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Two new genes involved in important processes of plant development were identified
in the model plant Arabidopsis thaliana. The genes were isolated from mutants
generated through insertional mutagenesis based on a transposon tagging approach.

The first gene, ALB3, was isolated through the identification of the mutant
albino3 (alb3), displaying severe defects in pigmentation and chloroplast biogenesis.
The ALB3 protein shows sequence similarity to a yeast protein, OXA1, which is
required in the mitochondria for proper assembly of the cytochrome oxidase complex.
As ALB3 is localised in thylakoid membranes, we suggest that the ALB3 protein acts
in the assembly of thylakoid membrane protein complexes and thereby is crucial for
proper chloroplast development and function.

The second gene, SHI, was identified through the short internodes (shi)
mutation, a dwarfing mutation conferring a phenotype similar to mutants defective in
the biosynthesis of the plant hormone gibberellin (GA). However, the shi mutant is
unable to  elongate following treatment with exogenous GA, which indicates that shi
is defective in the response to GA. The level of active GA is elevated in the shi
mutant, which is the expected result of reduced feedback control of GA biosynthesis.
As the shi mutant phenotype is the result of overexpression of the SHI gene, we
suggest that the SHI protein is a component of the GA signalling pathway, possibly
acting as a repressor of GA-induced cell elongation.

Sequence similarity database searches revealed that the SHI gene belongs to a
new Arabidopsis gene family comprising at least eight members (SHI, LRP1, and
SRS1 to SRS6). These genes encode regulatory proteins containing a putative zinc-
binding RING finger-like domain. We have cloned SRS1 and SRS2, and have shown
by overexpression of these genes in transgenic Arabidopsis that their gene products
might function in similar processes as SHI.
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         “Ingenting är omöjligt.

   Det omöjliga tar bara lite

längre tid”

      (Winston Churchill)
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ABBREVIATIONS

AGI Arabidopsis Genome Initiative
bp base pairs
GA gibberellin
EST expressed sequence tag
IPCR inverse polymerase chain reaction
kb kilo base pairs
LD long day
NLS nuclear localisation signal
ORF open reading frame
RACE rapid amplification of cDNA ends
RT-PCR reverse transcriptase polymerase chain reaction
SD short day

The following nomenclature will be used in this thesis:
Names of genes are written in italicised upper-case letters, e.g. SHI.
Names of proteins are written in non-italicised upper-case letters, e.g. SHI.
Names of mutants are written in italicised lower-case letters, e.g. shi.
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PREFACE

The work described in this thesis has primarily aimed at identifying and
characterising new mutants affected in different aspects of plant development, and
through these mutants isolate new genes that encode key components involved in the
regulation of different developmental steps of the plant life cycle.

We have used a transposon tagging strategy to induce insertional mutagenesis
in the model plant Arabidopsis thaliana, and we have isolated a number of mutants
affected in different morphological features. Through this genetic approach we have
isolated two new genes with potential roles in two different but important processes
in plant development:
•ALBINO3 (ALB3), a nuclear gene necessary for chloroplast development, and
•SHORT INTERNODES (SHI), a nuclear gene with a potential role as a negative
regulator of gibberellin signalling pathways, specifically affecting cell elongation.

Through mutant characterisation, gene expression analyses, reverse genetics,
construction of transgenic plants, and protein expression analyses we have aimed to
elucidate the function of these genes. We have also, through sequence similarity
searches, identified a small family of plant genes encoding putative RING finger
regulatory proteins, of which SHI is one of at least eight members in Arabidopsis.

The majority of my work has focused on the second gene, SHI, and on the
characterisation of the corresponding mutant, shi. I have therefore decided to dedicate
the major part of this compilation to the papers describing the work on SHI and the
gene family that it belongs to (papers II, III and IV), and only briefly discuss the work
on ALB3 (paper I).
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INTRODUCTION

The Model System

Over the past decades, the application of molecular genetics in plant biology research
has provided a whole new insight into the mechanistics of plant development. The
small crucifer Arabidopsis thaliana (thale cress) has become the most favoured
model organism used by plant scientists for research in plant biochemistry,
development, genetics, physiology and pathogenesis. This plant is an excellent tool
for studies in molecular genetics because of its small genome size, low content of
repetitive DNA, short generation time, large seed set and modest growth space
requirements. It is also a good target for Agrobacterium tumefaciens transformation
through whole plant infiltration techniques, which makes the generation of transgenic
plants a relatively straightforward process (e.g. Bechtold et al., 1993). Arabidopsis is
closely related to many economically important crops such as cabbage, broccoli,
radish, rape and cauliflower, hence the research on Arabidopsis can provide important
knowledge that can be more or less directly applied to the crop relatives of
Arabidopsis.

Another feature that makes Arabidopsis an attractive model plant is the ease in
which mutants can be generated. The rate of spontaneous mutations in Arabidopsis is
low and the response to mutagens is good. Already in 1945, Reinholz used X-ray
radiation as the first mutagenising technique on Arabidopsis, a technique that causes
various types of structural reorganisations of the genome, from small deletions to
multiple reorganisations of chromosomes. The first chemical mutagen to be used on
Arabidopsis was ethylmethane sulfonate (EMS), by Röbbelen in 1962. EMS turned
out to be a very powerful mutagen, because it is highly mutagenic and yet causes little
chromosome breakage and has a low toxicity (reviewed by Koncz and Rédei, 1994).
Today however, the preferred way of yielding mutations in Arabidopsis is through
insertional mutagenesis, i.e. by transposon tagging (see following section) or T-DNA
tagging, which is based on the ability of the plant pathogen Agrobacterium
tumefaciens to introduce a foreign transfer-DNA (T-DNA) into the plant host
genome upon infection (e.g. Klee and Rogers, 1989). The superiority of these
methods to the radiation- or chemical mutagenesis is that they provide the possibility
of cloning the mutated genes in a relatively straightforward manner by using the
introduced DNA as a tag. Another advantage is that the number of mutations per
genome is relatively low following insertional mutagenesis, compared to the vast
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number of point mutations found in a genome that has been radiated or chemically
treated.

The genome of Arabidopsis will be one of the first higher plant genomes to be
completely sequenced. This is occurring through the Arabidopsis Genome Initiative, a
collaboration between six research groups in Europe, Japan and the United States
(http://www.arabidopsis.org/agi.html), and the complete genome sequence is
estimated to be available within the year 2000. The Arabidopsis genome comprises
~130 Mb of DNA, encoding about 20 000 genes on five chromosomes; a
transcriptional unit occupies in average 2.5 kb of every 4.5 kb (Martienssen, 1998).
To date (August 2000), 92.5% of the genome is sequenced and annotated, and
chromosome II and IV are completed. About one-half of the predicted genes can
already be assigned to a functional category by comparing them with sequences of
genes with a known function (Bevan et al., 1998). Access to the Arabidopsis genome
sequence through public databases will allow the identification of genes that are
structurally related to each other, and thus give information on which genes may have
redundant function, and that might need to be inactivated simultaneously in order to
assess gene function. The knowledge gained by decoding the Arabidopsis genome
will also provide invaluable information about the genetic composition of plants in
general, because of the high degree of gene conservation between higher plants
(Somerville and Somerville, 1999).

The Genetic Approach

In the mid 1940s, Barbara McClintock discovered the "controlling elements" of
maize, which were the first transposable elements to be described. She was studying
maize seedlings that had inherited from each parent a chromosome with a newly
ruptured end of one of its arms, and noticed among the progeny a segregation for a
large number of new and unexpected phenotypes. She concluded this to be the result
of an activation following chromosome breakage of previously silent transposable
elements, which inserted into new positions of the maize genome and thereby caused
a modified gene expression (e.g. McClintock, 1984). Since then, geneticist have taken
advantage of the fact that the movement of transposons in the genome causes a high
frequency of spontaneous mutations and thereby provides new possibilities for the
exploration of gene function and, in recent years, for gene isolation.

There are two major types of transposable elements; the first type is the DNA-
based element, which is capable of both insertion and excision. The DNA-based
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transposons can be divided into two categories: autonomous elements, capable of
independent transposition, and non-autonomous elements, which require the presence
of an "activating" element to be able to transpose. The Ac/Ds transposon family of
maize consists of the autonomous Ac (Activator) element, encoding the transposase
enzyme that is necessary for the transposition event, and the non-autonomous Ds
(Dissociation) element, which is a modified version of Ac and dependent on the
presence of Ac transposase for transposition, due to a deletion in the transposase gene
of Ds. Another pair of transposable elements in maize is the autonomous En/Spm
(Enhancer/ Suppressor-Mutator) element, and the non-autonomous version dSpm
(sometimes referred to as I, for Inhibitor). In snapdragon (Antirrhinum majus), a large
family of Tam elements have been described, comprising both autonomous and non-
autonomous members (reviewed by Walbot, 1992).

The second type of mobile element is the retrotransposon, or retroelement
(reviewed by Kumar and Bennetzen, 1999). These elements transpose through reverse
transcription of an RNA intermediate, and upon insertion, the retrotransposons will
cause a permanent disruption of the host genome sequence because of their inability
to excise. Retrotransposons have been identified in several plant species, including
Arabidopsis (e.g. Voytas and Ausubel, 1988; Konieczny et al., 1991; Pélissier et al.,
1995).

DNA-based transposable elements were first isolated from maize and
snapdragon in the early 1980s by trapping them in genes that had previously been
isolated. The Ac element of maize was identified because of its insertion into the
Waxy (Wx) locus, which encodes a glucosyl transferase necessary for amylose
production in the kernel. Insertion of Ac resulted in kernels with sectors of tissue
lacking amylose; DNA from these easily detected sectors could be isolated, and the
non-mutant copy of the Waxy gene could be used to isolate the mutant copy and
thereby the Ac element (Fedoroff et al., 1983). Once the transposable elements were
isolated, they could be used for the cloning of genes harbouring an insertion of one of
these elements. One of the first plant genes to be isolated by transposon tagging was
the Bronze (Bz) locus of maize (Fedoroff et al., 1984), and since then, a number of
genes have been tagged and isolated from several species.

However, there are several plant species that do not have a known endogenous
transposon system that can be used for the tagging of genes, such as tomato, potato
and Arabidopsis thaliana. Therefore, the maize Ac element, or modifications of Ac,
as well as the En/Spm element have been introduced into the genome of these and
other plant species by Agrobacterium-mediated transformation, and has been shown
to be actively transposing (Yoder et al., 1988, Knapp et al., 1988, Van Sluys et al.,



12

1987, Pereira and Saedler, 1989). This has made it possible to use transposon tagging
for the isolation of genes from an extended range of plant species.

The insertional Arabidopsis mutations described in this thesis were generated
by the use of a heterologous two-component Ac/Ds system specifically designed to
identify dominant mutations through activation tagging (Long et al., 1993; Wilson et
al., 1996). The first component, 35S::TPase, is a fusion between the constitutive 35S
promoter of cauliflower mosaic virus (CaMV) and the transposase gene of Ac,
coupled to the uidA reporter gene encoding β-glucuronidase (GUS). The second
component, Ds(Hyg), is a Ds-element harbouring in one of its termini a 35S promoter
that reads outwards. As a marker gene, the Ds element carries a hygromycin-
resistance gene, and the element is inserted into the untranslated leader of a
streptomycin-resistance gene to monitor excision. If the Ds element inserts into the
ORF or an intron of a gene, it is likely to generate a knock-out allele of that gene.
However, if Ds inserts near the 5' end of a gene in the direction such that the 35S
promoter can read out over the Ds terminus into the ORF of the gene, this can lead to
transcription controlled by the 35S promoter rather than by the gene's own regulatory
sequences. The increased or ectopic expression caused by the 35S promoter can
produce dominant gain-of-function mutations causing novel phenotypes, and this can
give important information particularly towards the function of genes that, when
inactivated, do not cause an apparent mutant phenotype. Furthermore, insertion of the
Ds element downstream of a gene with the 35S promoter directed towards the 3' end
of the gene could theoretically lead to the production of an antisense transcript,
causing suppression of the gene in a dominant manner. However, no such insertion
events produced by this system have yet been reported.

The strategy used to identify the Ds-induced mutations in Arabidopsis is shown
in Figure 1. To induce transposition, plants homozygous for 35S::TPase are cross-
pollinated with plants homozygous for Ds(Hyg). The F1 progeny is allowed to self-
fertilise and the F2 populations are scored for seedlings carrying transposed elements,
indicated by resistance to both hygromycin and streptomycin. The stability of the Ds
element in the F2 individuals is investigated by testing for the absence of GUS
reporter gene activity linked to the 35S::TPase gene. Due to the high probability that
the mutation will be heterozygous in this generation and therefore not revealed if
recessive, the F2 individuals are allowed to self-fertilise and the F3 generation scored
for segregating mutant phenotypes.

Once a mutation has been isolated by this strategy, it is necessary to confirm
that the mutation is "tagged", i.e. that the mutant phenotype is due to the insertion of a
transposable element. A Ds-induced mutation is predicted to be unstable in the
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presence of the transposase gene, thereby being able to revert to wild-type upon
excision of Ds. Identification  of  such  revertants  among  offspring  from  GUS-
positive  (carrying
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35S::TPase) mutants is a strong indication of the Ds insertion being responsible for
the mutant phenotype. Ac/Ds elements characteristically generate an 8 basepair (bp)
duplication of target sequence when they insert into the plant genome. Upon excision
of the elements, this 8 bp duplication is retained as a footprint, although often slightly
rearranged (Pohlman et al., 1984; Baker et al., 1986). To verify that the identified
revertant plants are true revertants and not wild-type contaminants, the Ds donor site
can be amplified by polymerase chain reaction (PCR) and sequenced, in order to
detect the rearranged 8 bp duplication.

Another indication of the mutation being caused by a transposon is the presence
of genetic linkage between the Ds(Hyg) element and the mutation. If the mutation is
caused by Ds, the hygromycin resistance rendered by Ds(Hyg) should co-segregate
with the mutant phenotype and no recombination should occur.

Mutants generated by this system in Arabidopsis, apart from the two being
described in this thesis, include the dwarf mutant tiny (tny; Wilson et al., 1996), the
curly leaf mutant (clf; Goodrich et al., 1997) and the late elongated hypocotyl mutant
(lhy; Schaffer et al., 1998).

Chloroplast Development and Pigment Mutations

Chloroplasts, which constitute the site of photosynthesis and other metabolic
processes in plants, develop from proplastids located in meristematic cells. The
proplastids are colourless, undifferentiated organelles with little internal structure
that, upon exposure to light, will initiate a complex and highly regulated process of
differentiation, in co-ordination with the development of leaf mesophyll cells from
meristem cells (Mullet, 1988). The plastid genome is relatively small and can not
hold all the information required for plastid differentiation, thus many of the proteins
involved in chloroplast biogenesis are encoded by nuclear genes and synthesised in
the cytoplasm as precursor proteins. This implies that there must be a tight co-
ordination of gene expression in both the nuclear and plastid genomes in response to
developmental and environmental stimuli (Mullet, 1988). This co-ordination is
suggested to be mediated by a so-called "plastid factor", reflecting plastid
development (Taylor, 1989). The factor has been suggested to be synthesised in the
chloroplast, and to transmit the developmental status of the chloroplast, accordingly
up- or down-regulating the expression of nuclear genes encoding photosynthetic
components. The existence of a signalling pathway between chloroplasts and the
nucleus is supported by the observation that nuclear genes encoding photosynthetic
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components are down-regulated following photo-oxidative destruction of chloroplasts
caused by mutations or inhibitors of carotenoid biosynthesis (Oelmüller, 1989). Two
such genes are CAB and RBCS, which encode the chlorophyll a/b binding protein of
the photosystem II light harvesting complex, and the small subunit of ribulose
biphosphate carboxylase, respectively. In 1993, Susek et al. reported on the isolation
of a series of mutations (gun, for genomes uncoupled) that uncouple the expression of
CAB and RBCS from chloroplast development. The GUN genes are thus believed to
represent components of the signalling pathway between the chloroplast and the
nucleus (Susek et al., 1993).

In mutant screens, plants affected in pigmentation are one of the most abundant
classes of mutants found (Feldmann et al., 1994). It has been suggested that synthesis
of chlorophyll and development of plastids are interdependent (von Wettstein et al.,
1971), and the lack of chlorophyll in pigment mutants could therefore either be a
secondary effect of disturbed chloroplast biosynthesis or a direct effect of a blocked
chlorophyll synthesis with pleiotropic effects on chloroplast structure. The latter kind
of pleiotropic effects has been described e.g. in the olive (oli) mutant of Antirrhinum
majus (Hudson et al., 1993). The OLIVE gene has been cloned and is suggested to be
involved in the magnesium-chelation step of chlorophyll biosynthesis. oli mutants
have severe defects in chloroplast ultra structure, and Hudson et al. suggest that the
level of chlorophyll could have a regulatory effect on the synthesis and assembly of
certain chloroplast proteins, which would affect chloroplast development.

Because of these pleiotropic effects it is difficult to distinguish between mutants
that are impaired in chlorophyll biosynthesis and those defective in chloroplast
biogenesis and function. Therefore, the isolation of the affected genes is crucial for
the identification of components involved in chlorophyll biosynthesis and chloroplast
development. However, despite the large number of pigment mutants available, only
a few nuclear genes affecting chloroplast development have been isolated, including
the PALE CRESS (PAC), CS/CH-42, CHLOROPLASTOS ALTERADOS1 (CLA1),
and ALBINO3 (ALB3) genes of Arabidopsis (Reiter et al., 1994; Koncz et al., 1990;
Mandel et al., 1996; paper I). pac mutants are affected both in chloroplast- and leaf
development, and the levels of chlorophylls and carotenoids are severely reduced.
The PAC protein is believed to be important for the maturation of specific chloroplast
mRNAs (Reiter et al., 1994; Meurer et al., 1998). Plants carrying the cs/ch-42
mutation display a pale phenotype and only survives on growth medium
supplemented with sugar. The CS/CH-42 gene is upregulated by light and is
homologous to the OLI gene of A. majus, suggesting an involvement in the chelation
of magnesium in Arabidopsis chlorophyll biosynthesis. In cla1 mutant plants,
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chloroplast development is arrested at an early stage, and the CLA1 gene encodes a
novel protein with unknown function, but the sequence is conserved between
photosynthetic bacteria and plants (Mandel et al., 1996).

Furthermore, the immutans (im) mutant of Arabidopsis displays a variegated
phenotype with leaves comprised of white and green sectors. The chloroplasts in the
green sectors are normal, but the white sectors contain both normal and defective
chloroplasts. The product of the IM gene is thought to function as a co-factor for the
desaturation of phytoene, the precursor of carotenoids, and a disruption of the IM
gene gives a reduction in carotenoid level, resulting in photo-oxidative destruction of
chloroplasts (Carol et al., 1999; Wu et al., 1999).

Additionally, mutations affecting chloroplast development and pigmentation
does not necessarily have to be primarily affecting chloroplast proteins. For example,
the maternally inherited chloroplast mutator (chm) mutation of Arabidopsis leads to
rearrangements in the mitochondrial genome, but the mutant plants display a
variegated phenotype suggesting a pleiotropic effect of chm on chloroplast biogenesis
(Martinez-Zapater et al., 1992). The same effect is seen in the nonchromosomal stripe
(NCS6) mutants of maize, where a partial deletion of a mitochondrial gene results in
yellow striping of the leaves (Gu et al., 1993).

For a complete understanding of chloroplast development and function, further
isolation of genes affecting pigmentation and chloroplast ultra structure is required.
For example, the WHITE COTYLEDON (WCO) gene product seems to be important
for the development of functional chloroplasts in cotyledons but not in true leaves,
because the albino phenotype of wco plants is cotyledon-specific (Yamamoto et al.,
2000). Cloning of the WCO gene may provide additional information on the tissue-
specific regulation of chloroplast biogenesis. Paper I in this thesis describes the
pigment mutant albino3 (alb3) and the cloning and characterisation of ALB3, a gene
that is required for proper chloroplast development because of its activity as a
translocase that directs proteins across the chloroplast thylakoid membrane.

Plant Cell Expansion

Plant development depends to a large extent on the interplay of a number of external
factors, such as daylength, temperature, water conditions, light, and gravity. Because
of their immobility, plants need to adjust their final height and shape to the prevailing
environmental conditions. This is accomplished by a strictly regulated cell division
and cell expansion, the latter of which is making the greatest contribution to rapid
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elongation growth. Plant cells can expand 10-1000 times in size before maturation,
and this occurs through the uptake of water into the vacuole, which is a highly
economical way to grow as it requires minimal increase in the amount of cytoplasm.
The mechanism behind cell expansion is not well understood, but the key physical
event is wall stress relaxation (Cosgrove, 1993). In this process, plant cells loosen
their walls to progressively reduce their turgor, which enables them to take up more
water. This water uptake will again increase the turgor pressure inside the cell, which
will apply a force to the cell wall, making it expand due to the changes in its
mechanical properties.

The plant hormone auxin induces elongation growth by promoting wall stress
relaxation. The Acid Growth Theory states that cells exposed to auxin excrete protons
into the wall (apoplast), resulting in a decrease in apoplastic pH. This pH reduction in
turn triggers wall-loosening processes, probably by activating different enzymes in
the cell wall (Rayle and Cleland, 1992). In dicotyledons, the growing wall is built up
from 30% cellulose, 30% hemicellulose, 35% pectin and 1-5% structural proteins, on
a dry weight basis (Cosgrove, 1997). Cellulose is composed of unbranched 1,4-β-D-
linked glucose polymers that make up crystalline microfibrils. These microfibrils are
linked together into a network by hemicellulose polymers such as xyloglucans. For
the cell wall to expand, the cross-links of the microfibrils must be loosened, and this
process is mainly attributed to two multigene families of wall proteins; α-expansins
and β-expansins (reviewed by Cosgrove, 2000). The expansins are believed to act by
breaking the hydrogen bonds that associate the hemicelluloses to the microfibrils,
thereby enabling the microfibrils to move relative to one another, a process known as
"polymer creep". Other enzymes that are involved in the wall loosening process are
glucanases and xyloglucan endotransglycosylase, XET, which cleave and rejoin the
xyloglucan polymers (reviewed by Cosgrove, 1997).

The direction of cell expansion is determined by the orientation of cellulose
microfibrils in the cell wall, which in turn is governed by the orientation of
microtubules in the underlying plasma membrane. This microtubuli arrangement is
partly influenced by plant hormones other than auxin; gibberellins promote a
transverse orientation, which favours growth in the longitudinal plane, while ethylene
causes a predominance of longitudinal microtubuli with lateral cell expansion as a
consequence (reviewed by Shibaoka, 1994).

Much remains to be elucidated on the mechanisms behind cell expansion on a
molecular basis. Furthermore, the exact nature of the developmental and
environmental signals that trigger cell expansion is not known. However, it is
generally believed that gibberellin is a key mediator to induce cell elongation,
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particularly in the inflorescense stem of bolting plants. Therefore, the identification of
downstream signalling components that modify the gibberellin signal is necessary for
a full understanding of the processes behind cell elongation.

The Plant Hormone Gibberellin

The gibberellins, or rather the effects of them, were first described in the beginning of
the 19th century when Asian rice farmers discovered a disease among their rice plants
causing these to grow very tall, pale and slender. They called this phenomenon
bakanae, or "foolish seedling" disease, and at around 1900 it became clear that this
growth effect was caused by a fungus, Gibberella fujikuroi. In 1926, the Japanese
scientist Kurozawa showed that the fungus secreted a growth stimulating substance
causing the extreme growth of the rice plants, and this substance was later called
gibberellin A3 or gibberellic acid (reviewed by Nielsen, 1958).

The known effect of fungus gibberellins (GAs) on rice and other plant species
indicated that similar substances might be present endogenously in plants as well.
The first plant GA to be characterised was isolated from Phaseolus coccineus (runner
bean) and this GA turned out to be identical to GA1 that had previously been isolated
from Gibberella filtrates (reviewed by Hopkins, 1995). Since then, GAs have been
shown to be ubiquitous in plants, where they are involved in the regulation of diverse

growth and
Figure 2. The structure of GA4, which is thought to be the major active gibberellin in

Arabidopsis, is shown, together with a compilation of those aspects of plant growth and
development that are controlled by GA. From Harberd et al. (1998). Copyright©1998 John
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Wiley & Sons, Inc. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons,

Inc.

developmental processes, including seed germination, stem elongation, trichome
development, flower induction, and flower- and fruit development. A compilation of
the processes where GAs are involved is shown in Figure 2. To date, at least 125
different GAs have been identified, most of which are believed to be precursors,
deactivated forms or secondary metabolites (Hedden and García-Martínez, 2000).

The biosynthesis of GAs, which are tetracyclic diterpenoid compounds, have
been well characterised by using biochemical techniques as well as mutants defective
in GA biosynthesis (reviewed by Hedden and Kamiya, 1997). In Arabidopsis, a
number of GA biosynthesis mutants have been well characterised, and the
corresponding genes have been cloned and their function determined. The GA
biosynthesis pathway consists of three stages; the first stage is localised in plastids
where geranylgeranyl diphosphate is converted in two steps to ent-kaurene. In the
second stage, ent-kaurene is oxidised to GA12 and GA53 by cytochrome P450
monooxygenases on the membranes of the endoplasmatic reticulum. In the third
stage, dioxygenases present in the cytoplasm convert GA12 and GA53 in several steps
to the active GAs, GA4 and GA1 (Hedden and García-Martínez, 2000).

In contrast to the well-characterised biosynthesis pathway, much less is known
about GA perception and signal transduction, and the GA receptor has yet to be
identified. To date, GA signalling has been well defined only in the Gramineae
aleurone layer, a highly specialised tissue that differentiates from the endosperm
during seed development and forms a layer, one to three cells thick, around the
endosperm. During germination of the seed, the embryo produces GA that induces
synthesis of α-amylase and other hydrolytic enzymes in the aleurone cells. These
enzymes subsequently participate in the breakdown and mobilisation of the nutrient
reserves in the endosperm. In aleurone cells, GAs are proposed to be perceived at the
plasma membrane, and there is accumulating evidence for a role of heterotrimeric G-
proteins, Ca2+ and calmodulin as transducers of the GA signal (reviewed by
Lovegrove and Hooley, 2000). A MYB transcription factor, HvGAMYB, have been
isolated from barley aleurones and is demonstrated to transcriptionally upregulate
several hydrolytic enzymes in response to GA (Gubler et al., 1995; 1999).
Furthermore, a novel zinc finger protein, HRT (Hordeum Repressor of Transcription)
was isolated due to its ability to bind to a GA-responsive element (GARE) in the α-
amylase promoter, thereby down-regulating expression of the gene (Raventós et al.,
1998).
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A number of mutants affected in the general response to GA have been isolated,
and the cloning of the affected genes are providing an increasing amount of
information on the nature of the GA signal transduction pathway in plants. The GA
response mutants are categorised into two phenotypic groups: constitutive GA
response mutants with a slender, elongated phenotype similar to GA-treated wild-type
plants, and GA insensitive dwarfs with phenotypes mimicking that of GA-deficient
mutants. The former group includes barley slender (sln; Foster, 1977), pea crysla,
(Potts et al., 1985) and Arabidopsis spindly (spy; Jacobsen and Olszewski, 1993).
These mutations are all recessive and have been suggested to represent negative
regulator loss-of-function alleles (Hooley, 1994). The latter group includes maize
dwarf-8 (d8; Harberd and Freeling, 1989), wheat Reduced Height-1 (Rht-1; Gale and
Marshall, 1973) and the Arabidopsis GA-insensitive (gai), pickle (pkl) and sleepy
(sly) mutants (Koornneef et al., 1985; Ogas et al., 1997; Steber et al., 1998).

Most of the genes that confer these phenotypes when mutated, have been
cloned. In Arabidopsis, the SPINDLY gene has been assigned to encode an O-linked
N-acetylglucosamine transferase (OGT) protein due to sequence similarities with
mammalian OGTs, which are believed to regulate signal transduction cascades
through glycosylation modifications of other proteins (Jacobsen et al., 1996; Lubas et
al., 1997). SPY is thought to function as a repressor of GA response, because the spy
mutation partially suppresses GA-deficient phenotypes of severe GA biosynthesis
mutants. Furthermore, the ability of the barley homologue of SPY (HvSPY) to
repress GA-induced expression of the hydrolytic enzyme α-amylase has been
demonstrated in barley aleurone tissue (Robertson et al., 1998). Recently, the
identification of a second possible Arabidopsis OGT,  SPINDLY2, was reported and
it is suggested to function in a partially redundant manner to SPY (Hartweck et al.,
2000).

gai is a dominant gain-of-function mutation conferring GA-insensitive
dwarfism (Koornneef et al., 1985), and the mutant allele carries an in-frame deletion
that removes 17 amino acids from the N-terminal part of the encoded protein, in the
so-called DELLA domain. This deletion is suggested to turn the mutant GAI protein
into a constitutively active repressor of GA signalling (Peng et al., 1997). The
predicted GAI protein has features suggesting a role in transcriptional regulation,
such as a putative nuclear localisation signal (NLS) and a so-called LXXLL motif,
demonstrated to mediate the binding of transcriptional coactivators to nuclear
receptors (Peng et al., 1997; Heery et al., 1997). All subsequently isolated mutations
causing a disruption of the GAI ORF are likely to represent loss-of-function alleles,
and they confer a phenotype no different from wild-type, suggesting that GAI is
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largely dispensable for growth under normal conditions (Peng and Harberd, 1993;
Peng et al., 1997; Wilson and Somerville, 1995). However, when grown on GA
biosynthesis inhibitors, the presumed GAI null allele gai-t6 confers increased
resistance to these compounds, suggesting a slight increase in GA signal transduction
in gai-t6 (Peng et al., 1997). Taken together, this implies that the GAI protein is a
negative regulator of GA signal transduction through transcriptional control.

Interestingly, it was recently demonstrated that both the wheat RHT and the
maize D8 genes represent monocot homologues of Arabidopsis GAI, and that the
semi-dwarfing mutations in these genes are of the same kind as gai, i.e. a gain-of-
function mutation due to a deletion or a disruption of the ORF in the N-terminal
region (Peng et al., 1999). Also the barley SLN gene has been cloned and shown to be
homologous of GAI (Gubler et al., 2000).

Recently, the RGA (REPRESSOR OF GA1-3) locus was identified in a mutant
screen for extragenic suppressors of the severe GA biosynthesis mutant ga1-3. When
mutated, RGA partially suppresses the growth defects of ga1-3 plants (Silverstone et
al., 1997b). RGA and GAI share extensive sequence similarities, and as the gai-t6
allele, the rga mutation confers no visible phenotype in wild-type background. This
suggests that RGA and GAI may have overlapping functions as repressors of GA
signal transduction (Harberd et al., 1998; Silverstone et al., 1998).

The GAI and RGA genes are members of the GRAS (GAI, RGA, SCR) gene
family, which, at present, includes 19 members in Arabidopsis (Pysh et al., 1999).
The first member of the family to be isolated was SCARECROW (SCR; Di Laurenzio
et al., 1996), the mutation of which disrupts radial patterning of the root, resulting in
the loss of a layer of ground tissue (Scheres et al., 1995). Since then, apart from GAI
and RGA, a number of ESTs (Expressed Sequence Tags) bearing sequence
similarities to SCR have been isolated by database searches, and sequence analysis of
the members of the family show that they share a highly conserved carboxyl-
terminus, although the amino-terminus varies between the genes (Pysh et al., 1999).
The previously mentioned N-terminal DELLA domain is only present in GAI, RGA
and RGA-LIKE (RGL), suggesting a specific role of DELLA in the GA
responsiveness of these proteins. The nature of the gai mutation, which carries a
deletion in DELLA conferring GA insensitivity, further implies that the DELLA
region is important for the inactivation of these proteins by the GA signal.

The partially GA responsive, semi-dwarfed pickle (pkl) mutant was originally
identified in a screen for mutants affected in root morphology. The pkl primary root
retains characteristics of embryonic tissue, and this phenotypic trait is strongly
enhanced by inhibitors of GA biosynthesis. The adult pickle plants show
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characteristics of GA deficiency including dwarfism and reduced apical dominance.
Application of GA only partially suppresses the dwarf phenotype, while the
embryonic root phenotype is completely suppressed (Ogas et al., 1997). The sequence
of PKL indicates that it encodes a CHD3-type chromatin-remodelling factor
suggested to be involved in repression of transcription. The PKL protein is therefore
suggested to be a component of a GA-modulated developmental switch that functions
during germination to specifically repress embryonic differentiation characteristics
(Ogas et al., 1999). PKL has recently been demonstrated to be allelic to GYMNOS,
which was identified as a suppressor of placental meristem formation (Eshed et al.,
1999).

Seed dormancy is established by the plant hormone abscisic acid (ABA) during
embryo maturation, while GA is required to break dormancy and induce germination
(reviewed by Koornneef and Karssen, 1994). A phenotypic character that is observed
only in the severe GA deficient dwarfs, e.g. ga1-3, is the inability to germinate in the
absence of exogenous GA. This indicates that less endogenous GA is required to
trigger germination than what is needed to fully stimulate stem elongation (Koornneef
and van der Veen, 1980). It also suggests that none of the GA response mutations
described so far confers severe defects in GA signalling, because the mutants are all
able to germinate under normal growth conditions. Indeed, the sleepy1 (sly1) mutant,
which is the first Arabidopsis mutant to display the full spectrum of phenotypes
associated with severe GA deficiency, was isolated in a screen for mutations that
would suppress the dormancy defect of abi1-1 (ABA insensitive1-1) mutant seeds, i.e.
that would prevent germination of seeds carrying a mutation conferring increased
ability to germinate on high concentrations of ABA (Steber et al., 1998). The SLY1
gene still awaits cloning, but the germination defect of sly1 suggests that the SLY1
protein is a key component of the GA signal transduction pathway, acting as a
positive regulator or, possibly, as a receptor. In a wild-type background, sly1 seeds
are unable to germinate, which could explain why no severe GA response mutants
have previously been isolated (Steber et al., 1998).

The isolation of genes that are believed to encode GA signalling modulators
gives important clues to the nature of the GA signal transduction pathway. The GA
receptor (receptors) still awaits identification, and explanations to the difficulty of
finding receptor mutants might be either that they are lethal (as the sly1 mutation in
wild-type background), or because of the existence of functional redundancy between
several genes encoding similar receptor proteins. This has been shown to be the case
for the ethylene receptor family, where at least five genes are encoding ethylene
receptors with largely identical function. Loss-of-function mutations in individual
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genes cause no apparent phenotype, but when several loss-of-function mutations are
combined, a constitutive ethylene response is progressively activated (Hua and
Meyerowitz, 1998).

One way of identifying genes that act redundantly is to isolate gain-of-function
alleles of those genes. Gain-of-function phenotypes can either be the result of
mutations that give rise to an altered gene product, leading to constitutive activation
of the protein (e.g. gai; Peng et al., 1997), or of mutations that alter the expression
level or pattern of the affected gene (e.g. shi; paper II). As described in another
section of the Introduction, the latter kind of mutations can be induced through the
use of activation tagging, where a T-DNA or transposon vector carrying a constitutive
promoter or enhancer elements will direct the expression of the gene (see also
Hayashi et al., 1992; Weigel et al., 2000).

Papers II and III of this thesis describes the identification of one of the first
activation tagged mutants in Arabidopsis, the dwarf mutant short internodes (shi),
and the cloning and characterisation of SHI, a gene that is encoding a new putative
repressor of GA signalling. Paper IV describes the identification of a small family of
SHI related genes, the possible identity of the gene products as RING finger proteins,
and the presumed existence of functional redundancy between these genes.
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RESULTS AND DISCUSSION

Characterisation of alb3, a Mutant Affected in Chloroplast Development (paper
I)

The albino3 (alb3) mutant of Arabidopsis was previously isolated using the two-
component transposon tagging system described in the Introduction section (Long et
al., 1993). The recessive alb3 mutant is chlorophyll deficient and does not survive
beyond the cotyledon stage when grown on soil. However, when grown in vitro on
medium supplemented with sugar, alb3 mutant plants can grow to develop up to 12
leaves and occasionally produces flowers, although sterile. The leaves of alb3 have a
light yellow, sometimes very pale green appearance and the chlorophyll content is
only about 5% of that of wild-type plants.

The effect of the mutation on chloroplast differentiation was studied using
transmission electron microscopy. Wild-type chloroplasts contain a highly structured
internal system of membranes called thylakoids, which in some regions are organised
in stacks known as grana. In the matrix between thylakoids (stroma), starch grains
representing photosynthate storage are accumulated. Chloroplasts of alb3 show a
highly defective ultra structure with very few thylakoid membranes, hardly any grana
stacking and no starch grains, suggesting a direct or indirect effect of the alb3
mutation on chloroplast biogenesis.

The ALB3 gene was cloned by using the Ds transposon causing the alb3
mutation as a tag. The sequences flanking the transposon had previously been isolated
by inverse PCR (IPCR; Long et al., 1993) and these DNA fragments were used to
isolate the ALB3 gene from lambda genomic and cDNA libraries. The DNA sequence
of ALB3 was determined and the amino acid sequence of the ALB3 protein was
deduced from the cDNA sequence. ALB3 was shown to be a nuclear-encoded gene
and it was mapped to chromosome II. The putative ALB3 protein consists of 462
amino acids, two regions of which show significant sequence similarity to a bacterial
inner membrane protein encoded by the SPOIIIJ gene of Bacillus subtilis (Errington
et al., 1992) and by the homologous 60K genes of Pseudomonas putida, Escherichia
coli (Ogasawara and Yashikawa, 1992) and Coxiella burnetti (Suhan et al., 1994).
The protein product of the SPOIIIJ gene is believed to be involved at an intermediate
stage in the bacterial sporulation process (Errington et al., 1992), but the function of
the proteins encoded by the 60K genes is presently unknown. Furthermore, the ALB3
protein shows sequence similarity over one of these regions to the yeast OXA1
protein and to its human homologue (Bonnefoy et al., 1994a, 1994b). In yeast, OXA1
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is shown to be a component of a translocase that is involved in the assembly of
cytochrome oxidase and other inner membrane protein complexes in yeast
mitochondria (Hell et al., 1998). The yeast oxa1- mutation was identified in a screen
for mutants that reduce the activity of cytochrome oxidase (Bonnefoy et al., 1994a).
Because of the similarity of ALB3 to OXA1, we wanted to investigate the possibility
that ALB3 might be a regulator of biogenesis or activity of the Arabidopsis
cytochrome oxidase complex. Activity of the complex in mitochondria from wild-
type and alb3 mutant plants was measured, and no significant difference could be
detected. The results suggest that the alb3 mutant is not impaired in the cytochrome
oxidase activity and thus, that the ALB3 protein is not required for the biogenesis of a
functional cytochrome oxidase complex in Arabidopsis.

The N-terminal region of the ALB3 protein shows features typical of cleavable
chloroplast transit peptides, such as a high number of serine residues and almost no
charged amino acids (Keegstra and von Heijne, 1992). This, together with the effect
of the alb3 mutation on chloroplast morphology, suggest that the ALB3 protein might
be imported into chloroplasts. Furthermore, using pSORT, a program for the
prediction of protein localisation in cells (Nakai and Horton, 1999), the highest score
assigned to ALB3 was for a chloroplast thylakoid membrane localisation (0.635). To
test this experimentally, an antiserum raised against the C-terminal part of the ALB3
protein was used in an immunogold labelling experiment to localise ALB3 in the cell,
and the results strongly suggest a localisation of ALB3 in chloroplasts. Additionally,
the experiment indicates that ALB3 is localised in or attached to thylakoid
membranes. Indeed, the sequence of ALB3 contains five hydrophobic regions which
could make up membrane-spanning domains, a topology that has later been
demonstrated for e.g. yeast OXA1 (Herrmann et al., 1997).

To support these in vivo data, we performed an in vitro experiment using
isolated pea chloroplasts, and this experiment showed that the ALB3 precursor
protein is imported and processed by the isolated chloroplasts and that the mature
protein is localised in the membrane fraction.

Using northern blot analysis, the ALB3 gene was shown to be expressed mainly
in green tissues, i.e. leaves, stems and flower buds, however, a low level of
expression could be detected also in roots and yellowing siliques. This expression
pattern was confirmed by generating transgenic plants expressing the β-glucuronidase
(GUS) protein under the control of the ALB3 promoter. In agreement with this, the
ALB3 protein was detected in protein extracts from leaves and flowers but not from
roots, as shown by western blot analysis.
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The phenotypic effect of the alb3 mutation on chloroplast morphology suggests
a possible regulation of ALB3 expression by light. The ALB3 mRNA level was
estimated by northern blot analysis in samples taken at different timepoints during a
12 h light/12 h dark period. However, no significant change in ALB3 expression
could be detected over this period. Furthermore, an extended dark treatment followed
by transfer to light had no effect on the ALB3 mRNA level.

The expression of nuclear genes encoding chloroplast-located proteins is
regulated in co-ordination with chloroplast development, mediated by a "plastid
factor" (Taylor, 1989). Candidates for this plastid factor are the protein products of
the GUN (GENOMES UNCOUPLED) genes, identified in a screen for mutants that
uncouple the expression of the nuclear genes CAB and RBCS from chloroplast
development (Susek et al., 1993). The ability of alb3 mutant chloroplasts to induce
the transcription of CAB and RBCS was tested by comparing the level of CAB and
RBCS mRNA in leaves of alb3 mutant plants, wild-type plants, and wild-type plants
treated with the herbicide norflurazon, which destroys chloroplasts through the
induction of photo-oxidation (Oelmüller, 1989). The experiments showed that CAB
and RBCS mRNAs were absent from norflurazon-treated plants, but present in alb3
plants, although at a reduced level compared to untreated wild-type plants. This
indicates that the alb3 chloroplasts are still capable of producing the signal required
for expression of the CAB and RBCS genes.

Since the publication of Paper I, another Arabidopsis OXA1-like protein,
OXA1At, has been identified by functional complementation of the yeast oxa1-

mutation (Hamel et al., 1997). Similarly to ALB3, the OXA1At protein shares only a
low identity (30%) to the yeast OXA1 protein. However, OXA1At is still able to
functionally complement the yeast respiratory mutation oxa1-, suggesting that it is a
functional homologue of OXA1 (Hamel et al., 1997). The OXA1At protein and the
ALB3 protein are less similar to each other (19% over-all identity, including signal
peptides) than either of them are to the yeast OXA1, but BLAST searches reveal the
presence of highly conserved homologues both of ALB3 and of OXA1At in several
plant species, such as pea, maize, tomato, soybean and pinetree for ALB3 (Zhu et al.,
1998; our unpublished results) and rice, tomato, rapeseed, soybean and sugarcane for
OXA1At (Hamel et al., 1997; our unpublished results). Furthermore, both ALB3 and
OXA1At show a high sequence similarity to a number of Arabidopsis sequences
published in the AGI database. This suggests ALB3 and OXA1At to be members of
two closely related families of proteins involved in the assembly of the respiratory
and photosynthetic complexes, respectively, and that these families are conserved
between plant species.
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Indeed, in a recent publication, data is presented that support the role of the
ALB3 protein as a component of a thylakoid translocase (Moore et al., 2000).
Through a BLAST search, Moore and co-workers have identified a pea homologue of
ALB3 called PPF-1, which is the predicted product of a cDNA that was isolated due
to its up-regulation in apical buds following gibberellin treatment (Zhu et al., 1998).
In protein import assays using isolated pea thylakoids, antibodies directed against
ALB3 cross-reacted with PPF-1 and specifically inhibited the assembly of the light
harvesting chlorophyll a/b binding proteins (LHCPs) in thylakoid membranes. Based
upon these and other observations, Moore et al. (2000) suggest that PPF-1/ALB3 is a
thylakoid translocase component to which LHCPs are targeted for translocation
across the membrane.

Isolation of the Arabidopsis Dwarf Mutant shi (short internodes) by Transposon
Tagging (paper II)

Using the transposon tagging strategy described in the Introduction, we isolated a
dwarfing mutation segregating out among the offspring of four individuals from one
F2 family, designated ES724. Seedlings carrying the mutation were recognised as
having a short hypocotyl and epinastic cotyledons compared to wild-type. In later
stages, the progeny of these F2 individuals were shown to comprise three phenotypic
classes in the ratio of approximately 1:2:1. These classes were dwarf, semi-dwarf and
wild-type, suggesting that the dwarfing mutation is semidominant and that the three
phenotypic classes correspond to plants homozygous for, heterozygous for, or lacking
the mutation, respectively. Using back crosses to wild-type and linkage analyses, we
confirmed that the dwarf phenotype is the result of a semidominant mutation at a
single locus, and that the mutant phenotype is linked to the Ds element insertion.
Furthermore, re-introduction of the transposase gene into the genome of the dwarf
mutant resulted in a de-stabilisation of the mutation as shown by a reversion to wild-
type phenotype in some individuals.

Because of the dwarf appearance of the mutant plants, we designated the
semidominant mutation shi, for short internodes. A comparison of a plant
homozygous for the shi mutation and a wild-type plant is shown in Figure 3.

Characterisation of the shi Mutant (papers II and III)
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In comparison with the wild-type, plants homozygous for the shi mutation have a
phenotype that includes a short hypocotyl, dwarfism due to very short internodes,
darker  green  colouring,  narrow  leaves,  reduced  apical dominance and late
flowering
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under short day conditions. These phenotypic traits are common for mutants that have
a reduction in the biosynthesis or the response to gibberellin, GA. A closer
comparison between shi and dwarf mutants defective in GA biosynthesis or GA
response shows that they all have a similar reduction in plant height compared to the
wild-type, and that this reduction in height is due to a reduced elongation of the cells
in the inflorescence stem, as shown by scanning electron microscopy, SEM.

Due to the similarity of shi to the GA dwarf mutants, we wanted to test whether
the shi mutation is affecting the biosynthesis of GA in the mutant plants. Plants with
a defect in GA biosynthesis become dwarfed due to a reduction of endogenous GA
levels, but if these plants are treated with exogenous GA the elongation of the
inflorescence can be restored and the plants become indistinguishable from wild-type.
The height of the shi mutant plants was not affected by repeated treatment with high
doses of GA, suggesting that the dwarf phenotype of shi is not the result of impaired
GA biosynthesis.

Several studies have shown that the GA biosynthesis genes, especially the genes
encoding GA 20-oxidase and 3β-hydroxylase, are controlled by a variety of feedback
mechanisms, thus regulating the endogenous levels of GAs (Xu et al., 1995; Chiang
et al., 1995; Phillips et al., 1995). The levels of GAs in several known GA signalling
mutants are in agreement with this theory. In mutants with increased signal
transduction the GA levels are decreased, while in those with decreased signal
transduction there is an accumulation of the bioactive gibberellins to a level higher
than in wild-type (Ross, 1994). In shi, we found an accumulation of the active GA4 to
a level of three times that of wild-type, and a corresponding decrease of the precursor
C20-GAs. This increase of active GA has been shown by Huang et al. (1998) and by
Coles et al. (1999) to be of biological significance, because Arabidopsis plants
overexpressing a gene encoding GA 20-oxidase was found to accumulate active GA
to a level of three times wild-type level, which resulted in elongated growth similar to
spy-3 and to wild-type plants sprayed with high levels of active GA.

In Arabidopsis, GAs have been shown to be important for the induction of
flowering under non-inductive growth conditions (Wilson et al., 1992). Mutants with
reduced GA-content or GA signalling, such as ga1-5 and gai, are late flowering when
grown in short days (SD), and the severe GA deficient mutant ga1-3 never flowers
under such conditions. Under  long day (LD) growth conditions, the flowering of the
GA dwarf mutants are delayed only slightly or not at all (Wilson et al., 1992).
Similarly to the GA dwarf mutants, the shi mutant was shown to be late flowering
when grown in SD but not under LD conditions. The impact of exogenous GA
treatment on the flowering time of shi was tested by repeatedly spraying wild-type
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and mutant plants grown in SD with high doses of GA. As expected, this treatment
was enough to fully restore the flowering time of the GA biosynthesis mutant ga1-5
to that of wild-type, while the flowering time of the GA response mutant gai was not
at all affected. Surprisingly, the shi mutant responded to the GA treatment such that
the flowering time was completely restored to wild-type, indicating that the shi
mutant is not insensitive to GA in all aspects. This is an important distinguishing trait
between shi and gai, and it suggests that the shi mutation is a weak suppressor of GA-
induced flowering but a strong suppressor of GA-induced stem elongation, while the
gai mutation is a strong suppressor of both these responses. One likely explanation
for this is that the two mutations affect two different GA signal transduction
pathways with different impact on flower induction. The difference in response can
not readily be explained by the effect of the shi mutation on flower induction being
unrelated to GAs, because the increased levels of endogenous GAs in shi is not
sufficient to restore the flowering time of the shi mutant plants. An alternative
explanation might be that the activity of the 35S promoter, which directs the
overexpression of SHI in the mutant, is tissue-dependent. In this case, the difference
in GA response of flower induction versus stem elongation could be explained by
different levels of SHI overexpression in the different tissues.

In respect to stem elongation, the shi mutant is saturated in GA responses as
suggested by the lack of elongation response upon GA treatment of shi mutant plants.
However, shi is still sensitive to reductions in endogenous GA levels, because a
double mutant carrying both the shi mutation and the ga1-3 mutation is even further
dwarfed than the shi single mutant. The ga1-3 mutation confers severe GA deficiency
but treatment with high doses of biologically active exogenous GAs completely
restores the wild-type phenotype of ga1-3 plants (Koornneef and van der Veen, 1980;
Sun et al., 1992). Similar to the ga1-3 single mutant, the shi ga1-3 double mutant was
unable to germinate without exogenously applied GA, and without further
supplement of GA developed into a phenocopy of untreated ga1-3 plants. As
expected, treatment with high doses of GA restored the height of shi ga1-3 plants to
that of shi, but no further. Similar results have previously been obtained with crosses
between the GA response mutant gai and the GA-deficient ga1-1 mutant (Koornneef
et al., 1985).

The sensitivity of shi to alterations in endogenous GA levels was also
confirmed by treatments with the GA biosynthesis inhibitor paclobutrazol (PAC). shi
seeds were unable to germinate on PAC-containing medium at the same
concentrations as wild-type seeds, and exogenous PAC treatment of shi seedlings
reduced elongation growth to a higher extent than for untreated shi seedlings.
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These data imply that the GA response per se is not defective in the shi mutant,
because shi is capable of responding to exogenous GA to a certain stage or level.
From this, we suggest that SHI acts as a repressor of GA responses and not in the
perception of the GA signal.

Cloning of the SHI Gene (paper II)

In order to isolate the SHI gene, we used IPCR to amplify the DNA sequences
flanking the Ds element in the shi mutant. These IPCR fragments were subsequently
used as primers to isolate a SHI genomic clone from a wild-type genomic library. The
SHI gene was shown to be a single-copy, nuclear-encoded gene and was mapped to
the bottom of chromosome V. A SHI cDNA was isolated using reverse transcriptase-
PCR (RT-PCR) and the transcriptional start site of the SHI cDNA was determined by
rapid amplification of cDNA ends (RACE). Comparison of the RACE products to the
IPCR fragments from the Ds insertion site revealed that the Ds element is inserted in
the untranslated leader of SHI, 363 bp upstream of the ATG that initiates the open
reading frame (ORF).

Comparison of the genomic and cDNA clones revealed the presence of one
intron in the SHI gene, and the amino acid sequence of the SHI protein was deduced
from the cDNA sequence. The predicted SHI protein consists of 331 amino acids
comprising a putative RING finger domain (see Paper IV), an acidic region and two
glutamine-rich regions. The latter features have been demonstrated to be important
for the ability of many transcription factor proteins to activate transcription (Mitchell
and Tjian, 1989). In addition, the SHI sequence contains two putative nuclear
localisation signals (NLSs) consisting of four arginines and/or lysines within a region
of six amino acids as defined by Boulikas (1994) and LaCasse and Lefebvre (1995).
Taken together, these features suggest that the SHI protein might act as a regulator of
transcription. However, as yet no convincing evidence exist that suggest RING finger
proteins to be DNA-binding, indicating that the role of SHI in transcriptional
regulation might be more indirect (see Paper IV).

Overexpression of the SHI Gene in the Mutant (paper II)

As described in the Introduction, the Ds element used in the transposon tagging
screen in which shi was isolated carries a CaMV 35S promoter in one end of the
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element. In the shi mutant, the Ds element is positioned near the 5' end of the SHI
gene such that the 35S promoter reads out towards the SHI ORF. RNA gel blot
analysis showed that the SHI gene was overexpressed in the mutant, and that in the
wild-type a SHI transcript could not be detected. This suggests that the shi phenotype
is the result of overexpression of the SHI gene. The size of the SHI transcript in the
wild-type is estimated to be around 1.6 kb, while the mutant SHI transcript is around
1.9 kb due to the new origin of the transcript in the Ds element.

Expression of the SHI Gene in the Wild-Type (papers II and III)

To study the expression of SHI in the wild-type, we extracted total RNA from
different tissues of wild-type plants and performed northern blot analysis. However,
the level of SHI transcript was so low that it could barely be detected using this
method, and we therefore performed RT-PCR on the same RNA and could detect SHI
mRNA in wild-type flowers, siliques, inflorescence stems, cauline- and rosette
leaves, roots, and in young seedlings.

To further investigate the spatial and temporal expression pattern of SHI, we
made constructs with parts of the SHI upstream region and ORF fused to the GUS
reporter gene and transformed these constructs into wild-type Arabidopsis plants. The
first construct consisted of ~1.5 kb of SHI sequence upstream of the ORF plus the
first exon of SHI fused to GUS, and the second construct contained ~1.5 kb of SHI
sequence upstream of the ORF plus the first exon, the intron and part of the second
exon of SHI fused to GUS. We could not detect any difference in spatial distribution
of SHI expression between plants harbouring either of the two constructs, however,
we did see a clear difference in the level of expression. In plants carrying the non-
intron construct, GUS expression was weak and variant between the individual
plants, whereas all plants carrying the intron-containing construct displayed a strong
and non-variable GUS expression.

According to GUS expression data, the SHI gene in the seedling is expressed in
the shoot apex, developing leaves, hydathodes, lateral root primordia and in the tips
of emerging lateral roots. In adult plants, GUS staining was detected in hydathodes of
rosette- and cauline leaves, and in the receptacle and stigma of the flower at all stages
of flower development. Weak staining could also be seen in the funiculi from prior to
fertilisation throughout seed development, but the ovules and developing embryos did
not stain at any stage. No staining could be detected in the stamens, petals or sepals.
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In the adult roots, GUS expression could be visualised in lateral root primordia and
lateral root tips, and, occasionally, in the stele of the root.

The expression pattern of SHI is very similar to that of the GA biosynthesis
gene GA1, encoding ent-kaurene synthase A. GA1 is expressed at the sites where GA
bio-synthesis is generally believed to occur, e.g. in shoot apices, in root tips and in
germinating seeds (Silverstone et al., 1997a). The presence of SHI in the shoot apex
and in root tips might be explained by the need for a negative regulator of GA-
induced cell elongation in tissues subject to biosynthesis of GA in large quantities, to
prevent premature growth or development. SHI might also act in these tissues as a de-
repressible negative regulator of GA responses, which is inactivated when GA levels
reach a certain threshold.

SHI-Mediated Repression of a Gibberellin-Inducible Barley Gene (paper III)

The upregulation of α-amylase expression in cereal aleurone cells is a well
characterised GA response. The ability of putative GA signalling components to
repress the GA signal can be examined by transiently expressing these proteins in
aleurone cells and study the changes in activity of the α-amylase promoter. In barley,
the SPINDLY homologue HvSPY has been demonstrated to confer down-regulation
of α-amylase expression following GA treatment, and similar results have been
obtained by overexpressing the Arabidopsis GAI protein, despite the heterologous
origin of GAI (Robertson et al., 1998; Frank Gubler, pers. comm.).

We studied the effect of SHI on GA signalling in barley aleurones in a similar
experimental set-up as the one previously used for HvSPY and GAI. The SHI cDNA
was fused to a ubiquitin promoter in an effector construct, generating constitutive
expression of SHI. This construct was co-bombarded into de-embryonated barley
half-grains together with a reporter construct composed of an α-amylase promoter
fused to the GUS gene uidA. The half-grains were treated with exogenous GA, and
the amount of GUS expression was used as a measure of α-amylase promoter activity.

In half-grains where SHI was not expressed, GA treatment generated a high
induction of α-amylase promoter activity, whereas in grains overexpressing SHI, the
GA treatment resulted in a promoter activity that was less than half the activity
observed in the non-SHI grains. In a control experiment, HvSPY was used as the
effector, and was able to repress GA-induced α-amylase promoter activity to a higher
extent than SHI, but could not eliminate the induction completely.
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The results show that SHI is able to function as a repressor of the GA signal in
a similar manner as HvSPY. The heterologous origin of SHI could explain the
difference in ability of the two proteins to down-regulate the barley α-amylase
promoter activity.

As demonstrated by expression analyses, SHI is not normally expressed in
germinating seeds, but still is able to repress the induction of a seed-specific gene.
This could possibly be explained by ectopic interference of SHI in the GA signal
transduction pathway due to over-expression of the SHI gene, and that SHI in the
wild-type is unrelated to GA signalling. However, more likely is that the SHI protein
is indeed acting ectopically because it is not normally active in germinating seeds, but
that it functions in a general GA signalling pathway that is common for several GA
regulated processes and in several different tissues in plants, and therefore is able to
act in a tissue where it is normally not expressed.

Altered Phenotype of the shi Mutant in ERECTA Background (paper III)

The shi mutant was originally identified in the Landsberg erecta (Ler) ecotype. This
ecotype harbours the erecta mutation, which is a dwarfing mutation with severe
effects on plant stature and organ shape. To investigate the phenotype conferred by
shi in the absence of the erecta mutant allele, we introduced shi into Ler+ plants,
which carry an intact ERECTA allele.

The results show that the shi er- individuals are much more severely dwarfed
than the shi ER individuals, suggesting that the erecta mutation is an enhancer of the
shi phenotype. This additive relation between the mutations implies that they are
acting in two different pathways regulating stem elongation.

Identification and Characterisation of SRS1 and SRS2, Two New Members of
the SHI Gene Family (paper IV)

In 1995, Smith and Fedoroff described the isolation of the gene LATERAL ROOT
PRIMORDIUM 1 (LRP1), which was identified in a screen of promoter trap lines.
LRP1 is expressed exclusively in lateral and adventitious root primordia, and the
knock-out mutation does not confer a discernible mutant phenotype. Smith and
Fedoroff concluded from low stringency DNA blot analysis that LRP1 is likely to be
a member of a small gene family, and they also reported on the identification of an
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expressed sequence tag (EST) clone from the Arabidopsis database, displaying high
sequence similarities to LRP1. When the SHI gene was sequenced and compared to
the available sequence information in the database, we inferred that SHI must be a
previously unidentified member of this gene family, based on the observed sequence
similarities to both LRP1 and the EST clone.

Because of the similarities to SHI, we wanted to isolate the gene from which the
EST was derived. The EST was used as a probe in a screen of a genomic lambda
library to pull out a full-length genomic clone corresponding to the EST, and the gene
was named SRS1 for SHI RELATED SEQUENCE 1. Subsequently, another gene
showing high sequence similarity to SHI, LRP1 and SRS1 was identified in the AGI
database, hence this gene was designated SRS2 (SHI RELATED SEQUENCE 2 ). The
small gene family that these four genes constitute was denoted the SHI gene family.

The gene organisation of SRS1 and SRS2 is similar to both SHI and LRP1. The
predicted SRS1 and SRS2 proteins comprise 372 and 322 amino acids, respectively.
The two proteins show particularly high sequence identity to each other and to SHI
and LRP1 over two regions. The first region is positioned in the N-terminal half of
the proteins, and in SHI, SRS1 and SRS2 it comprises six cysteines and two
histidines in a conserved C-X2-C-X7-C-X-H-X2-C-X2-C-X7-C-X2-H arrangement (X
is a variable amino acid), which is referred to as a C3HC3H domain. This consensus
is similar to the conserved Cys-His pattern found in the so-called RING finger, which
is a small zinc-binding domain first identified in the protein product of the human
gene RING1 (Really Interesting New Gene 1; Hanson et al., 1991; Lovering et al.,
1993). The classical RING finger pattern is defined as C3HC4, and a common variant
of the motif is the RING-H2, or C3H2C3, domain. The RING domain binds two zinc
atoms in a unique cross-brace arrangement, where the first and third pair of ligands
share zinc 1, and the second and fourth pair of ligands share zinc 2, as shown in
Figure 4. No defining biochemical process has been demonstrated for the RING
domain, but it is generally believed to mediate protein-protein interactions (reviewed
by Borden, 2000). RING finger proteins have been identified in diverse eukaryotic
organisms, and they are involved in a variety of cellular processes. Many RING finger
proteins have been demonstrated to function as E3 ubiquitin protein ligases that act in
targeting proteins for ubiquitination and subsequent degradation (Freemont, 2000). In
plants, the best characterised RING finger protein is the Arabidopsis COP1
(CONSTITUTIVE PHOTOMORPHOGENESIS 1) protein, which was identified
through the cop1 mutation conferring light-associated development in darkness (Deng
et al., 1991), and which is believed to be a member of the ubiquitination pathway
(Osterlund et al., 2000).
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The second conserved region in the SHI family proteins is positioned in the C-
terminal part. This region does not show similarity to any previously described
protein motif, except for a short stretch of acidic residues, more or less conserved
between the members, which could be involved in mediating transcriptional
activation (Mitchell and

Figure 4. A representation of metal binding in the classical RING domain. Hexagons
represent cysteine residues and square represents histidine residue. Ovals represent
zinc atoms.  Adapted from Borden, 2000.

Tjian, 1989). This second conserved region will be referred to as the IGGH-domain,
named after four conserved residues within the region.

In addition to the two conserved regions, the SHI related proteins contain short
glutamine-rich regions, which in combination with the acidic stretches might function
in transcriptional activation (Mitchell and Tjian, 1989). Indeed, yeast hybrid data
show that
SHI, SRS1 and SRS2 are able to transactivate transcription of the reporter gene lacZ
in yeast (our unpublished results).

Since the identification of SRS1 and SRS2, another four genes belonging to the
SHI gene family have been identified through searches of the AGI database.
Accordingly, these genes have been designated SRS3, SRS4, SRS5 and SRS6. As for
the other four members of the family, these genes show particularly high sequence
identity over the putative RING finger region and over the IGGH-domain. The
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C3HC3H RING consensus is not absolutely conserved between all the members, as
the first histidine residue of the consensus is lacking in LRP1, SRS3 and SRS6. It is
not known whether the His-substituting amino acids in these proteins can still
participate in zinc ligation, although similar cases have been described (Boddy et al.,
1994; Régnier et al., 1995).

A tomato homologue of the SHI related genes was identified in a GenBank
database search. The predicted protein product of this gene is highly similar to the
Arabidopsis proteins over the RING finger region and the IGGH domain. To
determine the phylogenetic relationships between the different members of the SHI
gene family including the tomato homologue, we performed a maximum parsimony
analysis based on the amino acid sequences of the two conserved regions of the nine
proteins. The analysis resulted in a consensus tree where three distinct monophyletic
groups were formed. SHI, SRS1 and SRS5 formed one clade, SRS2 and SRS4
formed a second clade, and LRP1, SRS6 and the tomato homologue formed a third
clade. SRS3 did not group with any of the proteins. The obtained phylogenetic
relationships between the genes were supported by a comparison of intron positions
of the genes, in the cases where such information was available.

Genes with similarity to the members of the SHI gene family have been
identified also in soybean and rice. Unfortunately, the available sequence data of
these genes do not represent full-length clones, hence it was not possible to include
the gene products in a phylogeny analysis.

The presented data suggest that SRS1, SRS2 and the other members of the SHI
family might be involved in transcriptional activation, although not likely by direct
interaction with DNA but rather as members of protein complexes through protein-
protein interactions mediated by the putative RING finger domain.

Expression Patterns of SRS1 and SRS2 (paper IV)

The expression patterns of SRS1 and SRS2 were examined using reporter gene
analysis. Approximately 2 kb of upstream regulatory sequences from each gene was
fused to the uidA gene and transformed into Arabidopsis wild-type. According to
reporter gene activity, the expression patterns of the two genes are partly identical in
vegetative tissues. Both genes are expressed in the shoot apex, hydathodes and lateral
root primordia of seedlings and adult plants. SRS2 alone is expressed in young
developing trichomes. SRS1 differs from SRS2 in that it is expressed in the hypocotyl,
the cotyledons, and the primary and lateral root tips of young seedlings.
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In the flower, GUS activity show that the two genes are expressed at different
developmental stages. SRS1 is expressed in floral buds and young flower primordia,
as well as in ovules from immaturity to fertilisation, and in pollen grains from the
opening of the flower bud until pollination is completed. SRS2 expression is not
observed in young flower buds, but it appears in anthers before opening of the flower
bud, and declines coincidentally with the onset of SRS1 expression in pollen.
Furthermore, SRS2 is expressed in the style from before bud opening throughout
silique maturation.

Taken together, the expression pattern of SRS1, SRS2, LRP1 and SHI is partly
overlapping in vegetative tissues and more complementary in reproductive tissues
(where LRP1 is not expressed at all; Smith and Fedoroff, 1995).

Overexpressor Phenotypes of SHI, SRS1, SRS2 and LRP1 (papers III and IV)

To study the effect of overexpression of the SHI related genes, we generated
transgenic Arabidopsis plants expressing SRS1 or SRS2 under the control of the 35S
promoter. Interestingly, the majority of the primary transformants overexpressing
either gene displayed a dwarf phenotype that was largely similar to the shi mutant
phenotype, which is the result of overexpression of the SHI gene, directed from a 35S
promoter present in the Ds element. However, transformant lines homozygous for one
insert of 35S::SRS1 or 35S::SRS2, or plants carrying multiple inserts, showed defects
in flower development in that the anthers were undeveloped and pollen-less, and the
filaments, petals and the pistil failed to elongate properly. These plants were sterile
and therefore no homozygous lines could be obtained.

We also generated transgenic plants overexpressing LRP1. These plants
displayed a phenotype identical to the SRS1 and SRS2 overexpressing plants, which is
somewhat surprising considering the spatially limited expression pattern of LRP1 in
the wild-type. This indicates that the proteins are able to participate in negatively
regulating cell elongation in a process that is common for all plant tissues, but that
each protein is normally active only in specific tissues.

To verify that the shi mutant phenotype was indeed the result of overexpression
of the SHI gene, we generated plants harbouring a construct where SHI was expressed
under the control of the 35S promoter. The 35S::SHI plants were phenocopies of the
35S::SRS1, 35S::SRS2 and 35S::LRP1 plants, also displaying reduced fertility due to
poorly elongated flower organs. This defect in organ elongation can sometimes be
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observed also in the original shi mutant, but only under sub-standard growth
conditions.

Identification of Loss-of-Function Alleles of SHI, SRS1 and SRS2 (papers III
and IV)

In order to further determine the function of the SHI, SRS1 and SRS2 proteins, we
used a reverse genetics approach to identify knock-out alleles of the genes. Several T-
DNA and transposon insertion lines were screened for insertions in the genes. In the
Arabidopsis SLAT T-DNA collection (Tissier et al., 1999), we identified one
insertion in the upstream regulatory sequence of SHI (this allele was denoted shi-2),
one in the RING finger-coding region of SRS1 (srs1-1) and one downstream of the
RING finger-coding region of SRS2 (srs2-1). In the T-DNA collection from the
Arabidopsis Knock-out Facility (Krysan et al., 1999), we found one insertion in the
second exon of SHI, immediately downstream of the region encoding the IGGH-
domain (denoted shi-3). In the Thomas Jack T-DNA collection (Campisi et al., 1999),
we identified a second insertion in SRS1, this time in the upstream regulatory
sequence (srs1-2).

Interestingly, none of the insertion alleles conferred a phenotype that was
morphologically deviating from the wild-type at any developmental stage under the
growth conditions examined. Furthermore, the knock-out allele of LRP1 confers a
phenotype identical to the wild-type, as reported previously (Smith and Fedoroff,
1995). At least srs1-1 and srs2-1 are likely to represent loss-of-function alleles,
because the insertions are positioned such that they disrupt the ORFs in the 5' half,
thereby generating a highly truncated protein provided that translation occurs at all. In
shi-2 and srs1-2, the insertions are positioned upstream of the transcribed region, and
in shi-3, the T-DNA is inserted in the middle of the second exon, suggesting that
these alleles might not represent true loss-of-function alleles. In shi-2 and srs1-2,
transcription might still occur, although probably at a reduced level. In shi-3, the
insertion might generate a truncated gene product, but because the T-DNA is inserted
3' of the conserved IGGH-domain, this truncated protein might still be functional.
Thus, at least for SHI we need to identify additional lines with insertions further
upstream in the ORF or in important regulatory sequences before we can conclude
that knock-outs of the gene does not cause a discernible phenotype.

The lack of a mutant phenotype generated by the presumed loss-of-function
alleles of the genes examined indicate that the respective genes are more or less



42

dispensable for a proper development of the plant. Judging from the phenotypes of
the shi mutant and of the 35S::SRS1, 35S::SRS2 and 35S::LRP1 transgenic plants, we
would expect that loss of function of the respective proteins should generate a
phenotype that is the opposite of the dwarf phenotype seen in the overexpressors, i.e.
plants with a slender, elongated appearance. One explanation that we must take into
consideration is that the proteins might not normally be involved in the regulation of
stem- and organ elongation, and that the dwarf phenotype seen in the overexpressors
are just the result of ectopic interference of the proteins in the signalling pathway
regulating elongation, in this case presumably the GA signalling pathway. However, a
more likely explanation to the lack of a loss-of-function phenotype of the insertion
mutants is that the proteins are functionally redundant. This is often observed
between closely related proteins and it is particularly true for proteins with key
regulatory functions (reviewed by Martienssen and Irish, 1999). Considering the
highly conserved RING finger and IGGH-domains of the proteins, together with the
overlapping expression patterns in vegetative tissues, it is very likely that the genes in
the SHI family are acting redundantly. Furthermore, the more or less identical
phenotypes of the plants overexpressing the proteins suggest that they have a
conserved function as negative regulators of cell elongation.

In order to elucidate the possible redundancy between the proteins, we aim to
generate multiple combinations of the loss-of-function alleles through cross
pollination. By progressively knocking out the proteins, we hope to generate a
phenotype supporting the role of the proteins in regulating cell elongation,
particularly in the stem.
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CONCLUDING REMARKS AND FUTURE PROSPECTS

This thesis describes a successful genetic approach that has led to the identification of
two mutants, albino3 and short internodes, and through these mutants, the isolation
of several new genes that are involved in the regulation of different aspects of plant
development.

As mutations affecting the photosynthetic apparatus have pleiotropic effects
on chloroplast morphology, it has been very difficult to use a genetic approach to
identify components active in chloroplast development. Cloning of the mutated genes
opens new possibilities to identify and analyse the function of proteins involved in
chloroplast biogenesis. The work on albino3 and the ALB3 gene could therefore be
considered a pioneer work in the field, because ALB3 is one of the first genes
suggested by a mutant phenotype to be involved in chloroplast biogenesis or
chlorophyll biosynthesis that could be cloned. We have shown that the ALB3 protein
is localised in chloroplast thylakoid membranes, and as it is similar to a protein
involved in assembly of protein complexes in yeast mitochondria, we suggest that
ALB3 is involved in the assembly of thylakoid protein complexes, and thereby crucial
for proper chloroplast development. Recent work has shown that a pea homologue of
ALB3 is involved in the assembly of the light harvesting complex proteins (LHCPs)
in pea thylakoid membranes, thus it would be interesting to perform a similar study
on ALB3 in Arabidopsis. The identification of several Arabidopsis homologues of
ALB3 in the AGI database raises the question whether these proteins are involved in
similar processes as ALB3. Considering the severe phenotype of the alb3 mutant, it is
not likely that the proteins are functionally redundant. It would be of great interest to
isolate loss-of-function alleles of these ALB3 related genes through a reverse genetics
approach, and from the mutant phenotypes, if any, get information towards the
function of the genes.

The isolation of short internodes and thereby the SHI gene led into the
identification of several related genes constituting a novel gene family. We suggest
SHI and some of the SHI related genes to be repressors of cell elongation, possibly
through transcriptional regulation. The gibberellin related studies have so far mostly
been conducted on the shi mutant and the SHI gene, and therefore we can not draw a
general conclusion towards a function of all the proteins in the SHI family as possible
negative regulators of GA response, despite the high degree of sequence conservation
and the largely overlapping expression patterns of the genes.

 To date, eight members of the SHI gene family are identified, and additional
SHI related genes may be discovered as approximately eight percent of the
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Arabidopsis genome sequence awaits publication in the AGI database. The
identification of the SHI family genes has opened up a whole array of new questions.
Are the proteins functionally redundant, or do they have overlapping function? What
is the wild-type function of the proteins - are they indeed acting as repressors of GA-
induced development at specific stages? What is the biochemical function of the
proteins?

To address these questions, we need to undertake a range of different
approaches. We suggest that the genes in the family encode proteins with a motif of
RING finger type, thus, it would be interesting to study the zinc binding ability of the
proteins. Furthermore, the proteins contain sequences suggesting a role in
transcriptional regulation, and we are already studying the ability of the proteins to
transactivate promoters in a yeast system. We will also use the yeast two-hybrid
system to look for protein-protein interactions, a process that is thought to be
mediated by the RING domain of classical RING finger proteins.

To elucidate the function of the proteins in planta, and the presumed
functional redundancy between the proteins of the family, we aim to generate new
loss-of-function alleles of the different genes. The effect of each individual knock-out
mutation will be studied, and the different mutations will be combined to generate a
multiple knock-out individual.

The genes in the SHI family are included in a large EC project called REGIA
(REgulatory Gene Initiative in Arabidopsis). REGIA will perform micro-array
analyses on the expression of putative transcription factor proteins in different tissues
and developmental stages, and following the exposure of the plant to different
environmental stresses or hormone treatments. From these experiments, we hope to
gain detailed information on the spatial and temporal expression of the SHI genes.
Furthermore, we aim to introduce the reporter gene constructs of SHI, SRS1 and SRS2
into different mutant backgrounds to look for alterations in expression level and/or
pattern compared to wild-type, an approach that might reveal the relative positions of
components in a signalling pathway.

To further address the question whether the SHI genes are indeed repressors of
GA responses, we would like to use the micro-array facilities provided by Stanford
University to study the expression of genes that are known to be active far
downstream in the GA signalling pathway, e.g. the GASA genes (Herzog et al., 1995;
Aubert et al., 1998), in the loss-of-function mutants and the overexpressors of the SHI
related genes. It would also be interesting to use an inducible promoter, e.g. the
glucocorticoid promoter, to study the effect of a timed expression of the different
genes on plant development.
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Considering the ability of SHI to repress the GA-mediated induction of α-
amylase expression in a system that has no defined equivalent in Arabidopsis, it
would be of great interest to look for a SHI homologue in barley and to specifically
test the ability of a putative HvSHI to repress GA responses in barley aleurone. We
have already identified a SHI-like EST from rice in the GenBank database, indicating
the presence of a monocot homologue of the proteins in the Arabidopsis SHI family.

A lot of work remains, but the fast development of new and improved
techniques and the increasing public access to a range of technical facilities and
bioinformatics will no doubt help us to find the answer to these questions within the
near future.
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Errata list, Ingela Fridborg (Changes are written in bold text)

SUMMARY

p 38, first line: Should read: …Arabidopsis SLAT transposon collection….

p 38, starting line 7, 1st paragraph: Sentence should read:
In the Thomas Jack T-DNA collection (Campisi et al., 1999), we identified a second
insertion in SRS1, this time in the untranslated leader sequence (srs1-2).

p 38, starting line 13, 2nd paragraph: Sentences should read:
At least srs1-1, srs1-2 and srs2-1 are likely to represent loss-of-function alleles,
because the insertions are positioned such that they disrupt the ORFs in the 5' half or
upstream, thereby generating a highly truncated protein provided that translation
occurs at all. In shi-2, the insertion is positioned upstream of the transcribed region,
and in shi-3, the T-DNA is inserted in the middle of the second exon, suggesting that
these alleles might not represent true loss-of-function alleles. In shi-2, transcription
might still occur, although probably at a reduced level.

p 46, second reference. Journal data missing, should be:  
Gubler, F., Raventos, D., Keys, M., Watts, R., Mundy, J., and Jacobsen, J.V. (1999).
Target genes and regulatory domains of the GAMYB transcriptional activator in
cereal aleurone. Plant J. 17,1-9.

p 51, 11th reference. Data incomplete, should be:
von Wettstein, D., Henningsen, K.W., Boynton, J.E., Kannangara, G.E. and Nielsen,
O.F. (1971) The genetic control of chloroplast development in barley. In
Autonomy and biogenesis of mitochondria and chloroplasts. N.K. Boardman, A.W.
Linane, and R.M. Smillie (eds.) Amsterdam, Elsevier, 205-223.
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