34.60 d 14.93 a b c 

d1d1D2D2D3d3 7.47 e 34.53 a 31.00 b c d e 0.80 a 33.67 d 14.40 a b c 

D1d1D2D2d3d3 1.53 b c 51.29 c 25.47 a b c 4.91 b  26.00 b c  15.59 b c d 

D1D1d2d2D3d3 8.57 e 38.29 a b 23.71 a b c 1.64 a  28.57 c 16.14 b c d 

D1D1D2d2d3d3 1.58 c 53.25 c 21.75 a 5.42 b c 22.50 a b 12.08 a  

D1D1D2D2d3d3 3.29 d 51.14 c 22.43 a 4.79 b 22.00 a 13.29 a b 

D1d1D2d2D3d3 0.38 a b 72.19 d e 25.75 a b c 9.75 d 26.56 c 16.12 c d 

d1d1d2d2d3d3 8.71 e 41.29 a b 38.57 e 0.39 a 38.57 e 16.21 c d 

 
Table 3.6 Means and statistical analysis of heterozygote effect data from figures 3.6, 3.7 and 3.8. 
ANOVAs were carried out and mean separation tests were performed using Tukey’s Honestly 
Significant Difference (HSD) test. LSD = least significant difference. Values within a column that 
have the same letter are not significantly different at the P = 0.05 level. 
 

The triple mutant (d1d1d2d2d3d3) produced the greatest number of leaf nodes before 

flowering, although none of the double mutant plants were included in this experiment. 

There did not seem to be an effect on the nodes to flowering character due to heterozygous 

genes at one or two DAD loci (e.g. D1d1D2d2D3D3), and plants of these genotypes were 

not significantly different to wild-type. Although heterozygous DAD1 loci did not have an 

effect on flowering time when alone, there was a significant effect of a heterozygous DAD1 

locus when added to a homozygous mutant dad2 or dad3 locus. The heterozygous DAD1 

locus seemed to amplify the effects on flowering of the homozygous mutations in dad2 or 

dad3 leading to a delayed flowering time compared to the other dad2 or dad3 plants. 
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Figure 3.7 Flowering in heterozygous dad mutant petunia. A. Mean number of flowers formed on 
main axis of plants at 15 weeks. B. Mean flowering time, measured as number of leaf nodes formed 
before development of the first flower. Error bars represent standard errors of the means. Wild-type 
(D1D1D2D2D3D3) plants are represented by the green bars, the triple heterozygote 
(D1d1D2d2D3d3) plants are represented by the blue bars, the triple mutant (d1d1d2d2d3d3) plants 
are represented by the teal bars, and the dad3 mutant (D1D1D2D2d3d3) plant represented by the 
maroon bars. Plants heterozygous at one of the DAD loci (e.g. D1d1D2D2D3D3) are in yellow, plants 
heterozygous at two of the dad loci (e.g. D1d1D2d2D3D3) are in orange, and plants homozygous for 
one dad mutation and carrying a heterozygous locus  for another are in light blue. Data shown are 
means +/- SEM (n≥ 8 for all samples).  
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The means and standard errors indicate that the heterozygous loci have an effect on the 

number of flowers formed, an indication of how long the plants have been flowering 

(Figure 3.7 A). Fewer flowers had formed at fifteen weeks on the plants that were 

heterozygous at one or two loci than on wild-type or triple heterozygote plants. However, 

the very stringent Tukey’s HSD test indicated that although these plants were more similar 

to each other, they were not significantly different to wild type plants.  

 

The other character measured that showed effects due to the heterozygous DAD loci was 

senescence. This was measured as the node number of the oldest green leaf on the main 

stem of the plant. The dad mutants have delayed senescence compared to wild type plants, 

and this study showed that there was also delayed senescence in the heterozygous plants 

(see Figure3.8). There is some variation in this data which is reflected in the statistical 

analysis (Table 3.6) and shows that some of the homozygous mutants are not significantly 

different to wild type with respect to their rate of senescence. This was probably caused by 

a watering failure which caused some leaves on these plants to die, although they were not 

actually going through programmed developmental senescence. 

 

 
 
Figure 3.8 Senescence in heterozygous dad mutant petunias. Data are presented as the mean leaf 
node that carried the oldest green leaf on the plant. Wild type (D1D1D2D2D3D3) plants are 
represented by the green bars, the triple heterozygote (D1d1D2d2D3d3) plants are represented by 
the blue bars, the triple mutant (d1d1d2d2d3d3) plants are represented by the teal bars, and the 
dad3 mutant (D1D1D2D2d3d3) plant represented by the maroon bars. Plants heterozygous at one 
of the DAD loci (e.g. D1d1D2D2D3D3) are in yellow, plants heterozygous at two of the dad loci 
(e.g. D1d1D2d2D3D3) are in orange, and plants homozygous for one dad mutation and carrying a 
heterozygous locus  for another are in light blue. The d1d1D2D2D3d3 (dad1 mutant) plants which 
are not significantly different to wild type are indicated by a medium blue bar. Data shown are 
means +/- SEM (n≥ 8 for all samples). 
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3.5 Analysis of hormone levels in dad mutant and wild-type petunia 
In order to investigate what roles plant growth regulators play in the increased branching 

phenotype of the dad mutants, the levels of auxin and cytokinin in the three single mutants 

were measured and compared to those of wild type petunia. Tissue for auxin analysis was 

harvested when the plants were six weeks old. Plants from the same populations that were 

not harvested were transferred to pots and grown to twelve weeks of age on the watering 

system, before being harvested for xylem sap cytokinin analysis. All of the samples 

represented in graphs are extracted from a pool of at least six plants. Two independent 

experiments were carried out from plants sown at different times, and these are represented 

by Set I and Set II. 

 
3.5.1 Analysis of IAA levels in shoot apices and upper stem nodes 

Two tissue samples were harvested from each plant to examine the levels of the auxin IAA; 

these were the shoot apex and the upper nodes of the stem. The shoot apex is the main site 

of auxin production in the plant and the upper nodes of the stem are the site of its action, 

where auxin is thought to inhibit the outgrowth of axillary buds into branches. Samples 

were spiked with known quantities of deuterated IAA as an internal control, then the 

endogenous IAA extracted and sent to J. Ross (University of Tasmania) where the samples 

were analysed by GC-MS (Section 2.14.2.1). In the dad1 and dad2 mutants, the levels of 

IAA in the shoot apex were similar to that of wild-type, although a little lower (Figure 3.9). 

The shoot apex IAA levels of dad3 were lower than those of dad1 and dad2, which could 

implicate IAA in the increase in branching seen in the dad mutants, but this is currently 

only a single reading. Apart from a single high reading in one of the sets of dad2 mutants, 

the levels of IAA in the upper nodes of the stems from young dad mutants were very 

similar to those of wild type plants, indicating that it is unlikely that changes in IAA levels 

are the cause of increased branching in the dad mutants. 

 
3.5.2 Analysis of cytokinin levels in xylem sap 

It is generally accepted that the roots are the main site of cytokinin synthesis in the plant, 

and that their main pathway acropetally through the plant to their sites of action is through 

the xylem sap (Bangerth, 1994). Due to this assumption it is common practice to measure 

the levels of cytokinin in xylem sap in order to compare the levels of cytokinin export from 

the roots between plants, and hence to assess the effects of these levels on bud outgrowth  
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Figure 3.9 Levels of the auxin IAA in wild-type and dad mutant petunia. A. Representative plants of those used in 
analysis. IAA concentrations in plant tissue extracts were measured by GC-MS and calculated by comparison to 
known levels of deuterated IAA standards added to the samples. Tissues tested were the shoot apex (B) and upper 
nodes of the stem (C) pooled from six plants of the same genotype. Two independent sets of plants were grown and 
measured. † indicates missing sample due to germination failure of dad3 mutants in the second set. ‡ indicates a 
missing sample due to a run failure on the GC-MS.  

† † ‡ 
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(e.g. Beveridge et al., 1997a, Mader et al., 2003). Xylem sap was removed from the roots 

of single dad mutant and wild-type plants (Figure 3.10) by vacuum, and then spiked with 

known amounts of deuterated cytokinins for use as internal standards.  

Figure 3.10 Method for extraction of petunia xylem sap. A 5 mL syringe was attached to the stem 
of the decapitated plant by tightly bound silicon tubing, and taped to a stake. Vacuum was applied 
by propping open the syringe with a pipette tip, and then the apparatus covered with foil to protect 
light sensitive compounds.  

Endogenous cytokinins were extracted from the xylem sap and then sent to C. Ngo 

(University of Queensland) where the samples were analysed by LC-MS-MS 

(section 2.14.2.2). Several different cytokinins were quantified in each sample, but the 

major component of the total sap cytokinin in most cases was zeatin riboside (ZR) 

(Table 3.7). The total amounts of cytokinin detected in xylem sap was markedly lower in 

the dad mutants, with values 3-5 × lower than those of wild-type plants (Figure 3.11). 
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known levels of deuterated cytokinin standards added to the samples. Xylem sap samples were pooled from six plants of the 
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Table 3.7 Levels of individual cytokinins measured in wild type and dad mutant petunia sap by LC-
MS-MS. Cytokinins measured were zeatin (Z), cis-zeatin (cis Z), dihydrozeatin (DHZ), zeatin-9-
glucoside (Z9G), dihydrozeatin-9-glucoside (DHZ9G), zeatin riboside (ZR), cis-zeatin riboside (cis 
ZR), dihydrozeatin riboside (DHZR), isopentyladenine (iP) and isopentyladenosine (iPA).  N 
indicates that the cytokinin was not detectable at the limits of the equipment. The two values within 
a genotype are samples from independent experiments, Set I and Set II. 
 
 
3.6 Discussion 
The control of branching in plants is a very complex process. So far, there are three DAD 

loci identified in petunia that are involved in the control of vegetative branching, but there 

are six RMS loci identified in pea and four MAX genes from Arabidopsis. Although some 

of the rms and max mutants are homologous to the dad mutants, some of these genes do not 

have orthologues among the DAD genes identified to date. Although there are probably still 

more branching genes to be discovered in petunia, it is important to gain an understanding 

of how the genes so far identified work together to control branching. 

 
3.6.1 Interactions of the DAD genes in petunia 

Epistasis studies using double (or triple) mutants have been used for many years to obtain 

information on the interactions of two or more genes (reviewed in Avery and Wasserman, 

1992). The data presented here has enabled certain predictions about the interactions of the 

DAD genes. The fact that the phenotype of the dad2dad3 mutant is not additive indicates 

that the two genes act in the same pathway. As the double mutant most strongly resembles 

the dad2 single mutant, this indicates that DAD2 is epistatic to DAD3. This could indicate 

that DAD2 acts upstream of DAD3, if the genes were working in a biochemical pathway. 

Alternatively, if the two genes act in a signal-receptor pathway, then the result predicts that 

DAD2 acts downstream of DAD3, that DAD2 is acting as a receptor, or as part of the signal 

Plant 
type 

Set 

Z 
pmolg-1 

cis Z 
pmolg-1 

DHZ 
pmolg-1 

Z9G 
pmolg-1 

DHZ9G 
pmolg-1 

ZR 
pmolg-1 

cis ZR 
pmolg-1 

DHZR 
pmolg-1 

iP 
pmolg-1 

iPA 
pmolg-1 

Total 
CK 

pmolg-1 

WT     I 
II 

N 
N 

N 
N 

N 
N 

N 
N 

N 
N 

0.731 
0.629 

N 
N 

0.151 
0.035 

N 
N 

0.085 
N 

0.968 
0.664 

dad1  I 
II 

N 
N 

N 
N 

N 
N 

N 
N 

N 
N 

0.068 
0.136 

N 
N 

N 
N 

N 
N 

N 
0.048 

0.068 
0.184 

dad2  I 
II 

N 
N 

N 
N 

N 
N 

N 
N 

N 
N 

0.146 
0.213 

N 
N 

N 
N 

N 
N 

N 
N 

0.146 
0.213 

dad3  I N N N N 0.073 0.065 N N N N 0.138 
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transduction pathway acting on a signal produced by the DAD3 product. The dad1dad2 

double mutant was also not additive, indicating that DAD1 and DAD2 act in the same 

pathway.  

 

Given that our results predict that DAD2 acts in the same pathway as DAD1 and that DAD2 

acts in the same pathway as DAD3, a further prediction would be that DAD1 and DAD3 

also act in the same pathway. However the simplest interpretation of the additive nature of 

the dad1dad3 mutant phenotype is that DAD1 and DAD3 are not in the same pathway. The 

similarity of function of DAD1 and DAD3 predicted by grafting experiments (Napoli, 1996; 

Simons et al., accepted with minor edits), and the fact that neither dad1dad2 nor dad2dad3 

double mutants are additive would suggest that DAD2 probably acts in a similar role with 

regards to both DAD1 and DAD3. As the plant height phenotype of the dad1dad3 double 

mutant is additive, this could indicate that the DAD1 and DAD3 genes do not act in the 

same biochemical pathway, although they both act to affect branching. Another 

interpretation of this result is that DAD1 and DAD3 act together on the same step in the 

pathway. Given that previous grafting results suggest that these genes act to control levels 

of a branching signal (Napoli 1996, Simons et al., accepted with minor edits), the products 

of DAD1 and DAD3 could possibly be working as a heterodimer to modify the branching 

signal in petunia. Yeast two-hybrid experiments have proved inconclusive as to whether 

there are interactions between the two proteins (C. Brendolise, unpublished data) and pull-

down experiments have not yet been done. A recent study has indicated that reciprocal 

grafts between dad1 and dad3 mutants do not cause reversion of the dad mutant 

phenotypes (Simons et al., accepted with minor edits). If the genes were in separate 

pathways you would expect both graft combinations (dad1/dad3 and dad3/dad1) to cause 

reversion to a wild type phenotype. 

 

As the morphology studies were not able to distinguish the dad1dad2 double mutant from 

either of the dad1 and dad2 single mutants (section 3.2), grafting studies were undertaken 

to further examine the interaction of these genes. Previous grafting studies in petunia have 

indicated that both DAD1 and DAD3 affect a graft transmissible signal that controls 

axillary branching (Napoli 1996, and Simons et al., accepted with minor edits). As DAD1 

acts in a similar manner to DAD3, and the phenotypic analysis indicated that DAD2 was 

epistatic to DAD3, it is reasonable to predict that DAD2 was also epistatic to DAD1. The 

fact that the phenotype of dad1 mutant scions can be reverted to a wild type branching 
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pattern by grafting over a dad2 mutant rootstock indicates that although DAD2 may be 

epistatic to DAD1, DAD2 does not act upstream of DAD1 in a simple biochemical pathway. 

If it did, then it would not be possible for reversion of the phenotype to occur. The 

reversion result could be explained by DAD2 acting upstream of DAD1 in a more complex 

biochemical pathway, that included a precursor to the compound acted on by DAD1 

moving down from the shoot to the root, but we have no evidence of precursor acting in 

this manner.  The grafting result does provide support for the model where the DAD genes 

interact in a signalling pathway. DAD2 could be epistatic to DAD1 if DAD1 was involved 

in production of a branching signal and DAD2 was involved in reception of that signal, or 

in the signal transduction pathway from the branching signal receptor.  

 
3.6.2 Effects of heterozygous DAD loci on petunia phenotypes 

The heterozygote effect experiment indicated that some of the main characters defining the 

dad mutants, basal branching and plant height, were not significantly affected by 

heterozygous DAD loci (Figure 3.6). Two characters that were affected by heterozygous 

dad loci were rate of vegetative node formation and the number of flowers formed on the 

plants at fifteen weeks. Both of these characters are involved in rate of organ development 

in actual time. This can be compared with the other measure of flowering time, the number 

of vegetative nodes formed before emergence of the first flower, which was not affected by 

heterozygosity at single DAD loci. This rate of organ development is a measure of 

ontogeny, not the actual hours or days taken for an event to occur, and the heterozygous 

loci seem to be affecting ontogeny specifically. A similar result was reported briefly by 

Auldridge et al. (2006) who noted that heterozygous max4 plants had fewer flowers than 

wild-type Arabidopsis. An unusual observation in the petunia heterozygote effect 

experiment was the effects on the phenotype of the triple heterozygous plants. These plants 

were not significantly different to wild type plants with regards to characters involving 

developmental rates, although plants heterozygous at just one or two loci were affected 

(Figures 3.5, 3.7 A). 

 
This experiment also introduced preliminary characterisation of the dad1dad2dad3 triple 

mutant. A full characterisation of triple mutant plants compared to single and double dad 

mutants is underway but is not pursued here due to its recent isolation and the concomitant 

time constraints. In most characters the triple mutant was not significantly different to 

plants homozygous for the dad1 or dad2 mutation and does not seem to be additive for the 
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plant height character (Figure3.6 B). In contrast the dad1dad3 double mutant does show a 

transgressive phenotype with regards to plant height (Figure 3.1). The triple mutant does 

have significantly delayed flowering time (nodes to flower) compared to the single mutant 

plants studied and, although not statistically significant, the rate of flower production was 

lower than that of all the single dad mutants (Figure 3.7, Table 3.6).  While the nodes to 

flowering character was not measured for the dad1dad3 double mutant a much more severe 

and significant decrease in the rate of flowering compared to the single dad mutants was 

recorded (Figure 3.1, Table3.1). Although a comprehensive study has not yet been carried 

out, by observation the triple mutant looks more like the dad1dad2 and dad2dad3 double 

mutants than the transgressive dad1dad3 mutant. This leads to the question of why there is 

an additive effect in the dad1dad3 double mutant.  

 

One explanation for the additive nature of the dad1dad3 double mutant is a build up of the 

precursor/substrate that DAD1 and DAD3 act on either having an effect itself, or being 

channelled into a different pathway to amplify the phenotype effects. However it is 

unlikely that this hypothesis is correct, or a similar transgressive phenotype would be 

observed in the triple mutant plants. A hypothesis that could explain this effect in the 

double and triple mutants is a requirement for a balance of signals in the DAD pathway. 

This would work if there is a feedback signal from the receptor (or signal transduction 

pathway) of the branching signal in the shoot. This type of feedback signal has been 

postulated in the studies of the orthologous rms mutants in pea (Beveridge, 2000). If a 

balance between the branching signal and a feedback signal from the receptor is important 

in controlling the phenotype, this could explain why the most extreme phenotype is seen in 

the dad1dad3 double mutant. In this case both of the genes controlling modification or 

production of the branching signal are non-functional, but the receptor (possibly DAD2) is 

still working and sending back a feedback signal to down-regulate the branching. In the 

triple mutant, part of the receptor system is non-functional as well, so the branching effect 

caused by dad1 and dad3 is not amplified by any feedback signals. 

 

This type of system would also explain the results seen for the triple heterozygous plants. 

Although the presence or absence of the signal produced by DAD1 and DAD3 is most 

important for the control of branching and plant height, lesser parts of the phenotype are 

still affected by the balance of the amounts of signal. Although the triple heterozygote 

plants would be producing slightly less signal overall in the system, the ratio of the signals 
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might remain constant, leading to no significant differences in phenotype compared to the 

wild-type plants. The plants that were heterozygous for only one or two DAD loci might 

have a similar slight drop in signal, but because they do not affect all parts of the signalling 

pathway, the ratio of signals could change and cause effects on the plant phenotype. A 

replication of the heterozygote effect test, and full characterisation of the triple mutant 

phenotype are under way and results from these experiments may support or dismiss this 

hypothesis. 

 
3.6.3 IAA and cytokinins are not the signals directly controlled by DAD1 and DAD3 

As plant growth regulators are involved both in the control of branching and are graft 

transmissible substances they are possible candidates for the branching signal controlled by 

the DAD1 and DAD3 gene. The levels of two major plant growth regulators, auxin and 

cytokinin, were investigated in dad mutant and wild-type petunia. The auxin levels 

measured in the dad mutant shoot apices were lower than those of wild-type petunia. Auxin 

from the shoot apex is known to have an inhibitory effect on the outgrowth of lateral 

branches. However, the decrease observed was not of such a degree that it was likely that 

this decrease was sufficient to cause the increased branching phenotype seen in the dad 

mutant plants. This is slightly different to what has been observed in the pea rms mutants 

where it has been reported that auxin levels in the shoot apex are the same or higher than 

those of wild type plants (Beveridge et al., 1994; 1996; 2000; Rameau et al., 2002). All dad 

mutant stem samples measured had auxin levels that were approximately the same or 

higher than those of wild type petunia stems, so it is unlikely that a drop in IAA at the site 

of branch outgrowth is the cause of increased branching. 

 

In all of the dad mutants (dad1, dad2, dad3), the levels of cytokinin in the xylem sap were 

significantly decreased in comparison to those of wild type petunia. Similar results have 

been reported in pea, where rms1, rms4 and rms5 all have decreased levels of sap cytokinin 

(Beveridge et al., 1997b, Morris et al., 2001). Only one of the rms mutants, rms2, has 

levels of xylem sap cytokinin that are comparable to wild-type pea (Beveridge et al., 2000). 

This has been interpreted as the effect of a feedback mechanism, which is disrupted in the 

rms2 mutant. Given that cytokinins actually promote axillary branch outgrowth when 

applied to axillary buds (Pillay and Railton, 1983), their decreased levels in dad mutant 

xylem sap indicate that it is unlikely that they represent the graft transmissible branching 

signals controlled by the DAD1 and DAD3 genes. This marked decrease in xylem sap 
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cytokinins could be a downstream effect of the increased branching levels themselves. 

However, xylem sap cytokinin levels can be affected by root health, and the level of 

cytokinin present tends to increase with increased soil nutrient availability (Mediene et al., 

2002). Given that dad1 has a minor effect on root phenotype (Snowden et al., 2005) it must 

be taken into account that this decrease in root mass compared to wild-type plants could 

play some part in the decrease in cytokinin levels. 

Recent research has indicated that determining the cytokinin levels exported from the roots 

may not be the best place to investigate their effects in branching mutants. For instance, 

there may be a need to measure their levels at the site of cytokinin action in control of 

branching (stem nodes and axillary buds). There has been some recent evidence that 

cytokinins are additionally manufactured at the point where bud outgrowth into branches is 

controlled (Tanaka et al., 2006) and their levels in these tissues may be more directly 

relevant to branching control. So far there is no definitive evidence as to the exact role 

cytokinins are playing in the control of axillary bud outgrowth, but the current data 

indicates that the graft-transmissible branching signal is probably not a cytokinin. 

3.6.4 Final Comments 

Our current model of the function of the DAD genes in the control of lateral branching in 

petunia has been developed by integrating data from phenotype analysis, grafting studies, 

both those described here and other experiments. The model suggests that DAD1 and 

DAD3 act to control the levels of the same graft transmissible branching signal and that this 

signal is unlikely to be auxin, or one of the commonly studied cytokinins. The model also 

predicts that DAD2 is involved somewhere in the detection of this branching signal, either 

as the receptor, or in the signal transduction cascade downstream of the signal receptor. It 

also includes the possibility of a feedback signalling mechanism from the shoot to control 

branching. 

This chapter has presented data that describe the interactions of the dad mutants in genetic 

and grafting studies. Further information about the function of parts of a pathway can be 

acquired once the identity of the genes involved has been determined. Chapter 4 will 

discuss the gene identity of DAD1 and DAD3 and the family of enzymes they are predicted 

to belong to. It will also investigate the expression patterns of these branching genes in 

petunia, and how their transcript levels are affected in the dad mutants. 
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Chapter 4 Expression Analysis of Branching Genes in dad Mutant 
and Wild-type Petunias by qRT-PCR 
 

4.1 Introduction 
Chapter 3 described physiological interactions between the dad mutant petunias in grafting and 

double mutant studies that led to the development of a hypothesis regarding how the various 

parts of the DAD signalling pathway might be working. Knowing the identity of the genes 

responsible for the mutant phenotype, and the relationships between them can provide 

considerable additional information about the functions of the individual components of a 

pathway. Once the gene identity is established, this enables further studies, such as gene 

expression analysis to investigate how and where the genes act. 

4.1.1 DAD1 and DAD3 are Carotenoid Cleavage Dioxygenase Proteins 
Genes have been identified for two of the known dad mutants, dad1 (Snowden et al., 2005) 

and dad3 (this laboratory, unpublished data). The identity of DAD3 was determined using a 

candidate gene approach. A mutation causing a predicted stop codon in the first exon was 

identified in the PhCCD7 gene and this mutation cosegregated with the dad3 mutant phenotype 

in genetic tests (K. Snowden, unpublished data).  DAD1 and DAD3 both belong to a family of 

genes known as the carotenoid cleavage dioxygenases (CCDs) which also includes the 9-cis-

epoxycarotenoid dioxygenases (NCEDs) involved in ABA synthesis (Tan et al., 1997; 2003), 

the lignostilbene dioxygenases (LSDs) from bacteria (Kamoda and Saburi, 1993a; 1993b; 

Kamoda et al., 2003), and RPE65 which is a retinoid isomerase involved with sight in 

mammals (Redmond et al., 2005). Some members of the CCD family have been shown to 

cleave both carotenoid- and apocarotenoid- derived substrates (Bouvier et al., 2003; Schwartz, 

et al., 2004; Simkin et al., 2004; Auldridge et al., 2006).  
 

The results from grafting studies (Napoli, 1996; Simons et al., accepted with minor edits; 

Chapter 2) led to the hypothesis that DAD1 and DAD3 are acting to produce or modify a graft-

transmissible substance that affects branching in petunia. The sequence similarity of DAD1 

and DAD3 to the CCD family of proteins supports this hypothesis and has led to speculation 

on the nature of both their substrates and products (Simons et al., accepted with minor edits). It 

is possible that the substrate of the DAD1 and DAD3 enzymes is an apocarotenoid or 

carotenoid-derived compound. 
 

Sequence homology and mutant phenotypes indicate that DAD1 is orthologous to the 

Arabidopsis MAX4 (AtCCD8) and the pea RMS1 genes (Sorefan et al., 2003; Snowden et al., 
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2005), and also indicate that DAD3 is orthologous to the Arabidopsis MAX3 (AtCCD7) and pea 

RMS5 genes (this laboratory, unpublished data; Booker et al., 2004; Johnson et al., 2006). 

Homologues of DAD1 and DAD3 have also been isolated in rice (Sasaki et al., 2002, Zou et 

al., 2005), kiwifruit, and apple (S. Ledger, unpublished data) indicating that the gene family is 

conserved within plants. Investigation of the similarity between these genes in various species 

may reflect differences in the way the DAD signalling pathway functions in diverse plants. 

This chapter will describe comparisons of the levels of similarity between DAD protein 

homologues at the amino acid (aa) level in petunia and in other species. 

4.1.2 Gene expression analysis of CCD family members 
Many genes are regulated at the gene transcription level (Griffiths et al., 1993), and so 

measuring the amount of RNA transcript present can provide information about where and 

when the protein product may be acting. The tissue specificity of gene expression can be useful 

to differentiate individuals of a family of closely related genes with overlapping function. For 

example, a family of five Arabidopsis NCED genes control one of the rate limiting steps in 

synthesis of the phytohormone abscisic acid (ABA). AtNCED3 is responsible for the majority 

of stress-induced ABA synthesis in leaves, but the other four AtNCEDs are primarily regulated 

developmentally and are expressed in highly localised sites in the base of lateral roots, organ 

primordia and reproductive structures (reviewed in De Smet et al., 2006).  
 

Recent studies have described the expression patterns of the MAX4 and RMS1 genes in 

Arabidopsis and pea respectively (Bainbridge et al., 2005; Foo et al., 2005).  Foo et al. (2005) 

showed that the expression levels of RMS1 were elevated in the stems of some rms mutants, 

and also that the gene expression was upregulated by treatment of decapitated plants with 

auxin. This result contrasted with the observations in Arabidopsis where expression of MAX4 

was examined by promoter::GUS fusions and semi-quantitative RT-PCR. The expression of 

MAX4 in stem tissue was not upregulated compared to wild type plants and was not induced by 

application of auxin although there were some changes in expression of MAX4 in the roots 

(Sorefan et al., 2003; Bainbridge et al., 2005). Investigation of how the expression patterns of 

DAD1 and DAD3 mimic or vary from the patterns of their homologues in other plants may 

indicate differences in the signalling pathway that controls axillary branching between species. 

 

Quantitative real time polymerase chain reaction (qRT-PCR) is currently the most sensitive 

technique for studying gene expression levels in various organisms. qRT-PCR has greater 

sensitivity for detecting genes expressed at low levels and allows more accurate calculation of 

relative expression levels when compared to northern hybridisation. In a comparison of dot-
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blot hybridisation and qRT-PCR methods for detecting levels of DNA, qRT-PCR was shown 

to be up to 1000 times more sensitive than the hybridisation technique (Malinen et al., 2003). 

The expression levels of DAD1, DAD3 and the branching gene Lateral suppressor (PhLS) in 

wild type and dad mutant petunia tissues by qRT-PCR are investigated in this chapter, and the 

effects of grafting petunia on the expression of the DAD1 and DAD3 genes are described. 
 

4.2 Analysis of DAD homologues by protein sequence 
Sequences of proteins that are homologous to DAD1 or DAD3 in several species have been 

either published, isolated in this laboratory or are identifiable by sequence similarity in public 

databases (see Table 4.1). The predicted protein sequences of the DAD1 and DAD3 proteins 

were used in BLAST searches (Altschul et al., 1990; Altschul et al., 1997) to identify 

additional protein homologues from other species. The level of variation in the amino acid (aa) 

sequence of homologous proteins may reflect differences in function, and this sequence 

variation is displayed in several different ways.  

 
 

Protein name Species Accession  aa 
length Reference 

DAD1 (V26 
PhCCD8) Petunia hybrida AAW33596.1   556 Snowden et al., 2005 

PhCCD8 (Mitchell) P. hybrida AAW33596   556 Snowden et al., 2005 
OsCCD8a Oryza sativa BAB63485   552 Sasaki et al., 2002 
OsCCD8b O. sativa NP_916076   569  
AtCCD8 (MAX4) A. thaliana NP_195007.2   570 Sorefan et al., 2003 
PsCCD8 (RMS1) Pisum sativum AAS66907.1   561 Sorefan et al., 2003 

MdCCD8 Malus X 
domestica    564 S. Ledger (this laboratory) 

AcCCD8 Actinidia 
chinensis    555 S. Ledger (this laboratory) 

ZmCCD8 Zea mays (incomplete)   466 B. Janssen (this laboratory) 
MbCCD8 Musa balbisiana ABF70124.1   566  
DAD3 (PhCCD7) P. hybrida    622 K. Snowden (this laboratory) 
OsCCD7 (HTD-1) O. sativa XM_473418   610 Zou et al., 2005 
AtCCD7 (MAX3) A. thaliana NP_182026.1   618  Booker et al., 2004 
PsCCD7 (RMS5) P. sativum ABD67496.2   620 Johnson et al., 2006 
ZmCCD7 Z. mays    621 B. Janssen (this laboratory) 
HsCCD Homo sapiens CAC27994   556 Kiefer et al., 2001 

 
Table 4.1 DAD1 and DAD3 proteins and homologues by protein sequence from diverse plant species. 
HsCCD is not an orthologue of DAD1 or DAD3, but is a member of the larger CCD gene family used as 
the outgroup in analyses. Predicted protein sequences determined in this laboratory with no accession 
numbers have not yet been released to the public databases. 
 
The pair-wise comparisons of the individual protein homologues for both DAD1 and DAD3 

were calculated using the Vector NTi program and the percentages of identical aa are presented 

in matrix tables. The two petunia DAD1 (PhCCD8) sequences were isolated from different 
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petunia inbred lines, and consequently it is not surprising that they have the highest level of 

similarity observed (Table 4.2). The DAD1 homologues have a range of pairwise sequence 

identity, with the petunia DAD1 genes having most sequence identity with the pea, apple and 

kiwifruit sequences. There is also a high level of sequence identity between the maize CCD8 

and the rice CCD8b, but not the other rice CCD8a homologue. The other monocot species is 

from banana (Musa balbisiana), and it shows a higher level of amino acid identity with the 

dicotyledonous petunia DAD1 sequence, than the other monocot species (which are grasses).  
 

 

 
 
Table 4.2 Percentage of identity at the aa level for pairwise alignment of DAD1 homologues from 
different species calculated by AlignX in the Vector NTi program. Pairwise comparisons with aa identity 
of over 70 % are highlighted.  DAD1 is the DAD1 protein from Petunia hybrida, Os = Oryza sativa, 
At = Arabidopsis thaliana (MAX4 protein), Ps = Pisum sativum (RMS1 protein), Md = Malus X 
domestica, Ac = Actinidia chinensis, Zm = Zea mays, Mb = Musa balbisiana. DAD1 was isolated from 
V26 which is the inbred line used as wild type in this study, and the other PhCCD8 was isolated from 
Mitchell petunia, another commonly used research cultivar. 
 
 
Overall, the level of protein sequence identity between the DAD3 homologues (Table 4.3) is 

lower than that seen between the DAD1 homologues, although the level of identity between the 

sequences of the monocots maize (ZmCCD7) and rice (OsCCD7) is again high.  
 

 
 
 
 
 
 
 
 
 
Table 4.3 Percentage of identity at the aa level for pairwise alignment of DAD3 homologues from 
different species calculated by AlignX in the Vector NTi program. Pairwise comparisons with aa identity 
of over 70 % are highlighted. DAD3 is the DAD3 (PhCCD7) protein from Petunia hybrida, Os = Oryza 
sativa, At = Arabidopsis thaliana (MAX3 protein), Ps = Pisum sativum (RMS5 protein), Zm = Zea mays. 

 
PhCCD8 
(Mitchell) OsCCD8a OsCCD8b AtCCD8 PsCCD8 MdCCD8 AcCCD8 ZmCCD8 MbCCD8 

DAD1 (V26 
PhCCD8) 

     98      58       68       62       74       75      78      63      70 

PhCCD8 
(Mitchell) 

      59       69       61       74       76      78      63      70 

OsCCD8a         61       54       58       58      58      55      61 

OsCCD8b          60       69       67      68      72      68 

AtCCD8           64       61      62      54      61 

PsCCD8            75      74      61      69 

MdCCD8            76      61      67 

AcCCD8             63      68 

ZmCCD8              62 

    OsCCD7    AtCCD7    PsCCD7    ZmCCD7 

DAD3          54         60         64         55 

OsCCD7          52         51         77 

AtCCD7           59         50 

PsCCD7            50 
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Multiple alignments of the aa sequences of DAD1 homologues and DAD3 homologues were 

carried out using the Geneious Pro suite of programs. A global alignment, with free end-gaps 

and four iterations was performed (Wallace et al., 2005), and the alignment produced was 

edited by hand to remove any areas of local misalignment. A human CCD protein (HsCCD, see 

Table 4.1), was included as the outgroup for both alignments. HsCCD is a member of the 

larger CCD enzyme family, which has been shown to catalyse the asymmetric cleavage of the 

carotenoid provitamin A (Kiefer et al., 2001).  

 

The alignment of the DAD1 homologues (Figure 4.1) shows a great deal of sequence 

conservation along much of the length of the protein after the first 83 amino acids, but 

particularly at the C-terminal end. The rice OsCCD8a protein shows the least sequence 

conservation; with aa variations in some of the protein regions that are otherwise conserved 

across all the other DAD1 homologues (see Figure 4.1). The alignment of the DAD3 protein 

homologues (Figure 4.2) shows that their sequences are not as tightly conserved. There are 

areas of strong aa sequence conservation, particularly around four conserved histidines (at 

positions 326, 386, 471 and 710 on the alignment in Figure 4.2) that may be involved with 

metal chelation in the enzyme (Kloer et al., 2005). These histidines are conserved across all of 

the larger CCD family examined in this laboratory (119 sequences, B. Janssen, unpublished 

data). 

 

Phylogenetic trees to describe the relationship between the DAD homologues in different 

species were calculated with Geneious Pro based on the protein alignments described above 

(see Figures 4.1 and 4.2). The trees were calculated using the Jukes-Cantor genetic distance 

model (Jukes and Cantor, 1969) and a Neighbour-Joining algorithm (Saitou and Nei, 1987), 

with HsCCD used as the outgroup. Support values for the branches were calculated using 

bootstrapping with 1000 replications. Branches that formed in less than 50 % of the trees were 

collapsed. In the phylogeny of DAD1 homologues (Figure 4.3) all but one of the proteins from 

the dicotyledonous plants form a single clade with strong branch support (99.8%). The 

exception to this is the Arabidopsis protein, which has been grouped outside of the clade that 

even includes most of the monocot sequences. The branch support for the total separation of 

AtCCD8 from the clade that includes the monocot sequences is not strong, and occurs in only 

66.6% of the trees calculated during the analysis. This suggests that analyses with further 

sequences could place the sequence within this clade. 



Figure 4.1 Amino acid sequence alignment of DAD1(CCD8) homologues from different plant species. DAD1 is the CCD8 protein from Petunia 
hybrida (Ph), Os = Oryza sativa, At = Arabidopsis thaliana Ps = Pisum sativum, Md = Malus X domestica, Ac = Actinidia chinensis, Zm = Zea mays, 
Mb = Musa balbisiana, Hs = Homo sapiens. The HsCCD protein was included as an outgroup.  Sequences were aligned using the Geneious suite 
of programmes. Colours indicate aa residues with similar sidechains or chemical properties in the aligned regions. * indicates positions that have a 
single fully conserved residue across all aligned sequences including the outgroup. The symbols : and  . indicate that either a strong or a weak aa 
similarity group is conserved, using the ClustalX grouping system. (http://bips.u-strasbg.fr/fr/Documentation/ClustalX/). The conserved histidines 
that bind the Fe2+ ion are marked with red boxes. ‡ indicates aa positions where OsCCD8a varies, the residue is otherwise conserved in all of the 
CCD8 homologues. 

‡ ‡ ‡ 

‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ ‡ 

‡ ‡ ‡ ‡ ‡ ‡ 

‡ ‡ ‡ ‡ 
OsCCD8a 
AcCCD8 
AtCCD8 
PhCCD8 (V26) 
MbCCD8 
ZmCCD8 
PhCCD8 (Mitchell) 
MdCCD8 
OsCCD8b 
PsCCD8 
HsCCD 
ruler 

OsCCD8a 
AcCCD8 
AtCCD8 
PhCCD8 (V26) 
MbCCD8 
ZmCCD8 
PhCCD8 (Mitchell) 
MdCCD8 
OsCCD8b 
PsCCD8 
HsCCD 
ruler 

OsCCD8a 
AcCCD8 
AtCCD8 
PhCCD8 (V26) 
MbCCD8 
ZmCCD8 
PhCCD8 (Mitchell) 
MdCCD8 
OsCCD8b 
PsCCD8 
HsCCD 
ruler 

OsCCD8a 
AcCCD8 
AtCCD8 
PhCCD8 (V26) 
MbCCD8 
ZmCCD8 
PhCCD8 (Mitchell) 
MdCCD8 
OsCCD8b 
PsCCD8 
HsCCD 
ruler 



Figure 4.2 Amino acid sequence alignment of DAD3(CCD7) homologues from different plant species. DAD3 is the CCD7 protein from 
Petunia hybrida (Ph), Os = Oryza sativa, At = Arabidopsis thaliana Ps = Pisum sativum, Zm = Zea mays, Hs = Homo sapiens. The 
HsCCD protein was included as an outgroup. Sequences were aligned using the Geneious suite of programmes and edited by hand to 
produce the best alignment. Colours indicate aa residues with similar sidechains or chemical properties in the aligned regions. * 
indicates positions that have a single fully conserved residue across all aligned sequences including the outgroup. The symbols : and  . 
indicate that either a strong or a weak aa similarity group is conserved, using the ClustalX grouping system. (http://bips.u-
strasbg.fr/fr/Documentation/ClustalX/). The conserved histidines that bind the Fe2+ ion are marked with red boxes.  
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The OsCCD8a protein is positioned on a separate branch to the clade containing the other 

DAD1 homologues. This reflects the low level of aa identity with the other CCD8 proteins 

shown in Figure 4.1.  

With only five DAD3 homologues isolated so far from different species, the DAD3 phylogeny 

(Figure 4.4) is less complete. However, the monocot and dicot proteins are grouped in separate 

clades with strong branch support. According to this analysis, the most closely related protein 

to the petunia DAD3 is the pea CCD7, RMS5.  
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Figure 4.3 Phylogenetic tree 
predicting the relationships 
between the DAD1 (CCD8) 
homologues from different plant 
species. This neighbour-joining 
tree was based on the alignment 
shown in Figure 4.1 and was 
constructed using a Jukes-
Cantor relationship algorithm and 
1000 replicates. Values on 
branches show the percentage 
of branch support for each clade. 
The scale bar indicates branch 
length which is proportional to 
the amount of variation between 
the sequences. Ph = Petunia 
hybrida, Os = Oryza sativa, 
At = Arabidopsis thaliana, 
Ps = Pisum sativum, Md = Malus 
X domestica, Ac = Actinidia 
chinensis, Zm = Zea mays, 
Mb = Musa balbisiana, 
Hs = Homo sapiens.  

Figure 4.4 Phylogenetic tree 
predicting the relationships 
between the DAD3 (CCD7) 
homologues from different plant 
species. This neighbour-joining 
tree was based on the alignment 
shown in Figure 4.2 and was 
constructed using a Jukes-Cantor 
relationship algorithm and 1000 
replicates. Values on branches 
show the percentage of branch 
support for each clade. The scale 
bar indicates branch length which 
is proportional to the amount of 
variation between the sequences. 
Ph = Petunia hybrida, Os = Oryza 
sativa, At = Arabidopsis thaliana, 
Ps = Pisum sativum, Zm = Zea 
mays, Hs = Homo sapiens.  
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4.3 DAD genes are expressed in the stems and roots of wild-type petunia 
plants 
The patterns of DAD and other branching gene expression were investigated by qRT-PCR. 

There are two types of analysis for data produced by qRT-PCR: absolute quantification and 

relative quantification. Relative quantification provides a comparative measure of the amount 

of transcript in a given sample relative to a reference gene transcript. For most developmental 

studies the relative change in gene expression under different conditions, or in different tissues, 

is a more relevant measure than the absolute amount of mRNA present in the original sample 

(Livak and Schmittgen, 2001). This is because the relative change of expression represents the 

magnitude of the effect of the treatment on the gene transcription, or transcript turnover. A 

large absolute change in transcript level could be a small relative change, if the original 

expression level was very high, or if the expression levels of all genes in the tissue are being 

upregulated. The SYBR Green I detection method was selected for qRT-PCR of the branching 

genes. SYBR Green I is a non-specific dye that binds to the minor groove of double stranded 

DNA. This label has the advantage that specific labelled probes do not have to be produced for 

each gene investigated. However, it has the disadvantage that the detection method does not 

distinguish primer dimers from amplicons, so all reaction products need to be checked by 

dissociation curve and agarose gel. 

In order to investigate the patterns of expression of the DAD1 and DAD3 genes by qRT-PCR, 

oligonucleotide pairs were designed to amplify a small fragment of the target gene’s cDNA 

and the PCR conditions optimised for each gene. Oligonucleotide primers were designed to 

amplify a 100-130bp fragment of DNA from the target and reference genes. Amplicons were 

designed to be as similar in length as possible to reduce the effect of increased fluorescence 

when SYBR Green I binds to longer double stranded products. All primers were designed to 

anneal at 59 ºC, so amplification of the different genes could be measured simultaneously on 

the same plate.  

The primers omax4 and omax5 (table 2.7) were used to detect the DAD1 transcript and the 

primers pD3RT1 and pD3RT2 (table 2.7) were used to detect the DAD3 transcript. A 

schematic indicating the position of primers used to detect gene expression for target genes is 

shown in Figure 4.5.  The DAD1 and DAD3 genes are expressed at very low levels in the plant 

and were undetectable in petunia by northern analysis (this study, data not shown). Studies in 

other laboratories have shown that the pea and Arabidopsis orthologues of these genes are also 

undetectable by northern analysis (Sorefan et al., 2003). 
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Figure 4.5 Schematic of genomic DNA sequences of the genes investigated by qRT-PCR in wild type 
and dad mutant petunia. Locations of exon sequence are indicated by orange arrows, while intron 
sequence is indicated by blue bars. Annealing regions of primer pairs selected for use in the analysis 
are indicated by black arrows above the gene. The orientation of the primers is indicated by the 
direction of the arrows. The mutations present in the dad1 and dad3 mutant petunia are indicated in 
green on the DAD1 and DAD3 schematics. DAD1 contains a transposable element insertion in the 
dad1-1 mutant that introduces a stop codon (Snowden et al., 2005). DAD3 contains a point mutation 
that introduces a stop codon in the dad3 mutant (this laboratory, unpublished data). 
 
 
Tissue specificity of DAD gene expression patterns was investigated to provide further 

information about the function of the genes. A range of tissue types were sampled from young 

wild-type petunias. The DAD1 and DAD3 genes are involved in control of a graft transmissible 

branching signal and are predicted to be acting in the roots and stems of the plants (Chapter 3). 

Because of this, several stem samples (high internodes, low internodes and nodes) and two root 

samples (proximal roots and distal roots) were included in the tissue types selected (Figure 

4.6). Petunia seed for wild-type and the single dad mutants (dad1, dad2, dad3) were 

germinated in tissue culture and then the seedlings transferred to soil in the greenhouse. Plants 

were grown to the age of 11 weeks, when tissue samples were harvested (see Figure 4.6), and 

RNA extracted as described in section 2.12.3. Each sample consisted of pooled tissue 

harvested from at least six individual plants. RNA quality and quantity was assessed on the 

Agilent 2100 Bioanalyser (section 2.13.2.2). The RNA was treated with DNAseA 

(section 2.13.10.1) to remove any contaminating genomic DNA (gDNA). 

 

cDNA was synthesised so qRT-PCR could be used to measure the amount of DAD gene 

transcript present in the tissues. The efficiency of the first strand synthesis, or the reverse 

transcription (RT) step, is important, because the cDNA should accurately reflect the mRNA 

present in the sample. In reproducibility tests it has been shown that the majority of variation 

Gene size 
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present in experimental determination of 

mRNA levels is due to the RT reaction 

(Stahlberg et al., 2004). RT reactions were 

carried out in triplicate and pooled to 

minimise error introduced at this stage of 

the experiment. In order to produce reliable 

data from qRT-PCR it has been shown that 

the RNA extracted must be of high quality, 

and must not contain contaminating gDNA 

(reviewed in Kubista et al., 2006). This is 

particularly important if the primers used 

for qRT-PCR do not span an intron, as is 

the case for the primers used to measure 

DAD1 and DAD3 expression. A No-RT 

step control PCR was carried out on all 

samples to confirm that the RNA extracted 

was not contaminated with gDNA (see 

Appendix 2).  
 

Reference gene selection can have significant effects on the calculated target gene levels. The 

target and reference genes should not be co-regulated, and this risk can be minimised by 

normalising expression against several internal control genes that have different metabolic 

functions (Vandesompele et al., 2002). The three reference genes selected for use in all of the 

petunia qRT-PCR experiments were Ph ACTIN2 (primers pBAct2 Fwd and pBAct2 Rev, table 

2.7), Ph ELONGATION FACTOR 1-ALPHA (primers pEF1a Fwd and pEF1a Rev, table 2.7) 

and Ph HISTONE4 (primers pHis4 Fwd and pHis4 Rev, table 2.7).  

 

For each sample, four replicate PCRs were set up for the target genes and the PCRs for the 

internal reference genes were set up in triplicate. The amplification regime was as described 

(section 2.13.7.3) with 40 rounds of amplification, and a dissociation step to provide a melting 

curve for analysis of the products produced. All qRT-PCR products were visualised by agarose 

gel electrophoresis to confirm that the correct product was amplified. 

 

The relative expression levels of DAD1 and DAD3 in the various wild type tissues were 

calculated (section 2.13.7.3) and the data is presented in Figure 4.7. The highest levels of both  

Figure 4.6 Example of wild type petunia plants 
sampled to produce cDNA for qRT-PCR 
analysis. Red arrows indicate approximate area 
of plant tissue samples taken from. RNA was 
extracted from tissue pooled from at least six 
plants for all samples.  
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Figure 4.7 Relative expression levels of DAD1 and DAD3 genes in wild-type petunia. Quantitative real time PCR was 
used on cDNA from a range of tissues of wild type petunia to detect levels of the gene transcripts. Four replicates of 
each PCR was performed, and three internal reference genes (Actin2, EF1α, and Histone4 ) were used to normalise 
the relative expression levels. Expression levels are presented as relative to the highest level of expression of DAD3, 
which occurred in the proximal roots.  I/N = internodes, Ax Buds = axillary buds. Error bars are the normalised 
standard errors of the mean as calculated by the method of Pfaffl (2001). 
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DAD1 and DAD3 gene expression were observed in the roots of wild-type plants. DAD1 was 

also expressed at significant levels in the low internode and node stem samples, but expression 

in other tissues was not above the level of the calculated error. The DAD3 transcript was 

detected at a higher level than DAD1 in all of the stem tissues, and was also detectable in the 

shoot apex. There was a large error for the DAD3 expression in the shoot apex, so the 

expression, although detectable at a significant level, may be due to upper stem tissue that 

makes up part of the shoot apex sample. Although the DAD genes are involved in control of 

axillary bud outgrowth, there was no significant expression of either DAD1 or DAD3 detected 

in wild-type axillary buds. An independent biological replicate of the wild-type tissue 

expression experiment was carried out for the DAD1 gene, and included some additional tissue 

types. The results from a second experiment showed the same overall patterns of tissue specific 

expression (see Appendix 3). 

 

4.4 DAD gene expression levels are upregulated in the stems of dad mutant 
petunias 
The relative level of DAD1 and DAD3 expression in the dad mutant petunia plants was 

investigated using qRT-PCR and compared to that of wild-type plants. Tissue samples were 

taken from plants germinated in tissue culture, transferred to the greenhouse as seedlings and 

grown until eight weeks of age. For this experiment the expression of the genes was measured 

in only four tissue types. These were roots, which was the entire root mass; stem, which was 

the main shoot, with all leaves, branches and buds removed; leaf, several leaves of different 

ages; and shoot apex, the unexpanded leaves around and including the shoot apical meristem. 

The level of the target gene transcription is expressed relative to the amount of gene expression 

in wild-type roots. 

 

Expression of DAD1 in the leaf and shoot apex samples of dad1, dad2 and dad3 plants (Figure 

4.8) was almost undetectable, as was observed in the wild-type samples. Expression of DAD1 

in the roots of the dad2 and dad3 mutants was not significantly different to that seen in the 

roots of the wild-type plants, although expression in the roots of the dad1 mutants had 

decreased by about a half. While expression of DAD1 in the roots of the dad mutants was not 

greatly affected, expression of DAD1 in the stems of the dad mutants was upregulated. In the 

case of dad2, the expression in the stem was more than four times higher than that seen in the 

wild type. 
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Figure 4.8 Relative expression levels of DAD1 gene in wild-type and dad mutant petunia. Quantitative 
real time PCR was used on cDNA from selected petunia tissues to detect levels of the DAD1 
transcripts. Four replicates of each PCR was performed, and three internal reference genes  (Actin2, 
EF1α, and Histone4) were used to normalise the expression levels. Expression levels are presented as 
relative to the level of expression of DAD1 in the roots of wild-type plants. SA = Shoot Apex. WT = wild-
type. Error bars are the normalised standard errors of the mean as calculated by the method of Pfaffl 
(2001). 

 

The expression of DAD3 in the dad mutant plants (Figure 4.9) showed a similar pattern to that 

of DAD1 (Figure 4.8). Expression in the leaves and shoot apex was very low in all plants, 

which was different to the levels measured previously in wild-type plants (Figure 4.7). This 

difference may be due to the different age of the plants, the different seasons they were grown 

in, or slight differences in tissue sampling between the two experiments.  
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Figure 4.9 Relative expression levels of DAD3 gene in wild-type and dad mutant petunia. Quantitative 
real time PCR was used on cDNA from selected petunia tissues to detect levels of the DAD3 
transcripts. Four replicates of each PCR was performed, and three internal reference genes (Actin2, 
EF1α, and Histone4) were used to normalise the expression levels. Expression levels are presented as 
relative to the level of expression of DAD3 in the roots of wild-type plants. SA = Shoot Apex. WT = wild-
type. Error bars are the normalised standard errors of the mean as calculated by the method of Pfaffl 
(2001). 
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There were no significant differences in the level of DAD3 transcript detected in the roots of 

the dad1 and dad2 mutants compared to wild-type petunias. The expression of DAD3 in the 

stems of dad1 and dad2 was upregulated to approximately five times that of wild type levels, 

although this increase was not observed in the stem of the dad3 mutant. This upregulation of 

both DAD1 and DAD3 gene expression in only the stems of the dad mutants indicates the 

possibility of a tissue-specific feedback mechanism regulating the transcription of these genes. 

 

4.5 Expression of the DAD genes is not upregulated in graft-reverted dad1 
mutant stems 
As there are changes in the patterns of DAD gene expression in the dad mutants (section 4.4), 

an experiment was carried out to examine how grafting of the dad mutants affects the levels of 

the gene transcript in the plants. In the previous chapter, the interactions of the dad1 and dad2 

mutants were examined by reciprocal grafting (section 3.4). While the morphology of the 

plants was recorded, tissue samples were also taken from lower parts of the stem just above the 

graft union and root samples taken from the root stock and stored at -80 ºC. RNA was extracted 

from these samples and qRT-PCR used to measure the transcript levels of the DAD1 and 

DAD3 genes in the grafted plants. The plants used in these experiments were grown during the 

summer, were three months old and had undergone the transition to flowering. These 

differences should be taken into account when comparing the independent expression 

experiments, which involve samples taken from plants at a more juvenile stage of development 

(8-11 weeks grown in winter). The level of target gene expression is expressed relative to the 

level of gene transcript in the wild-type stem sample. 

 

Expression of the DAD1 gene in the self-grafted wild-type plants (Figure 4.10) showed a 

slightly different pattern to that seen in the younger intact wild-type plants (Figure 4.8, 4.9) 

with higher levels of gene transcript in the stems of the grafted plants than in the roots. The 

expression of DAD1 in the self-grafted dad1 plants (Figure 4.10) was very similar to that seen 

in the younger intact dad1 plants (Figure 4.9), with higher levels detected in the stem compared 

to wild type, but not in the roots. The DAD1 transcript measured in the stem of the dad2 scion 

grafted over the dad1 root stock showed the same phenomenon of expression upregulation as 

seen in an intact dad2 mutant but not to the same level of amplification (two times wild-type 

expression compared to four times wild-type expression in intact plants). A contrasting result 

was observed in the dad1 plants that were grafted over wild-type or dad2 mutant rootstocks. 

The increased branching phenotype of dad1 is reverted to a phenotype with lower amounts of 
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branching, similar to wild type, in these plants (Figures 3.3, 3.4). This study indicates that the 

expression patterns of DAD1 in these plants is also more like wild type than dad1 in that there 

is no upregulation of the transcript in their stems (Figure 4.10). There is a significant decrease 

of DAD1 expression in the roots of these reverting plants when compared to wild-type, but the 

cause of this effect has yet to be determined. 
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Figure 4.10 Relative expression levels of DAD1 gene in grafted petunia (*plants characterised in 
Chapter 3, Figure 3.4, Table 3.4). Quantitative real time PCR was used on cDNA from roots and stem 
tissue from above the graft union to detect the levels of the DAD1 transcripts. Four replicates of each 
PCR was performed, and three internal reference genes (Actin2, EF1α, and Histone4) were used to 
normalise the expression levels. Expression levels are presented as relative to the level of expression 
of DAD1 in the stem of WT/WT plants. WT = wild type. Stem = stem tissue taken from above the graft 
union and having the genotype of the scion. Root = root tissue from the root stock plant. Error bars are 
the normalised standard errors of the mean as calculated by the method of Pfaffl (2001). 

 

Expression of DAD3 in the grafted plants (Figure 4.11) also varied somewhat from the 

expression patterns seen in the younger intact dad mutants. In the younger intact mutants the 

expression of DAD3 in the roots was not significantly different to wild-type plants (Figure 4.9). 

In contrast, the expression of DAD3 in the roots of the dad1 self-grafted and dad2 over dad1 

grafted plants was higher than that observed in wild-type self grafted plants. The levels of 

DAD3 transcript observed in the grafted dad mutant plants show a similar pattern of expression 

to the DAD1 gene. The levels of expression of DAD3 in the stems of the dad1 scions grafted 

over dad2 or wild-type root stocks are not upregulated compared to wild-type self grafted 

stems. This correlates with the data from Chapter 3 which showed that these reverting plants 

were more similar to wild-type plants than the self-grafted dad1 plants for the characters of 

plant height, branching and flowering time (Figure 3.3 and 3.4). 
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Figure 4.11 Relative expression levels of DAD3 gene in grafted petunia (*plants characterised in 
Chapter 3, Figure 3.4, Table 3.4). Quantitative real time PCR was used on cDNA from roots and stem 
tissue from above the graft union to detect the levels of the DAD3 transcripts. Four replicates of each 
PCR was performed, and three internal reference genes (Actin2, EF1α, and Histone4) were used to 
normalise the expression levels. Expression levels are presented as relative to the level of expression 
of DAD1 in the stem of WT/WT plants. WT = wild type. Stem = stem tissue taken from above the graft 
union and having the genotype of the scion. Root = root tissue having the genotype of the root stock 
plant. Error bars are the normalised standard errors of the mean as calculated by the method of Pfaffl 
(2001). 

 

4.6 Expression patterns of the branching gene Lateral suppressor indicate it 
is not involved in the DAD branching pathway 

 
As the DAD genes act in a pathway to control branching, the effects of the dad mutants on 

other known branching genes were investigated. Lateral suppressor (Ls) is a gene that affects 

initiation of axillary meristems, and mutations in orthologues of this gene have resulted in 

plants with decreased branching phenotypes in tomato and Arabidopsis (Schumacher et al., 

1999; Greb et al., 2003). The petunia homologue of Lateral suppressor (PhLS) was isolated by 

K. Snowden (this laboratory). The expression pattern of PhLS was investigated in wild-type 

and dad mutant petunia in order to determine whether PhLS acts in the same branching 

pathway as the DAD genes. Another branching gene Lateral Initiation Factor (LIF) isolated 

from petunia (Nakagawa et al., 2005) was also investigated, but none of the three primer sets 

designed for LIF worked well in qRT-PCR (data not shown). Although some sets could 

amplify the transcript in standard RT-PCR of wild type cDNA (see Appendix 4), they 

amplified primer dimers in qRT-PCR, and other sets did not amplify the transcript at all. 
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To determine the pattern of expression of PhLS in wild-type petunia tissue, the set of cDNAs 

synthesised in section 4.3 was used as the template in qRT-PCR. The primers used to amplify 

the cDNA copy of the PhLS transcript were pLatSF and pLatSR (see Figure 4.5, Table 2.7). 

Although the PhLS gene is not expressed at particularly high levels overall, it showed 

relatively high levels of expression in the roots of wild-type tissues and also in the axillary 

buds and the nodes of the stem (Figure 4.12). The PhLS transcript was also detectable in the 

shoot apex and the other parts of the stem, although at somewhat lower levels. PhLS expression 

was not detectable in wild-type petunia leaves. 
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Figure 4.12 Relative expression levels of the Lateral Suppressor gene in wild type petunia. Quantitative 
real time PCR was used on cDNA from a range of tissues of wild type petunia to detect levels of the 
gene transcripts. Four replicates of each PCR were performed, and three internal reference genes 
(Actin2, EF1α, and Histone4) were used to normalise the expression levels. Expression levels are 
presented as relative to the level of expression of PhLS in the shoot apex of wild-type plants. I/N = 
internodes, Ax Buds = axillary buds. Error bars are the normalised standard errors of the mean as 
calculated by the method of Pfaffl (2001). 
 

As the PhLS transcript was at its highest in the roots, and there was a reasonable amount of 

expression in the stems of wild-type tissues, the stem and root samples from the dad mutant 

cDNA set (section 4.4) were used as the templates in qRT-PCR to examine the levels of PhLS 

expression in dad mutant petunias. The levels of PhLS transcript were higher in the roots than 

the stems of both dad mutant and wild-type petunia (Figure 4.13) and although there were 

slight variations in the amount of expression seen in the tissues of different genotypes, the level 

of PhLS transcript did not seem to be strongly affected by mutations in the DAD genes. 

 



98 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

R
oo

t

S
te

m

R
oo

t

S
te

m

R
oo

t

S
te

m

R
oo

t

S
te

m

WT dad1 dad2 dad3

R
oo

t
S

te
m

R
oo

t
S

te
m

R
oo

t

S
te

m

d1d2 d1d3 d2d3

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

R
oo

t

S
te

m

R
oo

t

S
te

m

R
oo

t

S
te

m

R
oo

t

S
te

m

WT dad1 dad2 dad3

R
oo

t
S

te
m

R
oo

t
S

te
m

R
oo

t

S
te

m

d1d2 d1d3 d2d3

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l

Figure 4.13 Relative expression levels of Lateral Suppressor (PhLS) gene in wild type and dad mutant 
petunia. Quantitative real time PCR was used on cDNA from selected petunia tissues to detect levels of 
the PhLS transcripts. Four replicates of each PCR was performed, and three internal reference genes 
(Actin2, EF1α, and Histone4) were used to normalise the expression levels. Expression levels are 
presented as relative to the level of expression of PhLS in the roots of wild-type plants. WT = wild type. 
Double mutants are indicated by the following notations d1d2 = dad1dad2, d1d3 = dad1dad3, d2d3 = 
dad2dad3. Error bars are the normalised standard errors of the mean as calculated by the method of 
Pfaffl (2001). 

4.7 Discussion 

4.7.1 The amino acid sequence of DAD proteins is conserved across different plant species 
Homologues of both the DAD1 and DAD3 proteins have been identified in multiple species 

including both dicotyledonous and monocotyledonous plants. This suggests there is 

conservation of this gene family, and indeed the DAD branching pathway in plants. The 

phylogenetic analysis of the DAD1 homologues (Figure 4.3) places the Arabidopsis 

homologue (MAX4) as the most distant of the dicot proteins, grouping it in a clade that also 

includes some of the monocot DAD1 homologues. This lower level of homology includes 

amino acid insertions at regions that otherwise are highly conserved across other species. 

These amino acid changes may reflect a difference in the way branching occurs in Arabidopsis 

compared to the other plants investigated. Arabidopsis generally only forms branches after the 

transition to flowering, and the other plants form some type of axillary branches or tillers as 

part of their vegetative growth (Murfet and Reid, 1993; Hempel and Feldman, 1994; Snowden 

and Napoli, 2003, Wang and Li, 2005).  

Rice is the only plant published so far where more than one homologue of DAD1 has been 

isolated and sequenced within a species. The first homologue, OsCCD8b, groups closely with 
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the maize CCD8, as would be expected from homologous monocot sequences. The second rice 

protein, OsCCD8a has the least amino acid homology of all the CCD8 proteins. This suggests a 

gene duplication event, and OsCCD8a could either be a pseudogene, or the divergent sequence 

of OsCCD8a could indicate that it functions in a different manner to the other DAD1 enzymes. 

There is preliminary evidence that there may be two copies of this gene in sugarcane (C. 

Beveridge pers. comm.), so this gene duplication event may have occurred in a common 

ancestor of the grasses.  

There is less overall sequence identity between the DAD3 protein homologues (by pairwise 

comparisons) than is seen in the DAD1 protein homologues although the branch support 

separating the monocot and dicot DAD3 homologues is stronger for the DAD3 phylogeny 

(Figure 4.4). The protein structure of the CCD family member ACO has been determined, and 

consists of a seven-bladed β-propeller with four histidines at the propeller axis that bind a Fe2+ 

ion (Kloer et al., 2005). Although the DAD3 protein orthologues are the most divergent 

members of the CCD family (R. Drummond, B. Janssen, this laboratory) these histidine 

residues, and the amino acids in their immediate vicinity, are well conserved (Figure 4.2). 

These conserved features are also present in the DAD1 proteins (Figure 4.1). The Fe2+ ion that 

these histidine residues are predicted to bind is thought to be close to the active site in the CCD 

enzymes and may play an important part in the modification or production of the branching 

signal. These histidines are also conserved in RPE65, the sole characterised isomerase in the 

greater CCD family, and it has been shown that mutation of these conserved residues abolishes 

isomerase function (Redmond et al., 2005). Both the Arabidopsis CCD8 (MAX4) and CCD7 

(MAX3) have been shown to contain putative plastid-localisation signals, and GFP-fusion 

proteins localise to chloroplasts during in vitro tests with BY2 tobacco cells (Auldridge et al., 

2006). Analysis of DAD3 suggests it has a putative plastid-localisation signal, but no signal is 

predicted for DAD1 (R. Drummond, pers. comm.). Given that carotenoids are synthesised in 

the plastid, this provides evidence of co-localisation with the putative substrate of the enzymes. 

The way that DAD homologues from different species form clades on the phylogenetic trees 

(Figures 4.3 and 4.4) do not mirror the way the species would group on the taxonomic ‘tree of 

life’ (Deep Green, http://ucjeps.berkeley.edu/bryolab/GPphylo/). However the angiosperm 

phylogeny to describe the evolutionary relationship of the plants is created using data from 

many genes and other characters (e.g. Qiu et al., 2006). The DAD homologue phylogenetic 

trees may be reflecting the difference in branching patterns that are not necessarily conserved 

within a class of plants. Also, although the Neighbor-Joining trees that describe the relationship 

http://ucjeps.berkeley.edu/bryolab/GPphylo/
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between homologues use similarity measures, they do not assume a direct connection between 

similarity and evolutionary relationships (Li and Graur, 1991). 

4.7.2 DAD1 and DAD3 expression is tissue specific and controlled by feedback regulation 
The main areas where the DAD1 and DAD3 genes were expressed in wild type petunias were 

in the root and stem tissues. Although both of these genes are expressed at low levels, DAD1 

was expressed to a detectable level in stem tissues toward the base of the plant (nodes and 

lower nodes) and in the roots both proximal to and distal from the stem (Figure 4.7). DAD3 

was expressed to a similar level in the root tissues but to higher levels in these stem tissues and 

was also expressed in the stem tissues towards the shoot apex. This tissue specificity 

corroborates the results from grafting experiments that indicate that the DAD1 and DAD3 

proteins are active in both the roots and stems of the plant to produce or modify a graft-

transmissible branching signal (Snowden et al., 2005; Simons et al., accepted with minor edits, 

Chapter 3). Although these genes control outgrowth of axillary buds into branches, there was 

no significant expression of either DAD1 or DAD3 in axillary buds. These samples included 

small, unexpanded leaves, which may have diluted any signal from the meristem. However, it 

is more likely that these tissues would express the gene encoding the receptor that detects the 

mobile branching signal acted on by DAD1 and DAD3. RNA in situ hybridisation has been 

attempted in order to further specify the exact tissues where these genes are expressed (K. 

Snowden, this laboratory) but so far without success. This may be due to the very low absolute 

levels of expression of the genes, so that detection of the transcript is not discernable from any 

background signal. The differences in expression level of DAD1 and DAD3 in the petunia 

stems by qRT-PCR may reflect differences in the function of the proteins within the branching 

pathway or differences in the rates of RNA or protein turnover. Studies of the Arabidopsis 

AtCCD8 and AtCCD7 proteins in carotenoid-producing bacteria have indicated that these 

enzymes have different, possibly overlapping, substrate specificities although AtCCD8 may 

also cleave a product of the AtCCD7 reaction (Schwartz et al., 2004, Auldridge et al., 2006). 

The qRT-PCR expression studies were also used to show how mutations in the DAD genes 

affected the transcript levels of DAD1 and DAD3. The upregulation of both genes in only the 

stems of the dad mutant plants indicate the possibility of a tissue-specific feedback mechanism 

that is responding to either the presence or absence of the branching signal or variation in the 

numbers of branches. Although the grafting experiments indicate that DAD1 and DAD3 must 

be active in the stem as well as the root, this upregulation result suggests that the way these 

genes control branching is significantly different in different tissues. Alternatively DAD1 and 
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DAD3 could have more than one function, and could be controlling different processes in 

different tissues. When expression of the DAD3 gene was examined in tissues from dad3 

mutant petunia there was no evidence of gene upregulation, and when expression of DAD1 was 

measured in dad1 mutant tissues, the levels of expression in stem and root were not as high as 

that seen in the other mutants. These results could be explained by a transcript instability 

caused by the mutations in the genes, or by the mutation affecting a function of the gene 

product in controlling expression of the gene. Nuclear run-on experiments could be performed 

in order to determine if message instability is involved in the regulation of these genes.  

 

A similar pattern of RMS1 (PsCCD8) expression upregulation is seen in the stems of some rms 

mutant pea plants, although the expression of RMS1 has not been reported in the roots of the 

mutants (Foo et al., 2005). The upregulation pattern has not been observed in Arabidopsis 

during semi-quantitative PCR experiments (Bainbridge et al., 2005) but recent work with 

microarrays has indicated there may be some upregulation of MAX4 expression in max mutant 

stem tissues (O. Leyser, pers. comm.). This consistent gene regulation pattern indicates a level 

of conservation in the control mechanisms of the DAD branching pathway as well as 

conservation of the individual pathway components in different plant species. It also supports 

the hypothesis of a feedback regulation link in the pathway that controls branching. 

 

4.7.3 Expression patterns of DAD1 and DAD3 correlate with plant phenotype not 
genotype 
As was expected, the self-grafted wild-type and dad1 mutant plants (Figure 4.10, 4.11) showed 

the same general patterns of DAD1 and DAD3 gene expression that was observed in the intact 

plants (Figure 4.8. 4.9). Of the combination grafts, the non-reverting, highly branched dad2 

scions grafted over dad1 rootstocks showed the same pattern of expression as intact dad2 

plants. Of particular interest were the expression patterns of the grafted dad1 scion plants 

where the branching phenotypes reverted. In these plants, although the genotype of the stem 

samples taken was dad1 mutant, the expression of the DAD genes in the stem did not show the 

mutant pattern of transcript upregulation. If anything, the dad1 scions grafted over dad2 

rootstocks revert more efficiently and look more like wild type than the dad1 scions grafted 

over wild-type stocks (Figures 3.3, 3.4). This correlates with an observable decrease in the 

amount of DAD1 and DAD3 expression in these plants. These results indicate that the patterns 

of DAD1 and DAD3 gene expression in the stems of petunia are linked to the phenotype, not 

the genotype, of the scion. It is still not clear whether the upregulation of DAD gene expression 

responds directly to changes in the branching signal generated by the DAD pathway, or 
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whether the increased transcript level is a downstream effect of the number of axillary 

branches. Investigation of the DAD1 and DAD3 gene transcript levels in increased branching 

mutants that have not been linked to the dad pathway could provide some answers to this 

question. 

 

4.7.4 Lateral suppressor is not part of the DAD branching control pathway 
The levels of PhLS transcript present in petunia were not markedly affected by the presence of 

mutations in the dad genes (Figure 4.13). Although this could suggest that LS is acting 

upstream of the DAD genes, it can be noted the expression of LS is not affected by the same 

sort of feedback control that affects transcription of the DAD genes in the dad mutants. 

Alternatively, the lack of change of LS levels in the mutants could simply mean that the 

primary mode of LS regulation is not at the level of transcription. Although PhLS is involved 

with lateral branching, the qRT-PCR results can be interpreted as indicating that it is not part of 

the DAD pathway for controlling bud outgrowth. This is not unexpected when the differences 

in phenotypes of the ls and dad mutants are considered. While the increased branching dad 

mutants are involved with controlling the outgrowth of axillary buds into lateral branches, the 

decreased branching ls mutants in Arabidopsis and tomato fail to initiate axillary meristems 

(Greb et al., 2003; Schumacher et al., 1999). The increased branching in dad mutants is not 

caused by an increased amount of axillary meristem initiation. In fact electron microscopy of 

petunia seedling axils suggest there may be a slight delay in the formation of axillary buds in 

dad mutants compared to wild type plants (Snowden et al., 2005, unpublished data); this is 

probably due to the slight overall developmental delay observed in dad mutants (Chapter 3). 

 

The difficulty of analysing LIF gene expression in this system highlights one of the problems 

with SYBR Green qRT-PCR. When a positive control template was present at high enough 

concentrations, no primer dimers formed in standard RT-PCR. However, like most of the 

branching genes investigated in these studies the LIF gene was expressed at very low levels in 

plant tissues. Under these conditions, primer dimers formed from the LIF primers made 

calculation of levels of the transcript impossible. This is a drawback when using SYBR Green I 

detection as the dye will also bind to primer dimers and signal from non-specific amplification, 

so primers for use in this system must have very specific binding to the sequence of interest 

(reviewed in Kubista et al., 2006).  

 

Optimisation of conditions to remove primer dimers was attempted, and several pairs of 

primers tested, but the petunia LIF is a short gene (642 bp) with no introns, and there were only 
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a few acceptable oligonucleotide primer candidates to produce an amplicon of the appropriate 

length. In cases like this the Taqman® technology that uses a specific labelled internal probe 

would be a better method to investigate expression of the gene. It should be noted that 

production of primer dimers could still occur with Taqman® technology, and although they 

would not produce signal, the primer dimers would interfere to some degree with the efficiency 

of the reaction (Kubista et al., 2006). 

A study to quantify the expression of other known branching genes in dad mutant and wild-

type petunia would help to identify other genes interacting with the DAD signalling pathway. 

Of particular interest would be the PIN genes that direct auxin efflux (Blilou et al., 2005). 

Although it does not seem that absolute levels of auxin in petunia tissues are controlling shoot 

branching (see section. 3.5), known plant growth regulators are still likely to be involved in 

axillary branching. Recent studies in Arabidopsis have indicated that PIN1 is required for the 

max phenotype and that PIN gene expression is upregulated in the stems of max mutants 

(Bennet et al., 2006). 

4.7.5 Concluding remarks 
By sequence homology (section 4.2) it is predicted that the DAD1 and DAD3 genes encode 

enzymes that may produce or modify a carotenoid- or apocarotenoid-like substance involved in 

the graft-transmissible branching signal. This hypothesis is supported by their patterns of 

expression in the stems and roots of petunia (section 4.3). The upregulation of DAD1 and 

DAD3 expression in the stems of dad mutants (section 4.4) reinforces the hypothesis of a 

feedback control of the branching signal, by altering transcription of the genes. The identity of 

two of the genes causing the dad phenotype has been confirmed, but identification of the 

DAD2 gene would be of great value in clarifying the function of the DAD branching pathway. 

Investigation of one candidate for the DAD2 gene, the petunia homologue of MAX2, is 

described in Chapter 5. 
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Chapter 5 Investigation of effects of the PhMAX2 gene on 
branching in petunia 

5.1 Introduction 
Previous chapters have discussed the interaction of the DAD genes by studying the 

phenotype of double mutant plants and interpreting the results of grafting experiments with 

dad mutant plants. They have also presented information acquired via knowledge of the 

gene identity, in the nature of gene expression levels and putative gene functions from the 

predicted protein sequences. At the time of this study the identity of the DAD2 gene was 

unknown, and this chapter discusses the investigation of the PhMAX2 gene as a candidate 

for DAD2, as well as including studies of the effects of PhMAX2 on branching in petunia. 

 

5.1.1 Is PhMAX2 the gene encoding the DAD2 locus? 
To date, three dad mutants have been identified in petunia, but given that there are four 

max mutants in Arabidopsis, and that six rms mutants have been identified in pea, it is not 

likely that the three current dad mutants represent all of the components of the DAD 

signalling pathway. As discussed in Chapter 4, DAD1 has been shown to be orthologous to 

MAX4 in Arabidopsis, and RMS1 in pea (Snowden et al., 2005). DAD3 is orthologous to 

MAX3 in Arabidopsis (Booker et al., 2004) and to RMS5 in pea (Johnson et al., 2006). As 

some parts of the signalling pathway are conserved across species, it is reasonable to 

speculate that dad2 is also an orthologue of one of the other Arabidopsis or pea branching 

mutants.  

 

One candidate for the identity of DAD2 is the Petunia hybrida homologue of MAX2 

(PhMAX2). The MAX2 gene was first identified in Arabidopsis, and was first isolated as a 

senescence mutant called oresara9 (ore9, Oh et al., 1997). The ore9 mutant was later 

shown to have a mutation in an F-box protein that would target proteins to the ubiquitin-

dependent proteolysis pathway (Woo et al., 2001). The max2 mutant was isolated 

independently by its branching phenotype (Stirnberg et al., 2002) and found to be allelic to 

ore9. The rms4 mutant was isolated as a branching mutant in pea (Beveridge et al., 1996) 

and has recently been shown to be orthologous to max2 (Johnson et al., 2006). A rice 

mutant called dwarf3 with increased tillering activity has also been identified, that carries a 

mutation in an orthologue of MAX2 (Ishikawa et al., 2005). max2 and rms4 both have 

similar phenotypes to dad2, they are highly branched, with decreased plant height, and the 
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branching phenotype cannot be reverted by grafting over a wild-type root-stock (Beveridge 

et al., 1996; Booker et al., 2005; Chapter 3).  

 

5.1.2 Leucine-rich repeat F-box proteins are involved in control of hormone signalling 
From the results of grafting and double mutant studies (Chapter 3) it was postulated that 

DAD2 acts as the signal receptor, or part of the signal transduction pathway in the control 

of axillary branching. F-box proteins such as MAX2 form part of the SCF (Skp1p Cullin F-

box) E3 ligase complex that target proteins for ubiquitination (reviewed in Kuroda et al., 

2002). The F-box domain of proteins such as MAX2 interact with the other components of 

the SCF, and the rest of the protein includes interaction regions such as WD-40-, kelch-, 

and Leucine-rich-repeats that specify which proteins are targeted for ubiquitination 

(reviewed in Xiao and Jang, 2000). As discussed in section 1.7.1, E3 ligases are involved in 

the regulation of plant processes by many hormones including gibberellins and jasmonates 

(McGinnis et al., 2003; Feng et al., 2003). The F-box protein TIR1 was isolated from 

Arabidopsis and is of particular interest. TIR1 is involved in regulation of auxin activity 

and targets the AUX/IAA transcriptional regulator proteins for degradation, but also acts as 

a receptor for auxin (Dharmasiri et al., 2005a; Kepinski and Leyser, 2005). It is hence not 

unreasonable that an F-box protein might be the receptor for the, as yet unidentified, 

branching signal. 

 

This chapter will describe experiments that compare the similarity of the PhMAX2 

predicted aa sequence to that of its homologues in other species. It will also describe 

Southern analyses used to identify large scale insertions or deletions at the PhMAX2 locus 

in the dad mutants and qRT-PCR to examine the patterns of PhMAX2 gene expression. 

This chapter will also discuss the effects of mis-expression of PhMAX2 and MdMAX2 on 

the plant phenotype by construction of transgenic petunia, apple and Arabidopsis plants. 

 

5.2 Analysis of the PhMAX2 protein sequence and comparison with 
MAX2 homologues from other species 
The full length PhMAX2 gene was amplified from wild-type gDNA (section 2.13.7.2) using 

the JS1 and oFBx9 primers (see Table 2.7, Figure 5.1), passed through a PCR cleanup kit 

(section 2.13.4.1) and was cloned into the pGEM-T easy plasmid vector (section 2.13.5.1). 

Several clones were sequenced (section 2.13.8) to confirm that no errors were introduced to  
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the sequence during PCR, and that it confirmed the original sequence determined by 

inverse PCR (iPCR as described in Snowden and Napoli, 1998) that had been determined 

prior to this work (K. Snowden, unpublished data). 
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Figure 5.1 Schematic representing the gene structure of the petunia (PhMAX2) and apple 
(MdMAX2) homologues of the Arabidopsis MAX2 gene. The petunia schematic is based on the 
genomic DNA sequence. PhMAX2 does not contain any introns.  The apple schematic is based on 
sequences isolated from the HortResearch apple EST (expressed sequence tag) database. The 
solid boxes indicate the coding sequence of the gene, and the position and direction of the arrows 
indicate the annealing site and orientation of oligonucleotide primers used in this chapter. The red 
bar indicates the fragment of DNA amplified from PhMAX2 by PCR and radiolabelled for use in 
Southern analysis. The full cDNA sequences of PhMAX2 and MdMAX2 are included in Appendix 5. 
 

 

Sequences of proteins that are homologous to MAX2 in several species have been either 

published, isolated in this laboratory or are identifiable by sequence similarity in public 

databases (see Table 5.1). The predicted protein sequences of the Arabidopsis and Petunia 

MAX2 orthologues were used in BLAST searches (Altschul et al., 1990; Altschul et al., 

1997) to identify additional protein homologues from other species (Table 5.1). An apple 

(Malus X domestica) homologue of MAX2 was identified from the HortResearch EST 

(expressed sequence tag) database. The predicted amino acid sequence of MdMAX2 is 

likely to be missing approximately 40 amino acids from the N-terminal end of the protein, 

as the EST in the database is not full length (see Figure 5.1).  
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Protein name Species Accession aa length Reference 

AtMAX2 (ORE9) A. thaliana NP_565979.1 693 Woo et al., 2001; 
Stirnberg et al., 2002 

PhMAX2 P. hybrida 708 K. Snowden 
(unpublished data) 

RMS4 (PsMAX2) P. sativum ABD67495.1 708 Johnson et al., 2006 

DWARF3 (OsMAX2) O. sativa Q5VMP0 724 Ishikawa et al., 2005 

MdMAX2 M. domestica EST 59152 683 (partial) HortResearch EST 
database. 

AtFBL4 A. thaliana AAM60829.1 601 Xiao and Jang, 2000 

Table 5.1 MAX2 proteins and homologues by protein sequence from diverse plant species, amino 
acid (aa) length, accessions and references. AtFBL4 is not a homologue of the MAX2 proteins but 
is the most similar LRR F-box protein of known function that was identified by BLAST search of the 
NCBI database. 

The pairwise comparisons of the individual protein homologues for MAX2 were calculated 

using the Vector NTi program and the percentages of identical aa residues are presented in 

a matrix table (Table 5.2). There is not a particularly high level of sequence identity 

between the predicted protein sequences, but there is a higher level of identity seen in 

pairwise comparisons of sequences from the dicotyledonous plants than when they are 

compared with the rice sequence. 

PhMAX2 RMS4 DWARF3 MdMAX2 

AtMAX2 (ORE9) 59.5 58.6 42.5 56.1 

PhMAX2 58.8 42.8 58.6 

RMS4 (PsMAX2) 42.9 57.5 

DWARF3 (OsMAX2) 43.2 

Table 5.2 Percentage of identity at the aa level for pairwise alignment of MAX2 homologues from 
different species calculated by AlignX in the Vector NTi program. Ph = Petunia hybrida, Os = Oryza 
sativa, At = Arabidopsis thaliana, Ps = Pisum sativum, Md = Malus X domestica. 

The multiple alignment of the MAX2 homologues was carried out as described in 

Chapter 4 using the Geneious Pro suite of programmes. The phylogenetic tree (Figure 5.2) 

was calculated using the Jukes-Cantor genetic distance model (Jukes and Cantor, 1969) and 

a Neighbour-Joining algorithm (Saitou and Nei, 1987), with the AtFBL4 sequence included 

as an outgroup. AtFBL4 is an Arabidopsis F-box protein containing Leucine-rich repeat 

regions (LRRs) and was selected as the outgroup in a BLAST search of the public 

databases as the most similar protein of known identity to the MAX2 homologues. 
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Support values for the phylogeny branches were calculated using bootstrapping with 1000 

replications. Branches with less than 50% support were collapsed. The overall level of 

identity of the MAX2 homologues from a multiple alignment excluding AtFBL4 (data not 

shown) is quite low with only 30% of the residues conserved between all proteins. When 

AtFBL4 is included, the conservation drops to only 9%. However the alignment (Figure 

5.3) used to build the phylogenetic tree shows two regions of high conservation; the 

particular residues that determine the F-box motif are conserved, 

(LPxxILxxILxxLtdxrxRxxxsLVCxkxLvLERxRxxLxL), but there was more overall 

conservation at the C-terminal end of the protein. There are some highly conserved 

residues within the eighteen LRR regions, including the imperfect LRR motifs (LxxLxL), 

but there was only a moderate level of conservation across the sequence of the LRR 

regions. The highly conserved C-terminal region includes three of the imperfect LRR 

regions, but this is not sufficient to account for the high level of conservation. The 

C-terminal region of the protein was passed through several online motif-prediction 

programmes (Prosite, iPsort, Pfam, targetP). There were several phosphorylation and 

sulfation sites predicted, but no known protein motifs apart from the LRRs were detected 

that could predict the function of this highly conserved region. The highly conserved C-

terminal end of the OsMAX2 protein confirms it is an orthologue of the other MAX2 

proteins, but the rest of the sequence shows so little conservation, that the tree-building 

program cannot group it in a single clade with the orthologues from other species at least 

50% of the time (Figure 5.2). 

Figure 5.2 Phylogenetic tree 
predicting the relationships 
between the MAX2 homologues 
from different plant species. This 
neighbour-joining tree was based 
on the alignment shown in Figure 
5.2 and was constructed using a 
Jukes-Cantor relationship 
algorithm and 1000 replicates. 
Values on branches show the 
percentage of branch support for 
each clade. The scale bar 
indicates branch length which is 
proportional to the amount of 
variation between the sequences. 
Ph = Petunia hybrida, Os = Oryza 
sativa, At = Arabidopsis thaliana, 
Ps = Pisum sativum, Md = Malus x 
domestica.  
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Figure 5.3 Amino acid sequence alignment of MAX2 homologues from different plant species. Ph = Petunia hybrida, Os = Oryza sativa, 
At = Arabidopsis thaliana Ps = Pisum sativum, Md = Malus X domestica. The AtFBL4 protein was included as an outgroup. Colours indicate 
aa residues with similar sidechains or chemical properties in the aligned regions. * indicates positions that have a single fully conserved 
residue across all aligned sequences including the outgroup. The symbols : and  . indicate that either a strong or a weak aa similarity group is 
conserved, using the ClustalX grouping system. (http://bips.u-strasbg.fr/fr/Documentation/ClustalX/). The red bar shows the position of the F-
box motif, the blue bars indicate the imperfect LRR motifs and the red box indicates the highly conserved C-terminal region. 

F-box region 
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5.3 Southern analysis of PhMAX2 in wild-type and dad mutant petunia 
In previous work (K. Snowden, unpublished data) a section of the PhMAX2 gene was 

isolated using degenerate primers designed to the Arabidopsis MAX2 sequence and then 

inverse PCR was used to identify the complete gene sequence. This gene was sequenced in 

all three of the dad mutants and no coding sequence mutations in PhMAX2 were observed 

in any of these plants.  In the work presented here, Southern analysis (section 2.13.6) was 

performed in order to investigate whether the function of PhMAX2 was affected by 

insertions or deletions in the promoter, or other 5’and 3’ regions of the gene, in any of the 

dad mutants. A region of the PhMAX2 gene that excluded the F-box region was selected 

for use as the probe (see Figure 5.1), to avoid detection of other members of the F-box gene 

family during Southern analysis. This probe was amplified from genomic DNA using the 

primers oFBx15 and oFBx13 (table 2.7, Figure 5.1), purified using a PCR cleanup kit and 

radiolabelled (section 2.13.6.3). Restriction enzymes with sites flanking the probe sequence 

were selected for digestion of gDNA extracted from wild-type and dad mutant petunias 

(section 2.12.2). The DNA was digested with restriction enzymes, purified by precipitation 

and passed through an agarose gel by electrophoresis (section 2.13.6.1). The gel was 

blotted and the membrane hybridised with the PhMAX2 probe as described in sections 

2.13.6.2 and 2.13.6.4. Images of the Southern were recorded by PhosphorImage after low 

and high stringency washes of the membrane (see Figure 5.4).  
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Figure 5.4 Southern Analysis of the PhMAX2 gene in Wild type and dad mutant petunia plants. 
Genomic DNA was digested with the restriction enzymes indicated in blue above the lanes. The 
membrane was probed with a 672 bp fragment of PhMAX2 amplified from wild-type genomic DNA 
(Figure 5.1).  (A) the membrane washed at low stringency. (B) the membrane washed at high 
stringency showing only wild-type gDNA. WT = wild-type petunia gDNA. 
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At low stringency the PhMAX2 probe hybridised to a single band in the MfeI digested 

wild-type gDNA, five bands in the NcoI digested wild-type gDNA, two bands in the EcoRI 

digested wild-type gDNA and three bands in the MfeI and NcoI double digested wild-type 

gDNA. After a high stringency wash, the PhMAX2 probe hybridised to one band in the 

single MfeI and EcoRI digested gDNA, but still hybridised to two bands in the NcoI and 

MfeI + NcoI digests. This could indicate the presence of a pseudogene or copy of PhMAX2 

3′ of the PhMAX2 gene on the chromosome as the extra band only appears in digests 

including the NcoI enzyme that cuts at the 3′ end of the gene (Figure 5.1). None of the 

restriction enzymes used are affected by DNA methylation that could affect the digestion, 

unless the gDNA had sites that were protected in other ways.  Two digests were performed 

on the genomic DNA extracted from the dad mutants, one with MfeI and one with NcoI. 

There were no obvious band shifts in either digest of the gDNA from any of the three dad 

mutants at low stringency. This suggests that there are no large insertions or deletions in 

the untranslated regions of the PhMAX2 gene in the dad mutants in the 2 kb region flanking 

each end of the gene.  

 

5.4 Analysis of PhMAX2 expression levels in various wild-type and dad 
mutant petunia tissues 
 
The patterns of PhMAX2 expression in wild-type and dad mutant petunia tissues were 

examined by qRT-PCR. As described in Chapter 4.3, primers were selected that amplified 

a 100 bp fragment of the PhMAX2 gene from cDNA to measure the levels of PhMAX2 

transcript present in petunia tissues. The oligonucleotide primers oFBx6 and oFBx10 

(Table 2.7, Figure 5.1) anneal to a section of PhMAX2 towards the C-terminal end of the 

protein, but not binding to regions such as the LRR motifs that might be conserved across 

other genes expressed in the plant. PhMAX2 does not contain any introns, so it is not 

possible to design intron-spanning primers for qRT-PCR. However, no-RT-step control 

PCR reactions were carried out to confirm that any amplification was due to presence of 

the correct cDNA, and that the RNA samples were not contaminated with gDNA. To 

determine the pattern of expression of PhMAX2 in wild-type petunia tissue, the set of 

cDNA samples synthesised in section 4.3 were used as the templates in qRT-PCR (section 

2.13.7.3). The results of qRT-PCR on wild-type tissues showed that PhMAX2 was 

expressed ubiquitously throughout the plant, although at varying levels in different tissues 
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(Figure 5.5). The highest level of expression observed was in the axillary buds, and the 

lowest level of expression in the high internodes of the stem. 
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Figure 5.5 Relative expression levels of the PhMAX2 gene in wild-type petunia. Quantitative real 
time PCR was used on cDNA from a range of tissues of wild-type petunia to detect levels of the 
gene transcripts. Four replicates of each PCR were performed, and three internal reference genes 
(Actin2, EF1α, and Histone4 ) were used to normalise the relative expression levels. Expression 
levels are presented as relative to the highest level of expression of PhMAX2, which occurred in the 
axillary buds.  I/N = internodes, Ax Buds = axillary buds. Error bars are the normalised standard 
errors of the mean as calculated by the method of Pfaffl (2001). 
 

The relative level of PhMAX2 expression in the dad mutant petunia plants was investigated 

using qRT-PCR and compared to that of wild-type plants. Tissue samples were taken from 

plants germinated in tissue culture, transferred to the greenhouse as seedlings and grown to 

eight weeks of age. The tissue types examined were stem and root, where the stem sample 

included the entire stem with leaves, shoot apex and branches removed and the root sample 

included all of the root tissue from the plants. cDNA from the plants was synthesised as 

described in Chapter 4. The relative expression of the plants was measured using qRT-PCR 

and is expressed relative to the expression of PhMAX2 in the roots of wild-type petunia 

(Figure 5.6). There were no significant changes in the level of PhMAX2 gene expression in 

the roots of the dad mutant plants. In some of the mutants there was a significant increase 

in PhMAX2 expression in the stem tissue compared to wild-type, similar to that observed 

for the DAD genes in some of the dad mutants (section 4.4). This increase was not 

consistent across all of the dad mutants however, and some of the variations between 

replicates for each sample are quite large. 
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Figure 5.6 Relative expression levels of the PhMAX2 gene in wild-type and dad mutant petunia. 
Quantitative real time PCR was used on cDNA from selected petunia tissues to detect levels of the 
PhMAX2 transcripts. Four replicates of each PCR was performed, and three internal reference 
genes (Actin2, EF1α, and Histone4) were used to normalise the expression levels. Expression 
levels are presented as relative to the level of expression of PhMAX2 in the roots of wild-type 
plants. WT = wild type. Double mutants are indicated by the following notations d1d2 = dad1dad2, 
d1d3 = dad1dad3, d2d3 = dad2dad3. Error bars are the normalised standard errors of the mean as 
calculated by the method of Pfaffl (2001). 
 

5.5 Mis-expression of endogenous MAX2 genes in transgenic petunia and 
apple 
 
There is currently no petunia mutant for PhMAX2, so transgenic petunia that mis-express 

PhMAX2 were constructed in order to determine whether this gene has an effect on 

branching and to later determine whether it plays a part in the DAD pathway in petunia. 

Plants were transformed with binary vectors to either overexpress or downregulate the 

expression of PhMAX2. As the full sequence of the MdMAX2 gene is not yet known, 

overexpression of the gene is not possible, but constructs were made to downregulate the 

gene in apple via RNAi. 

5.5.1 Downregulation of endogenous MAX2 homologues by construction of RNAi 
transgenic plants 
RNAi hairpin knockout vectors for PhMAX2 and MdMAX2 were constructed using 

Gateway® cloning (section 2.13.11). Primers containing attB sites were designed to amplify 

a 300-500 bp fragment of the gene that would not affect the regulation of other members of 

the same gene family. The primers FSIL1 and FSIL2 were used to amplify a 391 bp 
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fragment of PhMAX2 and the primers apFSIL1 and apFSIL2 amplify a 346 bp fragment of 

MdMAX2 (Table 2.7, Figure 5.1). Gateway© recombination was used to introduce these 

PCR products into the pDONR201 vector (Table 2.6) to create the entry clones 

pENTRY_petFSIL and pENTRY_apFSIL (Table 2.6). The identity of these clones was 

confirmed by restriction enzyme digest and then used to introduce the inserts into the 

destination vector TKO2 (Table 2.6) by recombination. The final products of these 

reactions were the binary vectors petFSIL and apFSIL which contained hairpin inverted 

repeats to downregulate the endogenous PhMAX2 and MdMAX2 respectively in transgenic 

plants (T-DNA regions for the vectors are shown in Figure 5.7).  
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Figure 5.7. T-DNA regions for PhMax2 RNAi silencing (A), MdMAX2 RNAi silencing (B), and 
PhMAX2 overexpression (C) binary vectors in pART277 background. RNAi vectors petFSIL and 
apFSIL were created using the GATEWAY® cloning system. Expression in all cases is under the 
control of a modified CaMV35S promoter. 
 
The petFSIL and apFSIL vectors were transformed into the LBA4404 strain of 

A. tumefaciens bacteria by electroporation and were then checked by PCR screening 

(section 2.10.5.2) and restriction enzyme digest (sections 2.11.2, 2.13.3). In the case of the 

A. tumefaciens containing the apFSIL vector, S. Kutty-Amma (HortResearch) conducted 

the Royal Gala apple production and regeneration of transgenic plants. All other 

transformations were carried out by the author of this thesis. The petFSIL A. tumefaciens 

were used to transform wild-type and dad1 mutant petunia leaf tissue, and transgenic 

petunia plants carrying this PhMAX2 silencing vector were regenerated in selective tissue 

culture (section 2.15). The binary vector pART2710 (Table 2.6) contains the 
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β-galactosidase gene under the control of a CaMV35S promoter and was transformed into 

petunia alongside the petFSIL vector to create transgenic control plants. 

 
The primary transgenic lines were selected by their resistance to kanamycin during tissue 

culture. Transgenic apple seedlings have a much longer regeneration time than transgenic 

petunia, and are currently still at the shooting stage in plant regeneration in tissue culture. 

Although the investigation of these plants is still at an early stage, the transgenic apFSIL 

plants are showing some differences to wild-type royal gala in tissue culture (Figure 5.8). 

Overall, the apFSIL lines appear to be reduced in height and have a more dense growth 

habit than comparable wild-type royal gala. This phenotype is itself causing delays in the 

plant regeneration, as taller shoots are generally preferred for rooting of apple in tissue 

culture. Sterile technique was used to remove a small amount of tissue from each 

transgenic line and the gDNA extracted. PCR was used to confirm the presence of the 

transgene using the oKan5 and oKan8 oligonucleotide primers (Table 2.7) to detect the 

nptII gene that confers kanamycin resistance (Figure 5.8). Unfortunately there was 

insufficient tissue available to perform RNA extractions as well, so the levels of MdMAX2 

expression could not be evaluated.  

 
Once kanamycin-resistant transgenic petunia had developed sufficient roots in tissue 

culture to survive, they were transferred to the greenhouse. Nineteen independent lines of 

petFSIL transgenics in a wild-type background survived the transfer to the greenhouse, as 

did fourteen lines of petFSIL transgenics in the dad1 mutant background. Some of these 

primary transgenic lines in the wild-type background showed a different phenotype 

compared to wild-type plants, with reduced height and increased numbers of branches 

(Figure 5.9), but there were no obvious changes in the branching phenotype of the dad1 

plants when transformed with petFSIL compared to pART2710. One character noted 

several times across the dad1+petFSIL plant lines was a failure of anther dehiscence (see 

Appendix 6). Even flowers that were well into senescence had still not released their 

pollen, and even if the anthers were opened by hand and the pollen spread onto the stigma, 

it was very difficult to regenerate self-crossed seed from these plants.  

 
Leaf samples were collected from each of the transgenic wild-type+FSIL petunia plants, 

and then RNA and genomic DNA were extracted for further analysis. PCR was performed 

on the genomic DNA using the oKan5 and oKan8 oligonucleotide primers (Table 2.7) to  



A B C 

D E F 

Figure 5.8 Representative plant lines produced by introduction of apFSIL RNAi construct into Royal Gala apple tissue. Wild-type (A, D)  
Royal Gala apple shoots, and eight lines of transgenic plants (B,C,E,F, four lines per pot). RNAi constructs were introduced via 
Agrobacterium-mediated transformation in tissue culture. (G) Agarose gel showing PCR screen for kanamycin resistance nptII gene with 
oKan5 and oKan8 oligonucleotide primers on transgenic apple gDNA. Only line 8 is negative. – indicates H20 template, + indicates plasmid 
template control 
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detect the nptII gene and confirm the transgenic status of the lines (Appendix 7). The RNA 

extracted from the plants was treated with DNAse I and cDNA was synthesised for use in 

RT-PCR. The oFBx15 and oFBx13 primers were used to detect the PhMAX2 transcript. 

None of the petFSIL plants in a wild-type petunia background showed a complete knockout 

of PhMAX2 expression, but two lines with downregulation of the expression compared to 

wild type, petFSIL2 and petFSIL18, were selected for further study (Appendix 7). 

 
Seeds collected from the primary transgenic plants were assayed for their resistance to 

kanamycin to determine the ratio of transgene inheritance. The seeds were sterilised and 

grown in tissue culture on 0.5× MS plates containing kanamycin for screening. Kanamycin 

often does not affect the cotyledons of petunia but the first true leaves of resistant plants are 

green and form normally, while sensitive seedlings form a pale yellow true leaf and then 

further leaves fail to develop. All of the plants tested displayed ratios of resistant to 

sensitive plants consistent with a 3:1 ratio, indicating it is likely that the plants carry a 

single, integrated copy of the transgene (Table 5.3). 

 
 

Figure 5.9 Representative 
primary transgenic plants 
transformed with PhMax2 
RNAi silencing vector in wild-
type (A) and dad1 mutant (B) 
background. Control plants 
(e.g. WT + pART2710) are 
transformed with the β-
galactosidase gene under the 
control of a CaMV35S 
promoter. Two independent 
lines of each type of 
transformation are shown. WT 
= wild-type 
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Table 5.3 The ratio of T1 generation of petunia that were transgenic and thus resistant to 
kanamycin was measured by germination of the seeds on selective media in tissue culture. The fit 
of the data to the ratio is indicated by the χ-squared values. The cut off value for rejecting the null 
hypothesis that the ratio was not 3 : 1 was 3.841. Green plants are resistant to kanamycin and 
yellow plants are sensitive to kanamycin. WT indicates that the transgenic line is in a wild-type 
genetic background. 

Kanamycin-resistant seedlings were transferred into the greenhouse and grown in six-packs 

until the age of three months in order to characterise the effects of downregulation of 

PhMAX2 on the plant phenotype. The plant lines studied were untransformed wild-type, the 

GUS overexpression line wild-type+pART2710, the downregulated RNAi lines wild-

type+FSIL2 and wild-type+FSIL18. An additional line, wild-type+FSIL28 was included; 

these plants carry the petFSIL transgene, but show no detectable downregulation of 

PhMAX2 expression.  

The FSIL2 and FSIL18 lines have reduced plant height and increased numbers of branches 

compared to wild-type, pART2710 and FSIL28 lines (Figure 5.10 A, B, C). The difference 

in height is small, but significant according to statistical analysis by ANOVA (Table 5.4). 

By ANOVA, the numbers of branches in FSIL2 and FSIL18 lines are significantly different 

to some but not all of the control lines. The FSIL2 and FSIL18 petunias show no difference 

in flowering time (Figure 5.10 D), measured as number of nodes to the first flower, when 

compared to any of the control plant lines. Senescence of the leaves on the main shoot of 

the plant seems to be delayed in the FSIL2 petunia transgenics compared to the control 

plants (Figure 5.10 E), but there does not seem to be an effect on this character in the 

FSIL18 transgenic line. 

Plant line Observed 
green 
plants 

Observed 
yellow 
plants 

Total 
plants 

χ-squared 
value 

Actual 
ratio 

Ratio 
tested 

WT+pART2710 28 8 36 0.15 3.5 : 1 3 : 1 

WT+FSIL2 24 6 30 0.40 4 : 1 3 : 1 

WT+FSIL18 18 2 20 2.40 9 : 1 3 : 1 

WT+FSIL28 22 12 34 1.92 1.8 : 1 3 : 1 
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Figure 5.10 Characterisation of T1 generation transgenic plants that carry the PhMAX2 RNAi 
construct in a wild-type background. Plant lines FSIL-2 and FSIL-18 have decreased expression of 
PhMAX2 while the expression in FSIL-28 is not affected. (A) Representative plants of those used 
in the experiment. (B) Mean height of the plants. (C) Mean number of basal branches on the 
plants. (D) Mean flowering time, measured as number of leaf nodes formed before development of 
the first flower. (E) Senescence as measured by the node of the oldest green leaf on the main 
shoot axis. GUS indicates transgenic plants carrying the pART2710 vector. WT indicates 
untransformed wild-type plants. Error bars represent the standard error of the mean. 
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Plant type Height (cm) 

(F < 0.001) 

LSD (5%) = 13.37 

Total branches 

(F = 0.007) 

LSD (5%) = 1.14 

Flowering time 
(nodes) 

(F = 0.424) 

LSD (5%) = 2.70 

Senescence 
(F = 0.011) 

LSD (5%) = 2.21 

Wild-type 88.2 b 1.60 a b c 20.80 a 11.90 b 

GUS 77.8 b 0.92 a 19.15 a 13.15 b 

FSIL2 61.5 a 2.64 b c 19.09 a 9.36 a 

FSIL18 63.2 a 2.78 c 18.75 a 11.11 a b 

FSIL28 89.4 b 1.55 a b 20.64 a 12.27 b 

 
Table 5.4 Means and statistical analyses of grafted plant phenotype data presented in Figure 5.10. 
ANOVAs were carried out and mean separation tests were performed using Fisher’s Protected 
Least Significant Difference (LSD) test. Values within a column that have the same letter are not 
significantly different at the P = 0.05 level. Flowering time is measured as the number of leaf nodes 
produced on the main shoot axis when the first flower develops. 
 

5.5.2 Overexpression of PhMAX2 in wild-type and dad2 mutant petunia 
The other type of mis-expression investigated for PhMAX2 is overexpression of the gene. 

This type of study permits observation of the consequences of upregulating a gene in a 

wild-type background. In the case of PhMAX2, which encodes an F-box protein, 

overexpression of the gene could mean increased amounts of degradation of the specific 

target proteins of PhMAX2. One of the main questions addressed in this chapter is whether 

PhMAX2 is the gene that accounts for the dad2 mutant. If the dad2 mutant phenotype was 

complemented by overexpression of a PhMAX2 transgene, this would be strong evidence 

that DAD2 and PhMAX2 were the same gene. 

 
The full length PhMAX2 gene was amplified out of wild-type petunia gDNA using the 

primers JS3 and JS4 (Table 2.7) in a proof-reading PCR reaction (section 2.13.7.2). JS3 is 

identical to JS1, with the addition of a XhoI restriction enzyme site, JS4 is identical to 

oFBx9 with the addition of an XbaI restriction enzyme site. The product of the PCR 

reaction was column purified (section 2.13.4.1) and cloned into the pGEM®-T Easy 

plasmid (Promega) (section 2.13.5.1). Transformed E. coli carrying recombinant plasmids 

were selected by blue/white screening, the plasmids extracted and the insert sequenced. A 

clone was identified with no sequence errors introduced by PCR, and then the PhMAX2 

insert was removed by restriction enzyme digest and then purified by gel band extraction 

(section 2.13.4.2). This insert was ligated into the linearised (XhoI and XbaI) pART277 
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binary vector (where the pART7 expression construct has been previously cloned into the 

pART27 binary backbone). Once transformed into E. coli, DNA from the plasmid vector 

was extracted from the bacteria and the construction confirmed by restriction enzyme 

digests (Appendix 8). The final binary vector was named FOX1 and contains the full 

PhMAX2 genomic sequence under the control of a modified CaMV35S promoter (Figure 

5.7). 

 
The FOX1 vector was transformed into A. tumefaciens LBA4404 bacteria and used to 

transform wild-type and dad2 mutant petunia leaf extracts in tissue culture. The 

transformation of FOX1 was performed alongside transformation of the GUS 

overexpression vector pART2710 into petunia tissue as a positive control. The 

transformation was carried out four times independently, but no FOX1 transgenic petunias, 

or even calli, were ever regenerated. In fact, the process of transformation with the FOX1 

containing A. tumefaciens seemed to kill both the wild-type and dad2 tissue explants, while 

successful transgenic plants were regenerated from all of the concurrent pART2710 

transformations (Figure 5.11). 
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Several checks were made on the FOX1 vector present in the A. tumefaciens, to make sure 

that the lack of regeneration of transgenic petunia was not due to some fault in the plasmid. 

Figure 5.11 No petunia 
regenerated that were transgenic 
for FOX1, the PhMAX2 
overexpression construct. (A) 
Representative dad2 mutant leaf 
explants transformed with FOX1 
(left) and pART2710 (right) grown 
on selective kanamycin media. (B-
E) Petunia tissue stained to detect 
β-galactosidase expression. 
Untransformed wild type seedling 
(B), two lines of wild-type seedlings 
transformed with pART2710 (C, D) 
and leaves from three lines of dad2 
mutants transformed with 
pART2710 (E) 
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The plasmid was extracted from A. tumefaciens grown in selective media and its identity 

confirmed again by restriction enzyme digests. The DNA bands produced were as predicted 

by the expected sequence of the FOX1 binary vector. The nptII gene in the plasmid was 

fully sequenced and showed no introduced errors. This showed that it was not the lack of 

an intact resistance gene that was causing failure of the tissue explants on selective media. 

As the control transformations were working well, it is unlikely that the lack of 

regeneration was caused by faulty technique or consumables. 
 

5.6 Overexpression of PhMAX2 in wild-type and max2 mutant 
Arabidopsis 
 
The data from the previous section (5.5.2) show that it was not possible to regenerate 

transgenic petunia that carried the FOX1 vector for overexpression of PhMAX2. 

Transformation of wild-type and max2 mutant Arabidopsis was undertaken in order to 

confirm that the vector was functional for plant transformation, and to investigate whether 

overexpression of PhMAX2 could complement the Arabidopsis max2 mutant phenotype.  

5.6.1 Characterisation of the Arabidopsis max2 mutant line 
An Arabidopsis max2 T-DNA knockout line (SALK_092836.45.10.X) was provided by the 

Salk Institute. The wild-type plants used were Columbia ecotype, which was the 

background genotype of the max2 mutants. The ten seed provided from the Salk Institute 

were germinated, allowed to self-cross and their seed collected (R. Drummond, this 

laboratory). Plants from the bulked seed were grown and characterised during selection of 

plant lines homozygous for the mutated allele (Figure 5.12). Characters measured included 

the rate of rosette leaf formation, and the flowering time, but the max2 phenotype also 

includes a decrease in plant height and increased branching that was easily noted by 

qualitative observation but was not characterised by quantitative measures. The 

homozygous max2 lines are represented in Figure 5.12 and the heterozygous lines were not 

used further in this study. These homozygous plants have delayed flowering times 

compared to wild-type Arabidopsis, and make considerably more rosette leaves than wild-

type plants. 

5.6.2 Transformation of the FOX1 vector into wild-type and max2 Arabidopsis 
The FOX1 and pART2710 binary vectors were transformed into max2 mutant and wild-

type Columbia Arabidopsis plants by the Agrobacterium-mediated floral dip method 

(section 2.15.4). Seed from the treated plants was collected and germinated in tissue 
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Figure 5.12 Characterisation of the max2 T-DNA insert mutant in Arabidopsis. (A) Representative plant lines of those charaterised, two 
max2 mutant lines and a six-pack of wild-type Arabidopsis. These photos show the increased number of leaves in the max2 mutant 
rosette. (B) Three max2 lines showing reduced height and increased branching compared to wild-type. (C) Characterisation of the 
flowering time phenotype of the max2 line measured as the number of rosette leaves formed before a visible flower bolt forms. (D) 
Rate of rosette leaf formation over time. Data plotted in graphs are means, error bars represent  the standard error of the means. 
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culture. Transgenics with a wild-type background were grown on kanamycin-containing 

selective media, and several lines of pART2710 transgenics were produced, but only two 

lines of the FOX1 transgenic Arabidopsis. The transformation rate was low at 0.2-1 

transformants in 1,000 seed. The two plants transgenic for FOX1 show a considerably 

different appearance to the phenotype of the wild-type controls transformed with 

pART2710. They have reduced height and rosette size, and have more leaves that are 

smaller than those of the control plants (Figure 5.13). 

A B

C D

E
WT + pART2710 WT + FOX1+ve-ve 1kb+

A B

C D

E
WT + pART2710 WT + FOX1+ve-ve 1kb+

The FOX1 transgenic max2 plants could not be selected on kanamycin, as the max2 

background is already kanamycin-resistant due to the T-DNA insert. Use of a different 

selective agent in the vector would have simplified this experiment, but it was necessary to 

test the same plasmid that was used in the attempts to produce transgenic petunia plants. 

Approximately 1000 of the seedlings from the max2 plants transformed with FOX1 were 

planted out and were screened for any progeny that showed a wild-type phenotype. Of the 

200 that survived, five of the transformed plants showed a wild-type phenotype compared 

to most of the max2 plants (Appendix 9). PCR with oKan5 and oKan8 was performed on 

Figure 5.13 Wild-type Columbia 
Arabidopsis transformed with the 
control vector pART2710 (A, C) or the 
FOX1 PhMAX2 overexpression vector 
(B, D). Plants are shown in selective 
tissue culture (A, B) and at a mature 
stage of development (C, D). Red 
arrows indicate green kanamycin 
resistant plants selected for transfer to 
the greenhouse. (E) Agarose gel of 
PCR product from amplification of nptII 
kanamycin resistance gene from gDNA 
of independently transformed plants. 
WT = wild-type, -ve = water template 
negative control, +ve = FOX1 plasmid 
template positive control. 
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gDNA extracted from these “revertant’ max2 and non-reverting max2 plants. This 

confirmed the presence of the nptII gene and showed that none of these “revertant” plants 

were due to contamination with wild-type seed. However, further screens for the presence 

of the PhMAX2 gene were negative, suggesting that the wild-type phenotype of the plants 

may have been due to other factors, but was not due to complementation with PhMAX2. 

5.7 Discussion 

5.7.1 PhMAX2 is probably not the DAD2 gene 
The results of the Southern analysis of PhMAX2 in the dad mutants (section 5.3) mirror 

those of the sequence analysis of PhMAX2 in the dad mutants (K. Snowden, unpublished 

data) in that there are no obvious mutations of this gene that could be predicted to be 

causing the dad phenotype. It is still possible that an epigenetic mutation in PhMAX2 could 

be responsible for dad2, but it is most likely that these genes are not the same locus. It was 

not possible to confirm this hypothesis by transgenic complementation tests during this 

thesis (section 5.5.2). At some point in the future, creation of a knockout PhMAX2 mutant 

could produce a definitive answer to this question by genetic tests with dad2. A transposon-

tagging experiment carried out in this laboratory (K. Snowden and K. Templeton, 

unpublished data) has isolated a tagged dad2 mutant that is currently being used to 

determine the identity of DAD2.  

5.7.2 PhMAX2 is involved in the control of branching in petunia 
Given that PhMAX2 is probably not DAD2, the next question was whether the PhMAX2 

gene has a role in branching, as it does in other species (Stirnberg et al., 2002; Ishikawa et 

al., 2005; Johnson, et al., 2006). The downregulation of PhMAX2 by RNAi showed that 

PhMAX2 has a role in the control of branching in petunia, and possibly a role in the DAD 

pathway. The increased branching phenotype was not strong, but none of the transgenic 

lines produced had completely lost expression of PhMAX2, and were “knock-down” 

mutants rather than “knock-outs”. The mild decreased height and increased branching 

phenotype is similar to that of the dad1-2 mutant, which contains a single amino acid 

mutation in DAD1 (Snowden et al., 2005). The FSIL2 transgenic line also showed a slight 

delay in leaf senescence that is part of the phenotype reported for the ore9/max2 mutants in 

Arabidopsis (Oh et al., 1997). It is too early in the regeneration of the transgenic RNAi 

apple plants for conclusive results about the effect of MdMAX2 in apple, but preliminary 

observations suggest that there may be an effect on the growth pattern of the seedlings.  
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Given that no transformed petunia plants were regenerated that carried the FOX1 

overexpression vector (Figure 5.11A), tests were carried out to determine whether the 

binary vector was flawed, or whether the overexpression of the PhMAX2 gene in petunia 

prevented tissue regeneration. Plasmids extracted from the FOX1 A. tumefaciens showed 

the predicted bands in restriction enzyme digests, indicating that the general structure of the 

vector was intact. There were no errors in the sequence of the nptII kanamycin resistance 

gene. Errors in nptII, if present, would not have allowed selection for transgenic plants in 

tissue culture containing kanamycin. When introduced into wild-type Arabidopsis plants 

the FOX1 vector provided kanamycin resistance and seems to have affected the plant 

phenotype (Figure 5.13), although the plants need to be taken through at least another 

generation to confirm the phenotypic effects. This data suggests that the overexpression of 

PhMAX2 may have been preventing tissue regeneration in petunia. A further test would be 

to insert a DNA fragment into the PhMAX2 sequence in the FOX1 vector that caused a 

non-sense mutation. Transformation of a non-functional gene into petunia should allow 

regeneration of transgenic plants if the vector is functional in petunia, unless there are some 

effects of gene silencing. Alternatively expression of the gene under the endogenous 

PhMAX2 promoter, or a tissue-specific or inducible promoter might avoid any problems 

caused by the constitutive overexpression from the CaMV35S promoter. 

5.7.3 Regulation of PhMAX2 is probably not primarily at the transcription level  
Expression of the PhMAX2 gene is ubiquitous across the petunia plant, which mirrors the 

results obtained for homologues of this gene in rice and pea (Ishikawa et al., 2005; Johnson 

et al., 2006). AtMAX2 is reported as being expressed in the vasculature of Arabidopsis 

(P. Stirnberg and O. Leyser, unpublished results, cited in Bennett et al., 2006) which would 

explain its presence in all the tissues tested. Ishikawa et al. (2005) reported a type of tissue 

specific post-transcriptional regulation of OsMAX2, where only the first exon of the gene is 

detectable in RT-PCR across all tissues, and the full-length transcript is only present in 

leaves. This result suggests that alternative splicing acts to control the activity of this gene 

in rice, but this is not the case in petunia where the gene contains no introns (Figure 5.1), 

and full-length transcripts were expressed in all tissues in pea (Johnson et al., 2006). 

Although there was most expression in the axillary bud tissue of wild-type petunia, the 

difference in expression across tissues was not huge, and expression was detected in all 
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tissues tested (Figure 5.5). It has been reported that low mRNA levels is a characteristic of 

genes with low numbers (<4) of introns (Alexandrov et al., 2006), which correlates with 

the absence of introns and low expression of PhMAX2. The level of expression of PhMAX2 

did not change in the roots of the dad mutants compared to wild-type plants. There was 

upregulation of PhMAX2 in the stems of some of the dad mutants compared to wild-type 

but there was a large amount of variation, so it was not possible to interpret this as part of 

the DAD feedback upregulation loop. Expression of RMS4 (PsMAX2) in other rms mutants 

has been reported as “ubiquitous” (Johnson et al., 2006). It is possible that the low level of 

ubiquitous gene expression across the tissues may indicate that the protein is relatively 

stable, or possibly targeted to specific cells or parts of the cell.  

5.7.4 Is PhMAX2 the receptor of the branching signal in the DAD pathway? 
The Arabidopsis MAX2 protein is hypothesised to be the receptor of the graft-transmissible 

branching signal (Booker et al., 2005; Bennett et al., 2006). It is highly likely that the well 

conserved C-terminal region is important in the function of the MAX2 protein homologues, 

as it is conserved across dicot and monocot species while many residues in the F-box and 

LRR protein interaction domains are not. It is possible that this region of the protein is 

involved with a signal interaction, and this acts as part of the branching signal receptor in 

the DAD branching pathway. In the case of the auxin receptor that modifies protein 

targeting for degradation, the TIR1 F-box protein acts as both hormone receptor and E3 

ligase to target the AUX/IAA proteins for degradation. Although the homologues of TIR1 

within Arabidopsis have high levels of amino acid identity (TIR1 is 70% identical to AFB1 

and 60% identical to AFB2 and 3, Dharmasiri et al., 2005b) they do not contain a highly 

conserved region of this type (apart from the F-box and LRRs) in predicted protein 

sequences from different species (J. Simons data not shown). The hypothesis that PhMAX2 

is the receptor for the branching signal does not exclude DAD2 being part of either the 

receptor or part of the signal transduction mechanism downstream of the receptor. In fact it 

raises the question of whether DAD2 is a target of PhMAX2 for ubiquitin-mediated 

degradation. Further investigation of both DAD2 and PhMAX2 is required to clarify their 

precise actions in the control of branching in petunia. 
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Chapter 6 Concluding Discussion 

The aim of this thesis was to clarify the action of the various genes involved in the DAD 

branching control pathway. The functions of these genes were investigated using various 

techniques including double mutant analysis, grafting experiments, gene expression analysis 

and construction of transgenic plants to mis-express a gene putatively involved in branching. 

The data produced during this thesis have been integrated with other research on the dad 

branching mutants to produce a hypothesis describing how the genes interact to control the 

outgrowth of lateral branches in petunia. 

6.1 The DAD1, DAD2 and DAD3 genes act in a single pathway to control 
branching 
Analysis of the dad1dad2, dad1dad3 and dad2dad3 double mutant phenotypes (section 3.2) 

has helped to determine the position of the DAD genes in the branching control pathway. The 

phenotypes of the DAD2 double mutants, dad1dad2 and dad2dad3 are not additive and 

suggest that DAD2 acts in the same pathway as both DAD1 and DAD3. As the dad2dad3 

mutant phenotype looks like the dad2 mutant rather than dad3, it is concluded that DAD2 is 

epistatic to DAD3. Given that DAD2 acts in the same pathway as DAD1 and that DAD2 acts 

in the same pathway as DAD3, it would be reasonable to expect that DAD1 and DAD3 act in 

the same pathway as well, unless the pathway is considerably more complex.  

In contrast to the DAD2 double mutants, the dad1dad3 double mutant showed a transgressive 

phenotype for plant height and flowering time when compared to the dad1 and dad3 single 

mutants. This type of transgressive phenotype is often interpreted as meaning that the two 

genes of interest act in different pathways to cause an additive effect. However, if DAD1 and 

DAD3 acted in different pathways then reciprocal-grafting experiments with the single dad1 

and dad3 mutants would be expected to produce plants with revertant “wild type” 

phenotypes. As these experiments did not produce revertant plants (Simons et al., accepted 

with minor edits), it is unlikely that DAD1 and DAD3 act in completely different pathways. 

Alternatively the additive nature of the dad1dad3 mutant could be interpreted as the 

combined effects of two partial loss-of-function mutations. However, while this could be 

possible for dad3, the mutant has a stop codon in the first exon of the gene, suggesting it is a 

good candidate for knock-out of function. It has been shown previously that the dad1-1 

mutation (transposon insertion) is likely to be a complete loss-of-function (Snowden et al., 

2005). Another hypothesis that would explain the data is that DAD1 and DAD3 act at the 

same step in the pathway to modify the graft-transmissible signal.  
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Both the dad1 (Napoli, 1996, Chapter 3.3) and dad3 (Simons et al., accepted with minor 

edits) increased branching mutant phenotypes are revertible to wild type by grafting of a 

mutant scion over a wild-type rootstock. This indicates that both of these genes are involved 

in the control or modification of a graft-transmissible branching signal. Studies involving 

wild-type interstock grafts have shown that this signal moves only in an acropetal direction. 

Axillary buds above a wild-type interstock do not grow out into branches, while lateral 

branches form from nodes below the interstock graft (Simons et al., accepted with minor 

edits). The hypothesis that the signal moves only in an acropetal direction is supported by 

work in pea and Arabidopsis using plants with two shoots attached to a single rootstock (Foo 

et al., 2001, Turnbull et al., 2002).  

6.2 DAD2 acts mainly in the shoot and may be involved in reception or 
signal transduction of the branching signal 
It has been shown that the petunia dad2 mutant is not revertible by grafting (Figure 3.4, 

Simons et al., accepted with minor edits) so it is not thought to control the graft-transmissible 

branching signal, and has been predicted to act mainly in the shoot. DAD2 is thought to be 

epistatic to DAD3 (and possibly DAD1) and if DAD2 was an enzyme in the same 

biosynthetic pathway as DAD1 and DAD3, epistasis would place DAD2 upstream of DAD1 

and DAD3 in the pathway. However, as the dad2 mutant is not revertible by grafting, it is 

unlikely that DAD2 acts upstream of DAD1 and DAD3 in a biochemical pathway, unless it is 

involved in a much more complex pathway. For example, a biochemical pathway where 

DAD2 modifies a precursor for the DAD1 and DAD3 substrate, that travels basipetally from 

the shoot, to be modified in the root and lower parts of the stem, and then travels acropetally 

back to the shoot to control lateral branching would also fit the grafting and double mutant 

data. The combination of double mutant and grafting results has led to the hypothesis that 

DAD2 acts mainly in the shoot, where it is predicted to play a part in reception or 

transduction of the branching signal produced by DAD1 and DAD3. 

6.3 DAD1 and DAD3 are members of the CCD gene family  
The DAD1 gene has been cloned and is a member of the carotenoid cleavage dioxygenase 

(CCD) family (Snowden et al., 2005) known to cleave polyene compounds. In particular 

many members of this family cleave carotenoids or apocarotenoids to produce compounds 

that may act as signalling molecules (Booker et al., 2004, Schwartz et al., 2004, Schmidt et 
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al., 2006).  Although the final conclusive proofs of identity are still underway, the current 

evidence indicates that DAD3 is also a CCD gene (K. Snowden, unpublished data) and is an 

orthologue of the Arabidopsis MAX3 and pea RMS5 genes, which produce very similar 

mutant phenotypes (section 4.2).        

When the amino acid sequences of the DAD orthologues were compared, the Arabidopsis 

MAX sequences had the least amino acid similarity compared to that of the sequences from 

the other dicotyledon sequences examined. Although DAD1 and DAD3 in petunia are 

orthologues of MAX4 and MAX3 respectively in Arabidopsis, there are some differences in 

the way the genes function in different species. While the dad1dad3 double mutant is 

additive for some aspects of its phenotype (section 3.2) and the equivalent rms1rms5 mutant 

in pea has been described as weakly transgressive (Morris et al., 2001), it has been reported 

that the max3max4 double mutant is not additive in Arabidopsis compared to the single 

mutants (Auldridge et al., 2006). This suggests that although the genes in the pathway may 

be conserved between species, the orthologues may be acting or interacting in a slightly 

different manner to control the plant phenotype.  

The presence of two orthologues of the DAD1 protein in rice raises some questions about the 

relative functions of the two proteins. Gene duplication is a common mechanism that 

generates diversity within plants. While, so far, a single DAD3 orthologue has been isolated 

in rice (Zou et al., 2005) the presence of two OsCCD8 genes in rice may mean that one of the 

rice CCD8 genes has been recruited for use in a different signalling pathway, although there 

is currently no data to support such speculation. Given the position of the OsCCD8a amino 

acid sequence on the phylogenetic tree (Figure 4.3), and its lower sequence similarity to the 

other DAD1 proteins, this orthologue is more likely to have a different function. It is also 

possible that the two OsCCD8 proteins have redundant function and perform the same action 

in different plant tissues. Identification and characterisation of the rice mutants would 

provide further information about the function of the two genes. Isolation and analysis of the 

sequence of DAD genes from a much greater number of plant species is required for any 

definitive phylogenetic analysis, and may provide evidence of CCD8 gene duplication in 

other species. 
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6.4 Expression of DAD1 and DAD3 is tissue specific and is affected by 
feedback regulation 
Previous experiments (Napoli, 1996; Simons et al., accepted with minor edits; section 3.3) 

indicated that the DAD1 and DAD3 genes should be active in the roots and lower stems of 

petunia, which were the tissues that showed the highest levels of expression in the plants 

(section 4.3). Expression analysis of DAD1 and DAD3 by qRT-PCR in a range of wild-type 

petunia tissues (Figure 4.7) revealed tissue-specificity that correlates well with the areas of 

the plant that grafting studies predicted the gene products would be active in. This suggests 

that the DAD1 and DAD3 gene products are active in both the roots and the stems of petunia 

to control production of the branching signal. 

A study of the expression of DAD1 and DAD3 in the tissues of dad mutant petunias showed 

that both genes were upregulated in the stems, but not the roots of the mutants compared to 

wild-type plants (section 4.4). This suggests the presence of some sort of feedback 

mechanism affecting the levels of gene expression. It is not known why this feedback is 

restricted to the stem tissues, but this phenomenon of feedback in mutant epicotyl tissue was 

also observed in pea for the RMS1 (Foo et al., 2005) and RMS5 genes (Johnson et al., 2006). 

However, it is not known if the feedback was restricted to pea stem tissues in these studies, 

as the level of expression in other mutant tissues was not reported. The feedback observed 

may indicate some difference in control or importance of the signal being produced at the 

different sites. It is possible that the feedback system is in place to maintain a specific 

homeostasis of the branching signal/s, and so only acts on the tissue (stem) nearest to the 

buds whose growth status is being determined. Although this feedback is currently thought to 

be important in the regulation of the branching signal, the possibility that the gene 

upregulation in the mutants is not important to control must also be considered. 

Investigation of the levels of DAD gene expression in tissues from reverting and non-

reverting dad1 mutant scions (section 4.5) showed that the feedback regulation of the gene 

expression was correlated with the increased branching phenotype of the plants, not to the 

genotype of the tissue. This could mean that the feedback signal is modulated by reception of 

the branching signals in the shoot. The upregulation of DAD1 and DAD3 gene expression in 

the stem of the dad2 mutant fits with the predicted function of DAD2 in the signalling 

pathway. It is predicted that DAD2 is involved with the reception or signal transduction 

pathway downstream of the DAD1/DAD3 branching signal. Assuming that the feedback 

mechanism is activated by the lack of a signal from the branching pathway, a failure of the 
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signal transduction system that passes on that signal could activate feedback upregulation of 

the genes that are supposed to be providing the signal (DAD1 and DAD3). Alternatively, the 

feedback could be less direct, and the presence of the increased numbers of branches could 

result in production of a signal to which DAD1 and DAD3 respond. 

While quantitative RT-PCR has provided some indication of tissue specificity for DAD1 and 

DAD3 gene activity, a more complete functional analysis of the genes requires a more 

precise localisation of the gene product. The overall expression levels of these genes are very 

low, and this could reflect several possible mechanisms to control levels of the gene product. 

Gene expression could be localised to a specific or restricted set of cell types, but expressed 

at a higher level within these cells. In situ hybridisation to localise expression of DAD1 to 

particular cells has been attempted, but the low level of expression of this gene makes it 

impossible to discriminate positive signal from background noise (K. Snowden unpublished 

data). Alternatively a low level of transcript could be subject to a high rate of translation to 

produce the proteins. It is possible that DAD1 and DAD3 expression could actually be at a 

low level in the cell, due to the fact that the protein is very stable, or that the proteins are very 

active and small amounts of the proteins can process a large amount of signal. It is possible 

that plants are highly sensitive to small changes in the signal level, and it could be present in 

low concentrations as well, if the proteins had very high affinities for their substrates. 

Localisation of DAD function at the cellular level may have to be determined by protein 

localisation.  

Expression analysis has provided important information about where and how the DAD1 and 

DAD3 genes are expressed in the plant to control branching, and it has also been used to 

investigate the relationship of the branching gene PhLS to the DAD genes and the branching 

signal. As the expression of PhLS does not seem to be significantly altered in the dad 

mutants (Figure 4.13), this result is interpreted as indicating that the PhLS branching gene is 

probably not part of the DAD signalling pathway. If PhLS does interact with the DAD genes, 

it does not act downstream of the DAD branching signal in a way that affects transcription of 

PhLS. Study of the gene transcript levels of other branching genes in the dad mutant plants 

could clarify whether and how candidate genes interact with the DAD pathway.  
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6.5 PhMAX2 is probably not DAD2, but is involved in the control of 
branching in petunia 
The MAX2 gene was originally isolated from Arabidopsis (Woo et al., 2001) where it has a 

role in controlling axillary branching (Stirnberg et al., 2002), and recently homologues in rice 

and pea have also been shown to affect the branching phenotypes of these plants (Ishikawa et 

al., 2005; Johnson et al., 2006). We investigated the PhMAX2 gene as a candidate for the 

identity of DAD2, as the phenotype of the max2 mutant in Arabidopsis is similar to that of 

the dad2 mutant in petunia in that neither mutant is revertible by grafting (Booker et al., 2005, 

Simons et al., accepted with minor edits). Previous work (K. Snowden, unpublished data) 

had determined that there were no coding sequence mutations in the PhMAX2 gene for any of 

the dad branching mutants. The Southern analyses performed as part of this thesis (section 

5.3) determined that the petunia dad mutant phenotypes were not caused by any large-scale 

insertions or deletions in the flanking regions of the PhMAX2 open reading frame. PhMAX2 

was expressed ubiquitously throughout the wild-type petunia tissues, and there were no 

significant changes in the levels of this expression caused by the dad mutations (section 5.4). 

Overall, these results indicated that a mutation in PhMAX2 is unlikely to be responsible for 

any of our current dad mutants. However, the down-regulation of PhMAX2 in transgenic 

petunia (section 5.5.1) did cause an effect on the same plant characters affected by the dad 

mutants. Both the dad mutants and the RNAi PhMAX2 transgenics show increased branching, 

decreased height, and in one of the FSIL transgenic lines, delayed senescence. This suggests 

that PhMAX2 probably plays a part in the control of branching in petunia, as its orthologues 

do in Arabidopsis (Stirnberg et al., 2002) and pea (Johnson et al., 2006).  

A more definitive answer as to whether DAD2 and PhMAX2 are the same gene would require 

a mutant plant with the endogenous PhMAX2 gene knocked out. When crossed to the dad2 

mutant, such a knockout would provide an answer as to whether the plants had mutations in 

the same locus. However, all of the alleles of the dad2 mutant have proven to be genetically 

unstable when multiple backcrosses or outcrosses are performed (Napoli and Ruehle, 1996) 

but the most stable allele was used during this work. A less than stable allele can complicate 

genetic tests if the allele reverts and this has increased the difficulty of identifying the DAD2 

gene. The instability also raises the question of whether the dad2 mutation was caused by a 

heritable epigenetic mutation that is not detectable in candidate genes by our current tests. 

Alternatively the dad2 mutation could be due to insertion of a moderately active transposable 

element that was active in the genome when the mutation was induced by EMS treatment. 



134 

Although it has been concluded that PhMAX2 is probably not DAD2, further similarities in 

the phenotype of the Arabidopsis max2 and petunia dad2 mutants were noted in the course of 

this study. The late flowering phenotype seen in the Arabidopsis max2 mutants (section 5.6.1) 

has not been reported in the literature. However, this phenomenon has been observed by 

investigators in some laboratories world-wide, but not in others (O. Leyser pers. comm.). 

This is similar to the delayed flowering observed for dad2 (section 3.2), which was also 

observed when the dad2 mutant was originally characterised in Arizona, but the observed 

delay in flowering time was not statistically significant in that case (Snowden and Napoli, 

2003). The changes in flowering time may be due to differences in environmental conditions, 

perhaps particularly the variance in daylight (greenhouse) and temperature in the various 

climates. The similarity in phenotype between the dad2 and max2 mutants may be due to the 

fact that they both have predicted roles in the reception/signal transduction part of the DAD 

signalling pathway. The work presented here suggests that there are at least two genes 

involved in the reception or signal transduction of the DAD branching signal in petunia. 

There are two non-revertible mutants in pea that are predicted to be involved in reception, 

rms3 and rms4 (Beveridge et al., 1996, Johnson et al. 2006), but only the one mutant, max2, 

so far in Arabidopsis. This may suggest a more complicated branching pathway is present in 

plants that have a more complex branching system. Alternatively, although there have been 

quite intensive screens for branching mutants in Arabidopsis, the equivalent mutant may not 

have been isolated. This could be the case if there is more than one copy of the gene and they 

have redundant function or if the phenotype of the mutant plant is pleiotropic and is not 

identified as a branching mutant. However, testing of this hypothesis is not possible until 

either the DAD2 or RMS3 genes are identified. 

6.6 Integration of the DAD branching signal with other plant signals 
affecting lateral bud outgrowth 
The classical model of apical dominance states that auxin synthesised in the shoot apex 

travels basipetally to the lateral buds and inhibits their growth, and that cytokinins produced 

in the roots of the plant travel acropetally to induce bud outgrowth. Section 3.5 described 

analysis of auxin and cytokinin levels in the dad mutants compared to wild-type petunias and 

showed that shoot auxin content is approximately the same as wild-type plants, and that the 

levels of cytokinin in the xylem sap are decreased compared to wild-type. This is almost 

directly opposite to what would be expected if these hormones were causing the increased 

branching in the dad mutants according to the traditional model of apical dominance. These 

results corroborate those published for pea and Arabidopsis (Beveridge et al., 1997b; Morris 
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et al., 2001, Booker et al., 2004, Auldridge et al., 2006), and suggest that these graft-

transmissible plant growth regulators are not the signal controlled by the DAD genes and 

their homologues in other plants. However, auxin and cytokinins still play an important part 

in the control of lateral branching, but the question remains as to how these growth regulators 

interact with the branching signal produced by the DAD pathway.  

Recent work in Arabidopsis has shown that the expression levels of the PIN genes, which 

encode auxin efflux transporters, are altered in the max mutants. The max mutants also have 

an increased capacity for auxin transport and it has been hypothesised that auxin transport out 

of the bud may be influencing bud outgrowth (Bennett et al., 2006). It has been demonstrated 

that the expression levels of RMS1 and MAX4, the orthologues of DAD1 in pea and 

Arabidopsis, are upregulated by the application of exogenous auxin although not necessarily 

in tissues that are expected to influence branching (Sorefan et al., 2003; Foo et al., 2005). 

These results suggest an interaction between auxin and the DAD pathway in control of 

branching at least in pea and Arabidopsis. Some of the traits of the dad mutant phenotypes 

may result from interactions with auxin. Both rms1 and max4 have been described as auxin-

resistant (Sorefan et al., 2003) in that their increased branching phenotype cannot be affected 

by the application of exogenous auxin. The dad1 mutants have smaller flowers than wild-

type plants (Snowden et al., 2005) and both dad1 and dad3 have reduced seed set compared 

to wild-type plants. Strong alleles of the auxin resistant mutants such as axr1-12 also have 

small flowers and reduced seed set compared to wild-type plants, among other effects 

(Lincoln et al., 1990). This raises the question of whether the axr1-12 mutant could be 

affecting the DAD pathway or whether the dad mutants could have an effect on AXR1.  

Levels of the other plant growth regulators that affect plant architecture should also be 

investigated in dad mutants to see if they are linked to this branching pathway. Most of these 

growth regulators can be measured by mass spectrometry. Ethylene can release petunia 

plants from the strict apical dominance caused by root restriction (Haver and Schuch, 2001) 

although it is not believed to be involved in general regulation of branch outgrowth.  

Mutations in AtSLY1 or OsGID2, the F-box proteins that control GA-mediated proteolysis 

(Itoh et al., 2003), cause a strong dwarf phenotype, and regulation of gibberellin metabolism 

genes has been shown to be affected by auxin signalling (Frigerio et al., 2006). Although the 

GA levels and responsiveness have not been investigated in the petunia dad mutants, a study 

of the rice orthologue of dad3, osccd7/htd-1, concluded that htd-1 was neither a GA-deficient 

dwarf, nor a GA-insensitive dwarf, and that the mutant htd-1 phenotype is probably 



136 

independent of GA (Zou et al., 2005). A recent study identified a gibberellin-modified 

microRNA that contributed to floral transition and development (Achard et al., 2004) and it 

is possible that microRNA could also play one of the signalling roles in the DAD pathway. 

6.7 Effects of environmental conditions on the control of branching 
As discussed in section 1.3, environmental effects can cause significant changes in plant 

architecture and the signalling pathways that communicate these effects should be taken into 

account. Daylength has a strong effect on the branching phenotype of wild type petunia 

plants (see Figure 1.3) but the phenotype of the dad mutants is effectively daylength-

insensitive with only slight differences between mutants grown in long and short day 

conditions (Snowden and Napoli, 2003). A recent study in Sorghum showed that mutations 

in Phytochrome B were linked to increased expression of TEOSINTE BRANCHED1 and the 

DORMANCY-ASSOCICATED gene (DRM1) and caused a reduction in axillary bud 

outgrowth (Kebrom et al., 2006). In addition, overexpression of the blue light receptor CRY2 

causes increased axillary branching and delayed flowering in tomato, and coincidentally 

increased flavonoid and lycopene levels (Gilberto et al., 2005). In wild-type plants high light 

signalling causes a decrease in branching. It is interesting to speculate that perhaps, in the 

plants that overexpress CRY2, the substrate for DAD1 and DAD3 (perhaps a flavonoid or 

carotenoid) is increased beyond the enzymes’ ability to process it, and the positive signal 

causes increased branching. The construction of dad cry2 double mutant plants could prove 

interesting, if there was a strong link between blue light signalling and the DAD pathway, 

one of the mutations might suppress the phenotype of the other. 

6.8 A model describing the action of genes in the DAD branching pathway 
A model (Figure 6.1) has been developed to describe how the interaction of the DAD genes 

within a signalling pathway controls lateral branching in petunia. This model integrates the 

data described in this thesis with previous information gathered about the dad branching 

mutants. This model includes the presence of both a graft-transmissible positive “A” signal 

that induces branching and a graft transmissible negative “B” signal that represses branching 

(Figure 6.1). The ability of dad mutant roots that form above a dad/wild-type graft union to 

prevent phenotype reversion (Napoli 1996, Drummond and Snowden, unpublished data) 

argues strongly for a signal that positively regulates branching, and none of the experimental 

results in petunia require the presence of a negative signal. This type of positive signal has 

not been hypothesised in studies of the dad orthologues in other species where the general 

consensus so far is that the graft-transmissible signal is an inhibitor of branching (reviewed in 
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Leyser, 2005; Beveridge, 2006). The MAX1 gene has been shown to act downstream of 

MAX3 and MAX4, and strongly suggests the presence of a negative signal in Arabidopsis at 

least (Booker et al., 2005). The two possibilities for the action of the signal are not mutually 

exclusive, so both are included in the model. It is also possible that the ratio of signal “A” to 

signal “B” received in the shoot is important to control branch outgrowth.  

These signals “A” and “B” are produced in the roots and stems of the plant where “A” is 

cleaved, or otherwise modified by the DAD1 and DAD3 enzymes leading to the production 

of “B”. The signals move acropetally through the plant to the shoot, where PhMAX2 and 

DAD2 are involved in the detection of the signal, or the signal transduction pathway 

downstream of the receptor. The Arabidopsis MAX2 gene is reported to be expressed in or 

near vascular tissue (Booker et al., 2005), and this could explain the constitutive expression 

of PhMAX2 in wild-type petunia (Figure 5.5). Presence of a putative receptor in tissues near 

the vasculature also ties in with detection of a signal being transported through the plant. 

From reception and transduction of the signal, the lateral bud translates this information into 

growth or dormancy. A feedback mechanism initiated by increased branching, possibly 

acting via reception of the branching signals, controls the expression of the DAD1 and DAD3 

genes in the stem of the plant, but not the root.  

The work presented here has helped to develop a model of the function of the DAD pathway 

that will be used to develop and test hypotheses of other gene and signal interactions. It is not 

known if the DAD2 and PhMAX2 proteins are involved in the direct reception of the product 

of DAD1 and DAD3, or whether there is some intermediate modification of the signals. In 

Arabidopsis, the MAX1 gene, which encodes a cytochrome P450, is believed to act 

downstream of MAX3 and MAX4 to modify the branching signal (Booker et al., 2005). 

However, no orthologous mutants to max1 have been isolated in either pea (K. David, pers. 

comm.). There is no evidence as to whether DAD2 and PhMAX2 receive the positive 

branching signal, the negative signal, or both signals (assuming they both exist). It is possible 

that the ratio of the two signals is important, and that this, in turn, could affect the feedback 

regulation of the DAD1 and DAD3 genes. As all of the dad mutants show decreased levels of 

xylem cytokinin, feedback regulation of cytokinins produced in the roots has been included 

in the model. Due to the results from Arabidopsis, the inhibitory action of auxin on bud 

outgrowth has also been included in the model. It is still not known how the possible effects 

of plant growth regulators should be fully integrated into the model of how the DAD pathway 

functions in petunia. 



Figure 6.1 Model of the DAD signalling pathway to control outgrowth of axillary branches. A 
positive branching signal A is modified by DAD1 and DAD3 into B which may be a negative 
signal to control branching. Both of these compounds are graft transmissible and may be 
formed in the roots and lower stem of the plant. The signals move up into the shoot of the 
plant where DAD2 and PhMAX2 are likely to be involved with their reception or signal 
transduction to control outgrowth of axillary buds into axillary branches. The dotted arrows 
indicate passage of the signals through the plant. The dashed arrows indicate feedback 
signals. The solid arrows indicate conversion of the positive signal compound into a 
negative signal compound. Current data suggests that auxin does not actually enter the 
buds to control outgrowth, and it may actually act via the DAD signalling pathway as well as 
controlling local cytokinin levels. 
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6.9 Future directions in the study of the DAD signalling pathway 
Although the work described here has contributed to our knowledge of how branching is 

controlled in petunia, there is still much to be discovered about the function of the DAD 

pathway. Construction of transgenic petunia plants that phenocopy or complement the dad3 

phenotype is ongoing in order to prove conclusively that the DAD3/PhCCD7 gene is 

responsible for this branching locus. Determining the identity of DAD2 will also be important 

to clarify the interactions within the DAD signalling pathway. The rms3 mutant in pea shows 

phenotypic similarity to dad2 (Beveridge et al., 1996), but the identity of RMS3 is also 

currently unknown. Development of a petunia mutant where the PhMAX2 gene is knocked 

out would allow genetic studies to position PhMAX2 within the DAD pathway. In ongoing 

studies, grafting experiments with the transgenic FSIL knockdown lines could produce some 

information about how PhMAX2 interacts with the other DAD genes. 

The feedback regulation of DAD1 and DAD3 gene expression in a tissue-specific and 

branching-related manner in the stems of dad mutant petunias (sections 4.4 and 4.5) is a 

phenomenon worth pursuing further. For example, a developmental time course to examine 

expression of the genes in the stem of petunias from seedlings to mature flowering plants by 

qRT-PCR. It might be possible to correlate the levels of expression of the gene with when 

branches develop in the wild-type and dad mutant plants. 

Given that the F-box proteins in plants bind to other proteins, and usually act as part of an E3 

ligase complex to target proteins for degradation (reviewed in Xiao and Jang, 2000), an 

interesting line of study would be to discover what the target protein or proteins are for 

PhMAX2. If, like TIR1 (Gray et al., 2001), PhMAX2 targets a group of transcriptional 

repressors for degradation, this could lead to a new group of genes directly involved in 

controlling the mechanisms behind lateral bud outgrowth. Degradation of such negative 

regulators has been shown to be a common mechanism used in several signalling networks 

involving hormones and light (Huq, 2006). Attempts have been made to find proteins that 

interact with the apple F-box, MdMAX2, using yeast two-hybrid experiments (C. Brendolise 

and K. Snowden, unpublished data), but none have yet been identified. 

One of the most important steps in the study of the DAD signalling pathway will be the 

isolation and identification of the substance or substances that are the graft-transmissible 
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branching signal(s). Although in vitro studies have shown that Arabidopsis MAX3/AtCCD7 

and MAX4/AtCCD8 enzymes can cleave carotenoids or apocarotenoids in bacterial systems 

(Schwartz, et al., 2004; Auldridge et al., 2006), the actual substrate(s) of the enzymes in the 

plant is not known. Metabolomic screening for chemical differences between branching 

mutant and wild-type Arabidopsis is ongoing (O. Leyser pers. comm.), however the 

information gained from these studies has not yet been published. Progress is being made 

toward determining the crystal structure of the DAD1 and DAD3 proteins (R. Drummond, 

HortResearch), and knowledge of this structure may lead towards better candidates for the 

substrates of these enzymes in vivo. 

Localisation of the various components of the DAD pathway is going to be important in 

determining exactly how the signalling pathway is functioning. The DAD3 protein has a 

plastid-localisation motif at the N-terminal end of the protein, and it has been reported that 

both AtCCD8- and AtCCD7-GFP fusion proteins can be transported into pea chloroplasts 

during in vitro studies (Booker et al., 2004, Auldridge et al., 2006). However, unlike DAD3 

and the Arabidopsis orthologues of the enzymes, the TARGETP program does not predict a 

plastid localisation motif for DAD1 (R. Drummond, unpublished data). The possible 

localisation of the enzymes to the plastid provides a convenient co-localisation with the 

putative substrates, carotenoids, which are synthesised in the plastid. However, if DAD1 and 

DAD3 are localised to the plastid questions arise as to how a small section of interstock can 

modify a positive signal travelling through a graft, if the signal has to be transported into and 

out of a plastid.  Although the plastid is the site of de novo carotenoid biosynthesis, the initial 

and later steps of apocarotenoid modification do not occur exclusively within this organelle 

(discussed in Bouvier et al., 2005), thus, DAD1 may not be required to be localised within 

the plasmid in order to act on its substrate. Although in vitro studies have been performed, as 

of yet, there have been no in vivo localisation of the DAD proteins, or their orthologues in 

other species, reported in the literature. 

6.10 Summary 
This research has made a significant contribution to the knowledge of how lateral branching 

is controlled in petunia. Petunia is an important model perennial plant used for branching 

research, and this work includes the first comprehensive study of DAD gene interaction by 

double mutant analysis. The expression analysis of the DAD1 and DAD3 genes in wild-type 
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and dad mutant petunias is of particular note, and provides evidence of tissue-specific 

feedback regulation of this pathway in plants. 

Lateral branching is a developmental process with high agronomic importance due to its 

effects on the crop to vegetative load ratio, and use in improving ease of harvest and crop 

quality.  A large amount of work has been performed to increase understanding of the 

controls of branching, and characterisation of how these pathways differ in plants is of 

importance when applying this knowledge to other species.  
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Appendix 1 Additional data from dad double mutant studies 
 
In Chapter 3 the phenotypes of the single (dad1, dad2, dad3) and double (dad1dad2, 

dad1dad3, dad2dad3) dad mutants were characterised to clarify the position of the DAD 

genes in the signalling pathway to control branching. The data that were informative with 

regards to differences between the mutants are presented in Chapter 3, but additional data 

were collected and are presented here. 
 

Figure A1.1 presents data from an independent full replication of the double mutant analysis 

shown in section 3.2. This experiment was carried out a year earlier and shows similar data. 

The dad1dad2 and dad2dad3 mutants are not additive, and the dad1dad3 mutant is additive 

for plant height and the delay in flowering.  
 

 
Figure A1.1 Replication of dad double mutant analysis experiment. (A) Representative plants of 
those used in the experiment. (B) Height of plants. (C) Numbers of primary (blue bars) and secondary 
(red bars) branches. (D) Number of flowers on the main shoot axis. (E) Total flowers on the whole 
plant. (F) Additive stem length (total of main shoot and all basal branches). (G) Average length of 
primary branches. All data shown are means ± SEM (n ≥9). 
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The phenotype of the dad1dad2 double mutant was examined more closely in section 3.3 in 

an effort to differentiate dad1dad2 from the single dad1 and dad2 mutants. The flowering 

time data is presented in section 3.3, as that was a trait that had been previously reported to 

differ between dad1 and dad2 (Snowden and Napoli, 2003). The other traits that characterise 

the dad mutants were also measured and are presented here (Figure A1.2), as they did not 

provide a means of differentiating between the mutants. Plant height and the number of basal 

branches formed on the plant were measured, as well as recording the length of the branches 

at each node. 

 

 
 

Figure A1.2 Analysis of the dad1dad2 double mutant. (A) Length of primary branches (cm) numbered 
from the base of the plants. (B) Height of plants. (C) Total number of branches (primary, secondary 
and tertiary). All data shown are means ± SEM (n ≥7). 
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Appendix 2 Control PCR reactions undertaken for qRT-PCR 
 

No-reverse-transcriptase step control PCRs were carried out in order to confirm that there 

was no genomic DNA contamination of RNA extracted for synthesis of cDNA. This 

ensured that any amplification of the gene of interest during qRT-PCR, or standard RT-

PCR reflected expression of the gene in the tissue, and was not due to background 

contamination of gDNA. Two examples of the results of these reactions are shown in figure 

A2.1 and Figure A2.2. These tests were carried out for all of the cDNA samples used in 

Chapter 4 and Chapter 5. 

 

 

 

 

 
 

 
 

 
 

 
 

 

+  - +  - +  - +  - M RT 
Figure A2.1 Agarose gel showing PCR of 
cDNA and No-RT RNA samples with primers 
for the housekeeping gene actin2 on 
samples for qRT-PCR. The No-RT sample is 
directly after the comparable cDNA PCR, 
with the tissue type order being WT root, 
dad1 root, dad2 root and dad3 root from left 
to right. The reference ladder at the far right 
of the gel (M) is a 1kb+ ladder from 
Invitrogen. 

Figure A2.2 Example of agarose gel showing 
PCR of No-RT RNA and cDNA samples with 
primers for the housekeeping gene actin2 in 
samples from transgenic petunia plants. The 
No-RT sample is directly before the 
comparable cDNA sample. The reference 
ladders at the far left (M) of the gel is a 1kb+ 
ladder from Invitrogen. 
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Appendix 3 Additional DAD1 qRT-PCR analysis 

Expression of DAD1 gene in WT petunia tissues 
A biological replicate of qRT-PCR for DAD1 was performed and showed the same patterns 

of DAD1 expression in wild-type petunia tissues as those shown in Figure 4.7. Expression 

of the DAD1 gene is higher in the low stem tissue sample than in the root sample, and is 

detected at lower levels in samples collected from nodal or internodal tissues from apical 

regions of the stem (Figure A3.1). DAD1 gene expression was also detected at low levels in 

the floral apex sample at a low level. The set of cDNA collected for this experiment was 

completely independent of that used in Chapter 4, and was used for much of the 

optimisation of the qRT-PCR technique, hence there was insufficient cDNA to perform 

technical replicates, or to analyse the expression levels of other branching genes. Sample 

preparation was as described in Chapter 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.1 Relative expression levels of DAD1 gene in wild-type petunia. Quantitative real time 
PCR was used on cDNA from a range of tissues of wild type petunia to detect levels of the gene 
transcripts. The samples upper nodes, high internodes and low internodes are all stem tissues. 
Four replicates of each PCR were performed, and three internal reference genes (Actin2, EF1α, 
and Histone4) were used to normalise the relative expression levels. Error bars are the normalised 
standard errors of the mean as calculated by the method of Pfaffl (2001). 
 
 
Additional samples to those presented in Chapter 4 include whole seedling, seedling shoot 

apex, seedling root, and floral apex. The seedling samples were taken from seedlings 

grown in tissue culture on ½ MS plates that were just starting to form their first true leaf. 

The other samples were taken from 11 week old plants grown in the greenhouse which 

were just starting to form flowers. Given that DAD1 was expressed at very low levels in 
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seedling tissues, a more comprehensive developmental series could be undertaken in the 

future to investigate the age of onset of DAD1 expression in the plant. 

 

Expression of DAD1 gene in dad mutant seedlings 
An experiment to compare the expression of the DAD1 gene between dad mutant and wild-

type petunia seedlings was carried out. The seedlings used in this experiment were 

germinated and grown in tissue culture on ½ MS plates until they had formed one true leaf, 

and the samples were prepared for qRT-PCR as described in Chapter 4. Two technical 

replicates of the qRT-PCR were carried out. The results show some differences in 

expression between wild type and dad mutant seedlings, generally with a decrease of 

expression in some dad mutants (Figure A3.2). However, the extremely low level of 

expression of the gene in seedlings (see Figure A3.1) led to large standard errors that 

effectively meant that no conclusions could be made about the differences in gene 

expression. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.2 Relative expression levels of DAD1 gene in wild-type and dad mutant petunia 
seedlings. Quantitative real time PCR was used on cDNA from whole petunia seedlings to detect 
levels of the gene transcripts. Four replicates of each PCR was performed, and three internal 
reference genes (Actin2, EF1α, and Histone4 ) were used to normalise the relative expression 
levels. Two technical replicates (run1 and run2) are represented on the graph. In both cases the 
expression level is represented as proportional to the DAD1 expression in the wild-type (V26) 
seedlings. Error bars are the normalised standard errors of the mean as calculated by the method 
of Pfaffl (2001). 
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Appendix 4 Expression analysis of the petunia LIF gene 
 

The LIF gene isolated from petunia encodes a zinc-finger protein that has been shown to 

cause increased branching and altered cytokinin levels when overexpressed in transgenic 

plants. It has been reported to be expressed in stem tissues at the base of the axillary bud, 

using GUS-fusion analysis (Nakagawa et al., 2005). LIF was investigated in this thesis 

with the aim of determining whether expression of LIF was altered in the dad increased 

branching mutants by qRT-PCR in Chapter 4. The small size (642 bp) of the LIF gene 

(Figure A4.1) increased the difficulty of designing primer pairs to amplify a 100 bp 

fragment where the primers did not have affinity to each other or high levels of internal 

structure. Two primer sets pLIF3 and 4, and pLIFF and R were designed and tested. 
 

 
Figure A4.1 Schematic of the structure of the LIF gene. The LIF gDNA does not contain any 
introns. Annealing regions of primer pairs selected for use in the analysis are indicated by black 
arrows. The orientation of the primers is indicated by the direction of the arrows. 
 

The primer pairs pLIFF and R did not produce a product, even in PCR using genomic 

DNA as a template. The pLIF3 and 4 primers were tested on the stem and root samples 

from grafted petunia cDNA and no detection of the LIF gene was observed (Figure 

A4.2). qRT-PCR was attempted using the same templates, for the more sensitive 

detection, but was not successful. However, the LIF gene may not be active in these 

tissues, so cDNA from other wild-type tissues was tested as a template. 
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Figure A4.2 RT-PCR for 
LIF and Actin2 on cDNA 
from root and stem 
tissues of grafted dad 
and wild-type petunia 
tissues (see section 4.5) 
with control reactions 
using water (-ve) and 
gDNA as template. 
Marker (M) is 1kb+ 
ladder. 
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Expression of LIF had also been reported in the ovary and receptacle of petunia flowers, 

so cDNA from various flower tissues was used as a template. Expression of the LIF gene 

was detected in flower bud tissues (Figure A4.3), but not in the ovary as reported 

(Nakagawa et al., 2005). These cDNA samples were used as templates for detection of 

the LIF gene by qRT-PCR, but although the reference gene amplification was successful, 

the large amount of primer dimers amplified made interpretation of the expression data 

impossible. Optimisation of the PCR protocol to remove the primer dimers was 

unsuccessful. 
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Figure A4.3 Agarose gel of RT-PCR for LIF and Actin2 on cDNA from wild-type petunia floral 
tissues. Expression of LIF was detected in the floral bud, but not the cDNA from other flower 
tissues. gDNA was used as a positive control and water as a negative control. The negative lane 
in the actin2 gel was contaminated with overflow from the positive control lane. 
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Appendix 5 cDNA sequences of the PhMAX2 and MdMAX2 genes 
and their predicted protein sequences 
 
PhMAX2 and MdMAX2 are the petunia and apple homologues respectively of the 

Arabidopsis MAX2 gene involved in branching and senescence. The genomic sequence of 

PhMAX2 does not contain any introns, and so the cDNA sequence was determined directly 

from the gDNA. The cDNA sequence of MdMAX2 is incomplete, but is the consensus 

sequence assembled by the HortResearch EST database from several ESTs and is included in 

section A5.1. Also included in this appendix are the predicted amino acid sequences of the 

PhMAX2 and MdMAX2 proteins (in A5.2), the protein sequences were generated from the 

cDNA sequences in section A5.1. The symbol * indicates the stop codon in the protein 

sequence. 

 

A5.1 cDNA sequences of MAX2 genes 

PhMAX2 
atggctacacaacttaacgacctccctgatgtgatcctttcaaacatcatcgccgccgtcaccgacgtccgcagccgcaactccacctc
cttcgtctgccggaaatggctcgttcttgaacgttccacgcgcgtttctcttacgctccgtggcaacgtgcgtgaccttttcatgttaccca
cttgcttcagatccataacacaccttgacctttcccttatctctccttggggtcaccccctcctctcccccaccacccctgacccttcactca
ccgcccacctccttcaccacgcgtttccttttgtcacttccctcgtggtttacacgcgccacccatttaccctccaattgttaccccctttatg
gccccagttgaaacaaataaaactcgtacgttggcaccaacgtccacaattagcaactggggatgaattcaatatgttatttgagaattg
cccgaatcttagttcattagacttatccaccttttattgttggactgatgatatacctacagcacttgtgtctcatccgatggttgcttcgaatc
tcgtaactttaaacctcttgaatccttgcttctctgaagggtttaagaccgatgagattaaggcgataacgttagcttgtccgaatttgaagg
agtttcgtgttgtttgtatgtttgatcctaggtacattggttttgttggtgatgaaggtttggttgctgtagctaccaactgtccgaaattgtcca
cgcttcatttggcggatacttcagctttgtccaactctaggggtgatataaatgatgatgggttcactcaagaggatgctaagtttggagtt
tcgactttgatcgaggtgttttcgggtttgccattacttgaagagcttgttttagatgtttgtaacaatgttagagacactggtcctgctttgga
gattttgaacaagaaatgtcctagattgagatcgttgaagttgggacaatttcatgggatttctatgcctgttgaatcaaagttggatggtgt
tgctctttgtcaagggcttgaatctttgtcgataaggaacgtgggggacttgaatgatatgggtttgattgctattggtagagggtgttcga
ggttagccaagtttgaggtccaaggttgtaagaagattactgttagaggtatgaggacactagcttctttgcttaagaaaacattgattgat
gtcaagatttcttgctgcaagaatcttggagctgcttattcattgaaagcattggaaccgatacaaaaccggatccaaaagcttcacattg
attgtgtgtgggatagtgttgaagaatttgagaatcttgatggttatggatatgggtttgatcttaacagaagagatggatgtgaagcttca
agcaattttggggacacatttggatgtgaggaagatgcttacttgtttaaagagaagaagcgatgcaagttctcctatgatcttaatagttt
gtacgaggaagtcaatggacatggcaatggatatagtggacgatcatgggatcggctgcaatacctatctctttggataggtgttggtg
atcttctgactcctttaacagctgcaggtcttgaagactgtcctaacttagaagaaatcaagataagggtggaaggagattgcaggctat
ggtcaaaacattctgagcaggcatttggactaagcactcttctacactaccctaagctttcgaagatgcatttagattgtggagataccat
aggttatgcacacactgcaccatcaggacaagttgatttgagcttgtgggaaagattttacctgcttgggattggaactttgagccttact
gaacttgattattggccaccacaagatatggacgttaaccaacggtgtctgtccctaccagcagctgggctgctacaagaatgcctcac
gctccggaaattattcatccatggaacagcgcatgaacatttcatgatgttccttctaagaatcccgaacttaagagatgtgcaactgaga
gaggattactatccagcacccgagaatgacatgagtacagagatgagggctgactccttgagtcgctttgaagctgccttaaaccggc
gcccgatctctgattga 
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MdMAX2 
gagagggccacgcgcgcttctctcaagctccggggcaacgcgcgcgacctccaccggatcccgatttgcttcacagcggtggacca
gctcgacctatcactcttatccccgtggggccactcactgctctccccctccgccgccaacaccgaccctctcctcgcccagcgcctcc
gtgacgccttcccatccgtcacctcactcactgtctactcccgatctccctccactgtccagatcgtctcccgtctgtggccgggattgcg
ccggttcaagctcgtccgctggcatcaacggccccactcgcccctcggcgccgacttcgatcctctgttcagggagtgtcaatccctct
tggagctcgacttgtcggaattctactactggacggaggacctcccgccggctctggaagcccatcccggcgtggctcgatctctcac
caagctcaatctcttgacgaagtcgtttaccgaggggttcaaggccaacgagatcaaatccatcacggcggcgtgtccgaaactgcaa
catctcctagtggcgtgtatgttcgatccgagatacataggcttcgtcggcgaggaggctctcttatcgatctccgccaactgtccggag
ctcagagtcgttcatttggtcgatacaacgtcgctggccaacgcccgcggcgacccaaacgacaatgggttcaccgcggaagacgc
gcgggtcgggcgcgcggcgttagtcgacttcttctcggggcttccgctgctggaagagttggtgctggatgtgtgtaacaacgtgaga
gacagtgggttggcgctggaagtgctcgggtccaagtgccccaggctgagattgctcaagctgggccagttccatgggatttgctcg
gctattgggtccgagctcgacggcattgcgttgtgtgcagggctggagtcgctgtcgattaagaactcggccgatttgacggacatgg
ggctgattgagattgcgcgagggtgttgtagattggccaagtttgaggtcattggatgcaagagaattacggttaaagggttgaggacg
atggcttgtttgttgaggaagactttagtggatgtcgggatctcttgttgcaagaacttggatgccgcggcctcgctgcgggctctggag
cccatccgtgatcggattcagcgcctgcacattgattgcgtatgggaaaaggacgattctcatggctttgatgatcttggtcaggtgaat
gcccatggcggtattgcgttgaatcggaatggtgatgatggcggtgattacatggacttgaattgggcggctgagtacgaaatcagaa
gtagcaagaaatgcaagctggggatggatggggagtgttcctatatgccaccaagcaatggccatggctatggtgacggcaatggaa
atggaaacgggttttggtatgatgagacatgggagaggctgcattatctttcgctttgggttggggtcggtgagctgctgactccattgc
cttcggtgggtctcaatgattgtcccaatctggaggagattgacattcgggttgaaggggattgcaggtttaaccacagacccactcgg
cgagaattcgggttgagctgcctcgcaggctatcttcgcctgtccaagatgaagttggattgtggtgatacagtgggttatgcactgact
gccccggcgggacagatggaccttagcctctgggagaggttcttcctgaatgggattggaagtttgtccctcggtgaactcgactactg
gcccccgcaagaccgagatgtaaaccagaggagtctctcgcttccggctgccgggttgccgtcggaatgtgacacattgcggaagct
cttcatccacggcacggctcacgagcatttcatgatgttccttgtgagaaataacaatctcaacttgagggatgtgcagctgagagagg
actactatccggcacccgaaaacgaaatgagtacggagatgagagtggattcgtgttgtcgattcgaagatgcacttaacaggcgccc
gatcctcgattga 
 
 
 

A5.2 Predicted amino acid sequences of MAX2 proteins 

PhMAX2 
MATQLNDLPDVILSNIIAAVTDVRSRNSTSLVCRKWLVLERSTRVSLTLRGNVRDLF
MLPTCFRSITHLDLSLISPWGHPLLSPTTPDPSLTAHLLHHAFPFVTSLVVYTRHPFTL
QLLPPLWPQLKQIKLVRWHQRPQLATGDEFNMLFENCPNLSSLDLSTFYCWTDDIPT
ALVSHPMVASNLVTLNLLNPCFSEGFKTDEIKAITLACPNLKEFRVVCMFDPRYIGFV
GDEGLVAVATNCPKLSTLHLADTSALSNSRGDINDDGFTQEDAKFGVSTLIEVFSGL
PLLEELVLDVCNNVRDTGPALEILNKKCPRLRSLKLGQFHGISMPVESKLDGVALCQ
GLESLSIRNVGDLNDMGLIAIGRGCSRLAKFEVQGCKKITVRGMRTLASLLKKTLIDV
KISCCKNLGAAYSLKALEPIQNRIQKLHIDCVWDSVEEFENLDGYGYGFDLNRRDGC
EASSNFGDTFGCEEDAYLFKEKKRCKFSYDLNSLYEEVNGHGNGYSGRSWDRLQYL
SLWIGVGDLLTPLTAAGLEDCPNLEEIKIRVEGDCRLWSKHSEQAFGLSTLLHYPKLS
KMHLDCGDTIGYAHTAPSGQVDLSLWERFYLLGIGTLSLTELDYWPPQDMDVNQRC
LSLPAAGLLQECLTLRKLFIHGTAHEHFMMFLLRIPNLRDVQLREDYYPAPENDMST
EMRADSLSRFEAALNRRPISD* 
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MdMAX2 
……..ERATRASLKLRGNARDLHRIPICFTAVDQLDLSLLSPWGHSLLSPSAANTDPLL
AQRLRDAFPSVTSLTVYSRSPSTVQIVSRLWPGLRRFKLVRWHQRPHSPLGADFDPL
FRECQSLLELDLSEFYYWTEDLPPALEAHPGVARSLTKLNLLTKSFTEGFKANEIKSIT
AACPKLQHLLVACMFDPRYIGFVGEEALLSISANCPELRVVHLVDTTSLANARGDPN
DNGFTAEDARVGRAALVDFFSGLPLLEELVLDVCNNVRDSGLALEVLGSKCPRLRL
LKLGQFHGICSAIGSELDGIALCAGLESLSIKNSADLTDMGLIEIARGCCRLAKFEVIG
CKRITVKGLRTMACLLRKTLVDVGISCCKNLDAAASLRALEPIRDRIQRLHIDCVWE
KDDSHGFDDLGQVNAHGGIALNRNGDDGGDYMDLNWAAEYEIRSSKKCKLGMDG
ECSYMPPSNGHGYGDGNGNGNGFWYDETWERLHYLSLWVGVGELLTPLPSVGLND
CPNLEEIDIRVEGDCRFNHRPTRREFGLSCLAGYLRLSKMKLDCGDTVGYALTAPAG
QMDLSLWERFFLNGIGSLSLGELDYWPPQDRDVNQRSLSLPAAGLPSECDTLRKLFI
HGTAHEHFMMFLVRNNNLNLRDVQLREDYYPAPENEMSTEMRVDSCCRFEDALNR
RPILD* 
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Appendix 6 Anther dehiscence failure in FSIL transgenic dad1 
petunia 
 
The FSIL transgenic petunia lines created in a dad1 background were not studied in great 

depth in this thesis, largely due to the difficulty in creating a T1 generation. A common 

phenomenon in these T0 transgenics was complete failure of the anthers to reach 

dehiscence and release their pollen (Figure A6.1). This had consequences in that it was 

difficult to obtain seed from self-crosses with the dad1+FSIL plants.  

 

 
 
Figure A6.1 Flowers of FSIL (A, B, C) and GUS-control (D, E, F) transgenic petunia plants in wild-
type and dad mutant backgrounds. Any plants with a wild-type genetic background showed normal 
anther dehiscence, as did the dad1+GUS plants. Anthers with no dehiscence (C) and normal 
dehiscence (F) are indicated with white arrows. 
 
 
While dehiscence failure is observed in the occasional flower on most petunia lines, a vast 

majority of the flowers on dad1+FSIL transgenic plants displayed this trait. Out-crosses to 

wild-type petunias may allow the production of the next generation of dad1+FSIL plants, 

and this phenomenon probably warrants further study and quantitative analysis. 

A B 

E D F 

C 
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Appendix 7 Selection of Transgenic FSIL petunia by PhMAX2 
expression and PCR confirmation of transgene status 

 
In section 5.5.1 transgenic petunia plants were generated using the petFSIL construct with 

the intention of determining the effect of silencing the PhMAX2 gene on the plant phenotype. 

Nineteen independent lines of transgenic plants were generated in a wild-type background, 

and tissue was collected from each of these T0 lines. RNA was isolated from each line, 

cDNA was synthesised and tested for expression of the PhMAX2 gene using semi-

quantitative RT-PCR. The PCR reaction was stopped after 25 cycles of amplification, when 

the rate of amplicon increase would be expected to still be in the exponential phase. At the 

time, the qRT-PCR for PhMAX2 was still under development. None of the plants showed 

complete knock out of gene expression but the FSIL_2 and FSIL_18 lines were selected for 

study as they showed a decrease in the level of expression detected (Figure A7.1) 

. 

 

 
 

 

 

The FSIL_28 line was selected for use as a control, as the expression of PhMAX2 did not 

seem to be different to that observed in wild-type tissue. The level PhMAX2 of expression in 

the GUS transgenic plants was quite high compared to the wild type plant examined. 

 

Additionally analysis of FSIL plants focused on the T1 generation plants for lines FSIL2 and 

FSIL18, using plants from the FSIL28, GUS and WT lines as control plants. As the transgene 

would be segregating in these generations, the plants were selected on kanamycin media 

before transfer to the greenhouse, and PCR was used to confirm that the selected plants were 

transgenic. gDNA was extracted from the selected T1 plants (section 2.12.1) and PCR 

performed using the oKan5 and oKan8 primers to detect the nptII kanamycin resistance gene 

carried in the T-DNA construct (Figure A7.2).  

 

FSIL2 FSIL18 FSIL28 GUS WT 

Figure A7.1 RT-PCR on the pooled cDNA 
synthesised in triplicate from RNA extracted from T0 
transgenic FSIL petunia lines. PCR was carried out 
using the oligonucleotide primers oFBx15 and 
oFBx13 and 25 cycles of amplification performed. 
Only the samples selected for further study are 
shown here FSIL2 and FSIL18 are the 
downregulated lines, while expression of PhMAX2 in 
FSIL28 is not downregulated compared to the wild-
type sample. WT = wild-type 
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Plants that were negative for an nptII PCR band were discarded from the phenotype analysis 

of the T1 transgenic FSIL plants. 

FSIL18 1-9 

- + - + 

GUS 1-15 

Figure A7.2 Representative gel of PCRs to 
detect the nptII gene section of the transgene 
in gDNA of FSIL transgenic petunia or apple 
tissues. The genomic DNA in this case was 
from T1 generation FSIL petunia plants that 
were being used to characterise the effects of 
PhMAX2 down-regulation on the petunia 
phenotype. PCR was performed using oKAN5 
and oKAN8 primers on gDNA from GUS and 
FSIL_18 lines. The two negative controls 
contain respectively a water only template, and 
a wild-type gDNA template that should not 
contain the nptII gene. The first positive control 
is the TKO2_FSIL plasmid as template, and the 
second positive control has the pHEX14 
plasmid which also contains an nptII gene as 
template. DNA markers in left lanes 1kb+ 
ladders from Invitrogen. 
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Appendix 8 Restriction digest analysis of FOX1 binary vector 
extracted from transformed A. tumefaciens  
 
Plasmid DNA was extracted from A. tumefaciens bacteria (section 2.11.2) and restriction 

enzyme digests were performed in order to confirm that the PhMAX2 gene was cloned into 

the binary vector correctly (Figure A8.1). The enzymes used in the digest were EcoRI and 

BamHI which both cut within the PhMAX2 gene. BamHI also cuts at the beginning of the 

nptII gene in the plasmid backbone. The sizes of the DNA bands predicted to be produced 

by this restriction digest are 12967 bp, 2268 bp and 844 bp. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A8.1 Digest confirmation of FOX1 plasmid from A. tumefaciens. A) Schematic displaying 
structure of FOX1 binary vector including restriction sites of EcoRI and BamHI enzymes. B) 0.8% 
agarose gel showing digest pattern of plasmid DNA extracted from six individual cultures. The 
expected band pattern was 12.967 kb, 2.268 kb and 844 bp indicated by the arrows. The reference 
marker included was a 1kb+ ladder from Invitrogen. 
 
The first plasmid digest in the gel does not look correct, with an extra band of slightly 

larger size than the 2.3 kb band. This culture (1) was discarded and cultures 3 and 6 used 

for transformations. All the other plasmids tested clearly show a single band of more than 2 

kb in size and a large band of approximately13 kb. The smaller 850 bp band is not clear in 

any of the lanes, but would be of lower intensity than the other bands, and may be obscured 

by the loading dye front. The 2.2 kb fragment is the section between the BamHI site in 

PhMAX2 and the site in the nptII gene and indicates that the inserted gene is in the correct 

orientation. 
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Appendix 9 Transformation of max2 mutant Arabidopsis plants 
with FOX1 construct 
 
As no transgenic petunia plants containing the FOX1 construct for overexpression of 

PhMAX2 could be regenerated from tissue culture, the FOX1 construct was introduced into 

wild-type Arabidopsis to confirm that the vector construct was intact (see section 5.6.2). 

FOX1 was also transformed into a T-DNA insert line of max2 mutant Arabidopsis, which 

carries a T-DNA insertion in the Arabidopsis orthologue of PhMAX2. The aim was to 

discover if the PhMAX2 transgene could complement the phenotype of the max2 mutant, 

which would indicate functional conservation between the genes. The FOX1 construct was 

introduced into T0 max2 mutant Arabidopsis by A. tumefaciens-mediated floral dip 

transformation and the T1 progeny screened for any plants that had reverted to a wild-type 

phenotype (Figure A9.1). 

A B C

E FD

A B C

E FD

 
Figure A9.1 T1 max2 mutant Arabidopsis, progeny of T0 plants transformed with the PhMAX2  binary 
overexpression vector FOX1. Non-reverting and probably untransformed plants (A, B, C) compared 
with reverting, possibly transformed plants (D, E, F). 

 
The gDNA extracted from revertant and non-revertant plants was screened by PCR, using the 

oKan5 and oKan8 oligonucleotide primers to confirm that the plants were transgenic and that 

none of the reversion phenotypes were due to contamination with wild-type seed. All of the 

plants tested positive for the nptII gene that confers Kanamycin resistance, so at a minimum, 

all plants were indeed max2 mutants (Figure A9.2). 
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+ve-vemax2 + FOX1 
reverting

max2 + FOX1  
not reverting

+ve-vemax2 + FOX1 
reverting

max2 + FOX1  
not reverting  

 
Figure A9.2 PCR on Arabidopsis transgenics with oKan5 and oKan8 oligonucleotide primers to 
confirm that all plants are transgenic. The PCRs are performed on gDNA template extracted from the 
plants of interest which are all max2 + FOX1. M marker is 1kb+ ladder. 

 
The gDNA was then screened for the presence of the PhMAX2 transgene by PCR using the 

oFBx15 and oFBx13 oligonucleotide primers (see Figure 5.1). None of the revertant (or any 

of the non-revertant) plants tested positive for the presence of PhMAX2 (Figure A9.3), so the 

“reversion” of the max2 mutant plants to a wild-type phenotype was not caused by 

complementation with the PhMAX2 gene, and may have been due to external influences such 

as environmental stress. 

 
 

Figure A9.3 Agarose gel showing the results of PCR screening of max2 Arabidopsis transformed 
with FOX1, the PhMAX2 overexpression vector. The PCR was carried out with oFBx15 and oFBx13 
oligonucleotide primers. The reaction should produce a 672 bp fragment. The revertant plants do not 
contain the FOX1 plasmid and so are not transgenic for FOX1. Revertant plants include plants D-E 
from figure A9.1. Non revertant plants include plants A-C from figure A9.1. Positive controls include 
dad2 mutant petunia gDNA and plasmid DNA from the FOX1 binary vector. M marker is 1kb+ ladder. 
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