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The pistil, or the gynoecium, is the female reproductive organ of the angiosperm flower
and its ontogeny has been studied in the model plant Arabidopsis thaliana. The mature
Arabidopsis gynoecium consists of a basal ovary that contains the ovules, a short style
and an apical stigma that serves as the site of pollen adherence and germination. This
thesis describes the identification and functional characterisation of genes with roles in
the regulation of Arabidopsis gynoecium development.
Mutant analyses and sequence similarity database searches led to the identification of
a small Arabidopsis gene family, denoted the SHI gene family, the ten members of which
encode proteins with zinc finger-like motifs. This class of genes is novel and appears to
be unique to plants.
Double, triple and quadruple mutant analyses revealed that at least six of the SHIrelated genes, STY1, STY2, SHI, SRS4, SRS5, and LRP1, redundantly contribute to the
formation of stylar and stigmatic tissues in developing gynoecia. Several of the genes
appear also to influence carpel fusion and vascular patterning in the gynoecium.
Gynoecia of transgenic plants that express STY1 or STY2 constitutively develop ectopic
style cells, confirming a role for the genes in the promotion of style formation. STY1,
STY2, SHI and SRS5 are expressed in the apical parts of the developing gynoecium and,
hence, likely act cell autonomously. As judged from mutant and overexpression analyses,
the SHI-related genes appear also to regulate leaf development. Possibly, SHI family
members act in concert with the plant growth hormones gibberellin and auxin.
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INTRODUCTION
PLANT GROWTH
Being sessile, plants have evolved sophisticated mechanisms to deal with changes in their
surroundings. Plants are highly plastic and possess a unique capacity to modulate their
growth patterns by integrating information yielded from a variety of environmental signals,
such as gravity and light quality and quantity, with endogenous regulatory programs. Plant
cells, in contrast to animal cells, are surrounded by a supportive, rigid cell wall and do not
migrate. Nor do plants seem to use programmed cell death as a mechanism to attain the
appropriate number of cells in developing organs or stem cell pools (Meyerowitz, 1997).
Organogenesis and tissue organisation in plants, thus, depend almost entirely on a precise,
patterned, control of the rates, planes and places of cell divisions coordinated with a tightly
regulated, yet highly flexible, cellular expansion. In general, plant cell fate is determined
by position rather than by clonal lineage (Stewart, 1978) and neighbouring cells, as well as
distant tissues, provide positional information by means of ligand mediated- and hormone
directed- signalling, and non cell autonomously acting proteins or mRNAs, moving via
plasmodesmata.

PLANT PATTERN FORMATION
The basic outline of the plant body is established during embryogenesis, but plants
continue to develop new organs throughout their life cycle. This reiterate mode of growth
is a consequence of continuous organogenesis at the site of the shoot apical meristem,
SAM, which, together with the root apical meristem, RAM, is established already in the
embryo. The RAM provides cells for the root system, while the SAM produces all aerial
parts of the plant. The SAM is divided into three distinct domains: a central zone
comprising a small population of morphologically undifferentiated pluripotent stem cells, a
peripheral zone in which lateral organs are initiated following a constant and tightly
regulated replenishment of cells from the central zone, and a basal rib zone which
contributes to the formation of the stem (Fig. 1) (Fletcher, 2002). The epidermal and
subepidermal cell layers of the SAM of most dicots, the L1 and L2 layers respectively, are
commonly referred to as the tunica. Cells in each of these layers divide anticlinally,
perpendicular to the plane of the meristem surface, and are therefore clonally distinct from
cells in other layers. Beneath the tunica, the corpus, or L3 region is found. In this region,
the cells divide in all directions and constitute the precursors of internal tissues of most
organs. A perpetual communication between neighbouring cells in the different zones is
necessary to create a self-supporting system that coordinates the cell divisions in the SAM
in order to maintain a constant population of stem cells.
During plant vegetative development, leaves are formed on the flanks of the SAM
in a radial pattern that is characteristic for each species and referred to as phyllotaxy. Upon
induction to flowering, environmental cues, such as light, temperature and nutrient access,
in combination with endogenous signals, including the plant hormone gibberellin, prompt
the plant to undergo transition to reproductive development (Mouradov et al., 2002). As
the plant enters this phase, the vegetative SAM is transformed into an inflorescence
meristem, which produces flowers from floral meristems.
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Floral meristems are structurally similar to SAMs but differ fundamentally from
these in a couple of respects. Firstly, SAMs typically generate leaves and lateral meristems
in one of several patterns, whereas most floral meristems produce organs in distinct
concentric whorls. Secondly, while SAMs from many plant species are indeterminate and
produce an indefinite number of organs, floral meristems are determinate and terminate
when the formation of all flower organs is completed (Steeves and Sussex, 1989).
In most eudicots, floral meristems initiate four different types of floral organs.
Sepals are formed in the outermost, first whorl, and petals, often colourful and
conspicuous, develop in the second whorl. Interior to the sterile perianth, the male stamens,
collectively named the androecium, occupy the third whorl and the female carpels, making
up the gynoecium, or the pistil, are located in the innermost, fourth whorl (Fig. 1).

FIGURE 1. Schematic drawings of a shoot apical meristem (SAM) (left) and a young flower (right).
CZ: central zone; PZ: peripheral zone; RZ: rib zone.
A molecular basis for patterning in the model species Arabidopsis thaliana
Meristem function and floral development have been studied extensively, mainly in the
model species Arabidopsis thaliana (Fig. 2). Having a small genome, Arabidopsis is an
excellent model system for molecular studies and developmental genetics (Meinke et al.,
1998). Arabidopsis is a natural self-pollinator but can easily be cross-pollinated, has a short
generation time and produces a large number of offspring despite its small size. The plant
pathogen Agrobacterium tumefaciens, which, following infection, may transfer a piece of
its own DNA (a T-DNA) to the plant genome, provide the basis of an efficient
transformation system. Agrobacterium-mediated transformation is widely exploited to
generate mutants by insertional mutagenesis and for the construction of transgenic plants
harbouring e.g. reporter gene constructs. The completion of the Arabidopsis genome
sequence in the year of 2000 (the Arabidopsis Genome Initiative, 2000) allows for
genome-wide comparative studies and contributes extensively to the new field of
functional genomics.
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FIGURE 2. Arabidopsis thaliana.
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Mutant analyses in Arabidopsis have led to the identification of a number of
regulatory genes that participate in the control of meristem formation and function. In
Arabidopsis, the CLAVATA genes (CLV1, CLV2 and CLV3) are required to restrict the
accumulation of stem cells in shoot and floral meristems by regulating the rate at which
cells leave the central zone to become incorporated into organ primordia. Accordingly,
loss-of-function clv1, clv2 and clv3 mutants form enlarged shoot and floral meristems,
causing stem fasciations and increases in floral organ number (Clark et al., 1993, 1995;
Kayes and Clark 1998). CLV1 and CLV2 encode similar Leu-rich repeat receptor-like
transmembrane proteins (Clark et al., 1997; Jeong et al., 1999) that constitute components
of a membrane-bound receptor complex (Trotochaud et al., 2000). CLV3 is expressed in
the L1 and L2 layers in the central zone of shoot and floral meristems, where the stem cell
population is localised, and encodes a small extracellular protein that acts non cell
autonomously by binding to, and activating, the CLV1/CLV2 receptor complex in the L3
(Fletcher et al., 1999; Rojo et al., 2002; Trotochaud et al., 2000).
The CLV-directed signal negatively regulates the activity of the stem cell
promoting homeobox gene WUSCHEL (WUS) and restricts its domain of expression to a
small group of cells in the L3 layer (Mayer et al., 1998). WUS, in turn, positively regulates
CLV3, either non cell autonomously or via a mobile signalling molecule, and ensures the
specification of stem cell fate and the maintenance of a CLV3-expressing stem cell pool at
the shoot apex (Schoof et al., 2000). In wus mutants, the stem cells are unable to selfmaintain, which result in a premature termination of shoot and floral meristems (Laux et
al., 1996; Mayer et al., 1998). Hence, the size and position of the stem cell population is
regulated by a feedback loop mediated by the WUS and C L V genes and a persistent
expression of WUS is necessary for the indeterminacy of the SAM (Fletcher, 2002).
Meristem maintenance also requires the activity of the KNOTTED-like homeobox
(KNOX) gene SHOOT MERISTEMLESS (STM) (Long et al., 1996). Like wus, stm mutants
fail to initiate and maintain a functional SAM (Barton and Poethig, 1993). STM inhibits
cell differentiation in the central zone of the embryo apex mainly by repressing the
expression of the MYB-related gene ASYMMETRIC LEAVES (AS1), which promotes lateral
organ formation in the peripheral zone (Byrne et al., 2000). STM, in turn, is under the
control of the CUP-SHAPED COTYLEDON genes, CUC1 and C U C 2, which encode
related NAC domain proteins that act redundantly to promote organ separation (Aida et al.,
1997; 1999; Takada et al., 2001).
After producing a number of rosette leaves, Arabidopsis enters the reproductive
phase, during which the stem elongates and the vegetative SAM is transformed into an
indeterminate primary inflorescence meristem that produces secondary SAMs, called
axillary meristems, in the axils of the cauline leaves (Fig. 2). Floral meristems develop on
the flanks of both primary and secondary reproductive SAMs. The separate identities of
SAMs and floral meristems are conferred by the specific expression of floral meristem
identity genes, e.g. LEAFY (LFY), APETALA1 (AP1), CAULIFLOWER (CAL) and
FRUITFULL (FUL) in floral meristem primordia (Ferrándiz et al., 2000a; Ng and
Yanofsky, 2000). The patterning and identity of floral organs are determined by the
combinatorial action of homeotic A, B and C genes, as outlined in the ABC model of
flower development (Bowman et al., 1991; Coen and Meyerowitz, 1991). According to the
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model, sepal identity is specified by A function, A function in combination with B confer
petal identity, B together with C specify stamens and C function alone directs carpel
development. In addition, A factors negatively regulate C factors, and vice versa. The
majority of the A, B and C factors are encoded by members of the MADS-box gene family
of transcriptional regulators and the expression of each gene is largely confined to the
whorls in which it specifies organ identity (Ng and Yanofsky, 2001).
AGAMOUS (AG) is the one C class gene identified in Arabidopsis (Yanofsky et al.,
1990) and its expression in the centre of the flower is positively regulated by LFY and
WUS (Busch et al., 1999; Lenhard et al., 2001; Lohmann et al., 2001). In ag mutants,
petals develop in place of sepals and carpels are replaced by a new flower. This pattern of
organ initiation is repeated indefinitely and reveals an additional role for AG in the control
of the determinacy of the floral meristem (Bowman et al., 1989; 1991; Mizukami and Ma,
1997). The continuous proliferation of ag floral meristems appears to be a consequence of
a prolonged WUS expression (Busch et al., 1999). Thus, the determinate growth of the
floral meristem is dependent on the AG-mediated negative regulation of WUS (Lenhard et
al., 2001).

HORMONAL INFLUENCE ON PLANT GROWTH AND DEVELOPMENT
Plant hormones are small signalling molecules that influence physiological processes at
low concentrations either at their site of synthesis, which distinguishes the action of some
plant hormones from the action of hormones in animals, or in tissues to which they are
transported (Davies, 1995). Plant hormones, and their coordinated interactions, are crucial
to most aspects of plant growth, differentiation and development. Much of the plasticity of
plant development is likely a consequence of hormonal actions as those are often tightly
linked with systems that sense environmental cues. Below, effects associated with the
growth promoting hormones auxin and gibberellin are described.
Auxin
Long-distance auxin signalling, from the shoot to the root, modulates growth in single cells
and at the whole plant level. A differential distribution of auxin and changes in local auxin
concentrations underlie many developmental processes, including embryo pattern
formation, phototropic and gravitropic responses, lateral root formation, meristem
patterning, regulation of phyllotaxy, and vascular tissue differentiation (Berleth and Sachs,
2001). Auxin action at the cellular level is often associated with changes in rates of cell
division and cell expansion and involves the action of transcriptional regulators and rapid,
proteasome mediated protein degradation at the molecular level (Leyser, 2002).
The important role of auxin for proper embryo development is illustrated by e.g. the
monopteros (mp), bodenlos (bdl) and gnom (gn) mutants that display defects in the
organisation of the apical-basal embryo axis and fail to form a root meristem (Berleth and
Jürgens, 1993; Hamann et al., 1999, Mayer et al., 1993) and in the pin-formed1 (pin1)
mutant embryos that display a disrupted bilateral symmetry (Bennet et al., 1995; Okada et
al., 1991). All four genes encode proteins that have been implicated in auxin transport
and/or response (Geldner et al., 2003; Gälweiler et al., 1998; Hadfi et al., 1998; Hamann et
al., 2002; Hardtke and Berleth, 1998).
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The AUXIN BINDING PROTEIN 1 (ABP1) is the single candidate for an auxin
receptor (Jones, 1994). ABP1 is required for organised cell expansion and division during
embryo development and knockout abp1 mutations are embryo lethal (Chen et al., 2001;
Jones et al., 1998a)
Auxin transport
Auxin is actively transported in a polar, often basipetal or lateral, manner through the
action of asymmetrically localised influx and efflux carrier proteins encoded by members
of the AUXIN1 (AUX1) and PIN gene families, respectively (Bennet et al., 1996; Gälweiler
et al., 1998; Luschnig et al., 1998; Marchant et al., 1999; Picket et al, 1990; Swarup et al.,
2000). A significant amount of auxin is also transported non-directionally in the phloem
(Baker, 2000).
The needle-like inflorescence produced by the pin1 mutant is similar to those of
plants treated with inhibitors of polar auxin transport and, consistently, pin1 mutants
display strong reductions in basipetal auxin transport (Okada et al., 1991). PIN1 encodes a
protein that is similar to a group of bacterial transporters (Gälweiler et al., 1998).
Generally, PIN1 and the PIN related proteins PIN2, PIN3, and PIN4, are localised to the
basal part of auxin transporting cells in a tissue specific manner, consistent with roles for
the proteins as efflux carriers of basipetally transported auxin (Friml and Palme, 2002).
The GNOM protein, encoding a GDP/GTP exchange factor for small ARF
GTPases (ARF-GEFs), functions in vesicle trafficking and is required for the continuous
recycling of PIN1 through endomembrane compartments, which in turn appears necessary
for the polar localisation of PIN1 at the basal end of cells and, hence, normal polar auxin
transport (Geldner et al., 2001; 2003; Steinmann et al., 1999).
Changes in the spatial and temporal distribution of auxin transporters in response to
different stimuli result in an altered direction of auxin fluxes, which triggers certain
growth- and/or developmental responses mediated by auxin signalling molecules.
Auxin signal transduction
Two classes of proteins, the auxin response factors (ARFs) and the auxin/indole 3-acetic
acid (Aux/IAA) proteins, are of crucial importance for auxin signalling. ARFs bind to
DNA via a B3-type DNA binding domain that specifically recognises auxin response
elements (AuxREs) and activate or repress the transcription of target genes (Ulmasov et al.,
1997a;1999; Tiwari et al., 2003). The Aux/IAA genes are rapidly induced in response to
auxin treatment and encode short-lived nuclear proteins that do not bind to DNA directly
(Abel et al., 1994; Ulmasov et al., 1997b), but appear to regulate auxin-induced gene
expression by heterodimerisation with ARFs, thereby modulating their activity (Tiwari et
al, 2001; Ulmasov et al., 1997b). Aux/IAA proteins share four conserved sequence motifs,
domains I-IV (Abel and Theologis, 1996). Domain III and IV facilitate homo- and
heterodimerisation among Aux/IAA proteins or between Aux/IAA proteins and ARFs,
which contain related dimerisation domains (Kim et al., 1997). Domain II of Aux/IAAs
mediates auxin-regulated destabilisation of the proteins (Worley et al., 2000).
Semidominant mutations in this domain increase the half-lives of the mutated Aux/IAA
proteins, resulting in a reduced sensitivity to auxin, which in turn affects many auxin
regulated processes (Reed, 2001). This demonstrates that a rapid turnover of Aux/IAAs,
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allowing for a precise control of Aux/IAA action and ARF activity, is crucial for a normal
auxin response.
The auxin-induced degradation of Aux/IAA proteins is mediated by the SCFTIR1
complex that ubiquitinates the Aux/IAAs and targets them for proteolysis (Gray et al.,
2001). Ubiquitination involves the conjugation of a multiubiquitin chain to target proteins,
which are subsequently degraded by the 26S proteasome (Pickart, 2001; Voges et al.,
1999). Before the conjugation, ubiquitin is activated by the ATP-dependent formation of a
thiolester bond between the ubiquitin and a conserved cysteine residue of a ubiquitinactivating enzyme, E1. A ubiquitin conjugating enzyme, E2, acting in concert with a
ubiquitin protein ligase, E3, links the ubiquitin to a lysine residue of the target protein.
Extension of the ubiquitin chain may require the activity of a multi-ubiquitin chain
assembly factor, E4.
Different E3 complexes confer substrate specificity to each ubiquitin system. The
SCF-types of E3 ligases comprise at least four subunits and are found in plants, animals
and fungi (Deshaies, 1999). Within the E3 complex a CULLIN (CUL) protein and an
RBX1 protein with a RING-H2 domain dimerise and catalyse multiubiquitin-chain
formation through interactions with the E2 enzyme (Seol et al., 1999). A member of the
SKP1 protein family links the CULLIN/RBX1 dimer to an F-box-containing protein,
which, in turn, interacts with the protein that is targeted for ubiquitination.
Components of the Arabidopsis SCFTIR1 complex have been identified through the
cloning of genes, which, when mutated, give rise to an auxin-related phenotype. The
transport inhibitor response1 (tir1) mutant is defective in several auxin-regulated
processes including hypocotyl elongation and lateral root formation (Ruegger et al., 1998).
TIR1 encodes the F-box protein of the SCFTIR1 complex (Ruegger et al., 1998). The
CULLIN subunit, AtCUL1, is encoded by the AUXIN RESISTANT6 (AXR6) gene (Hobbie
et al., 2002) and the axr6 mutant exhibits a disrupted embryonic development and, failing
to develop a root and a hypocotyl, arrests growth soon after germination (Hobbie et al.,
2000).
The action of SCFTIR1 is regulated by the conjugation and deconjugation of the
ubiquitin-related protein RUB1 to the AtCUL1 subunit (del Pozo and Estelle, 1999). The
conjugation process is mediated by the AUXIN RESISTANT1 (AXR1) protein, similar to
the ubiquitin-activating enzyme E1, the ECR1 protein and the RUB-conjugating enzyme 1
(RCE1) (del Pozo and Estelle, 1999; del Pozo et al., 2002; Leyser et al., 1993). The
reduction in auxin responsiveness of axr1 loss-of-function mutants is, thus, likely due to a
decrease in RUB1 activation and a subsequent loss of SCFTIR efficiency (del Pozo et al.,
1998). The deconjugation of RUB1 from AtCUL1 is promoted by the COP9 signalosome
(Lyapina et al., 2001; Schwechheimer et al., 2001). The COP9 signalosome was originally
discovered during the characterisation of light signalling mutants and constitute a
multiprotein complex present in most eukaryotes (Chamowitz et al., 1996). A reduction in
COP9 signalosome levels causes seedlings to undergo photomorphogenetic development in
darkness (Kwok et al., 1998) and confers increased auxin resistance, which lead to a
decreased number of lateral roots and a reduced gravitropic response (Schwechheimer et
al., 2001).
Recently, it was recognised that auxin itself stimulates the rapid degradation of
Aux/IAAs by promoting their direct interactions with SCFTIR1 through an unknown
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mechanism (Gray et al., 2001). SCF-mediated protein degradation in yeast and mammals is
usually proceeded by a modification, most commonly a phosphorylation, of the target
protein (Deshaies, 1999). By analogy, auxin might influence the phosphorylation of
Aux/IAAs in plants. A mitogen-activated protein kinase (MAPK), the Ser/Thr kinases
PINOID (PID) and PHYTOCHROME A (PHYA) have been implicated in auxin signalling
(Benjamins et al., 2001; Bennett, et al., 1995; Christensen et al., 2000; Colon-Carmona et
al., 2000; Mockaitis and Howell, 2000). However, as domain II that confers auxindependent destabilisation to Aux/IAA proteins does not contain any phosphorylation sites,
the pieces of evidence for auxin-promoted phosphorylation of target proteins are so far
only suggestive (Ramos et al., 2001).
Gibberellins
Mutants with severely reduced levels of bioactive gibberellins (GAs), for example the
Arabidopsis ga1-3 mutant (Koornneef and van der Veen, 1980), germinate only in the
presence of exogenously applied GA and develop into male sterile, bushy, dark green
dwarfs that fail to flower in short days (SD). These traits implicate GA in the regulation of
seed germination, stem elongation, floral induction, flower development and in the control
of apical dominance. In many species, GA also promotes the transition from juvenile to
adult stage, leaf expansion and fruit set (Hooley, 1994).
Bioactive GAs regulate their own synthesis via negative feedback regulation of 20oxidase and 3β-hydroxylase, enzymes that catalyse key reactions in the GA biosynthesis
pathway, at the transcriptional level (Cowling et al., 1998; Hedden and Philips, 2000). The
accumulation of these transcripts appears also to be regulated by phytochromes
(Yamaguchi et al., 1998). In addition, GA up-regulates the expression of genes encoding 2oxidases. The 2-oxidases metabolise GA to inactive products (Thomas et al., 1999).
To date, no GA receptor has been isolated but there are data to suggest that GA is
perceived at the plasma membrane (Gilroy and Jones, 1994; Hooley et al., 1991). Several
experiments indicate that early stages of GA signalling involve heterotrimeric G-proteins,
Ca2+, and calmodulin action (Ashikari et al., 1999; Fujisawa et al., 1999; Jones et al.,
1998b; Lovegrove and Hooley, 2000).
Gibberellin signal transduction
A few regulators of GA signal transduction have been identified and the GAI/RGAproteins, which are members of the GRAS family of putative transcription factors (Pysh et
al., 1999), seem to constitute key repressor components in the GA signalling pathway.
Proteins of the GRAS family share extensive sequence similarities in their C-terminal ends,
whereas their N-terminal parts are divergent. GAI, RGA and the RGA-like proteins,
RGL1, RGL2 and RGL3, contain an N-terminal motif, denoted the DELLA domain, which
appears to be crucial for their function. Deletions in this domain of GAI, RGA and RGL1
cause dominant gain-of-function mutations conferring a reduction in GA responses to the
mutant plants (Dill et al., 2001, Koornneef et al., 1985; Wen and Chang, 2002). Recent
studies demonstrated that the DELLA domain is essential for a GA-mediated degradation
of RGA (Dill et al., 2001; Silverstone et al., 2001), but neither GAI nor RGL1 are
destabilised by GA (Fleck and Harberd, 2002, Wen and Chang, 2002).
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The loss of R G A function partially suppresses the phenotype of the GA
biosynthesis mutant ga1-3 (Silverstone et al., 1997), while the gai loss-of-function mutant,
gai-t6, has little effect on ga1-3 (Dill and Sun, 2001). However, the combined loss of RGA
and GAI cause ga1-3 mutants to grow at least as tall as wild-type plants, suggesting that
RGA and GAI are partially redundant and that they constitute the major GA repressors in
the stem (Dill and Sun, 2001, Richards et al., 2001). The lack of RGA and GAI, however, is
not sufficient to restore floral development or germination to normal in ga1-3 mutants (Dill
and Sun, 2001).
The RGL2 gene functions as a negative regulator of GA responses, specifically in
the control of seed germination (Lee et al., 2002). Loss-of-function rgl2 mutants suppress
the non-germinating ga1-3 phenotype but have no effect on stem elongation or leaf
expansion. Transcription of RGL2 is rapidly induced following imbibition but transcript
levels decline quickly in response to GA as germination proceeds (Lee et al., 2002).
In summary, GAI, RGA, RGL1 and RGL2, appear to suppress GA-mediated
growth and germination by repressing the transcription of GA responsive genes in the
absence of GA. The GA signal derepresses growth through, for example, the rapid
degradation of RGA and by negatively regulating RGL2 transcription, allowing GAinduced genes to be transcribed. A feedback regulation of GA biosynthesis by the GA
response, as well as by the biosynthesis pathway itself, ensures a precise regulation of the
intracellular levels of GA and allow for differential growth depending on quantitative
differences in the GA signal.
SPINDLY (SPY) encodes a putative O-linked N-acetylglucoseamine (O-GlcNAc)
transferase (Jacobsen et al., 1996). In animals, such proteins modify Ser and Thr residues
of target proteins through glycosylation (Hart, 1997). The spy mutant is a phenocopy of
gibberellin-treated wild-type plants and recessive spy mutations partially suppress the
phenotypes, including the failure to germinate, of gibberellin-deficient mutants (Jacobsen
and Olszewski, 1993; Silverstone et al., 1997). Thus, SPY likely functions as a negative
regulator of the GA signalling pathway, possibly upstream of GAI and RGA.
The plant hormone abscisic acid (ABA) is a well-known antagonist of gibberellin.
For example, ABA promotes seed dormancy, whereas GA breaks dormancy and induces
germination. The sleepy (sly1) mutant was isolated as a suppressor of the semi-dominant
ABA-insensitive mutant abi1-1 (Steber et al., 1998), which displays reduced seed
dormancy and germinates at ABA concentrations that are inhibitory for germination of
wild-type seeds. sly1 abi1-1 double mutants are phenotypically similar to GA-deficient
dwarfs and while sly1 reduce the ability of abi1-1 to germinate on high concentrations of
ABA it is absolutely dependent on abi1-1 for its own germination. SLY1 is likely to be a
central component in the GA response pathway but has not yet been cloned.
Cross-talk between auxin and gibberellins
Genetic analyses and studies of hormone-response mutants in Arabidopsis have
demonstrated that hormone signal transduction pathways are often integrated in common
downstream outputs (McCourt, 1999). It has long been recognised that auxin and
gibberellins coordinately regulate several processes but, only recently, convincing data to
suggest a direct mechanistic link between the actions of the two hormones has been
presented. Ross and co-workers (2000; 2001) showed that an auxin signal from the apical
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bud promotes gibberellin biosynthesis by up regulating the 3β-hydroxylase enzyme and by
negatively regulating 2-oxidases in elongating internodes of pea (Ross et al., 2000; Ross
and O’Neill, 2001). In tobacco, auxin appears to promote GA 20-oxidation, during which
GA19 is converted to GA20 (Wolbang and Ross, 2001). Auxin may therefore, at least in part,
promote growth by increasing GA levels. Similar results were obtained in Arabidopsis root
elongation studies. Auxin possesses well-documented functions in root development but
the role of GAs in roots has been elusive. Yet ga1-3 mutants develop roots that are shorter
than their wild-type counterparts. This effect is suppressed if the activities of GAI and
RGA are compromised, as long as an auxin signal from the shoot is present (Fu and
Harberd, 2003). Thus, shoot derived auxin seems to control stem and root growth,
respectively, by affecting gibberellin biosynthesis or by enhancing GA-induced
destabilisation of RGA and thereby modulating the cellular responses to gibberellin (Ross
et al., 2000; Fu and Harberd, 2003).

VEGETATIVE DEVELOPMENT
Leaf development
In contrast to the radially symmetrical stems and roots, leaves exhibit a distinct bilateral
symmetrical growth and develop into laminar structures. The enormous variation in leaf
form and size seen in nature is largely a consequence of differential growth along three
axes: adaxial-abaxial (upper-lower), proximal-distal (basal-apical) and lateral (left-right)
but little is known about the regulation of these processes at the molecular level.
In Arabidopsis, the initiation of a leaf primordium occurs as a consequence of
altered cell division activity of a small number of cells on the flanks of the SAM and
coincides with the AS1 mediated downregulation of the KNOTTED-like Arabidopsis
thaliana 1 and 2 (KNAT1 and KNAT2) KNOX genes (Byrne et al., 2000). The negative
action of AS1 on KNAT1 and KNAT2 expression in the peripheral zone of the meristem is
probably crucial for the determinate nature of the leaf as KNOX genes are required to
maintain indeterminate growth in the central zone of the meristem (Bowman and Eshed,
2000). Misexpression of KNOX genes in simple-leaved plants induces the formation of
lobed leaves with ectopic meristems on the adaxial leaf surface (Chuck et al., 1996; Sinha
et al., 1993) and results in reduced levels of GA in the SAM in several species (Hay et al.,
2002; Sakamoto et al., 2001). Overexpression of KNOX1 in tomato, a plant with dissected
leaves, results in increased leaf complexity (Chen et al., 1997; Hareven et al., 1996;
Janssen et al., 1998). These findings suggest that modulation of KNOX gene expression
might be an important mechanism for the generation of novel leaf morphologies and that
KNOX regulated repression of GA biosynthesis plays a central role in the promotion of
meristem activity (Bharathan et al., 2002; Hay et al., 2002; Sakamoto et al., 2001; Tsiantis
and Hay, 2003).
Local auxin maxima appear to correlate with sites of leaf primordia initiation and
auxin seems to play an important role in the control of phyllotaxy and initiation of lateral
organs as cultivation of tomato shoot apices on medium containing auxin transport
inhibitors prevents the formation of lateral organ primordia in otherwise normal meristems.
Local applications of auxin to these primordia restore leaf formation (Reinhardt et al.,
2000). Application of auxin to the needle-like inflorescence of the pin1-1 mutant, defective
in polar auxin transport, results in the formation of flower primordia at the site of treatment
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(Reinhardt et al., 2000). Leaf initiation appears also to involve the action of expansins,
extracellular proteins that have roles in cell wall stress relaxation and, thus, in cell growth,
because local expression of expansins in the meristem induces leaf formation (Pien et al.,
2001).
With the adaxial side facing the meristem and the abaxial side directed away from
it, leaf primordia exhibit an inherent polarity. In Arabidopsis, the class III Homeodomain
Leucine zipper (HD-zip) genes PHABULOSA and PHAVOLUTA are suggested to promote
adaxial identity, supposedly by suppression of abaxial promoting factors upon activation
by an adaxial specific ligand, possibly emanating from the meristem (McConnell et al.,
2001). The default abaxial state is specified by members of the KANADI and YABBY gene
families, as shown by their abaxial specific expression patterns and loss- and gain- offunction phenotypes (Bowman, 2000; Eshed et al., 2001; Kerstetter et al., 2001; Sawa et
al., 1999; Siegfried et al., 1999). In addition, YABBY genes appear to downregulate the
expression of KNOX genes in primordia of lateral organs (Kumaran et al., 2002).
Several studies have shown that the separation of a leaf anlagen from the meristem
causes the primordium to develop into a radially symmetrical, abaxialised organ (Snow and
Snow, 1959; Sussex 1954; 1955), supporting the idea that the meristem as such contributes
to the establishment of the adaxial-abaxial axis of polarity, which, in turn, appears to be a
prerequisite for laminar growth
Numerous mutants with altered leaf morphology have been isolated (Berna et al,
1999; Sinha, 1999; Tsuge et al., 1996; Tsukaya, 2003), probably reflecting the ease by
which leaf differentiation programs can be modulated to generate novel, potentially
favourable, phenotypes and highlighting the plasticity of leaf development.

REPRODUCTIVE DEVELOPMENT
The evolution of the carpel
The advent of the carpel and the evolution of angiospermy were probably decisive for the
reproductive success of flowering plants. Fused carpels, or carpels sealed by secretion,
protect the ovules from herbivores and provide a means to discriminate between male
gametes. In most species, the carpels develop into a fruit, which protects the developing
seeds and serves as an efficient unit of seed dispersal. The carpels of the most basal
angiosperms are free and angiospermy occurs as a consequence of secretion, rather than by
fusion (Endress and Igersheim, 2000). This suggests that angiospermy arose first and that
postgenital fusion, involving the adherence and fusion of epidermal cells, was a later
invention.
Concomitant with the advent of the carpel, the hermaphroditic flower evolved as a
consequence of the association of male and female sporangia in one co-sexual structure.
The design of the angiosperm flower was attractive to animal pollinators and facilitated
out-crossing, which probably contributed significantly to the rapid diversification of
angiosperms. Fragrant nectaries, present in many flowers, provided yet another level of
animal attraction as did the bilateral, zygomorphic morphology typical of, for example,
orchid flowers. Much of the enormous variation in floral form among the more than 250
000 extant angiosperm species owes to the co-evolution of flowers and insects as a
consequence of the species specific adaptation to specialised pollinating insects (Crane et
al., 1995; Dilcher 2000). For example, the stylar region varies enormously in length and
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appearance in association with species specific pollination strategies. Angiosperms have
dominated the vegetation of most terrestrial ecosystems for approximately 130 million
years.
The evolutionary origin of the carpel is not known, although there has been
extensive speculation on the matter (Doyle, 1994). The fossil record from the time of the
origin of angiosperms is poor, but information regarding organ evolution and organ
homologies might be provided from molecular and comparative analyses of the
reproductive structures of angiosperms and extant gymnosperms (Tandre et al., 1998).
Several genetic programs, e.g. those controlling the specification of adaxial-abaxial
identity, appears to be common to both carpels and leaves and a number of mutants display
parallel defects in these organs. These notions imply that the carpel wall and the leaf might
be viewed as homologous structures. According to the “mostly male” theory, carpels, as
well as the composite flower, may have evolved following the ectopic formation of ovules
on male, pollen-bearing, microsporangia (Frohlich and Parker, 2000).
Gynoecium morphology and ontogeny in Arabidopsis
The mature Arabidopsis gynoecium can be subdivided into three regions: a basal ovary that
contains the ovules, a short, solid style with characteristically ridged epidermal cells that
are arranged in distinct longitudinal files, interspersed by stomata, and an apical stigmatic
surface to which pollen grains adhere and germinate (Fig. 3) (Bowman et al., 1999,
Sessions, 1997; Sessions and Zambryski, 1995). The ovary, residing on a short internode
referred to as the gynophore, is composed of two congenitally fused carpels, termed valves,
in lateral positions and two medial repla. The valves consist of six cell layers, comprising
four distinct cell types: an abaxial (outer) epidermis, three layers of chlorenchyma cells, a
layer sub adjacent to the adaxial (inner) epidermal and an adaxial epidermis. The septum
divides the ovary into two locules in the medial plane and ovules are positioned in four
rows alongside the septum. A central transmitting tract, consisting of polysaccharide rich
cells that facilitate pollen tube growth, originates in the stigma and continues through the
style and the septum. Four main vascular bundles, two medial and two lateral, run through
the ovary. The medial veins bifurcate just below the ovary/style junction and are spread out
into fan-like arrays in the style, whereas the lateral bundles terminate just below the style.
After fertilisation, the gynoecium elongates substantially. Seeds of the mature fruit,
or silique, are dispersed following the formation of a dehiscence zone at the valve-replum
boundaries. This process has been described in detail by Ferrandiz et al. (1999).
Flower development in Arabidopsis has been divided into 13 stages (Smyth et al.,
1990) and developmental events characterising gynoecium ontogeny have been placed
within this context (Hill and Lord, 1989; Sessions, 1997, Sessions and Zambryski, 1995).
During the first five stages, sepal, petal and stamen primordia arise. By stage 6, the sepals
grow to enclose the bud and a hollow, ring-shaped gynoecial primordium is formed in the
centre of the flower (Smyth et al., 1990). During stage 7, the gynoecium elongates and
develops into an open-ended cylinder and a medial ridge, from which septum and placenta
will form, develops in the medial plane from the adaxial side of the cylinder (Sessions,
1997). By stage 8, the gynoecium increases in width and length by anticlinal and apical
periclinal cell divisions, respectively (Hill and Lord, 1989). Placental tissue differentiates
alongside the inner carpel margins and the medial and lateral vascular bundles start to
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differentiate (Sessions, 1997). Stage 9 involves the initiation of ovule primordia from
placentae and the differentiation of carpel wall layers into distinct cell types. Periclinal
divisions at the distal tip of the medial ridge give rise to adaxial regions of the solid style
(Sessions, 1997). By stage 10 the gynoecium closes at its apical end and the septum forms.
During stage 11, the style epidermal cells become morphologically distinct from those of
ovary, stigmatic papillae develop on top of the differentiating style and each ovule
develops a funiculus and initiate integuments (Bowman et al., 1994). In the style, the
medial vascular bundles spread out into fan-like structures. During stage 12, general
growth of the gynoecial structures occurs, the transmitting tract differentiates and ovules
go through complete megagametogenesis. Stage 13 defines anthesis; the gynoecium comes
to maturity, the flower opens, anthers dehisce and self-pollination takes place.

FIGURE 3. Cartoon of a mature Arabidopsis gynoecium. All major tissue types are indicated.
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Genes that regulate gynoecium development in Arabidopsis
Detailed descriptions of the many cell and tissue types in the gynoecium have facilitated
the interpretations of mutant phenotypes. A number of regulatory genes with functions in
the gynoecium have been identified and a selection of those is described below. Much
work remains in order to investigate all potential genetic interactions between these genes
and to identify their upstream regulators and their downstream targets.
The C-class MADS-box gene AG is required for the specification of carpel identity
in the floral meristem (Bowman et al., 1989; 1991; Mizukami and Ma, 1992) but is not
necessary for most aspects of gynoecium development since style, stigma, transmitting
tract and ovules can develop in the absence of AG activity (Bowman et al., 1991; Weigel et
al., 1992). Once carpel identity is specified, gynoecium ontogeny involves the
establishment of apical-basal, adaxial-abaxial (inner-outer) and radial elements, patterning
events that, at least in part, appear to require polar auxin transport. Plants mutant for the
putative ARF ETTIN (ETT) develop gynoecia in which stylar and gynophore regions are
expanded at the expense of the ovary (Sessions and Zambryski, 1995, Sessions et al.,
1997). Similar phenotypes are seen in pid (Bennett et al., 1995; Benjamins et al., 2001;
Christensen et al., 2000) and pin1 (Okada et al., 1991) mutants and in plants that are
treated with inhibitors of polar auxin transport (Nemhauser et al., 2000).
Similarly to the situation in leaves, abaxial identity in carpels appears to be
determined by members of the YABBY and KANADI gene families (Bowman and Smyth,
1999; Eshed et al., 1999; 2001; Siegfried et al., 1999). The YABBY gene CRABS CLAW
(CRC) seems to have additional roles in the gynoecium, in the regulation of the radial and
lateral expansion of the gynoecium, in the promotion of style growth, as well as in
influencing the determinacy of the gynoecium (Alvarez and Smyth, 1999; Bowman and
Smyth, 1999). Determinants of carpel adaxial identity are, as in leaves, likely encoded by
the PHV, PHB (McConnell et al., 2001) and REVOLUTA (REV) (Otsuga et al., 2001) HDZip genes.
The meristem maintenance KNOX gene STM is expressed in the medial zone of
carpels from primordium initiation until about early stage 8 (Endrizzi et al., 1996, Long et
al., 1996). STM might act to keep the carpel margins in a pluripotent state, possibly under
the control of the CUC genes (Aida et al., 1999) and cells expressing CUC1, CUC2 and
STM might, therefore, constitute the founder cells for the septum and placentae (Alvarez
and Smyth, 2002).
The SPATULA (SPT) gene, encoding a basic helix-loop-helix (bHLH) protein,
participates in the regulation of septum development and is required for transmitting tract
formation (Alvarez and Smyth, 1999; Heisler et al., 2001). In addition, SPT promotes
carpel fusion and the development of stigmatic papillae (Alvarez and Smyth, 1999).
The development of placentae appears to involve LEUNIG (LUG), which encodes a
glutamine-rich protein with seven WD repeats (Conner and Liu, 2000) and
AINTEGUMENTA (ANT) (Liu et al., 2000) encoding an APETALA2-like protein (Klucher
et al., 1996). In fact, lug ant double mutants fail not only to develop placentae and ovules
but also septum, style and stigmatic papillae, suggesting that these genes are required for
all marginal outgrowths during gynoecium development (Conner and Liu, 2000) and that
they might represent downstream targets of CUC1, CUC2 and STM.
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FRUITFULL (FUL), encoding a MADS-domain protein, mediates valve cell
differentiation and suppression of style elongation (Gu et al., 1998, Ferrandiz et al.,
2000a). The valves of loss-of-function ful mutant siliques fail to dehisce properly and
ectopic expression of FUL in transgenic 35S::FUL result in the conversion of cells within
the valve margin and outer replum to valve cells, which in turn prevent the formation of a
normal dehiscence zone (Ferrándiz et al., 2000b). The indehiscent phenotype of 35S::FUL
plants is similar to that of shatterproof1 shatterproof2 (shp1 shp2) double mutants. The
MADS-box genes SHP1 and S H P 2 act redundantly to control differentiation of the
dehiscence zone and to promote lignification of valve margin cells adjacent to it (Liljegren
et al., 2000). FUL negatively regulates the expression of SHP1 and SHP2 in the valves
(Ferrándiz et al., 2000b) but the functional significance of this is unclear.
Gynoecia of the tousled (tsl) mutant are unfused in their apical parts and develop
reduced amounts of stylar and stigmatic tissues, indicating that TSL promotes the
formation of these tissue types (Roe et al., 1993; 1997). TSL, encoding a Ser/Thr protein
kinase, interacts genetically with both ETT and LUG (Roe et al., 1997).
STYLISH1 (STY1) and STYLISH2 (STY2) encode related zinc finger proteins and
act partially redundantly to promote style and stigma formation. The roles of STY1, STY2
and their related genes in gynoecium and leaf development and the potential interactions
between STY-like genes and gibberellin and auxin signalling will be described in the
RESULTS AND DISCUSSION section.
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RESULTS AND DISCUSSION
Isolation of the shi mutant and cloning of SHI (I)
The short internodes (shi) mutant was identified in a mutagenesis screen based on a twocomponent Activator/Dissociation (Ac/Ds) transposon tagging system designed to generate
dominant gain-of-function mutations (Long et al., 1993; Wilson et al., 1996). The system
exploits two components, Ac and Ds, derived from the maize Ac transposable element. The
Ac transposase source, 35S::TPase, includes a fusion between the constitutive CaMV 35S
promoter and the Ac transposase gene, coupled to the GUS reporter gene. The Ds element
harbours a CaMV 35S promoter, reading out from one of its termini, and carries a
hygromycin-resistance gene. The element is inserted into a streptomycin-resistance gene,
allowing for the recognition of an excision event. To induce transposition, two parental
lines, of which one is homozygous for the Ac transposase source and the other for Ds, are
cross-pollinated. In the F1 generation, the presence of the transposase source induces
somatic excision of the Ds element. The F1 progeny is allowed to self-fertilise and the F2
populations are screened for seedlings containing transposed elements, indicated by the
resistance to both hygromycin and streptomycin. The absence of the Ac transposase gene in
the F2 seedlings, as recognised by the lack of GUS expression, ensures stability of the Ds
element. Homozygous mutants can be identified in the subsequent F3 generation. To
confirm that a particular mutant phenotype is caused by the insertion of a Ds element, the
Ac transposase source can be reintroduced into the mutant to cause excision of the Ds
element and, consequently, a reversion to wild-type. The insertion of an Ac/Ds element
into a plant genome typically generates an eight base pair (bp) duplication of the target
sequence. Upon excision, this duplication is preserved, although often slightly rearranged
(Baker et al., 1986; Pohlman et al., 1984).
The shi mutant is characterised by a short hypocotyl, epinastic cotyledons, narrow,
lancet shaped rosette leaves with short petioles, dark green colour, reduced internode
elongation and late flowering in short days (SDs) (Fig. 4). These traits are common to
plants exhibiting weak GA-deficiency, which suggests a role for SHI in GA signalling or
GA biosynthesis. Co-segregation studies verified that the mutant phenotype was linked to
the Ds insertion and backcrosses to wild-type showed that the mutation was semi-dominant
and located at a single locus. Reintroduction of the A c transposase source induced
reversion of shi to a wild-type phenotype, further validating that the Ds insertion was
responsible for the shi mutant phenotype. We used Inverse (I)-PCR to amplify genomic
sequences flanking the transposon insertion site in shi and the fragment obtained was used
to isolate a SHI genomic clone in a screen of a wild-type genomic library. The SHI cDNA
was isolated by Reverse Transcriptase (RT)-PCR and the putative transcriptional start site
of SHI was determined by Rapid Amplification of cDNA Ends (RACE) experiments.
Sequence comparison of the SHI cDNA and the I-PCR fragments showed that the
transposon in shi was inserted in the 5’-untranslated region (UTR) of the SHI gene.
Knowing the location of the transposon in shi we could determine that the revertant plants
carried an eight bp duplication at the site of the Ds insertion.
In shi, the CaMV 35S promoter in the Ds element is oriented so that it reads out
towards the SHI open reading frame (ORF) and an RNA blot analysis showed the shi
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mutant phenotype to be attributed to overexpression of SHI, driven by the CaMV 35S
promoter, and therefore gain, rather than loss, of SHI function.

FIGURE 4. The shi mutant. Photo by Ingela Fridborg.
Identification of SHI-related genes (I, II)
The predicted SHI protein consists of 331 amino acids and contains a putative zinc finger
domain, two putative nuclear localisation signals (NLSs), an acidic region and two
glutamine rich stretches. We searched through the available databases and identified one
annotated gene, LATERAL ROOT PRIMORDIUM 1 (LRP1) (Smith and Fedoroff, 1995),
and one Expressed Sequence Tag (EST; GenBank accession T88542) with high sequence
similarities to SHI. Low stringency Southern blot analyses made by Smith and Fedoroff,
(1995) and by us (our unpublished data) revealed that additional related genes most likely
existed in the Arabidopsis genome.
We cloned the STYLISH1 (STY1) gene, which was temporarily called SHI
RELATED SEQUENCE 1 (SRS1), by using the EST as a probe in a screen of a genomic
library (our unpublished data). We were unable to amplify a full length STY1 cDNA by
RT-PCR and instead constructed a cDNA by fusing the 5’-end of STY1 to the EST
sequence. The transcriptional start site of STY1 is located approximately 270 bp upstream
of the ORF start codon, as determined by RACE experiments (our unpublished results).
Shortly after the completion of the cloning process, STYLISH1 and a second related
gene STYLISH2 (STY2), or SRS2, were sequenced by the Arabidopsis Genome Initiative.
The remaining SHI-related genes were named after their order of appearance in the
database. When the genome sequencing project was completed in the year 2000 (the
Arabidopsis Genome Initiative, 2000) we could establish that the Arabidopsis genome
contains 10 SHI-related genes: SHI, STY1, S T Y 2, LRP1 and SRS3-SRS8, together
constituting the SHI gene family. The STY2 cDNA was amplified by RT-PCR whereas the
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SRS3, SRS4, SRS5, SRS6 and SRS7 cDNAs were isolated following PCR amplification
using cDNA pools generated from RT-PCR and a polyT primer-based cDNA synthesis as
template (our unpublished results). We were not able to amplify an SRS8 cDNA.
Putative orthologs have been identified in other plant species such as tomato,
soybean, hybrid aspen, alfalfa, sunflower, rice and, recently, in the moss Physcomitrella,
but not in other organisms, suggesting that this class of genes is unique to plants.
Structural properties of the SHI-related proteins (II)
Proteins encoded by members of the SHI gene family are characterised by the presence of
two conserved domains: an N-terminal putative zinc finger motif and the C-terminal IGGH
domain of unknown function. The predicted zinc finger comprises six cysteines and two
histidines that reside in a conserved C-X2-C-X7-C-X-H-X2-C-X2-C-X7-C-X2-H, or
C3HC3H, arrangement in which C represents a cysteine, H a histidine, and X denotes any
amino acid (Table 1). This consensus sequence is similar to that of the RING finger
domain, a zinc binding motif first identified in the human Really Interesting New Gene 1
(RING1) gene (Hanson et al., 1991; Lovering et al., 1993). The RING consensus is defined
as C3HC4 but several variant RING domains, for example the RING-H2, organised in a
C3H2C3 pattern, exist (Table 1). Other zinc binding motifs, such as the PHD finger
(Schindler et al., 1993) and the LIM domain (Freyd et al., 1990, Michelsen et al., 1993)
conform to the same consensus with respect to the number of zinc binding residues (Table
1). The RING domain facilitates protein-protein interactions and has been found in proteins
that mediate the transfer of ubiquitin to target proteins (Borden, 2000; Joazerio and
Weissman, 2000) and transcriptional repression (Peng et al., 2000; Satijn et al., 1997).
Proteins with LIM motifs regulate gene expression and cellular differentiation during
development (Michelsen et al., 1993 and references therein) and the LIM domain mediates
homo or heterodimerisation (Takatsuji, 1998). Proteins containing a PHD finger have been
implicated in transcriptional regulation but it is not clear if the PHD finger binds to DNA
(Takatsuji, 1998). Common to all three motifs is their ability to mediate protein-protein
interactions. In addition, proteins containing any of the motifs appear often to participate in
transcriptional control through interactions with DNA binding complexes. The similarity of
the cysteine-histidine rich region in SHI-related proteins to RING, LIM and PHD domains
may be coincidental but may also indicate that the SHI-related proteins regulate
developmental processes through interactions with transcription factors or ubiquitin
complexes.
TABLE 1. Consensus sequences of zinc finger motifs
MOTIF
RING
C X2 C X9-39
C X1-3
RING-H2
C X2 C X9-39
C X1-3
PHD
C X2 C X9-21
C X2-4
LIM
C X2 C X17-19 H X2
STY/SHI
C X2 C X7
C X1

H
H
C
C
H

X2-3
X2-3
X4-5
X2
X2

C
H
H
C
C

X2
X2
X2
X2
X2

C
C
C
C
C

X4-48
X4-48
X12-46
X16-21
X7

C
C
C
C
C

X2
X2
X2
X2-3
X2

C
C
C
C
H

The IGGH domain was named after four conserved amino acids located within a
region of high sequence conservation present in all SHI family members. This domain does
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not resemble any described protein motif but, customarily, includes a short stretch of acidic
residues. Short acidic stretches outside of the IGGH domain are found in STY2, SRS4,
SRS5 and SRS7. Glutamine rich regions are present in SHI, STY1, SRS8, SRS5, SRS7,
and LRP1 but not in STY2, SRS3, SRS4 or SRS6. All proteins contain at least one putative
NLS, consisting of four arginines and/or lysines within a region of six amino acids as
defined by Boulikas (1994) and LaCasse and Lefebvre (1995). The zinc finger motif,
nuclear localisation signals, acidic and glutamine rich regions are all characteristic to
protein functioning as transcriptional regulators.
Indirect evidence for the in vivo nuclear localisation and action of SHI-related
proteins came from studies using an inducible system based on the mammalian
glucocorticoid signalling pathway (Schena et al., 1991; Yamamoto, 1985). The inactive
glucocorticoid receptor (GR) is localised to the cytoplasm but relocalises to the nucleus
upon hormone binding. Dexamethasone (DEX)-induced activation of chimeric 35S::SHIGR and 35S::STY1-GR proteins in transgenic Arabidopsis gave rise to phenotypic
alterations typical for 35S::SHI and 35S::STY1 transgenic plants. As untreated control
plants looked like wild-type these results strongly indicate that SHI and STY1 function in
the nucleus (our unpublished results).
Yeast-2-hybrid experiments performed within the framework of the REGIA
(Regulatory Gene Initiative in Arabidopsis) project indicated that the SHI-related proteins
do not homo- or heterodimerise with each other but recognised the transcription factor
MYB75 as a STY1 interacting factor (our unpublished results). MYB75 has been
implicated in the regulation of anthocyanin biosynthesis (Borevitz et al., 2000) but as the
expression pattern of MYB75 has not been reported, it is difficult to predict the biological
relevance of the interaction between STY1 and this factor in yeast. It might suggest,
though, that STY1 interacts with additional MYB factors.
Phylogeny of the SHI gene family (IV)
The 125 Mb Arabidopsis genome comprises approximately 26 000 genes distributed on
five chromosomes (the Arabidopsis Genome Initiative, 2000). Analyses of the Arabidopsis
genome have indicated that 60 to 80% of the genome is segmentally duplicated (Blanc et
al., 2000; the Arabidopsis Genome Initiative, 2000; Vison et al., 2000) and the
evolutionary history of the Arabidopsis genome appears, therefore, to include at least one
polyploidisation event (the Arabidopsis Genome Initiative, 2000) but may also involve
additional large-scale, or even whole-genome, duplications (Simillion et al., 2002; Vision
et al., 2000). It is, however, not clear when these duplications occurred. Extensive
rearrangements, gene loss, deletions, local gene duplications and unequal crossing over,
have contributed to the current genome organisation of Arabidopsis.
Members of the SHI gene family are distributed on all five chromosomes and by
comparing their positions in relation to large segmental duplication events identified by the
Arabidopsis Genome Initiative (2000) and Vision et al. (2000) we found that STY1 and
SHI, STY2 and SRS4, as well as SRS5 and S R S 7 likely constitute three duplicated
paralogous gene pairs (Fig. 5). We also noted that SRS3 and SRS6 are located within
duplicated blocks but that their paralogous genes likely have been lost from the genome
(Fig. 5). These observations were important as they could be used as independent support
for the phylogenetic trees generated by neighbour joining and parsimony analyses.
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FIGURE 5. Chromosomal positions of SHI-related genes. Areas marked with black represent segmentally
duplicated regions. Lines connect corresponding duplicated segments. Duplicated segments in reverse
orientation are connected with twisted lines.

In phylogenetic trees, STY1 groups with SHI and SRS8, STY2 groups with SRS4, SRS5
groups with SRS7, and SRS6 and LRP1 are found in a clade also comprising e.g. moss and
rice homologs. As the intron of each SHI-related gene is localised in a non-conserved
region, within which extensive sequence divergence apparently have occurred, mapping of
intron positions provided little information about relatedness, but gave support to e.g. the
phylogenetic associations of STY1 and SHI, and of LRP1 and SRS6. The grouping of LRP1
and SRS6 with the Physcomitrella homolog implies that these genes represent the most
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ancestral SHI-related genes. However, the Physcomitrella genome is not fully sequenced
and other moss homologs might exist or might have been lost.
A reverse genetics approach to identify mutations in members of the SHI gene family
(II, III, IV)
To assess the biological roles of the SHI-related genes in plant development, we used a
reverse genetics approach and screened all available mutant collections for T-DNA and
transposon insertions, likely generating loss-of-function mutations, in each of the genes.
This was essential because the only information we had regarding protein function came
from the shi mutant and it was possible that the phenotypic defects of shi could be totally,
or partially, attributed to ectopic effects. In addition, as no mutant phenotype had been
reported for lrp1, we expected that the family members might be more or less redundant
and, therefore, predicted that double mutant analyses would be necessary to reveal the
functions of the SHI-related genes. We identified several insertions in promoter and 3’
regions but considered only those located within the transcribed regions as they were more
likely to yield knockouts. Table 2 summarises the mutant alleles that have been taken into
consideration. Additional mutants carrying insertions in the transcribed regions of SRS4
and SRS5 exist but have not yet been analysed. We have not found any mutations in SRS6
and SRS8, but hope to be able to silence these genes by means of RNA interference (RNAi)
techniques. The srs7-1 allele identified in the INRA collection (Table 2) is not yet
available for distribution and, therefore, not analysed.
With the exception of sty1-1 and sty2-1 none of the mutants identified appeared to
deviate from wild-type when grown under normal growth conditions. Root development,
however, has not been studied extensively in most of the mutants.
TABLE 2. Summary of identified mutant alleles
gene

allele

SHI

shi
shi-2
shi-3
sty1-1
sty2-1
srs3-1
srs4-1
srs4-2
srs5-1
srs5-2
lrp1

STY1
STY2
SRS3
SRS4
SRS5
LRP1

collection
Ac/Ds
SLAT
Wisconsin, alpha
SLAT
SLAT
Wisconsin, alpha
SALK
Wisconsin, basta
Syngenta
Wisconsin, basta

SRS7 srs7-1 INRA

insertion
transposon
dSpm transposon
T-DNA
dSpm transposon
dSpm transposon
T-DNA
T-DNA
T-DNA, activation tagging
transposon, enhancer trap
T-DNA, activation tagging
transposon, enhancer trap

position
5' UTR, 35S
5'UTR
2nd exon
1st exon
1st exon
1st exon
1st exon
intron
2nd exon
5' UTR, 35S
5'UTR

ecotype
Ler
Col
Ws
Col
Col
Ws
Col
Ws
Ler
Ws
Nossen

T-DNA

2nd exon

Ws

reference
I
II
II
III
III
IV
IV
IV
IV
IV
Smith and
Fedoroff (1995)
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Characterisation of sty1-1 and functional analysis of STY1 (III)
The loss-of-function sty1-1 mutant exhibits subtle aberrations in gynoecium morphology
but is otherwise wild-type-like (Fig. 6). A typical sty1-1 style exhibits a slight depression,
often in the medial plane, causing the stigmatic papillae to intermingle, rather than point
upwards as in wild-type. The medial vascular strands of sty1-1 gynoecia develop in an
abnormal pattern; the point of medial vein bifurcation is basalized, and the stylar xylem is
somewhat reduced and aberrantly distributed. From these notions, we inferred that STY1 is
necessary for style formation during gynoecium development in Arabidopsis.
Consistent with a role for STY1 in the promotion of style formation, constitutive
expression of the gene driven by the CaMV 35S promoter gives rise to the formation of
ectopic style cells within apical, lateral regions of the valves but not in any other tissues
(Fig. 6). The restricted appearance of ectopic style cells may be attributed to the lack of
style promoting factors in other organs and in basal parts of the gynoecium, but might
possibly also reflect limitations in the activity of the 35S promoter.
We investigated if STY1 interacted genetically with CRC and SPT, two other genes
that promote style and stigma formation (Alvarez and Smyth, 1999), and found that while
the effects in the sty1-1 crc double mutant were largely additive, although more severe than
expected from combining the two mutations, the sty1-1 spt double mutant synergistically
affected the formation of stigmatic papillae, revealing a role for STY1 in the promotion of
this tissue type. One aspect of FUL function appear to concern the regulation of style
length (Ferrándiz et al., 2000a), but as the sty1-1 ful double mutant phenotype appeared to
be additive, STY1 and FUL likely act in different pathways (our unpublished results).
Using in situ hybridisation experiments we detected STY1 mRNA in apical parts of
the developing gynoecium from its inception until anthesis. The expression of STY1 in
founder cells of stylar and stigmatic papillae suggests that STY1 acts cell autonomously.
Redundant functions of SHI-related genes in carpel development (III, IV)
The lack of discernible mutant phenotypes in presumptive loss-of-function mutants of SHI,
LRP1, SRS3, SRS4 and SRS5 and the subtle effects generated by mutations in STY1 and
STY2 suggested that the S H I-related genes might have overlapping functions. This
assumption turned out to be correct as the sty1-1 phenotype was enhanced in either of the
sty2-1, shi-3, srs4-2, srs5-1 or lrp1 mutant backgrounds. Of all double mutants examined,
phenotypic aberrations were only detected in those including sty1-1, implying that STY1
can substitute for the loss of any SHI-related gene, at least during gynoecium development.
The phenotype of sty1-1 is more strongly enhanced in shi-3 and sty2-1 background than in
srs4-2, srs5-1 and lrp1 background; the styles of sty1-1 sty2-1 and sty1-1 shi-3 double
mutant gynoecia are more asymmetrical and contain less stylar and stigmatic tissues than
do the styles of sty1-1 srs4-2, sty1-1 srs5-1 and sty1-1 lrp1 gynoecia. Studies of a number
of triple mutants and one quadruple mutant showed that the consecutive knockout of SHIrelated genes correlated with decreases in stylar, stigmatic and vascular tissues as well as
reductions in carpel fusion and septum formation (Fig. 6). The progressive reduction in
gynoecial tissue formation, however, appears to reach a limit as no major differences
between the gynoecium morphology of triple and quadruple mutants were observed. The
mutant analyses demonstrate that at least six members of the SHI gene family; STY1, STY2,
SHI, SRS4, SRS5 and LRP1, are partially redundant in function and the gradual decreases
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in apical tissue formation, associated with double, triple and quadruple mutant phenotypes
might, at least in part, be explained by gene-dose effects, as supported by, for example, the
fact that plants that are homozygous for sty1-1 and sty2-1 and heterozygous for shi-3
display an enhanced sty1-1 sty2-1 phenotype. Possibly, the SHI-related genes somehow
reinforce each others activities during gynoecium development and thereby collectively
contribute to the formation of stylar and stigmatic tissues. The different impacts of the
different mutants on the sty1-1 mutant phenotype might reflect distinctions in the
expression domains and/or functional properties of the individual genes.

FIGURE 6. Gynoecia of (A) a wild-type plant (B) a sty1-1 mutant (C) a sty1-1 sty2-1 shi-3 lrp1 quadruple
mutant and (D) a 35S::STY1 plant. Arrow in (B) points at the depression in the style of sty1-1.
Overlapping and distinct expression patterns of SHI-related genes – a basis for
functional divergence? (I, II, III, IV)
During vegetative development, STY1, STY2, SHI and SRS5 are expressed in essentially the
same tissues, that is in primordia of leaves and lateral roots, in root tips, and in hydathodes,
as determined by GUS reporter gene studies. The L R P 1::GUS expression pattern,
generated from a GUS trap in lrp1, was reported to be restricted to lateral root primordia
during all stages of development (Smith and Fedoroff, 1995) but we have detected weak
GUS staining in young leaf primordia and amplified the LRP1 cDNA from flower RNA
(our unpublished results). As determined by RT-PCR experiments and cDNA
amplifications, other family members, with the exception of SRS8, are expressed during
vegetative stages of development but their expression patterns have not been analysed in
detail (our unpublished results).
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In the flower, the expression of each gene appears to be more strictly regulated.
According to reporter gene studies, and in the case of STY1, in situ hybridisation, STY1,
STY2, and SHI are expressed in the apical parts of the gynoecium but differences in their
temporal and spatial expression patterns exist. For example, the expression of STY2 in the
developing style is initiated much later than is the expression of SHI and STY1. SRS5
appears to be expressed in the style and in ovules and its expression pattern in the ovules
changes in association with transition between developmental phases. No STY2 activity has
been detected in the ovules, but STY1 is expressed specifically in outer integuments and in
the nucellus and SHI is active in the vasculature of the funiculi after fertilisation. STY1, but
not SHI, STY2 or SRS5, is expressed in sepal primordia. SHI and STY1 are active in petals
and STY1, STY2 and SRS5 are active in developing stamens but at different developmental
stages and in different tissues. SRS3, SRS4, SRS6 and SRS7 are also expressed in the flower
(our unpublished results)
The differential expression patterns of the SHI-related genes in the flower indicate
that differences in the cis regulatory sequences of the genes account for some functional
specificity of the encoded proteins. Doebley and Lukens (1998) and others (e.g. Wilson et
al., 1974; Wilson 1976; Raff, 1996) argue that functional divergence and the evolution of
novel phenotypes is more often associated with changes in cis regulatory elements than
with elaboration of protein function through e.g. domain shuffling or alternative splicing.
This idea is supported by several observations. For example, a given protein can often
substitute for a loss of its ortholog in a heterologous system (e.g. Halder et al., 1995; van
Camp et al., 1990). Moreover, small changes in promoter sequences can create new
patterns of gene expression and, thereby, produce novel, potentially favourable,
phenotypes upon which natural selection can act (Doebely and Lukens, 1998 and
references therein).
Transgenic plants constitutively expressing either of STY1, STY2, SHI or LRP1 are
phenocopies of each other. Hence, it appears that the proteins encoded by these genes are
functionally equivalent, despite that they differ significantly in sequence. This result
supports the inference that the different expression patterns of SHI-related genes have been
the basis for their potential functional divergence.
In strict terms, genetic redundancy means that two or more genes have the same
function and that inactivation of either of these genes has no effect on the phenotype or
fitness of the organism (Cronk, 2001). From this definition, it appears implausible that
selection would favour the preservation of truly redundant genes and true redundancy can,
therefore, not be evolutionary stable. Still, mutant analyses indicate that most of the SHIrelated genes are dispensable for normal plant growth and, at present, there are no data to
suggest why 10 members of the SHI gene family are kept in the Arabidopsis genome.
However, subtle mutant phenotypes, indicating that the SHI-related genes possess distinct
functions, might have been overlooked and there are a number of growth conditions that
could affect the fitness of each mutant that have not been tested. In addition, root
development in most mutants has not been studied in detail.
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Potential roles of SHI-related genes in hormone signalling (I, II, III, V)
Gibberellin (I,II)
Constitutive expression of SHI family members confers phenotypic traits that are typical
for dwarf mutants defective in the biosynthesis of, or in the response to, the plant hormone
gibberellin, GA, suggesting that the SHI-related proteins might be mediators of GA
signalling or regulate GA biosynthesis. This functional aspect was carefully investigated in
the shi mutant and in studies of the SHI protein.
Exogenous application of GA to shi did not restore plant height to that of wild-type,
demonstrating that the dwarf phenotype of shi, caused by reduced cell elongation, is not a
consequence of impaired GA biosynthesis, and implying that SHI act as a negative
regulator of GA responses, at least when ectopically expressed.
Consistent with a feedback-mediated regulation of GA biosynthesis if GA
signalling is altered, the levels of active GA4 was on average three times higher in shi than
in wild-type, and the accumulation of the precursor C20-GAs was decreased in shi. The
increase in active GAs in shi is of biological significance as transgenic Arabidopsis plants
overexpressing the GA20-oxidase gene accumulate active GAs to the same level as shi,
which result in elongated plants that are reminiscent of GA treated plants and spy mutants
(Huang et al., 1998; Coles et al., 1999).
Similarly to mutants exhibiting reduced GA biosynthesis or response, the shi
mutant flowers late when grown in SD conditions, under which GA normally promotes
flowering in Arabidopsis (Wilson et al., 1992; Simpson and Dean, 2002). GA treatments of
shi, the GA biosynthesis mutant ga1-5, the GA response mutant gai and wild-type grown
in SD restored the flowering time of ga1-5 to that of the wild-type whereas the gai mutant
did not respond to the GA application. In contrast to gai, shi was responsive to GA in this
respect and flowered at the same time as the wild-type and ga1-5, demonstrating that shi is
not completely insensitive to GA.
As shown by the extreme dwarf phenotype of shi ga1-3 double mutant plants, shi is
sensitive to reductions in endogenous GA levels. Consistently, shi did not germinate on
medium containing the GA biosynthesis inhibitor paclobutrazol (PAC). These results
indicate that shi does not affect GA perception.
Seed reserve mobilisation in cereals is coordinated by the antagonistic actions of
GA and ABA in the aleurone layer (Lovegrove and Hooley, 2000). As a part of this
response, the GA activated MYB transcription factor GAMyb induces expression of αamylases, which hydrolyses starch stored in the endosperm (Gubler et al., 1995; Zentella et
al., 2002 and references therein). ABA appears to block the GA signal transduction
cascade before the formation of active GAMyb (Gómez-Cadenas et al., 2001). The
GAI/RGA and SPY orthologs in barley suppress GA-induced α-amylase activity in the
aleurone layer (Peng et al., 1999; Robertson et al., 1998) suggesting that the components of
the GA signal transduction pathway are common to most GA responses.
We examined the effect of SHI on GA signal transduction in the barely aleurone
layer by using co-bombardment experiments and found that SHI-mediated the suppression
of GA-induced high-pI α-amylase promoter activity with similar efficiency as the barley
HvSPY protein. This result supports the hypothesis that SHI functions as a negative
regulator of GA signal transduction, but the mechanism for this action is unknown.
Interestingly, both SHI and HvSPY positively regulate the activity of the ABA inducible
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Dehydrin promoter (Robertson et al., 1998, our unpublished results) suggesting that the
SHI and HvSPY mediated repression of α-amylase activity could result from enhanced
ABA signalling. However, no ABA related effects have been observed in the spy and shi
mutants.
Despite several observations speaking in favour of SHI as a repressor of GA
signalling and, consequently, cell elongation, all data are based on experimental conditions
during which SHI is ectopically expressed. Constitutive expression of either SHI, STY1,
STY2 or LRP1 has a strong inhibitory effect on stem elongation but, as none of the genes
appear to be expressed in the stem, the dwarfism of shi and the transgenic plants
expressing STY1, STY2 and LRP1 is likely due to ectopic effects. It is possible that the
functions of the SHI-related genes is connected to tissue specific suppression of cell
elongation and that the stem elongation effect in 35S::SHI/STY1/STY2/LRP1 mimics the
effect of high level expression of a related gene that is active in the stem in the wild-type.
The role of GA in gynoecium development is not understood and even though
flower development is impaired in most GA deficient mutants, the gynoecia appear
normal, although somewhat shorter than the wild-type gynoecia. Severe GA deficient
mutants are male sterile and fertilisation and silique development does not occur.
GA deficiency enhances the sty1-1 phenotype as ga1-3 sty1-1 double mutants
develop gynoecia in which the style is completely separated into two parts (Fig. 7) (our
unpublished data). This result suggests that GA is necessary for normal style growth but
does not reveal if STY1 and GA signalling components act to promote style development in
separate or overlapping pathways. Possibly, STY1 and GA affect common downstream
targets.

FIGURE 7. Apical part of a sty1-1 ga1-3 double mutant gynoecium.
Auxin (III, V)
Inhibition of polar auxin transport (PAT) affects the regional patterning of the gynoecium;
the ovary becomes reduced, the stylar and gynophore regions expand, the lateral veins
terminate prematurely, and the point of medial vein bifurcation is basalised (Nemhauser et
al., 2000). Similar phenotypic defects are typical of pid, pin1, and ett mutants (Bennett et
al., 1995; Sessions and Zambryski, 1995)
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Although style development is aberrant in sty1-1, the apical-basal patterning of
sty1-1 mutant gynoecia is largely normal. The point of medial vein bifurcation in sty1-1,
however, is basalised and the amount of stylar xylem is reduced. In 35S::STY1 plants,
excessive xylem elements are formed in association with ectopically produced style cells.
As shown by transient treatments with the PAT inhibitor 1-N-naphtylphtalamic
acid (NPA), gynoecium patterning of sty1-1 is hypersensitive to reductions in PAT. In
addition, sty1-1 enhances the PAT inhibition-like phenotypes of ett-1 and pid-8, indicating
either that STY1 positively regulates auxin transport or influence auxin signalling in
specific tissues of the wild-type. Possibly, STY1 acts in a pathway parallel to the auxin
transport- and signalling network.
AXR1 mediates the conjugation of the RUB1 protein to the SCFTIR1 complex and
constitute an important auxin signalling component (del Pozo et al. 1998). The gynoecia of
axr1 mutants are indistinguishable from those of wild-type (Leyser et al., 1993), but the
sty1-1 mutant phenotype is enhanced in axr1 mutant background. AXR1 has been
implicated, not only in auxin signalling, but also in jasmonate signalling and in
photomorphogenesis (Schwechheimer et al., 2002; Tiryaki and Staswick, 2002). As the
sty1-1 tir1 double mutant phenotype is additive, the enhanced phenotype of sty1-1 in axr1
mutant background appears not to be due to impaired regulation of the SCFTIR1 complex.
However, redundant TIR1-like proteins might substitute for the loss of TIR1 in the
gynoecium.
Roles of the SHI-related genes in leaf development (I, III, IV)
The rosette leaves of sty2-1 display a slightly higher degree of serrations compared to their
wild-type counterparts. In the sty1-1 sty2-1 double mutant this effect is enhanced, again
demonstrating that STY1 and STY2 partially overlap in function. Leaves of triple mutant
plants including e.g. sty1-1 sty2-1 and shi-3 are reminiscent of, or slightly more serrated
than, the leaves of the sty1-1 sty2-1 double mutant. In the sty1-1 sty2-1 shi-3 lrp1
quadruple mutant, the rosette leaves are highly aberrant but their morphology vary
extensively, not only between individuals, which could be explained partially by
differential ecotype influence, but also within the rosette of a single plant. Transgenic
plants that constitutively express any of SHI, STY1, STY2 or LRP1 develop narrow rosette
leaves that are less serrated than the wild-type rosette leaves. The reciprocal effects of lossand gain of SHI/STY/LRP function on leaf morphology strongly indicate that the SHIrelated genes, at some level, are involved in the control of leaf shape.
Interestingly, the increase in severity of the gynoecium defects in plants mutant for
SHI-related genes correlate with increased aberrations in leaf morphology. Possibly, these
parallel mutant phenotypes reflect an evolutionary relationship between carpels and leaves.
As at least one SHI homolog is present in the genome of the moss Physcomitrella, the
evolutionary origin of the SHI-related genes predates the origin of both carpels and leaves
and it is possible that the evolution of the SHI gene family is coupled to the evolution of
these organs.
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EPILOGUE
Five years ago the shi mutant had recently been identified and its phenotype indicated that
SHI had a role in gibberellin signal transduction. The cloning of SHI revealed that it
encoded a putative zinc finger protein with a potential role in transcriptional regulation.
We were aware of the existence of SHI-related genes in the Arabidopsis genome but, since
this was before the Arabidopsis genome sequencing project was finished, we didn’t know
how many and we knew nothing about their functions. Today it appears evident that the
activation and enhancer trap tagging approaches leading to the identification of shi and
lrp1 was absolutely decisive for our interest in the SHI gene family. From our current
knowledge, it appears very unlikely that any of the SHI-related genes would have been
isolated following a traditional mutant screen, designed to identify recessive loss-offunction mutations, as redundancy among the family members appear ubiquitous. The
subtle sty1 mutant phenotype would most likely have been overlooked even in a screen
with the purpose to identify mutants with altered gynoecium development.
I took part in the characterisation of shi but my main efforts have been devoted to the
functional characterisation of the SHI-related genes. My work demonstrates that a majority
of the SHI gene family members, including SHI, have overlapping functions during the
development of the gynoecium and that, of the genes examined, STY1 is the only one that
appear to have a unique function in this process. In addition, a number of the genes seem to
collectively influence leaf shape. The potential role of SHI and the SHI-related genes in
relation to the GA and auxin signal transduction pathways is still unclear.
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