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"To the people from Brazil,

I dedicate this thesis"



Por isso na impaciéncia
Desta sede de saber,
Como as aves do deserto
As almas buscam beber...

Oh! Bendito o que semeia
Livros... livros a mao cheia...
E manda o povo pensar!

O livro caindo n'alma
E germe - que faz a palma,
E chuva - que faz o mar.

Castro Alves,
Brazilian poet
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Introduction

INTRODUCTION

Lilium longiflorum and its molecular floral development

Lily (Lilium spp.) is among the most traditional and beloved ornamental
flowers worldwide. The genus Lilium comprises almost one hundred species, among
which is the primary subject of our research, described in this thesis, the species Lilium

longiflorum (Thunb.), known as trumpet lily or Easter lily.

Despite the great economic importance of ornamental lily species, little is
known about its biology at the molecular level so far. In a time when two plant
genomes are fully sequenced, Arabidopsis thaliana and Oryza sativa, only a few genes
have been characterized in Lilium spp. Possible reasons for this are discussed below

and throughout this work.

This thesis intends to be a contribution to bridging the fundamental research
concerning transcription factors involved in development of flower morphology in
model species and the applied objectives of molecular breeding for manipulating the
flower morphology, endeavouring to create new cultivars with specific and novel

features, more specifically in Lilium spp.

Lily Floral Development

Coordinated molecular interactions in lily lead to the development of beautiful
organs called flowers. Lily flowers can reach up to 20 cm in length before anthesis.
They are structured in concentric whorls. Six showy, petal-like organs form the first
and second outermost whorls, consisting of three organs per whorl. These similar
organs are denominated tepals, instead of the sepals and the petals found in the first
and second whorls in model dicot species, which differ clearly in their appearance. Six
stamens are displayed in two adjacent whorls (which were designated as only one
whorl throughout this thesis for the sake of simplicity), and a pistil formed by three

fused carpels is located in the innermost whorl.

Recently, Tzeng and Yang (2001) described the floral structure and
development of Lilium longiflorum. In brief, a 2-mm floral bud already has its tepal,
anther and filament structures formed whereas the carpel is not fully differentiated yet,
being complete only later, in a 10-mm bud. A floral bud of 30 mm has all its organs
well developed, with the pistil showing stigmatic papillae, distinct style, ovary and

ovules. Anthesis occurs when the bud reaches around 200 mm in length.
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Knowing the mechanisms of which coordinate molecular interactions to
convert a vegetative meristem into a floral meristem and subsequent floral organ
determination is the key for manipulating floral phenotypes. Many studies have been
carried out on molecular development of flower morphology in model species.

However, in lily this task began much later and is still in its infancy.

Working with lily in the lab

Transferring knowledge obtained with model species to crops with economic
value is a tough task. Model species are established as such because they present
methodological advantages over species of economic value, allowing to ease and to

speed their investigation.

Lilium longiflorum is equipped with a massive genome size, calculated to be
almost seven hundred times the Arabidopsis genome and about ten times the human
genome. This leads to difficulties in applying molecular techniques. Southern blot
analysis, which is a plug-and-play procedure for model species, is not applicable to lily
in most instances (Kanno et al., 2003; this thesis), since it requires an enormous

amount of DNA to be digested and loaded onto a gel in order to get a sufficient signal.

Northern blots are not dependent on genome size, but the isolation of total
RNA to perform Northern blots also requires considerable efforts for finding the
optimal method, possibly due to the high polysaccharide contents in lily tissues. RNA
proved difficult to isolate from flowers using the traditional protocols based on phenol

extraction followed by precipitation with lithium chloride.

Additionally, a lily transformation method mediated by Agrobacterium proved
to be difficult, and the bombardment procedures still require great efforts in order to

produce transformed plants.

Bulbous species also require a long generation time, since the first seasons after
germinating are spent in bulb growth instead of sexual reproduction, which will come
only some years later. This consumes a considerable time lag to know the inheritability

of a given gene. Therefore, genetic studies are very time consuming in lily.

Nevertheless, the lily flower is a good model in other aspects, e.g., it has been
used extensively for androecium development and biochemical pathway investigations
(Kim et al., 1993; Wang et al., 1996; Mousavi et al., 1999; Poovaiah et al., 1999; Mori
and Tanaka, 2000; Allwood et al., 2002; Ko et al., 2002; Singh et al., 2002), due to the

pollen abundance and easy manipulation in consequence of its flower size.
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Optimisation of the lily transformation system

An effective transformation procedure requires easy and fast transgene
integration approaches combined with efficient regeneration methods in order to

produce transgenic plants with a minimum of capital, energy and time input.

Tissue culture approaches for lily are well established already, with callus
induction and plant regeneration at high efficiency and in a short time frame. In spite
of that, there are currently a considerable number of studies aiming at improving the
efficiency, especially with respect to clonal mass propagation and culture of cell types
for higher transformation rates (reviewed by Aswath et al., 2001). Despite these

beneficial tissue culture aspects, a lily transformation system is not very efficient yet.

The current lily transformation system that is available is based on particle
bombardment, and only two groups have been able to produce transgenic lilies so far
(van der Leede-Plegt et al., 1997; Watad et al, 1998). This transformation method is
much more laborious, expensive, and variable than the biological systems. It has been
demonstrated that a transformation system for lily based on Agrobacterium
tumefaciens is feasible, since agroinfection in lily leaves was demonstrated earlier
(Langeveld et al., 1995). We have also found transient GUS expression in infected lily
leaves but we were unable to get transgenic plants using this approach. More recently,
Mercuri et al. (2003) presented the first transgenic lilies derived from Agrobacterium-
based transformations. Studies are also being carried on in our group to investigate the
potential and feasibility of Agrobacterium-mediated transformation system in Lilium

longiflorum.

The MADS-box genes

MADS-box genes constitute a family of transcription factors involved in cell
development of a variety of eukaryotic life forms, from yeast to plants and animals.
MADS is an acronym to the first four members which founded this family:
MINICHROMOSOME MAINTENANCE 1 (MCM]1) from yeast, AGAMOUS (AG) from
Arabidopsis, DEFICIENS (DEF) from Antirrhinum, and SERUM RESPONSE
FACTOR (SRF) from human (Schwarz-Sommer et al., 1990; Yanofsky et al., 1990).

Members of this family have a highly conserved motif of about 56 amino acids
called MADS domain that, in order to activate the transcription processes, binds to
CArG cis-elements (CC(A/T)sGG) found in target gene promoters (Hayes et al., 1988;
Riechmann et al., 1996). Whereas the MADS domain is responsible for binding to

specific regions of the DNA, other portions of the protein are involved in protein-
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protein interactions and activation of the molecular transcription machinery (Treisman,
1990).

MADS-box genes are involved in many aspects of plant development,
including meristem identity, flowering time, flower determination, floral organ
identity, pollen fertility, ovule development, fruit identity and development (Causier et
al., 2002), and lateral root elongation (Zhang and Forde, 1998). Expression of MADS-
box genes was also found in leaf guard cells and trichomes (Alvarez-Buylla et al.,
2000). This gene family encompasses 107 members in the Arabidopsis genome
(Parenicova et al., 2003).

Plant MADS-domain proteins are divided primarily in two main types
(Alvarez-Buylla et al., 2000b). The type I proteins are structurally similar to MADS-
domain proteins found in other kingdoms, with the very conserved MADS domain and
a specific carboxy terminal extension. There are 68 type I MADS-box genes in the
Arabidopsis genome. They have been subdivided into five subfamilies designated Ma
(with 25 genes), M (20 genes), My (16 genes), Md (6 genes), and the secluded
AGL33 (Parenicova et al., 2003). Despite encompassing 63% of MADS-box genes in
Arabidopsis, functionality of the type I genes has not been easy to assign. This fact has
changed only recently, when Kohler et al. (2003) demonstrated that PHERESI
(PHEI), formerly AGL37 (My subfamily), is involved in seed development. However,
reasons for its active expression in leaves (Parenicovd et al., 2003) are still

unexplained.

Type II MADS-domain proteins are found in the plant kingdom and are
characterized by a MIKC structure (Purugganan et al., 1995), which implies a highly
conserved MADS domain (M), involved in DNA-binding, a non-conserved
intervening region (I) linking to the conserved keratin-like domain (K) responsible for
protein-protein interactions, followed by a weakly conserved carboxy-terminal (C)
portion that is involved in transcriptional activation. In some MADS proteins, an
amino-terminal portion (N) is also found before the MADS domain, although it seems
to have no activity, since proteins with a truncated N-terminus remain functional.
There are 39 type Il MADS-box genes in Arabidopsis, of which 17 were thoroughly

characterized with loss-of-function mutants (Parenicova et al., 2003).

Flower organ development and the ABCDE model

A typical dicotyledoneous flower is arranged in four concentric whorls with
defined organs (sepals, petals, stamens and carpels from outer to innermost positions).

Having varied greatly their floral organ shapes and inflorescence architectures
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throughout evolution, plant species inspired Carl Linnaeus in the 18th century to
propose his Systema Naturae binomial classification based mostly on flower
morphology.

In the same 18th century, Johan Wolfgang von Goethe, based on anatomical
studies of plant development, proposed that every floral organ was in fact a modified
leaf (1790).

However, it was not before the early 1990s that a molecular model was
formulated that could explain the metamorphosis of leaves into floral organs. The
ABC model for flower development, conceived by Coen and Meyerowitz (1991) is an

elegant and neat model, which they poetically referred to as “the war of the whorls”.

This model was described as the expression of overlapping genetic functions in
two adjacent whorls, leading to the composition of the different floral organs. When
only type A genes are expressed, sepals are generated; when type A plus type B genes
are expressed, petals arise; concomitant expression of type B and type C genes leads to
stamen formation; and when only type C genes are expressed, carpels are developed.
Additionally, type A and C genes are antagonists, with the A domain in the two

outermost whorls and the C domain in the two innermost whorls.

Another important aspect is that the C functional gene is also responsible for
the determinacy of the flower and, when the C function is not active, a new flower
emerges in the fourth whorl in a reiterated fashion. The model itself does not explain
this characteristic but, since this function was revealed by C-type mutants, the
determinacy loss of the flower was adopted.

A D function was added to the early ABC model as a result of studies of
homeotic MADS-box genes involved in Petunia ovule development (Angenent et al.,
1995; Angenent and Colombo, 1996; Colombo et al., 1995), making this species
another model for flower development at a genetic and molecular level (Immink et al.,
1999; Immink and Angenent, 2002; Kapoor et al., 2002).

Two hundred years after the insightful proposition of Goethe declaring that the
ground state of every floral organ is a vegetative leaf, Bowman et al. (1991) could
predict and produce a triple ABC-type mutant in which each floral organ resembled the
ground state, a cauline-like leaf. Conversely, a leaf could not be transformed into a
floral organ with the genetic toolkit available at that time, since the ABC genes were

recognisably necessary but not sufficient for this homeotic conversion.

The question could only be answered with the discovery of the SEPALLATA
function. The production of a sepallata (sep) 1, 2 and 3 triple mutant led to reach the

ground state (sepal-like organs in each whorl) even when the ABC genes were



Chapter 1

functionally active (Pelaz et al., 2000). Moreover, the metamorphosis of leaves into
petals is proved possible now, when a SEP gene is ectopically expressed together with
the other A and B genes (Honma and Goto, 2001; Pelaz et al., 2001). This confirms
clearly the hypothesis that a petal is a modified leaf. The SEP function was then
recognised as the mysterious missing factor to the homeotic conversion of a leaf into a
petal, being added to the model for flower development as the E function, designating
the model as ABCDE from then on (Theissen, 2001).

Despite the attention given to the ABCDE genetic regulation, little is currently
known about the events downstream the ABCDE model towards the organ set up
(Sablowski and Meyerowitz, 1998). The identification of the immediate targets of the
transcription factors of the ABCDE model is a sine qua non for understanding the
genetic mechanisms involved in floral organ formation. High throughput
methodologies have been applied recently in the quest to identify genes that participate
downstream the ABCDE genes in order to promote floral organ development (Scutt et
al., 2003; Zik and Irish, 2003).

The ABCDE model for flower development in dicot and monocots

The early ABC model for flower development was assembled based upon the
genetic configuration of two dicot species: Arabidopsis thaliana and Antirrhinum
majus (Coen and Meyerowitz, 1991). The model proved to be very conserved among
dicot species and was readily accepted by the scientific community. However, the
ABC model could not be directly applied to monocot species, since there are major
divergences in their floral organ anatomy and architecture that do not support the

model as in its first conception.

The species belonging to the Poaceae family show flowers with substantial
anatomical differences in their perianth organs, with palea, lemma and lodicules,
instead of sepals and petals. There is still a great debate to evolutionarily correlate
these organs to those found in dicot species (Kramer and Irish, 2000; Kyozuka et al.,
2000).

Another monocot family with contrasting characteristics in the flowers is the
Liliaceae. The most notable difference found in this family is that the flowers do not
have a perianth formed by distinguishable organs, sepals and petals, but, instead, they
have two whorls formed by identical organs, designated tepals. Adaptation to the
ABCDE model was not difficult, since an extension of the B function to the first whorl

could lead to this feature. A phenotype that corroborated with this hypothesis was
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found in the Viridiflora tulip mutant, in which sepals were observed in the place of

tepals, probably due to the loss of its B function (van Tunen and Angenent, 1993).

More recently, a B functional gene from Lilium longiflorum, LMADSI which is
an AP3/DEF orthologue, was accessed by molecular analysis, showing expression
activity in both perianth whorls (Tzeng and Yang, 2001). Its correspondent protein,

however, was not detected in those tepals derived from the first whorl.

In eudicot species, B type proteins must form heterodimers in order to be stable
and functionally active (Goto and Meyerowitz, 1994; Yang et al., 2003). Results
obtained for the corresponding monocot orthologues from maize suggested similar
heterodimer stabilisation (Ambrose et al., 2000). Nevertheless, experiments using
putative orthologues from Lilium regale confirmed that its B type proteins could
indeed form heterodimers, but, surprisingly, the L. regale PI/GLO putative orthologue
was also stable in vitro as homodimer, whereas the L. regale AP3/DEF putative
orthologue behaved as a typical dicot counterpart, i.e. only being able to form
heterodimers (Winter et al., 2002). These results are also observed in the respective
orthologues from tulip (Kanno et al.,, 2003). It may be possible that the PI/GLO
homologues in the Liliaceae family can act alone in the first whorl to induce the
homeotic identity change of sepals into petals. This assumption, however, still requires

further investigation using in vivo procedures.

Heterologous genetic characterisation in model species

Despite the differences found in the ABCDE model between dicot and
monocot species and the huge flower variability among the Angiospermae species, the

model shows consistency throughout evolution.

As stated before, the ABCDE model were established using the model species
Arabidopsis and Antirrhinum, and later, Petunia. In monocot species, such as rice and
maize, many MADS-box genes have been studied, but the complexity involved in the
floral anatomy of these species creates difficulties to set up a definitive and general
ABCDE model for monocots so far.

However, despite the dicot-monocot evolutionary divergence that happened
circa 120-180 million years ago (Wolfe et al., 1989), MADS-domain proteins derived
from both classes are still able to cross interact in yeast in a proper fashion (Favaro et

al., 2002), indicating the importance of their functions throughout evolution.

The evolutionary strength of the ABCDE model for flower development

facilitates functional studies of orthologous genes, allowing using model species as



Chapter 1

heterologous systems. This circumvents the analysis of the species of interest that
usually present significant drawbacks, such as lack of null phenotypes for the genes in

study, long generation time, difficulties to generate transgenic plants and so on.

Arabidopsis has been by far the most used heterologous system in
developmental biology. Many species have their MADS-box genes functionally
characterized in Arabidopsis by complementing mutants or overexpressing
heterologous genes, or producing dominant negative phenotypes. Examples of
heterologous characterisation of MADS-box genes can be found with genes derived
from lily (Tzeng and Yang, 2001; Tzeng et al., 2002), hyacinth (Li et al., 2002),
lisianthus (Tzeng et al., 2002) and orchid (Hsu and Yang, 2002), to name just some

ornamentals.

A new possibility has emerged

In the genomics era, the concept of a good model species does not merely lie in
the ease of manipulation. Now, there is also a requirement for high throughput data
production. In the case of floral studies, escaping genetic transformation is highly
desired, since it demands a generation time from transgene insertion to phenotype

evaluation.

To supply this current demand, a new system has emerged, promising easy
technical manipulation and speedy results. The virus-induced gene silencing (VIGS)
system (Baulcombe, 1999), based on post-transcriptional gene silencing (PTGS)
mechanisms (Ratcliff et al.,, 1997; Baulcombe, 2002; Tang et al., 2003), is being
claimed as the most promising technology of the future for functional genetic

characterisation.

Thus far, the system is working efficiently in the model species Nicotiana
benthamiana (Burton et al., 2000), but some restrictions are still imposed to other
species, such as Arabidopsis and lily. Tomato (Liu et al., 2002a) and rice (Holzberg et
al., 2002; Kanno et al., 2000) are coming up as workable systems among the

economically important species.

Many new viral vectors have been engineered (Kumagai et al., 1995; Ruiz et
al., 1998; Ratcliff et al., 2001; Peele et al., 2001; Gossel¢ et al., 2002; Holzberg et al.,
2002; Turnage et al., 2002), allowing the system to cover more plant species. There is
also an increasing number of genes with their function elucidated by this method
(Burton et al., 2000; Liu et al., 2002b), and the genetic and molecular mechanisms on
which the system is based, is being gradually unveiled (reviewed by Tijsterman et al.,
2002; and this thesis).
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Lily challenges the floral development model one more time

After the establishment of the early ABC model as a general model for flower
development, the Liliaceae family challenged the model for the first time, since its
flowers do not show clear distinction among the organs in the first and second whorls.
The problem was solved by proposing a modified ABC model for Liliaceae members,
in which the B function is extended to the first whorl (van Tunen and Angenent, 1993;
Theissen et al., 2000). The current modified ABCDE model for Liliaceae has shown to
be suitable, at least up to a certain extent, and a genetic analysis of C and E functions is

reported in this thesis.

Surprisingly, we recently found a natural lily mutant with a complete homeotic
change in only one floral organ type: each stamen turned into a tepal, whereas its pistil
is completely normal. We named this mutant festiva and there is no report of a

homologous mutation in Arabidopsis.

One can speculate that the mutation involves genetic regulation up or
downstream the ABCDE model but a different operation of the model itself, with an

additional factor, cannot be ruled out.

SCOPE OF THE THESIS

To investigate the molecular basis of the ABCDE model in Lilium longiflorum,
we characterized a putative AGAMOUS (AG) orthologue (LLAGI) in chapter two,
demonstrating that LLAGI heterologous expression induces homeotic changes, which
indicates a function similar to AG. Moreover, a double flower lily mutant, reminiscent

of the C null Arabidopsis mutant, agamous, is also discussed.

The putative lily E orthologue, designated LLSEP3, is characterized in chapter
three of this thesis, suggesting that the E function is present in Liliaceae members, and

showing once more the strength of the ABCDE model throughout evolution.

Chapter four reports the drawbacks and difficulties encountered when using
Arabidopsis for a functional analysis of a lily gene, in spite of the general assumption

that working with model species is a “plug-and-play” task.

Transformation of Lilium longiflorum via particle bombardment and the

recovery of herbicide-resistant transgenic plants are reported in chapter five.
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Although the festiva natural lily mutant arose too late for detailed molecular
investigation here, we speculate on the possible mechanisms underlying such

phenotype in chapter six, as well as referring to a double, agamous-like lily mutant.

In chapter seven, we raise the possibility of using the VIGS system to
functionally analyse MADS-box genes, including those belonging to the flower
development model. A general presentation of the system, including its mechanisms,
and our preliminary results using a lily gene in Nicotiana benthamiana are also

included in this chapter.

In the last chapter of this thesis we present a general discussion of our data,
some hypotheses and the perspectives for future investigation on lily flower

development.
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Abstract

The ABC model for floral development was proposed more than 10 years ago
and since then many studies have been performed in model species, such as
Arabidopsis thaliana, Antirrhinum majus and many other species in order to confirm
this model. This has led to additional information on flower development and to more
complex molecular models. AGAMOUS (AG) is the only C type gene in Arabidopsis
and it is responsible for stamen and carpel development as well as floral determinacy.
LLAGI, a putative AG orthologue from lily (Lilium longiflorum Thunb.) was isolated
by screening a cDNA library derived from developing floral buds. The deduced amino
acid sequence revealed the MIKC structure and a high homology in the MADS-box
among AG and other orthologues. Phylogenetic analysis indicated close relationship
between LLAGI and AG orthologues from monocot species. Spatial expression data
showed LLAGI transcripts exclusively in stamens and carpels, constituting the C
domain of the ABC model. Functional analysis was carried out in Arabidopsis by
overexpression of LLAGI driven by the CaMV 35S promoter. Transformed plants
showed homeotic changes in the two outer floral whorls with some plants having the
second whorl completely converted into stamens. Altogether, these data indicate a
functional relationship between LLAGI and AG.
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Introduction

Mechanisms of flower development are under control of a complex genetic
system. The formation of organs in the four whorls of a typical eudicotyledonous
flower, consisting of sepals, petals, stamens and carpels, requires many genes for

proper organ and tissue development (Blazquez, 2000).

Transcription factors play major roles in the genetic regulation, being
responsible for orchestrating the cascade of processes for cellular development,
differentiation and maintenance. Homeotic genes encode transcription factors involved
in the specification of organ identity; their loss of function results in the replacement of

one type of organ by another.

Several studies with Arabidopsis thaliana and Antirrhinum majus led to the so-
called ABC model of flower development (Coen and Meyerowitz, 1991). This model
postulates that three classes of homeotic genes control floral organ formation in a
combinatorial fashion. Expression of type A genes alone, A plus B, B plus C and C
alone triggers the formation of sepal, petal, stamen and carpel, respectively. In
addition, A- and C-functions are considered antagonists since activity of one type

represses the activity of the other (Bowman et al., 1991).

The ABC model of flower development has been fine-tuned in time. Important
extensions in the model were the addition of a D function for ovule development
(Angenent et al., 1995) and, more recently, the inclusion of an E function of which
transcription is active in the inner three whorls of the flower. Together with other
functional gene classes, the E function is indispensable for the development of petals,
stamens and carpels and contributes to protein complex formation in order to trigger
proper differentiation of those organs (Pelaz et al., 2000, 2001; Honma and Goto,
2001). New proposals for transcriptional protein interaction, among others the “quartet
model” which postulates the multimeric complex formation of MADS box proteins
and DNA regions for different organ development in the floral whorls also arose
recently due to the forementioned discoveries on the ABC model, hence called
ABCDE model (Theissen and Saedler, 2001; Honma and Goto, 2001).

All the genes involved in the ABCDE model are MADS-box genes, with the
exception of the type A AP2 gene. The MADS-box genes constitute a superfamily of
transcription factors found in very simple organisms e.g. yeast as well as in complex
species, such as plants and animals (Schwarz-Sommer et al., 1990; Shore and
Sharrocks, 1995; Ng and Yanofsky, 2001). In plants, they are involved in many
developmental processes, especially in the reproductive organs (Ng and Yanofsky,

2001), but also in roots, leaves and other organs (Alvarez-Buylla et al., 2000; Causier
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et al., 2002). Plant type II MADS-box proteins carry a conserved organisation called
MIKC, which is characterised by the highly conserved DNA-binding motif of 56
amino acids called MADS-box (M). The weakly conserved intervening (I) region is
thought to be the determinant factor of selective dimerization. The moderately
conserved K-domain, with its keratin-like coiled-coil structure is involved in protein-
protein interactions and is exclusively found in plant species. Finally, the variable
carboxy-terminal (C) domain may be responsible for transcriptional activation and
protein interaction stabilisation (Egea-Cortines et al,, 1999; Riechmann and
Meyerowitz, 1997).

AGAMOUS (AG) is the only C-functional gene found in Arabidopsis, whilst in
other species redundant or complementary AG paralogues have been found, such as
PLENA (PLE) and FARINELLI (FAR) in Antirrhinum majus (Davies et al., 1999),
FLORAL BINDING PROTEIN 6 (FBP6) and FBP14 (pMADS3) in Petunia hybrida
(Kater et al., 1998). In Arabidopsis, recessive mutants for AG show petals instead of
stamens and a new flower in the place of carpels, giving rise to indeterminacy of the
flower as an additional effect of the absence of AG function. Constitutive
overexpression of 4G induces homeotic changes in the flower: carpels instead of
sepals and stamens in the place of petals, presenting the characteristics of apetala?2
(ap2) mutants (Yanofsky et al., 1990). This ap2 loss-of-function-like phenotype
induced by overexpression of AG orthologues in Arabidopsis or tobacco is being used
as heterologous system for testing functional homology of genes from diverse species
such as hazelnut (Rigola et al., 2001), grapevine (Boss et al., 2001), hyacinth (Li et al.,
2002) and the conifer black spruce (Rutledge et al., 1998).

Knowledge about MADS-box gene functioning from model species may
provide tools for potential applications in important commercial crops. Among them,
ornamental species are the most obvious candidates for floral morphology
manipulations, in order to create novel varieties with high market values. Petunia,
which has become another model species for studying MADS-box genes (Angenent et
al., 1992, 1995; Ferrario et al., 2003; Kater et al., 1998), Antirrhinum, which was used
as a model species since the dawn of the ABC model (Coen and Meyerowitz, 1991),
rose (Kitahara and Matsumoto, 2000; Kitahara et al., 2001), carnation (Baudinette et
al., 2000), gerbera (Yu et al., 1999; Kotilainen et al., 2000), lisianthus (Tzeng et al.,
2002), primula (Webster and Gilmartin, 2003), orchids (Lu et al., 1993; Yu and Goh,
2000, 2001; Hsu and Yang, 2002), hyacinth (Li et al, 2002), and lily (Tzeng and Yang,
2001; Tzeng et al., 2002) are among the ornamental crops in which ABCDE model

genes were under study.
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Lily (Lilium longiflorum Thunb.) is one of the most important ornamental
species in the world. Tzeng and Yang (2001) and Tzeng et al. (2002) described
recently its flower structure and development. Importantly, organs of the two
outermost whorls of lily flower are very similar, generating a perianth of tepals, instead
of sepals and petals. It has been supposed that this similarity would be due to a
modification in the ABC model, leading to an extension of B function towards the first

whorl in Liliaceae species (Theissen et al., 2000).

Here we present the results of our investigations on the molecular
characterisation of flower development in lily. In order to understand more about floral
homeotic genes in this species, we isolated and characterised the MADS-box gene
LLAGI. Sequence analysis, expression patterns and functional characterisation in the
heterologous species Arabidopsis thaliana allowed us to conclude that LLAGI is the

functional AG orthologue in lily.

Results

Isolation and sequence analysis of LLAGI cDNA from lily.

In order to isolate the 4G homologue from Lilium longiflorum, a cDNA library
derived from developing flowers was screened using as probe a 760-bp fragment
lacking the MADS-box from LRAG, a putative AG homologue from Lilium regale
(Theissen et al., 2000). Five positive clones were selected out of about 200,000 pfu, of

which four clones were identical in their sequences and designated as LLAG .

LLAGI cDNA is 1171 bp long with a 5° leader region of at least 73 bp and a 3’
untranslated region of 366 bp upstream the poly(A) tail. Deduced protein sequence
analysis of LLAGI revealed a 244-amino acid product.

Amino acid sequence alignment of LLAG/ and AG homologues from monocot
and dicot species is displayed in Figure 1. A high sequence conservation in the 56
amino acids of the MADS domain is evident, and also to a lesser extent in the K
domain, revealing the MIKC structure, typical of type II plant MADS box proteins. An
N-terminal extension preceding the MADS domain, commonly present in AG
homologues, was not found in LLAGI. Additionally, an insertion of 21 amino acids
was found in the C-terminus of LLAGI when compared to AG, which is not present in
any of the related sequences studied. Additional deletions of about 8 and 4 amino acids
in the C-terminus of LLAGI in relation to the AG sequence could also be found, but
these deletions were present in other AG paralogues with characterized functions, like
CaMADSI and pMADS3.
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LLAGL 22
HAG1 22,
PeMADS1 33
OsMADS3 22
WAG 43
CaMADS1 37
FBP14 38
35
70
91
92
102
91
112
107
107
104
139
160
HAGL 161
PeMADS1 171
OsMADS3 161
WAG 181
CaMADS1 176
FBP14 176
PLE 173
AG 208
LLAG1 221
HAG1 202
PeMADS1 215
OsMADS3 205
WAG 226
CaMADS1 218
FBP14 218
PLE 214
AG 256
LLAG1 244
HAGL 228
PeMADS1 239
OsMADS3 236
WAG 254
CaMADS1 : 242
FBP14 : 242
PLE : 239
AG : 284

Figure 1. Comparison of deduced amino acid sequences encoded by LLAG/ and related members of the
AG subfamily. The alignment was generated by the GCG program and displayed with the
GeneDoc program. Identical amino acid residues in relation to LLAG! are black and conserved
residues are in grey. Dots indicate gaps inserted for alignment optimisation. The amino acid
positions are shown on the right. A thick line is drawn above the MADS-box and a thin line above
the K-box. Gene codes are described in the Material and Methods section and for species see

Figure 2.
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Figure 2. Phylogram of MADS-box gene members with C and D functions of the 4G subfamily. The
tree was generated by ClustalX version 1.8 program (Thompson et al., 1997) using a Phylip
distance matrix with 1,000 bootstrap trials and the graphic representation was given by
TREEVIEW software (Page, 1996). LLAG! is indicated in bold text. The species of origin are
given after the abbreviated name of the genes. Bar represents 10% amino acid substitution per site

along the 185-domain.

Within the MADS domain, LLAG1 shares 100% (56/56) amino acid similarity
with AG from Arabidopsis thaliana, HAG from Hyacinthus orientalis, PeMADSI from
Phalaenopsis equestris, OsMADS3 from Oryza sativa, WAG from Triticum aestivum,
pMADS3 from Petunia hybrida and CaMADSI from Corylus avellana while there is
only one non-conserved amino acid substitution in PLE from Antirrhinum majus,
leading to 98% similarity. The C-terminus is the least conserved portion of the 4G
homologues. LLAGI shares 81% (58/72) amino acid similarity with HAGI, 92%
(67/73) with PeMADSI, 59% (47/80) with OsMADS3, 82% (64/78) with WAG, 93%
(65/70) with CaMADS1, 89% (62/70) with pMADS3, 84% (59/70) with PLE, and 60%
(48/80) with AG. As a whole, the similarities in the predicted primary structure of
LLAGI range from 89% with HAGI (202/228) to 67% with AG (191/284) among the

sequences shown in Figure 1.

Phylogenetic analyses indicate that MADS-box sub-families representing
monophyletic clades tend to show similar sequences, expression patterns and related
functions (Purugganan, 1997). Multiple alignment with LLAGI and other members of
the monophyletic AG clade is presented as a phylogram in Figure 2. It shows that
LLAGI 1is closely related to the monocot AG orthologues, specially HAGI and
PeMADSI, the latter being from an orchid species.

LLAG] expression pattern.

The spatial expression pattern of LLAGI in floral organs of lily was
investigated by RT-PCR using gene specific primers designed to amplify the 3’
portion, which is its least conserved section. Amplification of a GAPDH fragment was
used as a constitutive control. A fragment of approximately 500 bp corresponding to
LLAG]I transcripts could only be detected in stamens and carpels while it was not

detectable in tepals or leaves (Figure 3).

This expression pattern suggests that this gene is involved in the development

of reproductive floral organs since it is expressed in stamens and carpels but remains
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inactive in the perianth and vegetative tissues. These findings are consistent with the
hypothesis that LLAGI has a similar function as AG in lily floral development.

L TSOC

_ - g
el GAPDH

Figure 3. Expression of LLAG/ in different floral and vegetative organs. RT-PCR using primers for the

3'-terminal portion of LLAG1 was used for specific amplification. This result indicated that LLAGI
transcripts are present only in stamen (S) and carpels (C) of the flower and not in leaves (L) or
tepals (T). Loading and RNA quality control were verified by amplification of the constitutive lily
GAPDH.

Ectopic expression of LLAGI in Arabidopsis.

Functional analysis of LLAGI cDNA was done by ectopic expression in
Arabidopsis to understand whether the sequence and expression similarities between
LLAGI and AG also point to a functional relationship. A binary vector carrying
35S::LLAGI and a kanamycin resistance gene was introduced into Arabidopsis via
Agrobacterium transformation and the phenotypic alterations of the transformed plants

were analysed in the T and T, generations.

According to the ABC model of flower development, transgenic plants
overexpressing AG are expected to show homeotic modifications in the first and
second whorls of the flower. This results in the formation of carpelloid organs in the
first whorl and petals replaced by organs with a staminoid identity, acquiring
characteristics of the ap2 mutant phenotype (Bowman et al., 1991), due to the negative

interaction between A- and C-functions.

Out of 60 independent kanamycin-resistant plants analysed in the T;, 26
exhibited phenotypic alterations. Plants showing homeotic changes were divided into
strong and weak ap2-like phenotypes. In general, strong ap2-like plants displayed
reduced height, small and curled leaves, loss of inflorescence indeterminacy, bumpy
siliques and also flowered earlier than wild type plants (Figure 4), whereas the weak
ap2-like group showed normal vegetative growth with less pronounced floral homeotic
modifications.
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Figure 4. Floral and vegetative morphology of Arabidopsis. A, Wild-type flower consisting of 4 sepals,
4 petals, 6 stamens and a pistil. B, ag-/ mutant flower in which stamens are converted to petals and
the pistil to a new flower in a reiterated manner. C and D, Transgenic plants overexpressing
LLAGI under 35S promoter show homeotic mutations in the first and second whorls similar to
those found in a@p2 mutants. Arrow indicates a complete conversion of a petal into a stamen in the
second whorl, which is visualised in between first whorl organs. Whorl numbers are indicated on
the organs. E, Rosette leaves of a wild type plant. F, Rosette leaves of a transgenic plant with a

strong ap2-like phenotype.
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Flowers derived from plants showing the strong ap2-like phenotype had
evident homeotic modifications in the first two whorls, with distinct stigmatic papillae
at the apex of the modified sepals, and occasionally, complete homeotic changes of
petals into stamens. Plants with a weak phenotype often presented partly or completely

developed petals.

T, progeny analysis was carried out with six self-pollinated strong ap2-like T,
plants. Offspring plants revealed clear segregation of wild type and strong ap2-like
phenotypes. No weak ap2-like phenotype was found in the T, progeny analysed.
Northern blots confirmed the expression of LLAGI in the flowers of T; transformed
Arabidopsis (Figure 5).

Figure 5. Overexpression of LLAGI in Arabidopsis. Each lane was loaded with 5 pg total RNA from
flowers of the T, generation. WT indicates wild type. Plant number 1 showed a normal, wild type
phenotype, plants 2 and 3 showed a weak ap2-like phenotype while plants 4 to 7 showed strong
ap2-like phenotypes. Lower panel shows rRNA on agarose gel stained with ethidium bromide for

loading control.

Discussion

Since lily (Lilium sp.) is one of the major ornamental crops in the world and
ABCDE model genes are involved in the morphology of the flower, research on those
genes can be of great commercial interest. Evolutionary and developmental biology
may also take advantages from these studies since not many floral homeotic genes

from monocot species have been investigated in detail so far.

LLAGI, a Lilium longiflorum MADS-box gene isolated from a cDNA library
from developing flowers, is specifically expressed in the stamens and carpels,
constituting the C domain of the ABCDE model for floral development.

The primary structure of LLAGI protein showed to be highly homologous to
AGAMOUS from Arabidopsis and other known orthologues. As expected, the
phylogenetic dendrogram revealed a close relationship to AG orthologues from

monocot species.
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Although no specific function was given so far to the N-terminal extension of
the MADS domain, since AG with truncated N-terminus still showed to be functionally
active in vitro (Pollock and Treisman, 1991; Huang et al., 1993), it was suggested that
all functional AG homologues would contain this extension (Kater et al., 1998).
However, it was found that the 4G homologues HAGI from hyacinth (Hyacinthus
orientalis), OsMADS3 from rice (Oryza sativa) and CUM10 from cucumber (Cucumis
sativus) have their presumed start codon at the MADS-box. In addition, besides
showing a putative N-terminal portion before the MADS domain, PeMADSI from
Phalaenopsis equestris and WAG from wheat (Triticum aestivum) contain an ATG
codon just in front of their MADS-box, which could be their actual start codon. LLAG1
does not carry an N-terminal domain preceding the MADS domain, indicating that this
extension might have been abolished during plant evolution, possibly due to its lack of
functionality. Furthermore, an insertion of 21 amino acids was found in the C-terminal

portion of LLAG1 that is not present in the other orthologues analysed.

Based on RT-PCR, the spatial expression of LLAGI in mature flowers
corresponded to the AG expression in Arabidopsis (Yanofsky et al., 1990), being
expressed in the third and fourth whorl of the flower in accordance to the ABC model.

Due to the very low transformation efficiency of lily, functional studies of
LLAGI were undertaken in the model species Arabidopsis. Even with the insertion of
21 amino acids in its C-terminus, constitutive overexpression of LLAGI led to
homeotic changes of floral organs in Arabidopsis. The modifications observed were
entirely in accordance to reports on AG overexpression in Arabidopsis (Mizukami and
Ma, 1992) and functional analyses of AG orthologues from hazelnut (Rigola et al.,
2001), hyacinth (Li et al., 2002) and spruce (Picea mariana; Rutledge et al., 1998).

The complete homeotic changes of petals into stamens in Arabidopsis flowers
due to ectopic expression of LLAGI provided additional indications of the capability
for in vivo cross-interaction of proteins belonging to the ABC model from different
species, even with those distantly related, like Arabidopsis and lily. It can also reiterate
the evolutionary importance of AG function in flowering plants due to the preservation
of in vivo functionality of protein-protein interaction among MADS-box transcription
factors from diverse species. Molecular evidences of cross-interactions among several
MADS-box proteins from Arabidopsis and Petunia (Immink and Angenent, 2002) and
also between Petunia and rice (Favaro et al., 2002) were provided in recent studies.
However, there are suggestions that MADS-box protein dimerization may occur in a

different way in monocot species (Winter et al., 2002).

There are several sequences from ABCDE class of genes from bulbous crops,
such as the AG orthologue HAGI from hyacinth (Li et al. 2002), the B-type genes
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LMADSI from L. longiflorum (Tzeng and Yang, 2001) and LRDEF, LRGLOA and
LRGLOB from L. regale (Winter et al., 2002), and a partial sequence of PeMADSI
from an orchid (Phalaenopsis equestris) available in the public gene database.
Recently, LMADS2, a new MADS-box gene from L. longiflorum was described as a
potential class D gene (Tzeng et al., 2002). However, functional analysis of LMADS2
in Arabidopsis induced the same characteristics found when overexpressing the C type
AG or its orthologues instead of promoting ectopic ovule formation as it was observed
with other D functional genes, such as FBPI1 from Petunia (Colombo et al., 1995).

Among the oriental hybrids of Lilium sp. currently in the market, there are
double flower varieties that resemble the AG loss of function, having tepals instead of
stamens and a new flower instead of carpels with loss of flower determinacy. This
variant pattern arises naturally and occurs for many species, being of great interest of
flower breeders for creating novel characteristics. Nevertheless, the phenomenon is
very rare and not completely elucidated yet. It can be due to mutations in the AG
orthologue directly or even caused by abnormal interactions with trans-regulatory
elements (Roeder and Yanofsky, 2001; Franks et al., 2002). Knowledge about the
mechanisms involved in this process would allow modifying crops, such as lily, to

create new varieties with a double flower phenotype.

Material and Methods

Plant material. Lily (Lilium longiflorum Thunb. cv. Snow Queen) plants used in this
study were grown in greenhouse conditions (18-25°C day/14-18°C night with natural
light regime during growth season) in Wageningen, the Netherlands. Arabidopsis
thaliana, Columbia (Col) ecotype were grown in the greenhouse under long day
regime (22°C, 14 h light/10 h dark) after breaking the dormancy of the seeds by 3 days
at 4°C.

RNA extraction. Total RNA was extracted from lily floral buds (1.0 to 3.5 cm), leaves

and mature floral organs (tepal, stamen and pistil) according to Zhou et al. (1999).
Arabidopsis total RNA from flowers was isolated using the Rneasy Plant Mini kit
(Qiagen, GmbH, Hilden, Germany).

cDNA library preparation and screening. cDNA was synthesised using the ZAP-cDNA
Gigapack IIT Gold Cloning Kit (Stratagene, La Jolla, CA) with 5 pg of a poly(A)"
RNA pool from 1.0 to 3.5 cm lily buds purified through the Poly(A) Quik mRNA
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isolation column (Stratagene). cDNA fractions containing 1 to 1.5 kb fragments were
unidirectionally inserted between the EcoRI and Xhol sites of the Uni-ZAP XR phage

vector.

Approximately 200,000 pfu were screened using a 760 bp fragment of LRAG, a
putative 4G homologue from Lilium regale (Theissen et al., 2000), without the
MADS-box, labelled with [**P] dATP using RadPrime DNA Labeling System
(Invitrogen, Carlsbad, CA). Hybridisation procedures were carried on at 56°C
overnight on nylon membranes and washes reached the stringency of 0.5x SSC, 0.1%
SDS. Blots were exposed to X-ray films for 24 h and positive clones were collected

from plates for in vivo excision procedures.

Sequence analysis. cDNA clone sequencing was performed in both directions with T3
(5’-AAT TAA CCC TCA CTA AAG GG-3'") and T7 (5’-GCC CTA TAG TGA GTC
GTA TTA C-3') primers using rhodamine dye (Applied Biosystems, Foster City, CA).
Sequence analyses were carried out with DNASTAR software package.

Multiple protein sequence alignment was performed using the 185-domain
(185 amino acids starting from the MADS-box) (Rigola et al., 1998). The accession
numbers of the protein sequences used in this study are as followed: 4G (CAA37642);
AGLI11 (AAC49080); BAGI (AAA32985); CaMADSI (AAD03486); CUMI
(AACO08528); CUM10 (AAC08529); CUSI (CAA66388); DAL2 (CAAS55867); FAR
(CAB42988); FBP6 (CAA48635); FBP7 (CAAS57311); FBP11 (CAAS7445); FBP14
(pMADS3; CAAS1417); GAGI (CAAS86585); GAGAI (CAA08800); GAGA2
(CAA08801); GGM3 (CAB44449); HAGI (AAD19360); HaAG (AAN47198); HvAG1
(AAL93196); HvAG2 (AAL93197); LAG (AAD38119); LMADS?2 (Tzeng et al., 2002);
MdMADSI15 (CAC80858); NAGI (AAA17033); OsMADS3 (AAA99964); OsMADSI3
(AAF13594); PeMADSI (AAL76415); PLE (AAB25101); PTAGI (AAC06237),
PTAG2 (AAC06238); RAGI (AADO00025); RAP1 (CAA61480); SAGI (AAC97157);
SLM1 (CAA56655); STAGI (AADA45814); TAGI (AAA34197); VvMADSI
(AAKS58564); WAG (BAC22939); ZAGI (AAA02933) and ZMM1 (considered here
equivalent to ZAG2, CAA56504). The sequence of the putative AG homologue from
Lilium regale (LRAG) (Theissen et al., 2000) was not included in the alignment

because 185 domain sequence data for the entry was not made publicly available.

Expression analysis. RT-PCR analysis was performed using SuperScript First-Strand

Synthesis System for RT-PCR (Invitrogen). Five micrograms of total RNA extract

from floral organs and leaves were used to synthesise the first-strand cDNA using an
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oligo-dT primer. For amplification of LLAGI cDNA, a 2 PL aliquot of the first-strand
RT reaction were used in a 50 UL PCR reaction with LLAG specific primers (5’-GAT
TGC TGA AAA TGA GAG G-3'and 5’-AAA GTC ACA AAA TAA TAC AGC-3' as
forward and reverse primer, respectively). PCR was performed with 10 min 95°C
denaturation step, followed by 35 cycles of 1 min at 95°C, 1 min annealing at 54°C and
1 min extension at 72°C and a final extension period of 10 min. Twelve microliters of
the RT-PCR reaction were run in an agarose gel and photographed under UV light. As
a control, 2 YL of the first-strand RT reaction was used for amplification of the
constitutive glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA using
degenerated primers (5’-GTK GAR TCN ACY GGY GTC TTC ACT-3" and 5’-GTR
TGR AGT TGM CAN GAR ACA TC-3' as forward and reverse primers, respectively)
conceived from alignment of GAPDH sequences of several monocot species available
in the GenBank. The PCR conditions for GAPDH were as described for LLAGI.

Northern blot of transgenic Arabidopsis was prepared with 5 pg total RNA
from flowers of first generation transformants. Probes were prepared as described for
cDNA screening, using LLAG1 without the MADS-box and, as constitutive expression
control, a 1.2 kb actin cDNA fragment, obtained by RT-PCR amplification of leaf
RNA with specific primers (5’-GCG GTT TTC CCC AGT GTT GTT G-3' and 5°-
TGC CTG GAC CTG CTT CAT CAT ACT-3' as forward and reverse primers,
respectively). Hybridisation was carried out at 60°C and washes reached 0.5 x SSC,
0.1% SDS at the same hybridisation temperature in both cases. After LLAGI
hybridisation and development, the membrane was stripped with 0.1 x SSC, 0.1% SDS
at boiling temperature for 20 min. The membrane was exposed for 4 h to Phosphor
Imaging Plate (Fuji Photo Film Co., Tokyo, Japan) and developed in a related scanner
system. Autoradiographic signals were processed using the TINA 2.10 software
(Raytest, Straubenhardt, Germany).

Binary vector construction and Arabidopsis transformation. A pBINPLUS-derived

binary vector (van Engelen et al., 1995) with a multiple cloning site between the
CaMV 35S promoter and the NOS terminator was used for sense-oriented LLAGI
insertion and overexpression in Arabidopsis. LLAG1 was excised from the pBluescript
SK" vector using Xbal and Xhol restriction enzymes and inserted into the binary vector
treated with the same enzymes. After confirmation of the sequence, Agrobacterium
tumefaciens strain C58C1 competent cells were prepared and transformed by

electroporation according to Mattanovich et al. (1989).

Arabidopsis thaliana ecotype Columbia (Col) plants were transformed using

the floral dip method (Clough and Bent, 1998). T, seeds were placed onto agar plates
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containing 0.5X MS medium (Murashige and Skoog, 1962) with 50 pg mL™"
kanamycin as selection agent. In order to break the dormancy, plates were placed at 4
°C for 3 days and then at 23 °C in a growth chamber with long-day conditions (14 h
light/ 10 h dark). T, seedlings were transferred to soil and kept in the same temperature
and light regime. Self-pollinated T, population was sown directly in soil and grew in

identical conditions.
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CHAPTER THREE

Overexpression of a MADS-box gene from Lilium longiflorum homologous to
SEPALLATAS is able to induce early flowering in Arabidopsis
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Abstract

SEPALLATA3 (SEP3) is a MADS-box homeotic gene possibly determining the
E function in the ABCDE model. This function is essential for proper development of
petals, stamens and carpels. In order to gain further information on lily (Lilium
longiflorum) flower development at the molecular level, a cDNA library constructed
from developing floral buds was screened, and a clone (LLSEP3) was isolated with
high similarity to the SEP3 transcription factor from Arabidopsis. LLSEP3 belongs to
the AGL2 subfamily of MADS-box genes and shares its closest relationships with
DOMADSI and OM1, from the orchid species Dendrobium grex and Aranda deborah,
respectively. Expression analysis by Northern hybridisation showed that LLSEP3 was
expressed throughout lily flower development and in tepals, stamens and carpel tissues
of mature flowers, whereas no expression was detected in leaves. Overexpression of
LLSEP3 in Arabidopsis under the CaMV35S promoter induced early flowering but did
not induce any floral homeotic changes, which is in accordance with the effect of SEP3
overexpression in this species. Altogether, these data are consistent with the putative
role of LLSEP3 as an E functional gene in lily flower development.
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Introduction

Transcription factors play important roles in many biological processes,
binding to regulatory regions of the DNA and to other protein factors in order to
inhibit or assist RNA polymerase in initiation or maintenance of transcription. The
MADS-box genes represent a large family of highly conserved transcription factors
found in plants, animals and yeast involved in a range of developmental processes
(Riechmann and Meyerowitz, 1997; Schwarz-Sommer et al., 1990; Theissen et al.,
2000). In plants, they play pivotal roles in the regulation of flowering time, meristem
identity, floral organ and fruit development (Causier et al., 2002) and, next to these
reproductive functions, they are also active in root architecture (Zhang and Forde,
1998) and may be necessary for guard cell and trichome development, as deduced by

expression analysis (Alvarez-Buylla et al., 2000).

Flower development has fascinated biologists for a long time but only in the
last decade a neat, elegant and satisfactory model for it was conceived. The identified
genes from the ABC model work in a combinatorial way for proper floral organ
development in which A type genes lead to sepal formation, A and B type genes
together trigger petal development, B and C type form stamens and the C type gene
expression constitutes carpels (Coen and Meyerowitz, 1991). The studies were first
performed in Arabidopsis thaliana and Antirrhinum majus, but soon they were
extrapolated to many other plants, confirming that the ABC model was a general
model for flower development throughout angiosperm species. However, the
simplicity of the original model demanded further elaboration to cope with the
complexity involved in flower development. This led to the addition of new functions
to the model, like the D function, which is involved in ovule development (Angenent
et al., 1995), and the E function, which was shown to be essential for petal, stamen and
carpel formation (Jack, 2001; Pelaz et al., 2000). The ABCDE model is of great value
for developmental studies and many MADS-box orthologues have been studied in
other species, including monocots such as sugarcane, sorghum, maize and rice
(Dornelas and Rodriguez, 2001; Greco et al., 1997; Mena et al., 1995; Pelucchi et al.,
2002).

One hundred and seven MADS-box genes have been identified in the
Arabidopsis genome (Parenicova et al., 2003). The MADS domain comprehends 56
amino acids and is the most conserved portion of the protein, which is involved in
DNA binding at the cis-elements motifs known as CArG boxes (Schwarz-Sommer et
al., 1990; Treisman, 1990). Many MADS-box genes contain a so-called MIKC
structure, presenting additionally to the MADS-box, a K-box that is a conserved

domain capable of mediating protein-protein interactions. The carboxy-terminal
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portion is the least conserved and is involved in transcription activation and specificity

of the protein function (Riechmann and Meyerowitz, 1997).

Three MADS-box genes are responsible for the E function in Arabidopsis, the
SEPALLATA (SEP) 1, 2 and 3 (previously referred to as AGL2, 4 and 9), playing
redundant roles throughout floral organ formation. SEP/ and 2 are expressed in every
whorl of the flower (Flanagan and Ma, 1994; Savidge et al., 1995) while SEP3 is
expressed in the petals, stamens and carpels (Mandel and Yanofsky, 1998). Homeotic
triple sep1/2/3 mutant led to the formation of sepaloid structures in all whorls and the
loss of floral determinacy, resembling double B and C loss-of-function phenotype
(Pelaz et al., 2000), while the overexpression of SEP3 in sense orientation did not lead
to any homeotic mutation, but to an early flowering phenotype. SEP3 overexpression
in antisense orientation led to the resemblance of AP/ intermediate alleles (Pelaz et al.,
2001a), suggesting an additional role of SEP3 in floral transition (Mandel and
Yanofsky, 1998). The most striking observation was, however, that overexpression of
SEP genes concomitantly with the overexpression of A and B type genes resulted in
the conversion of leaves into petals, revealing the SEP function as the missing factor to

trigger this metamorphosis (Honma and Goto, 2001; Pelaz et al., 2001b).

Besides the E function of the ABCDE model of flower development is already
well established in model species, such as Arabidopsis and petunia, this function is not
much known in other species yet, and this is particularly true for monocots. In rice, a
model species for the ABCDE model in monocots, some genes were identified as
related to SEP genes, based on their sequences and expression pattern, such as
OsMADS1 (LEAFY HULL STERILEI, LHSI) (Jeon et al., 2000), OsMADS24 (also
known as OsMADSS), OsMADS34 and OsMADS45 (also referred as OsMADS?7)
(Fornara et al., 2003; Kang and An, 1997; Kang et al., 1997).

The plant MADS-box genes were classified into several groups according to
their amino acid sequence, indicating their evolutionary relationships. The AP1/AGL9Y
family (Purugganan et al., 1995) contains the majority of MADS-box genes involved
in floral transition and the A and the E functional genes. It can be divided into the
AGL2, SQUA (Theissen et al., 1996, 2000) and OsMADSI (Yu and Goh, 2000)

subfamilies.

Despite their sequence similarities and evolutionary relationships, functional
resemblance can only be tested by in vivo methods. Studies involving petunia MADS-
box genes and yeast two-, three and four-hybrid analyses indicated that protein
interaction in yeast is a good system for functional homology characterisation of plant
MADS-box proteins (Favaro et al., 2002; Ferrario et al., 2003, Immink and Angenent,
2002; Immink et al., 2003).
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The ABCDE model is particularly interesting to be investigated in members of
the Liliales order, such as lilies, tulips and orchids. It has been proposed that they
would show an altered expression pattern of the genes involved in petal formation (van
Tunen et al., 1993, referring to tulips) because their flowers show petaloid organs
throughout the entire perianth. Moreover, characterisation of MADS-box genes
involved in flower development may also be useful for practical purposes, such as
manipulation of floral structure or flowering time, since many of these species are
important ornamental species. In addition, fundamental studies on species divergence
and its developmental implications (evolutionary developmental genetics, Theissen et
al., 2000) could use the data generated by molecular and functional characterisation of
MADS-box genes from member of the Liliales order (Yu and Goh, 2001).

Some MADS-box genes from lily have already been isolated and, to some
extent, functionally characterized. Several MADS-box genes from Lilium regale were
isolated, sequenced and analysed by phylogenetic comparison (Theissen et al., 2000).
LRGLOA and LRGLOB, two PISTILLATA (PI) putative orthologues from L. regale,
were shown to form homodimers in vitro, what is significant since the corresponding
orthologues from dicot species are only able to form heterodimers with B functional
proteins. On the other hand, LRDEF, a putative AP3 orthologue, like its counterparts in
model species, is only able to form heterodimers in in vitro conditions (Winter et al.,
2002). These results indicate that the ABCDE model may work differently in lily
species and that this mechanistic alteration could have led to the transition of the first
whorl organs into petal-like structures. LMADSI, from Lilium longiflorum, was
functionally characterized as a B functional gene and is homologous to AP3 from
Arabidopsis (Tzeng and Yang, 2001). LLAGI, an orthologue of AGAMOUS (AG), the
C functional gene from Arabidopsis, is actively transcribed in developing lily buds,
and is able to induce homeotic changes of petals into stamens and of sepals into
carpelloid structures, when ectopically expressed in Arabidopsis, indicating functional
homology to AG (this thesis). LMADS?2, that shared high similarity with the D
functional genes AGLII from Arabidopsis and with FBP7 and /] from petunia,
mimicked the C function when ectopically expressed in Arabidopsis (Tzeng et al.,
2002). However, the E function was not functionally characterized earlier in any of the

Liliales species and it is interesting to find whether the E genes fulfil a similar role.

Given the significance of lily (Lilium longiflorum) as an ornamental crop,
having its flower development unravelled at a molecular level would be of great value,
which could make available tools for certain applications such as flowering time and
floral morphology manipulations. Here, we describe the molecular characterisation and

overexpression of a putative SEP3 homologue from lily, LLSEP3. Altogether, its
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sequence analyses, transcription profile and the phenotype generated by its
overexpression in Arabidopsis indicate that LLSEP3 is the functional orthologue of
SEP3 in lily.

LLSEP3 : MGRGRVELhRIENKINFQ’TFPKRPN(LthA /ELSVLCDAEVALIIF SNEEEEET
oMl : MGP&PVELL%IENIINRQVTFleP ALLKKAYELSVLCDAEVALTTFSN ]
alollrNolsh NG RGRV EVIKR T ENKINRQVTFAKRRISGGLLKKAYELSVLCDEVALI IF SN EEEEY]
b Ur ol o GRGRVELKR I ENKINRQUVTFAKRRNGLLKKAYELSVLCDAEVAL L TF SN R
FBP2 ll'GRGRVELKRIENKINROVTFAKRRNGLLEKAYELSVLCDAEVALTTF SN
pizaici XV [V G R GRVEL KR T ENKINRQVTFAKRRNGLLKKAYELSVLCDAEVAL T T F SN
SEP3 BNV GRGRVELERIENKINRQVTFAKRRNGLLERAYELSVLCDAEVALT IF SNEEEEEET

LLSEP3 96
oMl 96
DOMADS1 96
OsMADS45 99
FBP2 98
DEFH200 98
SEP3 100
LLSEP3 146
oM1 : R ) 0 : 146
DOMADSL : L'S.JEALQRSQRNLLGEDLFPL eﬁELﬁQLERQL .oIIsTPM W o: 146
OsMADS45 : E L EHOLDESLEENR - : 149
FBP2 B . 148
DEFH200 148
SEP3 150
LLSEP3 ) ) )} : 195
oML : LDQLHDLORREOHLFE K S - 4GRE : 196
DOMADS1 : |MBeJBGEIMeORIT L < R ;174
OSMADS45 : DHLEELOFhEQI FAI \ 198
FBP2 : LDOL&DLQRI’!D ILI IEAN { 1 )— 1 195
DEFH200 : |#eTETmfeiikisra EPl' ':'. ! SLE -y _ ;196
SEP3 : ) 2 G : 198
LLSEP3 HI () GNGFFHPLECH EPTLQIGYPPDOITIAGGPGPS(JS‘-‘-YL'P - 1 238
oML i i 239
DOMADS1 -
OsMADS45 246
FBP2 237
DEFH200 238
SEP3 241
LLSEP3  : [Egl----—---- 2 242

OM1 : EMGOISGSYE- : 250

DOMADS1  : -

0sMADS45 249

FBE2 241

DEFH200 242

SEP3 251

Figure 1. Alignment of deduced amino acid sequences encoded by LLSEP3 and genes belonging to the
AGL2 MADS-box subfamily. The alignment was generated by the GCG program and displayed
with the GeneDoc program. Amino acid identity and conservation in relation to LLSEP3 is
displayed in black and grey, respectively. A thick line is drawn above the MADS domain and a
thin line above the K domain. An asterisk is under the conserved alanine residue that defines the
AGL2 subfamily. Gaps are indicated by dashes and were introduced to maximise alignments.
Genes are related to species in Figure 2, whereas the GenBank entries are described in the Material
and Methods section.
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Results and Discussion

Isolation and sequence analysis of the SEP3 homologue from Lilium longiflorum

In order to identify an orthologue of SEP3 in lily, a cDNA library was screened
using a lily probe amplified by RT-PCR with degenerated primers. To avoid cross-
hybridisation with other MADS-box genes, these primers were conceived from
sequence alignment of the carboxy-terminal portion from several putative monocot
SEP3 homologues. Seven positive clones were isolated from about 50,000 pfu
screened under stringent conditions. Sequencing showed that all the clones were
identical except for the length of their 3’ untranslated ends. The longest clone was

taken for further studies.

The clone, designated LLSEP3, is 1,116 bp long, including a 5’ leader region
and a untranslated trailer region at the 3’ end with the poly(A) tail. Conceptual

translation revealed a protein of 242 amino acid residues and a mass of 27.6 kD.

LLSEP3 amino acid sequence and an alignment with related sequences are
shown in Figure 1. Analysis of the LLSEP3 sequence organisation revealed the MIKC
structure, as seen in type II MADS-box genes. The 56 residues of the MADS-box
domain formed the most conserved region found in LLSEP3, presenting 100% (56/56)
amino acid similarity with DOMADS1, OsMADS45, FBP2, DEFH200 and SEP3, from
Dendrobium grex, Oryza sativa, Petunia hybrida, Antirrhinum majus, and Arabidopsis
thaliana, respectively. The K-box followed as the second most conserved domain in
LLSEP3, showing amino acid similarity ranging from 74% (42/57) with OsMADS45 to
95% (53/56) with OM1 from Aranda deborah. The carboxy-terminus was a weakly
conserved portion of MADS-box genes; LLSEP3 shared amino acid identities ranging
from 50% (60/120) with SEP3 to 64% (30/47) with DOMADSI whereas the amino
acid similarities are between 65% (78/120) with SEP3 and 78% (94/121) with
OsMADS45. Taken over the entire protein length, LLSEP3 shared the highest identity
score with DOMADSI and FBP2, both showing identities of 76% (133/174 and
183/241, respectively) in their sequences, while the highest and lowest amino acid
similarities were shared with DOMADS1 (88%, 153/174)) and SEP3 (78%, 195/251),
respectively. One could wonder whether DOMADS] is able to perform properly as an
E functional gene with the deletion shown in its carboxy-terminus. The answer is still
elusive, since there are not many SEP3 homologues functionally characterized so far
and DOMADS1 was not functionally analysed yet. LLSEP3 shows a carboxy terminus
corresponding in size to the functionally characterized FBP2 (Angenent et al., 1995).

Phylogenetic analysis based on the first 185 amino acid residues from the
MADS domain revealed that LLSEP3 belongs to the AGL2 subfamily of MADS-box
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genes, the same clade that encloses the E functional genes such as SEP3, FBP2, TM5
(Figure 2). LLSEP3 shared the closest relationship with OM1 and DOMADS 1, from the

orchid species Aranda deborah and Dendrobium grex, respectively.

Temporal and spatial expression of LLSEP3

To identify the expression profile of LLSEP3, northern blots of total RNA from
developing floral buds and mature tissues from lily were hybridised with the 497-bp
fragment between the carboxy-terminus and the poly(A) tail of LLSEP3.

Floral tissues of developing buds ranging from 1 to 3.5 cm showed strong
expression of LLSEP3 as well as tepals, stamens and carpels of mature flowers (Figure
3). Leaves did not show detectable expression of this gene. LLSEP3 transcripts are
present throughout flower development in all whorls of a mature flower, with a

particular higher expression in the tepals.

Expression seemed higher in tepals than in the sexual organs. An expression
pattern which is present during initiation of flower development and remains present in
mature floral organs is also found typically for type E orthologues, such as FBP2,
SEP3 and TMS5 (Angenent et al., 1992; Mandel and Yanofsky, 1998; Pnueli et al.,
1994).

Ectopic expression of LLSEP3 in Arabidopsis

Given that gene function cannot be predicted solely by its sequence and
expression pattern, LLSEP3 overexpression in the heterologous species Arabidopsis
was followed.

In vivo functional characterisation of LLSEP3 was carried out in the
heterologous species Arabidopsis. Twenty five transgenic plants were analysed in the
T, generation and followed up to the second generation. LLSEP3 overexpression in the
sense orientation under the constitutive CaMV35S promoter led to plants with very
early flowering and curled leaves in fifteen of the plants analysed. A representative
early flowering plant is shown in Figure 4. Flowers showed the normal phenotype,
carrying all four organs. This is consistent with reports of overexpressing SEP3 and its
orthologues in Arabidopsis (Ferrario et al., 2003; Pelaz et al., 2001a).
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Figure 2. Phylogenetic analysis of MADS-box genes. The tree was generated by the ClustalX version
1.8 program (Thompson et al., 1997) using a Phylip distance matrix with 1,000 bootstrap trials.
Graphic representation was produced by the TreeView software (Page, 1996). LLSEP3 is indicated
in bold. The species of origin are given after the respective gene names. Bars represent 10% amino

acid substitution per site along the 185 domain.

An explanation of why SEP3 induces early flower phenotype cannot be easily
given up till now. This phenomenon may be due to its intrinsic and uncharacterised
role during floral meristem identity or even with functional mimicry of a floral
meristem gene, such as API. Segregation of early flowering and twisted leaves was
followed up and confirmed until the T, generation. T generation plants were assessed
for RNA expression, showing active transcription of LLSEP3 and the selection NPTII
gene (Figure 5).

A B

flower bud length (cm)
1.5 20 25 3.0 35 L T S C

- . -_—ese e ‘ LLSEP3
LR R RR s = 1 GAPDH

Figure 3. Expression profile analysis of LLSEP3. A. LLSEP3 transcripts are present in developing floral
buds (1.5 to 3.5 cm lengths). B. LLSEP3 is expressed in mature floral organs (T, tepals; S, stamens;
C, carpels) and not detected in leaves (L). Ten micrograms of total RNA were loaded in each lane.

Loading control is given by hybridisation with a lily GAPDH probe in the lower panels.

Whereas antisense expression of SEP3 in Arabidopsis led to phenotypes similar
to intermediate alleles of the flower meristem identity and homeotic gene ap!/ (Pelaz et
al., 2001a), antisense expression of LLSEP3 in Arabidopsis did not show any visible
phenotypic alteration, presumably because its sequence already diverges too much to

promote gene silencing of SEP3 by antisense RNA.
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Figure 4. Phenotype of a T| Arabidopsis overexpressing LLSEP3. A. Plants were very weak, showing
very early flowering and curled leaves. B. Close-up of plant shown in picture A. Among 25
transgenic plants analysed, 15 plants showed this phenotype and were followed up to the next

generation, which presented this phenotype in most of the plants.

Figure 5. Northern blot analysis of representative early flowering T, Arabidopsis plants overexpressing
LLSEP3. Approximately 10 pg of total RNA were loaded in each lane. Upper panel shows
hybridisation with the LLSEP3 probe. The blot was stripped and re-hybridised with the NPTI/
probe, shown in the lower panel. Lane 1 was loaded with RNA extracted from a non-transgenic
plant, lanes 2 to 5 are from plants showing phenotypic alterations whereas lane 6 is derived from

an Arabidopsis resembling its wild type.

Altogether, the sequence similarity between LLSEP3 and E functional genes,
the active expression through floral development and its persistence in mature floral
organs, and the capability of promoting early flowering when overexpressed in the
heterologous species Arabidopsis indicated that LLSEP3 can potentially be the
functional orthologue of SEP3 in Lilium longiflorum.
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Material and Methods
Plant material

Mature floral organs, developing buds and leaves were collected from lily
(Lilium longiflorum Thunb.) plants growing under greenhouse conditions and

immersed immediately in liquid nitrogen. Tissues were kept at -80°C until use.

After seed vernalization for 3 days at 4°C, wild-type Arabidopsis thaliana
plants, ecotype Columbia (Col), were kept in a growth chamber under long day
conditions at 23°C until flowering. The first inflorescence stems were pruned to induce

formation of lateral inflorescences for transformation.

LLSEP3 probe synthesis, cDNA library construction and screening

A homologous SEP3 probe from lily for screening a cDNA library was
produced by RT-PCR using total RNA derived from 1-cm floral buds and degenerated
oligonucleotides designed from conserved regions between the end of the MADS-box
and the carboxy-termini of SEP3 homologous sequences available in the GenBank
database. The first strand synthesis reaction was primed with an oligo-d(T),-is
supplied with the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen)
and followed by a gene-specific amplification with the oligonucleotides 5’-CTC TAC
GAG TTC TGC AGC-3’ and 5°-GMT CCC ACA CYT GCT GC-3’, as forward and
reverse primers using an annealing temperature of 45°C in the PCR. A 391-bp
fragment was amplified, cloned into pGEM-T-easy vector (Promega, Madison, WI)
and sequenced. High sequence homology could be observed between this clone and
other putative SEP3 homologues and therefore it was used as a probe for cDNA library

screening.

A developing floral bud (1 to 3.5 cm) cDNA library from Lilium longiflorum
was synthesised using the ZAP-cDNA Gigapack III Gold Cloning Kit (Stratagene, La
Jolla, CA) with 5 pg of pooled poly(A)" RNA. Fragments ranging from 1 to 1.5 kb
were selected for unidirectional insertion in Uni-ZAP XR phage vector. The cDNA
clones were rescued into pBluescript SK' by in vivo excision using the ExAssist helper
phage. About 50,000 pfu were screened on nylon membranes at 60°C with the 391-bp
homologous probe.
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Nucleic acids isolation and expression analyses

Total RNA isolation from lily tissues was performed according the method
described by Zhou et al. (1999). Total RNA isolation from Arabidopsis inflorescences
was accomplished with the Rneasy kit (Qiagen, Gmbh, Hilden, Germany).

For northern blots, 10 pg of RNA was prepared using a modified
glyoxal/DMSO method (Sambrook et al., 1989) and run in 1.4% agarose gel made
with 15 mM sodium phosphate buffer pH 6.5 and stained with ethidium bromide. RNA
was transferred by capillary method to nylon membranes (Amersham,
Buckinghamshire, UK) using 25 mM phosphate buffer pH 6.5 as transferring solution.
As probe, a fragment of 497 bp from the 3’ terminal part of LLSEP3 was amplified by
PCR using the oligonucleotides 5’-CAC ATC TTT GAA GCT AAT CCG-3' and 5’-
AGA TAC ATA GAG CGG CTT GC-3' as forward and reverse primers, respectively.
The product was purified by spin columns (Qiagen) and the probe was synthesised
with the RadPrime DNA Labeling System (Invitrogen, Carlsbad, CA) using [**P]
dATP as radioactive label.

For loading control of RNA from lily, a fragment of 620 bp from the
constitutive glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) cDNA from L.
longiflorum was amplified by RT-PCR using the degenerated primers (5’-GTK GAR
TCN ACY GGY GTC TTC ACT-3' and 5’-GTR TGR AGT TGM CAN GAR ACA
TC-3' for forward and reverse annealing, respectively), conceived from DNA sequence

alignment of several GAPDH from monocot species available in the GenBank.

Arabidopsis northern blots were prepared as described above, using the same
LLSEP3 probe in transgenic plants of T generation germinated on selection medium
with kanamycin. For molecular confirmation of transgenic integration of the
kanamycin resistance NPTII gene, we amplified a probe by PCR using the
transformation vector as a template and the primers 5-TGG GCA CAA CAG ACA
ATC GGC TGC-3' and 5'-TGC GAA TGC GGA GCG GCG ATA CCG-3' for forward

and reverse annealing.

Hybridisation was carried out at 60°C for at least three hours with one hour pre-
hybridisation in the buffer (10% dextran sulphate, 1% SDS, 1M sodium chloride and
10 pg mL™" herring sperm). Washes were conducted at the hybridisation temperature
for 20 min twice in 2X SSC, 0.1% SDS and once in 1X SSC, 0.1% SDS. Membranes
were then exposed to phosphor image screen (Fuji Photo Film Co., Tokyo, Japan)
overnight and the image was scanned and processed using TINA version 2.10 program
(Raytest, Straubenhardt, Germany).

44



Isolation and Characterisation of LLSEP3

Sequencing and sequence analysis

Sequencing of the cDNA clones was performed using rhodamine dye (Applied
Biosystems, Foster City, CA) and analyses were carried out with the DNASTAR
software package for sequence assembly, conceptual translation and biochemical

characterisation.

Multiple protein sequence alignment used the first 185 amino acids from the
MADS-box (Rigola et al., 1998). Phylogenetic analysis was accomplished by the
ClustalX program version 1.81 (Thompson et al., 1997) and the dendrogram was
visualised by the TreeView software (Page, 1996). The GenBank accession numbers of
the amino acid sequences used for these studies were: AGL3 (AAB38975); API
(CAA78909); BoSEPla (CAD48303); BpMADSI (CAB95648); CanMADSI
(AAF22138); CAGL2 (AAF23363); CDM44 (AAO22982); CDM77 (AAO22983);
CDM104 (AAO022987); CMBI (AAA62761); DALI (CAA56864); DEFH49
(CAA64741); DEFH72 (S71756); DEFH200 (CAA64743); DoMADS1 (AAF13260);
DoMADS2 (AAF13261); DoMADS3 (AAF13262); EGMI1 (AAC78282); EGM3
(AAC78284); FBP2 (Q03489); FBP4 (AAK21247); FBP5 (AAK21248); FBP9Y
(AAK21249); FBP23 (AAK21254); GGMY (CABA44455); GGM11 (CAB44457);
GhMADSI (AAN15182); GpMADS3 (BAA85630); GRCDI (CAC13148); HAMI137
(AAO18233); HvMADS7 (CAB97353); HvMADS9 (CAB97355); MAGL4
(AALO08423); MdMADSI (AAC25922); MdMADS3 (AADS51422); MdMADS4
(AADS51423); MTF1 (CAA11258); NsMADS3 (AAD39034); NtMADS4 (AAF76381);
OMI1 (Q38694); OsMADSI (S53306); OsMADSS (OsMADS24, AACA49817);
OsMADS17 (AAF21900); OsMADS45 (OsMADS7, AAC49816); PaMADSI
(AAKS50865); PrMADS1I (AAD09206); SaMADSD (CAA69916); SbMADSI
(AAB50187); SEP1 (AGL2, AAA32732); SEP2 (AGL4, AAA32734); SEP3 (AGLY,
AAB67832); TAGL2 (AAM33104); TaMADSI2 (BAA33458); TM5 (CAA43010);
VvMADS?2 (AAM21342); V'wMADS4 (AAM21344).

Vector construction and 4rabidopsis transformation

A binary vector derived from pBINPLUS (van Engelen et al., 1995) carrying
the kanamycin resistance NPTII gene was used for harbouring the 35S::LLSEP3 in
sense and anti-sense orientation. Agrobacterium tumefaciens, strain AGLO, was
prepared and transformed with the binary vector by electroporation according to
Mattanovich et al. (1989). Wild type Arabidopsis, ecotype Columbia, was transformed
by the floral dip method (Clough and Bent, 1998). T, progeny was selected on plates
with 0.5X MS medium (Murashige and Skoog, 1962) supplemented with 50 pg mL™
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kanamycin. Surviving seedlings were transferred to soil and acclimatised in
greenhouse conditions. Self-pollinated T, offspring was sown directly on soil in order

to confirm transgenic phenotype segregation.
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CHAPTER FOUR

Ascribing the function of LLAGI from Lilium longiflorum in the heterologous
system Arabidopsis thaliana

Vagner A. Benedito, Gerco C. Angenent, Frans A. Krens
Plant Research International, Wageningen University and Research Centre,

P.O. Box 16, 670044 Wageningen, the Netherlands

Abstract

Here, the functional characterisation of the gene LLAGI, from Lilium
longiflorum, by means of complementing the agamous mutant of Arabidopsis thaliana
is described and critically discussed. Drawbacks such as, on the one hand, the nature of
the AGAMOUS gene, of which the loss of function induces sterility and, on the other
hand, the unavailability of the defective ag-/ allele in another Arabidopsis background
than the Landsberg erecta ecotype, which is recognisably difficult to transform by our
transformation method, led our efforts on functional analysis to be carried out with
great difficulty. Even though we did not manage to complement the AG function with
LLAGI in a defective ag genotype, we could observe clear floral homeotic changes in
those Arabidopsis plants ectopically overexpressing LLAGI, which together with our
data on sequence identities and expression profile described in the previous chapter of
this thesis, indicated that LLAGI is a strong candidate to control the C function in L.

longiflorum.
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Introduction

In plants, the species Arabidopsis thaliana was chosen as the contemporary,
most important model for genetic and developmental studies. Its short life cycle
(around 6 weeks from germination to production of mature seeds), small size (15 to 20
cm height), natural self-fertilisation and large progeny (about 5,000 seeds per plant),
small nuclear genome size (125 Mbp) distributed in only 5 chromosomes, and an easy
transformation system made this species ideal to the quest for unravelling many plant
biology aspects (Meinke et al., 1998; Meyerowitz and Somerville, 1994).

As a comparison, trumpet lily (Lilium longiflorum) can take up to two years to
flower, has the largest genome in the plant kingdom, estimated to be 90 Gbp (more
than 700 times larger than the Arabidopsis genome), located in 12 chromosomes
frequently in multiple copies, and offers great recalcitrance to transformation.
Notwithstanding the fascination for the beauty of their flowers, molecular biology
studies in lily species have time and methodological constraints. A way to circumvent
these problems is using model species such as Arabidopsis as a heterologous system,

in order to assess gene function and other biological aspects of lily.

Studies on Arabidopsis started with Mendelian genetics (Laibach, 1943; Rédei,
1970; Koornneef et al., 1983) and is now culminating in the “-omics” era, in which its
entire genome is already unveiled (Arabidopsis Genome Initiative, 2000; Meyerowitz,
2001; Somerville and Koornneef, 2002). The “-omics” approaches are capable to
generate data in a high quantity and speed, but usually these data require further
studies to validate the hypotheses generated with this information, especially

concerning gene functions.

Good indications on gene functionality can be obtained by in vivo methods
such as protein interactions in yeast hybrid systems (Causier and Davies, 2002;
Immink and Angenent, 2002; Moon et al., 1999; Pelaz et al., 2001), fluorescence
resonance energy transfer (FRET, Immink et al., 2002), gene overexpression and
knock out (Hirschi, 2003) in homologous or heterologous species, nonetheless the final
confirmation can only be accomplished by the introduction of a genetic function into a
related defective genotype in order to recover a functional phenotype for the gene in

study.

Complementation testing is an elegant and, in principle, simple way of
assessing gene functions. Conceptually, it means that when two mutant genotypes with
mutations in different /oci are crossed, they will restore the wild-type phenotype in the
F, siblings by complementing the defective allele of each other with the wild-type
allele from the other parent (Figure 1).
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4] B

aaBB AAbb AaBb aa +
(wt)
if”+z= so|[Aland | Z
present the

aa A+ same function

Figure 1. Diagram representing the genetic complementation test. Vertical bars denote homolog
chromosomes in a diploid individual. Circles and letters in lowercase represent mutant recessive
alleles whereas the absence of circles and the letters in uppercase represent the wild-type allele in a
given locus. The traditional complementation test is shown in the left box on the top: crosses of two
plants with defective mutations can restore the wild-type phenotype if the mutations are in different
loci. The right box represent the alternative approach using a transformation system to introgress a
functional gene in the defective genome. The squares correspond to the transgene whereas the signal
+ represents overexpression. In the lower box, the approach for characterising functional genetic
homology is represented. If the integration of a given gene can restore the same phenotype as a
confirmed functional gene does, one can say that both share the same function and are, therefore,

functional homologues.

The advent of transformation systems brought the possibility of performing
complementation tests without crossings between the defective genotypes, but instead
it can be done with one defective genotype being complemented by an introduced
functional gene via any transformation method available. Additionally, it allowed
performing complementation tests in one species with genes originating from other

species, in order to confirm functional orthologies.
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Another important approach to confirm gene functionality is by creating
dominant negative genotypes in which truncated gene fragments are introduced into
the plant genome in order to express a defective protein that will block gene function
and create a negative genotype for the gene in study in a dominant fashion (Chandler
and Werr, 2003; Herskowitz, 1987; Mizukami et al., 1996).

Plant type II MADS-box genes show the MIKC structure with a highly
conserved MADS-box (M), a weakly conserved intervening region (I), a conserved K-
box (K), and a specific carboxy-terminal portion (C). The MADS domain is
responsible for protein binding to the cis-regulatory elements of the DNA known as
CArG box (Pollock and Treisman, 1991; Riechmann et al., 1996b), the I region is
thought to act as a factor for selective dimerization (Riechmann et al., 1996a), the K
domain controls protein-protein interactions (Ma et al., 1991; Fan et al., 1997), and the
C-terminus is involved in specific transcriptional activation and protein interaction
stabilisation (Cho et al., 1999). Overexpression of truncated MADS proteins were
shown to induce dominant negative phenotypes in wild-type Arabidopsis (Krizek et
al., 1999; Mizukami et al., 1996; Tzeng and Yang, 2001).

Lily (Lilium longiflorum) is one of the most important ornamental species
worldwide and its flower development pathways are under investigation at the
molecular level (Theissen et al., 2000; Tzeng and Yang, 2001; Tzeng et al., 2002; this
thesis).

We endeavoured to assess the LLAG! function by performing complementation
tests, and also inducing dominant negative agamous-like phenotype in the
heterologous species Arabidopsis. Unfortunately, due to the nature of the AGAMOUS
(AG) gene, which confers sterility when in homozygosity, and the transformation
recalcitrance shown by the Arabidopsis ecotype Landsberg erecta (Clough and Bent,

1998), the objectives of this project are still under way.

Results

An Arabidopsis population containing the defective allele agamous-1 (ag-1)
was available in the Landsberg erecta (Ler-0) background. AG is involved in
triggering the development of stamens and carpels, and also in flower determinacy.
The ag-1 allele, when in homozygosity, leads to homeotic alterations of the stamens
into petals, and of the carpels into a new flower, conferring sterility to the plant.
Therefore, the phenotypically indistinguishable 4G/ag-1 and AG/AG genotypes were
used for Agrobacterium tumefaciens transformation in order to introduce LLAGI, from

Lilium longiflorum, into the defective Arabidopsis genome. At the same time, wild-
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type plants, Columbia (Col-0) ecotype, were also transformed by the same procedures
and followed up to the T, generation. Figure 2 illustrates the transgenic Arabidopsis
phenotypes obtained with LLAGI overexpression whereas Figure 3 shows their
Southern and northern analyses, confirming transgene integration and its active
transcription. The number of plants transformed, transformants recovered on selection

medium and their respective phenotypes in T, generation are shown in Table 1.

Figure 2. Arabidopsis phenotypes. (A) Sibling plants with Col-0 background showing clear phenotypic
segregation of wild-type phenotype (left) and overexpressing LLAGI (right) at 15 days after
germination. (B) Inflorescence with Col-0 wild-type flowers. (C) Flowers of an LLAGI transgenic
Ler-0 plant showing a strong ap2-like phenotype. Note the homeotic changes of petals into stamen-
like organs (arrows). (D) A Col-0 x Ler-0 flower with an agamous-defective phenotype showing the

reiterated pattern (sepals-petals-petals),.

Ectopic expression of AG (or its functional orthologues) in the outer whorls of a
flower induces homeotic changes of sepals into carpelloid organs and the petals into
stamens, giving an apetala2-like phenotype, as stated by the ABCDE model of flower
development, since AP2 and AG have antagonistic functions (Coen and Meyerowitz,
1991). AG expression with strong constitutive promoters, such as the CaMV35S, leads
to dwarf and weak plants, with few and curled leaves, early flowering, bumpy siliques,
few seeds, and the aforementioned floral homeotic changes (Li et al., 2002; Mizukami
and Ma, 1992; Rigola et al., 2001; Rutledge et al., 1998).
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Figure 3. Southern and northern analyses of plants transformed with LLAG! (T, generation). Southern
blot with genomic DNA derived from Col-0 Arabidopsis digested with HindIIl showing multiple
insertions of NPTII (A) and LLAGI (B). Lane 1 was loaded with DNA derived from a non-transgenic
plant, whereas lanes 2 to 6 were derived from plants selected for kanamycin resistance. Plant 2 showed
wild-type characteristics and plants 3 to 6 showed ap2-like phenotype. (C) Northern blot of flower RNA
isolated from transformed Ler-0 Arabidopsis plants and probed with 3' portion of LLAG1, indicating its
active transcription in transgenic plants. Lane 1 was loaded with RNA derived from a non-transgenic
plant, whereas plants 2 showed a wild-type phenotype; plant number 3 showed a mild ap2-like
phenotype, and plants 4 to 10 showed a strong phenotype. Lower panel shows RNA loading quantities

manifested by ethidium bromide gel staining.
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Table 1. Phenotypical segregation of ap2-like characteristics conferred by the overexpression of LLAG!

in Arabidopsis.
T0 T1
Transformed Mild  Strong
background ? n® | WT ap2 ap2 ag n°
Ler-Q +/? 48 2 2 7 0 11
Col-0 +/+ 16 32 13 4 0 49
Col-O/Ler-0 +/- | 39 20 0 2 6 28

* Arabidopsis genetic background used for transformation: + means wild-type AG allele, - means the defective ag-7
allele and ? means undetermined allele (since the plants presented wild-type phenotype, the defective allele was
in the population). Ler-0 is the Landsberg erecta-0 ecotype, Col-0 is the Columbia-0, whereas Col-0/Ler-0 is a
hybrid between the two ecotypes.

® indicates the number of plants used for floral dip transformation.

¢ indicates the total number of siblings studied in the population.

After the first transformation experiment, we realised that the Ler-0 F,
population was segregating the recessive homozygous ag-/ mutants at much lower
frequencies than expected from truly heterozygous parents, as ordered from the Seed
Bank (Mendelian segregation ratio of 1 out of 4). Among 12 non-transgenic plants
tested, only one presented the ag-/ phenotype and, among the remaining 11 plants,
only one plant showed segregation of the ag-/ allele in the next generation. Hence, the

seeds from this heterozygous plant were used for further experiments.

Molecular characterization of the allele ag-/ was described by Lenhard et al.
(2001) based on enzymatic digestion of a 317-bp PCR amplification product detailed
in the Material and Methods section. In this system, the amplified fragment derived
from the wild-type allele remains uncut, since there is no restriction site for the
endonuclease used, whereas the defective allele is divided into two fragments of 297-
and 20-bp because a point mutation created a HindIIl site in the amplified region.
Attempts were done to identify the differences between 317- and 297-bp fragments in
agarose gels but, given the resolution of the technique, no satisfactory results could be
obtained.

Arabidopsis ecotype Col-0 has a higher competence for Agrobacterium
transformation by the floral dip method than the Ler-0 ecotype (Clough and Bent,
1998). In an attempt to increase the transformation frequency, the heterozygous Ler-0
plant identified by progeny analysis was used as a pollen donor to cross with wild-type
Col-0 plants. Thirteen hybrid lines were analysed in the F, progeny to identify
heterozygous genotypes, in which 8 plants showed segregation of the ag-/ allele.

Segregation of leaf morphology and inflorescence architecture was noticeable as well.
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Plants derived from heterozygous plants (Ler-0 x Col-0 ag-1 / AG) were sowed
and had their molecular genotypes assessed by fractionation of the restricted
amplification products in a polyacrylamide gel, showing a clear difference between the
uncut fragment of 317 bp and the restricted ag-/-derived fragment of 297 bp (Figure
4).

In order to increase the ag-/ allele frequency in the T; generation and facilitate
the identification of genotypes with ag-/ in homozygosity complemented by LLAGI,
only heterozygous plants were transformed with a binary vector containing the LLAG1
cDNA. T, plants were selected on medium supplemented with kanamycin, transgeny
was confirmed by Southern blot analysis, and LLAG! transcription was certified by

northern blots (data not shown).

Alternatively, LLAGI function was tried to be assessed by inducing dominant
negative ag-like phenotype in wild-type Arabidopsis ecotype Col-0. Expression of the
truncated LLAG1 protein without the MADS domain (LLAGIAMADS) was introduced
in Arabidopsis via transformation with 4. tumefaciens. Transgenic plants were selected
on medium supplemented with kanamycin and seedlings were transferred to soil under
standard conditions. Southern blot analysis confirmed the presence of the truncated
transgene and its active transcription was verified by northern blots. No alterations
could be observed in comparison to the wild-type floral phenotype among the 42

plants analysed in the T; and T, generations.

1 23 456 7 8 9 10
317 bp — -

297 bp —»

Figure 4. Segregation of ag-/ allele in a population derived from a heterozygous Arabidopsis plant.
Fractionation of a PCR fragment digested with HindlIIl in a polyacrylamide gel reveals two distinct
sizes. Fragments of 317 bp are derived from the wild-type allele whereas the 297-bp fragments are
originated from the mutant ag-/ allele. Plants 1, 6, and 8 are homozygous for the wild-type 4G
allele. Plants 2, 3 and 5 are homozygous for the ag-/ and showed the mutant flower phenotype.

Plants 4, 7, 9 and 10 are heterozygous in this locus and presented wild-type flowers.
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Discussion

Given the nature of the 4G gene and the background in which the defective
allele ag-1 was available, complementation test of LLAGI in the heterologous model

system Arabidopsis proved to be not a straightforward procedure.

Firstly, plants with ag-/ in homozygosity could not be used due to the sterility
conferred by the 4G lack of function. Therefore, use of heterozygous ag-1/AG was
compulsory in order to get, in a future generation, transgenic plants overexpressing
LLAGI in a segregating ag-/ homozygous genotype, which would be expected to

show the AG function complementation, i.e. producing sexual organs in the flower.

Secondly, the ag-1 allele was only available in the Landsberg erecta 0 (Ler-0)
background, which has been reported to have transformation rates at 10 to 100 fold
lower than Columbia (Col-0) when using the floral dip method (Clough and Bent,
1998). Indeed, we found poor transformation rates with Ler-0 plants whereas the Col-0
background gave satisfactory number of overexpressing transformants under the same

conditions.

Furthermore, the ag-/ frequency in the Ler-0 population was found to be much
lower than expected if the source in the Seed Bank was truly derived from
heterozygous plants instead of the seeds being derived from segregating plants being
harvested in bulk. Once more, due to the nature of the 4G gene, that confers sterility
for its defective alleles when in homozygosity, bulk seed harvesting will continuously
diminish the allele frequency in the population. Careful selection of heterozygous
parents would lead to one fourth of the population with the defective allele in
homozygosity, the same number of plants homozygous for the wild-type allele
whereas half of the population would bear the heterozygous genotype. In a small
experiment, we found that among 12 plants, only one showed the defective allele in
homozygosity and only another one segregated the ag-/ allele in a future generation,

leaving 10 (5/6) plants putatively as wild types.

Molecular genotyping of ag-/ is feasible, since a point mutation created a new
HindIIl restriction site in the gene. The method is based on amplification of a
correspondent genomic fragment, its subsequent exposure to the endonuclease and
fractionation in a gel. However, the primers used by Lenhard et al. (2001) amplified a
product of 317 bp that would be cut in two fragments of 297 and 20 bp only if it was
derived from the defective allele. Many attempts were performed to visualise the
difference between the fragments of 317 and 297 bp in an agarose gel system but no

satisfactory results were obtained. The obstacle could only be overcome by the
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utilisation of a polyacrylamide gel, which, in the end, gave a fine and clear resolution

between the undigested and the digested fragments.

It is clear, however, that LLAGI overexpression in wild-type Arabidopsis
induces homeotic mutations in the floral organs, being capable to replace petals for
complete stamens and inducing changes in sepal features, as predicted for a C
functional gene by the ABCDE model and observed with several other C functional

orthologues.

Although the finalisation of the complementation tests could not be
accomplished within the time frame set to complete this work, sufficient evidence was
obtained to strongly indicate that LLAG! can be indeed a C functional gene with a
relevant role in establishing stamen and carpel identities in Lilium longiflorum. This is
supported by close sequence similarities with other characterized C functional genes,
its specific expression pattern and its capability of inducing the predicted homeotic
mutations in Arabidopsis when ectopically overexpressed, as showed elsewhere in this

thesis.

Material and Methods

Plant material, transformation and growth conditions

Seeds of an Arabidopsis line, ecotype Landsberg erecta (Ler-0), segregating
the defective ag-1 allele (TAIR stock number CS25) and a wild-type population in
Columbia (Col-0) background were used in this study. Transformation of Arabidopsis

plants was according to the floral dip method described by Clough and Bent (1998).

To and T, Arabidopsis seeds were sowed directly on soil and, after a
vernalization period of 3 days at 4°C, they were transferred to a growth chamber under
long day conditions (16h light / 8h night) at 23°C. T, plants had their primary
inflorescence stem pruned in order to produce higher number of flowers for

transformation.

T, transformed seeds were placed onto 0.5X MS medium (Murashige and
Skoog, 1962) with 0.8% agar and 50 mg L kanamycin as a selection agent. Seed
disinfection was accomplished by fumigation produced by the mixture of 100 mL 3%
sodium hypochloride and 4 mL 37% hydrochloric acid in a desiccator for 4h.
Vernalization followed as described above. After germination, seedlings were
transferred to soil and kept in greenhouse under the same conditions detailed for Ty

plants.
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Cloning of LLAGI into a binary vector and transformation

The plasmid pGDI121 (Immink et al., 2002), derived from the binary vector
pBINPLUS (van Engelen et al., 1995), and carrying a cauliflower mosaic virus
(CaMV) 35S promoter, a nopaline synthase (NOS) terminator, and a multiple cloning
site between these regions was used to transfer LLAGI to plant cells via

Agrobacterium tumefaciens.

For the complementation test in Arabidopsis, LLAGI was first cloned into the
phagemid pBluescript SK" and selected from a cDNA library by hybridisation. A 1.2-
kb fragment containing the whole LLAGI coding region was released by Xbal and
Xhol restriction enzymes and ligated in a sense direction into the pGD121 opened with
the same enzymes. A. tumefaciens competent cells (strain AGL0) were prepared and

transformed by electroporation according to Mattanovich et al. (1989).

In order to produce a defective ag-like dominant negative phenotype in
Arabidopsis with LLAGI, a truncated LLAGI fragment without the MADS-box
(LLAGIAMADS) was amplified from the phagemid that carried the whole clone by
PCR at an annealing temperature of 52°C with the forward primer 5’-ATG GTG TGA
AAG GGA CTA TT -3’ bearing an introduced start codon (underlined), and the
reverse primer 5’-AAA GTC ACA AAA TAA TAC AGC-3’. The 705-bp fragment
was ligated into TOPO TA 2.1 cloning system (Invitrogen, Carlsbad, CA).
LLAGIAMADS was excised with BamHI and Xhol restriction enzymes and inserted in
the sense direction into pGD121 vector opened with the same enzymes. Preparation of
A. tumefaciens competent cells (strain C58C/) and transformation were followed as

described above.

DNA extraction and molecular genotyping

The segregating population of ag-1 allele was molecularly genotyped to obtain
heterozygous plants for this locus intending to increase efficiency in the

complementation test.

Genomic DNA from Arabidopsis was extracted from mature leaves according
to Liu et al. (1995). PCR-based genotyping was carried out as described by Lenhard et
al. (2001). The ag-1 allele has a point mutation that creates a HindlIIl restriction site
and therefore this feature was used as a basis for molecularly genotyping the
segregating population. Amplification of a 317-bp fragment from the AG gene was
carried out with the AG1 primer set (5’-GGA CAA TTC TAA CAC CGG ATC-3’ and
5’-CTA TCG TCT CAC CCA TCA AAA GC-3’ as forward and reverse primers,
respectively). PCR conditions were 95°C for 5 min, 40 cycles of 95°C for 1 min
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denaturation, 55°C for 1 min annealing and 72°C for 1 min extension, and a final
extension step of 10 min at 72°C. Five microliters of the PCR reaction were incubated
at 37°C for 2h with 0.6 UL of restriction buffer and 4 units of HindIII.

The 317-bp PCR product derived from the wild-type AG allele was not
digested by the restriction enzyme whereas the fragment derived from the defective
ag-1 allele was digested into two fragments of 297 and 20 bp. The difference between
the 317-bp and the 297-bp fragment could not be visualised on a non-denaturing
agarose gel. Digested PCR products were denatured and separated on a denaturing

polyacrylamide gel and stained with silver nitrate according to Echt et al. (1996).

Analysis of transgenic plants

Transgenic plants were confirmed by PCR and Southern blots, and the

transgene expression, by northern blots.

Total RNA from Arabidopsis was isolated from flowers using the Rneasy Plant
Mini Kit (Qiagen, GmbH, Hilden, Germany). Ten micrograms of total RNA were
denatured by the glyoxal/DMSO method (Sambrook et al., 1989), and run in a 1.4%
non-denaturing agarose gel prepared with 15 mM sodium phosphate buffer pH 6.5.
Blotting procedures followed the capillary method to transfer nucleic acids to a nylon
membrane (Amersham, Buckinghamshire, UK) with 25 mM phosphate buffer pH 6.5.

Genomic DNA was isolated from leaves by the Dneasy Plant Mini Kit
(Qiagen). Five hundred nanograms of genomic DNA were digested by restriction
enzymes overnight with the appropriate buffer, run on a 0.8% agarose 1X TAE gel and
blotted on nylon membranes by the capillary method, as described by Sambrook et al.
(1989).

Hybridisation procedures were conducted identically for Southern and
northern blots at 60°C for at least 3h with a previous 1h incubation in the hybridisation
buffer with no probe (10% dextran sulphate, 1% SDS, 1M NaCl and 10 pg mL™

herring sperm).

A 348-bp fragment corresponding to the specific 3* end of LLAGI was used as
a probe and amplified by PCR with the primers 5’-GAT TGC TGA AAA TGA GAG
G-3* and 5’-AAA GTC ACA AAA TAA TAC AGC-3’ for forward and reverse
annealing at 56°C. The product was purified by the QIAquick PCR Purification Kit
(Qiagen). About 30 ng of the purified product was taken for radioactive labelling using
[**P] dATP with the RadPrime DNA Labeling System (Invitrogen). The probe was
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purified from unincorporated nucleotides by the QIAquick PCR Purification Kit and

introduced into the system after the pre-hybridisation incubation.

A 685-bp fragment of the neomycin phosphotransferase 11 (NPTII) gene, which
confers resistance to kanamycin and is present in the binary vector as a selection
marker, was used for probing northern and Southern blots. The gene fragment was
amplified using genomic DNA in a PCR with 5-TGG GCA CAA CAG ACA ATC
GGC TGC-3' and 5'-TGC GAA TCG GGA GCG GCG ATAC CG-3' as forward and

reverse primers and an annealing temperature of 60°C.

RNA loading was checked by rRNA stained with ethidium bromide. Its gene
fragment was obtained by PCR from DNA extracted from Arabidopsis leaves using in
the oligonucleotides 5°’-GCG GTT TTC CCC AGT GTT GTT G-3’ and 5’- TGC CTG
GAC CTG CTT CAT CAT ACT-3’ as forward and reverse primers, respectively,

using an annealing temperature of 65°C.

Blotting washes were carried out at the same hybridisation temperature.
Washing the membranes was conducted into the tube first briefly with a 2X SSC, 0.1%
SDS solution and a second time for 20 min with fresh and identical solution. Blots
were then transferred to another container in order to facilitate radioactivity
measurement and washed once more with 1X SSC, 0.1% SDS for 20 min at the

incubation temperature under agitation.

Membranes were exposed to Phosphor Imaging Screen (Fuji Photo Film Co.,
Tokyo, Japan) for 4h or overnight and image was developed by a related scanner
system. Radioactivity signals were processed by TINA software version 2.1 (Raytest,
Straubenhardt, Germany).
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Abstract

This work is a contribution towards the improvement of lily (Lilium
longiflorum Thunb.) transformation procedures. A vector carrying the Arabidopsis
SUPERMAN gene driven by the petunia flower-specific FLORAL BINDING PROTEIN
1 promoter and the bialaphos resistance gene phosphinothricin acetyltransferase under
the CaMV35S promoter was used to transform bulblet slices by particle bombardment.
Our intentions were improving the transformation parameters for lily transformation in
order to reach higher efficiency, and creating novel phenotypes in lily flowers using
transcription factors originating from dicot plants. We were capable of obtaining
transgenic lines expressing in vitro resistance to bialaphos. The transgenic plants were
transferred to the greenhouse, grown and monitored for two flowering seasons.
Flowers derived from these plants appeared normal and indistinguishable from wild-

type flowers and the possible reasons for this are currently under investigation.
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Introduction

Lily species (Lilium spp.) have a high aesthetic value as cut flowers or pot
plants and are among the most important ornamental species worldwide since a long

time.

There are many lily breeding programs in order to get novel phenotypes with
higher market values. Until now these programs are being established based mainly on
segregation and selection of natural variants, and interspecific hybridisation by wide
crosses. Although still in the quest for rapid and inexpensive techniques for massive in
vitro propagation, tissue culture is already well established for lily (reviewed by
Aswath et al., 2001) and is used to assist in interspecific hybridisation, especially with

embryo rescue, and to propagate commercial clones.

Despite the importance of lily as ornamental species, genetic manipulation at a
molecular level has proven to be difficult and reports on lily transformation has been
scarce. Few reports showed transformed products in lily species so far, most of them
by means of particle bombardment as the DNA delivery system and at a low efficiency
(Lipsky et al., 2002; van der Leede-Plegt et al., 1997; Watad et al., 1998; Zeng et al.,
2001).

Langeveld et al. (1995) were the first to indicate that Agrobacterium was able
to transform lily cells, although they could not regenerate a transgenic plant by this
method. More recently, though, Mercuri and colleagues (2003) reported for the first

time on a workable transformation system using this biological delivery system.

An optimised transformation protocol for lily and the availability of molecular
tools, such as genes and promoters may contribute to speed up breeding programs in

this species.

SUPERMAN (SUP) is a zinc-finger transcription factor involved in flower
development of Arabidopsis, defining the boundaries between the third and the fourth
whorls by limiting cell expansion and proliferation (Bowman et al., 1992; Kater et al.,
2000; Sakai et al., 1995). Ectopic expression of SUP controlled by constitutive
promoters in heterologous species such as tobacco (Bereterbide et al., 2001), petunia
(Kater et al., 2000) and rice (Nandi et al., 2000) has been shown to lead to dwarf
plants.

FLORAL BINDING PROTEIN 1 (FBPI) is a floral specific gene from petunia
(Petunia x hybrida) which is involved in the ABCDE model for flower development. It
is a B class gene, expressed in petals and stamens as shown in petunia flower
development (Angenent et al., 1993). Expression of SUP under the control of the

FBPI promoter resulted in reduced petal and stamen growth in petunia and tobacco
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(Kater et al., 2000). We were aiming at new floral phenotypes in lily using this

construct cassette.

Here we report the transformation of Lilium longiflorum by the particle
bombardment method using a vector containing the SUP gene from Arabidopsis driven
by the petunia FBPI promoter and the bialaphos resistance gene PAT under the
constitutive CaM¥V35S promoter. Transgenic plants showed in vitro resistance to the
herbicide in the culture media and were transferred to greenhouse for flower
morphology evaluation. They did not show alterations when compared to wild-type

plants.

Results

Slices of in vitro cultivated bulblet scales from Lilium longiflorum were placed
for one week on callus induction medium and bombarded with a plasmid harbouring
the CaMV35S::PAT and the FBP1::SUP cassettes. Quantification of the transformation
events and transient gene expression were tracked by parallel bombardments using a
plasmid with the CaMV35S::GUS.

About 900 explants were exposed to the plasmid containing SUP under the
petunia floral-specific promoter FBPI. These dishes were divided into 2 treatments:
one shot at 1100psi (1x1100) or three consecutive shots at 1800psi (3x1800). The main
differences between the bombardment protocol described by Watad et al (1998) and

the protocol we used here are visualised in Table 1.

Transient GUS expression was measured by counting the number of blue spots
per explant 5 days after bombardment. A considerable difference could be observed
between the treatments (Figure 1) with double the number of transient events observed
in the 1x1100 compared to the 3x1800 treatment.

The construct containing the FBPI::SUP cassette could not be accessed for
transient expression because it does not contain a reporter gene. Explants were
maintained in darkness for 4 weeks and then transferred to dimmed light conditions
(ca. 30 UE s m™) for an additional week before they were exposed to direct light (ca.
60 ME s' m™ with a photoperiod of 16 h). Addition of selective agent to the culture

medium started one week after bombardment throughout the subsequent steps.

Out of about 900 explants bombarded, 3 Basta” resistant plants were recovered
and, despite the higher efficiency on transient expression of the 1x1100 treatment,

these plants originated from the 3x1800 treatment.
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Table 1. Differences between the method for Lilium longiflorum transformation via particle

bombardment as described by Watad et al. (1998) and the protocol used in this report.

Parameters Watad et al. (1998) This report

Bombarded tissue Embryogenic callus Bulblet scale slices

plasmid purification Cesium Chloride Column (Qiagen)

DNA carrier Tungsten Gold

DNA amount/bombardment 2 ug ~0.8 ug

Target distance 6 and 9 cm 9cm

Shooting times and pressure  1x900, 1x1100 and 1x1100 and 3x1800psi

1x1500psi

Selection agent (Basta) Added after sterilization Added prior to sterilization

Transfer to light 2 days after bombardment 4 weeks after
bombardment

Transgenic plant recovery 19 plants/1800 calli 3 clones/900 bulblet slices

Plants were tested for genome integration of PAT and SUP genes. Attempts to
perform Southern analysis of the transgenic lily genomes were done but no conclusive
results could be obtained. Alternatively, the presence of these genes was assessed by
PCR. All three regenerated plants growing on 2mg L™ Basta” were positive for the
presence of the PAT gene, in accordance with their observed resistance. Two of them,
clones 1 and 2, were positive for SUP (Figure 2). Importantly, clones 1 and 2 were
derived from the same bombardment dish. Final evidence for their individual
transgenic character requires Southern analysis, however, because this technique was
not applicable for lily, this question remains unanswered. All clones showed a normal
phenotype during the vegetative phase, although the clone number three showed a

slightly weaker phenotype, with fewer and thinner roots under in vitro conditions.

Each regenerated clone was first propagated in vitro, vernalized for at least 90
days at 4°C and then transferred to greenhouse conditions for acclimation in order to
induce flowering. These plants were monitored for two growing seasons. The clone
that showed absence of SUP (clone three) flowered normally in both seasons, whereas
plants derived from the other two clones flowered aberrantly in the first year, stopping
floral bud development at early stages, but produced normal flowers during the second

s€ason.
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Transient GUS expression
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1x1100psi 3x1800psi

Figure 1. Transient GUS expression at 5 days after bombardment. A single bombardment at 1100psi
(1x1100psi) gave double the number of transient expression events compared to the treatment with 3

shots at 1800psi (3x1800psi). Vertical bars show standard error.

SUP and PAT expression was examined by northern analysis of leaves and
floral meristems. The preliminary transcription profile is shown in Figure 3. Northern
blot analysis using RNA derived from leaves of bialaphos resistant plants shows
expression of PAT and absence of its transcription in a non-transgenic plant (Figure
3a). Transcriptional evaluation of clone 2 floral meristem collected in the first
flowering season shows expression of SUP whereas it is not visualised in a non-
transgenic floral meristem (Figure 3b), indicating that the dicot FBPI promoter was
actively coordinating SUP expression in clone two. Transcription of the constitutive
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used for comparison
of RNA loading in the northern blots.
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SUP PAT
1 2 3 + - 1 2 3 + -

Figure 2. PCR amplification of inserted genes. PAT gene fragment was amplified in the three recovered
clones, whereas the SUP gene is present only in two of the clones. Positive control (+) was carried

out with the plasmid used for transformation, and wild-type genome of Lilium longiflorum was used

as a negative control (-) of PCR reaction.

SUP

GAPDH

Figure 3. Northern analysis of gene expression in transgenic plants. (A) Total RNA isolated from leaves
derived from transgenic clones (1, 2 and 3) and a non-transgenic plant (SQ) hybridised with the PAT
probe. (B) Total RNA from floral meristems of clone 2 and from a non-transgenic plant was
hybridised with a SUP fragment. Loading control is shown by hybridisation with the constitutive

GAPDH gene visualised in the lower panels.

Discussion

Although lily (Lilium longiflorum) transformation mediated by microprojectile
bombardment is feasible, it has always shown low efficiencies. Concomitant with our
efforts of setting up an optimised protocol for lily transformation based on
bombardment, Watad et al. (1998) obtained transgenic lily plants by bombarding
morphogenic calli derived from bulblet scales. In fact, the very first transgenic lily was
produced in our lab a few years before, using a pollen-mediated transformation method
in which bombarded pollen was used to pollinate non-transgenic flowers (van der
Leede-Plegt et al., 1997). More recently, another report was published on L.
longiflorum transformation using a defective virus gene under the CaM V35S promoter

to induce resistance against the cucumber mosaic virus (CMV) (Lipsky et al., 2002).
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These results confirm the feasibility of lily transformation, although the scarceness of

reports for this species also indicates the difficulties involved in the process.

In our studies, we recovered three transgenic clones, strikingly all of them from
the 3x1800 treatment, when it was evident that there was a much higher transient GUS
expression with the 1x1100 procedure. It is possible that, the number of transgenic
clones obtained in the experiment may not be statistically significant to consider the
3x1800 treatment as the most adequate. Alternatively, the transient GUS expression
may not reflect the permanent events in the genome, and if the DNA integration
happened at a higher frequency in the 3x1800 treatment, the regeneration of three
transgenic clones in this treatment and none with the 1x1100 treatment, would be
understandable. None of these hypotheses can be refuted at this moment and further

investigation is needed to clarify which parameters are more efficient to transform lily.

Recent experiments obtained in our lab indicated the importance of the callus
induction period and the selective agent. Now, a reproducible method is available

albeit with still low frequencies.

Confirmation of transgene integration into the lily genome could not be
obtained by Southern blots. Despite a few reports showing Southerns in lily (Patil et
al., 1995; Mercuri et al., 2003; Wang et al., 1999; Watad et al., 1998), this method is
still very difficult in the species and, in addition to us, other scientists have reported
difficulties with this procedure (Kanno et al., 2003). The main constriction is usually
attributed to the colossal lily genome size, of around 90 Gbp, which is about 10 times
the size of the human genome and about 700 times larger than the Arabidopsis haploid

genome.

In our efforts to optimise the genomic DNA amount in PCR reactions,
consistent results could only be obtained when using around 500 ng DNA per 50 pL
PCR reaction. This can also be explained by the genome size of lily, which requires a
higher mass of DNA to obtain the same number of target sequences present in a model
species, such as in Arabidopsis. The same DNA amount was used by Watad et al.
(1998) for transgene confirmation by PCR, suggesting that our results are not because

of local experimental conditions, but due to intrinsic lily biological features.

Here, we also report the transformation of lily using a tissue-specific promoter
from a dicot species (petunia) to drive the transcription of a floral gene from
Arabidopsis. Studies of dicot promoter activity in a monocot species are of great
biological relevance, and, even more intriguing is to understand gene activity across
plant classes, such as a gene from a dicot species involved in flower development

being ectopically expressed throughout the B domain of the lily flower.
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The exact location of B-type gene promoter activity in lily is an interesting
question. According to the ABCDE model for flower development, which was firstly
conceived by analysing flowers from dicot species, such as Arabidopsis and
Antirrhinum, the B domain would be placed in the petals and stamens domains of a
flower (Coen and Meyerowitz, 1991). Considerations have been made about the B
function in lily and tulip flowers, and some clues lead to think that in these species, the
B function also commands the development of the first whorl organs. The first
indication is that the first and second whorls in lilies and tulips show similar structures,
forming a perianth of petal-like organs generally called tepals, instead of the distinct
sepals and petals normally found in dicot species. This was even more evident when
two mutant forms of tulip were found in which the tepals were converted into sepal-
like organs in both whorls (van Tunen et al., 1993) indicating that the same factor was
responsible for giving both these organs the petal appearance. The most obvious
candidate for producing such a change would be a gene with the B function, according
to the ABCDE model for flower development and the modified ABCDE model as
proposed for Liliaceae species (van Tunen et al., 1993; Theissen et al., 2000; Kanno et
al., 2003).

In order to get more information on this alternative model for flower
development, it was tempting to introduce a transcription factor that limits cell
expansion and proliferation (SUP) under expression control of a dicot floral gene
promoter (FBPI). It was believed that an enhanced presence of such a transcription
factor would lead to changes in floral morphology. Unfortunately, no altered
phenotype was observed in transgenic clones in the second flowering season, although
we could demonstrate expression of SUP gene in floral meristems of clone 2 plants
under a dicot floral gene promoter. A complete analysis of plants from the remaining
clones is still under way. However, it can be speculated that the reason why transgenic
lily failed in showing altered flower morphology was because the number of transgenic
clones obtained was too low to relevantly demonstrate a biological event.
Alternatively, it can be that the dicot elements introduced (SUP gene or FBPI

promoter) did not work efficiently to result in floral morphological changes.

Fundamental questions on how dicot transcription factors and gene promoters
work in a monocot species, together with the necessity of improving the lily
transformation protocol, drove the research we report in this chapter. The answers
would help to better understand the reproductive biology and floral gene regulation in
lily and monocot species as a whole, and provide new tools for molecular ornamental

breeders.
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In any case, the experiment resulted in three transgenic plants, which is a too
limited number of plants to draw final conclusions on biological mechanisms, given
the complexity of the cellular system and the many other parameters that may affect

the results.

Material and Methods

Plant material and tissue culture. Inner bulblet scales from Lilium longiflorum

Thunb. cv. Snow Queen established under in vitro conditions were sliced in transversal
segments of 1 mm thick and 3-5 mm in length. Sixty explants per Petri dish were put
onto callus induction medium (CIM, 1/2 strength MS salts with vitamins [Murashige
and Skoog, 1962], 3% sucrose, 0.1 mg L' BAP and 1 mg L™ picloram) for one week
in the dark at 24°C. Before bombardment, these explants were transferred to fresh CIM

and concentrated in the centre of the dish in a Scm-diameter shooting target area.

Just after bombardment, explants were spread again and kept on the same
medium for an additional week at the same pre-bombardment conditions. After this
period, explants were transferred to CIM supplemented with the selective agent
(Basta” 2 mg L supplemented prior to media sterilisation) for two weeks. The
explants were then transferred to regeneration medium (full strength MS medium with
vitamins, 3% sucrose and 0.1 mg L' NAA) supplemented with the selection agent and
kept in the dark for one week and then transferred to dimmed light conditions (under
light with a white towel covering the dishes, ca. 30 umol m™ s™) for one week. After

that, they were exposed to direct light (ca. 70 pmol m™s™).

Subculture was carried out every 4 weeks on the same medium until the
regenerated plants with bulblets and leaves were recovered and put on propagation
medium (1/2 strength MS salts and vitamins with 5% sucrose) supplemented with the

selection agent.

Transformation vector and bombardment procedures. The FBPI::SUP cassette was

inserted in the pBluescript KS+ plasmid harbouring the bialaphos resistance
phosphinothricin acetyltransferase (PAT) gene under the constitutive CaMV35S
promoter for selection. This vector was referred to as pB-SUP and the final size of this
construct was 6.8kb. As a control for the transformation events, a 7.4-kb plasmid
(pPG5) harbouring the [-glucuronidase (GUS) marker gene under the CaMV35S
promoter was used for transient expression analysis and transformation efficiency
measurement. DNA was purified by columns using the Plasmid Maxi Kit (QIAGEN,
GmbH, Hilden, Germany).

75



Chapter 5

The transformation experiment used about 900 explants divided over 15 dishes.
The bombardment was carried out using the Biolistics PDS 1000/He system (Sanford
et al., 1993) using 1.0 um gold particles (Bio-Rad, Veenendaal, the Netherlands) as a
carrier. Three milligrams of particles were coated with 5 pg of plasmid DNA (in a 60
ML solution) and 7.5 pL was used for each bombardment. Experiments were set up
with 1 shooting at 1100 psi (treatment 1x1100) on about 400 explants or 3 shootings at
1800 psi (3x1800) on around 500 explants using a target distance of 9 cm.
Additionally, 50 explants per treatment were bombarded with the control plasmid,
pPGS.

Selection and identification of transgenic plants. Plants were kept on propagation

medium supplemented with 2 mg L™ Basta” to select for plants constitutively
expressing the PAT gene. The regenerated plants were tested for the presence of the
transgenes by PCR. Additionally to the Basta” resistance, the presence of PAT was
identified by a PCR product amplification using the oligonucleotides 5’-GAT TAG
GCC AGC TAC AGC AGC-3’ and 5’-CCT TGG AGG AGC TGG CAA CTC-3’ as
forward and reverse primers, respectively, at an annealing temperature of 65°C. The
presence of SUP in the genome was recognised by the amplification of a 613-bp
fragment using the gene-specific primers 5’-ATG GAG AGA TCA AAC AGC-3’
(forward) and 5°-TTA AGC GAA ACC CAA ACG-3’ (reverse) using 55°C for the
annealing step. The genomic lily DNA was extracted using the method described by
van Heusden et al. (2000) and 500 ng were used in the PCR reaction.

Explants bombarded with pPG5 were assayed for transient [3-glucuronidase
activity after 5 days after bombardment using standard conditions (Jefferson et al.,
1987).

Transgenic plants were kept in vitro until their bulblets were 2-3 cm diameter
to be vernalized and transferred to soil under greenhouse conditions. These plants were
followed by 2 flowering seasons under standard environmental conditions for

flowering production in the greenhouse.

Assessing transgene expression. Floral meristems and leaves derived from transgenic

lily plants growing in greenhouse conditions were harvested. They were immediately
frozen in liquid nitrogen and kept in —80°C for further analysis. Total RNA was
extracted by the Zhou et al. (1999) method. Northern blot, probe synthesis and

purification, and hybridisation procedures were as described elsewhere in this thesis.

Constitutive transcription, for RNA loading control in northern blots, was
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assessed through the expression of the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene, that participates in the glycolysis pathway. A 620-bp fragment of the
lily GAPDH was amplified by RT-PCR using the degenerated primers (5'-GTK GAR
TCN ACY GGY GTC TTC ACT-3' and 5-GTR TGR AGT TGM CAN GAR ACA
TC for forward and reverse annealing, respectively), cloned in pGEM-T-easy vector

(Promega, Madison, WI), sequenced and used as a probe.
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