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Propositions 

1- Nature, as an abundant source of different life aspects, can be studied in many 
different ways. The geneticists succeeded to use the "natural" genetic variation in 
order to analyze the function of different genes. 
This thesis; Alonso-Blanco and Koornneef, M. (2000), Trends in Plant Science 5, 22-29 

2- The possibility of generating populations segregating for only one gene 
(Mendelizing), allows efficient molecular analysis of individual QTL. 
This thesis; Alonso-Blanco and Koornneef, M. (2000), Trends in Plant Science 5, 22-29 

3- The natural genetic variation detected as QTL can be due to a single amino acid 
change. 
This thesis 

4- Genetic variation for photoreceptors may be present within a species and may play 
a role in its adaptation to a specific ecological environment. 
El-Assal et al, 2001 Nature Genetics 29, 435-440; Maloofet al, 2001 Nature Genetics 
29, 441-446; Pepper et al, 2002 Plant, Cell and Environment 25, 591-600 

5- The photoperiod and autonomous pathways of flowering show interaction not 
only at the level of the downstream target genes. 
This thesis 

6- Photoperiod responses may be controlled through the effect on protein stability of 
the regulatory proteins. 
This thesis 

7- Variation in nature, which may reflect adaptation to specific environments may be 
relevant for plant breeding, because also varieties require an adaptation to specific 
ecological environments. Therefore, they can help in the identification of 
agronomically important genes. 

8- Also the Egyptian pharos already used the laws of nature in building the Giza 
pyramids. 

Propositions accompanying the thesis: "A genetic and molecular analysis of flowering 
time in Arabidopsis thaliana using natural variation" by Salah El-Din S. M. El-Assal, 
Wageningen, May 7, 2002. 



In memory of my parents 

To my wife and my daughters 



Contents 

Chapter 1 General introduction 
Genetic control of flowering time in Arabidopsis 7 

Chapter 2 Analysis of natural allelic variation at flowering time loci 
in the Landsberg erecta and Cape Verde Islands ecotypes 
of Arabidopsis thaliana 33 

Chapter 3 A QTL for flowering time in Arabidopsis reveals a novel 
allele of CR Y2 63 

Chapter 4 The role of cryptochrome 2 in flowering in Arabidopsis 79 

Chapter 5 General discussion 111 

References 121 

Dutch summary 133 

Curriculum vitae 137 

Acknowledgements 13 9 

Arabic summary 



Chapter 1 

General introduction 

Genetic control of flowering time in Arabidopsis 



General introduction 

Arabidopsis, the model for plant research 

Arabidopsis thaliana (L.) Heyhn. is a small weed plant belonging to the mustard 

family (Brassicaceae or Cruciferae). The species can be found in nature almost 

everywhere in the Northern Hemisphere in ruderal sites, such as sandy patches along 

roads etc. Arabidopsis has been found from sea level up to high in the Himalayas and 

from northern Scandinavia to Africa, including the Cape Verde Islands at 16 latitude. 

It also grows in North America, probably following introduction from Europe. 

Arabidopsis was first suggested as a suitable model for plant biological 

studies, and especially genetics, in the 1940s, because of its small size, its self-

fertilization habit and the short generation time of many accessions (isolates), which 

are often called ecotypes in Arabidopsis (Meinke et al., 1998). In greenhouse or in 

climate chamber conditions, 6-8 weeks is sufficient time to complete the entire life 

cycle from germination until seed set for many of the laboratory accessions. 

Furthermore, Arabidopsis has one of the smallest genomes among higher plants, 

approximately 130 megabase in size, divided over 5 chromosomes, which is now 

completely sequenced (Arabidopsis Genome Initiative, 2000). These factors and the 

ability to efficiently transform the plants, have made it the favorite plant model for 

molecular genetic studies to date. The Arabidopsis genome is estimated to contain 

-25000 protein-coding genes, of which it is thought that nearly 40% have unknown 

cellular roles, and only - 5% have an established phenotypic function on the basis of 

mutant phenotypes. 

Two different sources of genetic variation can be used for the functional analysis 
of Arabidopsis genome 

Currently, the functional analysis of Arabidopsis genes and the dissection of complex 

traits are based largely on the phenotypic characterization of mutants selected by 

forward and reverse genetics from three rapid-cycling laboratory accessions: 

Landsberg erecta (Ler), Columbia (Col) and Wassilewskija (Ws) (Meinke et al., 

1998). The possibility of identifying genotypes with an insertion in a gene of known 

nucleotide sequence, independently of the presence of a phenotype is called reverse 

genetics, and has led to large-scale projects for disrupting most of the Arabidopsis 

genes (Meinke et al., 1998). 
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As an alternative to generating laboratory-induced mutants, another source of 

genetic variation can be found among and within naturally occurring populations of 

Arabidopsis which are collected from different geographical regions (Redei, 1970; 

Alonso-Blanco and Koornneef, 2000; Barton and Keightley, 2002). This geographic 

distribution embraces substantial variation in growth environments, hence, phenotypic 

variation among accessions is expected to reflect genetic variation that is important 

for adaptation to specific conditions. Considerable variation has been found for 

potentially adaptive traits, such as: 

• Resistance to biotic stresses, including insects, fungi, bacteria and viruses 

(Kunkel, 1996). 

• Tolerance to abiotic stress parameters, such as high temperature, freezing, 

drought, heavy metals, carbon dioxide and ozone (reviewed by Alonso-Blanco 

and Koornneef, 2000). 

• Developmental traits, such as flowering time (Jansen et al., 1995; Mitchell-Olds, 

1996; Alonso-Blanco el al., 1998b), plant size (Li et al., 1998), seed size (Alonso-

Blanco et al., 1999), trichome number and distribution (Larkin et al., 1996). 

• Physiological traits, such as seed dormancy (Kugler, 1951), phosphate uptake 

(Krannitz et al., 1991), and water-use efficiency (Nienhuis et al., 1994). 

• Biochemical traits, such as glucosinolate (Kliebenstein et al., 2001), seed 

oligosaccharide (Bentsink et al., 2000), epicuticular wax composition (Rashotte et 

al., 1997) and several enzymatic activities (Mitchell-Olds and Pedersen, 1998). 

Mapping loci from quantitative variation 

In contrast with the commonly studied mutants, which provide qualitative (discrete) 

variation, most of the variation among accessions is of a quantitative nature because 

of the effects of allelic variation at several loci (multigenic inheritance), which, 

combined with the environmental effect determines a continuous phenotypic 

distribution of the trait in segregating populations. The genotype at these loci cannot 

be directly known from the single phenotypic value of a plant determined by the 

various loci and the environment, but this can be inferred indirectly from linked 

marker loci. The detection and location of the loci underlying this quantitative 

variation, which are called Quantitative Trait Loci (QTL) requires first the generation 

of a segregation population and its characterization for molecular markers to obtain a 
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genome-wide genetic map. Secondly, after scoring the trait(s) of interest, associations 

between the molecular genotypes and the phenotypes of the trait are searched by 

means of specific statistical methods. The number of QTL detected and the accuracy 

of their map position and effect estimates depends, among others, on the overall 

heritability of the trait, the magnitude and location of the QTL and the amount of 

observed recombination in the segregating population (Kearsey and Farquar, 1998; 

Doerge, 2002). In addition, it is affected by the following manipulable experimental 

parameters: 

• Size and type of mapping population. 

• Coverage of the molecular genetic map. 

• Statistical QTL mapping method employed. 

Comparison of map positions among the QTL identified and the mutant or 

genes known to affect a trait have indicated that some of the QTL correspond to loci 

of previously unknown function (Van der Schaar et al., 1997; Swarup et al., 1999). In 

particular, the identification of loci at novel map positions has allowed the 

identification of new function loci for traits that are not exhaustively analyzed and for 

which only a few mutants have been previously isolated. 

To characterize an individual QTL it must be separated from the rest of the 

segregating loci. To achieve this genotypes should be obtained that will give rise to 

monogenic segregation in subsequent progenies. Commonly, this process is referred 

to as "Mendelization" of a QTL. The "Mendelization" of a QTL is best accomplished 

by constructing near-isogenic lines (NILs), ideally differing only for the alleles in a 

small genomic region spanning a few cM around the QTL of interest. Once NILs with 

monogenic segregation are obtained, their comparison enables the phenotypic and 

genetic characterization of a QTL in a similar way to that performed with mutants. 

The molecular characterization of alleles responsible for the naturally occurring 

variation requires that the respective genes are cloned. Isolation of these loci can be 

achieved mainly by using chromosome walking approaches, which, with the 

availability of the complete physical map of large genomic inserts {Yeast Artificial 

Chromosomes (YACs) and Bacterial Artificial Chromosomes (BACs) and the 

complete nucleotide sequence of the five linkage groups has become a routine 

procedure in Arabidopsis (Lukowitz et al., 2000). 

In the past few years, several genes involved in disease resistance have been 

isolated using the existing variation among accessions (Kunkel, 1996). 

10 
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The transition to flowering 

The analysis of flowering time variation in the naturally late-flowering accessions has 

complemented the mutagenic approach to genetically dissect this, particularly in 

identifying repressors of the floral transition. A number of genes FRIGIDA (FRI), 

Flowering Locus C (FLC), and quantitative trait loci (QTL) that are not represented 

in 

' ~- s in 

y' >. sex 
phyA 

- . - gai 

c j f j 

? f s spy 

BSD 
gi 

' Ncam 

- -Lfpa 

HUB 

igi jg 

I E - l -hy4 
MWH 

deil 

tedl 
vrn2 

. esc!4 
fca 

MIWB1 
ebs 
fwa 

fd 

pgm 

fe 

Figure 1-1. Arabidopsis genetic map showing the mutant loci and different flowering time QTLs. Loci 
in black are the late, while in grey are the early flowering mutants. FLC, FRI and ART loci identified 
from the natural populations, and are indicated with white boxes. Black and grey boxes represents the 
approximate position of putative QTLs identified in different crosses; DFF1-2, QTLs in a 
Hannover/Miinden F2 population; RLN1-5, QTLs in a Ler x H51 F2/F3 population; QLN1-12 in Ler x 
Col RIL population; FDR 1-2 in the same Ler x Col RIL population; QTL 1-7 in a backcross to 
Limburg-5, with selective genotyping, from Fl Limburg-5, with selective genotyping, from Fl 
Limburg-5 x Naantali; EDI, FLF, FLG and FLH in a Ler x Cape verde Island (Cvi) RIL population. 
(Adapted from Koornneef et al., 1998b). 
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the mutant collections have been identified using this approach (reviewed in 

Koornneefetal., 1998b, see Fig. 1-1). 

Arabidopsis thaliana has a distinct vegetative phase during which the shoot apical 

meristem (SAM) produces lateral meristems that develop into leaves subtending an 

axillary bud. The nodes do not elongate, resulting in the formation of a rosette. 

Flowering transition is marked by the establishment of a floral fate in these 

meristems, which replaces leaf identity of the meristem by floral identity. A bi­

directional development has been shown in this transition, with flowers being initiated 

acropetally. After floral initiation and following a basipetal direction, the axillary buds 

of the leaf primordia mostly develop into secondary shoots, which are also called 

paraclades or co-florescences (Hempel and Feldman, 1994). In specific genotypes, 

they replicate the fate of the vegetative meristems by forming axillary rosettes. 

Following the fate changes of these lateral meristems, internode elongation takes 

place (bolting). The elongated stem or inflorescence bears cauline leaves at higher 

internodes. The part of the inflorescence with leaves, which was called early 

inflorescence (Haughn et al., 1995), should be considered as part of the vegetative 

phase. As a consequence of this, total leaf number together with time to flowering are 

the best quantitative parameters to monitor flowering initiation. 

Arabidopsis is a facultative long-day (LD) plant, which means that plants 

flower earlier under LDs than under short days (SDs), but a LD treatment is not an 

absolute requirement for flowering. When plants of the commonly used early 

laboratory genotypes are of sufficient age and have achieved competence for 

flowering, one LD is sufficient to induce flowering (Corbesier et al., 1996; Hempel et 

al., 1997). This treatment has been used to monitor the morphological (Hempel and 

Feldman, 1995) and molecular changes (Hempel et al., 1997) involved in the 

transition of the meristems. 

The photoperiodic control of flowering is thought to be mediated by a 

mechanism that measures the length of the daily light period and might involve the 

interaction with photoreceptors, such as phytochrome and cryptochrome, and a clock 

mechanism or circadian rhythm. Photoreceptors play a role in setting the phase of the 

circadian rhythm, but they can also affect flowering directly, thereby involving light 

quality in the control of this process. Blue (B) light and far-red (FR) light are known 

to be more effective in promoting flowering than red (R) light (Brown and Klein, 

1971; Eskins, 1992). Besides, the sensitivity of plants to light quality itself depends on 

12 
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a circadian rhythms (Lin, 2000). Nevertheless, light is not a prerequisite for flowering, 

since flowering occurs rapidly in complete darkness when sufficient carbohydrates are 

provided to the growing shoot meristem (Roldan et al., 1999). A higher irradiance 

also promotes flowering probably by its effect on carbohydrate supply (Bagnall, 1992; 

King and Bagnall, 1996). 

Another important treatment promoting flowering is vernalization, which is a 

transient exposure to low temperatures. The effectiveness of vernalization depends on 

the stage of the plant, the length of the treatment and the temperature employed 

(Napp-Zinn, 1969). Furthermore, an increase in temperature also affects flowering as 

measured not only by flowering time but also by leaf number (Araki and Komeda, 

1993), which should correct for temperature effects on growth. 

Moreover, many chemical treatments have been shown to promote flowering 

(Martinez-Zapater et al., 1994) of which the application of gibberellins (GAs) (Wilson 

et al., 1992; Blazquez et al., 1998) and base analogues (Martinez-Zapater et al., 1994) 

has attracted most attention, because of their relatively large effects. 

Genes regulating the floral transition through different pathways 

A summary of genes considered to play a role in flowering time control, identified 

using the genetic variation present among naturally occurring ecotypes that vary in 

flowering time and induced mutations that result in either early or late flowering, has 

been recently compiled (Levy and Dean, 1998). Taken together, there are currently 

about 80 genes and loci in Arabidopsis known to affect flowering time. Mutations at 

these loci are either specific for flowering because no pleiotropic effects have been 

described or affect several responses including flowering timing. Examples of the 

latter are photoreceptor, plant hormone and carbohydrate mutants. 

The study of how flowering time mutants respond to the environmental 

treatments, such as vernalization and photoperiod, has shown the existence of multiple 

pathways that control flowering time in Arabidopsis (Martinez-Zapater et al., 1994; 

Koornneef et al., 1998a; Simpson et al., 1999), summarized in Figure 1-2. The 

photoperiod promotion pathway integrates daylength into the flowering decision 

through a series of genes that sense and respond to the regular day-to-night transition. 

The vernalization pathway promotes flowering in many late-flowering ecotypes in 

response to an extended period of cold temperature. It is now known that the role of 

13 
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this pathway is to suppress FLC expression, which is a floral repressor (Sheldon et al., 

1999; Michaels and Amasino, 1999a, 2000). The repression of FLC is inhibited by a 

number of genes that represent the so-called autonomous pathway. The mutants in 

these genes flower late in LDs and SDs, and have an increased sensitivity to 

vernalization. In Arabidopsis, mutants defective in gibberellin (GA) biosynthesis 

flower late, especially in SD. 

Photoperiod 
promotion 

pathway 

Daylength 
perception 

CRY2 

Autonomous 
promotion 

pathway 

iMlliiitiitc1' 

Vernalization 
promotion 

Cold 
perception 

CO FLC 

V X 1 
'"ISP 

FT SOC1 

FRI 

LFY 

GA pathway 

Floral meristem 
identity genes 

Floral development 

Figure 1-2. A model representing the genetic interaction between the different flowering time genes. 
Different groups of genes have been grouped according to their genetic and physiological behaviour, 
are shown in boxes, pathways are indicated. "->" denote a promotive effect; "±" depicts inhibitory 
effect. 
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The genetic analysis of the epistatic relationships between GA mutants and 

other flowering time mutants showed that those GA mutants promote the flowering 

time through a separate promotion pathway than the others (Blazquez et al., 1998; 

Reeves and Coupland, 2001). 

The final players are genes such as SUPPRESSOR OF OVEREXPRESSION 

OF CO I (SOC1) and FLOWERING LOCUS T (FT), that integrate the various 

pathways and induce the expression of meristem identify genes such as such as 

LEAFY (LFY) and APETALA1 (API) (Weigel, 1995). As floral induction pathways act 

upstream of these genes in the initiation of flowering, constitutive expression of 

meristem-identity genes might bypass the requirement for these upstream flower-

inducing pathways. Hereafter the various pathways are described in more detail. 

The vernalization promotion pathway 

Vernalization is a long cold temperature treatment that accelerates flowering in many 

species. Naturally occurring late-flowering accessions of Arabidopsis and in mutants 

of the autonomous promotion pathway (Wilson and Dean, 1996) respond strongly to 

this treatment in contrast to the early accessions her and Col. 

Two genes, FRI and FLC interact to create the winter annual habit in 

Arabidopsis and both genes have recently been cloned. The FLC gene encodes a 

MADS-domain-containing transcription factor (Michaels and Amasino 1999a; 

Sheldon et al., 1999). FRI encodes a protein without significant identity to proteins of 

known function (Johanson et al., 2000), and promotes expression of FLC. Early-

flowering, wild-type laboratory strains such as Col are fri null mutants (Johanson et 

al., 2000) in which FLC expression is hardly detected (Michaels and Amasino 1999a; 

Sheldon et al., 1999). In the presence of FRI or with an autonomous pathway 

mutation, FLC mRNA levels are up-regulated. Vernalization down-regulates FLC 

expression, which low level of expression is maintained after the plants have been 

transferred to normal temperatures. The strong negative correlation between FLC 

transcript levels and flowering suggests that the cause of the late-flowering in the non-

vernalized genotypes is the elevated level of FLC, acting as a floral repressor, which 

is confirmed by the observation that over-expression of FLC very much delays 

flowering (Sheldon et al., 2000). 

However, because after 60 days of cold exposure in short days, flc-null 

mutations flowered with fewer than half the number of leaves as non-cold-treated 
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plants they still show a clear vernalization response. Thus down-regulation of FLC 

does not totally account for the vernalization response (Michaels and Amasino, 2001) 

in Arabidopsis. 

The VERNALIZATION (vrnl and vrn2) mutants were isolated on the basis of 

their reduced vernalization response in the late flowering vernalization-responsive 

fca-1 mutant background (Chandler et al., 1996). The VRN2 gene was found to 

encode a nuclear enc-localized zinc finger protein with similarity to Polycomb group 

proteins and apparently functions by maintaining the low level of FLC expression, 

because in the fca-1 vrn2 double mutant FLC expression increases again when the 

plants are returned to normal; temperatures, whereas these levels remain low in the 

vernalized fcal mutant. (Gendall et al. 2001). 

The autonomous promotion pathway 

This pathway is represented by a group of mutants at six loci, fca, fy, fpa, fve, Id and 

fid, that flower late in LDs and SDs and the late flowering phenotype can be 

suppressed by either vernalization treatment or light conditions with a low red to far-

red photon ratio. These genes function in the so-called autonomous pathway, which in 

early accessions is functionally redundant with the vernalization pathway. The 

severity of the late-flowering phenotype of these mutants is affected by the genetic 

background in which they were isolated: Id (Lee et al 1994a) and fid (Sanda and 

Amasino, 1996b) appear only late in backgrounds bearing a strong FLC allele. 

The FCA gene has been cloned (Macknight et al., 1997), and encodes a protein 

with two copies of a well-characterized RNA-binding domain, the so-called RNP 

motif (Macknight et al., 1997). FCA also contains a WW protein-protein interaction 

domain. Interestingly, FPA, which was recently cloned by Schomburg et al., ( 2001) 

encodes also a protein bearing RNP motifs. The presence of RNA-binding domain in 

these two proteins raises the possibility that post-transcriptional events figure largely 

in the autonomous promotion pathway. 

LUMINIDEPENDENS (LD) gene was the first flowering time gene to be 

cloned (Lee et al., 1994a) and encodes a homeodomain containing protein. The 

expression analysis of both FCA (Macknight et al., 1997) and LD ( Aukerman et al., 

1999) reveals a pattern that is not restricted to the SAM around the time of floral 

induction. 

16 
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In the double mutants that combine autonomous pathway mutants and they7c-3 

null allele, the late-flowering phenotype of autonomous pathway mutations was 

completely eliminated, except in fpa where the double mutants was slightly later 

flowering (Michaels and Amasino, 2001). Thus, FCA, FPA, FVE, and LD are likely to 

act upstream of FLC and promote flowering by inhibiting FLC expression. 

The flowering time of non-autonomous pathway mutants (co, gi and socl) was 

unaffected by FLC and these genes are likely to act in pathways that are downstream 

or independent of FLC (Michaels and Amasino, 2001). 

The gibberellin (GA) promotion pathway 

In Arabidopsis, signaling mediated GA appears to play a promotive role in flowering 

that is particularly apparent under non-inductive SD photoperiods, where the 

gibberellin deficient gal-3 mutant does not flower unless provided with GA (Wilson 

et al., 1992), and the gibberellin-insensitive (gai) mutant flowers very late. 

Furthermore, spy, a mutant that exhibits constitutive GA-mediated signal 

transduction, flowers early (Jacobsen and Olszewski 1993), as do plants constitutively 

expressing FPF1, a gene that appears to be involved in GA-mediated signal 

transduction or responsiveness to GAs (Kania et al., 1997). 

The results of epistatic analyses with the gal-3 mutant deficient in GA 

biosynthesis, combined with mutants in the photoperiod (Putterill et al., 1995) or the 

autonomous promotion pathway (Reeves and Coupland, 2001) are consistent with 

GAs functioning in a pathway that is separate from both of photoperiod and 

autonomous promotion pathways. 

To test whether GAs are required for the vernalization response, plants 

containing gal-3 FRI FLC plants were grown in LD with and without a 45-day cold 

treatment. Without cold treatment, the gal-3FRI FLC line eventually senesced 

without flowering after 10 months and after forming more than 100 rosette leaves. 

However, after the cold treatment the gal-3 FRI FLC plants flowered at the same time 

than the gal-3 monogenic mutant, demonstrating that the late-flowering phenotype of 

FRI and FLC is eliminated by vernalization also in the gal-3 background (Michaels 

and Amasino, 1999b). The authors explained the inability of vernalization to promote 

flowering in the Arabidopsis gal-3 mutant in SD by assuming that the block of 

flowering in SD is too strong to be overcome by vernalization (Michaels and 

Amasino, 1999b). 

17 
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In order to understand the role of GAs in activation of the LFY gene, Blazquez 

et al., (1998) analyzed the activity level of LFY promoter and recorded that it was 

lower in gal mutants, and that its up-regulation by LDs is delayed. In contrast, LFY 

activity is slightly higher in a spy mutant grown in SDs, correlating with an 

acceleration of flowering. Moreover, a 35S/.LFY transgene was also found to partly 

rescue flowering in gal mutant plants in SDs. Thus GA promotes flowering in 

Arabidopsis at least in part by activating LFY expression. 

Thephotoperiodpromotion pathway 

Martinez-Zapater et al., (1994) have placed a group of mutants that flower late in LDs 

but that are not significantly delayed by SDs, in the photoperiod promotion pathway. 

This group of mutants includes co, gi andfha, and these genes mediate the promotion 

of flowering caused by LD photoperiods. CONSTANS (CO) encodes a putative 

transcription factor (Putterill et al. 1995) that mediates between the circadian 

oscillator and activation of the flowering-time gene FT (Siiarez-Lopez et al., 2001). 

The signals generated by the circadian clock are believed to affect the expression of 

downstream genes that operate in the photoperiod operation in the photoperiod 

promotion pathway including GI and CO. 

Plants that over-express CO in combination with gi mutants are early and show that 

GIGANTEA (GI) acts upstream of CO (Pineiro and Coupland 1998). 

The transcription of GI, which has recently been cloned (Fowler et al., 1999; 

Park et al., 1999), is controlled by the circadian clock, since the analysis of the GI 

transcript levels continued to cycle in a similar phase under LL and DD, (Fowler et 

al.,1999). The effect of gi mutations on two clock-associated genes, CCA1 and LHY, 

have been tested, and the circadian expression pattern of both genes were altered in 

both gi-1 and gi-2 mutants. Although, the cyclic expression of the GI transcript shows 

that it is also under circadian control, it is unlikely that GI is a central oscillator 

component because the putative null mutation (gi-2) does not abolish rhythmicity, but 

alters period and reduces amplitude (Park et al., 1999). 

Since CRY2 was found to be the product of the FHA gene (Guo et al., 1998), 

cryptochromes were shown to be involved in photoperiodic promotion. Plants 

overexpressing CRY2 flowered earlier than wild type and had increased levels of CO 

mRNA, suggesting that blue light promotes flowering via cry2 and CO (Guo et al., 

1998), and cry2 is a positive regulator of CO expression in response to photoperiod. 
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However, Siiarez-Lopez et al. (2001) tested further the relation between CO and cry2 

using both the cry2-l mdflia-1 alleles and testing them in extended LD, SD as well as 

true LD, and found that CO mRNA abundance was similar in the mutants and the 

wild type. Nevertheless, 35S::COJha-l plants flowered at the same time as 35S..CO, 

indicating that overexpression of CO corrects the delay of flowering due to the fha-1 

mutation. 

Genes promoting the floral transition in the downstream part of the floral induction 
pathway 

A group of late-flowering mutants that are not vernalization responsive, have recently 

been shown to act in the downstream part of the floral-induction pathway and the 

respective genes partially integrate the various pathways. They act downstream of 

FLC (autonomous pathway) and CO (photoperiodic pathway), and function to activate 

directly the meristem identity genes. This group of mutants includes ft, fwa and socl 

and probably also/e &n&fd. The ft, fd, and/e mutants are all recessive, suggesting that 

they normally function to promote the flowering. 

FT was cloned by T-DNA tagging (Kardailsky et al., 1999; Kobayashi et al., 

1999), and found to encode a protein with pronounced similarity to the meristem 

identity gene, TFL1 (Bradley et al., 1997). Despite their similarity, TFL1 and F^have 

opposing functions, with TFL1 repressing and FT promoting flowering. FT mRNA 

was present at higher abundance in 35S::CO plants than in the wild type. The 

requirement for FT and LFY in the early-flowering phenotype of 35S::CO was tested 

genetically. A severe Ify mutant allele (lfy-6) did not delay reproductive development 

of 35S::CO plants, whereas/? mutations caused a significant delay (Samach et al., 

2000). FT is therefore required for the extreme early flowering of 35S::CO plants. 

These findings suggest that FT, but not LFY, is an early target gene of CO. 

FWA has been cloned and found to encode a homeodomain protein, which is 

not expressed in wild type due to methylation at its 5' end (Soppe et al., 2000). 

Increased expression of FWA in the fwa mutants leads to late flowering. Genetic 

analyses have placed FWA in the epistatic group of genes that promote flowering 

through the photoperiodic promotion pathway. In particular, fwa appeared fully 

epistatic to ft, since the double mutant fwa ft does not flower later than the single 

mutants (Koornneef et al., 1998a). Moreover, the expression pattern of FT m an fwa 

mutant background and in wild-type plants is similar, suggesting that FWA functions 

19 



General introduction 

downstream of FT (Kardailsky et al., 1999; Kobayashi et al., 1999) acting as a 

suppressor of FT function. 

Epistatic analysis by Ruiz-Garcia et al (1997) demonstrated that when ft oxfwa 

were combined with Ify, the severity of meristem identity defects was significantly 

enhanced, indicating that/J zndfwa function in a parallel pathway to Ify to activate 

other meristem identity genes. 

A gene encoding a MADS-box transcription factor that was first designated 

AGAMOUS-LIKE 20 (AGL20) and later renamed SUPPRESSOR OF 

OVEREXPRESSION OF CO 1 {SOC1), plays a critical role in integrating the CO and 

vernalization (FLC mediated) pathways. The socl mutation partially suppresses the 

early-flowering phenotype caused by 35S::CO. SOC1 expression responds to long 

photoperiods in wild-type plants. SOC1 mRNA was not detected in sections of the 

shoot apex of plants grown under SD, but was present in the shoot apical meristem 

and leaf primordia 16 hours after the shift to continuous light (Samach et al., 2000). 

This response is similar to that of mustard MADS A gene, which is the Sinapis alba 

homologue of SOC1 (Borner et al., 2000). These results, taken together with the 

findings of induction of SOC1 by glucocorticoid induced CO expression (in the 

35S::CO:GR transgenic plants) and partial suppression of the 35S::C0 phenotype by 

the socl mutation, demonstrated that CO promotes flowering in part through 

activation of SOCl (Samach et al., 2000). SOC1 and FT are both regulated by the 

autonomous pathway, as was shown by the analysis of the expression of both genes in 

the fca-1 mutant and CO overexpression backgrounds (Samach et al., 2000). The 

abundance of SOCl mRNA was reduced in a 6- and 13 -day-old fca-1 mutants 

relative to the wild type, and it was reduced to a similar extent infca-1 35S..CO plants 

relative to 35S::CO plants. FT expression was also reduced by fca-1, but less extreme 

than for SOCl. 

The classification of FD and FE in this group is less clear because they are not 

fully epistatic to CaMV35S:: LFY in contrast toft mdfwa. Because these genes have 

only been cloned recently (C. Alonso-Blanco and T. Araki personal communication), 

their expression in various genetic backgrounds has not yet been reported. In addition 

LFY expression is down-regulated and delayed in fd in contrast to ft, fwa, and wild 

type Arabidopsis (Nilsson et al., 1998). 

Floral meristem identity genes 
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The decision to flower involves a dramatic change in plant architecture, which is 

governed by the interplay of genes that promote shoot identity, such as TFL1 and 

TFL2 and those that promote floral identity, such as LFY. These genes are at the 

border between flowering time and meristem identity, and mutations in these genes 

affect both processes. For instance, tfll mutations confer early flowering and 

premature transformation of the shoot meristem into a flower, and a reduction in LFY 

activity causes delayed flowering and inability to form normal flowers. The similar 

phenotype of tfll and tfl2 coincides with an increased expression of FT in both 

mutants (Kardailsky et al., 1999), suggesting that the effect of the wildtype TFL 

alleles is suppression of FT expression. 

Mutants in the LFY gene result in the conversion of first formed flowers into 

shoot-like structures subtended by a leaf. Later primordia form more flowers-like 

structures but these lack petals or stamens (Weigel et al., 1992). Over expression of 

LFY (35S..LFY) causes early formation of determinate floral meristems (Weigel and 

Nilsson, 1995), indicating that LFY is sufficient to determine floral fate. 

UNUSUAL FLORAL ORGANS (UFO), is another meristem identity gene. 

UFO carries a functional F-box, indicating that it is involved in the targeting of other 

proteins, possibly transcription factors, for ubiquitin-mediated degradation (Lee et al., 

1997). The ufo mutations cause phenotypes that are similar to those caused by partial 

loss-of-function Ify alleles. Over-expression of UFO does not rescue the Ify mutant 

phenotype, thus indicating that UFO does not act as a simple mediator between 

meristem and floral organ identity genes (Lee et al., 1997). 

The apl mutation results in the formation of shoots at the first few positions 

normally occupied by flowers, with later-forming primordia producing flowers, with 

no petals or petals that are either leaf-like or stamenoid, and containing secondary 

flowers in the axils of the outer organs (Bowman et al., 1993). The double mutant Ify 

apl shows a much more sever phenotype than either Ify or apl single mutants, with 

shoot-like structures formed at almost all the primordia (Bowman et al., 1993; Weigel 

et al., 1992). This demonstrates that LFY and API have partially redundant functions. 

Simon et al. (1996), have applied dexamethasone treatments that induce CO 

expression by activation of the glucocortinoid receptor in CO.GR plants to test the 

effect of CO expression on API and LFY transcription and compared this with the 

effect of exposing wild-type plants to LDs. As expected, transcripts of API, LFY and 

TFL were absent from time-zero control plants. The transcripts of LFY and TFL were 
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present in CO.GR plants 24 h after application of dexamethasone, irrespective of 

whether the plants were grown in SDs or LDs, while the API transcript was present 

72 h after treatment of LD-grown CO.GR plants. (Simon et al., 1996). In response to 

LDs, the API transcripts therefore appears after the LFY transcript, which is in 

agreement with genetic data demonstrating that API acts after LFY in conferring 

floral meristem identity (Weigel and Nilsson, 1995). However, in SD-grown CO.GR 

plants, there was a further delay in the appearance of API transcript, indicating that 

API was expressed more slowly in response to CO activation than in response to LDs 

(Simon et al., 1996).The previous investigations suggested that CO act within a 

genetic pathway that activates the transcription of TFL and LFY in response to LDs. 

However, this pathway is not sufficient to activate API as rapidly as does exposing 

plants to LDs. Simon et al (1996), proposed that another flowering-time pathway is 

activated by LDs and is required to promote API transcription. A candidate for this 

activation is FT because, double mutants of ft and fwa with Ify virtually lack floral 

initiation and do not show API mRNA in the inflorescence apex (Ruiz-Garcia et al., 

1997). 

Plant photoreceptors 

Plants are able to perceive and monitor changes in light quality and quantity. The 

primary photosensory receptors of higher plants are the red/far-red light-absorbing 

receptors called phytochromes (phy) and the blue/UV-A light absorbing receptors 

called cryptochromes (cry) (Kendrick and Kronenberg, 1994). In addition, there are 

some other photoreceptors: phototropin, formerly called NON-PHOTOTROPIC 

HYPOCOTYL (nphl) and a yet unidentified UV-B photoreceptor(s) (Casal, 2000), 

that modulate growth and development. Signals from the photoreceptors are 

considered to entrain components of the circadian clock, which in turn regulates the 

expression of effector genes including CO (Suarez-Lopez et al., 2001). However, not 

all photoreceptors regulate flowering time exclusively through the circadian clock 

(Koornneefetal., 1995; Miller et al., 1995). 

Phytochromes 

Just over 50 years ago, the first signaling photoreceptor in plants, a photo-reversible 

pigment, called phytochrome was discovered. Phytochromes are dimeric 
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chromopeptides with monomers of 120-130 kDa that possess two photoconvertible 

forms: Pr (red light absorbing phy) and Pfr (far-red light absorbing phy) (Kendrick 

and Kronenberg, 1994). Synthesis of phytochrome is in the Pr form that upon light 

absorption (peak in red light region of the spectrum) is transformed to Pfr, which is 

considered the physiologically active form. In turn, light absorption of far-red light 

transforms Pfr back to Pr. There are five phytochromes (phyA through phyE) in 

Arabidopsis whose apoproteins are encoded by different genes (Sharrock and Quail, 

1989; Clack et al., 1994). The chromophore, apparently common to all phytochromes, 

is a linear tetrapyrrole. Different phytochromes regulate either distinct light responses 

or similar responses under different light conditions, but also have overlapping 

functions. Taking the well-characterized light-inhibition of hypocotyl elongation as an 

example (Quail et al., 1995), the phyA mutant is impaired in hypocotyl inhibition in 

far-red light, but not in red light. Conversely, the phyB mutant loses the ability to 

inhibit hypocotyl elongation in red light, but not in far-red, suggesting that although 

phyA and phyB both mediate light inhibition of hypocotyl elongation, phyA functions 

primarily in far-red light, whereas phyB acts mainly in red light. 

Ctyptochromes 

Cryptochromes are photoreceptors of blue light and UV-A radiation. Two members of 

this family, cryptochrome 1 and 2 (cryl and cry2) have been identified in Arabidopsis 

(Ahmad and Cashmore, 1993; Lin et al., 1998). Cryptochromes are flavoproteins that 

share over 30% amino acid sequence similarity to the prokaryotic DNA-repair 

enzyme DNA photolyase. DNA photolyases are flavo-enzymes that catalyze the 

blue/UV-A light-dependent DNA photo-repairing reaction through an electron-

transfer mechanism (Cashmore et al., 1999). However, the plant cryptochrome 

proteins had no photolyase activity and contained a C-terminal extension not found in 

the photolyases. 

The isolation of an Arabidopsis mutant, hy4, which showed greatly reduced 

sensitivity to blue-light-induced inhibition of hypocotyl elongation (Koornneef et al., 

1980), played a crucial role in our understanding of cryptochromes and allowed the 

cloning of the first cryptochrome gene (CRY1) (Ahmad and Cashmore, 1993). The 

irradiance Arabidopsis hy4 (= cryl) mutant is insensitive to blue light, especially 

high-irradiance blue light and transgenic Arabidopsis plants over-expressing CRY], 

show enhanced blue light sensitivity (Lin et al., 1996). Analysis of CRY1 N-terminal 
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photolyase-homology domain expressed in Escherichia coli showed that the CRY1 

protein is associated with a flavin adenine dinucleotide chromophore (FAD), which 

primarily absorbs blue and UV-A light (Lin et al., 1995). In addition to FAD, a pterin 

(5,10-methenyltetrahydrofolate) was also found to bind to the expressed protein, 

suggesting that like photolyase, cryl might contain pterin as a second chromophore. 

The second Arabidopsis cryptochrome gene, CRY2, was cloned using the CRY1 

cDNA as the hybridization probe (Lin et al., 1998). CRY1 and CRY2 are about 50% 

identical, but most of the sequence similarity is concentrated in the N-terminal 

photolyase like domain, whereas the C-terminal domains are quite different (Lin et al., 

1998). The CRY2 protein shows rapid degradation by increasing irradiances of blue 

light but are not affected by red light, and this is not the case of CRY1 (Lin et al., 

1998; Guo et al., 1999). Transgenic plants over-expressing CRY2 were hypersensitive 

to blue light (Lin et al., 1998). 

Phototropin 

In 1988, Gallagher et al, reported that blue light could activate the phosphorylation of 

a plasma membrane protein from the growing regions of etiolated seedlings, and there 

was strong evidence that this protein was not only the photoreceptor and kinase for its 

own phosphorylation but a photoreceptor for phototropism as well. Using the 

Arabidopsis nphl mutant the gene was cloned and subsequently named phototropin. 

Phototropin is a 120-kDa flavoprotein, containing two PAS domains, that mediates 

phototropic responses to the direction of blue light, UV-A or even green light. This 

flavoprotein is a serine-threonine protein kinase able to phosphorylate its serine and 

threonine residues (Christie et al., 1998). 

The role of photoreceptors in regulating flowering time 

In searching for photoreceptors regulating photoperiodic responses, action spectra 

have been extensively analyzed in different plants to investigate how light quality 

affects flowering time. Arabidopsis plants grown in continuous red light flower 

significantly later than those grown in continuous blue light (Guo et al., 1998), 

suggesting that at least for Arabidopsis, far-red light and blue light promote flowering, 

whereas red light is often inhibitory. The studies of photoreceptor mutants have 

allowed to assign specific functions of individual photoreceptors in the regulation of 
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flowering time. In Arabidopsis, phyA, phyB, cryl and cry2 photoreceptors play a 

more obvious role compared with the other photoreceptors in the control of flowering-

time 

Phytochrome A (phyA) 

The Arabidopsis phyA mutant flowers later than wild-type plants in LD, indicating 

that phyA promotes flowering (Johnson et al., 1994; Lin et al., 1998; Neff and Chory, 

1998). Consistent with a promotive role in flowering, transgenic Arabidopsis plants 

over-expressing phyA flowered earlier than the wild type in both SD and quasi-LD 

(LD extension with far-red rich light and/or night break methods (Bagnall et al., 

1995). The phyA mutant (funl) in pea also flowers late in LD, which together with 

grafting experiments suggested that phyA signaling may suppress the biosynthesis of 

a floral suppressor (Weller et al., 2001). 

Phytochrome B (phyB) 

The Arabidopsis phyB mutant flowers earlier than the wild type in both LD and SD 

conditions, but the early-flowering phenotype of the phyB mutant is more pronounced 

in SD than in LD conditions. This indicates that PHYB gene plays an inhibitory role in 

floral initiation (Goto et al., 1991; Mockler et al., 1999). However, the function of 

phyB in floral initiation may be more complex than simply as a floral inhibitor. For 

example, transgenic Arabidopsis plants overexpressing phyB also flowered earlier 

than wild type, which could not be easily explained (Bagnall, et al., 1995). 

Cryptochrome 1 (cryl) 

The mode of action of CRY 1 in floral initiation remains unclear, because, in contrast 

of other photoreceptors, there is a great deal of inconsistency in the flowering time 

date for the cryl (= hy4) mutant (Goto et al., 1991; Mozley and Thomas, 1995; 

Bagnall et al., 1996 and Mockler et al., 1999). 

Cryl may have a promotive effect on flowering because the hy4 mutant (in 

Landsberg erecta background) was shown to flower slightly later than wild type under 

SD conditions (Mozley and Thomas, 1995). Also the hy4 mutant in the Col 

background flowered late in both SD and quasi-LD conditions with either day 

extensions or night breaks, and the night breaks with blue light had a stronger effect 

than night breaks with white light or red light (Bagnall et al., 1996). 
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Cryptochrome 2 (cry2) 

That CRY2 clearly promotes flowering, became clear when it was discovered that cry2 

mutants are allelic to the photoperiod-insensitive late-flowering fha mutant. The cry2 

alleles in the Col background had a stronger phenotype than the flia alleles in the Ler 

background, which flower late in LD but not in SD (Guo et al., 1998 ; Koornneef et 

al., 1991). Transgenic plants over-expressing CRY2 flowered early in SD but not in 

LD conditions. Therefore, either a mutation or an over-expression of the CRY2 gene 

resulted in the reduced sensitivity to photoperiods. Guo et al (1998) and Mockler et al 

(1999) showed that the cry2 mutant flowered at the same time as the wild type in 

continuous blue light or red light, while the late-flowering phenotype of cry2 mutant 

in white light could be phenocopied in blue-plus-red light. Therefore, the flowering 

promotion function of CRY2 is dependent on both blue and red light. 

The cry2 phyB double mutant grown in LD flowered significantly earlier than 

the cry2 monogenic mutant. The cry2 phyB double mutant grown in SD flowered at 

about the same time as the phyB monogenic mutant, and both flowered significantly 

earlier than the wild type, proposed that CRY2 removes the red light inhibition by 

PHYB (Guo et al., 1998; Mockler et al., 1999). 

The flowering time of the cryl cry2 double mutant was very similar to that of 

the cry2 monogenic mutant in both LD and SD photoperiods, suggesting no apparent 

interaction of CRY1 and CRY2 in photoperiodic flowering (Mockler et al., 1999). 

Interestingly, although the cryl and cry2 monogenic mutations flowered at about the 

same time as the wild type in both red and blue light, the cryl cry2 double mutant 

plants flowered significantly later than the wild type or the cryl and monogenic cry2 

mutants parents under blue light. 

The circadian clock and flowering 

The circadian clock is an internal oscillator, which can be broadly defined as the 

signaling system that is made up of three functional components: an internal oscillator 

(or central pacemaker) that generates the circadian oscillation, an input pathway that 

resets (entrains) the peacemaker according to the environmental cues, such as light, 

and an output pathway that renders oscillations of the pacemaker to overt circadian 

rhythms (Dunlap, 1999; Somers, 1999). 
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In Arabidopsis, the circadian clock regulates the expression of many genes, 

and the clock-regulated expression of genes encoding chlorophyll-a/6-binding protein 

(CAB2) and catalases (CAT2 and CAT3) have been most extensively studied 

(McClung and Kay, 1994; Somers et al., 1998). Several genes in the long day 

flowering pathway affect both circadian rhythms and flowering time in Arabidopsis. 

Mutations in the EARLY FLOWERING3 {ELF3) locus result in the loss of both 

photoperiod sensitivity and circadian regulation, making ELF3 a candidate for linking 

circadian clock function with the photoperiodic induction of flowering. The elf3 

mutant plants flower early and at the same developmental time in both LD and SD 

conditions (Zagotta et al., 1996). The long hypocotyl phenotype of the el/3 mutant 

suggests a defect in light reception or the transduction of light signals (Zagotta et al., 

1996). In addition, leaf movements and circadian clock-regulated gene expression are 

arhythmic in elf3 mutants in constant light condition but not in constant dark 

conditions, suggesting that a circadian clock remains functional in the absence of 

wild-type ELF3 function (Hicks et al., 1996). This model is supported by recent 

results showing that ELF3 is required to gate light input to the circadian oscillator, 

altering the sensitivity of the central oscillator to light at a particular point in the 

circadian cycle (McWatters et al., 2000; Covington et al., 2001). 

Three genes have been suggested as components of the oscillator: LATE 

ELONGATED HYPOCOTYL (LHY) Schaffer et al., 1998, CIRCADIAN CLOCK 

ASSOCIATED 1 (CCA1) Wang and Tobin, 1998, and TIMING OF CAB 1 (TOC1) 

Somers, 1999). LHY and CCA1 encode highly conserved single-MYB signal 

transduction factors, which, when expressed at high and constitutive levels, disrupt 

the normal functioning of the clock (Schaffer et al., 1998; Wang and Tobin, 1998). 

The third gene TOC1, was initially identified as the tocl-1 mutant, which is a short 

period mutant with altered clock function through the entire life cycle of the plant. 

Moreover, the effect is independent of light quantity, suggesting a role for TOC1 in 

the core of the oscillator (Strayer et al., 2000). Late flowering plants resulted from 

over-expression of either of CCA1 and LHY, suggesting that the target of these genes 

may encode repressors of flowering or that CCA1 and LHY may inhibit transcription 

of floral promoters (Schaffer et al., 1998; Wang and Tobin 1998). In both genotypes, 

circadian clock-controlled expression of several genes was disrupted. Moreover, over-

expression of the LHY gene also disrupted circadian clock of leaf movements in 

Arabidopsis (Schaffer et al., 1998). The potential interactions between TOC1 and the 
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MYB genes LHY and CCA1 have been studied (Alabadi et al., 2001). They 

investigated the TOC1 expression patterns in Ihy mutant (over-expressing LHY) and 

CCA 1 -over-expressing plants. The TOC1 mRNA oscillated with high amplitude in the 

wild-type parental lines in constant light (LL). The TOC1 mRNA level was constant 

in both the Ihy mutant and the CG47-overexpressing plants under the same light 

conditions, as expected for plants in which the oscillator function is mostly disrupted. 

The TOC1 transcript level in these mutants was similar to or lower than its expression 

in wildtype. LHY and CCA1 therefore appear to be negative regulators of TOC1. The 

fact that TOC1 transcript oscillates 12 h out of phase with both the LHY and CCA1 

transcripts in wild-type plants further supports this idea (Alabadi et al., 2001). 

The GIGANTIA (GI) transcript levels are under the control of the circadian 

clock, as shown by the behavior when plants entrained in LD were transferred to 

either continuous light (LL) or continuous dark (DD). Mutants of GI gene assigned 

this gene to the LD promotion pathway on the basis of its lateness in LD and its 

epistatic interactions (Koornneef et al., 1998a, Fowler et al., 1999). To investigate 

further how the circadian clock controls GI expression, the effect of two circadian 

clock controlled genes that affect flowering time on GI expression was studied in 

CCA1 overexpressers. The results show that the rhythmic pattern of GI expression 

was disrupted as GI transcripts were detected all over the day, indicating that the 

circadian rhythm of GI expression in LL is disrupted by constant expression of CCA1 

(Fowler et al., 1999). GI gene expression in LD cycles is also affected in Ihy plants, 

and does not show its characteristic peak in expression. (Fowler et al., 1999). Analysis 

of the circadian rhythms of the expression of a CAB2-LUC (luciferase) fusion gene 

showed that blue light and red light could accelerate the pace of the circadian clock 

(Millar et al., 1995). For example, G4S2-promoter activity had a 24-25 h period 

length in continuous blue light or red light, compared with the period length of-30-36 

h in continuous dark, suggesting that photoreceptors might shorten the period length 

(Millar et al., 1995). It might be expected that the mutation in a photoreceptor would 

cause the circadian clock to run more slowly in the relevant wavelength of light. 

Indeed it has been shown that mutations of photoreceptor genes PHY A, PHYB and 

CRY1 causes the circadian rhythm of CAB2 promoter activity to oscillate with a 

longer period length than that of the wild type under various light conditions (Somers 

et al., 1998). The cry] mutant displayed a longer period than wild type at both low 

and high fluence rates of blue light but showed a wild-type period length at 
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intermediate fluence rates of blue light (Somers et al., 1998). Further research by 

Devlin and Kay (2000) showed that the phyA mutant was deficient in the perception 

of low-fluence-rate blue light, displaying a longer than wild-type period length in 

those conditions. The phyB mutant, however showed a wild-type response to blue 

light and shortens the expression period. The phyA phyB double mutant showed a 

lengthening of period at low fluence rates that was consistent with the loss of phyA 

but indicating no phyB function in blue light, suggesting that phyB plays no role in 

blue-light input to the clock. Moreover, the length of the free running period of the 

CAB 2 transcription rhythm was examined in cryl, cry 2 and cry I cry 2 mutant 

seedlings in blue light (Devlin and Kay, 2000). The cryl cry2 double mutant exhibited 

a long period of CAB2::LUC oscillation in all fluence rates of blue light, indicating a 

role for both cryl and cry2 in perception of blue light in the control of the period 

length of the endogenous clock. Moreover, cryl and cry2 act with complete 

redundancy at intermediate fluence rates of blue light, in the control of circadian 

period and are not essential for circadian rhythmicity; this is, loss of both 

photoreceptors is required to see a change in phenotype over this range (Devlin and 

Kay, 2000; Somers et al., 1998). 

Since the discovery of plant cryptochromes, this type of photolyase-like 

pigment has also been found in animals. For example, human and mouse each have 

two cryptochrome genes (hCRYl and hCRY2 for human (Todo et al., 1996) and 

mCRYl and mCRY2 for mouse (Hsu et al., 1996), and Drosophila has one 

cryptochrome (dCRY, Emery et al., 1998). 

Obviously the plant cryl cry2 double mutant still shows a strong circadian 

rhythm of CAB2::LUC expression in blue light. This is distinct from the phenotype of 

the mouse mCRYl'' mCRYl1' double mutant, which is arhythmic in constant 

conditions (Van der Horst et al., 1999). The mouse cryptochromes mCRYl and 

mCRY2 form part of a transcriptional feedback loop that makes up the central 

circadian oscillator in mammals, and loss of both mCRYl and mCRY2 stops the 

clock (van der Horst et al., 1999). The plant cryptochromes clearly do not act within 

the clock mechanism itself, which means that their role is distinct from that of the 

mammalian cryptochromes. This is consistent with a phylogenetic analysis of the 

animal and plant cryptochromes that suggests that cryptochromes arose independently 

in plants and animals (Cashmore et al., 1999). This analysis suggests that the plant 

cryptochromes diverged from the type II photolyases before the divergence of plants 
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and animals, whereas the animal cryptochromes diverged more recently from the 6-4 

photolyases. Animals are therefore presumed subsequently to have lost the 

cryptochrome sequence related to the type II photolyases. Apparently, the Drosophila 

cryptochrome dCRY is closer to that of the plant cryptochromes. Although dCRY 

interacts directly with the components of the central oscillator, it is not essential for 

the running of the clock, and its role is purely one of light input to the clock (Ceriani 

etal., 1999). 

Scope of the thesis 

The induction of flowering in higher plants leads to a change in the fate of the apical 

meristem that results in the formation of flowers. Environmental factors such as 

daylength and temperature have a strong influence on the process. 

In addition to genetic variation generated by mutations, natural variation in 

traits such as flowering time can be used to identify the respective genes. In 

Arabidopsis natural variation for flowering time is very common, and the occurrence 

of Arabidopsis in environmental conditions as different as Northern Europe, and 

central Asia needs a physiological-genetic adaptation to the local environments. This 

kind of variation can be investigated using QTL analysis and the identified loci might 

be studied more clearly when the respective genes are cloned. 

This thesis described the genetic and molecular characterization of flowering 

time QTL identified using the progeny of Cvi/Ler. In chapter 1 a description is given 

of the recent progress in locating and isolating Arabidopsis genes including those that 

account for naturally occurring variation among accessions. In addition, an overview 

is given of the present knowledge on the genetic, environmental and molecular control 

of flowering in Arabidopsis. Chapter 2 described the genetic analysis of flowering 

time that segregates in the Recombinant Inbred Lines (RIL) population derived from 

the cross between the Arabidopsis accessions Ler and Cvi, which resulted in the 

identification of four main QTLs, called EDI, FLF, FLG, and FLH respectively. In 

chapter 3, the map based cloning of the EDI-Q7L is described, which led to the 

molecular identification of a novel allele of the CRY2 gene in which specific amino-

acid change was shown to affects the protein stability in SD conditions, resulting in 

altered flowering phenotype. Chapter 4 gives a description of the genetic relation 

between the EDI-QTL and other genes controlling different flowering time pathways, 
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using a group of different double and triple mutants and expression analysis of a 

number of target genes of the floral induction pathway. Finally, in chapter 5 the work 

presented in this thesis is summarized and discussed. 
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_Natural variation at flowering time loci 

Abstract 

We have analyzed the flowering behaviour of two Arabidopsis ecotypes: the 

laboratory strain Landsberg erecta (Ler) and an ecotype from the tropical Cape Verde 

Islands (Cvi). They differ little in their flowering phenotypes and in their responses to 

photoperiod length changes and to vernalization treatment. However, segregating 

populations derived from crosses between them showed a much larger variation. An 

approach of quantitative /rait /ocus (QTL) mapping in recombinant inbred lines 

(RILs) grown under three environments differing in day-length and/or vernalization 

treatment, has been used to detect and locate flowering loci. Four main QTLs were 

identified, designated earlu daylength insensitive (EDI), flowering F, G, and H( FLF, 

FLG, and FLH respectively), to which most of the flowering behaviour differences 

could be attributed. To further characterize the individual loci, near isogenic lines were 

constructed by introgressing Cvi early alleles of EDI and FLH into the Ler genetic 

background. EDI-Cvi alleles produce earliness under both long- and short-day 

photoperiods, rendering Ler plants almost daylength neutral. In addition, RILs were 

selected to analyze FLF and FLG. These loci interact epistatically and RILs carrying 

late alleles at FLF and FLG were very responsive to vernalization and showed an 

increased response to photoperiod length changes. The possible role of these loci for 

the control of flowering is discussed in the context of the current Arabidopsis model. 

Introduction 

To reproduce successfully plants must flower under favorable environmental conditions 

and therefore the time of flowering is likely to have an important adaptative significance 

(Murfet, 1977). The transition from the vegetative to the reproductive phase is 

influenced by environmental factors such as photoperiod length and temperature, 

indicating that plants detect fluctuations in these parameters. The model plant 

Arabidopsis thaliana is being extensively used to dissect this developmental process 

genetically (reviewed in Martinez-Zapater et al., 1994; Coupland, 1995; Amasino 1996; 

Koornneef et al., 1998b). A large number of mutations affecting initiation of flowering, 

mostly in a quantitative manner, have been artificially generated. The genetical and 

physiological characterization of these mutations has shown that the regulation of this 

34 



Chapter 2 

developmental switch in meristem faction is complex. Several elements controlling the 

perception and transduction of light quality and daylength such as the phytochromes A 

and B (Goto et al., 1991; Whitelam and Harberd,1997), the cryptochromes (Bagnall et 

al., 1996; Guo et al., 1998) and components of the circadian clock, like the ELF3 and 

LHY genes (Hicks et al., 1996; Schaffer et al., 1998) have been identified. Other genes, 

like the VRN loci, seem to control the cold signalling involved in the flowering response 

to vernalization (Chandler et al., 1996). The environmental factors are thought to 

modulate the action of several endogenous signalling components such as gibberellins 

(Bagnal, 1992; Wilson et al., 1992) and sucrose (Roldan et al., 1997). Furthermore, 

several loci that might be involved in the signal transduction pathways that lead to 

flowering have been identified. Some of these have already been cloned and encode 

putative transcription factors such as LD (Lee et al. 1994b) and CO (Putterill et al., 1995) 

or an RNA-binding protein like FCA (Macknight et al., 1997), indicating that the 

regulation of flowering involves the sequential activation of genes. 

In addition to induced mutations, genetic variation for flowering time has been 

found among natural populations (ecotypes) of Arabidopsis (Laibach, 1951; reviewed in 

Napp-Zinn 1969,1987). Arabidopsis has a wide distribution throughout the Northern 

hemisphere (Redei, 1970) and differences found among ecotypes grown under the same 

environmental conditions are considered to reflect adaptations to different natural 

environments. Karlsson et al. (1993) analysed 32 ecotypes in several environments with 

different photoperiod length and vernalization treatments, and they have shown that 

genotype by environment (G x E) interactions are very significant, which illustrates the 

diversity of responses found in nature. The identification of the loci responsible for this 

natural variation has been attempted for over 40 years (Napp-Zinn, 1957; Van der Veen, 

1965). The advent of molecular markers and the development of genetic maps has 

facilitated the localization and characterization of some of the large effect alleles. Thus, 

the flowering behaviour difference between very late ecotypes that respond to 

vernalization and the early ecotypes (classified under longday (LD) light conditions) has 

been shown to involve 2 epistatic loci: the FRI locus mapped on the top of chromosome 

4 (Clarke and Dean, 1994; Lee et al., 1993; Burn et al., 1993) and FLC located on 

chromosome 5 ( Koornneef et al., 1994; Lee et al., 1994a). Dominant alleles at both loci 

confer the lateness and vernalization requirement of late ecotypes. Moreover, these late 

alleles respond strongly to photoperiod changes, causing facultative LD strains to behave 

as "obligate" LD strains when they are not vernalized (Lee and Amasino, 1995). The 
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identification of natural allelic variation of smaller effect has required the combination of 

genetic maps with statistical methods to locate quantitative trait loci (QTLs). Flowering 

QTL analyses have been performed in crosses between late and early ecotypes (Clarke et 

al., 1995; Kuittinen et al, 1997), as well as between early ones (Kowalski et al., 1994: 

Jansen et al., 1995; Mitchell-Olds, 1996). The distinct number of QTLs detected in 

different crosses, varying between 2 and 12, does not fairly reflect the different number 

of segregating loci, but rather differences in the QTL detection power through the 

coverage of the corresponding molecular maps, the type and size of mapping population 

and the statistical approach. The combination of recombinant inbred line (RIL) 

populations and statistical methods that take into account the effect of multiple QTLs is 

particularly powerful (multiple gTL model -MQM- mapping, Jansen and Stam, 1994; or 

composite mterval mapping - cim (Zeng, 1994), and allows the separation of linked 

flowering loci (Jansen et al., 1995; Kuittinen et al., 1997). The analysis of QTL by 

environment (QTL x E) interactions in these populations enables the detection of loci 

causing the G x E interactions (Clarke et al., 1995; Jansen et al., 1995). Furthermore, 

epistasis has been detected among some QTLs (Clarke et al., 1995; Kuittinen et al., 

1997). All of these studies have shown the wealth and complexity of the natural genetic 

variation that is available, but most of them were restricted to determine the number and 

approximate location of segregating loci. With the exception of the FRI and FLC loci no 

further analysis of this allelic variation has been reported. The genetical and 

physiological characterization of QTLs requires the introgression of the new alleles in a 

genetic background similar to the laboratory strains used to generate artificial mutations. 

By constructing near isogenic lines (NILs) comparisons of allele effects, allelism tests 

and fine mapping can be performed. Consequently, the loci at which the natural variation 

occurs might be determined and eventually, their characterization at the molecular level 

will be achieved. 

In the present study we have analysed the allelic variation affecting flowering 

time in two early ecotypes: the laboratory strain Landsberg erecta (Ler) and an ecotype 

originating from the Cape Verde Islands (Cvi). A QTL mapping approach in RILs has 

been used to identify and locate the loci responsible for the flowering variation in three 

environments differing in photoperiod length and/or vernalization treatment. The four 

largest effect QTLs have been further characterized genetically and physiologically in 

relation to the flowering responses to daylength and vernalization. For that, NILs 

containing Cvi early alleles in a Ler genetic background and several selected RILs 
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