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Abstract 

Antirrhinum majus is a model plant used in flower pigmentation studies. Anthocyanin 

pigment production is mainly control led by regulation of transcription of the anthocyanin 

biosynthetic genes. Two types of transcription factors, MYB and bHLH, together with a 

WD40 type co-regulator have been shown to regulate the transcription of the anthocyanin 

biosynthetic genes. In antirrhinum, in addition to the wild type Rosea 1 phenotype, in 

which pigmentation occurs throughout the inner and outer epidermis of the petal , other 

complex pigmentation patterns are observed, such as anthocyanins being produced only 

in the outer (abaxial) epidermis of both lobes and upper tube region of the dorsal petals 

(roseadorsea phenotype). The major objective of this research project was to understand the 

genetic regulatory system leading to the development of the two different floral 

pigmentation patterns in antirrhinum as a means to understanding differential regulation 

of gene expression in simi lar cells. 

Promoter deletion analysis coupled with l inker scanning mutagenesis identified 

the - 1 62 bp to - 1 20 bp region of the Roseal promoter as important for the regulation of 

the Roseal gene. Four putative transcription factor-binding sites within this region : a W

box, a pyrimidine box, a DOF and a WRKY transcription factor binding site were shown 

to be important for Rosea l gene regulation. 

Promoter deletion analysis carried out on the rosea ldorsea promoter showed that the 

proximal 1 87 bp deletion was, surprisingly, not responsible for the roseadorsea phenotype. 

Cloning and characterisation of the Rosea l promoter sequence from various Antirrhinum 

species and accessions verified this finding. The rosealdorsea promoter analysis also 

indicated that - 1 5 1  bp of the promoter was sufficient for its expression as well as for the 

maintenance of petal specific expression. The rosealdorsea allele was also shown to 

encode a functional protein .  

In situ hybridisation analysis showed that Roseal transcripts were present in  the inner 

and outer epidermis of the petal tissue of both wild type and roseadorsea petal tissue. 
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Vascular expression of the Roseal mRNA is indicative of regulation of thi s  gene through 

sugar or hormonal cues. However, rosealdorsea transcript levels (in roseadorsea) were much 

lower than Roseal (wild type). Lowered expression of rosealdorsea transcripts may be 

responsible for the overal l weak pigmentation in  the roseadorsea flowers . Analysis of the 

intron sequences of the two alleles revealed that many sequence changes were present in  

the intron 2 of rosea ldorsea. These changes may lead to instabil ity or  the lower expression 

of the rosea ldorsea mRNA and may be responsible for the roseadorsea phenotype. Another 

possibility is that a fourth Myb gene may be responsible for the roseadorsea phenotype. 

The role of the Deficiens gene in direct regulation of Rosea l was analysed by RNAi and 

bioinformatics-based methods. The presence of potential MADS box binding sites in the 

intron 2 region of the Roseal allele indicated that Rosea l might be directly regulated by 

Deficiens. Initial experiments using transient assays did not support this suggestion. 

However, silencing of Deficiens in wild type antirrhinum buds led to the loss of 

anthocyanin pigments in the petals. Further analysis of the RNAi tissue using SEM 

revealed that the proper development of conical shaped epidermal cells  was also affected. 

The RNAi tissue also developed chlorophyll pigments underscoring the plasticity of petal 

identity. This work demonstrated that proper expression of Deficiens is required 

throughout flowering for anthocyanin pigment production as well as maintenance of petal 

cell identity. 

The current investigation revealed that the higher order regulation of the Rosea l alleles in 

antirrhinum petals i s  much more complex than initial ly  postulated. 
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Chapter 1: Introduction 

1 . 1  Overview 

Many flowers have complex anthocyanin pigment patterns such as spots, stripes or 

irregular patches. Al l  the cell and tissue types in a plant have the potential to produce 

anthocyanin pigments. However, their synthesis is controlled in a cel l autonomous 

manner in response to various spatial and temporal cues. In most flower petals, 

anthocyanin pigments are produced only in the epidermal cel l layer (Martin and Gerats, 

1 993) .  From a gene regulation aspect this raises the fundamental question as to how 

patterns are formed when all the cell types involved are competent to produce 

anthocyanin pigments. 

Thi s  research project is part of a larger study determining the mechanisms by which 

gene expression in s imi lar cel ls i s  differentially regulated, using the formation of 

different pigmentation patterns in A ntirrhinum majus as a model system. In al l plant 

systems studied to date, anthocyanin biosynthesis is mainly control led at the 

transcriptional level by MYB transcription factors and their co-activators of the basic 

helix-loop-hel ix (bHLH) and WD40 type (Schwinn et al., 2006). In this project, two 

pigmentation patterns in antirrhinum were analysed: the wild type, due to Rosea l 

acti vity in which pigmentation occurs throughout inner and outer epidermis of the petal ; 

and roseadorsea in which pigmentation occurs only in the dorsal surface of the corolla 

(Figure 1 . 1 ) . It i s  hypothesised that these two pigmentation patterns are due to the 

promoter specificities of RoseaJ alleles. ROSEA 1 is an anthocyanin pigment regulator 

of the MYB transcription factor family (Schwinn et al. , 2006). 

A second aspect of this project was to characterise pigmentation patterning in relation to 

development, as it  is a poorly understood aspect of plant biology. In the ABC model for 

flower development three morphogenic functions (A, B and C) determine organ 

identi ty, although related genes outside the A, B and C functions have also been 

identified (Sommer et al. , 1 990). It is known that some of the ABC genes continue to be 

expressed late into flower development, even after organ identity has been established. 

One such gene is Deficie ns, which belongs to the B class (Schwarz-Sommer et al. , 

1 992). Therefore, it was hypothesised that the class B Deficiens gene may control petal 
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Figure 1 . 1  Examples of pigmentation patterns in antirrhinum (adapted with 

permission from Dr Kathy Schwinn). 

RoseaJ gives wild type patterning with strong anthocyanin-based 

pigmentation throughout most of the petal epidermis (A) and roseadorsea has 

pigmentation only in the outer epidermi s  of the dorsal surface of the flower 

(B) .  
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pigmentation either as a developmental trigger or as a determinant of pigmentation 

production. 

1 .2 Plant pigments 

The major groups of plant pigments are f1avonoids, chlorophyl ls, carotenoids and 

betalains. Flavonoids serve diverse functions within the plant including protection 

against abiotic and biotic stresses, signal l ing to micro-organisms during nodulation, 

influencing auxin transport as wel l  as providing most colours in the visible spectrum to 

the floral organs in order to attract pollinators (Shirley, 1 996; Schwinn and Davies, 

2004). Anthocyanin pigments are the major c lass of f1avonoids, providing pigmentation 

to flowers, fruits and leaves. Chlorophyl ls  function as photosynthetic pigments and are 

widespread across the plant kingdom.  They occur in the leaves as well as in flowers and 

frui ts .  Carotenoid pigments also function in photosynthesi s  as well as providing bright 

yellow to orange colours to flowers and fruits (Davies, 2004). Betalain pigments are 

restricted to a few fami l ies in  the order Caryophyl lales and their occurrence i s  mutually 

exclusive to that of anthocyanins. They provide red, violet, yellow and orange colour to 

flowers, fruits and vegetative tissue and also occur in some fungi (Piattel l i ,  1 98 1 ;  

Grotewold, 2006). 

1 .2.1 Anthocyanin pigments 

Anthocyanins are water-soluble pigments and are the major contributor of red, purple 

and blue colours in flowers. Anthocyanins are c lassified into three major groups 

according to their base structure with pelargonidin-based pigments producing orange, 

red or pink colours, cyanidin-based pigments producing red, mauve or magenta colours 

and the delphinidin-based pigments producing purple, blue or blue-black flower colours 

(Davies and Schwinn, 1 997). In most flower petals anthocyanins occur only in the 

epidermal layer. 

1 .2.2 The anthocyanin biosynthetic pathway 

The anthocyanin biosynthetic pathway is part of the l arger phenylpropanoid metabolic 

pathway leading to production of l ignins, I ignans, stilbenes and hydroxycinnamic acids 

(Schwinn and Davies, 2004). The biochemistry of the major steps for anthocyanin 
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biosynthesi s  is well known with the genes/cDNAs for biosynthetic enzymes being 

c loned and characterised from a wide range of species. 

A simpl ified anthocyanin biosynthetic pathway is presented in Figure 1 .2. Anthocyanins 

are part of the flavonoid pathway and their biosynthesis begins in the cytoplasm with 

the sequential condensation of one 4-coumaroyl-CoA molecule with three malonyl-CoA 

molecules catalysed by chalcone synthase (CHS) leading to the production of 

naringenin chalcone. This is the first commited step for flavonoid biosynthesis. 

Naringenin chalcone is general ly the precursor molecule for all c lasses of f1avonoids 

including aurones, f1avones, f1avonols, f1aven-diols, f1avan-4-0Is, proanthocyanidins 

(condensed tannins), isoflavonoids and anthocyanins. Naringenin chalcone is  cyclised 

to form the flavanone, naringenin, by chalcone isomerase (CHI) .  Flavonoid 3'

hydroxylase (F3'H) which has broad substrate specificity then introduces a 3'-hydroxyl 

group to convert naringenin to eriodictyol while f1avanoid 3'S '-hydroxylase (F3'S 'H)  

catalyses the formation of petahydroxyflavanone from naringenin. Flavanone 3-fJ

hydroxylase (F3H) also has broad substrate specificity and catalyses the reduction of 

naringenin, eriodictyol and pentahydroxyflavanone to dihydrokaempferol, 

dihydroquercetin, and dihydromyricetin, respectively. Whilst the fJ-ring hydroxylases 

may work on more than one type of substrate, the level that they operate will vary 

depending on the species. Dihydroflavonol 4-reductase (DFR) then catalyses the 

reduction of these dihydroflavonols to produce the leucoanthocyanidins, 3,4-cis

leucopeJargonidin, 3,4-cis-leucocyanidin and 3,4-cis-leucodelphinidin. I t  should be 

noted that the F3 'H and F3'S'H can also use the dihydroflavanols as substrates, and there 

i s  evidence of their abi l ity to use leucoanthocyanidins in some species (Schwinn and 

Davies 2004). These leucoanthocyanidins are further reduced by anthocyanidin 

synthase (ANS) to produce the anthocyanidins, pelargonidin, cyanidin and delphinidin 

(Schij len et al., 2004). 

Anthocyanidins can be further modified by glycosylation, most commonly at C-3 

(Grotewold, 2006). The initial glycosylation may be fol lowed by addition of multiple 

sugar residues, as wel l  as acylation. 3-0 glycosylation of anthocyanidins i s  most 

commonly catalysed by UDP-G1c: -f1avanoid 3-0-glucosyltransferase (UFGT), which 

adds a glucose residue (Tanner, 2003) .  Acylation of anthocyan ins by various organic 

acids is catalysed by a group of enzymes known as anthocyanin acyltransferases and 
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Figure 1.2 The anthocyanin biosynthetic pathway [adapted from Schwinn and 

Davies, (2004); Grotewold (2006)]. 

It should be noted that the pathway shown here is a simplified one for the 

conversion of leucoanthocyanidins to anthocyanins, rather than the 

proposed in vivo route that occurs via a pseudobase intermediate. 

CHS - chalcone synthase, CHI - chalcone i somerase, F3 'H - flavonoid 3'

hydroxylase, F3'5 'H - f1avanoid 3 '5 '-hydroxylase, F3H - flavanone 3-/3-

hydroxylase, DFR - dihydroflavonol 4-reductase, ANS - anthocyanidin 

synthase, UFGT - UDP-GIc :f1avanoid 3-0-glucosyl transferase , GST -

glutathione-S-transferase 
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contributes to i ntramolecular and intermolecular interactions that increase the stability of 

anthocyanins (Nakayama et aI. , 2003). The final step of anthocyanin biosynthesis is the 

transportation of the pigment molecule to the vacuole where the pigments are stabilised 

and express the ful l  pigment colour. The detai l s  of the vacuolar transport process are 

unclear. However, analysis of mutants in various species have indicated the involvement 

of glutathione-S-transferase (GST) and ABC-type transporters in this process (Grotewold, 

2004).  There is a wide range of anthocyanin structures identified (>600 known), 

including variation in the anthocyanidin type through hydroxylation or methylation. The 

structures characterised for antirrhinum to date are fairly simple and implicate the 

activities of UFGT and UDP-rhamnose : anthocyanidin-3-0-glucoside 

rhamnosyltransferase (3RT) (Schwinn and Davies, 2004). 

1 .3 Genetic regulation of the anthocyanin biosynthetic pathway in 

flowers 

Detailed studies of the anthocyanin pathway in different species have shown that 

transcriptional control is the key regulation point for the control of anthocyanin 

biosynthetic gene expression. Previous studies have indicated that the expression of 

anthocyanin biosynthetic genes is  co-ordinately regulated in response to various 

developmental and environmental cues (Martin et aI. , ] 99 1 ;  lackson et aI. , 1 992; AJbert 

et aI. , 1 997; Quattrocchio et aI. , 1 998, 1 999). Furthermore, the biosynthetic genes have 

been shown to be regulated in groups, with the specific grouping varying for each 

species. Studies on the c lassic model species divided the anthocyanin biosynthetic genes 

into two major groups, early biosynthetic genes (EBGs) and late biosynthetic genes 

(LBGs) with the point of division being at either F3H or DFR (Davies and Schwinn, 

2003) .  Whether this  division appl ies to all flowers is uncertain. For example, in  the 

coloured organs of Anthurium andreanum (anthurium), the DFR gene is the key 

regulatory target (Collette et al. , 2004). While much is known about the regulation of the 

LBGs leading to anthocyanin biosynthesis (discussed in the next paragraph), l ittle i s  

known about the main regulators o f  the EBGs for flower pigmentation. However, for 

increased anthocyanin production both EBGs and LBGs need to be regulated in a co

ordinated fashion. MYB and bZIP factors have been impl icated in the reguJation of 

EBGs, suggesting that different combinations of transcription factors to those controll ing 
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the LBGs may be the main regulators of the EBGs (Sablowski et aI. , 1994; Sablowski et 

aI. , 1995;  Moyano et aI. , 1996). 

A common theme emerging from the studies on transcriptional regulation of the 

anthocyanin biosynthetic pathway i s  that MYB and bHLH-type transcription factors 

together with a WD40 co-regulator function in this process (Ramsay and Glover, 2005) .  

The MYB proteins contain either one (R3), two (R2 and R3) or  three (R I ,  R2 and R3) 

i mperfect repeats of the MYB DNA binding motif (Martin and Paz-Ares, 1 977) .  Most of 

the plant MYB proteins belong to the R2R3 family .  The MYB factors directly bind to 

regulatory elements present in their target promoters. The bHLH partner has been shown 

to be essential for transcriptional act ivation of the target genes by MYB factors, although 

they have not been shown to bind DNA. The preci se function of the WD40 co-acti vator 

in the MYB-bHLH-WD40 complex is not yet known. WD40 proteins are highly 

conserved, from algae to humans, with their general function being the faci l i tation of 

protein-protein interactions (Ramsay and Glover, 2005) .  Figure 1 .3 shows the current 

model for the transcriptional regulation of anthocyanin biosynthetic genes by the M YB

bHLH-WD40 complex. 

1 .3. 1 Eukaryotic gene transcription 

The ini tiation of transcription in eukaryotes requires two major components : 

transcriptional activators and the RNA polymerase I I  holoenzyme complex. 

Transcriptional activation of a gene i s  achieved by the binding of gene-specific 

transcriptional activators to the eis-elements, most commonly present in the promoter 

region, where they recruit and regulate the activities of chromatin-modifying complexes 

and the RNA polymerase 11 holoenzyme transcription apparatus (Berk, 1 999). The RNA 

polymerase I I  holoenzyme complex i s  composed of the 1 2-subuni t  RNA polymerase II 

core enzyme, the general transcription factors (GTFs) and one or more of the multi

subunit complexes cal led co-activators or mediators (Lee and Young, 2000). The GTFs 

include TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH.  GTFs are essential for specific 

promoter binding by RNA polymerase ll. Co-activators/mediators are all the factors that 

do not belong to the general GTFs and transcription factors. These form mUlti-protein  

complexes that are capable of  acetylating histones and play an  i mportant role i n  
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Activation of 
transcription 

Figure 1 .3 Current model for the initiation of transcription of anthocyanin 

biosynthetic genes. 

ABG 

A complex containing MYB, bHLH and WD40 factors binds to the promoter 

regions of the anthocyanin biosynthetic genes (ABGs) and interacts with the 

basal transcription machinery to activate transcription . 

It should be noted that all the components of the basal transcription 

machinery has not been shown for clarity of the figure. TBP - T ATA-box 

binding protein, TAFs - TBP associated factors, I IA-TFIIA. 
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increasing the accessibil ity of GTFs to enhancer/promoter regions (Berger, 1 999). Co

activators/mediators include TATA-box binding protein (TBP)- associated factors 

(TAFs) as well as the subunits of the SRB/mediator complex (Meyer and Young, 1998) .  

Transcription factors are proteins that interact either directly or indirectly with eis 

regulatory elements and modulate the effic iency of transcription from l inked core 

promoters (Courey, 200 1 ) . These can be divided into two broad categories: sequence

specific regulators (e.g. MYB proteins) and the co-regulators (e.g. WD40 proteins). The 

sequence-specific regulators interact with the eis-elements in a sequence-specific manner 

and are usually modular in  nature (i .e .  made up of independent structural domains that 

have specific functions important for the various biochemical functions of the factor) 

(Courey, 200 1 ;  Latchman,  2004) .  In contrast, co-regulators do not interact with the DNA 

directly but are directed to their regulatory targets by protein-protein i nteraction with the 

sequence-specific regulators. The regulation of gene expression is achieved by an inter

play of transcriptional activators and repressors. 

1.3.2 Regulation of anthocyanin biosynthetic genes in model species 

Genetic and molecular studies have identified that the Zea mays (maize) regulatory 

factors can be cl assified into two fami l ies :  the RIB fami ly, which encodes the bHLH 

factors (Chandler et al., 1989; Ludwig et al. , 1989; TonelI i  et al. , 1991), and the Cl/Pl 

fami ly encoding the MYB factors (Cone et al. , 1 986, 1 993; Paz-Ares et a I. ,  1987).  

Anthocyanin biosynthetic genes in maize are control led as one regulatory unit with the 

transcription of all the target genes being regulated in a co-ordinate manner (Davies and 

Schwinn, 2003).  

The RIB family includes R (Red), B (Booster), Le (Lea f colour) and Sn (Sienna ). These 

genes show much allelic diversity in terms of both developmental t iming and tissue 

specificity of thei r  expression. The duplicate function of the R and B genes are apparent 

in their DNA sequence similarity where the R gene sequence was used as a heterologous 

probe to c lone the other members (B, Le and Sn) of the fami ly (Chandler et al. , 1 989; 

Ludwig et aI. , 1989; ToneIl i  et aI. , 199 1 ). The R locus is located on chromosome 10 with 

the Le and Sn genes located two map units away from the R locus indicating that an 
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intrachromosomal duplication of the R contain ing region may be responsible for the 

evolution of the Le and Sn alleles (Consonni et al., 1993). The B locus is located on 

chromosome 2 and is more divergent and most l ikely to have evolved due to a 

chromosomal duplication event. 

Although all of the tissue in the maize plant is competent to produce anthocyanin 

pigments it has been demonstrated that pigment production is strictly dependent on the 

specific bHLH factor expressed in a particular t issue. For example, R gene expression i s  

required for pigmentation of aleurone, anthers and coleopti les, Sn gene expression is  

required for pigmentation of mesocotyl, leaf base, pericarp and aleurone, Le expression is  

required for pigmentation of midrib, l igule, auricle, glume, lemma, palea and pericarp 

tissue and B gene expression is required for pigmentation of the seed (Ludwig et al. , 

1989; Ludwig and Wessler, 1 990; Tonell i  et al. , 1 99 1 ;  Consonni et al. , 1 993) .  

The high degree of sequence simi larity in  proteins belonging to the R-gene fami ly 

indicates that this phenotypic diversity is due to e ither minor variations in the R-gene 

fami ly of prote ins and/or differences in their patterned expression. Experimental evidence 

supports the latter view that various proteins of the R-gene family are functional ly 

redundant and that pigmentation can be induced in a novel ti ssue by changing their 

promoter regions (Ludwig and Wessler, 1 990). Therefore, the tissue-spec ific expression 

pattern of the genes belonging to the R family is  mainly due to divergence of their 

promoter regions allowing distinct spatial and temporal regulation of these genes. 

The MYB factors required for regulation of maize anthocyanin biosynthetic genes are 

encoded by the two closely related and paralogous genes Cl (Colourless] )  and PI 

(Purple leaf) (Cone et al., 1 986, 1993; Paz-Ares et aI. , 1 987). Cl regulates anthocyanin 

production in the aleurone and scutel lum while PI controls i ts production in mature 

tissue. The MYB proteins activate anthocyanin biosynthetic gene expression at the 

transcriptional level by interaction with a bHLH partner. This interaction does not 

i ncrease the DNA binding specificity of the MYB factor (Sainz et aI. , 1997). Although 

the MYB proteins can bind to eis-elements present in the anthocyanin biosynthetic genes 

by themselves, they absolutely require the bHLH partner for the activation of 

transcription of the target genes (Sainz et al. , 1 997; Lesnick and Chandler, 1 998; 
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Grotewold et at. , 2000; Hemandez et at. , 2004). Thi s  suggests that the interaction of the 

bHLH factor with the MYB partner is essential for transcriptional activation by this 

complex (Goff et aI. , 1 992). It i s  interesting to note that the related M YB proteins for 

phlobaphene (3-deoxyflavonoids) production can activate some of the same target genes 

(e.g. DFR) without the need for a bHLH factor (Grotewold et aI. , 1 994) .  Phlobaphenes 

are red coloured pigments found in pericarp and seed coat tissue of maize and other 

monocot species. The W D40 protein regulating anthocyanin biosynthesis in maize i s  

encoded by  the Pacl (Pale aleurone colour] )  gene (Carey e t  aI., 2004). 

The proteins encoded by Cl and Pt of the MYB fami ly also show a high degree of 

sequence similarity (Cone et aI., 1 993a; Consonni et aI. ,  1 993). However, the different 

MYB/bHLH partners have been shown to regulate pigmentation of different tissues in 

maize and so, as for the R gene fami ly, this is explained by the divergence in their 

promoter regions resulting in differential expression of individual members of each 

family (Ludwig et aI., 1 989; Ludwig and Wessler, 1 990; Goff et aI. , 1 99 1 ,  1 992; 

Consonni et aI., 1 993). 

In Petunia sp. the floral organs, stems and leaf petioles may be pigmented. Studies have 

used a range of petunia species, m ost notably, P. hybrida and petunia 'mitchel l '  [Petunia 

axillaris x (P. axillaris x P. hybrida)]. The regulation of anthocyanin biosynthesis in the 

flower petals is well characterised and is controlled by the positi ve regulation of LBGs 

from DFR onwards (Mol et aI. , 1 998). MYB and bHLH transcription factors together 

with a WD40 co-acti vator regulate the anthocyanin LBGs in the two petal domains, l imb 

and tube. 

An2 (Anthocyanin2) and An4 (Anthocyanin4) encode the M YB factors and show spatially 

distinct expression patterns with An2 being expressed in the petal limb and An4 in  the 

anthers (Quattrocchio et al. , 1 999; Spelt et aI., 2002) .  The bHLH factors are encoded by 

AnI and JajJ3 (Quattrocchio et ai. , 1 998; Spelt et al., 2000, 2002). AnI controls petal 

l imb colour and lajl 3  is expressed in l imb, tube and anthers, though the spatial domain 

where it regulates anthocyanin pigmentation is not known (Quattrocchio et aI. , 1 998). 
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The specific partnerships between the MYB and bHLH factors of Petunia are not known. 

However, transient expression studies using different combinations of the MYB and 

bHLH factors have shown that they are functional ly redundant, i ndicating that their ti ssue 

specific expression pattern i s  due to divergence of their promoter regiorfS (Quattrocchio et 

al. , 1 998;  Spelt et al. , 2000). Little is known regarding the mechanisms controll i ng Myb 

and bHLH regulation and the modulation of their activity. AN 1 1  encodes a W D40 protein 

that, from studies on the anI I mutant, i s  known to be required for anthocyanin  

production in the flower. However, it i s  expressed in many tissues i nc luding those that 

are pigmented and unpigmented (deVetten et al. , 1 997). Transient experiments also 

indicate that AN I 1 acts upstream of AN2 and may regulate the activity of AN2 by post

translational mechanisms. 

I n  addition to regulation of anthocyanin biosynthetic gene expression (Quattrocchio et 

al. , 1 998), AnI , An2 and AnI I also control intracellular pH and epidermal cel l 

differentiation i n  petal t i ssue (Gerats et al. , 1 989; Quattrocchio, 1 994; Spelt et al. , 2002) .  

Other factors may also be involved in regulation of pigmentation i n  petunia flowers. One 

such factor is that which corresponds to the Anl2 gene, which increases pigmentation in 

regions outside of petal veins and when mutated results in  flowers with dark 

pigmentation in the veins and paler pigmentation throughout the rest of the petal l imb 

(Gerats et aI. ,  1 989). 

Anthocyanins, as well as another c lass of pigments called the proanthocyanidins, are 

present in various tissues of A rab idops is thaliana (arabidopsis) plants. Proanthocyanidin 

pigments are brown coloured and occur in the seed coat, vegetative t issue and seedlings 

of arabidopsis. Transparent testa 2 (tt2) encodes a MYB transcription factor important 

for regulation of pigment biosynthesis in the seed coat (Nesi et aI. , 200 I )  and has been 

shown to regulate B ANYULS, which encodes the anthocyanidin reductase that catalyses 

the first committed step in the proanthocyanidin biosynthetic pathway (Xie et al. , 2003). 

Transparent testa 8 (u8) encodes a bHLH factor and is required for the activity of 112 

(Nesi et al. , 2000, 2002) .  TRANSPARENT TESTA GLABROUS 1 (TTG l ), a WD40 

protein,  is also important for anthocyanin and proanthocyanidin biosynthesis ,  as wel l as 

seed mucilage and trichome production in arabidopsis (Walker et al. ,  1999; Western et 

al. , 200 1 ). Recently, using a combination of genetic and molecular approaches Baudry et 
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al. (2004) demonstrated that TT2, TT8 and TTG 1 synergistical ly specify the expression 

of BANYULS and proanthocyanidin biosynthesis in arabidopsis. Anthocyanin 

production in vegetative tissue i s  regulated by two other bHLH proteins, GL3 

(GLABROUS3) and EGL3 (ENHANCER OF GLABROUS3), and a homeodomain 

protein, ANL2 (ANTHOCY ANINLESS2) of the GLABARA2 group (Kubo et aI. , 1999; 

Payne et aI. , 2000; Zhang et aI. ,  2003). Overexpression of two Myb genes, PAP 1 

(Production of anthocyanin pigment])  and Pap2 (Production of anthocyanin pigment2) 

lead to the ectopic accumulation of anthocyanin pigments, as well as flavonol and 

hydroxycinnamic acid accumulation indicating their role i n  regulating anthocyanin 

biosynthesis (Borevitz et aI. , 2000).  Other MYB factors that might be involved in 

flavonoid gene regulat ion in arabidopsis are MYB 1 13 , MYB 1 14, MYB 1 2, MYB 1 1  and 

MYB I I (Kranz et aI. , 1998; Strack et al. ,  200 l ;  Mehrtens et aI. , 2005).  

There are various additional factors regulating pigmentation in arabidopsis .  Transparent 

testa glabrous 2 ( ttg2) ,  which encodes a plant-specific WRKY transcription factor, has 

been shown to be important for the production of seed coat proanthocyanidins, mucilage 

and trichomes (Johnson et aI. , 2002). TRANSPARENT TESTA l (TT l ), representing a 

new group of zinc finger proteins of the WIP subfamily, i s  also required for 

proanthocyanidin expression and B ANYULS expression, as well as endothel ium 

development (Sagasser et ai. ,  2002). 

A MYB-bHLH and W D40 transcription factor complex has also been shown to regulate 

pigmentation in Ipomoea species i ncluding the common morning glory ( Ipomoea 

purpurea) and the Japanese morning glory (Ipomoea nil). IpMYB l lW and IpbHLH2, the 

MYB and bHLH factors in I. purpurea respectively, have been c loned and characterised 

(Chang et aI. , 2005 ; Park et aI. , 2007). A MYB factor (InMYB I IC), bHLH factors 

(lnbHLH2 and InbHLH l )  as well as the WD40 co-factor (InWDR l )  have been c loned 

and characterised from I. nil (Morita et aI. ,  2006). 

Negative regulators of anthocyanin biosynthesis  have been identified in maize, petunia, 

arabidopsis and strawberry . The maize 1nl (Intensifierl )  locus encodes a bHLH protein 

with similarity to R .  The majority of the transcripts for in } are mi s-spl iced and it has been 

proposed that the truncated proteins encoded by these transcripts might function as 

14  



dominant negative inhibitors (Burr et aI. , 1 996). Arabidopsis ICX l (INCREASED 

CHALCONE SYNTHASE EXPRESSION I )  acts as a negative regulator of several 

different pathways that regulate the flavonoid biosynthesis genes in an epidermal-specific 

manner (Jackson et aI. , 1 995 ; Wade et aI. , 2003) .  ICX ) has been shown to act as a 

negative regulator of cryptochrome 1 ,  phytochrome A, responses to UV-B, low 

temperature and sucrose, and cytokinin induction of CHS expression and/or anthocyanin 

accumulation. These results also demonstrate that these different pathway are either 

directly or indirectly regulated by at least one common component. ICX I functions in 

seedlings as wel l as in mature leaf tissue, mainly in the epidermis, as the icxl mutant is 

altered in epidermal development. Although icxl is yet to be cloned, the detailed 

characterisation of the icxl mutant by Wade et al. (2003) suggests that it acts upstream of 

the transcription factors that regulate the flavanoid biosynthetic genes. The Myb4 gene 

from arabidopsis has also been shown to repress the transcription of its target genes (Jin 

et aI. , 2000). MYB4 belongs to a novel group of plant R2R3 MYB proteins containing a 

repressor domain and is involved in transcriptional si lencing. The strawberry MYB 1 

suppresses both anthocyanin and flavonol accumulation in transgenic tobacco (Aharoni et 

aI. , 200 1 ). Interestingly, the strawberry MYB I also contains the C-terminal amino acid 

motif present in the arabidopsis MYB4 that is important for its repressor function. 

Table 1 . 1  summari ses the major transcriptional regulators of anthocyanin biosynthesis in 

model species based on subgrouping of the MYB and bHLH factors according to 

phylogenetic simi larity. 

1 .4 Regulation of anthocyanin production in Antirrhinum majus 

Anthocyanin pigments are present in many floral and vegetative tissues of antirrhinum. 

Petal pigmentation regulation in antirrhinum i s  similar to that of petunia, where different 

MYBlbHLH factors regulate pigmentation in the tube and lobes in a spatially distinct 

manner (Figure l A).  A WD40 factor involved in pigment production has been i solated 

from antirrhinum (Dr Kathy Schwinn, personal communication) .  
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Table 1 . 1  Transcription factors involved in the regulation of the anthocyanin 

biosynthetic pathway in model species. 

Species R2R3 MYB TF bHLH TF WD40 co-

Group 1 Group 2 Group 1 Group 2 activator 

Antirrhinum majus Rosea l Del i la Mutabil is 

Rosea2 

Venosa 

Zea mays C l  B R Pac 1 

PI Lc Sn 

1N l 

Petunia hybrida An2 Jaf l 3  An I An I I  

An4 

Arab idops is Pap l GL3 ITS ITG l 

thaliana Pap2 EGL3 

Ipomoea nil InMYB I /C InbHLH l InbHLH2 InWDR l 

Ipomoea purpurea IpMYB I IW IpbHLH2 

Expression of anthocyanin biosynthetic genes in antirrhinum is  spati ally co-ordinated 

through the regulation of LBGs beginning with F3H.  The known bHLH factors are 

encoded by Delila and Mutabilis (Goodrich et aI. , 1992; Schwinn et al. , 200 1 ) . Delila 

controls pigmentation of the tube region (Almeida et aI. , 1 989; Goodrich et al. , 1 992) by 

activating transcription of DFR, F3H, ANS and UFGT (Jackson et al. , 1991) .  

Additionally, Delila has been shown to  repress the expression of  CHS in the mesophyll 

cells of the corolla lobes, indicating a possible dual role as an activator and repressor in 

different spatial domains of the antirrhinum flower (Martin et al. , 1991) .  Mutabilis 

encodes for a second bHLH factor and controls pigmentation in the lobe tissue. 

The known MYB factors regulating anthocyanin LBGs are encoded by Venosa and the 

complex Rosea locus comprised of the two closely l inked genes Rosea l and Rosea2. 
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Figure 1 .4 MYB-bHLH protein interactions in the different spatial domains of the 

antirrhinum flower (Schwinn et al. , 2006). 

An outline of the different MYB-bHLH interactions occurring in the two 

different regions, lobe and tube, of the antirrhinum flower. Mutabilis i s  

expressed only in the lobe region while Delila i s  expressed in both tube and 

lobe regions. ROSEA l (ROS l )  and VENOSA (VE) interact with both 

MUT ABILIS (MUT) and DELILA (DEL) in the lobe and tube tissues while 

ROSEA2 (ROS2) only interacts with DELILA. 
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(Schwinn et ai. , 2006). Expression of the Venosa gene leads to pigment production in the 

inner epidermal ti ssue overlying the veins of the corolla (Shang, 2007).  Mutations 

affecting these regulatory genes have al lowed the identification of the spatial expression 

domains of these genes in the corol la. Roseal is expressed in both tube and lobe ti ssue 

although the steady state transcript level was several t imes greater in the lobes (Schwinn, 

1 999) . This  pattern is  also observed for biosynthetic gene expression, as well as the 

intensity of anthocyanin pigmentation in antirrhinum petals (Jackson et ai. , 1 992). The 

Roseal transcript can be first detected (by northern blotting) at stage three (bud length 

1 0- 1 5  mm) with a substantial increase occurring by stage five (bud length 20-25 mm) 

(Schwinn, 1 999; Schwinn et  ai. ,  2006). In  stage five petal ti ssue, the stage when the 

petals are reaching full expansion, LBG expression is at maximum, EBG expression i s  

declining and anthocyanin levels are rapidly i ncreasing (Coen e t  ai. , 1 986; Bartlett, 1 989 

; lackson et ai. , 1 992). Rosea2 has l ittle or no effect on pigmentation of the central part of 

the lobe and no effect in other organs of the flower. Rosea2 also produces a much weaker 

pigmentation phenotype compared to Roseal and has much lower transcript levels 

compared to Rosea l .  This low expression level of the Rosea2 gene has been attributed to 

ineffic iency in spl icing of the large (> 9 kb) second intron (Schwinn et ai. , 2006). 

Although functionally equivalent in their abi lity to induce pigmentation in transient gene 

assays, Venosa, Roseal and Rosea2, have different target gene specificity in addition to 

their different expression patterns in the corolla tissue (Schwinn et ai. , 2006). Therefore, 

it is l ikely that the anthocyanin regulatory factors in antirrhinum have diverged 

functional ly and in their expression pattern (Schwinn et al. , 2006). This i s  different from 

the situation in maize where C l  and PI have been shown to be functionally equivalent 

(Cone et ai. , 1 993a & b). 

Genetic and molecular evidence indicate that Rosea l is epistatic to Venosa and Rosea2 as 

the Rosea I phenotype masks the phenotypes of both rosea2 and venosa mutants 

(Schwinn et ai. , 200 1 ) . MUT AB ILlS and DELILA functions in lobe t issue. Their 

partnership with the Myb factors appears to be specific and, therefore, important for the 

spatial regulation of pigmentation (Schwinn et al. , 200 I ,  2006). For example, mutant 

analysis indicates that ROSEA2 only interacts with DELILA in the flower petals. 
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1 .4. 1 Antirrhinum as a model plant for pigmentation patterning studies 

Antirrhinum is a perennial eudicot belonging to the Scrophulariaceae (Perry, 1 98 1 ) . 

Antirrhinum has been used in the earliest of genetic studies by scientists such as Darwin 

and Mendel and became established as a model system for inheritance studies by Erwin 

Baur in the early 20th century. Antirrhinum plants are hardy, have a relatively short 

generation time, and are easily self- and cross-poll inated. These characteristics, as well as 

the plethora of phenotypic variations avai lable, prompted its use as a model for these 

early studies. Studies on antirrhinum have contributed much to the understanding of the 

pigment biosynthetic and photosynthetic pathways, as well as to the establishment of 

fundamental aspects of developmental genetics of plants (Schwarz-Sommer et aI. , 2003).  

Floral pigmentation in antirrhinum has been studied extensively, leading to isolation and 

characterisation of the anthocyanin biosynthetic genes as well as their regulatory factors. 

Mutations that affect the biosynthetic genes include nivea (CHS) (Sommer and Saedler, 

1 986), incolorata (F3H) (Martin et al. ,  1 99 1 ), eosinea (F3'H) (Stickland and Harrison, 

1 974), pallida (DFR) (Martin et aI. , 1 985) and candica (ANS) (Martin et aI. , 1 99 1 ) .  For 

most of these loci mutations lead to acyanic flowers. 

The wild type pigmentation pattern of the antirrhinum flower is comprised of yellow 

(aurone) and magenta (cyanidin). Additional patterning such as the venation pattern of 

pigmentation, where increased pigmentation occurs in the epidermal region overlying the 

vascular strands of the petal, was characterised from the early 20th century onwards 

(Onslow, 1 925) .  Many of the other Antirrhinum species also show variation in their 

floral pigmentation patterns (Schwinn et aI. , 2006). Most of the native species from 

Spain, Portugal, France and Italy are either acyanic, palely pigmented or palely 

pigmented with strong venation pigmentation patterns. Some species have entirely yellow 

corol la lobes due to enlarged zones of aurone accumulation. In addition to these original 

species with different pigmentation patterns, many other pigmentation phenotypes have 

been developed by breeding. The avai labi l ity of these different pigmentation phenotypes 

as well as the genetic, biochemical and molecular biological knowledge of anthocyanin 

biosynthesis and its regulation in Antirrhinum makes it an excel lent model for 

pigmentation patterning studies. 
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1 .4.2 Antirrhinum majus flower architecture 

Antirrhinum flowers have five smal l sepals. Each flower is born on a short, leafless 

pedicel that arises from the axil of a short, sessile bract. The flowers point in all 

directions in the inflorescence, and show bilateral symmetry. The corolla of the flower, 

fused at the base to form a tube, divides distal ly to form two lips (Figure 1 . 1 ) . The upper 

l ip is erect and the lower l ip spreads to form a projecting palate that c loses the mouth of 

the corolla tube (Cocksul l ,  1 985) .  Cel l division in the flower bud is complete when it i s  

approximately 1 0  mm in length with the rest of the growth occurring due to cell 

expansion (Jackson et aI. , 1 99 1 ). 

In the wild type flowers, anthocyanins occur in both lobe and the tube tissue, and are 

located exclusively in the inner and outer epidermis with more abundance in the inner 

epidermis (Jackson et al. ,  1 992; Martin and Gerats, ] 993) .  Anthocyanins are present at 

very early stages of bud development and steadi ly increase to maximum levels when the 

flower is fully opened and slightly decrease as the flower ages (Coen et aI. ,  1 986). 

Aurones, which provide yel low pigmentation to the face and throat of the corol la, also 

show simi lar epidermal-specific localisation as wel l  as similar developmental 

accumulation patterns as anthocyanin pigments (Geissman et aI. , 1 954; Asen et aI. , 

1 972). 

1 .4.3 Pigmentation patterns conferred by the Roseal alleles 

Rosea locus is a key determinant of flower pigmentation and is comprised of two closely 

l inked genes, Roseal and Rosea2. An allelic series exists for both of these genes. This 

study focused on the Roseal and rosea ldorsea aIIeles, the phenotypes of which are shown 

in Fig. 1 . 1 .  In wild type Rosea l flowers, anthocyanins accumulate in the epidermis of 

both tube and lobe regions (Jackson et aI. , 1 992). The distribution of anthocyanins is  

more even in the lobe tissue except for the aurone-producing face of the flower where i t  

i s  excluded. Also, more anthocyanins accumulate in the inner epidermis than the outer 

epidermis in the lobes, while in the tube it is more balanced at the base of the tube. The 

top part of the tube accumulates anthocyanins more weakly and they are found only i n  
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the outer epidermis  (Jackson et al. ,  1 992). The wild type flowers are nul l  mutants for 

rosea2 (Schwinn et al. ,  2006) .  In roseadorsea flowers, anthocyanins accumulate only on the 

outer (abaxial ) epidermis of both lobes and upper tube region of the dorsal petals. The 

rest of the tube is unpigmented except for a vestigial ring of pigmentation occurring at the 

base of the tube (Schwinn et al. ,  2006). 

The two pigmentation genotypes used in this project are those giving wild type and 
dorsea h N h i '  f R 1 . . dorsea fl d' d rosea p enotypes. ort ern ana YS1S or osea transcnpts In rosea ' owers 1 

not detect its expression because its transcript levels were below the detection l imit in 

both tube and lobes. However, RT-PCR was able to ampl ify the Rosea l cDNA from 

roseadorsea (Schwinn 1 999). All three exons, intron 1 and part of intron 2 of rosea ldorsea 

were also sequenced and compared with the Roseal allele. No obvious mutations were 

seen in  the amino acid sequence that could account for the radical phenotype change seen 

in the flowers of roseadorsea. Seventeen differences were found in intron 2 of rosea ldorsea 

with most of them being single bp changes. However, none occurred at the exonlintron 

border regions. Further analysis of the promoter region led to the identification of a large 

1 87 bp deletion in  the rosealdorsea promoter in comparison to the promoter region of the 

Rosea l gene from the wild type. Other changes include an extra 1 2  bp segment, four 

single base pai r  insertions and 1 1  single base pair changes in the rosea ldorsea promoter. 

Given that the roseal transcript in roseadorsea appears to be normal, it was postulated that 

the two distinct pigmentation patterns found in wild type and roseadorsea could be due to 

the promoter specific ity of the Roseal gene (Schwinn et al. ,  2006) .  

1 .5 Regulation of the transcription factors controlling the anthocyanin 

biosynthetic genes 

Comprehensive data on the regulatorial hierarchy of Myb and bHLH gene expression are 

lacking. Most of the work on regulation of the regulatory factors of the anthocyanin 

biosynthetic genes has been carried out in maize . In maize, the colourless phenotype of 

the viviparousl (vpl )  mutant was shown to be associated with the failure to express the 

Cl gene in the kernel indicating that Vpl and Cl might be part of this regulatory gene 

hierarchy (McCarty et al. , 1 989, 1 99 1 ) . The Cl gene was shown to be regulated by a 

combination of developmental and environmental signals .  Further analysis of the Cl 
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promoter region lead to the identification of eis-elements that were necessary and 

sufficient for its activation by abscisic acid (AB A), VP] and l ight (Kao et aI. , 1 996). VP} 

contains four domains:  the A l  domain located i n  the acidic N-terminal region and three 

basic regions, B I ,  B2 and B3,  in the C-terminal. Studies by Suzuki et al. ( 1 997) showed 

that the B3 domain has highly cooperative DNA binding activity that is specific for the 

Sph sequence present in the C] promoter region . 

In addition to vpl ,  anthocyaninless lethall (anll ) and intensifierl ( in ] )  also affect 

anthocyanin production in the aleurone tissue of maize kernel . The anll gene in recessive 

form is lethal and lacks anthocyanin pigments and the in } gene acts in a recessive 

intensifier/dominant inhibitor fashion in controll ing anthocyanin production in the 

aleurone (Coe et aI. , 1 988). Studies by Burr et al. ( 1 996) showed that in ] has sequence 

similarity to the members of the R/B family and that its transcripts are mis-spliced. 

Furthermore, very l ittle functional transcript was made and it  is postulated that mis

splicing may be a mechanism for reducing the levels of a transcription factor. 

Studies by Procissi et al. ( 1 997) have also shown that Sn gene expression is enhanced by 

l ight while R gene expression is not affected. A model has been proposed where the 

dupl ication of the bHLH anthocyanin regulators, R and Sn, lead to the partial silencing of 

the Sn gene expression by methylation of the Sn promoter region (Tonel l i  et at. , 1 994; 

Ronchi et aI. , 1 995). In contrast, both C] and Pi expression are regulated by l ight at 

different stages of seed development in the aleurone and pericarp of the maize seed, 

respectively. Furthermore, the developmental competence of these tissues to respond to 

light was shown to be l imited by the expression of the two Myb genes (Procissi et aI. , 

1 997) .  

The Pi alle1es are phenotypically c lassified with the dominant Pi alleles leading to 

intense, l ight-independent pigmentation in vegetative tissue and floral tissue while the 

recessive, pi, "sun-red' alleles, lead to l ight-dependent pigmentation (Cone et aI. , 1 993b). 

The proteins encoded by the two distinct alleles were shown to be functionally similar 

and it has been proposed that the difference in their promoter regions led to the 

differential expression of the alle1es. Another al lele of Pi, pi-bol3, was identified by Pilu 

et al. (2003) and was shown to have a complex molecular structure, containing multiple 

pll gene copies, and was the first complex locus discovered in the Cl/Pll gene family.  
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While the protein product encoded by the pi-bol3 allele was functional ly similar to the 

previously identified pLJ al leles, the promoter region was highly divergent. 

Regulation of Le gene expression is achieved by mUltiple mechanisms. Le expression was 

reduced by 25-30 fold by the presence of a 235 bp 5 '-transcript leader sequence. The 

leader sequence encoded a 38-codon upstream open reading frame and repressed the 

transcription of Le (Damiani Jr. and Wessler, 1 993). Further analysis of the 5'-

untranslated region (UTR) of Le led to the identification of a hairpin structure that acts in  

an addit ive manner leading to translational repression (Wang and Wessler, 200 1 ). Two 

alleles of the B gene, B-Pent and B-/, have markedly different expression patterns in the 

maize seed. Extensive analysis of the two alleles by Selinger et at. ( 1 998) found that the 

promoter region of the B-Peru allele had extensive DNA rearrangements that led to its 

tissue-specific expression pattern through both positive and negative promoter elements. 

To summari se, much of the information on the regulatorial hierarchy for the 

transcriptional factors involved in the anthocyanin biosynthetic pathway has been made 

available through research carried out in maize, a monocot model species. To date, 

similar i nformation for dicot species, including antirrhinum, is lacking. This  work aims to 

fi l l  this knowledge gap. 

1 .6 Role of Deficiens in Antirrhinum majus flower development 

The functions of the A, B and C genes in the establishment of floral identity have been 

studied extensively and much is known about their role in early flower development. 

However, many of these genes are continuously expressed, well after floral identity has 

been establ ished. Therefore, it has been proposed that these genes may play an additional 

important role in  control l ing secondary aspects of flower development. A major aim of 

this project was to analyse the role of the B function gene, Dejieiens, in  regulating the 

secondary metabolism pathway leading to anthocyanin production. 

The morphological and genetic analysis of homeotic floral mutants in  antirrhinum and 

arabidopsis has led to the development of the ABC model for floral development. In this 

model three morphogenic functions, A, B and C are defined, which alone or in 
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combination, determine organ identity of the four whorls of the flower (Gutierrz-Cortines 

and Davies, 2000). Expression of A function alone determines sepal i dentity, while co

expression of A and B or B and C determines petal or stamen identity, respectively. 

Expression of C function alone is  responsible for carpel formation. Almost all of the A,  B 

and C function genes belong to a c lass of transcription factors called MADS-box 

(Schwarz-Sommer et al. ,  1 990). 

Several l ines of evidence have shown that A, B and C functions are not the sole 

determinants of floral organ identity . Results from analysis of homeotic mutants and 

ectopic expression of the A, B and C function genes have shown that organ identity genes 

are necessary and sufficient to specify organ identity within a floral inflorescence context 

that is presumably defined by the presence of additional flower-spec ific factors. 

Candidates for these flower specific factors belong to the MADS-box fami ly and are 

required for the activity of A, B and C function genes (Angenent et al. , 1 994; Pnueli et 

al. , 1 994).  This  c lass of genes is referred to as Identity mediating (lm) genes. These genes 

are necessary for the function of the A, B and C genes by participating in the various 

complexes formed between the A, B and C factors (Davies et al. ,  \ 996). 

Deficiens i s  a B function MADS-box gene in antirrhinum important in  the control of petal 

and stamen development (Sommer et al. ,  1 990; Schwarz-Sommer et al. , 1 992; Egea

Cortines et al. , 1 999). Deficiens mRNA can be first detected (by in situ hybridisation) at 

the beginning of sepal differentiation and high levels of expression are detected at the 

time of the appearance of morphologically detectable petal and sepal primordia in the 

young flower buds. Expression of Deficiens is not uniform throughout the entire whorl 

area and is restricted to the organ primordia. In later stages of organogenesis Deficiens 

expression is not equal ly distributed in the differentiating organs. For example, in petal 

tissues Deficiens expression is stronger in the upper lobe compared to the lower and is  

more pronounced in the ventral surface. Once Deficiens expression i s  establ ished, it i s  

maintained throughout the whole period of flower development at a constant wel l after 

organ identity has been establ ished (Schwarz-Sommer et al. , 1 992; Zachgo et al. ,  1 995). 

Deficiens was the first floral plant homeotic gene to be cloned and belongs to the 

Deficiens allelic series original ly described by Baur in 1 924 as a mutant in which the 
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sepals replace petals and carpels replace stamens (Sommer et aI. , 1 990). The Deficiens 

allelic series, which contains morphological ly distinct mutants (morphoalleles), has been 

vital for the identification of the functional domains of DEFICIENS (DEF) as well as the 

regulation of Deficiens expression. For example, in the globifera (deficiens gli) null 

mutants, the petals are morphological ly indistinguishable from sepals except for the 

increased size and their position within the flower. In this mutant, the development of a 

genuine gynoecium is also affected and the stamens show carpelloid features. The 

dejiciensg1i allele results from the insertion of the Tam7 transposon into the third intron of 

the deficiens gene as well as several point  mutations in exons and numerous alterations in 

the introns compared to the wild type Deficiens sequence (Sommer et aI. , 1 990; Schwarz

Sommer et aI. , 1 992). In the chlorantha (deficiens chlorantha) mutant, the flowers are smaller 

and the petals show weak virescence indicative of sepaloid features and the stamens also 

develop carpeloid features (Figure 1 .5) .  The dejiciens chloral1lha allele re ult from mutation 

of four bp (CGG instead of CCCCTG) 32 bp upstream of a CArG-box [CC(A/f)6GG] .  

This motif is  the consensus-binding site for MADS-box transcription factors and 

indicates the importance of this promoter region for the proper expression of the 

Deficiens gene. The flowers of the temperature sensitive deficiens- l O l  mutant also have 

sepaloid petals and carpelloid stamens, s imi lar to the phenotype of defic iensgli nul l  

mutants, but only when grown at the non-permissive temperature of 26°C (Figure I .5C). 

Under the permissive temperature of 1 5°C, deficiens- l O  I flowers are morphological ly 

s imi lar to wild type flowers (Schwarz-Sommer et aI. , 1 992; Zachgo et aI. , 1 995) .  The 

dejiciens- lOl allele results from a three bp deletion in the N-terminal end resulting in the 

loss of a lysine residue in the DEF protein .  

Functional analysis of this temperature sensitive deficiens- l 0 I mutant and morphoalleles 

of the Dejiciens gene has been used to define the distinct functional domains of DEF 

(Schwarz-Sommer et aI. , 1 992; Zachgo et aI. , 1 995 ) .  The N- terminal MADS-box 

domain is conserved and is required for DNA binding while the K-box is required for 

protein-protein interactions and stabi l is ing the heterodimer. The C-terminal domains of 

MADS box genes are more divergent and are important for ternary complex formation 

(Egea-Cortines et aI. , 1 999) . It is presumed that the C-terminal domain may be important 

for divergent biological roles of M ADS-box proteins and may function to create a 

network of interactions with other transcription factors. 
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MADS-box transcription factors bind to two major classes of binding sites that are based 

on the central CArG-box consensus motif of 5 '-CC(A/T)6GG-3' (Serum Response 

Element [ SRE]- l ike) and 5 '-CTA(A/f)4TAG-3' (N l O-l ike) (Shore and Sharrocks, 1 995). 

However, some plant MADS-box transcription factors such as SQUAMOSA (SQUA) 

have been shown to bind both SRE-like and N l O-l ike sites as wel l  as to novel sites  that 

are not represented by the two consensus DNA recognition si tes. Therefore, MADS- box 

proteins may have dual DNA binding specificity, as well as the potential to bind to a 

wide variety of promoter sites in planta (West et aI. , 1 998). In vitro DNA binding 

studies by Schwarz-Sommer et at. ( 1 992) have demonstrated that DEF binds to specific 

DNA motifs (CArG boxes) as a heterodi mer with the protein product of the floral 

homeotic gene Globosa. Furthermore, ternary comple� formation between DEF, 

GLOBOSA (GLO) and the floral meristem identity gene product SQUA has also been 

demonstrated. These ternary complexes have greater affinity for DNA binding and are 

proposed to increase the complexity of the regulatory function of these homeotic genes 

(Egea-Cortines et aI. , 1 999). 

The non-cell-autonomous functions of DEF and GLO were studied using somatically 

stable deficiens and globosa periclinal chimeras (Perbal et aI. , 1 996). The L1 chimeras 

(DEF is present only in the L I  layer) developed five petals in the second whorl although 

the petal lobes were broader than wild type and their shape was distorted. The epidermal 

cell s  were pigmented as in wild type petals. However, the mesophyl l  cells contained 

chlorophyl l s  indicating that DEF activity was restored only in the L I layer and not in the 

L2 and L3 layers. Analysis of L2L3 chimeras showed that the epidermis was pigmented 

as a result of non-cell autonomous function of the DEF protein. In these chimeras the L l 

derived marginal parts of the petal tip sti l l  contained green cells confiming that the L 1  

layer was genetically mutant for the Deficiens gene. More importantly this phenotype 

highl ighted the importance of DEF function for anthocyanin pigmentation in the 

epidermis .  These results were further confirmed by Vincent et al. (2003) where 

restoration of DEF expression in the L 1 cell layer was shown to restore DEF and GLO 

functions in the L 1  derived cells only while the mutant inner layers retained sepaloid 

features. DEF was also shown to be important for expansion of the petal lobes by 

mediating cell proliferation and/or cell shape and elongation in the L 1  layer while in the 
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Figure 1 .5 Floral phenotypes of deficiens mutants. 

Flowers of wild type (A), defic ienschlorantha (B)  and deficiens- \ 0 \ (C) grown at 

26°C. 
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L2 and L3 l ayers DEF function was important for establishing the petal identity of the 

epidermal cells (Perbal et al. , 1 996). 

Wild type and deficiens- 1 0  1 mutant petal t issues used for expression profiling 

experiments using microarrays comprising of annotated antirrhinum unigenes identified 

40 up-regulated and 52 down-regulated petal-expressed genes, which were controlled by 

DEF (Bey et al. , 2002, 2004). Of interest to this project is that two transcription factors of 

the MADS box family, one of which was Deficiens itself, were up-regulated, as well as 

the ANS and CHS genes of the anthocyanin biosynthetic pathway (Bey et al. , 2004). 

Furthermore, results from the aforementioned study indicated that DEF performed 

multiple functions i n  differen t  petal t issues and that i t  functioned i n  a complex manner in  

regulating diverse and fundamental processes throughout petal morphogenesis i nc luding 

anthocyanin pigment production. 
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1 .7 Aims, objectives and hypothesis 

The major objective of this research project was to determine the mechanisms by which 

genes are differentially regulated, using anthocyanin pigmentation patterning in 

antirrhinum as the experimental system.  As  two pigmentation patterns, wild type and 

roseadorsea, are thought to occur due to the promoter specificity of the RoseaJ allele, the 

main hypothesis in the present work was that the patterns derived from RoseaJ and 

rosea Jdorsea are due to different regulatory systems. A second interlinked hypothesis was 

that the Defieiens gene is a direct regulator of the Roseal gene. The role of this c lass B 

function MADS box gene as a developmental trigger or as a determinant of pigment 

production was analysed, to gain insight into how late developmental processes such as 

pigmentation are linked to early floral developmental events. Specifically, the aims for 

this project were to: 

I .  Use promoter deletion analysis, l inker scanning mutagenesis and electrophoretic 

mobi lity shift assays to identify key eis-elements in  the promoter of the wild type 

RoseaJ allele that are responsible for the regulation of the RoseaJ gene. 

2. U se promoter deletion analysis to identify whether mutations present in the 

promoter region of rosea ldorsea are responsible for the roseadon;ea phenotype. 

3 .  Identify the role of the Deficiens gene in controll ing pigment formation in order to 

gain a better understanding of the link between developmental regulation and 

pigment production and to specifically determine whether DEFICIENS i s  

involved i n  the regulation of RoseaJ .  
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Chapter 2 :  Materials and Methods 

2 . 1  Plant material 

Transgenic plant material was grown in a PC2 level containment plastic house located at 

Crop & Food Research, Palmerston North. Non-transgenic tobacco (Nicotiana tabacum 

cv. samsun) and antirrhinum (Antirrhinum majus, wild type l ine #522 and roseadorsea l ine 

# 1 1 2) plants were grown in a plastic house under prevail ing day length and l ight 

conditions. Line #522 is a wild type revertant from unstable nivearecurrens mutant (Marti n  

e t  al. ,  ] 99 1 ). Mutant F2  plants (Line # 1 1 2) were obtained from crosses between w i ld  type 

( l ine # 522) and roseacOlorata (Gatersleben accession). The wild type (l ine # 522) is  

homozygous for dominant Roseal al lele and recessive for the rosea2 allele. The 

roseadorsea l ine # 1 1 2  was homozygous for the recessive al leles rosealdorsea and rosea2. 

2.2 Nucleic acid manipulation 

2.2. 1 Plasmid DNA preparation 

2.2. 1 . 1  Purification of plasmid DNA using alkaline lysis method 

Reagents 

• Miniprep solution I - 50 mM glucose, 25 mM Tris-HCl (pH 8 .0), 1 0  m M  

ethylenediaminetetra-acetate (EDTA) made u p  to 1 00 mL with sterile water and stored 

at 4°C. 

• Miniprep solution I I  - 0.2 M NaOH, 1 %  (w/v) SDS made up to 20 mL with sterile 

water. This  solution was made fresh as required. 

• Miniprep solution III - 60 mL of 5 M potassium acetate, 1 1 .5  mL glacial acetic acid, 

28.5 mL of sterile water, pH to 4.8 with acetic acid and stored at 4°C. 

• RNAse water - RNAse water contained 20 ilL of RNAse C l  0 mgmrl ) di luted to 1 mL 

with Mi l l iQ water. The solution was stored at 4°C. 

This  method was routinely used when mini preparations of plasmid DNA was required 

for diagnostic purposes. Plasmid DNA was isolated from 1 mL of overnight Escherichia 

coli (Novablue from Novagen, Madison, USA) cell cul ture grown at 37°C or 3-4 mL of 
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Agrobacterium tumefaciens (strain LBA 4404 from Invitrogen, Californi a, USA) 

overnight culture grown at 28°C at 250 rpm .  The cell s  were pelleted by centrifugation at 

1 4,000 rpm for 1 min on a bench top centrifuge. Pelleted cell s  were resuspended in 200 

�L of miniprep solution I to which 200 �l of m iniprep solution I I  was added. After 

mixing of the solution by inversion 200 �L of m iniprep solution I I I  was added, solution 

m ixed and debris pel leted by centrifugation at 1 4,000 rpm for 10 min .  The resulting 

supernatant was removed to a new tube and the plasmid DNA purified as described i n  

Section 2 .2.9. 1 .  The purified plasmid DNA was resupended in 60 �L of  RNAse water for 

E. coli minipreps or 20 �L of RNAse water for A. tumefaciens minipreps. 

2.2. 1 .2 Purification of plasmid DNA using commercial kits 

Qiagen™ (Qiagen, Victoria, Austral ia) and AxygenTM (Axygen Scientific, Cal ifornia, 

USA) mini  and midi plasmid purification kits respectively were used to i solate p lasmid 

DNA when high concentrations of pure DNA were required for sequencing reactions and 

biol istic-mediated transformation of tissue. Plasmid DNA was isolated from overnight 

cultures of E. coli cul ture grown at 3rC using the protocol supplied by the manufacturer. 

The protocol is based on a modified alkal ine l ysis procedure, fol lowed by binding of the 

plasmid DNA to an anion-exchange resin under appropriate low-salt and pH conditions. 

The purified DNA was resuspended in an appropriate volume of water after being 

precipitated and desalted using isopropanol (Section 2.2.9. 1 ) . 

2.2.2 Isolation of genomic DNA 

2.2.2. 1 Cetyl Trimethyl Ammonium Bromide (CTAB)-based DNA extraction 

protocol 

Reagents 

DNA extraction buffer - 0 .3 g CTAB powder (2%), 0.3 g sodium dodecyl sulphate (SDS) 

(2%), 0. ] 5  g polyvinylpyrrol idine (PVP), 1 .5 m l l M Tri s-HCI (pH 8 .0), 0.75 mL 0.5 M 

EDTA (pH 8 .0) and 6.0 mL 5 M NaCI was added to a 50 mL Nunc tube (Nunc 

International, New York, USA) mixed wel l  and made up to I S  mL with water 
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and autoclaved. 

Thi s  method was based on Zhang ( 1 998). Young tobacco leaf tissue ( 1 -3 g) was ground 

to a fine powder in liquid N2 using a pre-cooled mortar and pestle. The DNA extraction 

buffer ( 1 5  mL) was pre-warmed to 55°C and supplemented with 0.3 mL of 2-

mercaptoethanol (2 -ME). Powdered tissue was then added to the DNA extraction buffer 

and mixed completely by inverting the tube followed by vigorous vortexing for I min .  

An equal volume of chloroform : isoamylaJcohol (IAA) (24: 1 v/v) was added to the DNA 

extraction buffer, vortexed for I min and the sample incubated at  55°C for 15 min.  The 

sample was then centrifuged at 6500 rpm at 4°C for 1 5  min to separate the phases and the 

resulting supernatant was removed into a fresh 50 mL Nunc tube. The chloroform: IAA 

step was repeated and the supernatant was removed to a Corex tube (Fisher Scientific, 

New Jersey, USA). 1 /3 volume of 8 M LiCI (at - 20°C) was added to the supernatant and 

mixed wel l .  RNA was precipi tated by leaving the sample at 4°C overnight. RNA was 

pelleted by centrifugation of the sample at 1 0,000 rpm at 4°C for 20 min .  The supernatant 

containing the genomic DNA was removed to a fresh Corex tube and the DNA was 

precipitated as described in Section 2.2.9. 1 using isopropanol . DNA was resuspended in  

200 ilL of  1 x Tris-EDTA (TE) buffer (Appendix I)  and stored a t  4°C. 

2.2.2.2 Genomic DNA preparation using the Nucleon™ PhytopureTM Genomic DNA 

Extraction Kit 

Nucleon™ PhytoPure™ Genomic DNA Extraction Kit (GE Healthcare, Sydney, 

Austral ia) was used for i solating genomic DNA from tobacco leaf tissue for Southern 

analysis .  A pre-cooled mortar and pestle was used to grind 1 g of young leaf tissue to a 

fine powder in l iquid N2. 2 .3 mL of solution 1 ,  23 ilL of 2 -ME and 4.6 ilL of RNAse A 

( 1 0  mgmL-J ) was added to the powder and m ixed wel l  by vortexing. The sample was 

incubated at 37°C for 30 min and 0.75 mL of solution 2 added, and mixed by inverting 

the tube. Then the sample was incubated at 65°C for 1 0  min  with mixing of the sample 

every min by inversion . The sample was then placed on ice for 20 min and 1 mL of 

chloroform (- 20°C) and 1 00 ilL of PhytoPure ™ resin added and mixed by inversion of 

the tube . The sample was incubated at room temperature for 10 min with mixing every 

min.  The sample was centrifuged at 1 300 g for 1 0  min and the supernatant aspirated to a 
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fresh tube to which an equal volume of phenol/chloroform was added. This  was mixed 

well by i nversion and centrifuged at 4000 g for 30 min. The supematant was transferred 

to a Corex tube and an equal volume of isopropanol (- 20°C) added. The sample was 

mixed by gently swirling the tube. At this point genomic DNA was visible as white 

strands and was hooked out using a sterile glass rod, left to air dry for 1 0  min at room 

temperature and resupended in 1 00 /-lL of water. Genomic DNA was then re-precipitated 

using 3 M NaAc and ethanol as described i n  Section 2.2 .9 . 1 and resupended in 1 00 /-lL of 

1 x TE buffer. Genomic DNA was stored at 4°C. 

2.2.3 Restriction enzyme digestion of DNA 

Typically 0.5- 1 /-lg of plasmid DNA was digested in a total volume of 20 /-lL. The 

appropriate restriction enzyme buffer ( 1 0  x), as recommended and supplied by the 

manufacturer, was matched to the restriction enzyme(s) being used and 2 /-lL of the buffer 

and 1 unit of the enzyme were mixed with the DNA. The total volume of the reaction was 

adj usted to 20 /-lL using sterile water. The reaction mixture was i ncubated at 37°C for 2 h 

and the product checked on 1 % (w/v) agaroselTris-Borate-EDTA (TBE) minigel 

(Appendix I) as described in Section 2 .2 .4. For double digestions, the most efficient 

commercial buffer was identified and 2 /-lL of the 1 0  x buffer and 1 /-lL of each of the 

restric tion enzymes were used. Double digestion reactions were performed at 37°C for 3 

h .  

2.2.4 Agarose gel electrophoresis for determination of DNA fragment sizes 

Horizontal agarose gel electrophoresis was used to separate and quantify DNA fragments 

generated by restriction digestion and PCR. An appropriate amount of agarose was 

dissolved in 1 x TBE buffer to give a 1 % (w/v) gel solution. Thi s  was cooled to 55°C and 

ethidium bromide added to a final concentration of 0.5 /-lgmL-1 • The gel solution was 

poured into the gel apparatus and, once set, the gel was covered with 1 x TBE buffer. 

The samples were loaded onto the gel after the addition of 1 0  x gel loading dye 

(Appendix I) to each of the samples to give a final concentration of 1 x. The DNA was 

separated at 80- 1 00 V until DNA fragments were separated sufficiently. DNA ladders 
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and concentration standards ( Invitrogen Life Technologies, Auckland, New Zealand) 

were used to estimate the fragment size and their concentration. The DNA fragments 

were visual ised on a short wavelength UV transi l luminator (Alpha Innotech Corporation, 

California, USA) and digital photographs were obtained using the Alpha imagerTM 2000 

Documentation and Analysis System (Alpha Innotech Corporation). 

2.2.5 Insert preparation 

Insert fragments for l igations were prepared by restriction digestion (Section 2 .2 .3)  of the 

plasmid containing the fragment of interest or by PCR (Section 2.4). For restriction 

digested DNA, the total digest was separated on 1 % (w/v) agaroselTBE gel and the 

fragment of interest was purified from the gel using QIAGENTM or AxygenTM gel isolation 

kits as described in Section 2.2.9.2.  Insert fragments prepared by PCR were purified 

using the QIAGENTM or AxygenTM reaction cleanup kit (Section 2.2.9.2). The purified 

PCR fragments were then restriction enzyme digested and the restriction enzyme was 

heat inactivated by incubating the samples at 65°C for 1 0  min. The concentration of the 

insert fragment was determined by agarose gel electrophoresis as described in Section 

2.2.7 .2 .  

2.2.6 Vector preparation 

2.2.6.1 End filling 

Vector DNA was restriction enzyme digested (Section 2 .2 .3)  and purified using 

QIAGENTM or Axygen™ reaction cleanup kit (Section 2.2 .9.2) .  One Ilg of the l inearised 

vector DNA was end fil led in a total volume of 20 ilL. 1 1 1 0  volume of each of the 

required dNTPs at 0.5 mM concentration, 1 1 1 0  volume of buffer H and 1 unit of Klenow 

enzyme (Roche Diagnostics, Auckland, New Zealand) was added and the volume 

adjusted to 20 ilL with steri le water. The mixture was incubated at 30°C for 20 min and 

the reaction stopped by heat inactivation of the enzyme by incubation at 65°C for 1 0  min. 

Vector DNA was quantified using a concentration standard (Section 2.2.7.2). 
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2.2.6.2 Dephosphorylation 

Vector DNA was usually dephosphorylated prior to l igation using shrimp alkal ine 

phosphatase (Roche Diagnostics). Linearised vector DNA (50 ng) was mixed with 1 1 1 0  

volume of dephosphorylation buffer (Roche Diagnostics) and 1 unit of shrimp alkaline 

phosphatase and incubated at 3rC for 1 h. The reaction was stopped by incubation of the 

sample at 65°C for 1 5  min. 

2.2.7 Determination of DNAIRNA concentration 

2.2.7. 1 Spectrophotometric method 

Two ilL of the DNA/RNA sample was d i luted in water to give a 350-fold diluted 

solution . The dil uted DNAIRNA sample was added to a quartz cuvette and absorbance of 

the solution determined at 260 nm and at 280 nm using a Shimadzu™ UV visible 

recording spectrophotometer calibrated with water. DNA concentration was calculated 

using the assumption that an absorbance reading of 1 .0 at 260 nm corresponds to 50 

IlgmL- 1 of double-stranded DNA while RNA concentration was calculated using the 

assumption that an absorbance reading of 1 .0 at 260 nm corresponds to a 40 IlgmL- 1 of 

RNA. The ratio of A2601A28o was used to determine the purity of the sample with pure 

DNA having a value of 1 .8 and pure RNA having a val ue 2.0. 

2.2.7.2 Agarose gel concentration standards 

One ilL of digested plasmid DNA or PCR product was added to 8 ilL of water and I I I  0 

volume of 1 0  x gel loading dye, mixed thoroughly, and electrophoresed on 1 % (w/v) 

agaroselTBE gel (Section 2.2.4). Four ilL of ei ther high mass or low mass ladder 

(Invitrogen Life Technologies) was run alongside the DNA samples. The concentration 

of the unknown DNA sample was estimated by visual comparison of the fluorescence 

intensity and s ize of the sample band with bands of the mass ladder. 
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2.2.8 Ligation 

Rapid Ligation System (Roche Diagnostics) was routinely used to perform l igation 

reactions. The fol lowing formula was u ed to determine the ratio of vector DNA and 

insert DNA to be used in each l igation reaction. 

Vector DNA amount (ng) x insert size (kb) x 3 (sticky end)!5 (blunt end) = Insert DNA 

Vector size (kb) amount (ng) 

The vector DNA fragment and insert DNA fragment were thoroughly mixed and dil uted 

in 1 x DNA dil ution buffer (all buffers were supplied in the kit) in a final volume of 1 0  

)..lL. T4 DNA ligation buffer was thoroughly mixed and 1 0 )..lL was added to the di luted 

DNA sample. One )..lL of T4 DNA ligase was then added, the sample m ixed and the 

reaction was incubated for 5- 1 0  min at room temperature. Half of this l igation reaction 

was used directly afterwards for the transformation of competent E. coli cel l s  (Section 

2.3 .2) and the rest of the reaction mixture was stored at 4°C and was used for repeating 

the transformation if  necessary. 

2.2.9 DNA purification 

2.2.9. 1 Precipitation using ethanol/isopropanol 

DNA was precipi tated by adding 2.5 vol umes of ice-cold 1 00% ethanol and 1 1 1  0 volume 

of 3 M NaAc (adj usted to pH 6.0 with acetic acid) or 0.7 volumes of isopropanol at room 

temperature to a known volume of DNA solution. The solution was mixed wel l  and 

centrifuged at 1 1 ,000 rpm in a Sorvall SS-34 rotor for 30 min at 4°C. The supematant 

was decanted and the DNA pel let was washed with 1 mL of 70% (v/v) ethanol, 

centrifuged at 1 1 ,000 rpm in a Sorvall SS-34 rotor for 1 0  min at 4°C. The 70% (v/v) 

ethanol was then removed and the DNA pellet air-dried for 5- 1 0  min and DNA 

resuspended in a suitable volume of steri le water. 

37 



2.2.9.2 Purification of DNA using commercial kits 

Qiagen™ and AxygenTM gel purification and reaction cleanup kits were routinely used for 

the purification of DNA fragments used for l igation and sequencing reactions using the 

protocol supplied by the manufacturer. 

2.3 Transformation 

2.3. 1 Preparation of competent E. coli cells 

1 00 mL of Luria-Bertani (LB) broth (Appendix I) was inoculated with six fresh colonies 

of Novablue E. coli. Cel ls  were grown overnight at 22°C at 250 rpm in a shaking 

incubator until an absorbance reading of 0.4-0.8 was reached at 600 nm. The cel ls were 

then chil led on ice for 20 min and centrifuged at 5000 rpm for 5 min at 4°C in a Sorval l 

SS-34 rotor. The supernatant was then removed and the cel ls  were resuspended in 20 mL 

of ice-cold sucrose - EDTA - morpholinepropanesulfonic acid (SEM) buffer (Appendix I)  

and left on ice for 1 0  min . The cel ls  were pel leted using the same centrifugation 

conditions and the resulting pellet was resuspended in 1 2  mL of ice-cold SEM buffer. 

After resuspending the cells, 920 ilL of dimethyl sulfoxide (DMSO) was added and 200 

ilL of cel ls  were aliquoted and snap frozen in l iquid N2. Competent cel l s  were stored at -

80°C until required. 

2.3.2 Transformation of E. coli by the heat shock method 

Novablue competent cel ls  were thawed on ice. Half of the l igation reaction or I ilL of 

plasmid DNA were thoroughl y  mixed with 1 00 ilL of competent cells and put on ice for 

20 m in .  The cells were heat shocked by incubating at 42°C for 1 .5 min, briefly put on ice 

and 0.5 mL of LB broth added. The cel ls were then al lowed to recover by incubating at 

37°C for 30 min to 1 h. Aliquots of transformed cel ls were then plated on appropriate 

selective media using a sterile glass rod, al lowed to air dry and incubated at 37°C 

overnight. 
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2.3.3 Identification of positive transformants 

Antibiotic selection was used for the screening of positive transformants of E. coli or A. 

tumefaciens. Transformed cel l s  were plated onto LB-plates supplemented with the 

appropriate antibiotic (Table 2 . 1 )  and incubated overnight (37°C for E. coli and 28°C for 

A. tumefaciens). Colonies were picked using sterile toothpicks and were propagated in  

LB-broth supplemented with the appropriate antibiotic overnight in a shaking incubator 

set to the appropriate temperature. Plasmid preparations of the cul tures were carried out 

as described in Section 2.2 . 1 . 1  and the DNA was then digested by the appropriate 

restriction enzyme (Section 2.2 .3) .  Agarose gel electrophoresis was then used as 

described in Section 2.2.4 to visual ise DNA fragments and identify positive 

transformants. Cultures containing positive transformants were streaked on LB plates 

contain ing the appropriate antibiotic to obtain single colonies. When appropriate, 

blue/white selection was also u sed for identifying positive transformants by 

supplementing the LB plates with 1 2  ilL of i sopropyl B-D- l -thiogalactopyranoside 

(IPTG) (20 mgmL- ' ) (Appendix I) and 40 ilL of 5-bromo-4-chloro-3-indolyl -beta-D

galactopyranoside (X-Gal ) (20 mgmL- ' ) (Appendix I). Plates were stored at 4°C once 

colonies had sufficiently developed. 

Table 2.1 .  Antibiotic selection used for the screening of positive transformants 

containing different base vectors. 

Vector plasmid 

pART7 

pGEMT-easy 

pBlueScript (KS IT +) 

pART27 

Antibiotic selection 

Ampici l l in ( l OO mgmrl) 

Ampici l l in ( l OO mgmr ' ) 

Ampici l l in ( 1 00 mgmr ' ) 

Streptomycin (25 mgmr' ) for E. coli 

StreptomycinlSpectinomycin (200 mgmr ' 

each) for A. tumefaciens 
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2.3.4 Transformation of A. tumefaciens by electroporation 

Twenty ilL aliquots of LBA 4404 (Invi trogen Life Technologies) competent cells were 

slowly thawed on ice. One ilL of plasmid DNA was combined with the competent cells 

and the mixture was transferred to a chil led Gene Pulser® electroporation cuvette (Bio

Rad Laboratories, Cal ifornia, USA) .  The Cel l -Porator™ electroporation system (BRL 

Life Technologies) was set to l ow n, 330 capacitance, fast charge rate and booster unit at 

4 ill. The electroporation cuvette containing the competent cel ls  was placed in the 

electroporation chamber and the machine was charged up to 1 2  kV fcm by charging the 

unit to 300 V and cells transformed by pressing the trigger button for ] s. Fol lowing the 

electroporation, the cel ls  were resuspended in 1 mL of terrific broth (TB) (Appendix I), 

and allowed to recover by incubating (with shaking) at 28°C for 4 h.  Al iquots of 50 ilL, 

and 1 00 ilL of the cul ture were plated onto LB-plates supplemented with the appropriate 

antibiotic and incubated at 28°C for three days or until colonies were visible. 

2.4 Polymerase Chain Reaction (PCR) 

PCRs were carried out in a Mastercycler® gradient PCR machine by Eppendorf. Tag 

DNA polymerase (Invitrogen Life Technologies) or Pwo polymerase (Roche 

Diagnostics) was used for the PCRs. Taq polymerase PCR was used for PCR colony 

screening and for generating products that were directly l igated into the pGEM-T Easy 

vector (Promega, Wisconsin, USA). Pwo polymerase was used for the generation of 

promoter deletion constructs, l inker scanning m utagenesis constructs and for cloning of 

genefcDNA sequences, where high fidelity and high processivi ty was required. For each 

set of PCR using Tag, a master mix of reaction components was prepared for the required 

number of reactions so that each 50 ilL Taq PCR contained: 5 ilL of 1 0  x Taq buffer, 1 

ilL dNTP ( 1 0  mM) (Roche Diagnostics), 1 ilL of each of forward and reverse primers ( 1 0  

IlM), and 0.5 units of Taq polymerase and 40.5 ilL of steri le water. The master mix was 

then dispensed in 49 ilL aliquots into individual PCR tubes and 1 ilL of the template 

DNA (0. 1 -0.5 ng) was then added. For each set of PCRs using Pwo polymerase, two 

master m ixes of reaction components was prepared for the required number of reactions . 
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The first master mix contained I �L dNTP ( 1 0  mM), 1 �L of each of forward and reverse 

primers ( 1 0  �M) made up to a total volu me of 25 ilL with sterile water. The second 

master mix contained 5 ilL 1 0  x Pwo buffer (Roche Diagnostics) and 0.5 units of Pwo 

polymerase made up to a total volume of 24 ilL with sterile water. Twenty five ilL of the 

master mix one and 24 �L of master mix two was then combined in the individual PCR 

tubes and template DNA (0. 1 -0.5 ng) was added before the thermal cycling. 

PCR conditions were changed according to the Tm of the primers used, expected product 

size and the polymerase being used for the reaction. Sequences of all the primers used are 

given in Appendix I l l .  Typically 5 ilL of PCR product was run on a gel for visualisation 

(Section 2.2.4). 

2.5 Sequencing 

Plasmid DNA at a concentration of 1 00 ngllL- 1 and the appropriate primers at a 

concentration of 3 .2  pM were routinely sequenced at Al Ian Wilson Center at Massey 

University, Palmerston North. Sequencing was performed using AB I PRISM ™ Dye 

Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer). 

2.6 Sequence analysis software 

All  DNA sequence manipulations and sequence data analysis were performed using the 

DNASTAR (DNAST AR Inc . ,  Wisconsin, USA) suite of programmes. 

2.7 A. tumefaciens mediated tobacco transformation protocol 

The recipes used for tissue culture media were based on (Murashige and Skoog, 1 962) 

which contains: 1 x Murashige and Skoog (MS salts, Appendix I), B5 vitamins 

(Appendix I), 3% (w/v) sucrose, and 0.8% (w/v) agar. 

• 1 702 media also contained naphthaleneacetic acid (NAA) (0. 1 mgL- 1 ) and benzyl 

amino purine (BAP) ( 1 .0 mgL- 1 ) . 
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• 2 1 45 media contained the same hormones as 1 702 media as well as kanamyci n  

(500 mgL-J ) and ticarc i ll in disodium (Timentin )  (250 mgL- J) .  

• 1 925 media had no hormones and contained kanamycin (300 mgL-1 ) and 

ticarci l l in  disodium (Timentin) (250 mgL-J) .  

The protocol for A. tumefaciens mediated transformation of  tobacco leaf tissue was  based 

on the method developed by Horsch et al. ( 1985).  A 1 00 mL overnight c ul ture of A. 

tumefaciens containing the binary vector for transformation of tobacco was set up at 28°C 

with shaking. Young tobacco leaves were harvested the next day and surface steril ised for 

1 0  min i n  1 5% (v/v) bleach supplemented with a few drops of Tween-20. The leaves 

were then rinsed three times in sterile water and cut into 5 mm squares using aseptic 

technique. The discs were transferred into a small sterile  beaker containing the A. 

tumefaciens suspension. The leaf discs were a l lowed to become thoroughly wetted before 

transferring them onto steril e  blotting paper. The discs were blotted to remove excess 

l iquid culture and transferred to p lates containing media 1 702. Ten leaf d isks were 

transferred i nto each p late. Leaf disks that had not been inocu lated with A. tumefaciens 

were transferred to two p lates of media 1 702 to be used as controls. 

The leaf disks were co-cultivated for two days i n  a tissue culture room set to 22-26°C 

under 1 6/8 h l ight/dark photoperiod, w ith 35 mmo\m-2s- J cool white fluorescent l ight. The 

leaf disks were then transferred to media  tubs containing media 2 1 45 .  Ten leaf disks 

from the control p lates were also transferred to media 2 1 45 to ensure that the selection 

agent used prevented development of callus  or shoots. The other 1 0  leaf discs were 

maintained on media 1 702 to ensure that callus  tissue developed under the hormone 

regime being used. The leaf discs were allowed to develop callus  and shoots for 2-4 

weeks. One shoot from each of the leaf discs was then excised and transferred into fresh 

individuall y  l abelled media tub containing media 2 1 45 .  Shoots were al lowed to develop 

further on media 2 1 45 unti l  it was possible to divide them up once more. Once an 

independent shoot had proliferated adequately, shoots were transferred to individually 

labelled media tubs containing media 1 925.  The clonal shoots of each independent 

transformant were allowed to develop roots on media 1 925 .  The copies of each 

independent transform ant on media 2 1 45 were maintained for backup purposes. Once the 
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plants had developed a good mass of roots, they were ex-flasked i nto soi l in the 

containment house by the technician in charge of the house. 

2.8 Biolistic mediated transformation of A. majus petal tissue 

Media 2 is a sol id MS medium modified from Murashige and Skoog ( 1 962) and contains 

the following: 1 /2 x MS macro salts, I x MS micro salts (Appendix I), 1 x MS iron 

(Appendix I), 1 x Linsmaier and Skoog (LS) vitamins (Appendix I), 3% (w/v) sucrose, 

0.75% (w/v) agar. 

Gold partic les ( 1 llm, B ioRad) were steri l ised by washing 1 00 mg of the gold particles 

with 1 mL of isopropanol in  a 1 .5 mL microfuge tube. Gold particles were then washed 

three times with sterile water. Gold particles were then suspended in 1 mL of sterile water 

and 50 f.l L  portions were aliquoted out into Eppendorf tubes. Sterile gold preparations (5 

mg of gold in 50 ilL of steri le water) were stored at 4°C. 

Gold particles were coated with plasmid DNA as follows: The gold preparation (5 mg of 

gold in 50 ilL of sterile water) was vortexed briefly and 1 0  Ilg of each of the plasmid 

DNA to be used was added. After a brief vortexing step 20 ilL of 0. 1 M spermidine and 

50 ilL of 2.5 M CaCh were added to the tube, at the same time, and the mixture left on 

the vortex for 3 min .  The m ixture was briefly centrifuged and 90 ilL of supernatant 

removed. The gold particles were resuspended by gently flicking the tube. 5 ilL of this 

DNA coated gold mixture was used for each bombardment of antirrhinum petal tissue . 

Dorsal petals of antirrhinum were surface steri l i sed for 1 5  min in a 1 5% (v/v) bleach 

solution supplemented with a few drops of Tween-20. The petals were then washed three 

times in sterile water. Each surface steri l i sed petal tissue was placed in a tub containing 

media 2 and placed in the gene gun chamber with a target distance of 1 1  cm from the 

Swinnex (MiI lipore) unit to the surface of the medium. A modified hel ium particle inflow 

gun based on Finer et al. ( 1 992) with a high-speed direct current solenoid valve was used 

for the particle bombardment experiments. The gold particles, loaded onto the Swinnex 

unit, were accelerated in a hel ium stream under 400 kPa pressure in a particle vacuum of 
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- 95 kPa. A standard Solenoid Opening Time (SOT) of 30 ms was used. The trigger in the 

mi l lisecond timer was then pressed for 1 s to bombard the target tissue. Each petal was 

bombarded twice. The petals were placed on fresh media 2 and incubated in a tissue 

culture room set to 22-26°C under 1 6/8 h l ight/dark photoperiod, with 35 mmolm-
2
s- ' 

cool white fluorescent l ight. 

2.9 Histochemical localisation of GUS 

Reagents 

• B uffer X - 0.2 M Na2HP04.2H20. 

• Buffer Y - 0.2 M NaH2P04.2H20. 

• 50 mM phosphate buffer (pH 7 .0) - 32 mL of buffer X was combined with 1 8  mL 

of buffer Y and made up to 200 mL with water. 

• 5-Bromo-4-chloro-3-indolyl �-D-glucuronide cyclohexylamine salt (X-Gluc) 

solution - The volume of X-Gluc/ 50 M phosphate buffer required for the assay 

was calculated and 0.33 mg of X-Glue was used for every I mL of 50 mM 

phosphate buffer. Each mg of X-Gluc powder was dissolved in 1 0  J.!L of 

dimethylformamide (DMF). 

Tobacco petal tissue to be assayed for GUS activity was surface steril i sed in 1 0% (v/v) 

bleach solution for 1 5  min and then washed three times with sterile water. Antirrhinum 

petal tissue that was used in transient assays did not require a surface steri l isation step. 

The tissue was then transferred into 50 mL Nunc tubes. The tissue was submerged in 50 

mM phosphate buffer containing the appropriate amount of X-Gluc solution with 20% 

(v/v) methanol and vacuum infi lterated for approximately 1 0  min.  The tubes were then 

covered with tin foi l  and the samples were incubated at 37°C until GUS activity could be 

detected (usually overnight). Once GUS activi ty was detected the tissue was destained by 

incubating at 55°C in 1 00% ethanol containing 5% (v/v) acetic acid for approximately 30 

min. Tissue were stored in  70% (v/v) ethanol solution. 
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2.10 Light microscopy 

An Olympus-SZX l 2  dissecting microscope with a GFP fluorescence attachment was 

routinely u sed for observation of various tissue for reporter gene expression. Image 

capturing was carried out using a Leica DC 500 digital camera using the software 

supp lied by the manufacturer. 

45 



Chapter 3:  Characterisation of the Roseal promoter region and 

analysis of Roseal expression 

3.1 Introduction 

Previous studies by Schwinn et al. (2006) had shown that a 1 .2 kb upstream region of 

the Roseal gene, relative to the translational start site, was sufficient for expression of 

the Rosea l gene (Dr Kathy Schwinn, personal communication). Consequently, the aims 

of this part of the project were to identify the region/s of the Rosea l promoter important 

for its expression and to identify the spatial expression pattern of Roseal in the 

antirrhinum flower. To achieve this, promoter deletion analysis was first carried out to 

identify the key region/s important for regulation of the Roseal gene. The Roseal 

promoter region was deleted at - 1 00 bp intervals and was used to drive the GUS 

reporter gene (Jefferson et aI. , 1 987). As the Rosea l promoter provides large areas of 

pigmentation, the initial promoter deletion analysis was carried out by transient 

transformation of ro eadorsea (homozygous for the recessive alleles rosealdorsea and 

rosea2) petals using particle bombardment. These assays were conducted by Dr Kathy 

Schwinn and Mr Michael Bennett. Additional transient assays were carried out to verify 

their data and are presented in this thesis. 

Stable transgenic assays were carried out in Nicotiana tabacum (tobacco) to verify the 

results from the transient assays. Tobacco was used for the generation of stable 

transgenic plants, as stable transformation of antirrhinum is difficult .  Stable transgenic 

tobacco plants harbouring the promoter deletion constructs were generated by Mr 

Michael Bennett. The GUS analysis of these l ines and the generation and GUS analysis 

of the stable transgenic tobacco plants harbouring the l inker scanning mutagene is 

constructs are presented in this thesis. Tobacco is easi ly transformed and has been 

successful ly used to characterise other MYB transcription factors from antirrhinum 

(Tamagnone et aI. , 1 998) .  GUS expression in both antirrhinum petals and tobacco 

flowers was used to identify a key region in the Roseal promoter important for the 

regulated expression of the Rosea l gene. PCR l inker scanning mutagenesis was carried 

out to further identify the exact elements that are important for the regulated expression 

of the Rosea l gene within this key region. To help with the interpretation of the GUS 

analyses Southern blotting was carried out on the stably transformed tobacco 
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plants to determine the copy number of the transgene in individual l ines. The spatial 

expression pattern of Roseal in wild type antirrhinum flowers was analysed using in 

situ hybridisation. 

3.2 Materials and Methods 

3.2.1 Promoter deletion construct generation 

Promoter deletion constructs to be used in transient assays in antirrhinum and for 

generation of stable tobacco transgenic plants were made using pART 7 and pART 27 

binary vectors (Appendix II), respectively. All of the constructs excluding pPN 235 and 

pPN 245 were made by Mr Michael Bennett. Some transient assays were conducted by 

Mr Michael Bennett and Dr Kathy Schwinn and additional transient assays were carried 

out to verify!complete their data. The stable transgenic tobacco plants harbouring the 

binary vectors were also made by Mr Michael Bennett and the GUS analysis of these 

pl ants are presented. The method used for the promoter deletion construct generation is  

given in Appendix IV and Table 3 . 1 shows the details of the constructs. 

3.2.2 Southern blot analysis 

Probe synthesis 

Template DNA (25 ng) in a final volume of 1 1  �L was denatured by heating in a 

boiling water bath for 1 0  min and chilled quickly in an ice/water bath. High Prime 

(Roche Diagnostics) was thoroughly  m ixed and 4 �L added to the denatured DNA. Five 

�l of 50 �Ci [a32P]dA TP was then added and the contents of the tube mixed and 

incubated for 1 0  min at 37°C. The reaction was stopped by incubating at 65°C for 1 0  

mm. 

The l abel led insert was purified from the unincorporated labelled nucIeotides using a 

ProbeQuant™ G-50 Micro Column (Amersham Pharmacia B iotech, New Jersey, USA). 

The resin was resuspended by gently flicking the tube. The cap was loosened one-fourth 

and the bottom closure was snapped off. The micro column was placed in a 1 .5 mL 
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Table 3. 1 Details of Roseal promoter deletion constructs used for transient and 

stable assaysa. 

Name of pART 7 Name of pA RT 27 Roseal promoter Primers used 

based vector based vector size (bp)b 

(transient) (stable) 

pPN 228 pPN 237 1 200 K224.FwdlK 1 8 l .Rev 

pPN 1 94 pPN 238 900 K 1 80.Fwd/K 1 8 1 .Rev 

pPN 229 pPN 239 809 K2 1 4.Fwd/K l 8 1 .Rev 

pPN 230 pPN 240 7 1 0  K2 1 5 .Fwd/K l 8 1 .Rev 

pPN 23 1 pPN 24 1 608 K2 1 6.FwdlK 1 8 1 .Rev 

pPN 232 pPN 242 493 K266.FwdlK 1 8 1 .Rev 

pPN 233 pPN 243 389 K267.Fwd/K 1 8 1 .Rev 

pPN 234 pPN 244 289 K268.FwdlK 1 8 1 .Rev 

pPN 235 pPN 245 1 89 K269 .FwdlK 1 8 1 .Rev 

pPN 257 Ppn 258 1 20 K277.Fwd/K 1 8 1 .Rev 

pPN 236 pPN 246 89 K270.Fwd/K 1 8 1 .Rev 

a A l l  constructs excluding pPN 235 and pPN 245 were prepared by Mr Michael Bennett. 
b Promoter size was determi ned from the NcoI site and incl udes the 5'UTR region.  

screw-cap tube and spun for 2 min at 735 x g. The column was then placed in a fresh 

screw top microfuge tube and the radiolabelled sample was slowly applied to the top

centre of the resin without disturbing the matrix-bed. The column was then centrifuged 

at 735 x g for 3 min. The purified probe was col lected in the bottom of the support tube 

and stored at - 20°C until used. 

For Southern blot analysis 20 Ilg of tobacco genomic DNA was completely digested 

with 80 units of EcoRY in a total reaction volume of 300 ilL. The digested DNA was 

precipi tated using NaAc and ethanol as described in Section 2.2.9. 1 and resuspended in  

25  ilL of  steri le water. The digested DNA was run on a 0 .8% (w/v) agaroselTAE gel 

overnight at 30 Y. 20 ng of the corresponding plasmid containing the promoter deletion 

construct also digested with EcoRY was used as a positive control and run on the same 

gel . The DNA was transferred overnight onto a nylon membrane (Hybond N+, 

Amersham) using downward alkaline (0.4 M NaOH) capillary method (Chomczynski, 
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1 992). The blotting apparatus was set up according to Sambrook et al. ( 1 989) with the 

exception of using 4 M NaOH in place of 1 0  x SSC. After the DNA was transferred, 

the membrane was washed in  2 x SSC for 1 0  min and sealed in a plastic bag. 

The expression cassette of each promoter deletion construct (containing the promoter 

fragment :GUS:OCS) was i solated from each of the corresponding plasmids as a 

SacI/Not! fragment. Purified expression cassette fragments (Section 2 .2.9.2) were then 

used as templates to generate radiolabelled probes (as described above) for detecting the 

copy number in the Southern blots. 

Radiolabelled probe was denatured by heating at 95°C for 5 min and then quickly 

chil led on ice. Denatured probe was then added to the hybridising solution and appl ied 

to the membrane that had been pre-hybridised at 65°C for 1 -3 h in hybridisation 

solution (Church and Gilbert, 1 984). Hybridisation was carried out overnight at 65°C 

and the membrane washed in 3 x SSC/ J % SDS, 2 x SSC/ J % SDS, 1 x SSC/ l % SDS, 

0. 1 x SSC/ I % SDS and 0. 1 x SSC/ l % SDS at 65°C for 1 h in each solution. The 

membranes were then exposed to photographic film for autoradiography at - 80°C 

overnight (longer exposures were used when required) and developed according to 

standard procedures. 

3.2.3 peR-based linker scanning mutagenesis of Roseal promoter regions 

For the initial mutagenesis of the Roseal promoter, a 60 bp region was mutated, 20 bp 

at a time, using PCR l inker scanning mutagenesis (Table 3.2). The strategy for PCR 

l inker scanning was based on the method used by Bamhart ( \ 999). Figure 3 . 1 shows the 

region of Roseal promoter mutated in each of the constructs. The highl ighted region in 

each of the l inker scanning constructs was replaced with the random sequence of 

5 'CTTAGACCTCGAGTGTACCG3' of 20 bp. Two primers were designed with XhoI 

sites at the 5 '  end fol lowed by 7 bp of randomly generated mutant nuc leotide sequence 

(Table 3 .2  and Appendix Il l) .  The last 1 2  bp of each primer was compl imentary to the 

Roseal promoter sequence. This  20 bp of the mutated promoter region was contained 

within 289 bp of the Rosea l promoter. Two PCRs (using Pwo polymerase) were carried 

out, the first one was with the K268.Fwd and mutant reverse primer and the second one 
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was with the mutant forward primer i n  combination with K 1 8 1 .Rev primer (Appendix 

III) ,  using pPN 228 plasmid (Appendix IJ) DNA as the template . The first PCR product 

was digested with SacIlXhoI and the second product was digested with XhoIlNcoI. A 

triple l igation reaction (Section 2.2.8) was then used to insert the two PCR fragments 

i nto pPN 228 that had been digested with SacIlNcoI to remove the wi ld type RoseaI 

promoter sequence. Transformation of the l igation products and selection of positive 

c lones were carried out essential ly as described in Section 2 .3 .3 .  The construction of 

the mutant promoter constructs in pART 27 binary vector was carried out as described 

in Appendix IV. 

Table 3.2 Details of the constructs used for the initial peR linker scanning 

mutagenesis of the Roseal promoter. 

Name of pART 7 based 

vector (transient) 

pNNP.ELS I 

pNNP.ELS2 

pNNP.ELS3 

Name of pART 27 

based vector (stable) 

pNNP.ALS I 

pNNP.ALS2 

pNNP.ALS3 

Primers used 

K268.Fwd/N4WT.LS and 

N3WT.LS/K 1 8 1 . Rev 

K268.Fwd/N6WT.LS and 

N5WT.LS/K 1 8 1 . Rev 

K268.Fwd/N8WT.LS and 

N7WT.LS/K 1 8 1 .Rev 

Finer l inker scanning mutagenesis was carried out on the LS2 and LS3 regions by 

mutating 6 bp of the Roseal promoter sequence at a time. The primer sequences used 

for the initial l inker scanning mutants and finer linker scanning mutants are given in 

Appendix III .  Figure 3 .2  shows the region mutated in each of the finer l inker scanning 

mutant constructs. The same method that was used for generating 20 bp mutations was 

used for making the 6 bp mutations except that one mutation (LS 2. 1 )  had a BamHI site 

and the other (LS 2 .3 )  had a HindIII s ite incorporated. Al l  the other constructs had XhoI 

sites as the 6 bp mutant sequence (Table 3 .3) .  A total of eight regions were mutated in 

the finer linker scanning mutagenesis. The two regions mutated in LS.WRKY and 

LS.DOF were sites predicted by PLACE database analysis (Section 3.2.4) to bind 

putative WRKY and DOF transcription factors, respectively. PCR, three-way ligation, 
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- 200 
I 

GGGCGAGTC 

- 1 50 
I 

LS I 

- 1 40 - 1 30 

LS 3 

LS :2 
- 1 20 

I 
ATTTAAACCCGTGAAAGTTTCGCTC 

AAGGGGTACTCATTAAAAAAAGGGAAAGAGCAGCTAGACATGTGTTTTCTG 

TTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCAATG 

Figure 3. 1 The initial three regions of the Roseal promoter mutated by peR tinker 

scanning mutagenesis. 

Region highl ighted in green (- 1 82 to - 1 63)  was mutated in l inker scanning 

construct 1 (LS I ), region highl ighted in blue (- 1 62 to - 1 43)  was mutated in 

l inker scanning construct 2 (LS2) and the region highl ighted in purple (- 1 42 

to - 1 23)  was mutated in l inker scanning construct 3 (LS3) .  A site with 

simi larity to a potential MADS box binding si te is in bold font and 

underl ined. This site is not ful ly  conserved with the CArG element bound 

by plant MADS box proteins. The putative TA TA-box is shown in green 

font and the putative transl ation start site (ATG) is shown in bold font. 

5 1  



LS.WRKY 
LS2. 1 Ham 1 '\2 .2  

LS2.3Hind 

-----------�-----------

LS2 

LS 3.2 
LS. DOF 

I 

LS3 .4 

-----------�-----------

LS3 

Figure 3.2 The eight regions of the Roseal promoter mutated by finer peR linker 

scanning mutagenesis. 

The regions mutated in the initial l inker scanning mutagenesis are shown as 

LS2 and LS3 . LS.WRKY and LS.DOF are regions with putative WRKY 

and DOF transcription factor binding sites respectively. 
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transformation and selection i n  pART 7 and pART 27 vectors were essentially as 

described above for the initial l inker scanning mutagenesis construct generation. 

Table 3.3 Details of the constructs used for the finer PCR linker scanning 

mutagenesis of the Roseal promoter. 

Name of pART 7 Name of pART 27 

based vector based vector 

(transient) (stable) 

Primers used 

pNNP.ELS2. 1B am 

pNNP.ELS.WRKY 

pNNP.ELS.2.2 

pNNP.ELS .2.3Hind 

pNNP.ELS3. 1 

pNNP.ELS3.2 

pNNP.ELS.DOF 

pNNP.ELS3 .4 

pNNP.ALS2. 1 B am 

pNNP.ALS.WRKY 

pNNP.ALS .2.2 

pNNP.ALS.2.3Hind 

pNNP.ALS3. 1 

pNNP.ALS3.2 

pNNP.ALS.DOF 

pNNP.ALS3.4 

K268 .FwdILS2. 1 Rev, LS2. 1 FwdIK 1 8 1 .Rev 

K268.Fwd/WRKY.Rev, WRKY.FwdlK 1 8 1 .Rev 

K268.FwdILS2.2Rev, LS2.2FwdIK 1 8 1 .Rev 

K268.FwdILS2. 3Rev, LS2.3FwdlK 1 8 1 .Rev 

K268.FwdILS3. 1 Rev, LS3. 1 FwdIK l 8 1 .Rev 

K268.FwdILS3 .2Rev, LS3.2FwdlKI 8 1 .Rev 

K268.FwdIDOF.Rev, DOF.FwdlK 1 8 1 .Rev 

K268.FwdILS3.4Rev, LS3.4Fwd/KI 8 1 .Rev 

3.2.4 Bioinformatic analysis 

The - 1 62 to - 1 23 region of the Roseal promoter region identified to be important for 

expression of Roseal allele was analysed for putative eis-elements using the PLACE 

(plant eis-acting regulatory DNA elements) database 

(http://www.dna.affrc.go.jp/PLACE). The query sequence was uploaded and scanned 

for motifs that are similar or identical to previously reported eis-element motifs in the 

PLACE database by selecting the signal scan search option (Higo et al. , 1 999). 

3.2.5 Cloning of the 3' UTR of Roseal into pBlueScript vector 

Ros3UTR.Fwd and Ros3UTR.Rev primers (Appendix Ill) were used to amplify a 0.3 

kb fragment of the Roseal 3' UTR using Pwo polymerase and pLN 8 1  plasmid as the 

template (contains a Roseal cDNA under the CAMV 35S promoter) . The PCR product 

was gel purified (Section 2.2.9 .2) and digested with Sac 1 and Kpnl and ligated into 

pBlueScript (KSII +) digested with SacI and KpnI u sing Roche rapid l igation kit 
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(Section 2.2.8) .  Positive clones were selected by isolating the plasmid from a number of 

colonies fol lowed by restriction digestion. A plasmid giving the expected restriction 

digestion pattern was verified by sequencing using the T7 primer fol lowed by sequence 

analysis .  The positive clone was named pNNP.RosWT3UTR (Appendix 11) .  

3.2.6 DIG labelled probe synthesis 

Two peR products were generated to use as template for RNA label ing using the DIG 

RNA label ing kit (Roche Diagnostics). M 1 3 .Fwdff3 primer (Appendix Ill) 

combination was used to generate a peR product that could be used as a template for 

transcription with T7 polymerase to generate the sense RNA probe and M 1 3 .Revff7 

primer (Appendix I l l )  combination was used to generate a peR product to be used with 

T3 polymerase to generate the antisenese RNA probe. peR was carried out using Pwo 

polymerase (Section 2.4) and the products were gel purified (Section 2.2.9.2). The RNA 

label ing reaction contained 200 ng of the appropriate purified PCR product, 2 III of 1 0  x 

NTP label ling mix,  2 111 of 1 0  x transcription buffer, 1 ilL of RNAse inhibitor and 2 111 

of T7 or T3 polymerase. The total volume was adjusted to 20 ilL using steri le water and 

the reaction carried out at 37°C for 2 h.  2 ilL of DNAse I was added to the reaction and 

the reaction incubated for an additional 30 min at 37°C. The reaction was stopped by 

adding 2 ilL of 0.2 M EDTA. The DIG-labelled RNA probe was precipitated by adding 

2.5 ilL of 4 M LiCI and 75 ilL ice-cold ethanol and leaving at - 80°C for I h after 

which it was centrifuged for 30 min at 1 300 x g at 4°C. The pellet was resuspended in 

50 11 of sterile water. The yield of DIG-label led RNA probe was estimated by a dot blot 

using the protocol supplied in the DIG appl ication manual (Roche, 2002). 

3.2.7 Tissue fixation and sectioning 

Freshly harvested antirrhinum flower buds/petal tissue were put into glass vials 

contain ing freshly made formal in-alcohol-acetic acid (FAA) fixative and vacuum 

infi l trated so that the tissue would sink (FAA fixative contained 1 0: 1 :2 :7  (v/v/v/v) 

ethanol : acetic acid :formalin (37% formaldehyde):sterile water. The solution was 

replaced with fresh FAA fixative and the tissue allowed to fix overnight at 4°C. Fixed 

tissue was then dehydrated in a graded ethanol series by leaving them for I h in each of 

the fol lowing ethanol solutions (al l v/v); 50%, 50%, 70%, 85%, 95%, 1 00%, 1 00% and 
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1 00%. The tissue was then left overnight in 3 :  I ethanol :xylene (v/v) solution. Next day 

xylene was substituted for ethanol by leaving the tissue for 1 h in the fol lowing 

ethanol : xylene (v/v) graded series; 3 : 1 ,  1 : 1 ,  1 : 3 followed by two 1 00% xylene steps. 

Tissue was left overnight in fresh 1 00% xylene. The next day the tissue was saturated 

with wax by adding a few paraplast (Oxford Labware, Montana, USA) chips at a time 

over the course of the day while incubating at 55°e. The tissue was left overnight in 

paraplast solution and the next day 2/3 of the wax solution was removed and replaced 

with fresh molten paraplast wax. This step was repeated five times at I h intervals and 

the tissue was left overnight in fresh molten paraplast wax. Molten wax was replaced 

about four times with fresh molten wax over the next two days. The tissue was then 

embedded in wax and stored at 4°C. Wax blocks were attached to metal stubs and 8 Ilm 

transverse sections were cut using a Sorvall®Porterblum lB-4 microtome and a stainless 

steel knife. Ribbons of sections were placed onto drops of sterile water on 

Superfrost®Plus glass slides (Erie Scientific Company, New Hampshire, USA) and were 

cured overnight at 42°C and stored at room temperature. 

3.2.8 In situ RNA hybridisation 

Buffers and solutions 

• Phosphate buffered sal ine (PBS) 1 0  x (pH 7 .3) :  1 37 mM NaCI ,  2 .7 mM KCI, 4 .3 

mM Na2HP04.7H20 and l A  mM KH2P04. 

• 5 x TE: 1 0  mM Tris-HCI (pH 8.0) and ] mM EDTA. 

• Pronase: Pronase E (Roche Diagnostics) was treated to remove nucIeases by 

dissolving 40 mg in 1 mL of water and incubating for 4 h at 37°e. Stock 

solutions were stored at - 20°e. 1 .08 mL of stock solution was added to 1 7 .5 mL 

of 1 M Tris and 3 .5  mL of 0.5 M EDTA and then diluted to 350 mL with 1 x 

PBS before use. 

• Glycine (2% w/v) :  dissolved in 1 x PBS.  

• Formaldehyde (0. 1 1 % v/v) :  38 .5 mL formaldehyde diluted to 350 mL with 1 x 

PBS .  

• Acetic anhydride (0.005% v/v): was made fresh by adding 1 .75 mL acetic 

anhydride and 0. 1 M triethanolamine made up to 350 mL with water 
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• Denhardt' s solution ( 1 00%) :  2% (w/v) bovine serum albumin (fraction V, 

nuclease free), 2% (w/v) Ficol l 400 and 2% (w/v) PVP in water. 

• tRNA ( 1 0  mgmr l ) :  Nuclease free tRNA (Roche Diagnostics) in sterile water. 

• 1 0  x Sal ts ( 1 00 mL): 3 M NaCI, 0. 1 M Tris-HCI, 0. 1 M Na2HP04 and 0.5 M 

Na2EDTA (pH8). 

• Dextran sulphate 50% (w/v): dissolved in water and filter steril i sed using a 20 

urn filter. 

• De-ionized formamide :  20 mL of formamide was mixed with 1 0  g of mixed bed 

resin TMD-S (Sigma) and stirred in a fume hood for 1 h. The solution was then 

fi l tered through Whatman ™ fi lter paper and aliquots stored at - 20°C. 

• In situ hybridisation buffer: 4 mL of buffer was made fresh for 1 2  slide pairs. 

Buffer contained 40 IJL Denhardt' s solution ( 1 00%), 400 ilL tRNA ( 1 0  mgmL-

1 ), 400 ilL salts ( 1 0  x), 800 ilL dextran sulphate (50%), 2 mL deionised 

formamide and 360 ilL sterile water. 

• 20 x SSC (pH 7 .0): 3 M NaCI and 0.3 M sodium ci trate. 

• NTE (5 x) :  0.5 M NaCI, 0.0 1 M Tris-HCI and 1 mM EDTA (pH8). 

• RNAse :  1 0  mgmL-1 in I x NTE. 

• Buffer 1 :  contained 0. 1 M maleic acid, 0. 1 5  M NaCI and 0.3% (v/v) Triton x-

1 00. The pH was adjusted to 7.5 with NaOH and the solution was autoclaved. 

1 % (w/v) B SA fraction V was then added and the total volume was adjusted to 1 

L with steri le water. 

• BM block: 0. 1 % (w/v) blocking reagent in buffer 1 was heated to 60-70°C for 1 

h and was allowed to cool down to room temperature. 

• Buffer 3 :  contained 0. 1 M Tris-base, 0. 1 M NaCI and 0.05 M MgCIz.6H20. The 

pH was adjusted to 9.5 with NaOH and the solution was autoclaved. The total 

volume was adj usted to 1 L with sterile water. 

• NBT/BCIP: 1 00 ilL of NBTIBCIP (Roche Diagnostics) stock solution was 

diluted in 5 mL of buffer I .  

RoseaJ transcripts were detected in antirrhinum buds and flower petals using a 

D igoxigenin (DIG)-Iabelled probe (Section 3 .2.6). DIG- labelled nucleotides are 

incorporated into the RNA probe during the labell ing reaction. Hybridised DIG-
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l abel led probe i s  then detected with the h igh affinity anti-DIG antibody that i s  

conjugated to  alkal ine phosphatase. A nitro-blue tetrazol ium/5-bromo-4-chloro-3-

indoyJphosphate (NBTIBCIP) colourimetric reaction was then used to detect the DIG

label led probe. Chalcone synthase probe (gifted by Yongj in Shang) was used as a 

positive control for each in situ hybridisation experiment. Tissue sections from different  

areas of the lobe tissue were probed with the antisense probe and one sl ide pair was 

probed with the sense probe for each in situ hybridisation experiment. Both wild type 

( l ine#522, Section 2 . 1 )  and roseadorsea ( l ine # 1 1 2, Section 2. 1 )  tissue sections were cured 

onto each sl ide and 1 2  sl ide pairs in total were processed for each experiment. Different 

amounts of the antisense and sense probe (0.3 ng, 0.45 ng and 0.9 ng) were used for the 

hybridisation. 

Al l  the glassware and the 24 position sl ide rack were baked overnight at 1 50°C to 

remove RNAse and precautions were taken to minimise RNAse contamination. Plastic 

containers reserved solely for in situ hybridisation were used to make up the solutions 

l i sted in Table 3.4 and Table 3 .5 .  On the first day of the experiment the sl ides were 

processed as l i sted in Table 3.4. A 250 !J.L aliquot of hybridisation solution (Table 3 .4) 

containing the appropriate amount of probe was spread over one sl ide and a second 

sl ide lowered onto it. The hybridisation reaction was carried out overnight at 50°C in a 

moist chamber containing 2 x SSC/50% (v/v) formamide. 

On the second day of the experiment, the sl ide pairs were separated and transferred onto 

the 24-position sl ide rack to carry out the washing steps l i sted in Table 3 .5 .  A special 

container was used for the RNAse wash step. The blocking steps were carried out in a 

Pyrex dish set on a rocker. Sl ides were sandwiched together and placed in a high 

humidity chamber to carry out the anti-DIG antibody binding reaction and the 

NBTIBCIP colour reaction. The colour reaction was al lowed to develop overnight in the 

dark and the reaction was terminated the next day by washing the sl ides in sterile water. 

The sl ides were mounted using DPX mounting solution (Merck, Auckland, New 

Zealand). Light m icroscopy as described in Section 2. 1 0  was used to detect the location 

of Rosea l transcript. 
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Table 3.4. In situ hybridisation protocol for day one. 

Stee Solution/solvent (350 ml) Time (min) 

Xylene 2 x 1 0  

2 1 00% EtOH 1 .5 

3 95% EtOH 0.5 

4 85% EtOH + 0.85% NaCI 0.5 

5 75% EtOH + 0.85% NaCI 0.5 

6 50% EtOH + 0.85% NaCI 0.5 

7 30% EtOH + 0.85% NaCI 0 .5 

8 0.85% NaCI 2 

9 PBS 2 

1 0  Pronase 1 0  

1 1  Glycine 2 

1 2  Formaldehyde 1 0  

1 3  PBS 2 x 2  

1 4  Acetic anhydride 1 0  

I S  PBS 2 

1 6  0.85% NaCI 2 

1 7  Reverse steps 7-2 

1 8  Air dry sl ides 

1 9  H�bridisation solution o/n 
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Table 3.5 In situ hybridisation protocol for day two. 

Step Solution (350 mL volume) Time (min) 

2 x SSC/ 50% formamide at 50°C 2 x 60 

2 NTE 5 

3 RNAse at 37°C 30 

4 NTE 2 x 5  

5 0.2 x SSC at 50°C 60 

6 PBS 

Transfer to glass dish 

(Fol lowing volumes in 1 00 mL) 

7 B M  block! buffer 1 45 

8 
B uffer 1 

45 
DIG antibody in buffer 1 ( 1 : 2500 

9 
di lution) 

90 

1 0  Buffer I 4 x 20 

1 1  B uffer 3 3 x 2  

1 2  NBTIBCIP colour reagent OIN 
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3.3 Results 

3.3.1 Promoter deletion analysis 

Roseal promoter deletion constructs (pART 7 based) were initially assayed i n  roseadorsea 

antirrhinum petals using particle bombardment. This experiment was conducted by Dr 

Kathy Schwinn and Mr Michael Bennett and additional assays were conducted to verify 

their data. B oth i nner and outer epidermises were transformed with each of the promoter 

deletion constructs l isted in Table 3 . 1 .  Transformed petal tissue was allowed to recover 

i n  media 2 (Section 2 .8) for two days and stained for GUS expression. Each petal was 

observed for the number of GUS foci as well as the spatial GUS distribution. The 

results for the transient assays are given in  Table 3 .6 .  It was observed that the shorter 

promoter fragments [from pPNN 234 (289 bp Roseal promoter) onwards] gave a more 

restricted GUS expression pattern in the inner epidermis with fewer GUS foc i  i n  the 

lobe region and more GUS foci i n  the upper tube and the hinge (region between the lobe 

and tube) .  Deletion of the Roseal promoter down to the 1 89 bp (pPN 235 construct) 

relative to the translational start site was sti l l  able to drive GUS expression in both i nner 

and outer epidermis of antirrhinum petals (Figure 3 .3A and B) .  Transient assays carried 

out by Dr Schwinn showed GUS expression (although relatively weak) with the pPN 

257 (harbouring 1 20 bp of Roseal promoter contain ing the putative TATA-box and 

mostly 5' UTR region) construct. However, subsequent assays indicated that this 

promoter deletion construct was unable to drive GUS expression in both inner and outer 

epidermis of the petal. pPN 236, where the putative TATA-box was deleted, was unable 

to drive expression of the GUS reporter gene (Figure 3 .3C and D). Therefore, the 

transient assay results showed that the key eis-elements important for the expression of 

the Roseal gene were present i n  the - 1 89 bp to - 1 20 bp region of the Roseal promoter. 

Transgenic tobacco flowers harbouring the Roseal promoter deletion constructs ( l isted 

i n  Table 3 . 1 )  were analysed for GUS expression (Section 2.9). Flowers ranging in size 

from 1 .5 to 7 cm were analysed for temporal and developmental GUS expression 

pattern. Wild type flowers at the same developmental stages served as a negative 

control while flowers from plants harbouring pART 27- 1 0  (35S :GUS :OCS) served as 
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Figure 3.3 Transient GUS assay using particle bombardment transformation of 

roseadorsea antirrhinum (line #1 1 2) petal tissue with the Roseal 

promoter deletion constructs listed in Table 3. 1 .  

The pPN 235 construct was able to drive GUS expression i n  inner (A) and 

outer (B) epidermis while pPN 236 did not give GUS expression i n  the 

i nner (C) or outer (D) epidermis.  Positive expression is seen as small ,  

mu lticell blue col oured foci ,  fol lowing histoche mical staini ng for GUS 

acti vity and subsequent destai ning to remove background colouration. 
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Table 3.6 GUS expression results of transient assays carried out on roseadorsea 

antirrhinum petal tissue using the Roseal promoter deletion constructs3• 

Vector Roseal promoter size (bp )6 GUS expressionc 

pPN 228t 1 200 Yes 

pPN 1 94f 900 Yes 

pPN 229 809 Yes 

pPN 230 7 1 0  Yes 

pPN 23 1 608 Yes 

pPN 232 493 Yes 

pPN 233 389 Yes 

pPN 234f 289 Yese 

pPN 235f 1 89 Yese 

pPN 25i 1 20 YeslNod 

pPN 23d 89 No 

a These assays were conducted by Mr Michael Bennett and the tissue was observed to verify hi s 
resu lts. 
b Promoter size was deterrru ned from the NcoI site and includes the 5'UTR region. 
C GUS expression in the i nner and outer epidermis of the petal. 
d Transient assays carried out by Dr Kathy Schwinn showed positive GUS expression with this 
construct. Data were only avai lable for the i nner epidermal t issue of the petal . No GUS 
expression was detected ( inner and outer epiderrrus) when this assay was repeated. 
e More GUS expression was observed in the upper tube and hinge region compared to the lobe 
ti ssue for transient assays carried out on the inner epiderrrus with these constructs. 
F Additional transient assays were conducted with these constructs to verify the results obtained 
by Mr Michael Bennett. 

positive controls .  After overnight GUS staining, the flowers were analysed for GUS 

expression using l ight microscopy (Section 2. 1 0) .  The stable tobacco transgenic results 

(Table 3.7 and Appendix V) verified the results from the transient assays as all of the 

constructs down to pPN 245 (equivalent to pPN 235) showed GUS expression. pPN 258 

(equivalent to pPN 257), harbouring 1 20 bp of the Roseal promoter (contains the 

putative TATA-box and 5' UTR region) and pPN 246 (equivalent to pPN 236) (putative 

TATA-box deleted) gave no GUS expression. GUS expression was most intense in the 

tips of the flower petals, the lower half of the tube region and in vascular tissue for all 

of the promoter deletion constructs analysed (Figure 3 .4) .  Leaves and sepals did not 

show GUS expression indicating that 1 89 bp of the promoter (promoter size includes 

62 



the 5' UTR region) was sufficient for petal specific expression. The temporal GUS 

expression pattern as observed with staining different developmental stages showed that 

the GUS expression was much stronger in younger flowers with a gradual decl ine as the 

petal matured (Figure 3 .5) .  Anthocyanin pigments are first visible in tobacco flowers 

that are - 4 cm in length. Anthocyanins continue to accumulate in tobacco flowers that 

are up to about 6 cm in length as observed by the increase in intensity of pink 

colouration. It was observed that the transgenic tobacco flowers from different 

independent l ines that contained the same construct showed different intensities of GUS 

expression. Southern blotting (Section 3.3.2) was carried out to investigate whether this 

was due to differences in the copy number of the transgene in these individual l ines. 

Southern blotting was carried out on different l ines of transgenic tobacco plants 

harbouring pPN 237, 238, 239, 242 and 244 constructs. The copy number of the 

transgene in these plants varied between 1 - 4. Figure 3 .6  shows an example Southern 

blot obtained for ten individual l ines harbouring the pPN 242 construct. The copy 

number data for the other constructs are given in Appendix V. No correlation was 

observed between the intensity of GUS expression level in individual l ines and the 

transgene copy number. 

After GUS staining, the petals were hand sectioned, mounted on a microscope sl ide and 

analysed for the tissue specificity of GUS expression. GUS expression was most intense 

in the inner and outer epidermis of the petal tissue with weaker staining occurring, 

occasionaIly, in the vascular tissue (Figure 3 .4D) .  

In summary, the results from both the transient assays of the Roseal promoter deletion 

constructs in antirrhinum petals and stable transgenic tobacco showed the region 

between - 1 89 bp to - 1 20 bp of the promoter to be important for expression of the 

Roseal allele and for maintaining the petal and epidermal specificity of its expression. 

3.3.2 Linker scanning mutagenesis of the - 189 bp to - 1 23 bp region of the Roseal 

promoter 

The key region (- 1 89 bp to - 1 20 bp) identified by the promoter deletion analysis was 

further analysed by l inker scanning mutagenesis to identify the exact elements 
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Table 3.7 GUS expression results of stable transgenic tobacco plants harbouring 

Roseal promoter deletion constructs3• 

Name of Roseal Number of Number of Number of 

pART 27 promoter individual transformants transformants 

based vector size (bp)b transformants showing positive showing no GUS 

analysed for GUS GUS expressionc expressionc 

expression 

pPN 237 1 200 1 7  1 0  7 

pPN 238 900 1 5  1 2  3 

pPN 239 809 1 1  1 0  

pPN 240 7 1 0  1 1  7 4 

pPN 24 1 608 1 1  4 7 

pPN 242 493 1 5  7 8 

pPN 243 389 1 5  5 1 0  

pPN 244 289 1 3  5 8 

pPN 245 1 89 1 3  6 7 

pPN 258 1 20 1 1  0 1 1  

pPN 246 89 1 6  0 1 6  

a Al l  the constructs excluding pPN 245 were prepared by Mr Michael Bennett. Generation of 
stable transgenic tobacco containing al l the constructs excluding pPN 245 was also carried out 
by Mr M ichael Bennett. 
b Promoter size was determined from the NcoI s i te and includes the 5 'UTR region . 
C GUS expression i n  the i nner and outer epidermis of the petal. 

important for the regulated expression of the Rosea l gene. Linker scanning mutagenesis 

was chosen as clearly defined region/s of the promoter can be systematically mutated by 

this method. Furthermore, in th i s  method the mutation is generated while maintaining 

the original spatial sequence arrangement of the promoter region (Barnhart, 1 999). The 

- 1 89 bp to - 1 20 bp of the Roseal promoter region was divided into three sub-regions for 

the mutagenesis (Figure 3 . 1 ) . The region - 1 42 bp to- l 23 bp was mutated in the LS3 

mutant as mutating part of the putative TATA-box (- 1 20 bp to - 1 23bp) would be l i kely 

to abolish expression from this construct. This would mask other potential sites 

i mportant for regulated expression . 
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Figure 3.4 Typical GUS expression pattern in petals of stably transformed tobacco 

harbouring the Roseal promoter deletion constructs. 

The tissue shown is from a pPN 237 ( 1 . 2 kb Roseal promoter:GUS:OCS) 

tran formed l ine. The spatial expression pattern of the GUS reporter gene 

(A) with strongest expression observed in the petal tips (B) and the lower 

portion of the tube region (C). The epidermal specificity of GUS expression 

is apparent in a petal cross section (D). 
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Figure 3.5 Temporal GUS expression pattern over petal development in flowers of 

stably transformed tobacco plants harbouring the pPN 237 (1 .2 kb 

Roseal promoter:GUS:OCS) construct. 

All the flowers shown were obtained from plant line # 1 7  and were stained 

for GUS expression at the same time. The anthers were removed from the 

flowers before GUS staining and resulted in wounding damage to the tissue 

(browning indicated by the arrows). The size of each flower (in cm) is  

indicated at  the bottom of the figure. 

67 



Figure 3.6 Southern analysis showing transgene copy number in ten different 

transgenic lines containing the pPN 242 (0.493 bp Rosea l promoter 

fragment:G US :OCS) construct. 

20 Ilg of genomic DNA digested with EcoRV was separated on a 0.8% 

(w/v) agaroseffAE gel .  The expression cassette of pPN 242 containing 

0.493 bp RoseaJ promoter fragmentGUS:OCS (Table 3. 1 )  i solated as a 

SacI/Not! fragment was used for generating the radiolabelled probe. Five 

EcoRV sites present in the expression cassette containing 0.493 bp Rosea J 

promoter fragmentGUS:OCS gave four internal fragments and served as a 

positive control for the experiment (indicated by arrows). The sizes of the 

internal fragments are indicated on the right. The transgene copy number for 

each plant l ine was determined by counting the additional j unction 

fragments. For example, line # 1 1 has a single junction fragment (boxed) (in 

addi tion to the four internal j unction fragments) and therefore, contains a 

single copy of the transgene. 
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The three l inker scanning mutants, ELS 1 ,  ELS2 and ELS3 (l i sted i n  Table 3 .2 and the 

mutated regions as shown in Figure 3 . 1 )  were initially tested for GUS reporter gene 

activation by transient assays in roseadorsea petal ti ssue. Both the inner and outer 

epidermis of the petal ti ssue were transformed with the l inker scanning constructs. The 

ELS I construct gave a similar number of foci (>200 GUS foci )  as the positive control 

used in this  experiment, which was construct pPN 234 (289 bp Rosea l 

promoter:GUS:OCS). Transient assays with both ELS2 and ELS3 constructs fai led to 

produce a simi lar large number of GUS foci  as seen for either the ELS 1 or pPN 234 

constructs, and these few GUS foci  (less than ] 0 foci )  had very weak GUS expression. 

The effects of the ALS ] ,  ALS2 and ALS3 l inker scanning mutations were analysed also 

in flowers of stably transformed tobacco plants. The flowers from half of the individual 

l ines of stably transformed tobacco plants contain ing the ALS I construct showed 

positive GUS expression (Figure 3 .7 A). The spatial GUS expression pattern in these 

flowers was similar to that from plants harbouring the wild type Roseal promoter 

deletion constructs. The flowers from five individual l ines (out of 1 4  individual l i nes 

analysed) harbouring the ALS2 construct also showed a positive GUS phenotype. 

However, two of these l ines had very weak GUS expression and the other three had 

weak GUS staining only in the tube region of the flowers (Figure 3 .7B and C). 

Thirteen out of 1 6  individual l ines containing the ALS3 construct also showed positive 

GUS staining. Out of the 1 3  l ines showing a positive GUS phenotype, five individual 

l ines showed very weak GUS activity with some l ines showing weak GUS expression 

only in the petal tip region (Figure 3 .7D).  The other eight l ines of transformants 

showing a positive GUS phenotype had the same GUS intensity and spatial GUS 

expression similar to that observed in plants harbouring the wild type Roseal promoter 

deletion constructs. The results for the stable tobacco transgenic analysis are presented 

in Table 3 .8  and detai ls are outlined in Appendix VI. 

The finer l inker scanning mutant constructs l i sted in Table 3 .3  (mutated regions as 

shown in Figure 3.2) were analysed for GUS reporter gene expression by analysing the 

flowers from stably transformed tobacco plants. The detailed resul ts are presented in 

Appendix VII and Table 3 .9 summarises the data. Al l  of the finer l inker scanning 

mutant constructs, exc luding ALS3.4, showed positive GUS expression in tobacco 
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flowers. However, some of the constructs only gave very weak GUS expression in 

tobacco flowers in most of the individual l ines analysed (e.g.  ALS2.3  and ALSDOF). 

All of the constructs, excluding ALS3.2 and ALS3.4, also gave GUS expression in  the 

sepal tissue in some of the individual l ines (Figure 3 .7  E). GUS expression was also 

seen specifical ly in either the petal tips or the tube region in the flowers of some l ines 

for most of the constructs analysed except for ALS 2.2, ALS3.2 and ALS3.4 constructs. 

3.3.3 Bioinformatic analysis 

The Roseal promoter sequence between - 1 62 to - 1 23 bp, identified to be important for 

its expression through the promoter deletion and l inker scanning mutagenesis was 

analysed for putative eis-elements using the PLACE database. Four putative 

transcription factor-binding sites were predicted to be present in this region (Figure 3 .8) .  

These eis-elements were: a W box, present in the promoter region of the transcriptional 

repressor gene ERF3 of tobacco which may function in the activation of the ERF3 gene 

in response to wounding (Nishiuchi T et al. ,  2004); a binding site for WRKY-class of 

transcription factors, which are involved in plant defence responses (Eulgem et at. , 

2000); a binding site for DOF-class of transcription factor, a c lass of plant-specific 

transcription factors which have been shown to perform diverse regulatory functions 

(Yanagisawa, 2002, 2004); and a pyrimidine box, a gibberel lin-responsive eis-element 

shown to be partially involved in sugar repression (Morita et ai. , 1 998 ; Mena et al. , 

2002) .  

3.3.4 In situ hybridisation 

The spatial expression pattern of the Roseal gene was analysed in the wild type 

antirrhinum petal tissue (stage 3, Figure 3 .9A) by in situ hybridisation. Petal tissue 

probed with the CHS probe served as a positive control for thi s  experiment while tissue 

sections probed with the CHS sense and Rosea l 3 'UTR sense probes served as the 

negative controls .  CHS positive control was carried out on stage 3 whole buds that were 

sectioned longitudinally .  All other in situ hybridisation reactions were carried out on 

individual petal tissue that was transversely sectioned. CHS expression was strong in 

stage 3 bud tissue and was epidermal specific in both upper and lower petal tissue. The 

reproductive tissue also showed expression (Figure 3.9B).  Rosea l gene expression was 
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observed specifically in both the inner and outer epidermis of the upper and lower l ip 

petal ti ssue (Figure 3 .9C and E). Roseal was also expressed in the vascular tissue of 

both upper and lower lip petal tissue (Figure 3 .9C and E). No signal was observed in the 

upper and lower petal tissue probed with the sense Rosea l . 3'UTR probe (Figure 3 .9D 

and F). However, reproductive tissue showed a weak signal with this probe on some 

occasions (Figure 3 .9F). 

Table 3.8 GUS expression results of stable transgenic tobacco plants harbouring 

the initial linker scanning mutagenesis constructs. 

Name of pART Number of Number of Comments 
27 based vector transformants transformants 

showing showing no 
positive GUS GUS expression 

expression 

GUS expression similar to wi ld 

ALS l 8 8 type promoter deletion 

construct. 

Two of the GUS positives had 

ALS2 5 9 very weak GUS phenotype and 

three were weakly staining only 

in the tube region. 

Three of the GUS positives had 

ALS3 1 3  3 very weak GUS phenotype and 

two had weak GUS staining 

only in the petal tip region. 

Other eight l ines had GUS 

expression simi lar to wild type 

promoter deletion construct. 
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Figure 3.7 Examples of GUS expression pattern in flower tissue of stably 

transformed tobacco harbouring the linker scanning mutant constructs 

A LS l ,  ALS2 and A LS3. 

Strong GUS expression was observed in the petals from plants harbouring 

the ALS I ( l ine #5) construct (A). Weak GUS expression observed in the 

petals from plants harbouring the ALS2 (l ine #9) construct (B).  Weak tube

specific GUS expression in petals from plants harbouring the ALS2 (l ine 

# 1 2) construct (C). Weak petal tip-specific  GUS expression in plants 

harbouring the ALS3 (l ine #7) construct (D). GUS expression in the sepal 

tissue in flowers from tobacco plants harbouring the ALS2.3 (line #6) 

construct (E). 
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Table 3.9 GUS expression results of stable transgenic tobacco plants harbouring 

the finer linker scanning mutagenesis constructs. 

Name of pART 27 GUS phenotype Comments 
based vector 

Positive Negative 

Sepals express GUS. Some l ines 

pNNP.ALS2. 1 Bam 9 9 
only  showed tube or petal tip-

specific GUS expression 

Sepals express GUS .  Some l ines 

I D  7 only showed tube-specific GUS 
pNNP.ALS.WRKY 

expression. 

Sepals express GUS. In most l ines 
pNNP.ALS .2.2 8 7 

GUS expression was very weak. 

Sepals express GUS. Some l ines 

pNNP.ALS .2 .3Hind 1 2  7 only showed tube-specific GUS 

expression and most l ines had only 

weak GUS activity. 

Sepals express GUS. One l ine had 
pNNP.ALS3 . 1  7 2 

petal tip-specific GUS expression. 

Two l ines had very weak GUS 
pNNP.ALS3.2 7 2 

expression. 

Sepals express GUS. Some l ines had 

tube-specific GUS expression. In 

pNNP.ALS.DOF 5 1 2  most l ines GUS expression was very 

weak. 

pNNP.ALS3.4 0 1 4  No GUS eXEression. 
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W-box DOF-binding site 

CGGGTCATGA ACACCCCTAG GCTACAGCCA TAAAAAGGCC TATITA 

Y "----y--J 
WRKY-binding site Pyrimidine-box 

Figure 3.8 Putative eis-elements predicted to be present in the region between 162-

123 bp of the Roseal promoter. 

The nucleotide sequence (+ strand) of - l 62 bp to - 1 23 bp region of the 

Roseal promoter region was analysed using the PLACE database. The 

sequence was then scanned for motifs that are similar or identical to 

previously reported eis-element motifs in the database by selecting the 

signal scan search option. 
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Figure 3.9 Analysis of Roseal gene expression in stage 3, wild type antirrhinum 

flowers (line #522) by in situ hybridisation. 

Wild type antirrhinum flower at stage 3 ( 1 0- 1 5  mm) of development (A) .  

For orientation, cutting plane is  shown as  a l ine. Upper and lower l ip  petal 

tissues are indicated by arrows. The whole flower was longitudinal ly  

sectioned and the lobe tissue probed with the anti sense CHS probe. 

Epidermal-specific expression of the CHS gene used as a posit ive control 

for the in situ hybridisation analysis (B) .  Dissected upper l ip  petal t issue 

was transversely sectioned and the lobe tissue probed with the anti sense 

Rosea 1 .3 'UTR probe. Epidermal and vascular tissue-specific expression of 

the Roseal gene in upper l ip  petal tissue (C). Upper l ip  lobe tissue probed 

with the sense Rosea 1 .3 'UTR probe served as the negative control where no 

signal is observed (D). Epidermal and vascular tissue-specific Roseal gene 

expression observed in the lobe region of the lower l ip petal tissue probed 

with the Rosea 1 . 3 'UTR antisense probe (E). Lower l ip petal tissue probed 

(lobe region) with the sense Rosea l .3 'UTR probe shows no s ignal in the 

petal tissue and a weak signal in the reproductive tissue (F). 
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3.4 Discussion 

The major objective in this chapter was to identify the region/s in the RoseaJ promoter 

that is important for expression and to analyse the spatial expression pattern of RoseaJ 

in wild type antirrhinum flowers. 

Initial promoter deletion analysis was carried out on the 1 . 2 kb region of the Rosea J 

promoter to find region/s important for expression of RoseaJ using GUS as the reporter 

gene. Transient transformation studies are easy to perform, efficient and results are 

obtained within days .  Transient assays have been used successfully for the analysis of 

genetic regulation of various genes in different species. For example, the promoter 

region important for the endosperm-specific expression of the rice sucrose synthase 

gene was identified using promoter deletion analysis carried out using particle 

bombardment-mediated transient transformation of seed tissue (Rasmussen and 

Donaldson, 2006) .  In the roseadorsea petal tissue, the expression of Roseal is modified 

and there is no Rosea2 expression (Schwinn, et. ai. , 2006). Therefore, the roseadorsea 

petal tissue can be used for Roseal gene complementation experiments. Therefore, 

Roseal promoter deletion constructs were initially assayed by transient transformation 

of roseadorsea petal t issue by particle bombardment. These assays showed that the 

proximal 1 89 bp of the Rosea J promoter region was sufficient to drive GUS expression 

in both the inner and outer epidermis of antirrhinum petal tissue. Flowers of tobacco 

plants stably transformed with the promoter deletion constructs were then analysed for 

GUS reporter gene expression . These assays were performed to verify the results from 

the transient transformation experiments. Tobacco was chosen for the stable 

transformation analysis of the Roseal promoter deletion constructs, as stable 

transformation of antirrhinum i s  difficult .  Tobacco has been used successful ly to 

characterise other antirrhinum Myb genes such as Mixta (Perez-Rodrigues et ai., 2005) 

and Mixta-like3 (Jaffe et ai. ,  2007) .  The tobacco l ine used (samsun) also has pigmented 

flowers and a corolla where petals are fused to form a tube and lobe domains (similar to 

antirrhinum). However, tobacco flowers have radial symmetry rather than the bilateral 

symmetry present in antirrhinum flowers. The results from the stable transformation 

assays were consistent with the transient assays .  The developmental pattern of GUS 

expression correlated wel l  wi th that of anthocyan in accumulation in tobacco. GUS 

expression was observed to be stronger in the young transgenic tobacco flowers with a 
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gradual decrease as they mature. The Rosea1 promoter region down to the proximal 1 89 

bp was able to drive GUS expression in both the inner and outer epidermis of tobacco 

flowers. The 1 20 bp proximal region of the Rosea1 promoter, which contains the 

putative TATA-box and most of the 5' UTR was not able to drive GUS reporter gene 

expression in either antirrhinum or tobacco flowers. Taken together, the promoter 

deletion analysis showed that the Rosea1 promoter region between - ]  89 bp and - 1 20 bp 

was important for expression . 

Individual transgenic tobacco l ines harbouring the same promoter deletion construct 

showed variations in their floral GUS expression levels .  Southern blotting was carried 

out to analyse whether this was due to variation in the copy number of the transgene 

between the individual l ines. The copy number of the transgene varied between one and 

four. No correlation was observed between the strength of GUS expression and the copy 

number. Thus, positional effects from transgene insertion events were more l ikely  to 

affect GUS expression rather than the copy number of the transgene in these individual 

l ines. Positional effects from different transgene insertion events have been reported 

previously for tobacco (Hobbs et aI. , 1 990) as well as other plant species such as aspen 

(Kumar and Fladung, 200 1 ) . It was also observed that some transgenic l ines did not 

express GUS. Positional effects from different transgene insertion events may result in 

weak GUS expression in these l ines. It could be possible that this weak expression 

would be undetectable by histochemical staining for GUS . Thus, while GUS expression 

analyses of stable tobacco transformants were not suitable for obtaining quantitative 

data, this system was very useful for qual itative analyses of the Rosea1 promoter 

deletion constructs. 

Linker scanning mutagenesis is a method used routinely for the identification of various 

regulatory eis-elements in promoter regions. Some examples include the identification 

of eis-elements regulating pol len-specific and quantitative expression of the ZM 13 gene 

from maize (Hamilton et al. , 1 998), the identification of two auxin responsive domains 

in the PS-IAA4/5 gene (encoding a putative auxin inducible transcription factor) from 

pea (Bal las et aI. , 1 995) and the identification of promoter regions important for the 

n itrate-dependent expression of two nitrate reductase genes from arabidopsis (Hwang et 

aI . ,  1 997). Consequently, PCR l inker scanning mutagenesis was used to identify the 

exact elements within the - 1 89 bp to - 1 20 bp region that were important for the 

80 



regulated expression of the Roseal gene. Initial PCR l inker scanning was carried out by 

mutating 20 bp regions of the Roseal promoter at one time. The region mutated in the 

LS I construct (Figure 3 . 1 )  did not affect GUS reporter gene expression in either 

antirrhinum or tobacco petal tissue. This  indicated that this region is not important for 

expression of the Rosea J gene. B ioinformatic analysis of the - 1 62 bp to - 1 43 bp region 

predicted a WRKY and a W -box site to be present in the region mutated in the LS2 

construct. A pyrimidine box and a DOF transcription factor binding site were predicted 

to be present in the region mutated in the LS3 construct (- 1 42 bp to - 1 23 bp). Therefore, 

it was expected that mutation of either the LS2 or the LS3 region would affect GUS 

expression. Both ELS2 and ELS3 mutant constructs fai led to drive strong GUS 

expression (compared to the wild type promoter deletion and ELS l constructs) in  the 

transient assays carried out on antirrhinum petal tissue indicating that this region indeed 

harboured eis-elements important for expression of the Roseal gene. 

The three l inker scanning mutagenesis constructs were also tested for GUS reporter 

gene expression by analysing the flowers of stably transformed tobacco plants. The 

ALS I construct showed positive GUS expression in tobacco petals further verifying 

that the region mutated in this construct was not important for expression of the RoseaJ 

gene. A few individual l ines harbouring the ALS2 construct gave GUS expression in 

tobacco petals but  in all cases this  expression was very weak. The ALS3 construct also 

gave GUS expression in tobacco petals. The GUS expression in five of the individual 

l ines were very weak. However, the other eight l ines showed positive GUS expression 

simi lar to that obtained from the ALS 1 construct. Transient assays carried out with this 

same construct (ELS3)  did not give GUS expression in antirrhinum petals. Thi s  

contradiction is  l ikely to  be  a result of using a heterologous stable transgenic system 

(tobacco) for the identification of the eis-elements. The transcription factors present in  

tobacco flowers are l ikely to be different from those in antirrhinum petal tissue. It i s  

also l ikely that homologous transcription factors from tobacco and antirrhinum may 

have different binding preferences for thei r  target DNA sequence/so These differences 

are l i kely to result in tobacco petal ti ssue having a different transcriptional regulation 

mechanism for Roseal compared to that of antirrhinum petal tissue. Thus, for finer 

promoter analysis, such as l inker scanning mutagenesis, the assays conducted in 

antirrhinum petal tissue should provide more reliable results. Consequently, the two 
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regions mutated in the LS2 and LS3 constructs are l ikely to be important for regulating 

RoseaJ gene expression. 

Finer PCR l inker scanning (6 bp segments) was then carried out on the LS2 and LS3 

regions to locate the i mportant eis-elements. The finer PCR l inker scanning constructs 

were assayed only in flowers of stably transformed tobacco due to time constraints. The 

region mutated in the ALS 3 .4 construct spanned part of the putative TA TA-box and 

served as a negative control for the experiment. The ALS 3 .4 construct did not give 

GUS expression, as expected, and confirmed that the predicted TA TA-box i s  i ndeed the 

TA TA-box for the Roseal promoter. All of the other finer l inker scanning constructs 

gave GUS expression in tobacco flowers. However, both ALS2.3 and ALSOOF 

constructs only gave very weak GUS expression indicating that the regions mutated in 

these constructs contained eis-elements that were important for driving Roseal gene 

expression. Al l  constructs except ALS3.2 and ALS3.4 were also able to drive GUS 

expression in the sepal tissue. This indicated that mutating these regions affected the 

abi l i ty of the promoter to maintain i ts petal specificity of expression. 

B ioinformatic analysis, carried out on the - 1 62 to - ) 23 bp of the Roseal promoter 

region, identified four putative transcription factor-binding sites (Figure 3 . 8) .  Mutation 

of the putative W-box (ALS2.2 construct), which may function in wound responses 

(Nishiuchi et al. , 2004), resulted in very weak GUS expression and also affected the 

petal specificity of expression. The WRKY transcription factor-binding site was also of 

i nterest as these factors are mainly involved in plant defence responses (Eulgem et aI. , 

2000). However, the ttg2 gene encoding a WRKY transcription factor in arabidopsis has 

been shown to function in trichome formation and seed pigmentation (Johnson et aI. , 

2002). Mutagenesis of the WRKY site led to the loss of petal-specific GUS expression 

indicating that this site may also be important for RoseaJ gene regulation. 

The OOF transcription factor-binding site was of special i nterest as these proteins are 

novel ,  plant-specific transcription factors with many functions, one of which i s  l ight 

regulated expression of genes (Yanagisawa, 2002, 2004). Finer l inker scanning 

mutagenesis of this region (ALSOOF construct) indicated that this s ite may indeed be 

an important eis-regulatory element of the RoseaJ gene, especial ly for petal-specificity .  
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A pyrimidine-box, a gibberel lin-responsive element involved in sugar repression 

(Morita et aI. , 1 998;  Mena et aI. , 2002), was partially mutated in each of the ALS3.2,  

ALSDOF and ALS3.4 constructs. Mutating part of this pyrimidine-box in the ALSDOF 

construct affected GUS expression, especial ly  in  maintaining the petal-specificity of 

expression as previously mentioned. However, in future research the entire region 

containing this putative pyrimidine-box should be mutated in a single construct to 

assess the importance of this putative eis-element for Roseal regulation. In addition, al l 

the finer l inker scanning mutant constructs should also be assayed in antirrhinum petal 

tissue using particle bombardment to verify the stable tobacco transgenic data. 

In situ hybridisation was carried out on stage 3 wild type antirrhinum petal tissue to 

analyse the spatial expression pattern of the Roseal gene. Roseal transcripts were 

expressed in the inner and outer epidermal tissue of upper and lower l ip petal tissue. 

This expression pattern was expected, as anthocyanin pigments in the petal are confined 

to the epidermal tissue (Jackson et aI. , 1 99 1 ;  Martin and Gerats, 1 993) .  The region 

around the vascular bundles also showed the presence of Rosea l transcript expression. 

Furthermore, GUS expression was seen in the vascular tissue of tobacco petals 

harbouring the various Roseal promoter deletion constructs. The Myb gene Venosa 

regulates anthocyanin pigment production in the inner epidermal tissue overlying the 

veins (Schwinn et aI. , 2006). Venosa transcript expression, analysed by in situ 

hybridisation, showed that Venosa mRNA was expressed in a zone from the xylem to 

the adaxial (inner) epidermis, and was controlled spatial ly and quantitatively by a signal 

associated with the petal veins (Shang, 2007) .  This signal might be hormonal, and could 

be either auxin, cytokinin, gibberel l in or cytokinin hormones as the Venosa transcripts 

are specifically associated with the xylem tissue (No and Loopstra, 2000; Hartung et aI. , 

2002) .  As Roseal is expressed in the vascular tissue, it i s  possible that i t  may also be 

regulated by these hormonal signals. Sugar signals, associated with the phloem tissue 

may also regulate Roseal expression. A putative pyrimidine-box, which is a 

gibberell in-responsive element involved in sugar repression (Morita et al. , 1 998 ; Mena 

et aI. , 2002), i s  present in the LS3 region of the Roseal promoter. Therefore, the 

importance of this putative pyrimidine-box should be analysed by l inker scanning 

m utagenesis. The Rosea l .3'UTR sense probe, which served as the negative control , did 

not give a signal in the epidermal tissue. However, a weak signal was observed in the 
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reproductive tissue and is due to non-specific binding of the probe to this tissue (Dr Erin 

O' Donoghue, Crop & Food Research, personal communication). 

In conclusion, the Roseal promoter region encompassing - 1 89 bp to - 1 23 bp was shown 

to be important for the regulated expression of the gene by promoter deletion analysi s. 

Linker scanning mutagenesis was then carried out on this region to identify the exact 

eis-elements important for the regulated expression of the Rosea l gene. This analysis 

identified the - 1 62 bp to - 1 43 bp region as containing the necessary eis-elements. 

Database analysis was used to identify four putative transcription factor-binding sites 

within thi s region : a W -box, a pyrimidine box, a DOF and a WRKY transcription factor 

binding site .  Finer l inker scanning mutagenesis was used to analyse the importance of 

these putative transcription factor-binding sites for Roseal gene expression. 

Mutagenesis of all four sites led to the loss of petal-speci fic GUS expression indicating 

that these sites may indeed be important for Roseal gene regulation. Furthermore, 

mutating the DOF and W-box site resulted in very weak GUS expression indicating that 

these eis-elements may be important for driving high level of Roseal gene expression. 

In situ hybridisation on wild type antirrhinum flower petals showed epidermal and 

vascular bundle-specific expression of the Rosea l mRNA. The epidermal expression of 

Rosea l correlated with the anthocyanin pigment accumulation pattern in wild type 

antirrhinum flowers. The presence of Roseal mRNA in the vascular bundles indicate 

that Roseal may also be regulated by hormonal and/or sugar signal s. 
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Chapter 4:  Cloning and characterisation of the rosealdorsea gene 

4.1 Introduction 

Schwinn et al. (2006) postulated that the roseadorsea phenotype is most likely to be due to 

the differences in  the Rosea l promoter region, especiaJly the large 1 87 bp deletion 

present in the proximal region of the rosealdorsea promoter. In addition to this large 

deletion, their analysis of the rosea l genomic DNA encoding the promoter and the N 

terminus (up to the second intron) showed nine single nucleotide substitutions, two single 

nucleotide additions, one single nucleotide loss and a twelve base pair insertion in the 

promoter region (Figure 4. 1 ) . I t was decided to analyse the affect of the 1 87 bp deletion 

on roseal gene activi ty using transgenic and genetic approaches. The transgenic 

approach used standard promoter deletion analysis .  Six promoter deletion constructs, 

where 700 bp of the rosea ldorsea promoter were deleted at - 1 00 bp intervals driving the 

GUS reporter gene, were assayed for promoter activi ty by transient transformation of 

roseadorsea petal tissue by particle bombardment and by assaying the GUS expression of 

stably transformed tobacco flowers . The promoter deletion constructs and transgenic 

plants were made by Mr Michael Bennett (Crop & Food Research). Promoter 

replacement experiments were also conducted to analyse the importance of the intron 

regions in conferring the wild type and roseadorsea phenotype. 

The genetic test of the importance of the 1 87 bp deletion made use of the col lection of 

Antirrhinum species avai lable at the John Innes Centre. Of the many Antirrhinum species 

that have been described, several of them have strong anthocyanin pigmentation in the 

corol la, s imilar to A. majus. A. australe and A. barrelieri are two such examples (Cathie 

Martin, personal communication). Other closely related Antirrhinum species include A.  

latifolium, A .  granaticum, A .  molle, A .  mollissimum and A.  siculum (Figure 4 .2) .  These 

species show variation in their corolla pigmentation and typically have pale or no 

anthocyanin accumulation in the lobe tissue. Although these species have strong self

incompatibili ty they can be cross-hybridised with A.  majus. The genetic basis of the weak 

pigmentation in the aforementioned species was studied by Schwinn et al. (2006) .  
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Analysis of the progeny from cross hybridisation of A. granticum, A ,  molle, A.  

mollisimum to wild type, roseadorsea and roseacolorata A.  majus l ines showed that the weak 

pigmentation in these species can be attributed to changes at the Rosea locus .  To examine 

the molecular basis of thi s  variation and whether i t  was due to the 1 87 bp deletion, the 

Roseal promoter region was cloned and characterised from two accessions of A. majus, 

Barcelona and Toulouse, and seven Antirrhinum species, A. australe, A. barrelieri, A.  

latifoLium, A .  granaticum, A. molle, A.  mollissimum and A.  siculum. 

It is possible that other factors besides the promoter variation at the Rosea locus may 

account for the roseadorsea phenotype. In this regard, it was decided to test the function of 

the protein encoded by rosealdorsea , the influence of variations in intron sequences, and 

the pattern of transcript abundance in the roseadorsea flowers . Previously, Schwinn et al. 

(2006) cloned and characterised the rosealdorsea cDNA and also partially cloned the 

genomic rosealdorsea al lele up to the second intron. The cloned cDNA of rosealdorsea had 

1 1  sequence differences from the wild type, Roseal allele, of which eight affected the 

identity of the encoded amino acids. Therefore, it was necessary also to test whether the 

protein product encoded by rosea ldorsea was functional . To achieve this, complementation 

assays were carried out in roseadorsea petal tissue by particle bombardment of an 

expression vector containing the rosealdorsea allele. Also the rosealdorsea allele was fully 

cloned and sequenced to analyse if the intron regions differ from the Rosea l allele. The 

spatial expression of roseal mRNA was also analysed in roseadorsea petal tissue by in situ 

hybridisation. 
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Figure 4.1 Sequence alignments between the Roseal and the rosealdorsea promoter 

regions. 

The Rosea l promoter sequence is shown on the top strand and the rosea ldorsea 

sequence is shown on the bottom strand. Residues that differ from the Rosea l 

promoter region and the 1 87 bp deletion in the rosealdorsea promoter are 

highlighted in red. The putative TA TA-box is underl ined in  green. The start 

of the proximal - 1 5 1  bp of the rosea ldorsea promoter is indicated. The 

promoter sequence ends at the proposed translation initiation codon, ATG. 
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Figure 4.2 Floral phenotypes of different species within the Antirrhinum genus. 

The source of the particular accession is given for some species. 

(A) Antirrhinum majus ( l ine #522), (B) Antirrhinum australe, (C) 

Antirrhinum barrelieri, (D)  Antirrhinum latifolium (Marseil les), (E) 

Antirrhinum molie, (F) Antirrhinum moliissimum, (G) Antirrhinum 

meonanthemum, (H) Antirrhinum graniticum and ( 1) Antirrhinum siculum 

(Syracusa). 
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4.2 Materials and Methods 

4.2.1 Generation of rosealdorsea promoter deletion constructs 

A similar strategy to that outlined in Appendix IV for generation of the Roseal promoter 

deletion constructs was used for constructing the rosea ldorsea promoter deletion constructs 

in pART 7 and pART 27 (Table 4. 1 ) . These constructs were made by Mr Michael 

Bennett. The transient assays were conducted by Mr Michael Bennett and additional 

transient assays were carried out to verify/complete his data. Mr Michael Bennett also 

generated the stable transgenic tobacco plants harbouring the binary vectors. The GUS 

analysis of these plants were carried out in this thesis .  Detai ls  of the rosealdorsea promoter 

deletion construct generation are given in Appendix IV. 

Table 4.1 Details of roseal dorsea promoter deletion constructs used for transient and 

stable assaysa. 

Name of pART 7 based 

vector (transient) 

pPN 1 95 

pPN 208 

pPN 209 

pPN 2 1 0  

pPN 2 1 1 

pPN 2 1 2  

n/a - not available 

Name of pART 27 rosealdorsea Primers used 

based vector (stable) promoter size 

(bp)b 

pPN 247 

pPN 248 

pPN 249 

pPN 250 

pPN 25 1 

pPN 252 

735 wa 

632 K2 1 4.FwdlK 1 8 1 .Rev 

533 K2 1 5 .FwdlK 1 8 1 .Rev 

43 1 K2 1 6.FwdlK 1 8 1 . Rev 

279 K2 1 7  .Fwd/K 1 8 1 . Rev 

1 5 1  K2 1 8 .Fwd/K 1 8 1 .Rev 

a All constructs were prepared by Mr Michael Bennett. 
b Promoter size was determined from the NcoI site and i ncludes the S 'UTR region. 

4.2.2 Cloning of the Roseal promoter region from different Antirrhinum species 

Genomic DNA from the different Antirrhinum species and accessions, grown at the John 

Innes Centre, Norwich, United Kingdom were isolated by Mr Steven McKay (John Innes 
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Centre) using a CsCb gradient as described by Martin et al. ( 1 985) .  PCR with different 

forward primers, (Appendix ITI) and the K 1 8 1  reverse primer, designed 

to the Roseal and rosea ldorsea promoter regions, were carried out on the genomic DNA 

templates to amplify the Rosea l promoter region from the different species and 

accessions. PCR was carried out using Taq DNA polymerase using the fol lowing 

conditions; 4 min at 94°C, fol lowed by 35 cycles of 30 s at 94°C, 30 s at 50°C and 1 min 

at 72°C, and a final extension of 10 min at 72°C. PCR products were purified using the 

Qiagen PCR product purification kit as described in Section 2 .2 .4. Sequencing of the 

purified PCR products was carried out using the primers that were used for the PCR 

amplification. 

4.2.3 Cloning of the rosealdorsea genomic sequence 

The ful l -coding region of the rosealdarsea gene was amplified with Pwo DNA polymerase 

using genomic DNA isolated from young leaf tissue of roseadorsea plants. A Mg ++ titration 

with 3-8 mM of MgS04 was used to increase the specificity of the PCR reaction with 5 

mM MgS04 giving the highest product yield. Annealing was carried out at 50°C with 

K 1 82.Fwd and K 1 83 .Rev primers (Appendix Ill). A total of 30 PCR cycles was carried 

out with the last 20 cycles having a 5 s time increment increase per cycle. The PCR 

reaction was gel purified as described in Section 2 .2 .9 .2 and the product c loned into 

pBluescript (KSII +) vector that had been digested with SmaI and dephosphorylated 

(Section 2 .2 .3  and 2 .2 .6 .2 ,  respectively) . Ligation reaction, transformation and isolation 

of positive transformants were carried out as described in Section 2 .3 .3 .  

4.2.4 Construction of the rosealdorsea expression vector 

A vector was constructed, pPN 345 , that contained the rosea ldorsea genomic coding region 

driven by the 700 bp of fragment of the rosea ldorsea promoter. 700 bp of the rosealdorsea 

promoter fragment was isolated from pPN 1 95 plasmid using a SacllNcol digest and the 

2 .5 kb length rosealdorsea gene was i solated from pPN 282 (35S : rosealdorsea :OCS) with a 

NcolfXhol digest. pART 7 was digested with Sac IlXhol and three-way l igation was then 

used to insert the 0.7 kb promoter fragment and the rosealdorsea gene into the digested 
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vector. Plasmid DNA digestion, purification, l igation and selection of positive clones was 

carried out as essentially as described in Section 2 .3 .3 .  

4.2.5 Construction of pPN 371  reporter vector 

A vector was constructed, pPN 37 1 ,  that contained the rosealdorsea genomic coding region 

driven by the 900 bp fragment of the Roseal promoter. pPN 1 94 was digested with 

SacllNcoI to isolate 900 bp of the Roseal promoter fragment and pPN 282 was digested 

with NcollXhoI to isolate the rosealdorsea gene. Three-way ligation was then used to 

insert these two fragments into pART 7 vector that had been digested with SacllXhol. 

The general methods as described in Section 2 .3 .3  for DNA cloning and selection of 

positive transformants, were used for generation of pPN 37 1 .  

4.2.6 In situ hybridisation 

In situ hybridisation was calTied out on stage 3 roseadorsea petal tissue using DIG-labeled 

Roseal 3'  UTR probe. The techniques used for tissue fixation and in situ hybridisation 

are described in Section 3 .2 .8 .  

4.2.7 Bioinformatics 

The promoter region of rosealdorsea as well as the intron regions were analysed for 

putative eis-elements using the PLACE website as described in Section 3 .2.4. 

4.3 Results 

4.3.1 rosealdorsea promoter deletion analysis 

rosea ldorsea promoter deletion constructs (Table 4. 1 )  were assayed for promoter activity 

by transient transformation of antirrhinum petals as wel l as analysis of flowers of stably 

transformed tobacco plants, essential ly as described in Section 3 .3 . 1 .  
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The majority of the transient assays using the rosealdorsea promoter deletion constructs 

were carried out by Mr Michael Bennett and additional assays were conducted to 

complete the experiment. The generation of the stable tobacco transformants containing 

the rosealdorsea promoter deletion constructs were also carried out by Mr M ichael Bennett 

and GUS expression analysi s  of these plants are presented in this thesis. 

Al l  of the rosealdorsea promoter deletion constructs gave similar numbers of GUS foc i  in 

transient assays carried out with roseadorsea petal tissue (Table 4.2). The pPN 2 1 2  

construct harbouring the - 1 5 1  bp rosea ldorsea promoter:GUS :OCS gave a similar number 

of GUS foci as the pPN 1 95 construct (735 bp rosea ldorsea promoter:GUS :OCS) in both 

epidermal layers of antirrhinum flowers (Figure 4 .3) .  It should be noted that the results 

from the transient assays are based on visual assessment, as sample to sample variation, 

as well as variation between different assays, prevented quantification. 

Flower tissue from tobacco plants stably transformed with the rosea ldorsea promoter 

deletion constructs were analysed for GUS expression . All six promoter deletion 

constructs were able to drive GUS expression . Strong GUS expression was observed in 

both petal tips and the tube tissue (Figure 4.4A).  Leaf tissue and sepal tissue d id not show 

GUS expression with any of the promoter deletion constructs. Hand sectioning of flower 

petals stained for GUS expression showed that all six promoter deletion constructs were 

able to drive GUS expression in the inner and outer epidermis  of the petals tissue 

(example shown in Figure 4.4B) .  GUS expression was also observed in the vascular 

tissue. pPN 252, which contains 1 5 1 bp of the rosealdorsea promoter region, was capable 

of driving GUS expression in both the inner and outer epidermis  of tobacco petals (Figure 

4.4B) .  Table 4.3 contains the summary of results for the rosea ldorsea promoter deletion 

analysis in tobacco plants. Appendix VIII  contains detailed information on the GUS 

expression in individual l ines containing the six rosea ldorsea promoter deletion constructs. 
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Figure 4.3 Transient assay using particle bombardment transformation of roseadorsea 

antirrhinum petal (line #1 12) tissue using the rosealdorsea promoter 

deletion constructs. 

pPN 1 95 construct (735 bp rosealdorsea promoter:GUS:OCS) was able to 

drive GUS expression in the inner CA) and outer CB)  epidermis .  pPN 2 1 2  ( 1 5 1  

bp rosea ldorsea promoter:GUS:OCS) was also able to drive GUS expression in 

the inner Cc) and outer CD) epidermis.  
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Table 4.2 GUS expression results of transient assays carried out on roseadorsea 

antirrhinum petal (line #1 1 2) tissue using the rosealdorsea promoter deletion 

constructsa. 

Vector rosealdorsea promoter size (bp )6 GUS expressionc 

pPN 1 95d 735 Yes 

pPN 208 632 Yes 

pPN 209 533 Yes 

pPN 2 1 0  43 1 Yes 

pPN 2 1 1 d 279 Yes 

pPN 2 1 2d 1 5 1  Yes 

a These assays were conducted by Mr Michael Bennett and the tissue was observed by me to 
verify his results. 
b Promoter size was determined from the NcoI site and includes the 5 'UTR region. 
C GUS expression in the inner and outer epidermis of the petal. 
d I conducted additional transient assays with these constructs to verify the results obtained by Mr 
Michael Bennett. 

4.3.2 Cloning of the Roseal promoter region from different Antirrhinum species and 

accessions 

PCR was successfully used to amplify the Roseal promoter region from A. majus 

(Barcelona), A. majus (Toulouse), A .  australe, A .  barrelieri, A. latifolium (Julius), A.  

molle, A. mollissimum, A.  graniticum and A .  siculum. Table 4 .4  shows the PCR results 

with different primers used. 

The peR products were cloned and sequenced. The sequence alignment between the 

promoter regions for Roseal ( l ine #522) and rosealdorsea ( l ine # 1 1 2) alleles and the 

different Antirrhinum species and accessions, are given in Appendix IX, and Figure 4.5 

gives a summary of the alignment results. 

Sequence alignment results showed that the Roseal promoter region from A. majus 

(Toulouse) and A. graniticum was identical to the wild type Roseal sequence. A. majus 
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Table 4.3 GUS expression results of stable transgenic tobacco plants harbouring 

rosealdorsea promoter deletion constructs.3 

Name of 

pART 27 

based vector 

pPN 247 

pPN 248 

pPN 249 

pPN 250 

pPN 25 1 

pPN 252 

rosealdorsea promoter 

size (bp)b 

700 

632 

533 

43 1 

279 

1 5 1  

Number of 

transformants 

showing positive 

GUS expressionc 

1 1  

6 

8 

4 

7 

5 

Number of 

transformants 

showing no GUS 
• c expression 

3 

6 

o 

5 

8 

a A1\ the constructs were prepared by Mr Michael Bennett. Generation of stable transgenic 
tobacco containing all the constructs was also carried out by Mr Michael Bennett. I carried out 
the GUS analysis of a1\ the plants. 
b Promoter size was determined from the NcoI site and includes the 5'UTR region. 
C GUS expression in the inner and outer epidermis of the petal .  

(Toulouse) has medium intensity anthocyanin pigmentation and A.  graniticum has very 

pale pigmentation Ino pigmentation (Figure 4.2 H ). The Roseal promoter 

region from A. majus (Barcelona), A. barrelieri, A. mollissimum and A. siculum was 

similar in sequence to the wild type Roseal promoter. The A. majus (Barcelona) Roseal 

promoter sequence contained a five bp insertion as well as many sequence differences in 

the distal part of the promoter as well as in  the region corresponding to the 1 87 bp region 

missing in the rosea ldorsea promoter sequence. A. majus (Barcelona) flowers have 

medium intensity anthocyanin pigmentation . A. barrelieri had l 3  single bp changes in the 

promoter region, of which seven were present in the 1 87 bp region missing in the 

rosea ldorsea promoter. The Rosea l promoter from A. mollissimum and A. siculum 

contained 1 6  and 77 single base pair changes, respectively, of which 1 4  and 7 1  changes 

were seen in the 1 87 bp region missing in the rosealdorsea promoter. A. barrelieri flowers 

have strong background anthocyanin p igmentation (Figure 4.2C),  whereas A. 

98 



Figure 4.4 GUS expression in petal tips of stably transformed tobacco harbouring a 

transgene containing the GUS reporter gene driven by 151 bp of the 

rosealdorsea promoter. 

Strong GUS expression was observed in the petal tips CA).  GUS expression 

was l imited to the inner and outer epidermis of the petal t issue CB) .  
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Table 4.4 Results of the peR amplification of the Roseal promoter region from 

different Antirrhinum species and accessions. 

Species 

A. majus (Barcelona) 

A. majus (Toulouse) 

A. australe 

A. barrelieri 

A. latifolium (Ju l ius) 

A. molle 

A.  mollissimum 

A. graniticum 

A. siculum 

K214  

X 

-.J 
-.J 
-.J 
X 

X 

X 

-.J 
X 

Forward primer 

K21 5  K21 6  

-.J X 

-.J -.J 
X X 

-.J X 

-.J X 

-.J X 

X -.J 
X X 

-.J X 

-v - indicates that a PCR product was obtained using the forward primer and K 1 8 1  reverse primer. 
X - indicates that PCR was not successful llsing the forward primer and K 1 8 1  reverse primer. 

mollissimum and A. siculum (Figure 4.2F and 2, respectively) flowers have no 

background anthocyanin pigmentation. 

Roseal promoter sequences from A.  latifolium and A.  molle were more similar to the 

rosealdorsea sequence than the wild type promoter sequence. In addition to the 1 87 bp 

deletion, A. latifolium also contained eight single bp changes as well as a 1 2  bp insertion 

in the distal part of the promoter. Flowers of A. latifolium have no background 

anthocyanin pigmentation (Figure 4 .2D). A. molle also has no background anthocyanin 

pigmentation (Figure 4.2E), and contained six single bp changes, a l O  bp i nsertion and a 

single bp and a four bp insertion in  its Roseal promoter region. A. australe flowers have 

strong background anthocyanin pigmentation (Figure 4.2B) .  However, the Roseal 

promoter region from A. australe was more similar to the rosealdorsea promoter and 

contained 1 2  single bp changes, the 1 87 bp deletion and the 1 2  bp insertion. 
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Figure 4.5 Graphical representation of the sequence alignment of the Roseal 

promoter region from wild type (line #522), roseadorsea (line #1 1 2) and 

other Antirrhinum species and accessions. 

The horizontal red line represents the 1 87 bp deletion present in the Roseal 

promoter region in rosea ldorsea, A. australe, A. latifolium and A. molle. Single 

base pair change from the Rosea l promoter sequences are represented by red 

l ines, and insertions and deletions are represented by green triangles. (some 

photos were adapted with permission from Dr Kathy Schwinn) 
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A .  majus Roseal promoter 

1 2  bp 

I l v 1 1  I 1 1  
A. majus rosealdoma promoter 

many sequence differences 5 bp insertion many sequence differences 

r __ --...... A'---�\ 
A. majus (Barcelona) Rosea l promoter 

A. majus (Toulouse) Roseal promoter 

I 1 1  

1 1 1 11 1 1 1 1  I 
A. barrelieri Roseal promoter 

1 2  bp insertion 

1 0  bp deletion 4 bp insertion I bp insertion 

1\ 1 1  I 1 1  I A. molle Rosea l promoter 

} 

V 

1 4  single bp changes 

A. mollisimum Rosea J promoter 

A. granaticum Rosea l promoter 

7 1  single bp changes 
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4.3.3 Cloning, characterising and testing the functionality of the rosealdorsea allele 

The rosealdorsea allele was successful ly amplified by PCR and was cloned into the 

pBluescript ( KSII +) vector as described in Section 4 .2 .3 .  The sequence of the 

rosea ldorsea allele was then compared to the Rosea 1 allele using the SeqMan (DNASTAR) 

programme. The sequence alignment between the Rosea 1 and rosea ldorsea 

allele i s  given in  Appendix X and Table 4.5 gives a summary of these results. The single 

bp changes within the coding region of the two alleles affected the identity of 1 1  deduced 

amino acids as described by Schwinn et al. (2006) .  The intron 1 of the rosea ldorsea allele 

was the same length as the Roseal intron 1 (23 1 bp) and contained a few sequence 

differences as well as single insertion and deletion events compared to the Roseal intron 

1 sequence. The intron 2 region of the Rosea l and rosealdorsea aJ leles contained many 

sequence differences as well as insertion and deletion events. The Rosea l intron 2 region 

was 1498 bp in length while the intron 2 region from rosea ldorsea was smal ler, being 1 447 

bp in length. It was also observed that neither of the rosealdorsea introns had sequence 

alterations near the intron/exon boundary, which could affect the splicing of the mRNA 

transcri pt. 

Due to the sequence alterations present in the rosealdorsea allele, it was necessary to 

identify whether it sti l l  encoded a functional protein .  To test this, the pPN 345 (700 bp 

rosealdorsea promoter:genomic rosealdorsea :OCS, Section 4.2 .4) construct was used to 

transform rosealdorsea petal tissue by particle bombardment (Section 2 .8) .  Transformed 

petals produced red-coloured foci in both epidermal layers, confirming that the 

rosea ldorsea allele was indeed capable of producing a functional protein that can up

regulate the anthocyanin biosynthetic pathway. The number of anthocyanin-producing 

foci was similar to those obtained from using pPN 1 82 (900bp WT promoter:genomic 

Rosea l :OCS gifted by Dr Kathy Schwinn) .  
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4.3.4 Analysis by promoter replacement of the importance to gene expression of the 

intron regions in rosealdorsea 

pPN 37 1 (900 bp Roseal promoter: genomic rosea ldorsea :OCS) and pPN 1 82 (900 bp 

Roseal promoter:genomic Roseal :OCS constructs were used to transform both the inner 

and outer epidermis  of roseadorsea petal tissue using particle bombardment. This  

experiment was carried out  to analyse whether the intron regions of two Roseal alleles, 

Roseal and rosealdorsea, can confer spatial specificity of their expression . Both constructs 

gave a similar number of anthocyanin producing cel ls in inner and outer epidermis  of the 

antirrhinum petal . 

Table 4.5 Summary of sequence differences, insertions and deletions present 

between the Roseal and rosealdorsea alleles. 

Region 

Exon 1 

Intron 1 

Exon 2 

Intron 2 

Exon 3 

Sequence 

differences 

4 

o 

94 

1 1  

Insertions* 

0 

1 ( 1 )  

0 

4 1  ( 1 )  1 0  (2) 

1 (3) 1 (4) 

1 (6) 1 (7)  

1 ( 1 8) 

Total insertions = 56 

0 

Deletions* 

0 

1 ( 1 )  

0 

1 4  ( 1 )  1 (3) 

1 (4) 2 (8) 

1 ( 1 2) 

Total deletions = 

1 9  

0 

* The number within the parentheses i ndicates the number of nucleotide insertions/deletions i .e .  

( 1 )  indicates a single bp insertion 

4.3.5 In situ hybridisation 

In situ hybridisation was carried out on both upper and lower lip tissue of stage 3, wild 

type and roseadorsea petal tissue (Figure 3 .9A). The upper l ip petal tissue of roseadorsea 
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showed transcripts of the rosealdorsea allele in  both the inner and outer epidermis  (Figure 

4.6A and B) .  The upper l ip petal tissue in this mutant produces anthocyanin pigments 

only in the outer epidermal layer. The lower lip tissue of roseadorsea petal does not produce 

anthocyanin pigments. However, the rosealdorsea transcript was seen in both epidermal 

layers of this t issue as weJl (Figure 4.6C and D). The rosealdorsea allele had the same 

spatial expression pattern as the Roseal allele. The transcript abundance of the 

rosea ldorsea allele in both the upper and lower lip tissue was much weaker compared to 

the expression of the Roseal allele in the wild type tissue. Rosea l expression was also 

observed in the vascular tissue of both wild type and roseadorsea petal tissue. 

4.3.6 Bioinformatic analysis 

The 1 5 1  bp of the proximal region of the rosea ldorsea promoter region was analysed for 

putative eis-elements using the PLACE database to see whether additional/different cis

elements might be present in this region compared to the Roseal promoter. Figure 4.7 

shows the results of the PLACE database analysis. The region between 1 5 1  bp and the 

putative TAT A-box contained an additional OOF-binding site compared to the Rosea l 

promoter. 

Both intron 1 and intron 2 regions from rosea ldorsea allele were also analysed for putative 

eis-elements using the PLACE database. Intron 1 had the same putative eis-elements as 

those predicted for the Roseal intron 1 .  The intron 2 region of the rosealdorsea allele 

contained different putative eis-elements from those predicted to be present in the 

Roseal intron 2 .  

4.4 Discussion 

One of the major objectives in this project was to analyse whether differences in the 

promoter of the rosealdorsea allele, compared to the Roseal promoter, are responsible for 

the roseadorsea phenotype. The effect of the 1 87 bp deletion, 1 4 1  bp proximal to the 

translation start s ite, was the first difference investigated (Figure 4. 1 ) . 
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Promoter deletion analysis carried out on the 700 bp rosea ldorsea promoter region showed 

that the proximal - 1 5 1  bp of the promoter region [the region - 1 4 1  bp upstream of the 

transcription site plus ten nucleotides after the site of the deletion (Figure 4. 1 ) ] was able 

to drive GUS expression in anti rrhinum and tobacco petal tissue. This 1 5 1  bp region of 

the rosealdorsea promoter maintained epidermal and petal specificity and drove reporter 

gene expression in both the inner and outer epidermis  of antirrhinum and tobacco petals, 

a characteristic of the wild type Roseal promoter. The abil ity of this region to stil l drive 

reporter gene expression in both the inner and outer epidermis indicates that the 1 87 bp 

deletion in the rosealdorsea promoter region is not essential for the expression of the gene 

and is not responsible for the roseadorsea phenotype. There are only four single bp changes 

from - 1  to - 1 4 1  bp of the rosealdorsea and Roseal promoter. All four changes occur in the 

5' UTR of the promoter. Therefore, the differences in the rosealdorsea promoter are 

unlikely to confer the roseadorsea phenotype. 

This conclusion was further supported by the analysis of the Roseal promoter region 

from different Antirrhinum species and accessions.  These different Antirrhinum species 

and accessions had varying levels of anthocyanin pigmentation intensity and pattern ing. 

No previous sequence data on the Rosea l promoter was available for these species and 

accessions which led to difficulty in  designing primers for cloning. Degenerate peR 

primers could not be used for the same reason . It was hoped that of three different 

forward primers, initial ly  used for generating the Roseal promoter deletion constructs, at 

least one would anneal to the different Roseal promoter regions of these species and 

accessions. This method was successful at amplifying varying lengths of the Roseal 

promoter regions from the species and accessions l isted in Table 4.4. Their  sequences 

were then compared against the Roseal ( l ine # 522) and rosealdorsea ( line # 1 1 2) 

promoter sequence. Sequence analysis showed that the Roseal promoter region from 

pigmented (medium-level pigment intensity) accessions of A. majus (Toulouse) and A. 

majus (Barcelona), and A. barrelieri (strong background anthocyanin colouration) have 

identical or very similar sequences to the wild type Rosea l promoter sequence. 

However, some species such as A. mollissimum and A. siculum with either very pale 
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Figure 4.6 In situ hybridisation on stage 3 (10-15 mm) wild type (line #522) and 

roseadorsea (line #1 12) antirrhinum petal tissue. 

All sections are transverse sections through the lobe region (cutting plane is 

indicated in  Figure 3 .9A). Wild type upper l ip petal tissue (A) showed higher 

levels of Rosea l transcript abundance compared to roseadorsea upper lip petal 

tissue (B) .  H igher amounts of Roseal transcript was also seen in the lower l ip 

tissue of wild type flower petals (C) in  comparison to roseadorsea lower l ip petal 

tissue (D). In all cases Roseal transcript was observed to be in epidermal 

layers and also in the vascular tissue. 

1 08 



A 
Inner epidermis 

� 
B 

r 
• 

Vascular bundles . .  

Outer epidermis 

Upper l ip  
Upper l i p  

Lower l ip  
Lower l ip  

D 

1 09 



AGAGCCIIIIPGGTCTACAGCCATAAAAAGGC TCCGTGAAAGT 

TTCGCTTAAGGGGTACTCATTAAAAAAAGGGAAAGAGCAGCTAGACATGAGT 

TTTCTGTTTTGACACTTTTAACGAACGGGCATAGTACGTATTAAACGCCATAG 

G 

Figure 4.7 PLACE database analysis of the proximal 151 bp region of the rosealdorsea 

promoter. 

The putative TA TA-box is highlighted in green. The putative DOF-binding 

site common to both Roseal and rosealdorsea is underlined while the unique 

DOF-binding site is  highlighted in red. 

1 1 0 



anthocyanin pigmentation or no background anthocyanin pigmentation also had 

sequences similar to the wild type Roseal promoter. These weakly pigmented 

antirrhinum species show a roseadorsea - like phenotype in their lobe tissue (Prof. Cathie 

Martin, personal communication). While the F 1  progeny obtained from crosses between 

wild type A. majus and A. mollissimum gave fully coloured flowers, crosses of A. 

mollissimum to roseadorsea mutants were unable to complement pigmentation (Schwinn et 

aI. , 2006) .  This lack of complementation indicated that changes at the Rosea locus were 

respons ible for the weak pigmentation in this species. The fact that A. mollissimum 

contains a wild type-like Rosea l promoter region indicates that changes in the actual 

ROSEA 1 protein might be responsible for the weak pigmentation phenotype rather than 

a promoter change causing changes in the transcription of the Roseal gene in this 

specIes. 

The Roseal promoter sequences of A.  latifolium and A. molle were more similar to the 

rosealdorsea sequence than the wild type promoter sequence. The flowers of both these 

species have no background anthocyanin pigmentation. The F I  progeny obtained from 

crosses between wild type A. majus and A. latifolium and wild type A. majus and A. molle 

gave fully coloured flowers, while crosses of either species to roseadorsea mutants were 

unable to complement pigmentation (Schwinn et aI. , 2006) .  This result indicates that 

changes in the Rosea locus are responsible for their lack of background pigment 

production. 

The Roseal promoter region from A. australe was also similar to the rosealdorsea 

promoter sequence. The flowers of A. australe have strong background anthocyanin 

pigmentation. The fact that A. australe, which can produce ful ly pigmented flowers, stil l  

contains a promoter sequence simi lar to  rosea ldorsea allele confirmed that the changes in  

this promoter were not responsible for the roseadorsea phenotype. These data further 

support the suggestion that the large 1 87 bp deletion in the proximal region of the 

rosealdorsea promoter does not affect the expression of the roseal gene, as A. australe can 

produce ful ly  pigmented flowers despite the fact that it has a rosealdorsea -l ike promoter 

regIOn. 
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Previous studies by Schwinn et al. (2006) showed that the Roseal cDNA from the 

roseadorsea mutant has several bp changes compared to that of the wild type cDNA, which 

leads to a total of eight amino acid changes in the deduced peptide. Comparison of these 

changes to the other two MYB factors regulating anthocyanin biosynthesis in 

antirrhinum, ROSEA2 and VENOSA, indicated that these changes were unlikely to 

contribute to the roseadorsea phenotype. However, there was no experimental evidence 

available on the functional ity of the ROSEA 1 protein in roseadorsea mutants. To test the 

functionality of the ROSEA 1 protein in roseadorsea mutants, the ful l  genomic sequence of 

rosealdorsea allele was successful ly cloned and sequenced. The functionality of the 

ROSEA 1 protein encoded by the rosealdorsea allele was tested by transient assays where 

the rosealdorsea allele driven by a fragment of its native promoter was introduced to both 

the inner and outer epidermis of the petal tissue from roseadorsea mutants. This construct 

was able to upregulate anthocyanin production in both epidermal layers of the roseadorsea 

mutant petal tissue to the same extent as the wild type Roseal allele. This indicated that 

the rosealdorsea allele indeed encodes for a ful ly  functional protein. The changes within 

the rosealdorsea allele do not seem to confer the roseadorsea phenotype, as anthocyanin 

production was upregulated in the inner epidermis as well as the outer epidermis by this 

construct. 

The sequence of intron 1 in the rosealdorsea allele was simi lar to that of the Roseal allele. 

However, intron 2 had many sequence differences inc luding insertions and deletions. 

B ioinformatic analysis of the intron 2 region i ndicated that the putative eis-elements 

present in the rosealdorsea allele were quite different from those present in the Roseal 

allele. Promoter replacement experiments were carried out using biolistics to see whether 

differences in the intron regions might confer the roseadorsea phenotype. The pPN 37 1 

construct which has the cassette of 900 bp of the Roseal promoter:genomic 

rosealdorsea :OCS, gave a similar number of anthocyanin producing foci as the pPN 1 82 

construct (900bp Roseal promoter:genomic Roseal : OCS) in both the inner and outer 

epidermis of roseadorsea petals. 
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In situ hybridisation experiments carried out on stage 3 roseadorsea petal tissue showed that 

the spatial expression of the rosealdorsea allele was similar to Roseal .  The rosealdorsea 

allele was transcribed in both the inner and outer epidermis of the upper l ip petal , which 

produces anthocyanin pigments in the outer epidermis only ( i .e. roseadorsea phenotype) ;  it 

was also transcribed in both epidermal layers of the lower l ip petal tissue, which does not 

produce anthocyanin pigments. These results show that the rosealdorsea promoter i s  

capable of  driving the transcription of  the rosealdorsea allele in  the roseadorsea background. 

However, the transcript level of the rosealdorsea allele in  roseadorsea petals was much 

weaker in comparison to that of Roseal transcript levels. This may be due to changes that 

occur in  intron 2 of the rosealdorsea allele such as the absence of potential MADS box 

binding sites (Appendix X ) .  For instance, these changes might affect the stability of the 

mRNA transcript or even the expression level of the actual rosealdorsea allele itself 

(Larkin et aI. , 1 993;  Chen et aI. , 1 998; Deyholos and Sieburth, 2000; Jeon et aI. , 2000). 

The promoter replacement experiments argue against the expression of the allele being 

affected by the intron sequences. However, these results might be an actual artifact of the 

biolistic experiment. In this method, large numbers of the reporter construct are 

introduced into s ingle cells and, therefore, allow much higher levels of expression of the 

introduced gene compared to its normal expression level in the in vivo situation (Mehlo et 

al. , 2000; Dai et al. , 200 1 ;  Shou et al. , 2004). Hence, this might over-ride the effects of 

the intron regions on expression of the rosealdorsea allele. The strength of the GUS 

expression in the transient and stable promoter deletion assays also supports the notion 

that intron regions of the rosealdorsea allele might be affecting rnRNA expression or 

stability. GUS expression in petals harbouring the various rosealdorsea promoter deletion 

constructs were similar to those harbouring the Roseal promoter deletion constructs. The 

expression cassettes consisted of promoter:GUS:terminator and did not contain the 

different intron regions of the Rosea l alleles negating their effects on expression. To 

define the role of intron 2 in transcript expression/stabil ity, GUS reporter genes 

containing these different allelic introns could be used in stable and transient experiments 

and expression observed. Alternatively the native Roseal alleles could have their introns 

swapped and their  affects on expression could be analysed in a similar way. 
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Chapter 5:  Analysis of the regulation of Roseal gene expression by the 
Deficiens gene 

5.1 Introduction 

The class-B function MADS-box gene, Deficiens, plays an important role in antirrhinum 

flower development by establishing petal and stamen identity during early flower 

development. In this Chapter the role of the Deficiens gene in anthocyanin pigment 

formation in antirrhinum flowers was investigated. Two approaches were used to 

provide evidence of the requirement of Deficiens activity for Rosea I expression. Firstly, 

bioinformatics-based methods were used to identify putative DEFICIENS binding sites in 

the promoter and intron regions of the Rosea I and rosealdorsea alleles. The effect of 

mutating/deleting the putative DEFICIENS-binding sites were then analysed by biolistic 

assays. Secondly, two methods were used to study the impact of a loss of Deficiens 

expression on anthocyanin pigment production: RNAi was used to silence Deficiens 

expression in young antirrhinum flower buds using a transient technique (Shang, et. aI. , 

2007) and the phenotype of the Deficiens RNAi tissue was compared to that of the 

d f· · chlorantha . . h 
. 

e lClens mutant u mg ffilCroSCOpy tec mques. 

In situ hybridisation analysis of Deficiens gene expression has shown that the transcript is 

present in the petal and sepal primordia at very early stages of flower development .  In 

the petal t issue, expression of Deficiens continues at a constant level right throughout the 

whole period of flowering, well after organ identity has been established (Schwarz

Sommer et aI. , 1 992; Zachgo et aI. , 1 995). Analysis of A. majus deficiens mutants as 

well as petal tissue derived from periclinal chimeras of deficiens have shown that proper 

expression of Deficiens is also es ential for the establishment and maintenance of the 

petal identity of the epidermal cel ls (Schwarz-Sommer et aI. , 1 992; Zachgo et aI. , 1 995 ; 

Perbal et al. , 1 996). For example, the petal tissues of deficiens null mutants (deficiensgli) 

are morphological ly identical to sepal tissue except for their increased size and their 

position within the flower (Schwarz-Sommer et aI. , 1 992). Petal tissues of 

deficienschlorantha and deficiens- l 0 1 mutants also have sepaloid petals providing further 
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evidence that proper expression of Deficiens i s  essential for the establishment of petal 

cell identity (Schwarz-Sommer et al. , 1 992; Zachgo et al. , 1 995). Analysis of pericli nal 

chimeras of deficiens by Perbal et al. ( 1 996) showed the development of chlorophyll 

containing epidermal cel ls in the petal tissue, i ndicating the requirement of DEFICIENS 

activity for maintenance of the petal cell identity. Although the early functions of 

Dejiciens are well characterised, less is known about its possible roles in regulating 

processes in the later stages of flower development, such as anthocyanin pigmentation. 

This work was aimed at fi l ling this knowledge gap. 

5.2 Materials and Methods 

5.2.1 B ioinformatics 

Both intron 1 and intron 2 sequences, the 1 89 bp of the proximal region of the Roseal 

promoter and 1 5 1  bp of the proximal region of rosealdorsea promoter were analysed for 

putative MADS-box binding sites using the PLACE database as described in  Section 

3 .2.4. 

5.2.2 Deletion of the intron 2 region of Roseal and expression vector construction 

A vector, named pNNP.WT.Int2.Del was constructed that contained 0.9 kb of the Rosea l 

promoter and all of the Roseal gene excluding the region of intron 2 that contains two 

putative MADS-box binding sites (Figure 5 . 1 ) . Two primers, WT. Int2.Rev and 

WT.Int2 .Fwd were designed (with 5' XbaI sites) to PCR amplify 0.9 kb of the Roseal 

promoter region and all of the Roseal gene except for part of intron 2 harbouring the 

putative MADS box-binding site using the K 1 80.Fwd (designed with a 5' Sac! site) and 

K 1 83.Rev (designed with a 5' BamHI) primers with pPN 1 82 (900 bp Roseal 

promoter:Roseal gene:OCS) as the template. 1 1 24 bp of the 1 498 bp region encoding 

the Roseal intron 2 sequence was removed by this method. PCR with WT.Int2 .Rev and 

K 1 80.Fwd was used to amplify the Roseal promoter, exons 1 and 2, intron 1 and 
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5' gtaagttcaaaatgttctttcttttttcttttaatgctaatttacttgtaag 

WT. Int2.Rev 

actc gaaaattaatgt gcaaaaggaaatc tac taattc tee atat gc tgc gccac taagaatgataat g 
cattaaggcgctattagagaaattgagcaagattgatagaattctcgatgacaatataggtttcatcgagggaaaatgttttatttttct 
aaaaatcttcttttcttcttggataataccattgctgttgttcagctattttgttgtgaaggtgccatggtttaaatttataactaatgaaact 
gttgttgcctgcattctaattttcaggttaacgatatttatttcatgctagacctgtcaactaattatgatattctctcttttctcataaaatat 
ttataagaatttagatcacgtggacttcgtccacgcaacgaattaccgaaaatgagtggaatgtatgctgagtttttaagatcttaaa 
gccaatccactcttttaaaaaaaaaaaaaaattgattcgctggaaccaagtcactattaccctgaccatcctgactataagctttatgt 
ttctccgatgaacctctccaaatttcatcctccattctttcctaagatttgactgttcatttatcattattaactgtagattagtagctgacct 
tcataaataaacggccttcaacttttaagaagtttcataaatggtgataaacttcttcttcaatgtgcatgtccttcctatcacatttaact 
atccagttgaacaatctggccaatggtcatatcataattaaacaggttaactctttgttgtatatactggcaaagtttctaattaagcgg 
tacgggattttcaattcgttatctcctctctaggatagtaatatttattattattaataataattattataataatataataattataataataat 
aataataattataataataattgtcatctcattataatctttagagaaagacgacgttgagagataaaaacagatattgcctnggacca 
aatagaaagttggatagaaacgtggttaaacagtcgacactttaatctgggattgatttcccattcagataagtttagctcccgtctc 

WT. Int2 .Fwd\, 

gagagagactatacatcaattagttatt 
gaaaatgaaacctgtcctatttctataagtgttatagcggggtccatgcaattaagaatatttggaggagagaaattaaagaggga 
gagccataagggcaaaagtttcaactatttctcttctttgtccggtaagaaagaaagaggatgaaatttgtacacgtctaactagcta 
gc tagattatcacaaaaat gtacaatcatataa ttt gtttccacatttaat gattgac gcag -3' 

Figure 5.1 Sequence of the intron 2 region of the Roseal allele and the location of 

the two putative MADS box protein binding sites. 

The two regions highlighted in green are the putative MADS-box protein

binding sites. B inding sites for WT. Int2.Rev and WT.Int2.Fwd primers are 

shown in red. 
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proximal part of intron 2 as a SacIlXbal fragment and PCR with WT.Int2 .Fwd and 

K 1 83 .Rev was used to amplify the distal part of intron 2 and exon 3 as a second PCR 

fragment with XbaIlBamHI sites. PCR was carried out using Pwo polymerase (Roche 

Diagnostics) essential ly  as described in Section 2.4 with an annealing temperature of 

55°C. The two PCR products were digested with Sac I/Xbal and XbaIlBamHI, 

respectively (Section 2 .2 .3) .  A triple ligation reaction (Section 2 .2 .8) was then used to 

insert the two PCR fragments into pART 7 (Appendix Il) that had been digested with 

SacIlBamHI.  Transformation of the l igation products and selection of positive clones 

were carried out essentially as described in Section 2 .3 .3 .  

5.2.3 Mutation of a site similar to a MADS box binding site in  the Roseal promoter 

and expression vector construction 

A region with close similarity [C(Aff)7G] to a MADS-box binding site [C(Aff)8G] ,  

present i n  the Roseal promoter (shown in Figure 3 . 1 ) , was mutated b y  PCR l inker 

scanning mutagenesis essential ly as described in Section 3 .2 .3 .  Primers (MADS.Fwd and 

MADS.Rev, Appendix Ill) designed with a 5' BamHI site fol lowed by two mutated bp in  

each of the forward and reverse primers was used to replace the 1 0  bp region the Roseal 

promoter using PCR. The 1 0  bp region of the Rosea l promoter, with similarity to a 

MADS box binding si te, was replaced with the AGGGATCCCT sequence in the mutant 

construct. The 1 0  bp mutated region was constructed in the context of the 289 bp of the 

Roseal promoter using K268.Fwd and K 1 8 1 .Rev primers. A reporter construct with the 

mutated promoter region driving the GUS reporter gene (ALS.MADS) was constructed 

by triple l igation of the two PCR products as described in Section 3 .2 .3 .  

5.2.4 Deficiens RNAi vector construction 

5.2.4. 1 Deficiens inverted NOS construct 

The initial Deficiens RNAi experiments were carried out using an inverted NOS approach 

as only a single l igation event is required allowing rapid construct generation for the 

experiment (Brummell et al. , 2003) .  Def.RNAi.Fwd and Def.RNAi .Rev primers 
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(Appendix ITI) were designed to amplify 0.5 kb of the Deficiens cDNA from pJAM 1 1 82 

plasmid (Appendix IT). PCR using Tag polymerase (Section 2 .4) was successful ly used to 

amplify the correct sized fragment. The purified PCR product (Section 2 .2.9.2) was then 

l igated into pDAH 1 vector (Shang et aI. , 2007) that had been digested with Xcml and 

dephosphorylated (Sections 2 .2 .3 and 2.2 .6 .2 ,  respectively) .  Novablue cel ls were 

transformed with the l igation reaction as described in Section 2 .3 .2  and plated on LB 

ampicil l in ( l OO mgmL- ' ) plates . Positive clones were selected by digesting plasmid DNA 

with BamHI and Xbal and verified by seguencing with the 35S primer (Appendix I l l) .  

The resulting plasmid containing Deficiens cDNA fragment driven by the 35S promoter 

was named pNNP.Def. RNAi. 

5.2.4.2 Deficiens hairpin construct 

Def.Hairpin .Fwd and Def. Hairpin.Rev primers, designed to generate a 5' XbaI and a 3 '  

BamHI site (Appendix Ill) ,  were used to  amplify 0.45 kb of  the Dejiciens cDNA from 

pJAM 1 1 82 plasmid using Tag polymerase (Section 2.4). The purified PCR product was 

digested with Xbal and BamHI and l igated into pDAHCROP 1 3  vector (Appendix II) 

that had been digested with XbaI and BglII  (compatible with BamHI) . Novablue cells 

were transformed and selected using ampicil l in as described in  Section 2 .3 .2  and 2 .3 .3 ,  

respectively. Positive clones were identified using XbaI and BamHI digestion of the 

plasmid DNA fol lowed by seguencing with the 35S primer (Appendix Ill) .  The resulting 

plasmid containing Deficiens cDNA in the sense orientation driven by the 35S promoter 

was then digested with BamHI and Nhel (compatible with Xbal). A second l igation 

reaction was used to introduce Deficiens cDNA (digested with Xbal and BamHI) in the 

anti sense orientation to this vector to generate the hairpin construct. This hairpin 

construct was named pNNP.Def.Hairpin (Appendix IT) .  

5.2.5 Transient transformation of antirrhinum buds w ith the RNA i  constructs 

The method developed by Shang et al. (2007) was used for transformation of 5 mm 

length, un-pigmented, wild type antirrhinum buds (line #522) with the RNAi constructs. 
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The sepals were dissected and the buds were surface steri lised by washing in  1 0% (v/v) 

bleach solution supplemented with a few drops of Tween-20 for 1 0  min. Buds were then 

rinsed 3 x with sterile water. The buds were placed on the center of tubs containing media 

2 (Section 2 .8)  and bombarded using the conditions described in Section 2 .8 .  Each bud 

was shot on the top and on the sides eight times for the transient transformation of the 

immature petal tissue. Un-shot buds and buds shot with gold preparation without any 

plasmid DNA were used as negative controls for each experiment. The petiole of the 

flower buds were embedded into fresh media 2 and the buds allowed to develop in  a 

tissue culture room set to 22-26°C under 1 6/8 h l ight/dark photoperiod, with 35 mmolm-

2S-1  cool white fluorescent l ight. 

5.2.6 Scanning electron microscopy 

The inner epidermis of the antirrhinum deficienschloranlha petal tissue (Schwarz-Sommer et 

al. , 1 992) was observed using a CamScan mark IV scanning electron microscope with a 

Hexland cryostage (Oxford Instruments, Oxford, UK) at the John Innes Centre with the 

help of Prof. Cathie Martin.  The deficienschloranlha petal tissue was quickly dissected by 

hand under a l ight microscope and rapidly frozen in l iquid N2 slush. Dissected tissue was 

sputter coated with 25 nm gold and then observed whilst being maintained in its frozen 

state on the cold stage of the SEM. Images were recorded at 1 6  kV using Dford FP 1 20 

rol l  film. 

Petal tissue from the RNAi experiment was fixed and analysed with the help of Mr Doug 

Hopcroft at the Manawatu Microscopy & Imaging Centre at Massey University. Tissue 

was fixed in  3% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in  0. 1 M phosphate 

buffer. Samples were dehydrated in acetone, critical-point dried in l iquid CO2 and sputter 

coated with 25 nm gold using a Polaron E 5400 sputter coater (SCD-050; Bal-Tec, 

Balzers, Liechtenstein) .  Specimens were examined on a Cambridge 250 Mark I I I  

scanning electron microscope (Cambridge Instruments, Cambridge, UK) operated a t  20 

kV, and images were captured on 35 mm fi lm. 
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5.3 Results 

5.3.1 Bioinformatics 

Analysis of the Roseal and rosealdorseo proximal promoter regions (- 1 89 bp and - 1 56 bp 

region, respectively) and intron 1 sequences using the PLACE database showed no 

sequences exactly matching the known MADS-box protein binding sites (called CArG 

boxes) .  However, two CArG boxes [CC(Aff)6GG and C(AffhG] were found in the 

intron 2 sequence of the Roseal gene but not that of rosealdorsea (Figure 5 . 1 ) . A MADS 

box-l ike site that had some, but not all of common nucleotides [C(Aff)7G],  was present 

in the proximal region of both Roseal and rosea ldorsea promoters (Figure 3 . 1 ) . PCR 

l inker scanning mutagenesis (Section 5 .2 .3 )  was used to analyse the importance of this 

site for Rosea l expression, the results of which are discussed in Section 5 .3 .3 .  

5.3.2 Intron 2 deletion analysis 

Transient assays (Section 2 .8) were carried out in roseadorsea ( l ine # 1 1 2) antirrhinum 

petals using the pNNP.WTInt2.Del construct to analyse the importance of the two 

putative MADS-box protein binding sites of i ntron 2 for Roseal expression. pPN 1 82 

(900 bp Rosea l promoter:Roseal gene:OCS) was used as a positive control for this 

experiment. After two days the petal t issue was observed for the production of pigmented 

foci .  It was observed that the expression of Roseal from the pNNP.WTInt2.Del construct 

was similar to that obtained from the full- length gene. Furthermore, this construct was 

able to drive pigment production in both inner and outer epidermis of antirrhinum petal 

tissue. 

5.3.3 Mutation analysis of a site similar to a MADS box binding site in the Roseal 

promoter 

Transgenic tobacco flowers harboring the ALS.MADS construct were analysed for GUS 

expression. The temporal and developmental GUS expression pattern in flowers 
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ranging in  size from 1 .5 - 7 cm was analysed by l ight microscopy (Section 2 . 1 2) .  Seven 

out of the eighteen individual l ines that were analysed showed positive GUS expression. 

The GUS expression patterns and intensity in these l ines were similar to those obtained 

with the Rosea l and rosealdorsea promoter deletion constructs, with intense GUS staining 

in  the tips of the flower petals, the lower half of the tube region and in vascular tissue. 

5.3.4 RNAi 

The inverted NOS construct, pNNP.DefRNAi (Section 5 .2 .5 . 1 ), was initially used for 

RNAi of the Deficiens gene in wild type antirrhinum buds using transient transformation 

(Section 5 .2 .6) .  Thi s  construct uses a hairpin of the transcript terminator region (NOS) for 

easier construct generation. Developing flower buds and petals were observed dai ly  for 

morphological changes over a two week period. Developing flower buds and petal tissue 

showed wild type-l ike pigmentation and morphology and no alteration to pigmentation 

patterning was observed. 

The hairpin Deficiens RNAi construct, pNNP.DefHairpin (Section 5 .2 .5 .2) ,  was then 

used to transform wild type antirrhinum buds (Section 5 .2 .6) .  This construct would 

generate hairpin RNA of the Deficiens transgene. Un-shot buds and buds shot with gold

only preparation served as controls. Both controls developed into wild type-l ike flowers 

with normal pigmentation. Transformed flower buds were observed dai ly for about three 

weeks for alteration in their pigmentation pattern (Figure 5 .2) .  Aas the flower petals shot 

with the pNNP.DefHairpin developed, areas of reduced/no anthocyanin pigmentation 

was apparent. This alteration of pigmentation was observed in both the outer epidermis  

and i nner epidermis (Figure 5 .3A & B) .  Furthermore, the areas with reduced/no 

anthocyanin pigments started accumulating chlorophyll pigments leading to greening of 

these areas (Figure 5 .3C) .  The areas accumulating chlorophyll p igments showed red auto

fluorescence under UV l ight (Figure 5 .3D) .  The un-shot buds and buds shot with gold

only preparation did not show any of these phenotypes and had ful ly  pigmented inner and 

outer epidermal t issue. 
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The pPN283 (eHS inverted NOS construct) was used as the positive control for the 

RNAi assays. RNAi of the eHS gene led to regions in the petal tissue where anthocyanin 

pigments were not produced leading to white patches in the petals, in  comparison to the 

ful ly pigmented phenotype of wild type tissue (Figure 5 .4A). The white patches were 

present in both the outer and inner epidermis similar to the phenotype obtained with the 

Deficiens RNAi. It was noted that the areas of reduced pigmentation obtained with RNAi 

of eHS gene were much whiter compared to those obtained from Deficiens RNAi, which 

were more greenish-brown in colour (Figure 5 .4 B) .  

SEM analysis was performed on areas of the RNAi tissue that had reduced! no 

anthocyanin pigmentation to  observe if other morphological alterations were present. The 

SEM photographs are presented in Figure 5.5.  The anthocyanin-containing border sectors 

of the sections had conical cells, typical of wild type inner epidermal petal tissue (Figure 

5 .5A).  However, the areas that had reduced/ no anthocyanin pigments had flat inner 

epidermal cells (Figure 5 .5B &C) .  SEM analysis was carried out on petal tissue of wild 

type, 5 mm antirrhinum buds ( i .e. the stage when they are normal ly biolistical ly 

transformed). The epidermal petal cel l shape at this stage was observed to be almost flat

shaped, although the cells were beginning to develop a sl ightly conical shape (Figure 

5.5D). 

Light microscopy and SEM analysis were carried out on deficienschlorantha petals 

(phenotype is described in Section 1 .6) to see whether morphological alterations similar 

to those seen in the Deficiens RNAi tissue were present in this tissue. Light microscopy 

showed that areas of the petal tissue, where Deficiens activity was lacking, had 

chlorophyl l-containing, green inner epidermal cells (Figure 5 .6A) similar to that of the 

Deficiens RNAi tissue (Figure 5 .4B) .  SEM analysis of the same region revealed that the 

inner epidermal cel l s  in the areas lacking Deficiens activity were flat (Figure 5 .6B) l ike 

the Deficiens RNAi tissue (Figure 5 .5  B and C). These mutant cell s  were bordered by 

wild type, anthocyanin-containing cells expressing Deficiens. SEM analysis of the wild 

type sectors of the deficienschloranlha petal showed the presence of conical cells in  these 
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areas (Figure 5 .6B) .  In the deficienschlorantha petal tissue, the sectors that were lacking 

Defieiens activity contained trichomes, unlike the Deficiens RNAi tissue. 

5.4 Discussion 

A major objective in this project was to analyse the role of the Deficiens gene i n  

regulating anthocyanin pigmentation in  antirrhinum flowers. It was hypothesised that 

Deficiens may either function as a developmental trigger or act as a determinant of 

anthocyanin pigmentation patterning in the antirrhinum flowers . 

Bioinformatics-based methods were used to analyse whether Deficiens was directly 

regulating Roseal expression by binding to the regulatory regions of the Rosea l gene. 

B ioinformatic analysis of the proximal Rosea l and rosealdorsea promoter regions and the 

intron 1 of both alle1es did not reveal any known MADS-box protein binding sites. 

However, two CArG boxes, which are known to bind MADS box proteins, were present 

in the intron 2 sequence of Rosea l but not in rosea ldorsea . The pNNP.WTInt2 .Del 

construct was used to analyse whether the absence of these two sites in intron 2 of 

rosealdorsea leads to the roseadorsea phenotype. This did not seem to be the case as removal 

of the two CArG boxes from the Rosea l intron 2 did not affect production of pigmented 

foci in the i nner or outer epidermis of roseadorsea antirrhinum petals .  However, it should 

be noted that transient assays using particle bombardment could lead to artifacts in the 

experiment. A major issue with biolistic transformation is that many copies of the 

transgene are introduced to a s ingle cell (Mehlo et al. , 2000; Dai et aI. , 200 1 ;  Shou et aI. , 

2004). This h igh copy number may override the true genetic regulation of the gene of 

interest (Dai et aI. , 200 1 ) . Therefore, using this method it is rather difficult to assess the 

importance of single/few potential eis-elements for gene regulation. It was also observed 

that variation of transgene expression occurred within the replicate samples of a single 

experiment. Transgene expression using particle bombardment is dependent on many 

variables including the development stage of the tissue, the particle delivery method and 

the parameters used for the bombardment experiment (Nan and Kuehnle, 1 995 ;  Cai et aI. , 

1 996). The optimal parameters for bombardment such as the helium pressure, target 
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distance and vacuum pressure were optimised for antirrhinum petal tissue. Although the 

optimal parameters were used it was difficult to ensure that all petals used for the 

transient assays were at stage 3. Also due to l imited availabil i ty of flowers, petal tissue 

from different  plants was used for the experiment. These two factors are likely to lead to 

sample-to-sample variation in the experiment. Thus, the results from these assays could 

not be quantified in  a rel iable fashion. Therefore, for future experiments, 

pNNP.WTInt2.Del construct should be co-bombarded with a second reporter construct 

that can be used to normalise for variabil ity. This method has been used successful ly to 

obtain quantitative data on transient assays using particle bombardment experiments 

conducted in soybean and maize seeds ( lida et aI. , 1 995; Grotewold et aI. , 2000). A site 

very similar to a MADS-box protein b inding site was present in both Roseal and 

rosealdorsea promoters. Mutating this region did not affect GUS expression in tobacco 

flowers indicating that this s i te is unlikely to bind DEFICIENS.  

RNAi was used to  analyse the importance of  the Deficiens gene for pigment formation in  

developing antirrhinum flowers. Initial RN Ai experiments were conducted using an 

inverted NOS construct, pNNP.Def.RNAi. No affect on pigmentation was observed on 

the developing flowers that were transformed with this construct. RNAi from inverted 

NOS constructs can be sequence dependent i .e . ,  some genes can be easi ly si lenced by this 

method compared to others depending on the gene sequence that is used for generating 

the construct (Dr David Brummel l ,  personal communication). Therefore, a second RNAi 

construct (pNNP.Def.Hairpin) to produce hairpin Deficiens mRNA was constructed, as 

hairpin of the target gene sequence directl y  is more efficient i n  gene si lencing (Brummell 

et al. , 2003) .  RNAi experiments performed with this hairpin construct resulted in 

development of areas with reduced/no anthocyanin pigmentation in antirrhinum flower 

petals .  This effect on pigmentation was observed in both the outer and inner epidermis .  

This indicated that the silencing signal was moving from the outer epidermis (biolistically 

transformed tissue) to the inner epidermis.  The regions where Deficiens was si lenced also 

produced chlorophyll leading to greening of these areas. Chlorophyll pigments (which are 

normally produced in the sepal tissue of the flower) were produced well after the petal 

identity had been established and demonstrated the developmental ly  flexible nature of 
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Figure 5.2 Development of antirrhinum flower buds (line #522) shot with gold-only 

preparation cultured in vitro over a 14-day period. 

The number below each figure indicates the number of days after 

born bardmen t .  
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Figure 5.3 Inhibition of Deficiens activity in developing antirrhinum flower buds 

(line #522) using transient RNAi. 

The inner epidermal t issue (A) and outer epidermal tissue (B) and (C) of a 

petal biol istical ly transformed with pNNP.Def.Hairpin construct (flower buds 

were cultured in vitro for nine days after bombardement). Areas with 

reduced/no anthocyanin pigments and accumulation of chlorophyll pigments 

can be seen as green-brown patches against the pink anthocyanin producing 

regions (D). Auto-fluorescence under UV- l ight observed as red colour, 

associated with the regions of the petal tissue accumulating chlorophyll 

pigments seen as green-brown patches in (C) .  
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Figure 5.4 Phenotype of antirrhinum flower buds (line #522) silenced for CHS and 

Deficiens genes using transient RNAi. 

Outer epidermis of a petal tissue silenced for CHS gene expression showing 

the development of areas with no anthocyanin p igments that are white (A). 

Petal tissue s ilenced for Deficiens gene expression, showing development of 

areas with no anthocyanin pigments and a green-brown colouration (B) .  
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Figure 5.5 SEM analysis of Deficiens RNAi petal tissue of antirrhinum (line #522). 

The border sector of Deficiens RNAi tissue containing anthocyanin pigments 

showing conical inner epidermal ceUs (x 1 000 magnification) (A). A border 

sector with wild type, conical cells and a Deficiens silenced area with 

no/reduced anthocyanin p igments showing flat inner epidermal cells (x 200 

magnification) (B) .  Higher magnification (x 1 000) of a Deficiens silenced 

area with the flat inner epidermal ceUs (C). Wild type, i nner epidermal cells 

of antirrhinum buds (5 mm) are mostly flat with beginnings of conical cell 

shape development (x 1 000 magnification) (D). 
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Figure 5.6 Light microscopy and SEM analysis of deficienschlorantha antirrhinum 

petal tissue. 

Light photograph of deficienschlorantha petal showing patches lacking Deficiens 

activity which have chlorophyll-containing, green inner epidermal cells, 

bordered by wild type, pigmented cells (A).  SEM photograph of the area 

boxed in (A)  showing flat inner epidermal cells and the presence of trichomes 

in areas where Deficiens activity is lacking are bordered by wild type, conical 

shaped cells (B) .  
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floral tissue. These results confirmed that expression of Deficiens is not only important 

for maintenance of petal identity but also for anthocyanin pigment formation in both 

inner and outer epidermis  of antirrhinum petals .  

I t  has been shown that Deficiens may also have other roles in epidermal cel l  

development, such as development of the conical cel l  shape in  the inner epidermis  

(Martin  and Paz-Ares, 1 997; Perez-Rodrigues et  ai. ,  2005) .  Therefore, SEM analysis was 

carried out on areas of the RNAi petal tissue that had reduced/no anthocyanin 

pigmentation to see the effect on other morphological traits such as the inner epidermal 

cell shape. The inner epidermal cells in the Deficiens silenced areas failed to develop the 

normal conical cell shape. Studies by Schwarz-Sommer et al. ( 1 992) showed that the 

d f· · chlorantha h d i D ,-r,. . 
. 

I I ·  h i d e ICIens mutant a ower ejlClenS transcnpt eve s In t e peta an stamen 

tissue compared to that of the wild type. Their study further identified that this down

regulation of the Deficiens transcript levels was due to a mutation in the promoter region. 

I h d f· · chloramha h 
. 

f D , -r,. .  h 1 b h n t e e ICIens mutant, patc y expressIOn 0 ejlClenS as a so een s own to 

result in  development of sepaloid features in the petal (Bey et aI. ,  2002) .  However, no 

further analysis of the petal morphology was carried out on this mutant. 

SEM analysis and l ight microscopy of the deficienschlorantha petal tissue in the present 

study confirmed that proper expression of Deficiens is indeed required for the production 

of anthocyanin pigments in the petal as well as the proper development of the conical cell 

shape of the inner epidermal tissue. Furthermore, trichomes were present in  the inner 

epidermis indicating that the areas lacking Deficiens activity had developed sepal- l ike 

h H h RNA· · d ·d d I . h In h d f· ·  chlorantha C aracters. owever, t e 1 tIssue 1 not eve op tnc omes. t e e ICIens 

mutant, Deficiens activity is l ikely to be lacking at very early stages of flower 

development, before petal identity has been established. Therefore, regions of the petal 

tissue of this mutant are likely to develop trichomes due to homeotic conversion of these 

regions into sepaloid structures. In the RNAi experiments, Deficiens expression i s  

abol ished well after the petal identity has been established. Therefore, the RNAi tissue is 

unlikely to develop trichomes. RNAi can be further used to induce phenotypic changes at 

later stages of antirrhinum flower development to allude to the dependence of petal t issue 

identity on Deficiens expression. Deficiens RNAi and deficienschlorantha petal t issue can be 
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also used to analyse the coincidence of Deficiens and Rosea l transcript expression by in 

situ hybridisation. This experiment would be useful to analyse whether Deficiens is l ikely 

to directly regulate the expression of Roseal .  

I n  conclusion, i t  was shown that the Deficiens gene activity i s  required for anthocyanin 

production as well as the development of the conical shape of inner epidermal cel ls  in  

antirrhinum petals .  The two potential MADS box protein binding sites present in the 

intron 2 of the Roseal gene were shown to be not important for the expression of Roseal .  

However, i t  should be noted that this might be due to the nature of the transient assay 

method used. Although transient assays with partic1e bombardment are very useful for 

qual itative experiments such as analysis of gene function, i t  is much more difficult to 

obtain quantitative data on experiments on gene expression and mutation studies (Dai et 

ai. , 200 1 ) . The region of the Rosea l promoter that was similar to the MADS box protein 

binding site was also shown to be not important for driving expression of the GUS 

reporter gene. RNAi experiments coupled with SEM analysis showed that proper 

expression of Deficiens is indeed required for anthocyanin pigment formation as well as 

for maintaining the petal identity in antirrhi num petals during the late developmental 

stages of the petal . The absence of potential MADS box binding sites in the proximal part 

of the Roseal and rosea ldorsea promoters suggest that DEFICIENS may not regulate 

anthocyanin pigment production via Rosea l .  It is possible that DEFICIENS may not be 

directly regulating Rosea l expression but regulates one or more of the anthocyanin 

biosynthetic genes directly. Therefore, the regulatory region of the anthocyanin 

biosynthetic genes should be analysed for potential MADS box binding sites. The 

possibil ity also exists that DEFICIENS may directly regulate the expression of a 

transcription factor regulating Roseal expression or that i t  is required for the activation of 

other components of the anthocyanin regulatory machinery, such as the bHLH factors or 

the (unknown) factors required for EBG activation. Previous work by Schwarz-Sommer 

et al. ( 1 992) and Perbal et at. ( 1 996) has shown that DEFICIENS activity is required for 

the establishment and maintenance of the petal cel l  identity in antirrhinum. Therefore, 

DEFICIENS may provide only the base line signal for maintaining the petal epidermal 

cel l identity while the t iming of pigmentation may be independently controlled. In this 
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regard DEFICIENS activity would regulate pigmentation but not the actual timing of 

pigment production. 
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Chapter 6: General discussion and conclusions 

The major objective of this research project was to understand the genetic regulatory 

system leading to the development of two different flora] pigmentation patterns in  

antirrhinum: wild type and roseadorsea. This would provide a better understanding of the 

regulatory mechanisms leading to differential gene expression. Previous studies by 

Schwinn et al. (2006) suggested that these two pigmentation patterns occur due to 

changes in the promoter region of the Roseal gene. Roseal encodes a MYB 

transcription factor regulating anthocyanin  biosynthesis in antirrhinum. Studies by 

Schwinn et al. (2006) demonstrated that variation in  the activities of the Rosea and 

Venosa (which also encodes for a MYB transcription factor regulating anthocyanin 

biosynthesis ) loci ,  were responsible for the differences in anthocyanin pigmentation 

between at least six species of Antirrhinum. Variation in anthocyanin patterns has been 

attributed to variation in MYB activity in other species including petunia (Quattrocchio et 

al. , 1 999), grape (Kobayashi et aI. ,  2004, 2005) and potato (De long et al. , 2004). 

Therefore, it was hypothesised that the pigmentation patterns derived from wild type and 

roseadorsea in antirrhinum are due to different regulatory systems. 

Sequence analysis of the Rosea l and rosealdorsea promoter regions showed that the 

rosea ldorsea promoter had a large 1 87 bp deletion in the proximal region (in addition to 

other sequence changes), which may lead to the loss of eis-elements important for Roseal 

expression in the inner epidermis of the antirrhinum petal t issue (Schwinn et aI. , 2006) .  

Promoter deletion analysis has been successfully used by Kao et al. ( 1 996) to identify the 

eis-elements necessary and sufficient for the activation of the Cl gene by absicic acid, 

VP I and l ight in  maize. The Cl gene encodes a Myb regulator of anthocyanin 

biosynthesis in  maize. Therefore, the effect of the 1 87 bp deletion on roseal gene activity 

was first analysed by deletion analysis of the Rosea l and rosealdorsea promoters. 

Promoter deletion analysis in the present study demonstrated that the 1 5 1  bp proximal 

region of the rosealdorsea promoter can still drive GUS reporter gene expression in both 

inner and outer epidermal cells of flower petals of antirrhinum (using transient assays) 
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and tobacco (through stable transgenic assays) while maintaining petal specificity of 

expression as well. This proximal - 1 5 1  bp of the promoter contained - 1 4 1  bp region 

upstream of the transcription site plus ten bps after the site of the deletion (Figure 4. 1 ) . 

Thus, the promoter deletion analysis of the rosea ldorsea promoter showed that the 

nucleotide sequence that is deleted in the 1 87 bp proximal region is not essential for the 

expression of the gene and is not responsible for the roseadorsea phenotype. 

Further analysis of the importance of the 1 87 bp deletion in the rosealdorsea promoter i n  

conferring the roseadorsea phenotype was tested by  genetic analysis of a collection of 

Antirrhinum species available at the John Innes Centre. Previous work by Schwinn et al. 

(2006) showed that the weak floral pigmentation in A. granticum, A. molle and A. 

mollisimum species, which is very similar to the roseadorsea phenotype in A. majus, occurs 

due to changes at the Rosea locus. The Rosea l promoter regions from two accessions of 

A. majus, Barcelona and Toulouse, and seven Antirrhinum species were cloned and 

characterised in order to analyse if the weakly pigmented species carried the same 1 87 bp 

promoter deletion. The results from the sequence analysis of the Rosea l promoter region 

from the different antirrhinum species indicated that the proximal 1 87 bp deletion in the 

rosealdorsea promoter is not important for expression of the roseal gene. Together, 

promoter deletion analysis and sequence analysis of the Roseal gene from different 

Antirrhinum species thus prompt the conclusion that the changes in the rosealdorsea 

promoter region are not responsible for the roseadorsea phenotype. 

Studies by Schwinn et al. (2006) also identified several nucleotide changes in the 

rosea ldorsea cDNA that lead to eight amino acid changes in the deduced peptide. As there 

were no previous experimental data on the functionality of the ROSEA 1 protein in  

dorsea f A · h f 11 · f h ]dorsea 11 1 rosea mutants 0 . majus, t e u genomIc sequence 0 t e rosea a e e was 

analysed. The functionality of the encoded protein was determined by complementation 

assays carried out on roseadorsea petal tissue. These assays showed that the rosealdorsea 

allele encodes for a functional protein and that changes in the coding region do not confer 

the roseadorsea phenotype. 
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In situ hybridisation analysis was performed on roseadorsea petal tissue to determine the 

expression pattern of the rosealdorsea allele. rosealdorsea transcript was present in both 

epidermal layers of the upper and lower lobe petal tissue and the vascular bundles. Thus, 

the rosealdorsea promoter was demonstrated to be capable of driving expression of the 

rosealdorsea allele in the roseadorsea petal tissue. These in situ results further verified the 

results obtained from the rosealdarsea promoter deletion analysis and Roseal promoter 

sequence analysis of the Antirrhinum species. However, the expression level of 

rosealdorsea transcript in roseadorsea petals was much lower than that of Rosea l in wild 

type petal tissue. This low level of rosealdarsea transcript expression may indeed be 

responsible for the weak anthocyanin pigmentation in the roseadorsea flowers. It is  

proposed that an unidentified MYB factor may be responsible for the dorsal pigmentation 

pattern in roseadorsea with the activity of this fourth MYB being 'unmasked' by the loss of 

the strong wild type pigmentation pattern. 

The transcript abundance of the rosea ldorsea allele was much weaker in the roseadorsea 

petal tissue compared to that of wild type Rosea l transcript abundance. Yet the promoter 

deletion analysis of the Rosea l and rosea ldorsea suggested equivalent promoter activity. 

Therefore, it was possible that regulation of rosealdorsea expression occurs via the intron 

and/or UTR sequences. There are many examples where intron regions and the 

untranslated regions regulate the transcription of an associated gene (Larkin et al. , 1 993; 

Chen et al. , 1 998; Deyholos and Sieburth, 2000; Jeon et al. ,  2000). Sequence analysis 

revealed that the intron 2 region of the rosea ldorsea al lele contains many sequence 

differences from the Rosea l allele. Promoter replacement experiments were carried out to 

analyse if these changes were affecting the mRNA stability or expression level of the 

gene in planta and leading to the roseadorsea phenotype. The results of the promoter 

replacement experiments suggested that these changes might not be affecting the 

expression of the rosealdorsea allele. However, it should be mentioned that thi s  result 

might not be rel iable as it is  difficult to obtain quantitative data due to the inherent nature 

of particle bombardment experiments. During particle bombardment a s ingle cell may 

receive as many as one hundred copies of the plasmid being introduced and therefore 

might mask the finer regulation of a gene that occurs in  the in vivo situation (Mehlo et al. , 
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2000; Dai et al. , 200 1 ;  Shou et al. , 2004). Therefore, to confirm these results, the 

pNNP.WTInt2.Del construct should be co-bombarded with a second reporter construct 

that can be used to normali se for the variabil ity, allowing quantitative gene expression 

analysis from this construct. 

The combined results from promoter deletion analysis of Roseal and rosealdorsea 

promoters were also used to identify a key region of the Rosea l promoter that is 

important for its expression. The proximal - 1 62 to - 1 23 bp region of the Roseal 

promoter was shown to be important for the regulated expression of the GUS reporter 

gene using transient and stable transgenic assays of the various promoter deletion 

constructs. This promoter region was also shown to be sufficient for maintaining the 

epidermal specific ity as well as the petal specificity of reporter gene expression. peR 

l inker scanning mutagenesis was used to verify that this region is indeed important for 

expression of the Rosea l gene and to further define the eis-elements. Transient assays 

using roseadorsea petal tissue and analysis of flowers from transgenic tobacco plants 

harbouring the l inker scanning constructs showed that mutating this region affected the 

expression of the GUS reporter gene dramatically. Finer l inker scanning mutagenesis of 

the - 1 62 to - 1 23 bp region combined with bioinformatics-based methods were then used 

to identify the presence of eis-elements in this 40 bp region of the Roseal promoter. 

B ioinformatics analysis revealed the presence of a W -box, a pyrimidine box, and DOF 

and WRKY transcription factor binding sites in this promoter region. W-boxes have 

been shown to function in wound responses (Nishiuchi et al. , 2004). Mutation of this 

putative W -box resulted in  very weak GUS expression and also affected the petal 

specificity of expression. This indicated that this W -box is important for regulation of the 

Roseal gene. 

Anthocyanin pigments are synthesised in  response to hormonal signals and various 

environmental cues such as l ight, temperature and stresses induced by, for example, 

pathogen attack (Schwinn and Davies, 2004) .  DOF transcription factors belong to a 

recently identified novel c lass of DNA binding proteins and are important for light-
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regulated expression and gibberel l in responsive expression of genes (Mena et aI. , 2002; 

Yanagisawa, 2004). DOF transcription factors are unique to the plant kingdom and, 

therefore, may perform unique and, as yet, unidentified roles in plant gene regulation 

(Yanagisawa, 2002, 2004).  The major known role of the WRKY transcription factors in  

plants is  in  defence responses (Eulgem et  aI. ,  2000). However, the ttg2 gene encodes a 

WRKY transcription factor that functions in  at least three morphogenic processes in  the 

L 1 -derived cells in arabidopsis :  trichome formation and the production of mucilage and 

proanthocyanidin in the seed coat (Johnson et al. , 2002) .  These authors proposed that 

TTG2 may directly regulate the proanthocyanidin biosynthesis gene, Banyuls. Thus, it is  

l ikely that WRKY transcription factors may function in responses other than stress, one 

of which may be in the regulation of pigment production. Therefore, it was of interest to 

analyse if the putative DOF and WRKY transcription factor binding sites present within 

the - 1 62 to - 1 23 bp of the Roseal promoter region are important for its expression. This 

was done by mutating the putative DOF and WRKY transcription factor binding sites by 

finer l inker scanning mutagenesis. Mutating the putative DOF binding site prevented 

strong GUS expression, whereas mutating the WRKY site led to the loss of petal-specific 

GUS expression. These results indicated that the putative DOF and WRKY transcription 

factor binding sites are important for the regulation of Rosea l. 

A pyrimidine-box which is involved in gibberell in-related sugar repression (Morita et 

aI. , 1 998; Mena et aI. , 2002),  was mutated using three l inker scanning constructs. 

Mutating part of this pyrimidine-box affected normal GUS expression as well as the 

petal-specificity of expression. Future work should involve mutating the entire region 

containing this putative pyrimidine-box to assess the importance of this putative cis

element for Rosea l regulation. Mutating the other regions within - 1 62 bp to - 1 23 bp of 

the Roseal promoter by finer l inker scanning mutagenesis led to the GUS reporter gene 

being expressed in sepal tissue indicating that petal specific elements are also present 

within this region. Interestingly, this also suggests that petal specificity of Rosea l 

expression may be achieved by a combination of activation in petals and repression in  

other organs .  In summary, promoter deletion analysis combined with l inker scanning 

1 40 



mutagenesis was successful in identifying key eis-elements for regulation of the Roseal 

gene. 

Preliminary experiments were conducted in order to identify regulatory proteins that 

interact with the - 1 62 bp to - 1 23 bp region of the Roseal promoter. This  was approached 

by two methods. In the first method, EMSA was carried out with nuclear proteins isolated 

from stage 3-5 antirrhinum flowers on LS2 (- 1 62 bp to - 1 43 bp region of the Roseal 

promoter) and LS3 (- 1 42 bp to - 1 23 bp region of the Roseal promoter) ol igonucleotides. 

Preliminary EMSA assays indicated that both oligonuc leotide sequences may bind 

antirrhinum petal nuc lear proteins in a specific manner. This suggested that the - 1 62 bp to 

- 1 23 bp region of the Roseal promoter harbours eis-elements that may regulate gene 

activity through interaction with nuclear proteins. The second approach utilised yeast-one 

hybrid screening using the - 1 62 bp to - 1 23 bp region of the Rosea l promoter as the DNA 

bait and a cDNA library made from antirrhinum flowers at stage 3-5 as the potential 

DNA-binding protein source. Methods for yeast one-hybrid l ibrary generation and 

screening were successfully set up in the laboratory as part of this project. Only 48 

colonies were screened for the presence of a putative DNA-binding function due to time 

l imitations. Most of the peR products that were successfully sequenced encoded 

ribosomal RNA and for chloroplast proteins. tBLASTx analysis of one clone (#7) 

revealed that the encoded protein might be similar to the beta subunit of transcription 

initiation factor lIE from Oryza sativa (rice). Three other clones with good sequence 

identity to ESTs in the A. majus database were identified. However, the functions of the 

encoded proteins are, as yet, unidentified. The results from the one hybrid screen should 

be approached with some caution however, as transformation effic iencies were very low. 

This work should be repeated with a freshly prepared library. While regulatory factors of 

the Roseal transcription factor were not identified, preliminary EMSA showed that 

nuclear proteins isolated from antirrhinum petal tissue may bind to the - 1 62 bp to - 1 23 bp 

Roseal promoter region in a sequence-specific manner. Some expressing proteins, which 

might interact with the - 1 62 bp to - 1 23 bp region of the Rosea l promoter were identified 

through the yeast one-hybrid analysis. It should be noted however that protein-DNA 

interactions were very weak and these experiments need to be repeated. 
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The final objective of this project was to identify whether the Deficiens gene directly 

regulates Roseal expression in antirrhinum. Not much is known about how early 

developmental pathways might regulate late developmental events such as anthocyanin 

biosynthesis. Therefore, the results from this objective would give an insight into the role 

of regulators active in early floral developmental stages in controlling late developmental 

pathways. 

Two main approaches were used to analyse the importance of the Deficiens gene for 

anthocyanin pigmentation in antirrhinum. In the first approach, RNAi was used to 

silence the expression of the Deficiens gene in young antirrhinum flower buds. Si lencing 

Deficiens expression led to development of areas with no/reduced anthocyanin pigments 

in the flower petals. Further analysis of the RNAi tissue and the deficienschlorantha mutant 

by light microscopy and SEM analysis revealed that, in addition to production of 

anthocyanin pigments, Deficiens expression was also required for the conical cell shape 

development of the inner epidermis of petals. The deficienschlorantha mutant also produced 

trichomes in the regions of the inner epidermis of the petal that were lacking Deficiens 

activity. This indicated that homeotic reversion of these petal regions into sepals was 

occurring in these regions. These results were consi stent with previous work showing the 

importance of the Deficiens gene for maintaining petal cell identity (Perez-Rodriguez et 

aI. ,  2005). Therefore, it was concluded that Deficiens is an important factor required for 

anthocyanin pigment production as well as deve lopment of inner epidermal cell shape in 

antirrhinum. 

Deficiens mjght regulate anthocyanin pigment production in many ways: first ly, it  might 

function as a transcriptional activator of the regulator of the anthocyanin biosynthetic 

pathway (i .e .  Rosea l) ;  secondly, it might function as a transcriptional activator of the 

actual anthocyanin biosynthetic genes; thirdly, it may directly regulate the expression of 

the regulator of Rosea l or may be required for the activation of other components of the 

anthocyanin regulatory machjnery, such as the bHLH factors or some unknown factors 

required for EBG activation. 
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The first scenario was further investigated by using bioinformatics-based search tools to 

identify potential DEFICIENS binding sites (i .e. MADS box protein binding sites) in the 

proximal region of the Roseal promoter as well as the intron regions of Roseal and 

roseaZdorsea al1eles. It was of interest that the Roseal intron 2 contained two putative 

MADS box protein binding sites while rosea ldorsea allele did not contain any. This was 

further pursued as it was possible that the absence of these putative MADS box protein 

binding sites might be responsible for the roseadorsea phenotype. However, this was 

shown not to be the case as removal of the two sites by deleting a large part of the intron 

2 of the Roseal gene did not affect the expression of Roseal .  As this experiment was 

carried out by complementation analysis of roseadorsea petals by particle bombardment, 

obtaining quantitative data was difficult (Mehlo et aI. , 2000; Dai et al. , 200 1 ;  Shou et aI. , 

2004) .  Therefore, more direct methods, such as EMSA performed on the Roseal 

promoter and the intron 2 regions with the DEFICIENS protein should provide more 

conclusive data on Deficiens as a direct regulator of Rosea. DEFICIENS requires its 

partner GLO for the recognition and binding of its target DNA (Schwarz-Sommer et al. , 

1 992). Furthermore, ternary complex formation between DEFICIENS, GLO and SQUA 

has also been demonstrated (Egea-Cortines et al. , 1 999). Therefore, in vitro assays such 

as EMSA may pose potential problems as all the proteins required for DEFICIENS 

activity wil1 need to be present in their native configuration in the assay. 

The absence of potential Deficiens binding sites in the proximal region of the Rosea l 

promoter does not support Deficiens as a direct transcriptional activator of Roseai,  but 

leaves open the suggestions that Deficiens may function as a direct transcriptional 

activator of the anthocyanin biosynthetic genes. However, it seems unlikely that 

Deficiens is  a direct regulator of the anthocyanin biosynthetic genes as the Myb-bHLH

WD40 proteins are thought to be necessary and sufficient for the regulation of 

anthocyanin biosynthesis (Ramsay and Glover, 2005) .  Also, anthocyanin pigments are 

produced in a wide variety of tissue and, therefore it is unlikely that a MADS box gene 

expressed mainly in the floral tissue would act as a regulator. 

1 43 



In situ hybridisation experiments on deficienschlorantha and Deficiens RNAi tissue should 

be carried out in the future to analyse the coincidence of Deficiens and RoseaI gene 

expression. This will allow the moni toring of Rosea I transcript levels in relation to 

Deficiens expression and can be used to identify whether Deficiens is a direct regulator 

of Rosea l .  This wil l  also enable to overcome the difficulties associated with using 

DEFICIENS for EMSA. The transient RNAi method also has several advantages over 

the use of deficiens mutants for this study. With RNAi the function of several genes can 

be analysed by si lencing them simu ltaneously. Also the gene/s can be silenced in later 

stages of flower development. This would provide larger areas of tissue that can be used 

for further analysis such as microscopy. 

Overall ,  the aim of this project was to understand the genetic regulatory system leading to 

the development of wild type and roseadorsea floral pigmentation patterns in antirrhinum. 

This would allow a better understanding of the regulatory mechanisms leading to 

differential gene expression. The differences in the promoter region of rosea ldorsea 

(particularly the 1 87 bp proximal deletion) were shown not to be responsible for the 

roseadorsea phenotype. Two major mechanisms are proposed that may be responsible for 

the roseadorsea phenotype: firstly, the changes occurring in the intron 2 region of the 

rosealdorsea allele may lead to instability of the mRNA leading to lower expression of 

rosealdorsea and, secondly, an unidentified fourth Myb gene may be responsible for the 

dorsal pigmentation in roseadorsea flowers. Thi s  study also demonstrated that the higher 

level regulation of a regulator such as Roseal is much more complex than postulated. 

The Deficiens gene may function as a higher order regulator with DOF and WRKY 

transcription factors regulating the Rosea l gene directly. Attempts were also made to 

identify the role of early developmental pathways in regulating late developmental 

events. The role of the floral identity gene, Deficiens, in pigment production was 

analysed in anti rrhinum flowers. This work demonstrated that Deficiens is important for 

anthocyanin production as wel l  as for the maintenance of petal cel l  identity in 

antirrhinum. 
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Appendix 1:  Buffers and solutions 

• AB salts (20 x) :  1 000 mg N H4CI, 300 mg MgS04, 1 50 mg KCl ,  1 0  mg CaCh. 

• 1 % agaroserrBE minigel : 1 g of agarose in 1 00 mL of 1 x TBE buffer. The solution 

was autoclaved and cooled to 50°C before pouring the gel .  

• B5 vitamins: Inositol 1 00 mgL- ' , nicotinic acid 1 mgL- ' , pyridoxine.HCI 1 mgL- ' , 

Thiamine .HCI 1 0  mgL- ' , Kinetin 0. 1 mgL- ' and 2,4-dichlorophenoxyacetic acid 1 mgL- ' . 

• 1 0  x gel loading dye: 20% Ficoll  400, 0. 1 M EDTA (pH 8.0) ,  1 % SDS, 0.25% 

bromophenol blue and 0.25% xylene cyanol made upto 20 mL with sterile water. 

• IPTG: IPTG (20 mgmL- ' ) was dissolved in sterile water and filter steril ised. Aliquots 

were stored at - 20°e. 

• LB broth : contained Difco Bactotryptone (BD Diagnostics, Maryland, USA), 1 0  gC ' , 

Difco yeast extract (BD Diagnostics) 5 gL- ' and NaCI 1 0  gL- ' . For solid media 1 .5% 

(w/v) agar (Progen Pharmaceuticals Limited, Queensland, Australia) was added. 

• LS vitanlins: Inositol 1 00 mgL· ' and Thiamine.HCI 400 mgL- ' . 

• MS salts :  N H4N03 1 650 mgL- ' , KN03 1 900 mgL- ' , CaC}z .2H20 440 mgL- ' , MgS04.7 

H20 370 mgL- ' and KH2P04 1 70 mgL- ' , KI 0.83 mgL- ' , H3B03 6.2 mgL- ' , MnS04.4H20 

22.3 mgL- ' , ZnS04.7H20 8.6 mgC' , Na2Mo04.2H20 0.25 mgL- ' , CuS04.5H20 0.025 

mgL- ' and CoC}z.6H20 0.025 mgL- ' . 

• MS micro salts: KI 0.83 mgL- ' , H3B03 6 .2 mgL- ' , MnS04.4H20 22.3 mgL- ' , 

ZnS04.7H20 8.6 mgCI , Na2Mo04.2H20 0.25 mgL- 1 , CuS04.5H20 0.025 mgL- 1 and 

CoC}z.6H20 0.025 mgL- ' . 
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• MS macro salts : NH4N03 1 650 mgC1 , KN03 1 900 mgC1 , CaClz.2H20 440 mgL- 1 , 

MgS04.7 H20 370 mgL- 1 and KH2P04 1 70 mgL- 1 • 

• 1 . 2% (w/v) MOPS denaturing gel :  For 1 50 mL of denaturing gel solution 1 .95 g of 

agarose, was melted in 1 5  mL of 1 0  x MOPS solution (0.4 M MOPS, 0. 1 M NaAc, 1 0  

m M  EDTA with the p H  adjusted to 7 .2 with NaOH) and 1 35 m L  of sterile water. The 

solution was then allowed to cool to 50°C and 7.65 mL of formaldehyde added before 

pouring the gel. 

• Phenol/chloroform solution: Sterile water (250 mL) was added to 500 g of phenol 

crystals and melted at 65°C for 4 h. Phenol solution was then transferred to a I L  Schott 

bottle containing 0.5 g 8-hydroxy chinoline and 250 mL of I M  Tris-HCI (pH 8.0) added. 

The contents were mixed thoroughly and the top layer was removed after allowing the 

two phases to separate. Two washes of 250 mL of I M  Tris-HCl (pH 8.0) were carried out 

and the top layer removed at each wash. Ten mL of iso-amyl alcohol and two volumes of 

chloroform were added to the phenol and thoroughly mixed and phases al lowed to 

separate overnight. Some Tris-HCl was removed from the top layer before using the 

phenol/chloroform. 

• 2 x RNA denaturing solution : Contained 5 /-lL of ethidium bromide, 500 /-lL of 1 0  x 

MOPS, 500 /-lL of formamide and 1 50 /-lL of formaldehyde. 

• SEM buffer: 1 0  mM PIPES, 55 mM MnClz, 1 5  mM CaClz and 250 mM KCl .  All 

ingredients except MnClz was dissolved in  water and pH adjusted to 6.7 with KOH. 

MnClz was then added, dissolved and volume adjusted to 1 L and the solution filter 

steril ised. 
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• 1 0  x T AE: 0.4 M Tris, 0.2 M Acetic acid and 0.0 1 M EDT A.  The solution was 
autoclaved. 

• TB (Terrific Broth) :  contained Difco Bactotryptone (BD Diagnostics) 1 2  gL- I , Difco 

yeast extract 24 gCI and 4 mL glycerol .  The volume was adjusted to 900 mL with steri le 

water and the soluton autocl aved. After cooling to toom temerature the volume was 

adjusted to 1 L with 1 00ml of filter steri l ised solution of 0. 1 7  M KH2P04 and 0.72 M 

K2HP04 . 

• 1 0  x TBE :  1 M Tris, 1 M Boric Acid and 20 mM EDT A. The solution was autoclaved . 

• 1 x TE: 1 0  mM Tris and 1 mM EDT A.  The pH was adjusted to 7 .5 with HC! . 

• X-Gal : X-Gal (20 mgmL- I ) was dissolved i n  DMF and aliquots were stored at - 20°C in 

foi l  wrapped containers. 
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Appendix 11: Plasmid Maps 
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Appendix Ill : Primer sequences 

Primer name 

K 1 57.Gus 

K 1 80.Fwd 

K 1 8 1 .Rev 

K 1 82.Fwd 

K 1 83 .Rev 

K2 1 4.Fwd 

K2 1 5 .Fwd 

K2 1 6.Fwd 

K2 1 7.Fwd 

K2 1 8.Fwd 

K260.Fwd 

K26 1 . Rev 

K266.Fwd 

K267 .Fwd 

K268.Fwd 

K269.Fwd 

K270.Fwd 

K277.Fwd 

Ros3UTR.Fwd 

Ros3UTR.Rev 

N3.WTfLS 

N4.WTfLS 

N5.WTfLS 

N6.WTfLS 

N7.WTfLS 

N8.WTfLS 

WRKY.Fwd 

WRKY.Rev 

DOF.Fwd 

Sequence 

ACCAGACGTTGCCCGCAT 

GATCGGAGCTCGTGGATTAGAACCAAATATATT 

GATCTACCATGGCGTTTAATACGTACTATGCCC 

GATCTACCATGGAAAAGAATTGTCGTGGAGTGA 

GACTAGGATCCTTAATTTCCAATTTGTTGGGCC 

GATCGGAGCTCGAACACATATAACAAAAACTCT 

GATCGGAGCTCATGTGTCACTTTAGAGTTACTT 

GATCGCAGCTCTAAGCATTAATATCGTATTTAT 

GATCGGAGCTCAGGACATATGATTAATTACATG 

GATCGGAGCTCAGCCAAAGGGGTCTACAGCCAT 

ACTGACCCATGGGTCAGTCCCTTATGTTA 

ACGTAGGATCCTCATTGTTTGCCTCCCTG 

GATCGGAGCTCCCTATAACATTAAATTAATCAA 

GATCGGAGCTCCATAACACCTTTTCTACCTACT 

GATCGGAGCTCGGTTGTCGTTAAAAATATGACC 

GATCGGAGCTCGGGTTTGACGGGTCTGGCGGA 

GATCGGAGCTCACTCATTAAAAAAAGGGAAAGA 

GATCGGAGCTCTATTTAAACCNGTGNAAGTTT 

ATTATGAGCTCAGGAAACCTATTCGAGGAG 

ATTGGTACCCCGTGATGATCTACTCTTAGA 

CTCGAGTGTACCGCGGGTCATGAAC 

CTCGAGGTCTAAGAAAACCCGACTC 

CTCGAGTGTACCGGCTACAGCCCTA 

CTCGAGGTCTAAGTTCGATCCGCCA 

CTCGAGTGTACCGTATTTAAACCCG 

CTCGAGGTCTAAGCTAGGGGTGTTC 

CCGCTCGAGGAACACCCCTA 

CCGCTCGAGCGTTCGATCCG 

CCGCTCGAGCCTATTTAAC 

1 58 



Primer name 

DOF.Rev 

LS2. 1 .Fwd 

LS2. 1 .Rev 

LS2.2 .Fwd 

LS2.2 .Rev 

LS2 .3 .Fwd 

LS2 .3 .Rev 

LS3 . 1 .Fwd 

LS3 . l .Rev 

LS3 .2 .Fwd 

LS3.2 .Rev 

LS3 .4.Fwd 

LS3 .4.Rev 

T3 

T7 

M 1 3 .Fwd 

M 1 3 .Rev 

EMSA.LS2.fwd 

EMSA.LS2.rev 

EMSA.LS3.fwd 

EMSA.LS3 . rev 

WT. lnt2 .Fwd 

WT.Int2.Rev 

MADS.Fwd 

MADS.Rev 

Def.RNAi.Fwd 

Def. RNAi. Rev 

Def.Hairpin.Fwd 

DEF.Hairpin.Rev 

35S 

Sequence 

CCGCTCGAGTATGGCTGTAG 

CGCGGATCCTCATGAACAC 

CGCGGATCCGCCAG 

CCGCTCGAGCCCTAGGCTAC 

CCGCTCGAGATGACCCGTTC 

CCCAAGCTTGCTACAGCCAT 

CCCAAGCTTGTGTTCATGAC 

CCGCTCGAGGCCATAAAAAG 

CCGCTCGAGCTAGGGGTGTT 

CCGCTCGAGAAAAGGCCTAT 

CCGCTCGAGTGTAGCCTAGG 

CCGCTCGAGTAAACCCGTGA 

CCGCTCGAGCCTTTTTATGG 

CCCTTTAGTGAGGGTTAATT 

GTAATACGACTCACTATAGG 

TAAAACGACGGCCAGTG 

CAGGAAACAGCTATGAC 

ATGTCTCGAACGGGTCATGAACACCCCTAG 

ATGTCCTAGGGGTGTTCATGACCCGTTCGA 

ATGTCGCTACAGCCATAAAAAGGCCTATTT 

ATGTCAAATAGGCCTTTTTATGGCTGTAGC 

GCTCTAGAGCTGAGAGAGACTATAC 

GCTCTAGAGCATTAACCGAGTACCA 

CGCGGATCCCTCCTATTTAAAC 

CGCGGATCCCTGCTGTAGCCTA 

TCCAGTACTCAGAAGCTTCA 

CTACTCAAGCAAAGCAAAAG 

CTAGTCTAGATCCAGTACTCAGAAG 

CGCGGATCCTATCGATCATACCAT 

ATGTGATATCTCCACTGACG 

1 59 



Appendix IV: Cloning strategy for generating Roseal and rosealdorsea 

promoter deletion constructs 

Roseal p romoter deletion constructs: 

Roseal promoter (isolated from A. majus wild type l ine #522) deletion constructs (Table 

3 . 1 )  were based on the pPN 1 7 1  construct (Appendix II) .  To generate the promoter 

deletion constructs for transient assays, Rosea l reporter gene in pPN 1 7 1  was replaced 

with the GUS reporter gene by removing the Roseal gene with a Ncol and BamHI digest 

(Section 2 .2 .3) followed by l igation (Section 2 .2 .8) of the GUS reporter gene into the 

Ncol and BamHI sites as a PCR product amplified using the K260.Fwd and K26 1 . Rev 

primers (Appendix Ill) .  The resulting plasmid, pPN 228 (Appendix 11), was then used as 

a template for PCR reactions with different forward primers designed to amplify different 

lengths of the Roseal promoter in combination with K 1 8 1 . Rev primer. Pwo polymerase 

was used in the PCR as described in Section 2.4. The figure outlining the c loning strategy 

used for generating the Rosea l promoter deletion constructs is given in this Appendix. 

The sequences for the primers are given in Appendix I ll .  The forward and reverse 

primers were designed such that the resulting PCR products would contain a Sad ite and 

a Ncol site at the 5' end and at the 3' end of the Roseal promoter fragments, respectively. 

The PCR products were digested with Sad and Ncol and l igated in to pPN 228 that has 

been digested with Sad and Ncol to remove the 1 .2 kb Roseal promoter fragment. 

Ligation products were transformed into Novablue competent cells as described in 

Section 2 .3 .2  and selected on LB plates supplemented with ampici ll in at 1 00 mgrnL- ' . 

The expression cassette containing Rosea l promoter:GUS:OCS terminator was isolated 

from the pART 7 based vectors using Sad and Notl digest. The digest was run on a gel 

and the band corresponding to the expression cassette was gel purified as described in  

Section 2.2.9.2 .  The expression cassette was then l igated into pART 27 vector digested 

with Sad and Notl as described in Section 2 .2 .3 .  Positive plasmid clones were isolated 

by transforming the l igation reaction into Novablue cells as described in Section 2 .3 .3  

using streptomycin (25 mgmL- ' ) as  the antibiotic selection. Once a positive clone was 

identified, it was then used to transform competent Agrobacterium tumefaciens 
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(LBA4404 cells) as described in Section 2 .3 .4 and antibiotic screening carried out using 

streptomycinlspectinomycin (200 mgmL- ' ) .  Screening for positive clones were carried 

out by isolation of plasmid DNA from single colonies growing on selection followed 

with digestion with Sad and NotI as described in Section 2 .3 _3 .  Once a positive c lone 

was identified, the results were verified by sequencing the plasmid (Section 2 .5)  using 

K 1 57.Gus primer (Appendix I l l )  fol lowed by sequence analysis. 

rosealdorsea promoter deletion constructs : 

The Roseal reporter gene in pPN 1 34 (700 bp rosea ldorsea promoter:Roseal : 0CS ) was 

removed by digesting it with NcoI and BamHI .  The GUS reporter gene was PCR 

ampl ified with K260.Fwd and K26 1 .Rev primers (Appendix Ill) and inserted into the 

NcoIlBamH I  site of pPN 1 34 to generate pPN 1 95 (Appendix ll). pPN 1 95 was then used 

as the template for subsequent peR amplification of rosea ldorsea promoter fragments 

using different forward primers (Appendix I l l )  coupled with the K 1 8 1 .Rev pri mer. The 

PCR products containing Sad and NcoI ends were ligated into pPN 1 95 plasmjd 

prepared with a SacIlNcoI digestion as described above for the Roseal promoter deletion 

construct generation. Subsequent selection of positive clones as well as the generation of 

the rosealdorsea promoter deletion constructs in pART 27 vector fol lowed the same 

strategy as that used for generation of Roseal promoter deletion constructs (described 

above) .  

1 6 1  



Notl (4) 

Construct: pPN171 
(5000 bp) 

Ros�o promot�r 

Sacl (221 4)  
Mscl (2247) 

col ( 1 467) + 

eamHl 

� 
EcoRV N7 

\ i 
I 

GUS gene 

Vector backbone (4.38 kb) 

Rosea l open reading frame 
was removed from pPN 1 7 1  
vector by NcoIlBamHI 
digestion followed by l igation 
of the GUS gene as a 
Nco l lBamHI fragment to 
generate pPN228 

Seal (6030) 

amHI ( 1 674) 
Sacl (4265) 

coRV (271 5) 
EcoRV (2f146� 

Figure continued in 
the next page 

... 
.......... 

Rosea J open reading frame-----7 
(0.65 kb) 

Gel photograph showing pPN 1 7 1  
digested with NcoIlBamHI .  The vector 
backbone is 4.38 kb and the Roseal open 
reading frame is 0.65 kb in size. 

GUS gene 
( 1 . 8 kb) ---7 

Plasmid DNA was prepared from three E. 
coli colonies transformed with the l igation 
reaction. Digestion with NcoIlBamHI 
showed that all four colonies contain the 
GUS reporter gene ( 1 .8 kb) . 



Seal (6030) 

pPN 228 
(6225 bp) 

Sacl (4265) 

eoRV (271 5) 

EecRV (2"46) 

Rosea l promoter region was removed 
by Sac l/NcoI digestion and the Rosea l 
promoter fragments were cloned in as 
Sacl/NcoI fragments to generate 
Roseal promoter deletion constructs 
driving the GUS reporter gene. 

2 3 4 5 6 7 8  

Sac ! 
Roseal promoter fragments 

NcoI 

! ! 

tI (953) Sac ! NcoI 

! ! 
Xbal ( 1 668) + 

Sac ! NcoI 
BamHI ( 1 674) ! ! 

Sac ! NcoI 

I ! 
", 

>---< 

K266 K267 K268 K269 K270 

peR products obtained from 
amplification of the Rosea l promoter 
fragments using different froward 
primers and the K 1 8 1  reverse primer. 

Plasmid DNA was prepared from eight E. 
coli colonies transformed with each of the 
l igation reactions. Digestion with 
SacI/BamHI was carried out to identify 
positive c lones containing the corresponding 
Rosea l promoter fragment. This gel photo i s  
for analysis of  pPN 232 construct with clones 
#4, 6, 7 and 8 dropping the correct 0.489 kb 
Rosea l promoter fragment. 
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Appendix V:  GUS phenotype and transgene copy number data for the 
Roseal promoter deletion constructs anal�sed in tobacco. 

Construct name 
t"- oo =" C ....c N � � II'l 00 \C � � � � � � � � � II'l � N N N N N N N N N N N 
Z Z Z Z Z Z Z Z Z Z Z 
� � � � � � � � � � � 
Q. Q. Q. Q. C. Q. Q. C. Q. C. Q. 

Promoter 
size(bp) 1 200 900 809 710 608 493 389 289 189 120 89 

Line number 
1 ( 1 )  + + (4) + 
2 - ( 1 )  
3 + 
4 + + ( 1 )  
5 - (0) 
6 - ( 1 )  + 
7 - ( 1 )  + (2) + + (3)  + 
8 - (2) + 
9 (2) + ( 1 )  + (3)  
10 - (2) + ( 1 )  
1 1  + ( 1 )  + ( 1 )  
12  + (*) + 
13  
14 + (4) + + 
15 ( 1 )  + 
16  + ( 1 )  + (* ) + 
17 + (2) + 
18  + ( 1 )  + 
19 + (3)  ( 1 )  + ( 1 )  
20 + + + (3)  
21 + (4) + + ( 1 )  + (4) 
22 + (2) + ( 1 )  
23 - ( 1 )  + (2) - ( 1 )  
24 + + (2) 
25 + ( 1 )  
26 + (2) 
27 + (2) + - (3) + 
28 - (* )  + ( 1 )  + + + ( 1 )  
29 - (* ) + ( 1 )  + ( 1 )  - ( 1 )  
30 + ( 1 )  
31  + (* ) - (2) ( 1 )  
32 + + + + ( 1 )  
33 + (2) - ( 1 )  
34 + (* ) - (* ) + (4) 
35 + (2) + 

(* )  - Copy number could not be determined. 

1 64 



Appendix VI : GUS phenotype data for the Roseal linker scanning 

mutant constructs analysed in tobacco. 

Construct name 
Line number ALS 1 ALS 2 ALS 3 

1 + + 
2 
3 + 
4 + 
5 + +# 

6 + 
7 + +/\ 
8 +/\ 
9 + +# 

10 + 
1 1  +# 

1 2  + + * 

1 3  + 
14 + 
15 + 
1 6  + + * 
17  + 
18 
19  + 
20 
21 +# 

22 
23 +# 

24 
25 
26 
27 
28 
29 
30 + * 

# - GUS staining is very weak. 
* - GUS staining only in the tube and very weak. 
1\ _ GUS staining only in petal tips and very weak. 
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Appendix VII: GUS phenotype data for the Roseal finer linker 
scanning mutant constructs analysed in tobacco. 

Construct name 
Line ALS 

number ALS WRKY ALS ALS ALS ALS 
2.1Bam 2.2 2.3Hind 3.1 3.2 

1 + + 
Did not 

2 +s flower + 
3 +t + 
4 +*p + 
5 +p + + + 
6 +s +s + 
7 + + + 
8 + +s + 
9 +t +* 

10  + 
1 1  + + +* 

1 2  + 
1 3  + 
14 
15 + + + 

Did not 
1 6  flower + +t* 

17 +t* 

18 +s* +t + 
19 +ts +* + 
20 +s +* 

21 +t +* 

22 +s 
23 +s 
24 +t +* +s 
25 +* 

26 
27 +s 
28 
29 
30 
31 +t* 

s - Sepals also show GUS positive phenotype. 
* - GUS staining is very weak. 
p - GUS staining only in the petal tips. 
t - GUS staining only in the tube. 

ALS 
DOF ALS 3.4 

+* 

+ 
+t 

+*ts 
+s 
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Appendix VIII:  GUS phenotype data for the rosealdorsea promoter 

deletion constructs analysed in tobacco. 

Construct name 
t-- QC) � c .... N '<:I' '<:I' '<:I' lI'l lI'l lI'l N N N N N N 
Z Z Z Z Z Z 
� � � � � � 
Q., Q., Q., Q., Q., Q., 

romoter size (bp) 
700 632 533 432 279 1 5 1  

Line number 

1 + 
2 + + 

3 + + 
4 + + 

5 + + 

6 + 

7 + + 

8 + 

9 + + 

10 + 
1 1  + 
12  + + 

13  + + 

14 + 
15  + 

16  + 

1 7  + + 

1 8  + 
19  + + + 

20 + + 

21  + + + 
22 + 

23 + + 

24 + + 

25 
26 + 

27 
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Appendix IX: Sequence alignment between the promoter regions from 

the different Antirrhinum species and accessions, for Roseal and 

rosealdorsea 

1 . 2 KbRo s 1 p r omo t e r ( 1 ) 1 2 0 0 )  

A .  g r a n t i cum ( 1 ) S 1 2 ) 

1 . 2 KbRo s 1  p r omot e r ( 1 ) 1 2 0 0 ) 

A .  g r a n t i cum ( 1 ) S 1 2 )  

1 . 2 KbRo s 1  p r omo t e r ( 1 ) 1 2 0 0 )  

A .  g r a n t i cum ( 1 ) S 1 2 )  

1 . 2 KbRo s 1  promo t e r ( 1 ) 1 2 0 0 )  

A .  gr a n t i cum ( 1 ) S 1 2 )  

A .  b a r r e l i er i ( 1 ) 7 1 5 )  

1 0  2 0  
! I I I I I ! , ! I I I ! I I ! ! I I I I I I I I ! ! 

GAACACATATAACAAAAACTCTCTTAA 
� GAACACATATAACAAAAACTCTC TTAA 
� GAACACATATAACAAAAACTCTCTTAA 

3 0  4 0  5 0  
! ! I ! ! , , I I I I I I I I ! ! I ! ! ! ! I ! I I I 

T TAGTATATAATATT TCTATTTTTTTG 
� TTAGTATATAATATT TCTATTTTTTTG 
� TTAGTATATAATATT TC TAT TTTTTTG 

6 0  7 0  S O  
I I ! ! ! I ! , ! ! I I I I I I ! ! ! , I ! ! ! ! I I 

ACATATTTTTTGTATATGTTTATGTAG 
� ACATAT TTTTTGTATATGTTTATGTAG 
� ACATATTTTTTGTATATGTTTATGTAG 

9 0  1 0 0  
I I I I I I I , I ! ! ! ! I , , , ! I , ! I I I I I I 

TAACAAATTTTAGTTAAAATGTGTCAC 
� TAACAAATTTTAGTTAAAATGTGTCAC 
� TAACAAAT TTTAGTTAAAATGTGTCAC 
� ATGTGTCAC 

A .  ma j u s  ( B a r c e l on a ) ( 1 ) 5 1 3 ) � 

A .  l a t i f o l i um ( j u l i u s ) ( 1 ) 4 7 6 ) � 
ATGTGTCAC 

GTCAC 

1 . 2 KbRo s 1  p r omo t e r ( 1 ) 1 2 0 0 )  

A .  g r an t i cum ( 1 ) S 1 2 )  

A .  b a r r e l i e r i ( 1 ) 7 1 5 )  

1 1 0 1 2 0  1 3 0  
I I ! ! ! I I ! , ! ! I I I I I I I I I I I , ! ! I I 
TTTAGAGTTACTTTGATAATATATTTT 

� TTTAGAGTTAC TTTGATAATATATTTT 
� TTTAGAGTTAC TTTGATAATATATTTT 
� TT TAGAGTTACTTTGATAATATATTTT 

A .  ma j u s  ( Ba r c e l o n a ) ( 1 ) 5 1 3 ) � TTTAGAGTTAC TTTCATAATATATTTT 
A .  l a t i f o l i um ( j u l i u s ) ( 1 ) 4 7 6 ) � TTTAGAGTTACTTTGATAATATATTTT 
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1 . 2 KbRo s 1  p r orno t e r ( 1 ) 1 2 0 0 ) 

A .  g r a n t i curn ( 1 ) 8 1 2 )  

A .  b a r r e 1 i e r i ( 1 ) 7 1 S )  

1 4 0  1 5 0  1 6 0  
, , , ! I , , , ! I I , I I I I I I I I I I ! I I I I 

TTAATATCTATGTCTTAAGGTATAAGT 

TTAATATCTATGTCTTAAGGTATAAGT 

TTAATATCTATGTCTTAAGGTATAAGT 

TTAATATCTATgTCTTAAGGTATAAGT 

A .  rna j u s  ( B a r c e l o n a ) ( 1 ) 5 1 3 ) � TTAATATCTATGTCTTAAGGTATAAGT 

A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) � TTAATATCTATGTCTTAAGGTATAAGT 

A .  a u s t r a l e ( 1 ) 4 6 9 ) � ATCTATGTCTTAAGGTATAAGT 

1 7 0  1 8 0  
I I I I I I I I I I I I I I ! I I I I I I I I I I I I 

ACTCGTATGATGATTTATTATTTTTGA 

1 . 2 KbRo s 1  p r ornot e r ( 1 ) 1 2 0 0 ) � ACTCGTATGATGATTTATTATTTTTGA 

A .  g r a nt i curn ( 1 ) 8 1 2 )  � ACTCGTATGATGATTTATTATTTTTGA 

A .  b a r r e l i e r i ( 1 ) 7 1 S )  � ACTCGTATGATGATTTATTATTTTTGA 

A .  rna j u s  ( Ba r c e l o n a ) ( 1 ) 5 1 3 )  � AC TCGTATGATGATTTATTATTTTTGA 

A .  l a t i f o l i  urn ( j u l i u s ) ( 1 ) 4 7 6 ) � ACTCGTATGATGATTTATTATTTTTGA 

A .  a u s t r a l e ( 1 ) 4 6 9 )  � ACTCGTATGATGATTTATTATTTTTGA 

1 . 2 KbRo s 1  p r orn o t e r ( 1 ) 1 2 0 0 ) 

A .  rna j u s  ( Tou l o u s e )  ( 1 ) 5 7 4 )  

A .  g r a n t i curn ( 1 ) 8 1 2 )  

A .  ba r r e l i e r i ( 1 ) 7 1 S )  

A .  rna j u s ( Ba r c e l o n a ) ( 1 ) 5 1 3 )  

� 

� 

� 
� 

� 

1 9 0  2 0 0  2 1 0  
I ,  ! , I I I I I I I I I I I I I I I I I , , I , I I 

AATAAATTAAAaTTAAGCATTAATATC 

AATAAATTAAA-TTAAGCATTAATATC 

A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) � 

AGCATTAATATC 

AATAAATTAAA-TTAAGCATTAATATC 

AATAAATTAAAATTAAGCATTAATATC 

AATAAATTAAAATTAAGCATTAATATG 

AATAAATTAAAATTAAGCATTAATATC 

AATAAATTAAAATTAAGCATTAATATC A .  a u s t r a l e ( 1 ) 4 6 9 ) 

1 . 2 KbRo s 1  p r orno t e r ( 1 ) 1 2 0 0 )  

A .  rna j u s  ( To u l ou s e )  ( 1 ) 5 7 4 )  

A .  g r a n t i c urn ( 1 ) 8 1 2 )  

A .  b a r r e l i e r i ( 1 ) 7 1 S ) 

� 

2 2 0  2 3 0  2 4 0  
, ! ! I ,  , ! I I I I I I I I I I I I I I I I I I , , 
GTATTTATAATTAAAAAACCCTGCTTA 

� GTATTTATAATTAAAAAACCCTGCTTA 
� GTATTTATAATTAAAAAACCCTGCTTA 
� GTATTTATAATTAAAAAAC CCTGCTTA 
� ATATTTATAATTAAAAAAC C CTGCTTA 

A .  rna j u s  ( B a r c e l o n a ) ( 1 ) 5 1 3 )  � 

A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) � 

A .  a u s t r a 1 e ( 1 ) 4 6 9 )  � 

GTATTTATAATTAAAAAACCCTGCTTA 

GTATTTATAATTAAAAAACCCTGCTTA 

GTATTTATAATTAAAAAACCCTGCTTA 

1 . 2 KbRo s 1  p r orno t e r ( 1 ) 1 2 0 0 ) 

A .  rna j u s  ( T ou l ou s e )  ( 1 ) 5 7 4 ) 

A .  g r a n t i curn ( 1 ) 8 1 2 ) 

A .  b a r r e l i e r i ( 1 ) 7 1 S )  

A .  rna j u s  ( B a r c e l o n a ) ( 1 ) 5 1 3 ) 

� 

� 

� 

� 

� 

2 5 0  2 6 0  2 7 C  
I I I I I I I I I I I I , I , , I ! I , , I , , I I I 
ATTTCACCCATAACTTAATTCCTGGC T 

ATTTCACCCATAACTTAATTCCTGGCT 

ATTTCACCCATAACTTAaTTCCTGGCT 

ATTTCACCCATAACTTAATTCCTGGCT 

ATTTCACCCATAAC TTAATTCCTGGC T 

ATTTCACCCATAACTTAATTCCTGGCT 

A .  s i c u l urn ( 1 ) 5 7 4 ) � CATAACTTAATTCCTGGCT 

r o s 1 d o rp r orno t e r ( 1 ) 3 9 3 ) � TCACCCATAACTTAATTCC TGGCT 

A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) � ATTTCACCCATAACTTAATTCC TGGCT 

A .  a u s t r a l e ( 1 ) 4 6 9 )  � ATTTCACCCATAACTTAATTCCTGGC T 
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1 . 2KbRo s l  p r omoter ( I > 1 2 0 0 )  � 
A .  ma j u s  ( To u l o u s e ) ( 1 ) 5 7 4 ) � 
A .  g r a n t i cum ( I > 8 1 2 )  � 
A .  ba r r e l i e r i ( I > 7 1 5 )  � 
A .  ma j u s  ( Ba r c e l on a ) ( 1 ) 5 l 3 )  � 
A .  s i c u l um ( I > 5 7 4 ) � 
r o s l dorpromot e r ( I > 3 9 3 )  � 
A .  l a t i f o l ium ( j u l i u s ) ( 1 ) 4 7 6 ) � 
A .  au s t r a le ( 1 ) 4 6 9 )  � 

1 . 2KbRo s l  promoter ( I > 1 2 0 0 )  � 
A .  ma j u s  ( To u l o u s e ) ( 1 ) 5 7 4 ) � 
A .  g r a n t icum ( I > 8 1 2 )  � 
A .  ba r r e l i e r i ( I > 7 1 5 )  � 
A .  ma j u s  ( Ba r c e l o n a ) ( 1 ) 5 1 3 )  � 
A .  s i c u l um ( 1 > 5 7 4 )  � 

2 8 0  2 9 0  " "  I " " I " " I " " I " " I "  
CCAcCCCTATGATGTATGTTATCATTA 

CCA-CCCTATGATGTATGTTATCATTA 

CCA-CCCTATGATGTATGTTATCATTA 

CCA-CCCTATGATGTATGTTATCATTA 

CCACCCCTATGATGTATGTTATCATTA 

CCACCC -TATGATGGATGTTATCATTA 

CCACCCCTATGATGTATGTTATCATTA 

CCACCCCTATGATGTATGTTATCATTA 

CCACCCCTATGATGTATGTTATCATTA 

CCACCCCTATGATGTATGTTATCATTA 

3 0 0  3 1 0  3 2 0  " I " "  I " " I " " I " " I " " 
ATAAYGGAAGCTAACGATAAACCTATA 

ATAATGGAAGC TAACGATAAACCTATA 

ATAATGGAAGCTAACGATAAACCTATA 

ATAATGGAAGCTAACGATAAACCTATA 

ATAATGGAAGCTAACGATAAACCTATA 

ATA------ GCTA----TAAACCTATA 

ATAACGGAAGCTAACGATAAACCTATA 

r o s ldorpromot e r ( I > 3 9 3 )  � ATAACGGAAGCTAACGATAAACCTATA 

A .  l a t i f o l i um ( j u l i u s )  ( 1 ) 4 7 6 )  � ATAACGGAAGCTAACGATAAACCTATA 

A .  a u s t r a l e  ( 1 ) 4 6 9 )  � ATAACGGAAGGTAACGATAAACCTATA 

A .  mo l l e ( 1 ) 3 9 4 ) 

1 . 2KbRo s 1  promo t e r ( 1 ) 1 2 0 0 )  

A .  ma j u s  ( T o u l ou s e )  ( 1 ) 5 7 4 )  

A .  gr a n t i cum ( 1 ) 8 1 2 )  

A .  ba r r e l ie r i ( 1 ) 7 1 5 )  

A .  ma j u s  ( Ba r c e l on a )  ( 1 ) 5 1 3 )  

A .  s i c u l um ( 1 ) 5 7 4 ) 

� 
� 
� 
� 
� 
� 

AACCTATA 

3 3 0  3 4 0  3 5 0  I " " I " " I " " I" " I " " I ,  
ACATTAAATTAATCAAAATAAATGAAA 

ACATTAAATTAATCAAAATAAATGAAA 

ACATTAAATTAATCAAAATAAATGAaA 

ACATTAAATTAATCAAAATAAATGAAA 

ACATTAAATTAATCAAAATAAATGAAA 

AAATTAAATTAATCAAATGAAATGAAA 

ACATTAAATTAATCAAAATAAATGAAA 

ros l dorpromot e r ( I > 3 9 3 ) � ACATTAAATTAATCAAAATAAATGAAA 

A .  l a t i f o l i um ( j u l i u s ) ( 1 ) 4 7 6 )  � ACATTAAATTAATCAAAATAAATGAAA 

A .  aus t r a le ( 1 ) 4 6 9 )  � AGATTAAATTAATCAAAATAAATGAAA 

A .  mo l l e ( 1 ) 3 9 4 )  � ACATTAAATTAaT------ ---- GAAA 

1 . 2KbRo s l  p r omot er ( I > 1 2 0 0 ) 

A .  ma j u s  ( To u l o u s e ) ( 1 ) 5 7 4 )  
A .  g r a n t i cum ( I > 8 1 2 )  

A .  ba r r e l i e r i ( I > 7 1 5 )  

A .  ma j u s  ( B a r c e l o n a ) ( 1 ) 5 1 3 )  

A .  s icu lum ( 1 ) 5 7 4 )  

� 
� 
� 
� 
� 
� 

3 6 0  3 7 0  ' "  I" " I " " I " " I" " I " , 
TGAAAGGACAGATGATTAA------ - -

TG-AAGGACAGATGATTAA------- 

TGAAAGGACAGATGATTAA-------

TGAAAGGACAGATGATTAA- -- - -- - 

TGAAAGGACAGATGATTAA- ----- - 

TGAA-GGACAGATGATTAA- ------

TGAAAGGACAGATGATTAA------- 

r o s l dorpromo t e r ( 1 ) 3 9 3 )  � TGAAAGGACATATGATTAATTACATGA 

A .  l a t i f o l ium ( j u l i u s ) ( 1 ) 4 7 6 )  � TGAAAGGACATATGATTAATTaCAtGa 

A .  a u s t r a l e ( 1 ) 4 6 9 )  � TGAAAGGACATATGATTAGTTACATGG 

A .  mo l l e ( 1 ) 3 9 4 )  � TGAAAGGACaGAtGATTAA- --- -- - -

1 . 2KbRos l p r omoter ( I > 1 2 0 0 )  � 
A .  ma j u s  ( To u l ou s e )  ( 1 ) 5 7 4 )  � 
A .  g r a n t icum ( 1 ) 8 1 2 )  � 
A .  ba r r e l ie r i ( 1 ) 7 1 5 )  � 
A .  ma j u s  ( Ba r c e l on a )  ( 1 ) 5 1 3 )  � 
A .  s iculum ( 1 ) 5 74 ) � 

r o s l dorpromoter ( I > 3 9 3 )  � 
A .  l a t i f o l ium ( j u l i u s ) ( 1 ) 4 7 6 )  � 
A .  a u s t r a l e  ( 1 ) 4 6 9 )  � 
A .  mo l l e ( 1 ) 3 9 4 )  � 

3 8 0  3 9 0  4 0 0  , I " " I " " I" " I " " 1 " , , 1  
----GGATTATAAGAGT TAAATATGTA 

- - - -GGATTATAAGAGTTAAATATGTA 

----GGATTATAAGAGTTAAATATGtA 

- - - -GGATTATAAGAGTTAAATATGTA 

----GGATTATAAGAGTTAAATATGTA 

--- -GGATTATAATAGTTAAATATGTG 

----GGATTATAAGAGTTAAATATGTA 

TTAAGGATTATAAGAGTTAAATATGTA 

tTAAGGAtTATAAGAGTTAAATAtGTA 

TTAAGGATTATAAGAGTTAAATATGTA 

----GGATTATAATAGTTAAaTAtGt G 
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1 .  2 KbRos 1 promo t e r ( 1 ) 1 2 0 0 )  
A .  ma j u s  ( To u l o u s e ) ( 1 ) 5 7 4 ) 
A .  g r a n t i c um ( 1 ) 8 l 2 )  
A .  b a r r e l i e r i ( 1 ) 7 1 S )  

A .  ma j u s  ( Ba r c e l ona ) ( 1 ) 5 1 3 ) 
A .  s i c u l um ( 1 ) S 7 4 )  

� 
� 
� 
� 
� 

� 

4 1 0  4 2 0  4 3 0  
" , ' I " " I " " I " " I " " I "  
ATCAATATTAAATTCTAACATTTAACA 

ATCAATATTAAATTCTAACATTTAACA 
ATCAATATTAaATTCTAACATTTAACA 
ATCAATATTAAATTCTAACATTTAACA 
ATCAATATTAAATTCTAACATTTAACA 
ATCAATATTAAATTCTAACATTTAACA 
ATCAATATTAAATTCTAACATTTAACA 

r o s  1 dorpromo t e r  ( 1  > 3 9 3 ) � ATCAATATTAAACTCTAACATTTAACA 
A .  l a t i f o l i um ( j u l i u s )  ( 1 ) 4 7 6 ) � ATCAATATTAAACTCTAACATtTAACA 

A .  a u s t r a l e ( 1 ) 4 6 9 )  � ATCAATATTAAACTCTAACATTTAaCA 

A .  mo l l e ( 1 ) 3 9 4 )  � ATCAATATTAAATTCTAACATTTAACA 

4 4 0  4 5 0  
" I " "  I " "  I" " I " " I " " 
TCCATAACACCTTTYCTACCTACTGTA 

1 . 2 KbRo s 1  promot e r ( 1 ) 1 2 0 0 )  

A .  ma j u s  ( To u l ou s e ) ( 1 ) 5 7 4 ) 
A .  g r a n t i c um ( 1 ) 8 1 2 )  

A .  mo l l i s imum ( 1 ) 3 9 4 )  
A .  bar r e l i e r i ( 1 ) 7 1 S )  
A .  ma j u s  ( Ba r c e l o n a ) ( 1 ) 5 1 3 ) 
A .  s i c u l um ( 1 ) S 7 4 )  
r o s 1 dorpromoter ( 1 ) 3 9 3 ) 

� TCCATAACACCTTTTCTACCTACTGTA 
� TCCATAACACCTTTTCTACCTACTGTA 
� TCCATAACACCTTTTCTACCTACTGTA 
� TCCATAACACCTTTTCTACCTACTGTA 
� TCCATAACACCTTTCCTACCTACTGTA 
� CCCATAACACCTTTCCCACCTACTGTA 
� TCCATAACACCTTTCCTACCTACTGTA 

A .  l a t i f o l i um ( j u l i u s ) 
A . a u s t r a l e ( 1 ) 4 6 9 )  
A .  mo l l e ( 1 ) 3 9 4 )  

1 . 2 KbRo s 1  promo t e r ( 1 ) 1 2 0 0 ) � 

A .  ma j u s  ( To u l o u s e ) ( 1 ) 5 7 4 ) � 

A .  g r a n t i cum ( 1 ) 8 1 2 )  � 

A .  mo l l i s i mum ( 1 ) 3 9 4 )  � 
A .  b a r r e l i e r i ( 1 ) 7 1 S )  � 

A .  ma j u s  ( Ba r ce l o n a ) ( 1 ) 5 1 3 ) � 

A .  s i c u l um ( 1 ) S 7 4 ) � 

r o s 1 dorpromot e r ( 1 ) 3 9 3 ) � 
A .  l a t i f o l i um ( j u l i u s ) ( 1 ) 4 7 6 ) � 

A .  a u s t r a l e ( 1 ) 4 6 9 )  � 

A .  mo l l e ( 1 ) 3 9 4 )  � 

1 . 2KbRo s 1  promo t e r  ( 1 ) 1 2 0 0 )  � 
A .  ma j u s  ( To u l ou s e )  ( 1 ) 5 7 4 ) � 

A .  g r a n t i c um ( 1 ) 8 1 2 )  � 

A .  mo l l i s imum ( 1 ) 3 9 4 )  � 

A .  bar r e l i e r i ( 1 ) 7 1 S )  � 

A .  m a j u s  ( Ba r c e l ona ) ( 1 ) 5 1 3 )  � 

A .  s i c u l u m ( 1 ) S 7 4 ) � 

r o s 1 dorpromoter ( 1 ) 3 9 3 ) � 

A .  l a t i f o l i um ( j u l i u s ) ( 1 ) 4 7 6 ) � 

A .  a u s t r a l e ( 1 ) 4 6 9 ) � 

A .  mol l e ( 1 ) 3 9 4 ) � 

1 . 2 K bRo s 1  promot e r ( 1 ) 1 2 0 0 ) � 

A .  ma j u s  ( To u l ou s e )  ( 1 ) 5 7 4 ) � 

A .  g r a n t i cum ( 1 ) 8 1 2 )  � 

A .  m o l l i s imum ( 1 ) 3 9 4 )  � 

A .  b a r r e 1 i e r i ( 1 ) 7 1 S )  � 

A .  ma j u s  ( Ba r c e l o n a ) ( 1 ) 5 1 3 ) � 

A .  s i cu l um ( 1 ) S 7 4 ) � 

r o s 1 dorpromo t e r ( 1 ) 3 9 3 ) � 

A .  1 a t i f o l i um ( j u l i u s ) ( 1 ) 4 7 6 ) � 

A .  a u s t r a 1 e ( 1 ) 4 6 9 )  
A .  mo l l e ( 1 ) 3 9 4 )  

TCCATAACAGCTTTCCAACCTACTGTA 
TCCATAACAGCTTTCCAACCTACTGTA 
TcCatAAcAGCTTTCCAACCTACTGtA 
CCCATAACACCTTTCCTACCTAct GtA 

4 6 0  4 7 0  4 8 0  
I " " I " " I " " I " " I " " I ,  
TCTTGGAAATATCTGCTTTATGAGAGC 

TCTTGGAAATATCTGCTTTATGAGAGC 
TCTTGGAAATATCTGCTTTATGAGAGC 
TCTTGGAAATATCTGCTTTATGAGAGC 

TCTTGGAAATATCTGCTTTATGAGAGC 
TCTTGGAAATATCTGCTTTATGAGAGC 
TCTAGGAAATATCTGCTTCATGGGAGC 

TCTTGGAAATATCTGCTTTATGAGAGC 
TCTTGGAAATATCTGCTTTATGAGAGC 
TCTTGGAAAtATctgcttTatGAGAGC 
tCt TGGAAATATCtGcTTTatGagaGc 
TCtt GGAAATATCTGCTTCaTGGGAGC 

4 9 0  5 0 0  5 1 0  
' " I " "  I " " I " " I " " I " , 
CAAA--- --GGGGTgacaggttayagt 

CAAA---- -GGGGTGACAGGTTATAGT 
CAAA--- --GGGGTGACAGGTTATAGT 
CAAA---- -GGGGTGACAGGTTATAGT 
CAAA-----GGGGTGACAGGTTACAGT 
CAAA- ----GGGGTGACAGGTTAGAGT 
CAAAAAAAGGGGGTGATC--T- - - - -A 

CAAA--- - -GGGGTGACAGGTTACAGT 
CAAA---- -GGGGT- ---------- - 
CAAA-----GGGGT-- --- - ------
Caaa--- - -GGggt -- ------ ----

CAAA-AAAGGGGGTGACAAG-------

5 2 0  5 3 0  S 4 (  
, I " , , I " " I " " I " " I " " I 
aggg-tgt tcgck ggcggat t t gggcg 

AGGG-TGTTCGCTGGCGGATTTGGGCG 
AGGG-TGTTCGCTGGCGGATTTGGGCG 
AGGG-TGTTCGCTGGCGGATTTGGGCG 
AGGGGTGATCGCGGGCGGATTTGGGCG 
AGGGGTGTTCACGGGCGGATTTGGGCG 
------ -------GCCATAAAAACGCC 

AGGGGTGTTCGCGGACGGGTTCGGGCG 

1 7 1  



1 . 2KbRo s 1  promo t e r ( 1 ) 1 2 0 0 )  
A .  ma j u s  ( To u l ou s e ) ( 1 ) 5 7 4 ) 
A .  g r a n t i cum ( 1 ) 8 1 2 )  
A .  mol l i s imum ( 1 ) 3 9 4 )  
A .  b a r r e l i e r i ( 1 ) 7 1 5 )  
A .  ma j u s ( Ba r c e l ona ) ( 1 ) 5 1 3 )  
A .  s i cu l um ( 1 ) 5 7 4 ) 

---> 
---> 
---> 
---> 
--> 
---> 
---> 

5 5 0  5 6 0  
! , , , I , , , ! I , , , ! I , ! !! I ! , ! I I ! , 

ggttgtcgttaaaaatatgaccatact 

GGTTGTCGTTAAAAATATGACCATACT 
GGTTGTCGTTAAAAATATGACCATACT 
GGTTGTCGTTAAAAATATGACCATACT 
AGTTGTCGTTAAAAATATGACCATACT 
GGTTGTCGTTAAAAATATGACCATACT 
TATATAAACCCGTGCAAATTTCG-CTC 
GGTTGTCGTTAAAAATGTGACCATACT 

r o s 1 dorpromo t e r ( 1 ) 3 9 3 )  ---> - - - - - - - - - - -- - - - - - - - - - - - - - - 

A .  l a t i f o l ium ( j u l i u s )  ( 1 ) 4 7 6 ) ---> - - - - - - - - - - - - - - - - - - - - - - - - - - -

A .  a u s t r a l e ( 1 ) 4 6 9 )  

A .  mo l l e ( 1 ) 3 9 4 )  

1 . 2KbRo s 1  promoter ( 1 ) 1 2 0 0 )  
A .  ma j u s  ( Tou l o u s e )  ( 1 ) 5 7 4 ) 
A .  g r a n t i c um ( 1 ) 8 1 2 )  
A .  mol l i s imum ( 1 ) 3 9 4 )  
A .  ba r r e l i er i ( 1 ) 7 1 5 )  
A .  ma j u s ( Ba r ce l o na ) ( 1  > 5 1 3 )  
A . s i cu l um ( 1 ) 5 7 4 ) 

---> 
---> 
---> 
---> 
---> 
---> 
--> 

5 7 0  5 8 0  5 9 0  
" I " "  I " " I " " I " " I " " 
caaayt t tgcgggttaccaattttt ca 

CAAATTTTGCGGGTTACCAATTTTTCA 
C aAATTTTGCGGGTTACCAATTTTTCA 
CAAATTTTGCGGGTTACCAATTTTTCA 
CAAACTTTGCGGGTTACCAATTTTTCA 
CAAACTTTGCGGGTTACCAATTTTTCA 
AAGGGGTACTCAATAAAAAAAGGG-AA 
CAAACTTTGCAGCTTACCAATTTTTCA 

ros ldorpromot e r ( 1 ) 3 9 3 )  ---> - - - - - - - - - - - - - - - - - - - -- - - - - - 

A . l at i fo l ium ( j u l i u s ) ( 1 ) 4 7 6 ) ---> - - - - - - - -- - - - - - - - - - - - - - - - - - -

A .  a u s t r a l e ( 1 ) 4 6 9 )  
A .  mo l l e ( 1 ) 3 9 4 )  

1 . 2KbRo s 1  promo t e r ( 1 ) 1 2 0 0 )  
A .  ma j us ( Tou l ou se ) ( 1 ) 5 7 4 )  
A .  g r a n t i cum ( 1 ) 8 1 2 )  
A .  mol l i s imum ( 1 ) 3 9 4 )  
A .  ba r r e l i er i ( 1 ) 7 1 5 )  
A .  m a j u s  ( Ba r c e l on a )  ( 1 ) 5 1 3 ) 

---> 
---> 
---> 
---> 
--> 
---> 

6 0 0  6 1 0  6 2 0  
I " " I" " I" " I " " I " " I , 
acccgagttaaaarct aaaccatgcgg 

ACCCGAGTTAAAAGCTAAACCATGCGG 
ACCCGAGTTAAAAGCTAAACCATGCGG 
ACCCGAGTTAAAAGCTAAACCATGCGG 
ACCCGAGTTAAAAACTAAACCATGCGG 
ACCCGAGTTAAAAACTAAa cCAtgCGG 
AGAGC-- ----AGCTAGAC-ATGT---

A .  s i cu l um ( 1 ) 5 7 4 ) --> ACCCGAGTTAAAAACTAAACCATGCGA 
ros ldorpromoter ( 1 ) 3 9 3 ) --> --------------- ---- ----- ---
A.  l a t i f o l ium ( j u l i u s )  ( 1 ) 4 7 6 ) ---> - - - - - - - - - - - - - - - - - - - - - - - - - - -

A .  a u s t r a l e  ( 1 ) 4 6 9 )  ---> - - - - -- - - - - - - - - - - - - - - - - - - - - -

A .  mo l l e ( 1 ) 3 9 4 ) ---> ------ ---------------------

1 . 2KbRo s 1  promot e r ( 1 ) 1 2 0 0 )  ---> 

A .  ma j u s  ( Tou l o u s e )  ( 1 ) 5 7 4 ) ---> 

A .  g r a n t i cum ( 1 ) 8 1 2 ) ---> 
A .  mol l i s imum ( 1 ) 3 9 4 ) ---> 
A .  bar r e l i e r i ( 1 ) 7 1 5 )  ---> 
A .  ma j u s  ( Ba r c e l ona ) ( 1 ) 5 1 3 )  ---> 
A .  s i cu l um ( 1 ) 5 7 4 ) ---> 

r o s l d o rpromot e r ( 1 ) 3 9 3 ) --> 
A .  l at i fo l ium ( j u l i u s ) ( 1 ) 4 76 ) ---> 

A .  a u s t r a l e ( 1 ) 4 6 9 )  ---> 
A .  mo l l e ( 1 ) 3 9 4 )  ---> 

1 . 2KbRo s 1  promot e r ( 1 ) 1 2 0 0 )  ---> 

A .  ma j u s ( Toulouse ) ( 1 ) 5 7 4 )  ---> 
A .  g r a n t i cum ( 1 ) 8 1 2 )  ---> 
A .  mo l l i s imum ( 1 )3 9 4 )  ---> 
A .  ba r r e l i e r i ( 1 ) 7 1 5 )  ---> 
A .  m a j u s  ( Ba r c e l ona ) ( 1 ) 5 1 3 )  ---> 
A .  s i cu l um ( 1 ) 5 7 4 )  ---> 

6 3 0  6 4 0  
' "  I " " I " " I " " I " " I " , 
gttgcgggttgggcgr gtcgggt tttg 

GTTGCGGGTTGGGCGAGTCGGGTTTTG 
GTTGCGGGTTGGGCGAGTCGGGTTTTG 
GTTGCGGGTTGGGCGAGTCGGGTTTTG 
GTTGCGTGTTGGGCGGGTCGGGGTTTG 
GTTGCGGGTTGGGCGGGTCGGGTTTTG 
------- --- - - - - - - - - - - -GTTTT-
GTTGGGCGGGTTGAGCGGGTGGCGGGT 

6 5 0  6 6 0  6 7 0  
, I " " I " " I " " I " " I " " I 
acgggtctggcggatcgaacgggtcat 

ACGGGTCTGGCGGATCGAACGGGTCAT 
ACGGGtCTGGCGGATCGAACGGGTCAT 
ACGGGTCTGGCGGATCGAACGGGTCAT 
ACGGGTGGGGCGGATCGGACTGGTCAT 
ACGGGTCGGGCGGATC GGACGGGTCAT 
------CTGTTTTGA-- -TACTTTT-T 
TAAATTATGGAAAAAATATAGTAATAT 

ros ldorpromoter ( 1 ) 3 9 3 )  ---> - - - - - - - - - - - - - -- - - - - - - - - - - - 

A .  l at i f ol ium ( j u l iu s ) ( 1 ) 4 7 6 ) ---> - - - - - - - - - - -- - - - - - - - - - - -- - - -

A .  a u s t r a l e ( 1 ) 4 6 9 )  --> - - - - - - - - - - -- - -- - - - - - - - - - - - -

A .  mo l l e ( 1 ) 3 9 4 )  ---> - - - - - - - - - - - - - -- - - --- - - - - - - -
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1 . 2KbRo s 1  prornoter ( 1 ) 1 2 0 0 )  ---7 

A .  rna j u s  ( To u l ou s e )  ( 1 ) 5 7 4 ) ---7 
A .  g r a n t i c urn ( 1 ) 8 1 2 )  ---7 

A .  rno l l i s irnurn ( 1 ) 3 9 4 )  ---7 

A .  b a r r e l i er i ( 1 ) 7 1 5 )  ---7 
A .  rna j u s  ( Ba r c e l o n a ) ( 1 ) 5 1 3 )  ---7 
A .  s i cu l urn ( 1 ) 5 7 4 ) ---7 

r o s l dorprornoter ( 1 ) 3 9 3 )  ---7 

A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) ---7 

A .  a u s t r a l e ( 1 ) 4 6 9 ) ---7 
A .  rno l l e ( 1 ) 3 9 4 )  ---7 

1 . 2KbRo s l  p r ornoter ( 1 ) 1 2 0 0 )  ---7 
A .  rna j u s  ( To u l ou s e ) ( 1 ) 5 7 4 )  ---7 

A .  g r a n t i curn ( 1 ) 8 1 2 )  ---7 

A .  rnol l i s i rnurn ( 1 ) 3 9 4 )  ---7 
A .  b a r r e l i er i ( 1 ) 7 1 5 )  ---7 
A .  rna j u s  ( Ba r c e l o n a )  ( 1 ) 5 1 3 )  ---7 

A . s i c u l urn ( 1 ) 5 7 4 ) ---7 

r o s l do r p r ornoter ( 1 ) 3 9 3 )  ---7 

A .  l a t i f o l i urn ( j u l i u s )  ( 1 ) 4 7 6 ) ---7 
A .  a u s t r a l e ( 1 ) 4 6 9 )  

A .  rno l l e ( 1 ) 3 9 4 )  

1 . 2KbRo s 1  p r ornoter ( 1 ) 1 2 0 0 )  

A .  ma j u s  ( To u l ou s e ) ( 1 ) 5 7 4 )  

A .  g r a n t i c urn ( 1 ) 8 1 2 )  
A .  rnol l i s i rnurn ( 1 ) 3 9 4 ) 
A .  barre l i er i ( 1 ) 7 1 5 )  
A .  ma j u s  ( Ba r c e l on a )  ( 1 ) 5 1 3 )  
A .  s i c u l  urn ( 1  > 5  7 4 ) 

---7 

---7 

---7 
---7 
---7 
---7 
---7 
---7 

r o s 1 dorprornoter ( 1 ) 3 9 3 )  ---7 
A .  l a t i f o l i urn ( j u l i u s )  ( 1 ) 4 7 6 ) ---7 

A .  a u s t r a l e ( 1 ) 4 6 9 )  
A .  rno l l e ( 1 ) 3 9 4 )  

1 . 2KbRo s 1  p r ornoter ( 1 ) 1 2 0 0 )  
A .  rna j u s  ( To u l ou s e )  ( 1 ) 5 7 4 ) 
A .  g r a n t i curn ( 1 ) 8 1 2 )  
A .  rnol l i s irnurn ( 1 ) 3 9 4 ) 

A .  bar r e l i e r i ( 1 ) 7 1 5 )  
A .  s i c u l urn ( 1 ) 5 7 4 ) 

---7 
---7 
---7 
---7 
---7 
---7 

6 8 0  6 9 0  7 0 0  !!!!  I!!!!  I ! ! ! !  I!!!!  I ! ! ! !  I ! !  
gaacaccc ctagg-- -- - - -- - - - --C 

GAACACCCcTAGG-- ---- --- ----C 

GAACACCCCTAGG-------------C 
GAACACCCCTAGGT--- -- - -- ----C 

GAACACCCCTAGG- - -- -- -- - - -- -C 
GAACACCCcTAGg - - - - - - - - - - - - - c  
----ACNAACGGG- - ---- -- - -- - - 
TTTGAAATAAAAACAAAAACATAATTC 
---- --- - ------- ---- --- - ---C 

-------------- --- -- -- - - - -- c 
--------------- --------- - -C 
-- - - - -- - -- - ---- - - - - - -- ----C 

7 1 0  7 2 0  !! I ! ! ! !  I ! ! ! !  I ! ! ! !  I ! ! ! !  I ! ! ! !  
TACAGCCATAAAAAGGCCTATTTAAAY 

TACAGCCATAAAAAGGCCTATTTAAAC 
TACAGCCATAAAAAGGCCTATTTAAAC 
TACAGCCATAAAAAGGCCTATTTAAAC 
TACAGCCATAAAAAGGCCTATTTAAAC 
tacagcCATAAAAAGGCCTATTTAAAC 
- - - - --CATA- - - -G ---TA- -- - - - 

TACAGCCATAAAAAGGCCTATTTAAAT 
TACAGCCATAAAAAGGCCTATTTAAAT 

tACAGCCATAAAAAGgCcTAtt TAAAT 
TACaGCCATAAAaAGGCCTAtTtAaa t 
TACaGCCATAAAAAGGCCTATTTAAAC 

7 3 0  7 4 0  7 5 0  I ! ! ! !  I!!!!  I !!!!  I ! ! ! !  I ! ! ! !  I !  
CCGTGAAAGTTTCGCTYAAGGGGTACT 

CCGTGAAAGTTTCGCTCAAGGGGTACT 

CCGTGAAAGTTTCGCTCAAGGGGTACT 

CCGTGAAAGTTTCGCTCAAGGGGTACT 
CCGTGAAAGTTTCGCTCAAGGGGTACT 
CCGTGAAAGTTTcgc tcaa ggGGTACT 
-CGT---A-TT---- --AAA 
CCGTGAAAGTTTCGCTTAAGGGGTACT 
CCGTGAAAGTTTCGCTTAAGGGGTACT 
CCGTGaAagt tTCgc tTAaGGGGTaCT 
CCGtGAAaGtTTCGCTTAAGGGGTAcT 

CCGTGAAAGTTTCGCTCAAGGGGTACT 

7 6 0  7 7 0  7 8 0  ! ! !  I ! ! ! !  I!!!!  I ! ! ! !  I ! ! ! !  I ! ! !  
CATTAAAAAAAGGG-AAAGAGCAGCTA 

CATTAAAAAAAGGG-AAAGAGCAGCTA 
CATTAAAAAAAGGG-AAAGAGCAGCTA 
CATTAAAAAAAGGG-AAAGAGCAGCTA 
CATTAAAAAAAGGG-AAAGAGCAGCTA 

CATTAAAAAAAGGG-AAAGAGCAGCTA 

CATGAAAAAAAGGG-AAAGAGCAGCTA 

r o s 1 dorprornoter ( 1 ) 3 9 3 ) ---7 CATTAAAAAAAGGG-AAAGAGCAGCTA 

A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) ---7 CATTAAAAAAAGGG-AAAGAGCAgCTa 
A .  a u s t r a l e ( 1 ) 4 6 9 )  
A .  rno l l e ( 1 ) 3 9 4 )  

1 . 2KbRo s 1  p r ornoter ( 1 ) 1 2 0 0 )  
A .  rna j u s  ( To u l o u s e )  ( 1 ) 5 7 4 ) 
A .  g r a n t i curn ( 1 ) 8 1 2 )  
A .  rnol l i s irnurn ( 1 ) 3 9 4 )  
A .  b a r r e l i er i ( 1 ) 7 1 5 )  

A .  s i c u l urn ( 1 ) 5 7 4 ) 

---7 
---7 
---7 
---7 
---7 

---7 

r o s 1 dorprornoter ( 1 ) 3 9 3 )  ---7 
A .  l a t i f o l i urn ( j u l i u s ) ( 1 ) 4 7 6 ) ---7 

A .  a u s t r a l e ( 1 ) 4 6 9 )  

A .  rno l l e ( 1 ) 3 9 4 )  

CATTAaaAaAAGGG-AAAGAGCAGCta 
CATTAAAAAAAgGGGAAAGaGcAGCTA 

7 9 0  8 0 0  8 1 (  ! I ! ! ! !  I ! ! ! !  I ! ! ! !  I ! ! ! !  I !! ! !  I 
GACATGTGTTTTCTGTTTTGACACTTT 

GACATGTGTTTTCTGTTTTGACACTTT 
GACATGTGTTTTCTGTTTTGACACTTT 
GACATGTGTTTTCTGTTTTGACACTTT 
GACGTGTGTTTTCTGTTTTGACACTTT 
GaCGTGTGtTTTCTGtTTTGGCACTTT 

GACATGAGTTTTCTGTTTTGACACTTT 

GACATGAGTTTTCTGTTTTGACACTTT 

gaC 
gACaTGagtTTTCTGtTttGACACTTT 
GacaTGtGTTTTctGtTTTGACACTTT 
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1 . 2 KbRo s l  p r om o t e r ( 1 ) 1 2 0 0 ) 

A .  ma j u s  ( T o u l ou s e )  ( 1 ) 5 7 4 )  

A .  g r a n t i cum ( 1 ) 8 l 2 ) 

A .  mo l l i s imum ( 1 ) 3 9 4 )  

A .  b a r r e l i e r i ( 1 ) 7 l 5 ) 

A .  s i cu l um ( 1 ) 5 7 4 ) 

r o s l dorpromo t e r ( 1 ) 3 9 3 ) 

A .  a u s t r a l e ( 1 ) 4 6 9 ) 

A .  mo l l e ( 1 ) 3 9 4 )  

1 . 2 KbRo s l  p r om o t e r ( 1 ) 1 2 0 0 ) 

A .  g r a n t i cum ( 1 ) 8 l 2 )  

A .  mo l l i s i mum ( 1 ) 3 9 4 )  

A .  b a rr e l i e r i ( 1 ) 7 l 5 )  

A .  s i cu l um ( 1 ) 5 7 4 )  

r o s l do r p r omo t e r ( 1 ) 3 9 3 ) 

A .  mo l l e ( 1 ) 3 9 4 )  

8 2 0  8 3 0  
I I , ! I I ! I ! I I I ! ! I I !  ! ! I I , , ! I I I 

TAACGAACGGGCATAGTACGTATTAAA 

� TAACGAACGGGCATAGTACGTATTAAA 
� T 
� TAACGAACGGGCATAGTACGTATTAAA 
� TAACGAACGGGCATAGTACGTATTAAA 
� TAACGAACGGgcaTAGTACGtAtt a a a  
� TAACGAACGGGCATAGTACGTATTAAA 
� TAACGAACGGGCATAGTACGTATTAAA 
� TAACGA 
� TAACGAACGGgcATAGTACGtAT t a a a  

8 4 0  
I !  I I I I I I ! ! I 

CGCCATG 

� CGCAATG 
� CGCCATG 
� CGCCATG 
� CGcCATG 
� CGCCAT 
� CGCCATG 
� cGcc 
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Appendix X: Sequence alignment between the Roseal and rosealdorsea 

alleles 

Alignment for exon 1 with the Roseal sequence shown on the top strand and the 

rosealdorsea sequence shown on the bottom strand. 

1 0  2 0  3 0  4 0  
I I I I 

A T G G A A A A G A A T r G r C G r G G A G  T G A G  A A A A G G T A C r T G G A C C A A A G A A G A 
A T G G A A A A G A A T T G T C G T G G A G  T G A G  A A A A G G T A C T  T G G A C C A A A G A A G A 

5 0  
I 

6 0  7 0  8 0  9 0  1 0 0  
I I I I I 

5 1  A G A C A C T  C T C T 
5 1  A G A C A C T C T C T 

T G A G G C 
T G A G G C 

A A T G T A 
A A T G T A 

T 
T 

A G A A G A G  T A T  G G T G A A G G G A A A T G G C 
A G A A  . A G T A T G G T G A A G G G A A A T G G C  

1 1 0  1 2 0  
, , 

1 0 1  A T C A A G T T C C A C A C A G A G C A G 
1 0 1  A T C A A G T T C C A C A C A G A G C A G 

Alignment for intron 1 with the Rosea l sequence shown on the top strand and the 
rosea ldorsea sequence shown on the bottom strand. 

5 1  
5 1  

1 0  2 0  3 0  4 0  
, , , , 

G T A C T T C G C T C A A A T A A T C T T A T A G  C T A T T G A T G A A T A T G T A  G 
G T A C T T C G C T C A A A T A A T C T T A T A G e  T A T  T G A T  G A A T A T G T A G 

T A  T A 
T A T A 

6 0  , 
T T G A G C A A 
T r G A G C A A 

1 1 0  
, 

7 0  
, 

C A T  T T G T A A C 
C A T  T T G T A A C 

1 2 0  
I 

T A A T T A A 
T A A T T A A 

8 0  , 
G A 
G A 

1 3 0  
, 

T T T A G 
T T T A G  

9 0  
, 

G C T A G 
G C T A G  

1 4 0  
, 

T C 
T C 

5 0  
, 

T A C A A A A 
T A C A A A A 

1 0 0  
, 

T A A C G A G  
. A A C G A G 

1 5 0  
, 

1 0 1  A A A A A C T  A A A T A T  T T T T T G A C G A A G T T T A A A T T T T C G T T G G G A A T A c e  G T 
1 0 1  A A A A A C T  A A A T A T  T T T T T G • C G A A G T T T A A A T T T T C G T T G G G A A T A C C G T 

1 6 0  
I 

1 7 0  
, 

1 8 0  
, 

1 9 0  
, 

2 0 0  
, 

1 5 1  A C G T e A  A T G T T G C T C A A T T T T T T C G T T G A T  T T G T T A T  T T C G G A A A T T T T T 
1 5 1  A C G T C A A T G T T G e T  C A A T T T T T T C G T T G A T  T T G T T A T  T T e G G  A _ T T T T . 

2 1 0  
I 

2 2 0  
I 

2 3 0  
I 

2 0 1  A A T A A T T A T  T A G  G G G T T T G A T  T A A T T T G C A G 
2 0 1  A. T A A T T . T T A G  G G G r T r G A r T  A A T T T G C A G 
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Alignment for exon 2 with the Roseal sequence shown on the top strand and the 

rosea ldorsea sequence shown on the bottom strand. 

1 0  2 0  
I I 

3 0  
I 

4 0  
I 

5 0  
I 

G G T T G A A c e  G G T G T A G  G A A G A G  T T G C A G G e T  G A G  G T G G T T G A A T T A T  C T G 

G G T T G A A c e  G G T G T A G  G A A G A G  T T G C A G G e T  G A G  G T G G T T G A A T T A T  C T G 

6 0  7 0  
I I 

8 0  
I 

9 0  
I 

1 0 0  
I 

5 1  A G G c e  A A A T A T  C A A A A G A G  G T e G G  T T T T C G A G  A G A T  G A A G T G G A c e  T A A T 

5 1  A G G c e  A A A T A T  C A A A A G A G  G T e G G  T T T T C G A G  A G A T  G A A G T G G A c e  r A A r 

l l O  1 2 0  1 3 0  
I I I 

1 0 1  T G T G A G  G C r T e A  T A A G e  T G T T G G G T A A C A A 

1 0 1  T G T G A G G e T  T e A  T A A G e  T G T T G G G T A A C A A 

Alignment for intron 2 with the Roseal sequence shown on the top strand and the 

rosea ldorsea sequence shown on the bottom strand. 

1 0 2 0 3 0  4 0 
I I I 

G T A A G T T C A A A A T G T T C T T T C T T T T T T C T T T T A A T G C T A A 

G T A A G T T C A A A A T G T T C T T T C T T T T T T C T T T T A A T G C. A A 

5:0 6:0 I 7:0 
4 1  T T T A C T T G T A A G A A A A C T T G T T T - G G T A C T C G G T T A A T e  T 

4 1  T T T A C T  T G T A A G A A A A C T T G T T T. G G T A C T C G G T T A A T C T 

:0 1 ; 0 
8 0  A T T T T A T  G T C C T A A A A T G G c e  - - - - - T T T T A G  A C T C G A A A 

8 1  A T T T T A  T . C C T A A A A T G . C T T T T A G  A C T. G A A A 

1 2 0  1 3 0 1 4 0  1 5 0  

I I I 
1 1 5  A T T A A T G T G C A A A A G G A A A T C T A C T  A A T T C T C C A T A T  G C T 

1 2 1  A T T A A T G T . C A A A A G G A A A T C T A. T A A T T C T C C A T  A T G e T  

1 6 0  1 7 0  1 8 0  1 9 0 
I I I I 

1 5 5  G C G C C A C T A A G A A T G A T A A T G C A T T A A G G C G C T A T T A G  A G 

1 6 1  G C G C C A C T A A . A A T G A T A A T G C A T T A A G. C . C T A _ A G A G  

2 0 0 2 1 0 2 2 0 2 3 0 
I I I I 

1 9 5  A A A T T G A G  C A A G A T T G A T  A G A A T T C T C G A T  G A C A A T A T  A G 

1 9 9  A A A T T G A. C A A . A T T G A T  A G A A T T C T C G A . G A C A A T. A G 
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2 4 0  2 5 0  
I 

2 6 0  2 7 0  

2 3 5  G T T T C A T  C G A G  G G A A A A T G T T T T A T  T T T T C T A A A A A T C T T 
2 3 9  G T T T C A T  C G A G_ A A A T G T T T T A T  T T T T C T A. A . A T C T . 

2 8 0  2 9 0  
I I 

3 0 0  
I 

3 1 0  
I 

2 7 5  C T T T T C T T C T T G G A T  A A T A c e  A T T G e T  G T T G T T C A G C T A T  

2 7 7  C T T T T . T T C T T G G A T  A A T A c e  A. T G C T G T T G T T C A G C T . T 

3 2 0  
I 

3 3 0  
I 

3 4 0  
I 

3 5 0  
I 

3 1 5  T T T G T T G T G A A G G T G C C A T  G G T T T A A A T T T A T  A A C T  A A T G 

3 1 6  T T T G T . G T G A A G G_ C A T  G G T T T . A. T T _ A _ A A T G 

3 6 0  3 7 0  3 8 0  3 9 0  
I I I I 

3 5 5  A A A C T  G T T G T T G C C T G C A T  T C T A A T T T T C A G G T T A A C G A T  

3 5 6  A A A C T  G T T G T T G C C T G C A T  T . T A . T T T T C A G. T T A A C G A T  

4 0 0  
I 

4 1 0  
I 

4 2 0  
I 

4 3 0  
I 

3 9 5 A T T T A T  T T C A T  G C T A G  A C C T G T C A A C T  A A T T A T  G A T  A T T C 

3 9 5  A . I T A T  T . C A I G C I A G A C . T G T C A A . T A . I I A T G A T  A T I . 

4 4 0  
I 

4 5 0  
I 

4 6 0  
I 

4 7 0  
I 

4 3 5  T C T C T T T I C  T C A I A A A A T A I T I A T A A G A A I T I A G A T  C A C G 

4 3 3  T C T C T T T T C T C A T  A A. T . T T T A T  A A G A A T T T A G  A T C A C G 

4 8 0  4 9 0  5 0 0  5 1 0  
I I I I 

4 7 5  T G G A C I T C G T C C A C G C A A C G A A I I A C C G A A A A T G A G  T G G A 

4 7 2  T G G A C T. C . C . A _ A A C G A. T T A C . G A A A A T G A G  T G G A 

_____ 5.1..f_o _________ 5.1..�0 _________ 5.1..1 0 ___ • ______ 
5

.L..�O __ 

5 1 5  A T G I A T G C T G A G  T I T  T T A A G A T  C T T A A A G - - C C A A T C C A C 

5 0 9  A T  G T A . G C T G A G  T I T  T. A A G . T C T T A A A G _ C A A . C C A . 

5 5 3  
5 4 9  

5 9 3  
5 8 9  

5 6 0  
I 

5 7 0  
I 

T C T T T T A A A A A A A A A A A A A 

• T . I . A A A A A A A A A A A A A 

5 8 0  
I 

5 9 0  
I 

A A T T G A T  TliCIiGIiCIiTIiGIiG A A C C A A G 

A. I _ T A . C A A • 

T C A C T  A T T A C C C T G A C C A I C C T G A C T  A - - - - - - - - - I A A G 

T A _ A G A _ T _ G _ T A ••••••• T A A G 

1 77 



6 3 0  
I 

6 4 0  6 5 0  
I 

6 6 0  
I 

6 2 4  C T T T A T  G T T T C T C C G A T  G A A C C T C T C C A A A T T T C A T  C C T C 

6 2 9  C T T T  A T G T . T . C C G A T _ A C . T C T C . A A . T T . A . C T . 

6 7 0  6 8 0  
I I 

6 9 0  
I 

7 0 0  
I 

6 6 4  C A T  T C T T T C C T A A G A T  T T G A C T  G T T C A T  T T A T  C A T  T A T  T A 

6 6 7  C A  T _ T T . C _ A . A T T T G A C T  G T T . A T T T A  T. A T T A  T . A 

7 0 4  A C T  G T A G  A T T A G  T A G  C T G A C C T T 

7 0 3  A. T . T A G  A T T A G  T A G  C T G A C _ T 

7 2 8  - - - - - A T A A A T A A A C G G C C T T C A A C T  T T T A A G A A G T T T C A 

7 4 3  A T A A A T A A A C G G C C T T. A A C T  T T T . A G A A G T T T C A 

I 
7 6 3  T A - A A T G G T G A T  A A A C T  T - C T T C T T C A A T G T G C A T  G T C C T 
7 8 3  T A . A A T G G T G A T  A A A C T T . C T T C T T C A A T G T G C A T  G T C C T 

_--J. ___ 
8
..1...�0 

______ 
8fL-°-lI _____ -L

8�_0 
___ _ 

8 0 1  T C C T - - A T C A C A T  T T A A C T  A T C C - A G T T G A A C A A T C T G G C 

8 2 3  T C C T . A T C A  C A T  T T A A C T  A T C C. A G T . G A A C A A T C T G G C 

8 4 0  8 5 0  
I I 

8 6 0  
I 

8 7 0  
I 

8 3 8  C A A T G G T C A T  A T C A T  A A T T A A A C A G G T T A A C T C T T T G T T G 

8 6 3  C A A T G . T C A T  A T C A. A A T . A A A C A G G T T . A C T C T T T G T T G 

8 7 8  T A T  A T A C T  G G C A A A G T T T C T A A T T A A - - - - - - - - - G C G G T 

9 0 2  T A T A . A C T G G . A. A G T T T C . A A T T A A G C G G T  

9 1 0  
I 

9 2 0  
I 

9 3 0  
I 

9 4 0  
I 

9 0 9  A C G G G A T  T T T C A A T T C G T T A T  C T C C T C T C T A G  G A T  A G T A A 

9 4 2  A C G G . A T . T T C A A T T . G. T A T C T C C T C T . T A G G A T  A G T A A 

9 5 0  9 6 0  
I I 

9 7 0  
I 

9 8 0  
I 

9 4 9  T A T  T T A T  T A T  T A T  T A A T A A T A A T T A T  T A T  A A T A A T A T  A A T 

9 8 2  T . T T T . T T A T  T. T T A . T A A T A_ T . T T A T  

9 9 0  
I 

1 0 0 0  
I 

1 0 1 0  
I 

1 0 2 0  
I 

9 8 9  A A T T A T  A A T A A T A A T A A T A A T A A T T A T  A A T A A T A A T T G T C 

1 0 1 0  

1 0 3 0  
I 

1 0 4 0  
I 

1 0 5 0  1 0 6 0  
I I 

1 0 2 9  A T C T C A T  T A T  A A T C T T T A G  A G A A A G A C G A C G T T G A G  A G A T  

1 0 1 0  _ T C A T  T A T  A A T . T T A . A C G A C . T T . A G A . A . 
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1 0 7 0 1 0 8 0  1 0 9 0  1 1 0 0  
I I I I 

1 0 6 9  A A A A A C A G A T  A T T G C C T N G G A C C A A A T A G  A A A G T T G G A T  A 
1 0 4 3  A A A T A T  T G C C T . G G A C C A A _ G A A A . T . G A T  A 

1 1 1  0 
I 

1 1 2 0 
I 

1 1 3 0  
I 

1 1 4 0  
I 

1 1 0 9  G A A A C G T G G T T A A A C A G T C G A C A C T  T T A A T C T G G G A T  T G A 
1 0 7 7  G A A A C . T . G T T A A A C A G T . G A C A C T  T T A _ T G G G A 

1 1 5 0 
I 

1 1 6 0  
I 

1 1  7 0  
I 

1 1 8 0 
I 

1 1 4 9  T T T C C C A T  T C A G A T  A A G T T T A G  C T C C C G T C T C G T T G G A A A 
1 1 1 4  T . T C C C A . T _ G _ A G T T T A G  C . C C C G T C T . G T T G . A A A 

1 1 9 0 1 2 0 0  1 2 1 0  1 2 2 0  
I I I I 

1 1 8 9  C T C A A A A A A T T T A A G A G  A T A A A T T T G C T C G T A C G T C A A T A 
1 1 5 1  C T C A A . A A. T T A G A T A A A T T T G C T C G T_ G T C A A T A 

1 2 3 0  1 2 4 0  1 2 5 0  1 2 6 0  
I I I I 

1 2 2 9  A T T A G  T G A G  A G A G  A C T  A T A C A T  C A A T T A G  T T A T  T G A A A A T 
1 1 8 6  A T . A G T G A _ A. A C T  A T A . A T . A A T T A G  T T A T  T G A A A A T 

1 2 7 0  
I 

1 2 8 0  
I 

1 2 9 0  
I 

1 3 0 0  
I 

1 2 6 9  G A A A C C T G T C C T A T  T T C T A T  A A G T G T T A T  A G C G G G G T C C A 
1 2 2 2  G A A A C C T G T C . T A T  T T C T A T  A A G T G. T. T A G . G G G G . C C A 

1 3 1 0  
I 

1 3 2 0  
I 

1 3 3 0  
I 

1 3 4 0  
I 

1 3 0 9  T G C A A T T A A G A A T A T  T T G G A G  G A G  A G A A A T T A A A G A G  G G A 
1 2 6 0  T. C A A T T A A G A A T A T  T T G G A G  G A G  A G A A A T T A A A G A G  G. A 

1 3 5 0  
I 

1 3 6 0  
I 

1 3 7 0 
I 

1 3 8 0  
I 

1 3 4 9  G A G  C C A T  A A G G G C A A A A G T T T C A A C T  A T T T C T C T T C T T T G 
1 3 0 0  G A G  C C A T  A A G G G C A A A A G T T T C A A C T  A T T T C T C T T C T T T G 

1 3 9 0  1 4 0 0 
I I 

1 4 1 0  
I 

1 4 2 0  
I 

1 3 8 9  T C C G G T A A G A A A G A A A G A G  G A T  G A A A T T T G T A C A C G T C T A 
1 3 4 0  T C C G . T A A. A A A G A A A. A G G A T  G A A A T T T G T A C A C G T C T A 

1 4 3 0  1 4 4 0  
I I 

1 4 5 0  
I 

1 4 6 0  
I 

1 4 2 9  A C T  A G C T A G  C T A G  A T T A T  C A C A A A A A T G T A C A A T C A T  A T A 
1 3 7 9  A C T  A G C T A G  e T A. A T T A T  C A C A A A A A T G T A C A A T e  A T A T  A 

1 4 7 0  1 4 8 0  1 4 9 0  
I I I 

1 4 6 9  A T T T G T T T C C A C A T  T T A A T G A T  T G A C G C A G 
1 4 1 8  A T  T T G T T T C C A C A T  T T A A T  G. T T G A C G C A G 
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Alignment for exon 3 with the Roseal sequence shown on the top strand and the 

rosea ldorsea sequence shown on the bottom strand. 

1 0  
I 

2 0  
I 

3 0  
I 

4 0  
I 

A T G G T C G C T G A T  T G C T G G T A G  A A T T C C T G G A A G G A C A G C T 
A T G G T C G C T G A T  T G C T G G T A G  A A T T C C T G G A A G G A C A G C T 

5 0  
I 

6 0  7 0  
I 

8 0  
I 

4 1  A A T G A C G T G A A G A A C T  T T T G G A A T A C T C A T  G T G G G G A A G A 
4 1  A A T G A C G T G A A G A A C T  T T T G G A A T A C T  C A T  G T G G G G A A G A 

9 0  
I 

1 0 0  
I 

1 1 0  1 2 0  
I I 

8 1  A T T T A G  G C G A G  G A T  G G A G  A A C G A T  G C C G G A A A A A T G T T A T  
8 1  A T T T A G  G C G A G  G A T . G A G  A A C G A T  G C . G G A A A A A T G T T A T  

1 3 0  
I 

1 4 0  
I 

1 5 0  1 6 0  
I I 

1 2 1  G A A C A C A A A A A C C A T  T A A G C T G A C T  A A T A T  C G T A A G A C C C 
1 2 1  G A A C A C A A A A A C C A T  T A A G C . G A C T  A A T A T  C G T A A G A C C C 

1 7 0 1 8 0  1 9 0  2 0 0  
I I I 

1 6 1  C G A G  C T C G G A C C T T C A C C G G A T  T G C A C G T T A C T  T G G C C G A 
1 6 1  C G A G  C T C G G A C C T T C A C C G G A T  T G C A C G T T A C T  T G G C C G A 

2 1 0  
I 

2 2 0  
I 

2 3 0  2 4 0  
I 

2 0 1  G A G  A A G T C G G A A A A A C C G A T  G A A T T T T C A A A T G T C C G G T T 
2 0 1  G A G  A A G T C G G A A A A A C C G A T  G A A T T T T C A A A T G T. C G G T T 

2 5 0  2 6 0  2 7 0  2 8 0  
I I I I 

2 4 1  A A C A A C T  G A T  G A G  A T T C C A G A T  T G T G A G  A A G e  A A A C G C A A 
2 4 1  A A C A A C T  G A T  G A G  A T T C C A G A T  T G T G A G  A. G C A A A I G C A A 

2 9 0  3 0 0  
I I 

3 1 0  
I 

3 2 0  
I 

2 8 1  T T T T A C A A T G A T  G T T G C G T C G C C A C A A G A T  G A A G T T G A A G 
2 8 1  T T T T A C A A T G A T  G T T G. G T C G C C A C A A G A T  G A A G T T G A . G 

3 3 0  
I 

3 4 0  
I 

3 5 0  
I 

3 6 0  
I 

3 2 1  A C T  G C A T  T C A G T G G T G G A G  T A A G T T G e T  A G A A A C A A C G G A 
3 2 1  A. T G C A T  T e A  G T G G T G G A G  T A A G T T G C T A G  A A A C A A e G G  A 

3 7 0  3 8 0  3 9 0  4 0 0  
I I I I 

3 6 1  G G A T  G G G G A A T T A G  G A A A C C T A T  T C G A G  G A G  G c e  C A A C A A 
3 6 1  G G A T  G G. G A A T T  A G G A A A c e  T A T  T . G A G G A G  G C C C A A C A A 

4 1 0  
I 

4 0 1  A T T G G A A A T T A A 
4 0 1  A T T G G A A A T T A A 
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