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Abstract 

Svensson, M. 2006. Studies of genes involved in regulating flowering time in Arabidopsis 
thaliana.  
Doctor’s dissertation. 
ISSN 1652-6880, ISBN 91-576-7051-X. 
 
Transition from a vegetative growth phase to flowering in plants occurs in response to both 
environmental conditions and endogenous signals. Identification of genes that are involved 
in regulating the time of flowering is of great importance in agri- and horticulture. 
Flowering-time genes can be used for crop improvement by, for instance, engineering plants 
to flower earlier. This shortening of the time to flowering could result in an extended 
growing season that could enable farmers to grow more than one crop each year. 

In this work, a gene knockout approach using T-DNA tagging and in vivo gene fusion has 
been employed to identify and characterise genes that are involved in regulating flowering 
time in the model plant Arabidopsis thaliana. This approach resulted in the identification of 
two genes, At4g20010 and its homologue At1g31010. Expression studies and GUS 
histochemical analysis of a reporter gene revealed that At4g20010 is mainly expressed in 
rapid growing tissues such as root tips, shoot apex, flowers and stem nodes. T-DNA 
insertional mutants of At4g20010 and At1g31010 exhibit a late-flowering phenotype that 
can largely be repressed by application of gibberellin. Plants with an insertional mutation in 
At4g20010 contain a reduced amount of the bioactive gibberellin GA4 compared to wild-
type plants. The decreased level of GA4 is not due to a transcriptional repression of the GA-
biosynthetic genes AtGA3ox1 or AtGA20ox1, since their expressions were increased in the 
mutant plants. In silico analyses revealed that the C-terminal protein sequences encoded by 
At4g20010 and At1g31010 contain RNA-binding motifs, whereas the N-terminal sequences 
have three-dimensional structures similar to single stranded nucleic acid-binding proteins. 
To conclude, At4g20010 and At1g31010 may encode two RNA-binding proteins that are 
involved in regulating flowering time in A. thaliana by affecting the metabolism of GA. 
This can be possible either by a positive regulation of GA3ox at the post-transcriptional 
level or by a negative regulation of GA2ox. 
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CDP    ent-copalyl diphosphate 
CPS    ent-copalyl diphosphate synthase 
FMI    Floral meristem identity  
GA     Gibberellin 
GA13ox  GA 13-hydroxylase 
GA20ox  GA 20-oxidase 
GA2ox   GA 2-oxidase 
GA3ox   GA 3β-hydroxylase 
GA-3P   Glyceraldehyde-3-phosphate 
GGDP   Geranylgeranyl diphosphate 
I-PCR   Inverse-PCR 
IPP     Isopentenyl diphosphate 
KAO    ent-kaurenoic acid oxidase 
KO     ent-kaurene oxidase 
KS     ent-kaurene synthase 
MVA    Mevalonic acid (Mevalonate) 
PDB    Protein Data Bank 
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Introduction 

Arabidopsis thaliana 
During the last decades Arabidopsis thaliana has become one of the most widely 
used model plant in biological research. Its relatively small genome (~125Mbp) 
with low amounts of repetitive sequences, short generation time, and its close 
relationship to the organisms it is meant to model, are some of the reasons why 
Arabidopsis has been adopted as a model system for molecular and genetic studies 
(Meyerowitz, 1987; Meinke et al., 1998). Arabidopsis’s value as a model plant 
increased even more at the end of year 2000 when it was the first plant to have its 
genome sequenced (The Arabidopsis Genome Initiative, 2000). At that time it was 
the third genome of a higher eukaryote, after Caenorhabditis elegans and 
Drosophila melanogaster, that was completely sequenced (The C. elegans 
sequencing consortium, 1998; Adams et al., 2000). The Arabidopsis ecotype 
Columbia was sequenced by a public consortium (The Arabidopsis Genome 
Initiative, 2000), whereas the private company Cereon sequenced the ecotype 
Landsberg erecta (Jander et al., 2002). After completion of the sequencing 
process, the genes and other features of the entire Arabidopsis genome were 
annotated (The Arabidopsis Genome Initiative, 2000). The annotation process is 
iterative and on-going, and since the end of year 2000 the genome has been 
reannotated by TIGR, The Institute for Genomic Research (Wortman et al., 2003). 
The total number of Arabidopsis genes was initially estimated to 25,498; however, 
the latest released version of the TIGR ATH1 genome (Version 5) includes an 
estimated number of 30,700 genes.  
 

Approximately one third of the initially predicted genes could not be assigned 
any biological function (based on homology searches), and only about 10% of the 
annotated genes have yet been thoroughly established to have a definitive function 
(The Arabidopsis Genome Initiative, 2000; Ostergaard & Yanofsky, 2004). These 
numbers will probably increase drastically in the next few years as the genetic 
resources in Arabidopsis research have recently been boosted (Ostergaard & 
Yanofsky, 2004). For example, the development of different public collections of 
T-DNA tagged lines enables researchers to search a sequence database and find a 
mutant line with an insertion in their gene of interest. The largest insertion 
collection for Arabidopsis thaliana was created by Ecker and co-workers at the 
Salk Institute and it contains more than 225,000 T-DNA tagged lines. For 
approximately 90,000 of these lines the location of the T-DNA has been 
determined by sequencing, and it revealed that about 22,000 of the Arabidopsis 
genes contain T-DNA insertions (Alonso et al., 2003). The SALK T-DNA 
collection together with several other insertion collections that have been 
developed for Arabidopsis thaliana, including the SAIL collection, very much 
contributes to the process of determining gene function through reverse genetics 
(Balzergue et al., 2001; Sessions et al., 2002; Till et al., 2003).  
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Another resource that will be helpful in assigning biological function to the 
Arabidopsis genes is the growing number of publicly available gene expression 
profiles (http://www.ag.arizona.edu/microarray; 5-Dec-2005; 
https://www.genevestigator.ethz.ch; 5-Dec-2005; 
http://www.affymetrix.com/products/arrays/specific/arab.affx; 5-Dec-2005). 
Through microarray analysis the expression level of genes can be analysed in 
different tissues during different developmental stages and stress conditions, and in 
this way potential functions of the genes can be revealed. 
 

T-DNA tagging 
The insertion of foreign DNA into a plant genome is a powerful approach for 
identifying new genes and determining gene function. A knockout mutation can be 
generated by inserting a DNA segment with a known sequence into a plant gene, 
for instance by disrupting the expression of the gene. The knockout of the plant 
gene may consequently result in plants with a recognisable mutant phenotype. The 
insertion of the T-DNA does not need to be occurred in the exon of a gene to result 
a mutant phenotype. Several researchers have shown that insertions can also occur 
in introns and in 5´ or 3´ non-coding regions as well as resulting plants with mutant 
phenotypes (reviewed by Azpiroz-Leehan & Feldmann, 1997). The insertional 
mutagen does not create only a mutation, it also ´tags´ the affected gene. This 
enables researchers to identify the gene in question. The tagged gene can be 
identified and isolated by amplifying and sequencing the plant DNA flanking the 
known insert.  
 

One of the most commonly used methods for transferring foreign DNA into 
plants genome is Agrobacterium-mediated transformation (Topping et al., 1995; 
Tinland, 1996; Zupan et al., 2000). In this method researchers take advantage of 
the soil bacterium Agrobacterium tumefaciens’s natural ability to transfer a 
fragment of its own DNA into plant genomes. The DNA that is being transferred 
(T-DNA) is flanked by 25 bp imperfect direct repeat border sequences, named 
right and left border. In theory, only the sequence within these borders (the T-DNA 
sequence) is transferred to the plant genome by Agrobacterium in a random 
manner. However, in practice sequences outside the T-DNA borders that belong to 
the transformation vector can also be transferred to the plants (Ramanathan & 
Veluthambi, 1995; Kononov, Bassuner & Gelvin, 1997; De Buck et al., 2000). 
Other rearrangements of the T-DNA and the plant DNA sequence at the site of 
insertion have also been observed by several researchers (Mayerhofer et al., 1991; 
Ohba et al., 1995; Forsbach et al., 2003). Despite these rearrangements that can 
occur, the Agrobacterium mediated T-DNA transfer system is usually the method 
of choice since, in comparison with other transformation methods, it usually results 
in stable transgenes that are intact, non-rearranged and that exist in a low copy 
number (Gelvin, 1998). Feldmann (1991) showed that the average number of 
independent inserts was 1.5 per diploid genome, where 57% of the transformed 
plants contained a single insert and 25% of the plants contained two inserts. 
Similar results have also been obtained for other T-DNA insertion collections 
(McElver et al., 2001; Alonso et al., 2003). 
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An additional feature of the T-DNA tagging approach is the use of in vivo gene 
fusion technology. In this technique, a T-DNA vector containing a promoterless or 
enhancerless reporter gene placed at the right or left end of the T-DNA is 
employed for gene tagging. Following random insertion of the T-DNA into plant 
genomes a transcriptional or translational gene fusion between the plant gene and 
the promoterless reporter gene can be achieved and identified by screening the 
plants for the activity of the reporter gene (Topping & Lindsey, 1995). In a 
promoter trap approach the promoterless reporter gene will be activated when 
inserted downstream of a native plant gene promoter (Fig. 1). An advantage of the 
promoter trap approach compared to regular T-DNA insertion mutagenesis is that 
it relies not only on the ability of generating a mutant phenotype but also reveals 
information about the expression pattern of the tagged gene. This is because of the 
fact that the expression pattern of the reporter gene usually reflects the expression 
of the tagged gene (Topping et al., 1995). The first vector designed for promoter 
trapping was developed by Koncz and co-workers (1989) and contained 
aminoglycoside (kanamycin) phosphotransferase as a reporter gene. Other reporter 
genes used frequently in promoter traps are the uidA (β-glucuronidase; GUS), 
green fluorescent protein (GFP) and the luciferase genes (Riggs & Chrispeels, 
1987; Kertbundit et al., 1991; Topping & Lindsey, 1995; Stewart, 2001; Ryu et al., 
2004).  
 

Although several different genes have been identified by the promoter trap 
approach it is not always easy to demonstrate an exact correlation between the 
expression pattern of the reporter gene and the tagged gene (Pereira, 2000). For 
example, Stangeland and co-workers (2005) observed GUS activity even when the 
promoterless gus reporter gene was inserted in intergenic regions and in inverted 
orientation in respect of the direction of the promoter of the tagged gene. This 
activation can be explained by the presence of cryptic promoters or by promoters 
of still unannotated genes (Stangeland et al., 2005). However, when the 
promoterless reporter gene is inserted in the same orientation as the tagged gene in 
the 5´UTR or in the intron region, the expression pattern of the reporter gene 
greatly reflects the pattern of the tagged gene (Stangeland et al., 2005).  
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Fig. 1. Schematic presentation of T-DNA mediated gene tagging using a promoter trap and 
in vivo gene fusion. LB, left border; RB, right border; p, promoter; -p reporter, promoterless 
reporter gene; KmR, kanamycin resistant selectable marker gene. 
 

Protein structure prediction  
The sequencing and annotation of the Arabidopsis genome have revealed 
thousands of genes and still today, five years after the release of the full sequence, 
most of the proteins encoded by theses genes have not been assigned any function, 
despite structural genomics initiatives and biochemical efforts. Today, the fastest 
way to achieve information about a protein’s function is through computational 
methods. By sequence comparison and other analysing tools a protein’s structure 
and function can be predicted by establishing the relationship to other structurally 
and functionally determined proteins. To achieve a deeper understanding of the 
biological function of a protein it can be essential to know its three-dimensional 
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structure (Pawlowski et al., 2001). The three-dimensional structure can reveal 
details of binding, catalysis and signalling, events that happen at the molecular 
level and that control the function of a protein (Thornton et al., 1999). Another 
reason for also analysing a protein’s three-dimensional structure and not only its 
sequence is that the three-dimensional structures of proteins are better conserved 
than their sequences during evolution. As a consequence, two proteins can share a 
similar structural fold even though they are not similar at the sequence level. This 
is why a structure-structure comparison of proteins can reveal novel and 
complementary information about the relationship between proteins than sequence-
sequence comparison alone (Xu, Xu & Uberbacher, 2000). 
 

The three-dimensional structure of a protein can be predicted either by a 
template-based method, which uses a known protein structure as a template, or by 
an ab initio method. The ab initio method predicts a protein structure by 
optimising the energy function that describes the physical properties of the amino 
acids. As a consequence, and in contrast to the template-based method, it predicts 
the three-dimensional protein structures without any reference to existing protein 
structures. The ab initio method requires long computing time and powerful 
computers, and the prediction programmes are normally not readily available (Xu, 
Xu & Uberbacher, 2000). This makes the process of structure prediction difficult 
and time consuming and explains why the method of choice for structure prediction 
is often the template-based method. Template-based prediction includes the 
methods of comparative (homology) modelling and fold recognition (threading). A 
schematic summary of these methods are presented in Fig. 2. The first step in 
predicting a protein’s three-dimensional structure by the template-based method is 
to find out if the protein sequence has any similarity to any sequence with an 
already known structure. This can be performed by searching a structural database, 
e.g. the Protein Data Bank, PDB (Berman et al., 2000). If a search against the PDB 
database reveals a match to a protein with a sequence identity of above 30%, the 
comparative modelling approach can be performed. The comparative modelling 
approach uses the theory that similar sequences have similar structures, and 
following this it assembles the coordinates of all the atoms in the protein to be 
predicted based on a sequence alignment between the protein and a similar protein 
with a known structure. The success of the outcome from comparative modelling is 
highly dependent on high sequence identity between the query protein and the 
template with a known structure, this in order to be able to select the correct 
template and to create a good alignment. As mentioned previously, a 30% 
sequence identity between the query sequence and the template is needed in order 
to perform comparative modelling successfully. However, this percentage is 
usually applied when using multiple sequence alignments. If pairwise sequence 
alignments are used then a sequence identity of around 50% is recommended in 
order to obtain a satisfactory result. Although the models built by using the 
comparative modelling approach are reasonably accurate, the drawback of this 
method is that it is very dependent on the existence of a good sequence homologue 
and on the quality of the produced alignment. In other words, it might not be 
applicable to a large fraction of protein sequences.  
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Fig. 2. Schematic view of the template-based approach for prediction of protein structure. 
Adapted from Jones & Hadley (2000) and Marti-Renom et al. (2003). 
 

As mentioned previously, it is not only proteins with similar sequences that adopt 
similar folds; also proteins with no detectable sequence similarity can have 
structural similarities. It has often been shown that proteins which appear to be 
unrelated at first, when comparing the protein sequences, still adopt similar folds. 
In fact, more than 50% of proteins that were believed to be unrelated to any known 
protein were later shown to have a well known fold (Godzik, 2003). Studies have 
also shown that sequences with a sequence identity of less than 5% still adopt the 
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same fold (Orengo et al., 1993). Because of these facts a new method for 
predicting protein structure was developed in the 1990’s, the fold recognition or 
threading method (Bowie, Luthy & Eisenberg, 1991; Godzik & Skolnick, 1992; 
Jones, Taylor & Thornton, 1992). The fold recognition method is based on the 
suggestion that there are a limited number of possible folds and that a large 
percentage of the proteins adopt one of these folds (Chothia, 1992). Rather than 
trying to find the accurate structure for a protein by considering all the possible 
conformations available, the fold recognition method uses the fact that the correct 
structure probably has been observed previously and that the structure already is 
stored in a database (Jones & Hadley, 2000). The fold recognition method analyses 
and finds folds that are compatible with a query sequence, i.e. instead of predicting 
how the sequence will fold it predicts how well different folds will fit the sequence. 
The basic idea behind the fold recognition method is outlined in Fig. 2 and 
described as follows. At first, a query sequence is searched through a library of 
representative protein structures in order to find the best fit. In this search the query 
sequence is optimally fitted to all the folds in the library by creating sequence-
structure alignments (Jones & Hadley, 2000). Later, an energy function is used to 
describe the fitness of the alignments between the query sequence and the template 
fold. In order to find the most optimal alignments a threading algorithm is used to 
search for the possible alignments with lowest energy (Xu, Xu & Uberbacher, 
2000). The final output of the fold recognition method is a ranking of the folds in 
the library, where the top-ranked fold is the one used to create the alignment with 
lowest energy and as a consequence the most probable fold for the query sequence 
(Jones & Hadley, 2000).  
 

Once the template structure has been identified and an alignment built, either by 
a comparative method or by a threading process, several different methods can be 
used to build a three-dimensional structure model for the query protein. Some 
methods are based on the assembly of rigid fragments where equivalent fragments 
are extrapolated from the known protein structure to the query sequence. Other 
methods use restraints such as interatomic distances in order to build models of the 
query sequence that has the best agreement with the template structure (Srinivasan, 
Guruprasad & Blundell, 2002). Usually several different models are built, and then 
the quality of the models are evaluated. This can, for example, be performed by 
comparing the built model with the template structure in terms of visual inspection 
and root mean square deviation (RMSD), and by evaluating the stereochemistry of 
the model (Edwards & Cottage, 2003).  
 

Flowering time 
The control of flowering time is of great importance in agriculture and also of great 
scientific interest for understanding the mechanism underlying plant development. 
Genes that regulate flowering time of plants can be used for crop improvement by, 
for instance, engineering plants to flower earlier. This could, for example, extend 
the growing season for grains and fruits and perhaps enable farmers to grow more 
than one crop each year (Moffat, 2000). Shortening the time to flowering would 
also contribute to early maturity and permit a more northerly cultivation. The 
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transition from a vegetative growth phase to flowering in plants has in the past 
been studied almost entirely by plant physiologists. However, during the last 
decade molecular genetics have provided powerful new tools for studies of 
developmental processes. During the end of the 1990’s, several genes involved in 
regulating the flowering time were described (Koornneef, 1997). Today, more than 
80 different flowering-time genes have been discovered in Arabidopsis thaliana 
(Blazquez, Koornneef & Putterill, 2001), and the genetic analysis of these genes 
has led to identification of four major pathways controling flowering time 
(reviewed by Araki, 2001; Mouradov, Cremer & Coupland, 2002; Simpson & 
Dean, 2002; Bastow & Dean, 2003; Komeda, 2004; Parcy, 2005). The four major 
pathways are the photoperiod-, the vernalisation-, the autonomous- and the 
gibberellin pathway. The photoperiod and the vernalisation pathways mediate 
flowering in response to environmental factors such as day length and low 
temperature, whereas the autonomous and the gibberellin pathways mainly act 
independently of these external signals (Mouradov, Cremer & Coupland, 2002). 
Two of the most prominent genes of these flowering pathways are the CONSTANS 
(CO) and the FLOWERING LOCUS C (FLC) genes (Parcy, 2005). The CO gene 
promotes flowering and plays a key role in the photoperiod pathway. The 
expression and the protein accumulation of CO are regulated by light and the 
circadian rhythm (Valverde et al., 2004). The co mutants flower late in long-days 
but similarly or identically to wild-type plants in short-days (Koornneef, Hanhart & 
van der Veen, 1991). Another prominent flowering-time gene, FLC, represses 
flowering and is the convergence point for the vernalisation and the autonomous 
pathways (Michaels & Amasino, 1999). Both the vernalisation and the autonomous 
pathways promote flowering by repressing FLC (Amasino, 2005). 
 

A plant switches from a vegetative to a reproductive growth phase, as 
environmental conditions and endogenous signals influence a change in the identity 
of cells of the shoot apical meristem (Coupland, 1995). Leaves, stems and flowers 
are all derived from cells within the shoot apical meristem, but during the onset of 
flowering these cells change their identity so that they give rise to floral structures 
and stems rather than leaves (Coupland, 1995). More specifically, the signals 
following the flowering pathways will result in an induction of the floral meristem 
identity (FMI) genes LEAFY (LFY), APETALA1 (AP1) and CAULIFLOWER 
(CAL). The induction of these FMI genes changes the fate of the meristem and 
initiate the development of floral primordia (Parcy, 2005). However, most of the 
flowering-time genes within the different pathways do not directly induce the FMI 
genes, instead a few regulators known as Floral Pathway Integrators are able to 
integrate the cascade of inputs from the different flowering pathways and convert it 
into an induction of the FMI genes (Simpson & Dean, 2002; Parcy, 2005). Genes 
that are considered to be Floral Pathway Integrators are FLOWERING LOCUS T 
(FT), SUPPRESSOR OF CO OVEREXPRESSION (SOC1) and LFY (Simpson & 
Dean, 2002; Parcy, 2005). The gibberellin pathway promotes flowering by 
inducing at least two of these three Floral Pathway Integrators, namely SOC1 and 
LFY, and possibly also FT (Parcy, 2005).  
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Gibberellins 
Gibberellins (GAs) are a group of tetracyclic diterpenes that regulate growth and 
especially control developmental processes such as seed germination, stem 
elongation, flowering and fruit development of plants (Davies, 1995; Ross, Murfet 
& Reid, 1997). There are two main types of GAs, the C20-GAs which contain 20 
carbon atoms, and the C19-GAs, which have lost the twentieth carbon through 
metabolism (Cleland, 1999). Gibberellins were first isolated in 1926 from the 
fungus Gibberella fujikuroi, and since then several additional GAs have been 
identified from various species. At the time of writing of this thesis, 136 different 
GA structures have been identified in plants, fungi and bacteria. The nomenclature 
of each different GA, which is found to be naturally occurring and whose structure 
has been chemically characterised, is numbered in an approximate order of 
discovery. Not all of the GAs have high biological activity, in fact only a few of the 
identified compounds have been shown to give rise to biological responses in 
plants (Hedden & Phillips, 2000). Most of the GAs within a plant are precursors or 
catabolites of the biologically-active GAs. Examples of biological active 
compounds in higher plants are GA1, GA3, GA4 and GA7 (Hedden & Phillips, 
2000). 
 
GA mutants 
The most conspicuous phenotype of plants with mutations concerning gibberellin is 
dwarfism. Plants with this dwarfed phenotype can be divided into two different 
groups: those that respond to applied GA and those that do not. Mutant plants that 
respond to exogenous GA are usually called biosynthesis- or GA-sensitive mutants 
(Hedden, 1999). These mutants have a reduced GA biosynthesis and their mutant 
phenotype can be restored to wild-type by the application of exogenous GA. 
Mutant plants that are not rescued by the application of GA are called response- or 
GA-insensitive mutants (Hedden, 1999). The use of genetic mutants that are 
affected in their biosynthesis of GA or in their response to GA has resulted in a 
deep understanding of the general pathways of gibberellin metabolism and an 
increasing knowledge of the GA signalling process.  
 
GA biosynthesis 
Today, most of the genes encoding GA biosynthetic enzymes in A. thaliana have 
been identified (Hedden & Phillips, 2000). This knowledge has been obtained by 
studying plants that contain gene mutations disrupting the GA biosynthesis. The 
GA biosynthetic pathway in higher plants can be classified into three different 
stages: (1) the first stage includes the synthesis of ent-kaurene in the plastids; (2) 
the second stage includes the conversion of ent-kaurene to GA12 and occurs on 
membranes outside the plastid; (3) the third and last stage includes the synthesis of 
C19- and C20-GAs in the cytoplasm (Hedden & Phillips, 2000; Olszewski, Sun & 
Gubler, 2002). The first and the major part of the second stage are general for all 
plants, whereas after the formation of GA12-aldehyde there can be variations 
between species (Srivastava, 2002). As a consequence, several alternative 
pathways of GA biosynthesis appear after the formation of GA12-aldehyde. In this 
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thesis I have focused only on describing the main pathways. The steps involved in 
the GA biosynthetic pathway are outlined in Fig. 3. The GA biosynthetic pathway 
has also been reviewed previously by Hedden & Phillips (2000), Yamaguchi & 
Kamiya (2000) and in Olszewski, Sun & Gubler (2002). 
 

(1) The formation of GAs begins with the cyclisation of geranylgeranyl 
diphosphate (GGDP). GGDP is synthesised from isopentenyl diphosphate (IPP), 
where four five-carbon isoprene units are joined to build up the C20 precursor 
GGDP (Srivastava, 2002). IPP is synthesised either through the mevalonate-
dependent pathway in the cytosol or through the non-mevalonate pathway (utilizes 
pyruvate and glyceraldehydes-3-phosphate) in the plastid (Lichtenthaler et al., 
1997). The latter pathway is believed to be the main provider of IPP for GA 
biosynthesis since the following conversion of GGDP to ent-kaurene via ent-
copalyl diphosphate (CDP) also occurs in the plastid. The conversion of GGDP to 
CDP and CDP to ent-kaurene is catalysed by ent-copalyl diphosphate synthase 
(CPS) and ent-kaurene synthase (KS), respectively (Hedden & Phillips, 2000). 
 

Genes coding for both the enzymes, CPS and KS, together with related mutants 
have been identified in various plants (Hedden & Phillips, 2000). The gene 
encoding CPS was first cloned from the GA1 locus of A. thaliana by genomic 
subtraction (Sun, Goodman & Ausubel, 1992; Sun & Kamiya, 1994). Mutations in 
the GA1 locus result in plants with a GA-deficient phenotype, where the most 
severe mutant phenotype can be observed in ga1-3 plants. ga1-3 mutants cannot 
germinate without GA treatment, they are severely dwarfed, flower later under 
long-days and are unable to flower under short days (Koornneef & Van der Veen, 
1980). The gene encoding KS was first cloned from pumpkin (Cucurbita maxima) 
and later also from A. thaliana, locus GA2 (Yamaguchi et al., 1996; Yamaguchi et 
al., 1998a). The phenotype of ga2-1 mutants is similar to that of ga1-3, showing a 
nongerminating and extreme dwarfed phenotype (Koornneef & Van der Veen, 
1980). 
 

(2) After formation of ent-kaurene, the substrate is transported from the plastid to 
membranes outside the plastid by a mechanism that today is not fully understood 
(Olszewski, Sun & Gubler, 2002). ent-Kaurene is oxidised to ent-kaurenoic acid by 
ent-kaurene oxidase (KO), and ent-kaurenoic acid is later oxidised in a three step 
procedure to GA12 by the endoplasmic reticulum associated ent-kaurenoic acid 
oxidase (KAO). All above mentioned reactions in stage two are catalysed by 
cytochrome P450 monooxygenases (Helliwell et al., 1998; Helliwell et al., 2001). 
GA12 can further be converted into GA53 by GA 13-hydroxylase (GA13ox).  
 

ent-Kaurene oxidase was first cloned from A. thaliana locus GA3 by Helliwell et 
al. (1998), and its corresponding mutant, the GA-responsive dwarf ga3, was 
characterised by Koornneef and van der Veen (1980). All of the enzymes that 
appear early in the gibberellin biosynthetic pathway (CPS, KS and KO) are, in 
most plant species, encoded by a single gene, which explains why loss-of-function 
mutations at these loci result in plants with a severe dwarfed phenotype (Hedden & 
Phillips, 2000).  
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Fig. 3. Major steps of the GA biosynthesis pathway in higher plants. Mevalonic acid 
(MVA), Isopentenyl diphosphate (IPP), Glyceraldehyde-3-phosphate (GA-3P), 
Geranylgeranyl diphosphate (GGDP), ent-copalyl diphosphate (CDP), ent-copalyl 
diphosphate synthase (CPS), ent-kaurene synthase (KS), ent-kaurene oxidase (KO), ent-
kaurenoic acid oxidase (KAO), GA 13-hydroxylase (GA13ox), GA 20-oxidase (GA20ox), 
GA 2-oxidase (GA2ox), GA 3β-hydroxylase (GA3ox). Genetic loci encoding GA 
biosynthesis enzymes in Arabidopsis thaliana are written in parenthesis. 
 

(3) In the last stage of GA biosynthesis, GA12 and GA53 are, in parallel pathways, 
converted into various C19- and C20-GAs by a series of oxidative reactions 
involving 2-oxoglutarate-dependent dioxygenases. The pathways that convert GA12 
and GA53 are called early non-hydroxylation pathway and early 13-hydroxylation 
pathway, respectively. The preference of pathway varies between species, for 
example in cowpea, rice and lettuce the early 13-hydroxylation pathway is the most 
dominant, and as a consequence these plants produce more of the bioactive GA1 
rather than GA4. In Arabidopsis and cucumber the predominant pathway is the 
early non-hydroxylation pathway, and GA4, instead of GA1, plays the role of the 
main active hormone (Davies, 1995; Kamiya & Garcia-Martinez, 1999). The first 
reactions in this final stage of GA biosynthesis involve GA 20-oxidase (GA20ox) 
which converts GA12 and GA53 in a stepwise procedure to GA9 and GA20, 
respectively (Hedden & Phillips, 2000). GA9 and GA20 can then be converted into 
the bioactive GAs, GA1 and GA4, by a 3β-hydroxylation, catalysed by GA 
3β-hydroxylase (GA3ox). Another dioxygenase, GA 2-oxidase (GA2ox), can 
deactivate the biological active GAs, GA1 and GA4, by converting them into the 
biological inactive GA8 and GA34 by a 2β-hydroxylation (Hedden & Phillips, 
2000). The level of bioactive GAs can be regulated in an additional way since 
GA2ox also converts GA9 and GA20 to GA51 and GA29, respectively, and in this 
way it diverts the precursor GAs away from the route of becoming bioactive GAs. 
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Unlike CPS, KS and KO (enzymes that appear early in the pathway and that are 
encoded by a single gene), GA20ox, GA3ox and GA2ox are each encoded by a 
small gene family. At present, five, four and eight different genes that encode 
GA20ox, GA3ox and GA2ox, respectively, have been identified in A. thaliana 
(Hedden et al., 2001; Schomburg et al., 2003). Due to this redundancy of the GA 
oxidase genes, plants containing a null mutation in any of the genes within the gene 
family do not exhibit such severe GA-deficient phenotype as plants with mutations 
in the CPS, KS and KO genes (Talon, Koornneef & Zeevaart, 1990; Hedden & 
Phillips, 2000). 
 

The first cloned gene to encode GA20-oxidase was isolated from pumpkin 
(Cucurbita maxima) by Lange, Hedden & Graebe (1994). Shortly afterwards, 
several genes encoding GA20-oxidases were isolated from A. thaliana, where 
GA20ox1 corresponds to the Arabidopsis locus GA5 (Phillips et al., 1995; Xu et 
al., 1995). The first GA3-oxidase encoding gene to be cloned was GA3ox1 from 
the GA4 locus of A. thaliana (Chiang, Hwang & Goodman, 1995; Williams et al., 
1998). No general expression patterns have so far been distinguished for any of the 
GA dioxygenase families. Instead, the genes within the same family are expressed 
differently in the plant tissues. On the other hand, orthologues of GA20ox in 
closely related species have been shown to have similar expression patterns 
(Hedden & Phillips, 2000). This can for example be seen when comparing the 
expression pattern of GA20ox in A. thaliana and rice (Oryza sativa). In 
Arabidopsis thaliana the AtGA20ox1 is mainly expressed in growing vegetative 
tissues but it is also expressed in flowers (Hedden & Phillips, 2000). This 
expression pattern is similar to that observed in rice by Sakamoto et al. (2004). 
They could see the OsGA20ox1 expression in both reproductive and vegetative 
organs. A similar expression pattern between Arabidopsis and rice can also be 
observed when studying GA20ox3. No expression of GA20ox3 has been observed 
in the vegetative organs in either Arabidopsis or rice. Instead, its expression occurs 
only in the siliques and in the reproductive organs, respectively (Hedden & 
Phillips, 2000; Sakamoto et al., 2004). In Arabidopsis thaliana GA3ox1 is 
expressed mainly in siliques and germinating seeds but it is also active in seedlings, 
leaves, stems and flowers. On the other hand, GA3ox2 (GA4H) is predominantly 
expressed in germinating seeds and young seedlings (Yamaguchi et al., 1998b; 
Hedden & Phillips, 2000).  
 

The gene encoding one of the dioxygenases that appears last in the GA 
biosynthetic pathway, GA2ox1, was first cloned from runner bean (Phaseolus 
coccineus) by Thomas, Phillips & Hedden (1999). GA2ox1 has also now been 
cloned from several other species, including A. thaliana, together with the other 
GA2-oxidase genes within the gene family (Lester et al., 1999; Martin, Proebsting 
& Hedden, 1999; Sakamoto et al., 2001; Sakai et al., 2003; Schomburg et al., 
2003). Expression studies in Arabidopsis thaliana have shown that transcript levels 
of AtGA2ox1 and AtGA2ox2 were highest in flowers, siliques and in upper stems, 
but some expression could also be observed in lower stems and leaves, and in the 
case of AtGA2ox2 also in roots (Thomas, Phillips & Hedden, 1999). In rice, 
Sakamoto et al. (2001) observed a ring-shaped expression pattern of OsGA2ox1 
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around the vegetative shoot apex. This expression decreased drastically when the 
plants changed from a vegetative to a reproductive growth phase. 
 
Feedback and feed-forward regulation of GA biosynthesis 
Plants with mutations in genes encoding GA biosynthesis enzymes that appear 
early in the pathway have been shown to contain reduced levels of the bioactive 
GAs. They can also exhibit elevated transcript levels of the GA20ox and GA3ox 
genes (Thomas, Phillips & Hedden, 1999; Hedden & Phillips, 2000). These 
elevated transcription levels of the GA20ox and GA3ox genes are in most cases 
reduced by the application of bioactive GAs (Olszewski, Sun & Gubler, 2002). 
This was noted for instance in the ga1-2 mutant by Thomas, Phillips & Hedden 
(1999). Thomas, Phillips & Hedden (1999) showed that the elevated expression 
levels of AtGA20ox2 and AtGA3ox1 observed in the ga1-2 mutant were markedly 
reduced by the application of GA3. This negative feedback regulation achieved by 
the application of bioactive GA mainly inhibits the enzymes that appear in the last 
steps of GA biosynthesis. In other words, it has not been shown to have any effect 
on the mRNA levels of the genes encoding CPS, KS and KO (Helliwell et al., 
1998; Hedden & Phillips, 2000). Thomas, Phillips & Hedden (1999) also observed 
that the expression of AtGA2ox1 and AtGA2ox2 in the ga1-2 mutant was 
upregulated by the application of GA3. Similar type of feed-forward regulation of 
the GA 2-oxidase genes has also been observed in rice and pea (Elliot et al., 2001; 
Sakai et al., 2003). Generally, when a plant contains low levels of bioactive 
gibberellins there is an upregulation of the GA biosynthesis genes GA20ox and 
GA3ox, whereas high levels of bioactive GAs cause a downregulation of these 
genes (feedback regulation) and an upregulation of the deactivating GA 2-oxidase 
genes (feed-forward regulation). These feedback and feed-forward regulations help 
the plant to keep the concentrations of bioactive GAs within a limited range. These 
regulations of the GA-dioxygenase genes are illustrated in Fig. 4.  
 

Some exceptions to the feedback and feed-forward regulations of the GA 
dioxygenase genes, such as the seed germination in Arabidopsis where only 
AtGA3ox1 but not AtGA3ox2 was regulated by a negative feedback response, have 
previously been observed (Yamaguchi et al., 1998b). It has been suggested that 
AtGA3ox2 is involved in maintaining active GA levels to promote seed 
germination (a process that needs high levels of active GAs during a short period), 
which explains why an inhibition of its expression through feedback regulation 
would not seem necessary or appropriate (Hedden & Phillips, 2000). Another 
example that describes the exception to the rule of GA dioxygenase feed-forward 
regulation was presented by Ogawa et al. (2003). They did not find any evidence 
for a feed-forward upregulation of the AtGA2ox genes when analyzing GA4 
imbibed seeds. This is in agreement with the idea that high levels of bioactive GAs 
are needed during seed germination and that the synthesis, rather than the 
deactivation, is the most important process that regulates bioactive GA levels 
during the germination of A. thaliana seeds (Ogawa et al., 2003). 
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Fig. 4. Model showing the feedback (indicated by T-bar) and feed-forward (indicated by 
closed triangular arrowhead) regulation of GA biosynthesis. 
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Aims of this study 

Identification of genes that are involved in regulating the time of flowering is of 
great importance in agri- and horticulture. Genes involved in regulating flowering 
time can be used for crop improvement by, for instance, engineering plants to 
flower earlier. In an attempt to identify and isolate genes that are involved in 
regulating flowering time I have employed a gene knockout approach using 
promoter probe T-DNA tagging and in vivo gene fusion in the model plant 
Arabidopsis thaliana. The thesis is mainly based on the identification and 
characterisation of a T-DNA tagged gene and a mutant of A. thaliana exhibiting 
delayed flowering. 
 
Specific aims were as follows: 
 

• Screening of T-DNA tagged lines for identification of mutants showing 
delayed flowering. 

 

• Physiological and molecular characterisation of the T-DNA tagged 
mutant. 

 

• Identification, cloning and characterisation of the T-DNA tagged gene. 
 

• In silico analyses for predicting function of the T-DNA tagged gene.  
 
 

Results and discussion 

Functional prediction of a T-DNA tagged gene of Arabidopsis 
thaliana by in silico analysis (I) 
By screening a library of T-DNA tagged Arabidopsis thaliana lines, I identified a 
mutant line (197) exhibiting a late-flowering phenotype and a tissue specific 
expression of the promoterless gus reporter gene. The T-DNA tagged plants had 
been transformed with the promoter-trap vector pMHA2, which contained a 
promoterless gus gene placed adjacent to the right end of the T-DNA (Mandal et 
al., 1995). In order to identify the T-DNA tagged gene an inverse-PCR (I-PCR) 
cloning method was performed. The results showed that the T-DNA had been 
inserted in chromosome 2, about 4 kb upstream of At2g36400 and 2 kb 
downstream of At2g36410. The function of both of these genes was unknown. 
When searching for similar sequences in the A. thaliana GenBank, it was observed 
that the protein sequence encoded by At2g36400 had a high sequence similarity to 
a growth-regulating factor (Os-GRF1) of Oryza sativa. According to van der 
Knapp, Kim & Kende (2000), Os-GRF1 is encoded by a gibberellin-induced gene 
and has a regulatory role in stem growth. 
 

The focus of our main investigation turned to At2g36400, rather than At2g36410, 
for several reasons. First of all, the mutant phenotype observed in our T-DNA 
tagged line was a late-flowering phenotype that could be largely reversed by the 
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application of exogenous gibberellin. The protein sequence encoded by At2g36400 
showed a high sequence similarity to a growth-regulating factor (Os-GRF1) that is 
encoded by a gibberellin induced gene. A second reason for focusing on 
At2g36400, which was located downstream of the T-DNA insert, was that the 
T-DNA tagged plants showed GUS activity. Activation of the gus reporter gene 
indicated that the promoter of the target gene might be located upstream of the 
right junction, whereas the coding sequences might be downstream of the 
integrated T-DNA. Another reason for selecting At2g36400 for further studies was 
that reverse transcriptase PCR (RT-PCR) and Northern blot analyses showed that 
the expression of At2g36400 was clearly reduced in the T-DNA tagged line 
compared to wild-type plants (data not shown). The results also indicated that 
At2g36400 was mainly expressed in the shoot apex of wild-type plants (data not 
shown). The expression pattern observed for At2g36400 was in agreement with 
that observed for the promoterless gus reporter gene, since GUS analysis revealed 
a predominant GUS activity in the shoot apex of the tagged plants. The result from 
the expression study of At2g36400 in the T-DNA tagged line and in the wild-type 
plants was also a great factor that contributed to make our decision for selection of 
At2g36400 for further studies.  
 

Because of the long distance between the T-DNA insert and At2g36400 it was 
very difficult to explain a connection among the T-DNA insert, the mutant 
phenotype and the GUS activity. Since several T-DNA lines with mutant 
phenotype have shown to contain the T-DNA insert far up in the 5´-UTR (Klucher 
et al., 1996; Azpiroz-Leehan & Feldmann, 1997) and the fact that the transcription 
level of At2g36400 was reduced in line 197, we believed that the T-DNA insert in 
the upstream region of At2g36400 caused the mutant phenotype. However, the 
GUS activity was harder to explain. A possible explanation to the observed GUS 
activity would be that At2g36400 contained additional upstream exons that were 
not yet annotated in the A. thaliana GenBank. The gene prediction programme 
GenScan (Burge & Karlin, 1997) revealed the possible existence of two exons 
upstream of At2g36400. However, when analysing the presence of these exons by 
RT-PCR, it was revealed that additional upstream exons did not exist. By 
confirming these results, the transcriptional start of At2g36400 was analysed by a 
rapid amplification of the 5´ cDNA end, 5´-RACE, (Schaefer, 1995). The results 
revealed that the transcription start of At2g36400 was in the vicinity of what was 
annotated, confirming that At2g36400 did not contain any upstream exons (data 
not shown).  
 

In order to investigate if the GUS expression and the mutant phenotype seen in 
plants of line 197 were directly associated with the T-DNA insertion upstream of 
At2g36400, we backcrossed the mutant line with wild-type A. thaliana. However, 
segregation analysis of the F2 hybrid offsprings revealed that kanamycin resistant 
plants of some lines did not exhibit GUS activity, whereas other lines did. These 
results showed that the GUS activity and the kanamycin resistance segregated, 
indicating that plants of line 197 contained more than one T-DNA insertion. Since 
several T-DNA insertions were integrated into the plants of line 197 it was 
impossible to conclude that the late-flowering phenotype and the GUS activity 
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observed in the mutant plants was a result of the T-DNA insert in At2g36400 or 
whether it was an affect of another T-DNA insertion.  
 

To conclude whether the mutant phenotype was linked to the gene At2g36400, I 
analysed several T-DNA insertion lines from the Salk Institute (Alonso et al., 
2003). However, the results could not confirm that the late-flowering phenotype 
observed in the plants of line 197 was due to the T-DNA insertion upstream of 
At2g36400. Because of this, we studied another line (197/4) with the same 
ancestors as line 197. This line also exhibited a late-flowering phenotype together 
with a tissue-specific GUS expression. Based on PCR results it was confirmed that 
the plants of line 197/4 did not contain a T-DNA insert upstream of At2g36400. 
Our further investigations were focused on line 197/4. The results derived from 
characterisation of this mutant are described in paper II. 
 

Although it was later revealed that the insertion in At2g36400 did not cause the 
late-flowering phenotype and the GUS activity seen in plants of line 197, we 
reported the prediction of the three-dimensional protein structure of At2g36400 in 
paper I. The results from the structure prediction showed that At2g36400 may have 
a structure similar to a ligand-binding domain of the human retinoic acid receptor 
gamma-2 protein (RRG2). RRG2 belongs to the superfamily of nuclear hormone 
receptors and more specifically functions as a receptor for retinoic acid (Krust et 
al., 1989). Nuclear hormone receptors are ligand-activated transcription regulators 
that are involved in diverse physiological functions such as the control of 
embryonic development, cell division and differentiation (Escriva, Bertrand & 
Laudet, 2004). Further studies of the gene At2g36400, and other members of its 
gene family (AtGRF), have been performed by Kim and co-workers (2003; 2004). 
When analysing single T-DNA insertion mutants for three of the AtGRF genes, 
including At2g36400, Kim, Choi & Kende (2003) found that none of these lines 
exhibited a visible mutant phenotype. However, triple insertional null mutants had 
smaller leaves and cotyledons compared to wild-type plants (Kim, Choi & Kende, 
2003). It was later also concluded that two members of the GRF family act as 
transcriptional activators and that they interact with the coactivator GIF1, 
GRF-interacting factor (Kim & Kende, 2004). According to Kim & Kende (2004), 
GIF1 is a functional homolog of the human synovial sarcoma translocation (SYT) 
protein. A recent study showed that SYT functions as a transcriptional coactivator 
of nuclear hormone receptors (Iwasaki, Koibuchi & Chin, 2005). 
 

Characterisation of a T-DNA-tagged gene of Arabidopsis thaliana 
that regulates gibberellin metabolism and flowering time (II) 
As mentioned previously, plants of line 197/4 exhibited a significant delay in 
flowering time compared to control plants. When analysing the mutant plants by 
histochemical assay for GUS activity it was shown that the activity of the 
promoterless gus reporter gene was expressed predominantly in rapid growing 
tissues such as root tips, stem nodes and shoot apex. To confirm that the plants of 
line 197/4 contained only one T-DNA insertion, a Southern blot analysis was 
performed. Although the results indicated that two T-DNA copies had been 
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integrated into the plant genome, it was verified that these copies were inserted in 
the same position. The integration of several T-DNAs at a common site is a fairly 
frequent event that has been observed by many researchers (Krizkova & Hrouda, 
1998; De Buck et al., 1999; Kumar & Fladung, 2000; Meza et al., 2002). It has 
been proposed that the phenomenon of multiple T-DNA integration can either be 
due to the existence of transient “integration hotspots”, or to the fact that the 
T-DNAs travel together to the insertion point (Tinland, 1996). After the conclusion 
that plants of line 197/4 harbour only one insertion containing two T-DNA copies, 
the plant DNA sequence flanking the T-DNA was identified by an I-PCR cloning 
method. The results revealed that the T-DNA had been inserted in the 3´-UTR of 
At4g20010, 15 bp downstream of the translational termination codon. To analyse 
whether this T-DNA integration actually caused a reduction of the transcript 
steady-state level of At4g20010, a RT-PCR analysis was performed. The results 
showed that the RNA level of At4g20010 was severely reduced in the mutant 
plants compared to wild-type plants. When analysing the steady-state transcript 
level of At4g20010 in different wild-type tissues, it was shown that At4g20010 was 
highly expressed in the shoot apex and in flowers. The expression of At4g20010 
was also fairly high in stems, whereas in roots and leaves its expression was the 
lowest. The expression pattern of the T-DNA tagged gene At4g20010 in wild-type 
plants is similar to that of the gus reporter gene observed in the plants of line 
197/4. Both the promoterless gus reporter gene and At4g20010 were highly 
expressed in the shoot apex. At4g20010 was also highly expressed in flowers, this 
was however not compatible with the results obtained in GUS analysis. The GUS 
histochemical assay revealed no gus activity in the flowers of the plants of line 
197/4, although its activity was observed in the abscission zone of developing 
siliques. Activity of the gus gene was also observed in parts of the stems, leaves 
and roots, i.e. in stem nodes, leaf veins and in root tips. These results are in 
agreement with results obtained from the expression study of At4g20010. The 
expression of At4g20010 was observed in all of these tissues, but its level of 
expression was lower than that observed in the shoot apex. Although the 
promoterless gus reporter gene was inserted in the 3´-UTR of At4g20010 the 
results indicate that the expression pattern of the gus gene reflects the expression 
pattern of At4g20010. 
 

When considering the delayed flowering time in plants of line 197/4 and the fact 
that gibberellin is a plant hormone that regulates growth and controls 
developmental processes such as flowering (Davies, 1995; Ross, Murfet & Reid, 
1997), we hypothesised that the delayed flowering observed in mutant plants was 
due to a disturbance in the GA metabolism. To verify this hypothesis, the plants of 
line 197/4 were treated with exogenous gibberellin and the endogenous levels of 
different GAs were measured. The results indicated that the late flowering 
phenotype was largely repressed by the application of GA3. Similar results have 
been obtained in other GA-deficient mutants (Magome et al., 2004; Alcazar et al., 
2005). The measurement of endogenous GAs showed that the amount of the 
bioactive gibberellin, GA4, was reduced in the mutant plants compared to wild-type 
plants. GA quantification also revealed that GA9 and GA20, the immediate 
precursors of GA4 and GA1, were increased, possibly because of a feedback 
regulation. Low levels of bioactive GAs may trigger an upregulation of the GA 
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biosynthetic genes, which consequently may result in elevated levels of the 
immediate precursors (Hedden & Phillips, 2000). The pattern of GA levels 
observed in plants of line 197/4 is similar to that observed in other GA-deficient 
plants where the decreased levels of bioactive gibberellins are caused by either an 
inhibition of GA3ox or by an overexpression of GA2ox (Talon, Koornneef & 
Zeevaart, 1990; Sakamoto et al., 2001). In order to verify whether the plants of line 
197/4 contained elevated or repressed RNA levels of these genes, I analysed the 
expression of different GA-oxidase genes. The results of this analysis are presented 
in paper III and described below. 
 

As described previously, plants of line 197/4 contain a T-DNA insertion in the 
3´-UTR of At4g20010. At4g20010 encodes a protein that belongs to a family of 
several uncharacterised plant proteins (mainly from A. thaliana) called DUF371 
(Marchler-Bauer et al., 2003). In addition, the protein sequence of At4g20010 is 
similar to a RNA-binding protein (RB38) from Chlamydomonas reinhardtii that 
associates with the 5´-UTR of the chloroplast psbA mRNA (Barnes et al., 2004). 
RB38 contains four repeats that, according to Barnes et al. (2004), might be 
involved in RNA-binding. Some of these repeats were also identified in At4g20010 
and in two of its homologues, At1g31010 and At5g44785. 
 

To verify whether or not the late-flowering phenotype observed in the plants of 
line 197/4 was actually caused by the mutation in the target gene At4g20010, I 
analysed two SALK T-DNA mutants containing insertions in At4g20010 
(SALK_145209) and At1g31010 (SALK_018261). The results showed that the 
flowering time was significantly delayed in the SALK lines compared to wild-type 
plants when grown under short-day conditions. Unlike plants of line 197/4, the 
difference was not that prominent when the plants were grown in long-days. This 
phenomenon might be explained by the difference in ecotype (197/4 are generated 
from the ecotype C24, whereas the SALK lines are derived from Columbia) or by 
the difference in T-DNA localisation. Further characterisation of the SALK 
T-DNA lines and the tagged genes are described in paper III. 
 

At4g20010 and its homologue At1g31010 encode two putative 
nucleic acid-binding proteins involved in regulating flowering 
time in Arabidopsis thaliana (III) 
In our third paper, we report the results of our further studies on the mutant 197/4 
and the SALK T-DNA insertion lines 145209 and 018261. SALK T-DNA lines 
that were homozygous for their respective insertion were identified. RT-PCR and 
Southern blot analysis were performed to confirm the knockout of the T-DNA 
tagged genes and the existence of one T-DNA insertion, respectively. As described 
in paper II, the SALK T-DNA lines flowered later than the wild-type plants when 
grown under short-day conditions. This significant delay in flowering time was 
shown to be completely reversed by the application of GA4. This result is in 
agreement with that observed for the plants of line 197/4. This because, the late-
flowering phenotype observed in the plants of line 197/4 was also largely repressed 
by the application of exogenous gibberellin. In addition to the late flowering 
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phenotype, the SALK T-DNA lines also exhibit other mutant phenotypes. The 
plants of SALK_145209 and especially SALK_018261 showed a wavy leaf 
phenotype. The plants of line SALK_018261 were also relatively smaller than the 
wild-type plants, where some plants were very small.  
 

To determine if the reduced amount of the bioactive GA4 in the plants of line 
197/4 was due to a downregulation of the GA3ox or GA20ox genes, I performed 
RT-PCR. The results showed that there was a significant increase in the steady-
state transcript levels of GA3ox1 and GA20ox1 in plants of line 197/4 compared to 
wild-type plants. This indicates that the reduced amount of GA4 is not due to a 
transcriptional repression of GA3ox1 or GA20ox1. Instead, the increased 
expression of GA3ox1 and GA20ox1 is probably due to a positive feedback 
regulation, where the low level of bioactive GA triggers the upregulation of these 
genes. Increased expression levels of GA3ox1 and GA20ox1 have been reported 
previously in several GA-deficient and GA-insensitive mutants (Xu et al., 1995; 
Cowling et al., 1998; Thomas, Phillips & Hedden, 1999). In the SALK line 
018261 there was also an observed upregulation of GA3ox1 and GA20ox1.  
 

Since it was established that the lower amount of bioactive GA4 in the plants of 
line 197/4 was not due to a transcriptional downregulation of GA3ox1 or GA20ox1, 
we proposed that the decreased level of GA4 could be a result of an increased 
expression of GA2ox. However, when analysing the expression of GA2ox2 there 
was no significant difference in the steady-state transcript level between the mutant 
and the wild-type plants. In plants of line 197/4 there was a slight downregulation 
of GA2ox2, whereas in the SALK line 018261 there was a small upregulation. The 
analysis of the transcriptional steady-state level of GA2ox1 revealed that there was 
a significant increase of GA2ox1 in plants of line 197/4 compared to wild-type 
plants. However, these results were obtained when analysing RNA isolated from 
flowers, and a similar expression result was not obtained from the SALK line 
018261.  
 

To further investigate the functions of At4g20010 and At1g31010, the three-
dimensional structures of the proteins encoded by these genes were predicted by a 
fold-recognition method. The template fold identified for the N-terminal sequence 
of both At4g20010 and At1g31010 was a single stranded DNA-binding protein. 
The single stranded-binding proteins belong to the superfamily of nucleic acid-
binding proteins and this group also contains the RNA-binding proteins (all contain 
an OB-fold). Considering the results obtained from the structure prediction and the 
fact that both At4g20010 and At1g31010 contain putative RNA-binding motifs in 
their C-terminal sequences, we believe that the proteins encoded by the At4g20010 
and At1g31010 genes are putative RNA-binding proteins. Several genes within the 
flowering pathway have been shown to encode RNA-binding proteins, including 
FCA, FLK and FPA, all of which promote flowering by repressing FLC 
(Macknight et al., 1997; Schomburg et al., 2001; Lim et al., 2004).  

 
If At4g20010 and At1g31010 encode RNA-binding proteins, they may regulate 

GA metabolism at the post-transcriptional level. Based on our results obtained 
from the GA measurement and the expression studies of the GA-oxidase genes we 
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postulate that At4g20010 function as a positive regulator of GA3ox at the post-
transcriptional level or act as a negative regulator of GA2ox.  
 
 

Conclusions 

By using T-DNA tagging and in vivo gene fusion I have identified two genes, 
At4g20010 and its homologue At1g31010, involved in regulating flowering time in 
A. thaliana. Expression studies and GUS histochemical analysis revealed that 
At4g20010 is mainly expressed in rapid growing tissues such as root tips, shoot 
apex, flowers and stem nodes. Plants with reduced steady-state transcript levels of 
either At4g20010 or At1g31010 exhibit a late-flowering phenotype that can be 
largely repressed by the application of gibberellin. In addition, plants with an 
insertional mutation in At4g20010 contain reduced amount of the bioactive 
gibberellin GA4 compared to wild-type plants. This suggests that the late-flowering 
phenotype observed in the mutant plants is a result of a decreased level of GA4. 
However, this reduction is not due to a transcriptional repression of the GA-
biosynthetic genes GA3ox1 or GA20ox1, since their expressions were increased in 
the mutant plants.  
 

By using bioinformatic tools, it was revealed that the protein sequences encoded 
by At4g20010 and At1g31010 contain RNA-binding motifs in their C-terminal 
sequences. A protein structure prediction by a fold recognition method indicated 
that the N-terminal sequences of both At4g20010 and At1g31010 have a three-
dimensional structure resembling a nucleic acid-binding protein. Based on these 
results obtained in silico in combination with the results from the experimental 
studies, we postulate that At4g20010 and At1g31010 encode two RNA-binding 
proteins that are involved in regulating flowering time in A. thaliana by affecting 
the metabolism of GA. This can be possible either by a positive regulation of 
GA3ox at the post-transcriptional level or by a negative regulation of GA2ox. 
 

A three-dimensional protein structure prediction by fold recognition revealed 
that the At2g36400 encoded protein might have a structure similar to a ligand-
binding domain of the nuclear hormone receptor RRG2, and it acts as a 
transcriptional regulator. 
 
 
Future perspectives 

In my thesis, I present the identification and characterisation of two genes, 
At4g20010 and At1g31010, which are believed to encode RNA-binding proteins 
involved in regulating GA-metabolism. However, experimental studies will be 
needed in order to conclude that these proteins actually bind RNA. An example of 
a method that could be applied to address this is the gel mobility shift assay. This 
method would tell us if the proteins bind a specific RNA. However, another 
method like the yeast three-hybrid system (Sengupta, Wickens & Fields, 1999) 
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could be performed in order to identify which RNA, if any, the proteins bind. 
Results from this type of experiments may show whether or not the proteins of 
At4g20010 and At1g31010 interact with RNA encoding the GA-biosynthesis 
enzymes GA3ox or GA2ox, or if the possible regulation of these proteins is 
indirect. Part of this work has been initiated; I have expressed, isolated and 
purified the protein encoded by At4g20010. 
 

To further confirm that At4g20010 and At1g31010 are involved in regulating the 
flowering time in A. thaliana, the genes could be transferred back in sense 
orientation to the late-flowering mutants in order to analyse whether or not 
flowering time is restored. The genes could also be overexpressed in Arabidopsis 
or some economically or ornamentally important plants to analyse if an increased 
transcription of At4g20010 or At1g31010 enhances the flowering time. Plants 
containing null mutations in both At4g20010 and At1g31010 could also be 
analysed to see if a more severe mutant phenotype arises. Plants containing the 
double mutations have been produced, but homozygous plants for both of these 
mutations, at the time of writing this thesis, have not yet been analysed. To further 
investigate the connection between the late-flowering phenotype and the lowered 
amount of bioactive GA4, the endogenous GA levels could be measured in all of 
the above described transgenic plants. 
 

To analyse whether the lowered amount of the bioactive GA4 in the T-DNA 
tagged mutant is a result of a decreased activity of GA3ox or an increased activity 
of GA2ox, a GA-supplementation experiment could be performed. The mutant 
phenotype could be studied after the application of the immediate precursor of 
GA4, namely GA9, in the mutant plants. If the late-flowering phenotype would not 
be restored after the treatment, it could be concluded that the reduction of GA4 in 
the mutant plants is probably due to a decreased activity of GA3ox. This would 
strengthen the hypothesis that At4g20010 acts as a positive regulator of GA3ox 
and in that way regulates GA biosynthesis. Another way to analyse whether it is the 
reduced activity of GA3ox or the increased activity of GA2ox that causes the 
reduced amount of GA4, would be to compare the protein levels of GA3ox and 
GA2ox between wild-type and mutant plants. 
 

In a future perspective it would also be of interest to analyse whether the activity 
of other flowering-time genes such as FLC, FT, LFY and SOC1 are affected in the 
mutant plants. I believe that the best way to obtain an overall picture of which 
genes are affected in the mutant plants would be to perform global gene expression 
analysis by means of microarrays. 
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