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ABSTRACT

The purpose of this project was to characterize a seed-coat specific

promoter isolated from Arabidopsis tha/iana. The promoter and coding region

of the clone A15 was found by screening a silique-specific Arabidopsis thaliana

cDNA library followed by Inverse PCR of a genomic Arabidopsis thaliana

library. Sequence of the A15 clone was determined and verified by three

independent PCRs and used for characterization by molecular and

histochemical analysis.

The A15 putative promoter region was fused with the �-glucuronidase

(GUS) coding region of the uid A gene and cloned into the binary vector

pRD400. Transgenic Arabidopsis tha/iana plants were produced by

Agrobacterium-mediated transformation and used for analysis of temporal and

spatial expression. Seed coat-specific expression of GUS occurred in the late

stages of silique development. Expression of GUS was localized specifically to

the outermost mucilage producing cell layer of the seed coat and expression of

GUS in root, stem, bud, flower; and leaf was not detected.

The specificity of the A15 promoter was tested by genetic ablation using

the A-chain of the diphtheria toxin (DTx-A) as a reporter gene. The expression

of even a few DTx-A molecules results in cell death and provides a more

sensitive method of detecting A15 promoter-regulated gene activity in other

tissues than GUS histochemical analysis. The A15 putative promoter fused
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to the DTx-A gene was used to produce transgenic plants by Agrobacterium

mediated transformation and tissues were collected for analysis. Thin section

microscopy of transgenic plants revealed a similar pattern of A15 expression

with genetic ablation of the mucilage producing cells.

The minimal functioning region of the A15 promoter was determined by

genetic analysis using 5' deleted promoters of 553, 467, 379, 185bp lengths.

These promoters were fused to the gus gene in pRD400 for the production of

transgenic arabidopsis plants. Histochemical analysis and fluorometric analysis

of the transgenic seed showed that the minimal promoter for gene expression

was less that 185bp in length.

Genetic analysis of the A15 clone included Southern hybridization and

sequence analysis by BLASTn of non-redundant sequence groups. Southern

hybridization detected 2 copies of the A15 promoter and 4 copies of the A15

coding region in genomic Arabidopsis thaliana ecotype Columbia DNA. The

BLASTn search revealed two overlapping BAC clones on Chromosome 1 in

Arabidopsis thaliana that contained the A15 promoter and coding region.

Sequence analysis of the BAC clones revealed four copies of the A15 coding

region with greater than 90% sequence identity. In addition, two of the copies

contained over 90% sequence similarity to the 954bp putative promoter region.

The positions of the four A15-like coding regions on the two BAC clones were

mapped and found to be clustered in a 50Kb region with two of the coding

regions tightly linked within a 5Kb region.
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1. INTRODUCTION

The modern day diet is highly dependent on the seed of angiosperms.

Although the major use of seed is food, other products include beverages, fiber

and oil. The native seed is composed of a fully formed embryo surrounded by a

triploid endosperm and protected by the maternally derived seed coat or testa.

The origins of the different parts of the seed have been studied in some detail

and Arabidopsis thaliana seed development has been chronicled (Bouman,

1975; Mansfield and Briarty, 1990a,b). Following double fertilization, the ovule

undergoes rapid changes to form the four major tissues of the seed: the

embryo, the egg sac, the endosperm, and the integuments. The embryo

develops rapidly from the egg cell and in Arabidopsis thaliana (hereafter

"arabidopsis" will be used as a common name instead of thale cress, which is

not widely used) can fully differentiate to the torpedo stage in as little as 96

hours (Mansfield and Briarty, 1990b). The egg sac or nucellus shrinks, as the

endosperm grows from a large single nucleated cell to a multicellular tissue.

Then, as seed development proceeds, the cells of the endosperm become

compressed and partially absorbed by the developing embryo (Esau, 1977).

The integuments are maternally derived from the tissues of the ovule and

differentiate to form the layers of the seed coat or testa.

The seed coat protects the embryo from the environment until optimal

conditions of moisture and light trigger germination. The outer layer of the seed
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coat in Brassica sp. is often mucilaginous and may assist in imbibition of water

prior to germination or may aid in seed dispersal (Swarbrick, 1971). The other

layers of the testa are more sclerotic or parenchymous in nature and offer

protection from the elements. The pigmented layer of the seed coat offers

additional protection to the embryo due to the accumulation of phenolic

substances that may control water permeability and oxygen exchange (Esau,

1977). The physical structure of the seed coat also determines the size of the

developing seed by restricting the growth of the embryo.

The control of gene expression in the seed has been well studied for the

seed storage proteins in several plant species. The expression of genes in the

maternally-derived seed coat has been investigated by mutational analysis of

arabidopsis seed color mutants such as the transparent testa mutants (ttg), and

structural mutants such as g/abra2, and apeta/a2 (Koornneef, 1981, Koornneef

et aI., 1982b). A seed-coat-specific promoter element may be useful in the

understanding of the development of the seed coat, however so far the

identification of specific promoters for the seed coat has been limited.

The objective of this study was to characterize the clone A15 identified to

be expressed in the seed coat of Arabidopsis thaliana ecotype Columbia. The

temporal and spatial expression of the gus gene under the control of the A15

promoter in transgenic arabidopsis was investigated using histochemical and

fluorometric analysis. Tissue specificity was also investigated by genetic

ablation using the diphtheria toxin A chain (DTx-A) encoding gene linked to the
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A15 promoter. Histochemical analysis using the gus gene and the DTx-A gene

were used to show tissue specificity of the promoter region.

Molecular characterization of the A15 clone included the characterization

of the promoter and gene in genomic Arabidopsis thaliana ecotype Columbia

DNA by Southern hybridization analysis. Sequence analysis of the A15 clone in

genomic arabidopsis DNA was performed and a database search of Genbank

and other resources was carried out for the 5' upstream and the coding regions

of the A15 clone. In addition the minimal promoter region required for gene

expression was identified by histochemical analysis of transgenic arabidopsis

containing a series of 5' deleted promoters linked to the gus gene.
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2. LITERATURE REVIEW

2.1. Developmental biology of the seed

In Angiosperms, the seed forms as a result of double fertilization and

represents the beginning of the sporophyte stage of plant development (Esau,

1977; Raven et aI., 1986). The developing seed contains the tissues of the

ovule, endosperm, embryo sac, and the embryo. Seed development begins

with fertilization of the egg cell and the egg sac that later become the tissues of

the seed and at the same time triggers the development of the seed coat from

the ovule tissues. The different tissues of the developing seed grow and

differentiate at different rates and stages of seed development (Figure 2.1).

Columella (cell wall)

Mucilaae

Amyloplasts

Seed growth

Embryo growth

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 DAP

Stage I StageS Mature
(desiccated)
seed

Figure 2.1 Growth and development of the different tissues of Arabidopsis thaliana seed

following pollination. Redrawn from Western et aI., (2000) with modifications.
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The maternally derived integuments of the ovule surround the developing

seed. In members of the Brassicaceae family (including arabidopsis) the ovule

is bitegmic and contains an inner and outer integument. The two integuments

maintain their basic structure following fertilization and differentiate to become

the layers of the seed coat (Bouman, 1975). Development of the seed coat

involves periclinal divisions that increase the number of cell layers, followed by

differentiation into the layers of the seed coat.

In some seeds the storage of nutrients occurs mainly outside the embryo

in the endosperm, or the perisperm tissue. The endosperm is derived from the

fused polar nuclei in the central cell of the embryo sac, while the perisperm is

derived from the nucellar tissue (Esau, 1977; Raven et aI., 1986). As the seed

develops the endosperm changes from a multi-nuclear structure to a multi

cellular tissue, causing the embryo sac to grow to accommodate the enlarged

tissue. In the seed of some plants such as monocots, the endosperm makes up

the bulk of the seed volume. In dicots, the developing embryo absorbs the

endosperm and embryo sac and the nutrients are stored in the tissues of the

cotyledons.

The embryo is last to show an increase in size, and grows rapidly at the

expense of the endosperm, almost filling the embryo sac at maturity. In the final

stage of development the seed is composed predominantly of the embryo and

endosperm tissues which together occupy most of the seed volume.
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2.2. Structure of the seed coat

The seed coat or testa encloses the embryo to protect it from the

elements and inhibit germination during unfavorable conditions. The seed coat

is a hard and pigmented layer that protects the embryo from the elements due

to phenolic compounds that offer light, oxygen, and water impermeability

(Bouman, 1975; Esau 1977; Raven et aI., 1986). This impermeability prevents

the desiccation of the germinating seed by inhibiting the movement of water out

of the seed in dry conditions, as well as halting the passage of oxygen when

water is in excess. Additionally, the seed coat offers mechanical resistance to

growth and contains compounds that inhibit germination (Bewley, 1997;

Debeaujon et aI., 2000).

In the early stages of seed coat development, the testa is a two cell

layered structure composed of an inner and an outer integument. At maturity

the seed coat is composed of five cell layers (Debeaujon et aI., 2000) and

includes the endosperm (Figure 2.2). The seed coats of other Brassicaceae are

more complicated than arabidopsis and contain at least five cell layers, and

sometimes may be up to ten cell layers thick (e.g. Sinapis sp.). Each cell layer

can be traced to its tissue of origin: the inner and outer integuments or the

endosperm.

2.2.1. The outer integument

The outer integument in arabidopsis develops from a single layered

structure into a two layered structure by periclinal divisions to form an epidermal

6



Epidermis
01

II

E

Figure 2.2 Structure of the seed coat of Arabidopsis thaliana. The seed coat is composed of
five cell layers, derived from the outer integument (01), inner integument (II) and the
endosperm (E). Redrawn from Vaughan and Whitehouse (1971) and Windsor et al. (2000)
with modifications.

layer and a sclerotic or palisade layer (Figure 2.3). The epidermal layer can be

one or more cell layers thick depending on the species. In Brassica sp., the

outer epidermal layer in the mature seed coat produces a mucilaginous

substance that is released upon imbibition (Bouman, 1975; Goto, 1985;

Koornneef and Karssen, 1994;). The palisade layer contains cells with

thickened radial and inner tangential cell walls and is the strongest layer of the

seed (Esau, 1977).

The epidermal layer in arabidopsis seed differentiates into specialized

cells that produce a mucilaginous substance. The epidermal layer forms a

unique columellar structure at the center of each cell that resembles a volcano

in shape (Western et aI., 2000). Early research assumed the columellae were

the source of mucilage and that upon imbibition the columellae break open, due

to mucilage swelling, and release their contents (Goto, 1985; Koornneef and

Karssen,1994). In preparations for microscopy, it is difficult to prevent the seed
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A
ow

Epidermal
layer

Palisade

layer

8

Epidermal
layer

Palisade

layer

Figure 2.3 Cell layers of the outer integument during the early stages of embryo development
A) The outer integument forms two cell layers in the seed coat of arabidopsis by periclinal

divisions. The two layers at this stage are relatively the same and are mostly vacuole (V)
with the protoplast is pressed against the cell wall. Starch granules and mucilage is not
visible at this stage and the outer wall (OW) has not thickened.

8) In the next stage of development the outer integument begins to differentiate into two
different layers. Starch granules against the outer wall in the epidermal layer and the inner

tangential wall in the palisade layer are now visible. Mucilage is not yet apparent.
Redrawn from Windsor et aI., (2000) with modifications.

from imbibing in the aqueous fixatives, as a result, sections of seed coat

epidermal cells appear to contain only the columellae. Recently, Windsor et aI.,

(2000) looked at the development of the epidermal cells and showed that the
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columellar structure was the location of the protoplast and did not contain

mucilage as originally believed (Goto, 1985). Mucilage is secreted by the

protoplast into the space between the outer primary cell wall and the protoplast

during development of the epidermal cell (Figure 2.4). The pressure of the

mucilage, forces the protoplast into a columellar shape, and as development of

the seed continues, a secondary cell wall forms around the protoplast to

produce a rigid structure (Figures 2.4, and 2.5). When the seed is imbibed, the

outermost cell walls of the epidermal cells break open and release the mucilage

(Figure 2.6).

Early in the seed coat development, the two cell layers of the outer

integument are similar in size and shape, with large vacuoles and no starch or

mucilage visible. As the inner and outer epidermal layers develop, starch

granules appear in both layers (Figure 2.3) and the production of mucilage

occurs, coincidental with the disappearance of the starch granules.

The inner layer of the outer integument in arabidopsis contains a layer of

parenchymous cells that become the collenchymous palisade cell layer

(Bouman, 1975). At maturity the palisade cells have thickened radial and

tangential walls with some pigmentation due to the accumulation of lignin

(Esau, 1977) and stain dark blue in the presence of toluidine blue (Western et

aI., 2000). The accumulation of phenolics in the palisade layer has been

reported in Brassica spp., and is believed to protect the mature seed with its

antimicrobial properties and may also inhibit germination by preventing mitosis

(Iwanowska et aI., 1994).
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SG

} Epidermal
layer

} Palisade

layer

Figure 2.4 Mucilage production during the development of the epidermal layer.
The outer integument layer of the arabidopsis seed coat is illustrated above. The

cells of the epidermal layer produce mucilage (M) and secrete it into the space (arrows)
between the primary cell wall and the protoplast. The mucilage forces the protoplast,
which is mostly vacuole at this stage, into the columellae (C) shape. The vacuole (V) in the

palisade layer breaks up into several small vacuoles. Starch grains (SG) are still visible in
the epidermal and the palisade layers. Redrawn from Windsor et aI., (2000) with
modifications.

ow

} Epidermal
layer

} Palisade

layer

Figure 2.5 Formation of the columellae structures in the epidermal layer.
In the mature seed coat of arabidopsis, the columellar structure is fully formed. The

vacuole in the epidermal layer is reduced and the protoplast (P) is centralized in the
columellae. The outer wall covering the epidermal layer thickens and the secondary wall
(SW) surrounding the columellae has formed to give a rigid structure. The palisade layer
has become fully compressed and cell structures are no longer visible. Redrawn from
Windsor et aI., (2000) with modifications.
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Mucilage
Halo

Epidermal
layer

Palisade
layer

Figure 2.6 Imbibition of the mature arabidopsis seed.
Imbibition of the seed causes the mucilage (M) between the columellae and the

outer wall (OW) to swell and break through the outer wall. The mucilage forms a halo
around the seed and forces the outer wall away from the epidermal layer (arrows). The
columellae remain intact with the central protoplast (P). The palisade layer remains

unchanged at this stage. Redrawn with modifications from Windsor et aI., (2000).

2.2.2. The inner integument

The inner integument first develops into a two-layered structure, then

becomes a three-layered structure by periclinal divisions of the inner layer. The

inner integument is often referred to as the pigmented layer and consists of

compressed parenchymous cells that are dead at maturity and almost

completely resorbed as the seed develops (Bouman, 1975). As a result, the

literature differs in the opinion of the number of seed coat cell layers in

arabidopsis as either four (Kuang et aI., 1996), or five layers thick (Vaughan,

and Whitehouse, 1971). The inner integument has been found to stain blue-

green in the presence of toluidine blue indicating the presence of condensed

tannins (Western et aI., 2000). In arabidopsis, the inner integument contains

brown pigments derived from flavonoid compounds, which are absent in the
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colorless anthocyanin-pathway mutants (Koornneef, 1981, 1990; Chapple et at.,

1994).

2.2.3. The endosperm

The endosperm layer is located against the inner cell-layer of the testa

and is differentiated into two layers: an outermost single-cell aleurone layer, and

a hyaline layer, which is the remaining endosperm cells compressed by the

embryo. The aleurone layer is closely associated with the testa and is much

thicker than the hyaline layer, which follows the contour of the embryo. The

hyaline layer is negative for toluidine blue staining indicating the absence of

lignin (Debeaujon et al., 2000). The aleurone layer is the only layer of the testa

that is physiologically active in the mature seed.

2.3. Mucilage in plants: function and role of mucilage

The seeds in several plant families including Brassicaceae, Solanaceae,

Unaceae, and Plantaginaceae contain a mucilage component (Swarbrick, 1971,

Werker, 1997; Western et al., 2000). Mucilage may be visible as a white flaky

layer in the case of Plantago sp. (Hyde, 1970), a shiny transparent layer as in

Unum sp. (Swarbrick, 1971) or may not be visible until the seeds are soaked as

in the Brassicaceae. The mucilage layer in arabidopsis as well as other

Brassicaceae is excreted by the seed coat upon imbibition, a property known as

myxospermy (Hyde, 1970; Bouman, 1975; Goto, 1982; Koornneef and Karssen,

1994; Western et al., 2000). The role of mucilage is unknown, however it is

believed to aid in the dispersal of seeds by sticking to birds and animals (Jordan
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and Hayden, 1992; Werker, 1997; Western et aI., 2000). In contrast, the

mucilage layer may also prevent distribution by the wind due to adhesion to the

soil (Swarbrick, 1971; Esau, 1977). The water binding properties of mucilage

may aid in protecting the germinating or emerging seedling during imbibition

and germination. The soil binding property of mucilage has been shown in root

caps (Watt et aI., 1993) and may be a factor in soil adhesion to rhizosheaths.

Mucilage has also been found in other tissues of plants including the

transmitting tract of the pistil (Esau, 1977) and the root cap (Hyde, 1970) where

it has a role in fertilization and root growth.

2.3.1. Structure, composition, and synthesis of mucilage in arabidopsis

Fully imbibed seed of arabidopsis contains a halo of mucilage that

envelops the entire seed and extends out 50-100 microns (Windsor et aI.,

2000). The mucilage layer is strongly associated with the seed, and is difficult

to remove by vacuum (Koornneef et aI., 1982a). The mucilage can be stained

with ruthenium red stain, which indicates that there is significant polysaccharide

content. There is also a protein component to the mucilage (Bonner, 1950;

Hyde, 1970), however it is easily precipitated and therefore is not strongly

associated with the polysaccharide and may be associated with the synthesis or

deposition of mucilage.

The mucilage in plants is a pectinaceous substance that forms a gel-like

material upon imbibition. Two of the most common forms of pectin are

polygalacturonic acid (PGA) and rhamnogalacturonan I (RG1). The structure of

pectin consists of a 1,4u-linked galacturonic acid (PGA) which forms the
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unbranched backbone of pectin. Rhamnogalacturonan (RG1) is a branched

pectin with L-rhamnose residues attached to the C-2 position of PGA via a

hydroxyl group (Smith, 1993; Western et al., 2000). The degree of branching of

the RG1 pectin is dependent upon the ratio of galacturonic acid to rhamnose,

which can range from 20: 1 to 1: 1 depending on the type of

rhamnogalacturonan.

Polysaccharides are synthesized in plants from UDP-sugars within the

endoplasmic reticulum, Golgi and vesicles (Smith, 1993; Western et al., 2000).

Polysaccharide subunits are synthesized by cellular enzymes and transported

by vesicles to the plasma membrane where they are secreted by exocytosis.

Upon reaching the cell wall, they form part of the extracellular matrix. The

fluidity of the matrix depends on the degree of bonding between the PGA

subunit and is dependent upon the number of free carboxyl groups and the

interrupting of PGA chains by rhamnose groups.

Mucilage production occurs later in the development of the seed

(Western et al., 2000), however, the preparations for mucilage production can

be seen in the early developmental stages of the seed coat. Pollination triggers

change in the structure of the integuments for the development of the seed

coat. Two major changes have been observed in the differentiating

integuments. The first change involves a decrease in the thickness of cell walls,

which causes an increase in cell wall plasticity and facilitates cell wall

expansion. Coincidental with this event is a marked increase in size of

nucleolus of the integument cells, which is due to an increase in RNA, a prelude
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to biosynthesis (Hyde, 1970). The second notable change is the presence of

Golgi-related mucilage production. Polysaccharides have been shown to be

present in vesicles while still attached to Golgi. In Plantago sp., starch

accumulation in the mucilage cells as well as the epidermal and nucellar cells is

found prior to mucilage production. In arabidopsis, mucilage cells show a

marked increase in the accumulation of amyloplasts and starch granules (see

Figure 2.3) prior to mucilage production that decreases as synthesis proceeds

(Western et al., 2000; Windsor et al., 2000).

2.4. Seed coat mutants in arabidopsis

Several seed coat mutants in arabidopsis have been found and the

genes controlling some of them have been identified. The seed coat mutants

can be divided into pigmentation mutants and testa structural mutants

(Koornneef et aL 1982a,b; Koornneef, 1990; Debeaujon et al., 2000).

Pigmentation mutants have been studied for their role in dormancy and

germination while structural mutants have been used to look at the role of the

seed coat in seed development. In addition, mucilage defective mutants have

been studied to determine a relationship between mucilage and seed

germination.

The arabidopsis pigmentation mutants are affected in the flavonoid

pigmentation pathway and include the transparent testa (tt) and the transparent

testa glabra (ttg) mutants (Koornneef et aL 1982a,b; Shirley et aI., 1992;

Galway et al., 1994; Walker et al., 1999). There are at least ten different loci for

seed color numbered tt-1, to tt-10. Seven loci have been located on the
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arabidopsis linkage map and the biochemical pathway has been found for three

of the mutants (Koornneef, 1990). The ttg mutants appear to have an effect on

seed dormancy (Koornneef and Karssen, 1994). In freshly harvested ttg

mutants where a cold treatment was absent, a 99% germination rate in the light

was found in comparison to a 2% germination rate in the wild type. In the dark,

germination of the ttg mutants was similar to that of the wild type.

Structural mutants have mutations that affect the testa structure such as

the aberrant testa shape (ats) mutant that produces heart shaped seed mutants

(Debeaujon et aI., 2000). A second structural mutant is the g/abra2 (g/2) mutant

that has brown seeds but is defective in mucilage production as well as testa

structure and root hair formation, similar to that of the ttg1 mutant. A third

structural mutant, the apeta/a2 (ap2) mutant has heart shaped seeds that lack

mucilage (Jofuku et aI., 1994). The effect of structural mutations on seed

germination was studied in detail and demonstrated that mucilage has little

effect on seed germination.

2.5. Regulation of gene expression

Each cell within an organism contains an identical complement of genes,

however the expression of these genes is not the same in every cell. Gene

expression is highly regulated by cellular mechanisms to control the amount of

gene product during an organism's growth and development, its differentiation

into specialized cells, its reproduction and its interaction with the environment.

Gene expression is regulated at the chromosomal level (Flavell, 1994; Zawel

and Reinberg, 1995), at translation, and at post-translation (Muller and
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Traschel, 1990; Kuhlemeier, 1992}. The majority of gene expression however

is controlled at transcription where the initiation of transcription as well as the

rate of mRNA formation is regulated.

Control of gene expression at transcription is carried out by cis-acting

and trans-acting factors. Cis-acting factors include DNA sequences that

regulate transcription through the interaction with trans-acting factors and RNA

polymerase. Trans-acting factors or transcription factors are DNA-binding

proteins that recognizes and interact with general or specific cis-acting elements

or other trans-acting factors to modulate gene expression (Meshi and Iwabuchi,

1995; Datla et aI., 1997). Cis-acting factors are generally located at the 5'

upstream region of a gene, however some Cis-acting elements have been

identified in the intron regions (Luehrsen and Walbot, 1991; Kuhlemeier, 1992).

A cell responds to physiological signals outside the cell, which are

transferred to the nucleus through a signal transduction pathway. The

transduced signal results in the amplification or the repression of gene

expression through the interactions of transcription factors with their DNA or

protein targets (Novina and Roy, 1996). The cis-acting factors controlling each

gene have diverse DNA sequences that interact with an array of different

transcription factors and results in differential expression in response to

physiological cues.

2.5.1 The core promoter

A promoter consists of several functional segments including the core

promoter and positive and negative regulatory elements (see Novina and Roy,
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1996 for review). The core promoter are regions of DNA necessary for basal

transcription and include the highly conserved TATA box, which is the binding

site for transcription factors and the initiation region (Inr) which encompasses

the transcription start site. The positive and negative regulatory elements for

the core promoter are located further 5' upstream and are responsible for the

modulation of gene expression through the binding of trans-acting factors which

interact with the core promoter at the transcription complex to activate or

repress transcription.

The TATA box and the Inr are located at the 5' upstream region from the

first ATG site (Figure 2.7), which is the start site for protein translation (Joshi,

1987a). The TATA box is located -30 to -25 bp from the transcription start site

with a consensus sequence of TATAa/tAa/t (Roeder, 1996). The Inr is typically

located -30 nucleotides 5' from the ATG site and has a weak consensus of

PyPyCAPyPyPyPy in animals with transcription beginning at the A. In higher

plants the consensus sequence of the initiator has a consensus sequence of

CTCATCA with a highly conserved A as the initiation site of transcription

(Corden et aI., 1980; Smale and Baltimore, 1989).

Not all promoters for mRNA-type genes contain the two core elements

TATA and the Inr. A core promoter may contain one or both of the core

elements with the TATA box the more common of the two elements (Zawel and

Reinberg, 1995). Core promoters differ from each other in the spacing between

the core elements as well as the distance from the ATG site, and there are also

sequence differences between core promoters and the general consensus
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5' '_TA_T_A ln_r A_T_G_ 3'

Figure 2.7 The core promoter. The TATA box is located 5' upstream to the transcription
start site in the Initiation region (Inr). Both are located upstream, 5' to the ATG codon where
translation by the ribosome starts. Redrawn from Datla et aI., 1997.

model. These differences cause variances in the interaction between the core

promoter and the transcription machinery and may weaken its activity. In

addition, the core promoter can vary in its requirement for transcription factors

from this general model to further stimulate the basal reaction (Parvin et aI.,

1992). Therefore interactions between the general transcription machinery and

the core promoter will vary from promoter to promoter and it is difficult to

deduce a general rule for predicting the relative activity of core promoters.

2.5.2. The transcription complex

In eukaryotes, three different types of RNA polymerase carry out

transcription: RNA polymerase I is responsible for the transcription of rRNA

genes, RNA polymerase III is responsible for tRNA and 5S RNA genes, while

the mRNAs for proteins and snRNA are transcribed by RNA polymerase II

(Zawel and Reinberg, 1995). Transcription of genes by RNA polymerase II

(RNA pol II) is regulated by its ability to form a transcription complex, and

involves the recruitment of transcription factors for RNA pol II (TFlls) to core

promoter elements that aid in RNA pol II binding and initiation of transcription.

The formation of the basal transcription complex is a multi-step process
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involving assembly of TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH and RNA

polymerase II into a protein-DNA complex at the core elements.

Transcription can be broken down into a series of steps including

initiation, promoter clearance, elongation and termination (Goodrich and Tijan,

1994). Transcription starts with the formation of a pre-initiation complex

between TFIID and the TATA box. TFIID is a multi-protein complex containing

8 or more transcription activation factors (TAFs) attached to a TATA binding

polypeptide (TBP) subunit (Sauer et aI., 1995). TFIID attaches to the TATA box

and is stabilized by the binding of TFIIA. TFIIB also binds to the complex and

provides a scaffold for the binding of RNA pol II. RNA pol II is recruited by

TFIIF, which attaches to the complex, positioning RNA pol II at the Inr. TFIIE

enters the pre-initiation complex after RNA pol II and supports the assembly of

TFIIH and completes the initiation complex.

The formation of the initiation complex causes the DNA surrounding the

transcription start site to melt, allowing the initiation of transcription to occur.

RNA polymerase II is then able to clear the promoter and begin transcription.

The transcription factor TFIIH is believed to aid in promoter clearance through a

helicase domain in the TFII H protein that can relax the superhelicity of the

template DNA. In addition TFIIH has a kinase component believed to activate

the carboxy-terminal end of RNA pol II (Roberts and Green, 1995). TFIIE and

TFIIH may not be required for some transcription complexes (Parvin et aI.,

1993) possibly because the template DNA may have a negative superhelicity

and does not require the helicase activity of TFIIH (Goodrich and Tijan, 1994).
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Once promoter clearance is accomplished transcription begins and the mRNA

is elongated as RNA pol II continues transcription until termination.

The transcription directed by core promoter elements in the absence of

regulatory components is defined as basal transcription. The initiation of basal

transcription by the formation of the transcription complex has been

demonstrated in vitro. The complex may not be enough to initiate transcription

in higher eukaryotic systems however, and the expression of any given gene is

probably close to silent as a result of chromatin and non-specific and specific

repressors (Zawel and Reinberg, 1995). The regulation of transcription at the

transcription complex is modulated by cis-acting regions 5' further upstream

known as enhancers or repressor elements that control the level of expression,

as well as cell and tissue specificity and timing of expression.

2.5.3. Enhancer and repressor elements

Enhancer (or activator) and repressor elements located in the 5'

upstream region from the transcription complex provide a DNA template for the

binding of transcription factors. When enhancer/repressor-binding factors are

tethered to the template DNA by their DNA binding domains, exposed activation

domains can contact one or more components of the basal transcriptional

apparatus (Zawel and Reinberg, 1995). Different types of enhancers or

repressors contact distinct target regions within the TFIID complex to mediate

transcription activation or repression. A promoter may contain several

enhancer or repressor elements, which recruit general or specific factors for

gene regulation (Bustos et aI., 1991). Enhancers can act synergistically to
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enhance transcription activation (Sauer et aI., 1995) such that the binding of

more enhancers to the TFIID complex can increase the level of gene

expression.

Enhancer and repressors can act as dichotomous regulators responding

to molecular signals such as the binding of a ligand, or an auxiliary factor

(Roberts and Green, 1995). For example, the human thyroid receptor � (hTR�)

binds an upstream regulatory element to repress transcription by protein-protein

interaction with TFIIB. The binding of a ligand (human thyroid hormone)

converts hTR� to an enhancer, allowing transcription to occur. Dichotomous

regulators can also bind auxiliary factors that are recruited to the promoter by

either a protein-protein or a protein-DNA interaction and then act as

coactivators or cosuppressors (Roberts and Green, 1995). In addition,

dichotomous activation can be the result of promoter architecture: p53, a tumor

suppressor, activates promoters that have a p53-binding site, and represses

transcription of genes in which the p53 binding site are absent, when present in

abundant amounts.

2.5.4. Transcription factors

Several transcription factors have been identified that recognize specific

target sequences in the 5' upstream region of the transcription complex.

Transcription factors generally have two functional domains: a ,DNA binding

domain that recognizes specific regions of DNA, and a protein domain which

interacts with other proteins or other trans-acting factors through protein-protein

interactions. Plant transcription factors have been classified based on their
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DNA binding structural motifs (Meshi and Iwabuchi, 1995), which has shed

some light on how transcription factors interact with their enhancer sequences.

The target DNA sequences of some of these types of transcription factors have

also been identified and provide a means of identifying DNA binding motifs and

their putative function. Table 2.1 summarizes the classification of transcription

factors based on their structural motifs. Although there is much information on

how the DNA binding domains of transcription factors interact with their

template DNA, little is known about the protein interaction domain and how the

transcription factors interact at the transcription complex.

2.5.5. Plant promoters

Several plant promoters have been identified and characterized through

molecular biology and histochemical techniques. Generally promoters are

analysed for important structural regions by producing a deletion series of the

promoter linked to a reporter gene such as gus. Transgenic plants are

produced and the tissue analysed by histochemical analysis (Jefferson, 1987)

to determine important regulatory regions. The transcription factor-binding

sequences in these regions are identified through molecular techniques such as

mutational analysis and DNA foot-printing.

Plant promoters have been classified based on how they control gene

expression in an organism (Datla et aI., 1997):

Constitutive promoters result in expression in all cells, tissues and

organs throughout development such as in housekeeping genes (e.g.

Actin 1, and Ubiquitin 1 proteins).
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Table 2.1 Classification of transcription factors based on their DNA binding motifs.
Summarized from text in Meshi and Iwabuchi (1995) with a few examples of specificity and

genes in plants.

Class DNA motif Specificity e.g. Example

Basic region I G box motif core ACGT Structural genes, opaque-2 maize

leucine-zipper Endosperm
(bZIP) development
Basic region CANNTG Structural genes, Lc, in maize
helix-loop-helix Anthocyanin
(bHLH) biosynthesis
MYB proteins AACNG Regulation of C1, P, PL Zm1,

phenylproponoid and Zm38 in

biosynthesis maize
Homeo Domain e.g. CAAT(G/C)ATTG Developmental Athb-2

proteins
:

genes/cell fate

MADS-box Palindrome sequences Floral Development AGAMOUS
family e.g. CC(AlT)6GG arabidopsis

Zinc containing e.g. GATA Regulation of CONSTANS
proteins flowering arabidopsis

HMG box and AT rich stretches of Control of SB16 soybean,
AT hook proteins DNA phytochrome PF1 rice and

(PHYA) gene oats
expression

Heat shock Multimers of 5bp Heat shock factors HSFs in tomato
factors (HSFs) modules NGAAN with

alternating palindrome
orientation

APETALA2/ GCC box Floral Homeotic APETALA2
EREBP domain genes Arabidopsis,

EREBP tobacco
GT-1 /GT-2 type GTGTGGTAAT Light responsive GT-1
domains expression in pea Arabidopsis

rBCS-3A
Proteins with no varies Maturation in seed Maize IBP1,
obvious binding development and VP1
domains

Tissue specific promoters contain tissue specific elements that result in

expression in a specific tissue such as vascular tissue, tapetum and
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meristem tissues (e.g. the promoters for the sucrose synthase-1 gene in

phloem and the TA29 gene in anthers).

Cell specific promoters contain cell specific elements that direct

expression to a specific cell type such as pollen or guard cells (e.g. the

maize ZM13 gene expressed in pollen).

Developmental promoters contain developmental specific elements that

result in expression at a specific developmental stage such as flowering

(e.g. AGAMOUS in arabidopsis) or seed development (e.g. napin in

Brassica sp.).

Phytohormone responsive promoters contain elements that respond to

plant growth regulators such as auxins, gibberellins and abscisic acid

(e.g. the EM gene in wheat).

Environmental factor-activated promoters contain elements that respond

to stresses such as wounding, heat, cold, UV light, salt and pathogen

attack (e.g. the promoters for the proteinase Inhibitor II, and HSP 70).

2.5.6. Seed specific promoters

Seed specific promoters have been well studied for seed storage protein

genes such as napin, �-conglycinin, lectin, �-phaseolin, glycinin, legumin,

helianthin, and phytohemagglutinin because of the abundance of mRNA in the

seed. A majority of these proteins are highly expressed during the maturation

stage of development (MAT) to the late embryogenesis (LEA) stage of

development (Chern, et aI., 1996).
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Enhancer domains have been identified in seed that include general

enhancers, seed-specific enhancers, and temporal regulatory elements. These

multi-domains are modular and expression in a transgenic plant alone may

evoke a different response than the promoter as a whole. General enhancers

such as the AIT rich element in the �-phaseolin gene (Bustos et al., 1989)

enhance GUS expression in vegetative tissues in transgenic tobacco seed and

may be responsible for general up-regulation.

Seed specific enhancer regions have been identified for seed storage

proteins such as the �-phaseolin gene. Multiple CCACc/a motifs were found in

the upstream activating sequences UAS1 and UAS2, with four motifs in the

stronger UAS1 element and two in UAS2 (Bustos et al., 1991). In addition the

UAS elements also contained a 40-nucleotide vicilin box (Gatehouse et al.,

1987) as well as two copies of an AACACA motif. Similar elements to the vicilin

box have been identified in other plant promoters for seed storage proteins

such as the legumin box (Shirsat et al., 1989) and the glutenin box (Colot et aL,

1987).

The pea lectin promoter has contains TGAC-like motifs, known to bind

basic/leucine zipper proteins (bZIP) such as TGA1. TGAC-like motifs in the pea

lectin promoter have been found to direct expression to the embryo and the

endosperm (De Pater et aI., 1993). A 21 bp synthetic element containing a

tetramer of TGAC-like motifs has been shown to impart seed specific

expression in transgenic tobacco (Lam and Chua, 1991).
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Regulatory elements similar to the TGAC-like motifs containing the

perfect or near perfect palindrome CCACGTGG (G-box like motifs) are also

recognized by bZIP proteins including TGA 1 a (De Pater et al., 1993). G-box

like motifs in have been found in ABA-inducible rice promoters (Salinas et, al.,

1992) and other G-box like motifs have been found in the opaque-2 promoter

(Lohmer et al., 1991) and those of the zein genes (Schmidt et al., 1992). G-box

like motifs containing a G-box related TGACGT motif have been shown to

interact with an arabidopsis G-box binding factors GBF1, a distinct class of bZIP

proteins from TGA1 (Schindler et aL, 1992).

Regulatory sequences that direct temporal gene expression have been

identified in two regions, NRS1 and NRS2 (negative regulatory sequences)

located in the 5' upstream region of the p-phaseolin gene known. The NRS

regions were found to contain nine copies of the AGAAc/aA motif, with six in the

stronger NRS1 region (Bustos et al., 1989). Together with the AlT rich region

and the UAS1 and UAS2 regions, these motifs direct expression to the seed

and modulate the level and timing of expression.

DNA binding regions identified by deletion analyses that are specific to

other parts of the seed have also been identified. The promoter for the ZEIN Z4

gene directs expression to the endosperm (Schernthaner et al., 1988), as well

as the seed coat (Matzke et aI., 1990; 1993). The Type II glutelin gene in rice

has been shown to be expressed in the endosperm (Takaiwa et aI., 1991). The

zein Z 19 gene was analysed by deletion and two regions of specificity were

identified: one contains an endosperm specific promoter, and the other
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determines expression in the anther (Quattrocchio et aI., 1990). Palindrome

regions and near palindrome regions in DNA binding motifs appear to be a

factor for DNA binding motifs (Salinas et aI., 1992) and the ability of a DNA

binding motif to confer activity in either forward or reverse orientation has been

demonstrated.

2.6. Plant transformation

Transformation of plants with foreign genes or trans-genes has been

possible for almost 20 years. Methods such as transformation of protoplasts

(Zhang et aI., 1988; Paszkowski et aI., 1984) and viral vectors (Brisson et al,

1984) have been used in the transformation of numerous plant species. Other

methods include the microinjection of plant cells, electroporation, liposome

fusion, and macroinjection (See Potrykus, 1991 for a review of transformation

techniques). Transformation of plants by biolistic methods has also been

achieved using microscopic particles coated with DNA (Tomes et ai, 1990;

Becker et aI., 1994). One of the more effective methods of achieving stable

transformation of plants is transformation with Agrobacterium tumefaciens

(Radke et aI., 1988; Moloney et aI., 1989).

Biolistics and Agrobacterium-mediated transformation have emerged as

the two prominent methods of plant transformation. Many of the major crops

have been successfully transformed including soy, corn, potato, tomato, wheat,

canola, flax, barley and rice with these two methods (Brar et aI., 1995).

Biolistics uses microscopic particles coated with DNA shot into plant tissue to

deliver DNA to the cell nucleus. With this method, the majority of transformation
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is not integrated into the plant genome and has transient expression (Kartha et

al., 1989). Transient expression has been useful at testing tissue specific

expression of reporter genes under control of heterologous promoters (Abenes,

et al., 1997). Stable transformation has been successful at integrating DNA into

the nucleus or chloroplast DNA (Klein et al., 1987). Biolistics offers a wide host

range and is able to transform plant species that may not be amenable to

Agrobacterium-mediated transformation.

Agrobacterium-mediated transformation of plants has been a successful

method of transforming plant cells. The method capitalizes on the natural ability

for the crown gall pathogen Agrobacterium tumefaciens to insert and integrate

its DNA into a plant cell (Potrykus, 1991). Agrobacterium contains in addition to

its chromosomal DNA, a Ti plasmid or tumor inducing plasmid, that contains the

genes necessary for the infection and inducing a gall or tumor. The Ti plasmid

also contains a region of transferred DNA or T-DNA, that is inserted into the

plant chromosomal DNA. When Agrobacterium encounters a wound or lesion,

it enters into the plant tissue and integrates its T-DNA from the Ti plasmid.

Using molecular biology, the Ti plasmid has been modified such that its tumor

inducing function has been disarmed and the T-DNA region has been removed

allowing for the insertion of a desired trans-gene. The Agrobacterium is then

used to infect plant cells and transfer the trans-genes to the plant cell.

Agrobacterium-mediated transformation methods are generally plant

tissue culture based and involve co-cultivation of a plant tissue such as leaf

discs, hypocotyls, or cotyledons with the Agrobacterium strain containing the
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gene of interest. Plant tissues are dipped in Agrobacterium cells and allowed to

infect the plant tissue. Following this step, the Agrobacterium is killed and the

plant tissue is treated with a high auxin medium to regenerate. The Ti plasmid

carries a selectable marker along with the gene of interest to facilitate selection

of transformed tissue. Selectable markers such as antibiotic (Valvekens et al.,

1988) or herbicide resistance (Bouchez et al., 1993) are used to screen for

transformed tissue in culture. Transformed tissue is regenerated into plants and

transferred to soil and screened by molecular biology techniques such as PCR

and Southern blot.

2.6.1. Arabidopsis transformation

The transformation of Arabidopsis thaliana using Agrobacterium

mediated transformation is relatively easy compared to other plants.

Arabidopsis offers several advantages over other research plants including

ease of transformation, short regeneration time, and a relatively small genome.

Early transformation of arabidopsis involved a tissue culture-based system

(Valvekens et al., 1988). More recent methodologies have used an in planta

approach to transformation (Fieldmann and Marks, 1987; Bechtold et al., 1993;

Chang et al., 1994). These methods entailed inoculating whole plant tissue with

Agrobacterium and collecting the seed. The advantage of these techniques is

that the tissue culture component, which can result in chimeric transformants, or

somaclonal variation, is eliminated (Clough and Bent, 1998).

Agrobacterium-mediated transformation of arabidopsis using the in

planta approach involves transforming the whole plant by simply dipping the
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plant tissue into an Agrobacterium suspension using vacuum infiltration to aid in

the entry of bacteria into the plant tissue (Bechtold et aI., 1993). An even more

simple method is the floral dip of whole plants without vacuum into a sucrose

suspension of Agrobacterium cells and a surfactant to produce transgenic seed

(Clough and Bent, 1998). Both methods of transformation offer a relatively high

rate of transformation (0.5-3%). In the in p/anta approach Agrobacterium

appears to target the gametophyte progenitor tissues, mature gametophytes or

recently fertilized embryos, as the transformed progeny are typically

hemizygous for the transgene.

2.7. Gene Duplication

Gene duplicates are traditionally defined as genes that are identical in

function and give rise to the same phenotype (McGrath et aI., 1993). This

definition has been expanded to include gene families, which are genes that

encode similar but distinct proteins within the same genome. Gene families and

duplicate genes have been detected in genomes by the appearance of multiple

bands on a Southern blot probed with a cloned gene, or by sequence

similarities (Arnheim, 1983; McGrath et aI., 1993). The size of the gene family

detected is dependent on the stringency of the analysis (Grant et aI., 2000).

Gene duplication can be organized in two different ways: some gene families

have their repeated sequences on different chromosomes or dispersed on a

single chromosome, while other families may have duplicate genes clustered on

one chromosome or on a number of different chromosomes. Gene duplications

can include single genes, as well as small or even large chromosomal regions
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(Bernhardt et aI., 1998) and can appear as tightly linked tandem duplicates or

may be unlinked (McGrath et aI., 1993).

Gene families are closely related groups of genes that have differentiated

over time due to the natural process of evolution. The relationship of gene

family members to each other can be classified as homologous, parologous, or

orthologous (Doyle and Gaut, 2000). Homologous genes are derived from a

common ancestor and in the case of gene families, all members of a family are

homologous whether from a single species or multiple species. Parologous

genes are genes from the same gene family that coexist on a single genome. If

two genes are the result of a duplication event then they are said to be

parologous. In contrast, orthologous genes are homologous genes that survive

through speciation events. Typically, an orthologous gene will show a shared

chromosomal position and linkage (synteny) to other genes between species

(Doyle and Gaut, 2000) and is often used to illustrate phylogenetic relationships

(Arnheim, 1983; Grant et aI., 2000).

2.7.1. Mechanisms of gene duplication

Gene duplication is the consequence of a mistake in chromosomal

replication due to unequal crossing over (Doyle and Gaut, 2000), regional

duplication (Ohno, 1970; Callis et aI., 1995) or gene conversion (Arnheim, 1983;

Hickey et aI., 1994; Clegg et aI., 1997). Another mechanism of gene duplication

is the duplication of an entire genome due to polyploidy however it will not be

considered in detail here.
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The unequal exchange of genetic information during crossing over can

occur at different levels of chromosomal organization with different results.

During mitosis or meiosis two chromatids of the same chromosome can

undergo unequal exchange of DNA during replication. The result is the

production of one chromatid with a duplication of one region and one chromatid

with a deletion for the duplicated region. This type of unequal exchange results

in two linked duplicate loci with an identical set of alleles on the same chromatid

(Ohno, 1970).

Regions of a chromosome can undergo gene duplication without unequal

crossing over (Ohno, 1970; Callis et al., 1995). During DNA replication

preceding mitosis or meiosis, a strand of DNA may undergo incomplete

replication. As a result, regions of duplicate DNA are formed that can produce

tandem duplications on one chromosome by breakage and reunion of the

duplicate strands. In this manner, tandem duplicate regions are formed on one

chromosome without the resulting loss of a region on another chromosome.

Duplicate sequences can also be created by gene conversion (Clegg et

al., 1997). Gene conversion is the result of a non-reciprocal recombination

between two homologues that results in the transfer of genetic information

without the exchange of sequence. As a result gene A will interact with gene A'

in such a way that the sequence of gene A' becomes identical to gene A

(Arnheim, 1983; Callis et al., 1993; Hickey et al., 1994). The mechanism behind

gene conversion is thought to parallel homologous recombination, with the

formation of a heteroduplex structure between wild type and mutant alleles
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followed by mismatch repair (Reiger et aI., 1991). As a result gene conversion

can homogenize duplicate genes and give rise to a high degree of inter-gene

identity.

2.7.2. Role of gene duplication in evolution

The evolution of genes is dependent upon mutation to produce genetic

diversification and novel gene products (Doyle and Gaut, 2000). When a

mutation results in the loss of gene function it is eliminated by natural selection.

As a result, natural selection polices the extent of forbidden mutations and limits

the rate of genetic diversity. Gene duplication has been a major force in the

evolution of plants and animals (Ohno, 1970; Clegg et aI., 1997). By duplication

of a gene, a redundant copy of a gene is created which is ignored by the

process of natural selection. As a result, the new gene copy is free to mutate

and evolve at a more rapid rate than simple allelic mutation.

The evolution of duplicate genes can have two end results: the duplicate

gene will evolve and differentiate to form new gene variations or gene family

member by the normal process of evolution, or the duplicated regions will

maintain their sequence integrity and remain as duplicates. The mechanisms

that dictate which duplicate genes will evolve and which genes remain

conserved is unknown.

The natural process of evolution allows duplicate gene to evolve and

explore new gene functions. Gene families are formed from duplicate genes

that have differentiated into related genes having different functions and

orthologous and parologous relationships (Clegg et aI., 1997; Doyle and Gaut,
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2000;). One example of gene diversification is found in the genes of the

flavonoid biosynthesis pathway. Evidence suggests that the stilbene synthase

gene de-evolved from the chalcone synthase gene following a duplication and

differentiation (Tropf et al., 1994).

Another mechanism of gene duplication is the maintenance of genetic

identity of duplicate members of a gene family (Arnheim, 1983). Gene

duplication does not necessarily result in the diversification of a gene family,

gene conversion is believed to act upon duplicate genes to conserve genetic

identity and function (Callis et al., 1995) and thus prevents gene diversification.

An example of gene conversion can be found in the coding sequences for

ribosomal proteins in Arabidopsis which contain over 570 duplicate ribosomal

protein genes (rONA) genes with high identity (Gruendler et al., 1991). The two

opposing forces of gene diversification and gene conversion are the driving

forces of the evolution of duplicate genes, which are believed to follow a pattern

of both loss and gain of gene copies. Therefore duplication of a gene may

sometimes be produced by a gene duplication event followed by sequence

divergence and then a return to complete identity by gene conversion (Reiger et

aL,1991).

2.7.3. Gene duplication in Arabidopsis thaliana

Gene duplication in the small arabidopsis genome has been estimated to

be approximately 17% by DNA hybridization and segregation of RFLP (McGrath

et al., 1993; Grant et al., 2000). More recent studies by The Arabidopsis

Genome Initiative (2000) using sequence analysis of the arabidopsis genome
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found that duplication of genes is common in arabidopsis. Gene families with

two members make up 12.5% of the total genes, while gene families with at

least 5 members was as high as 37.4%. A significant tandem duplication in

which gene copies are tightly linked can be found in arabidopsis (Pang et al.,

1988), however the majority of duplicated genes in arabidopsis appear to be

unlinked. Gene duplications are spread throughout all five chromosomes, with

some spanning large chromosomal regions (Terryn et al., 1994; The

Arabidopsis Genome Initiative 2000). Duplicate genes have been reported in

clusters in the arabidopsis genome and many examples of multi-gene families

have been reported. In addition, duplication of the entire genome and

segments of chromosomes may have occurred in the evolutionary past (Grant

et al., 2000).
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3. MATERIALS AND METHODS

3.1. Plasmids

The eleven plasmids used for the experiments outlined in this thesis are

illustrated in Figure 3.1 and 3.2 and described below.

3.1.1. Reporter gene constructs (see Figure 3.1)

pBC1 was used as the parent plasmid for subsequent production of the two

reporter gene plasm ids pBC2 and pBC3. The pBC1 plasmid was derived

from pRD400 (Datla et al., 1992) and contained the full 940bp A15

putative promoter inserted in the Multi Cloning Site (MCS) between Clal

and BamHI.

pBC2 contained the BamHI/EcoRI fragment of the A-chain of the diphtheria

toxin gene (DTx-A) isolated from the plasmid pHS605 kindly donated by

Dr. G. Selvaraj at the National Research Councill Plant Biotechnology

Institute(NRC/PBI). The BamHI/EcoRI region of DTx-A included the

nopaline synthase polyadenylation Signal (nos T) and was inserted in the

MCS of the pBC 1 parent plasmid in front of the 940bp A15 promoter.

pBC3 contained the BamHI/EcoRI fragment of the J3-glucuronidase (gus) gene

from pBI101 (Clonetech) that included the nos T. The gus-nos T

cassette was inserted in the MCS of the pBC1 parent plasmid in front of

the 940bp A15 promoter.
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Figure 3.1 Reporter gene constructs used in the experiments.

Abbreviations: LB-Ieft border of T-DNA, RB-right border of T-DNA, MCS-Multi cloning site, nos
P -nopaline synthase promoter, nos T -nopaline synthase terminator, npt /I (wt)-neomycin
phosphotransferase II (wild type), uid A-gene encoding f3-glucuronidase (GUS), DTx-A gene
encoding the diphtheria toxin A-chain, 35S CaMV the 35S Cauliflower mosaic virus pormoter,
A15P= first 954bp of A15, E=EcoRI, B=BamHI, C=Clal, X=Xbal, S=Sphl.

pA15 was the original plasmid used in the screening for seed specific clones by

Dr. Jitao Zou. The first 1053bp of the A15 clone was inserted next to the

gus gene in the MCS of the plasmid pB1101.2 (Clonetech).
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pBI121 contained the 35S Cauliflower mosaic virus promoter (CaMV 35S)

fused to the �-glucuronidase (GUS) gene (Jefferson et ai, 1987) and the

nosT. This construct was used as a positive control for GUS expression

in GUS assays. Transgenic arabidopsis seed containing this construct

was kindly provided by Dr. G. Selvaraj at NRC/PBI.

3.1.2. 5' Deletion series constructs (see Figure 3.2)

pBC4 was used as a parent plasmid to produce a 5' deletion series of the A15

promoter. The BamHI/EcoRI fragment of gus-nos T from pBI121

(Clonetech) was inserted into the pRD400 vector in the MCS.

pBC7 was produced from the parent plasmid pBC4. The 5' truncated A15

promoter region spanning nt358 to nt940, was produced by PCR with

flanking 5' Clal and 3' BamHI restriction sites. The truncated promoter

was inserted into the plasmid pBC4 next to the gus gene

pBCS was produced from the parent plasmid pBC4 as in pBC7 with a 5'

truncated A15 promoter spanning nt445 to nt940 flanked by Clal and

BamHI restriction enzyme sites.

pBC9 was produced from the parent plasmid pBC4 as in pBC7 with a 5'

truncated A15 promoter spanning nt543 to nt940 flanked by Clal and

BamHI restriction enzyme sites .

...

pBC10 was produced from the parent plasmid pBC4 as in pBC7 with a 5'

truncated promoter spanning nt736 to nt940 flanked by Clal and BamHI

restriction enzyme sites.
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pRD420 contained the promoterless �-glucuronidase (gus) gene and nos T

linked to the nptl/ selectable marker construct (Datla et al., 1992). This

plasmid was used as a minimal promoter for the deletion analysis.

Transgenic arabidopsis seed containing this plasmid was kindly

provided by Dr. G. Selvaraj at NRC/PSI.
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Figure 3.2 Deletion constructs used in the experiments.
Abbreviations: LB= left border of T-DNA, RB= right border of T-DNA, MCS= Multi cloning site,
nos P= nopaline synthase promoter, nos T= nopaline synthase terminator, npt 1/ (wt)= neomycin
phosphotransferase II (wild type), uid A gene encoding p-glucuronidase (gus), E=EcoRI,
B=BamHI, C=Clal.
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3.2. Cloning into plasmid vector pRD400

Two types of insert DNA were cloned into the pRD400 vector: a reporter

gene, either gus or DTx-A, and the A15 promoter or promoter fragment.

Promoter fragments were produced by PCR using primers containing restriction

enzyme sites.

3.2.1. Preparation of DNA insert and plasmid vectors for cloning

The plasmid vector and the insert DNA were prepared for cloning by

digesting with the appropriate restriction enzymes, according to the

manufacturer recommendations (Gibco BRL) for 2 h at 37°C. In the case of the

gus and DTx-A genes, the restriction enzymes used were BamHI and EcoRI

while the A15 promoter and promoter fragments required Clal and BamHI.

The digested plasmid and insert DNA were separated on a 0.8% agarose

gel and the DNA fragment corresponding to the expected size was excised from

the gel. The DNA was extracted from the gel using the QIEX" gel extraction kit

(Qiagen 20021) following the manufacturer protocol. The DNA concentration

was determined using a spectrophotometer.

3.2.2. Ligation

The gel-purified vector and insert DNA were diluted to the appropriate

concentration for ligation and a ligation reaction mix was set up using 100 ng of

vector and an insert:vector molar ratio of 4: 1 as follows:

1 J..l1 of 10X ligation buffer (includes ATP)
100 ng of digested plasmid vector

Digested insert for an insert:vector ratio of 4: 1
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1 U of T4 DNA ligase (Gibco BRL)
Sterile distilled water to 10 J.l1

The ligation reaction was carried out at 16°C for 16 h and the reaction

mix was used to transform competent E. coli DH5a competent cells.

3.3. Transformation of bacterial strains with recombinant plasmid

The ligation mix was used to transform E. coli DH5a cells to aid in rapid

cloning of the recombinant plasmid. Once a positive clone was confirmed, the

recombinant plasmid was used to transform Agrobacterium tumefaciens MP90

cells for plant transformation.

3.3.1. Preparation of competent E. coli DH5a cells

E. coli DH5a cells from frozen stock (Gibco BRL) were streaked onto a

Luria Bertani (LB) medium plate, solidified with 1.5% agar, and grown overnight

-16 h at 37°C. A loopful from a single colony was used to inoculate 5 ml of LB

broth and the broth was grown overnight with shaking at 37°C. The following

day, 25 ml of LB was inoculated with 1 ml of the overnight culture in a 250-ml

flask. The culture was grown at 37°C with shaking for 1-1.5 h until an OD550 of

0.6-0.8A was reached. Cultures were chilled on ice for 10 min, transferred to 30

ml Oakridge™ tubes, and centrifuged at 6,000 rpm at 4°C in a Sorvall SS34

rotor for 5 min. The pellet was resuspended in 12 ml of cold (4°C) 50 mM

CaCb: 10 mM Tris-CI, pH 8.0 and chilled on ice for 30 min. The cells were

again pelleted by centrifugation at 6,000 rpm in the S8-34 rotor for 5 min. The

pellet was resuspended in 1 ml of cold 50 mM CaCI2: 10 mMTris-CI, pH 8.0 and
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180 JlI of sterile glycerol was added to the suspension. The suspension was

mixed well and dispensed into 100 JlI aliquots in 1.5-ml microcentrifuge tubes

and stored overnight at 4°C. The competent cells were frozen at �80°C for long

term storage.

3.3.2. Transformation of E. coli DH5a.

Frozen cells from -80°C were thawed on ice for 10 minutes. The full

volume (10 JlI) of each ligation mixture was added to individual tubes and each

tube was mixed briefly and placed on ice for 30 min. The mixture was heat

shocked in a 42°C thermal block for 90 seconds and transferred back to ice

immediately. 1 ml of SOC media was added to each tube and the mixture was

incubated at 37°C for 1 h. The mixture was spun down at 14,000 rpm in a

microcentrifuge for 10 min and the cell pellet was resuspended in 100 JlI LB

medium. Cells were plated onto solid LB plates, with 50 mg/l kanamycin and

placed at 37°C overnight. For blue/white selection of the pBC1 and pBC4

plasm ids, 25 JlI of 20 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-J3-D-galactoside)

dissolved in N,N-dimethylformamide was spread onto each plate prior to plating

the bacteria.

3.3.3. Preparation of competent Agrobacterium tumefaciens MP90 cells

An overnight 5 ml culture of Agrobacterium tumefaciens GV31 01 :pMP90

(Pharmacia 27�1535) was grown at 28°C with shaking in 2YT broth with 25 mg/I

gentamycin. A 100 JlI aliquot of the overnight culture was used to inoculate 100

ml of 2YT broth with 25 mg/I gentamycin in a 500 ml flask and was grown
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overnight at 28°C for 12-16 h until an 00600 between 0.5-1.0A was reached.

The culture was chilled on ice for 10 min, transferred to large 250 ml Sorvall

centrifuge tubes, and centrifuged at 3,000 rpm in a Sorvall SLA-1500 rotor for 5

min at 4°C. The pellet was resuspended in 1 ml of ice cold (4°C) 20 mM CaCI2

solution and 100 J.l1 aliquots were transferred to 1.5-ml microcentrifuge tubes

and frozen at -80°C for long term storage.

3.3.4. Transformation of Agrobacterium tumefaciens MP90 cells

The new recombinant plasm ids (pBC2, pBC3, pBC?, pBC8, pBC9 and

pBC10) isolated from transformed E.coli clones were introduced directly into

competent Agrobacterium tumefaciens MP90 cells and transformed by the

freeze-thaw method. A 100 J.l1 aliquot of frozen (-80°C) competent cells was

thawed for 10 min on ice. 1 J.lg of plasmid DNA in a 10 J.l1 total volume was

added to each tube containing the competent cells, and the mixture was

incubated on ice for 30 min. The tubes were flash frozen in liquid nitrogen for 2

min, and placed at 3?OC in a thermal block for 5 minutes. 1 ml of SOC media

was added to each tube and the mixture was incubated at 28°C with shaking for

2 h. The cells were centrifuged for 10 min at 14,000 rpm in a microcentrifuge,

resuspended in 100 J.l1 of LB medium and plated onto solid LB medium

containing 50 mg/I kanamycin and 25 mg/I gentamycin. Plates were incubated

for 24-48 h and colonies were picked for plasmid screening.

3.4. Screening for positive transformed bacteria

Positive colonies were selected either by blue/white selection for pBC1
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and pBC4 or by picking individual colonies with adequate growth. Single

colonies were picked and used to inoculate 10 ml of LB containing 50 mg/L

kanamycin and the cultures were incubated overnight with shaking at 37°C for

E. coli, or 28°C for Agrobacterium tumefaciens.

3.4.1. Small scale plasmid DNA miniprep for restriction fragment analysis
and DNA sequencing

Bacterial plasmid minipreps were performed using the QIAprep® Spin

Miniprep kit (QIAGEN catalogue 27104). The miniprep method followed the

method recommended by the manufacturer with some modifications for

handling large plasmids and used the proprietary solutions provided by the

manufacturer. 10 ml of 16-h (LB) culture was centrifuged at 3,000 rpm in a

Sorvall SS34 rotor for 10 min. The pelleted bacterial cells were resuspended in

250 �I of P1 buffer (50 mM Tris, pH8.0; 10 mM EDTA; 100 mg/l RNase A). The

cell suspension was lysed with 250 �I of P2 buffer (200 mM NaOH, 1 % SDS)

and allowed to stand at room temperature for 5 min. The solution was

neutralized with 350 �I of N3 buffer (3 M potassium acetate, guanidine

hydrochloride) and centrifuged for 10 min at 14,000 rpm in a microcentrifuge at

4°C. The supernatant was applied to a QIAprep® spin column, centrifuged for

30-60 s and the flow through was discarded. The column was washed with 500

�I of PB buffer (isopropanol, guanidine hydrochloride) and centrifuged for 30-60

s. The column was washed again with 750 �I of buffer PE (50 mM Tris-CI,

pH8.0; guanidine hydrochloride; ethanol) and centrifuged for 30-60 s. The flow

through was discarded and the column was dried by further centrifugation for 60
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s. The plasmid DNA was eluted with 50 JlI of preheated 700e elution buffer (10

mM Tris-CI, pH 8.5) applied to the column, followed by a brief 60 s

centrifugation. The purified plasmid DNA was quantitated with a

spectrophotometer and used for plasmid restriction digest screening and DNA

sequencing.

3.4.2. Screening of plasmid DNA for recombinant DNA

Positive plasm ids were screened by restriction enzyme digest of the

plasmid in order to verify the presence of the recombinant DNA insert. 5 Jlg of

plasmid DNA was digested in a total volume of 30 JlI with 10 U of the restriction

enzymes flanking the insert in the appropriate enzyme buffer. The reaction was

carried out for 4 h at 37°C, then stopped by heating for 30 min at 65°C. The

digested DNA was separated on a 0.8% agarose gel to confirm the presence of

the insert DNA with the correct molecular weight. The plasmid DNA was also

sequenced to confirm the insert DNA as well as the regions flanking the insert.

Positive E. coli clones confirmed by restriction digest and DNA sequencing were

selected for transformation into Agrobacterium tumefaciens.

3.5. Sequence analysis of the A15 clone in genomic arabidopsis DNA

PCR was used to amplify the 1602bp A15 clone from genomic

Arabidopsis thaliana ecotype Columbia DNA. Three sets of overlapping PCR

amplicons in the 5' to 3' direction and the 3' to 5' direction were produced from

independent PCRs. Three sets of contigs were assembled from the amplicons

and used to produce a triple-confirmed consensus sequence of the A15 clone.
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3.5.1. Source of the A15 clone

The original clone, A15 provided by Dr. J. Zou (National Research

Council-Plant Biotechnology Institute) contained an Arabidopsis thaliana

genomic DNA segment (1053nt) fused to the open reading frame (ORF) of the

Escherichia coli �-glucuronidase (uid A) gene in the plant transformation vector

pA15. The genomic segment had been previously isolated by inverse PCR (1-

PCR) with sequence information derived from a cDNA clone (J. Zou personal

communication). The cDNA in turn had been isolated from a seed cDNA library

of Arabidopsis thaliana. The putative promoter region and the coding region of

A15 were present in the 1602bp sequence of the genomic segment identified by

I-PCR.

3.5.2. peR of the A15 clone in Arabidopsis theliene

PCR primers were designed from the A15 sequence assembled from the

cDNA and the inverse PCR of a genomic DNA library provided by Dr. Jitao Zou.

The primers were approximately 30-36bp in length (Table 3.1), and the primers

OL1487, and OL2152, contained 5' restriction sites to aid in cloning. Figure 3.3

illustrates the position of the PCR primers and the overlapping resulting

amplicons. The PCRs were carried out as follows:

Template: 1 III of 1 1l911l1 Arabidopsis thaliana ecotype Columbia DNA

DNTPs: 4 III 10 mM each of dATP, dGTP, dTTP, and dCTP

Forward primer. 1 III of 4 pM forward primer

Reverse primer. 1 III of 4 pM reverse primer

Buffer: 5 III of 10X PCR Buffer
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DNA polymerase: 0.5 J.LI (5-10 U) PFU DNA polymerase
Sterile distilled water to 50 J.LI

The PCR was performed in a Techne Genius thermocycler (Cat.

#204480) using the following temperature regime:

95°C 1 min, followed by 35 cycles of:

95°C 1 min denature

55°C 1 min anneal

72°C 2 min extension

A final extension of the PCR product was achieved by incubation at 72°C

for 10 min. The PCR product was purified by gel electrophoresis and the DNA

was extracted from the gel for DNA sequencing using the 01 EXII gel extraction

kit (Oiagen 20021) following the manufacturer protocol.

Table 3.1 Sequencing primers used in the construction of the genomic sequence of A15.

Oligo Number 5' Sequence Position

OL1487 TTTTATCGATGAAGGATTTTTAGAT Forward primer @
15bp

OL2756 TTAGTACTTGTTACGAGCTGC Forward primer @
359bp

OL1488 TAAGCTTATGTATATTTCTTGTAAG Forward primer @
804bp

OL2800 TTCAGCAGCAGCAGTGTCGTTAGC Forward primer @
1120bp

OL2490 TCTGAGAAGAAGAAGAAGGACCGCAA Forward primer @
AGGA 1365bp

OL1490 CCATTACATGAGAAAGAGTAGCATTTC Reverse primer @
AT 1572bp

OL2785 CCTGTAGCGGTAGAAGCACTTG Reverse primer @
1280bp

OL2152 TTTTTGGATCCGATTGTGTTTGTGGTG Reverse primer @
AGTTAT 946bp

OL2749 TTGACACGACTCTCTTAGCAGCTT Reverse primer @
398bp
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Figure 3.3 Sequence alignment of overlapping PCR sequence amplicons used in the
construction of the A15 consensus sequence.
Arrows indicate the direction of the amplicons, which are labeled based on their PCR

oligonucleotide primer.

3.5.3. Sequence determination and assembly of peR fragments for

sequence alignment

The gel purified PCR product was diluted to 100 ng/J.l1 in sterile distilled

water and sent for sequencing along with sequencing primers diluted to 3.2

prnol/ul, The DNA was sequenced by the Plant Biotechnology Institute DNA

sequencing lab and the overlapping PCR sequences (Figure 3.3) were aligned

using DNAstar™ SeqMan and MegAlign programs to produce three complete

and independent double stranded sequences.

3.6. Histochemical GUS assay

Transgenic arabidopsis plants containing the pBC3, pA15, pBC7, pBC8,

pBC9, pBC10, pBI121 (CaMV 35S:GUS, Clonetech), and pRD420

(promoterless gus, Datla et aI., 1992) constructs were analysed for expression
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of the gus gene. Tissues from each plant were collected in order to determine

the tissue specificity of gus expression and the level of expression. In addition,

the temporal expression of the gus gene was determined by observing GUS

expression during five stages of silique development in pBC3 transgenic plants.

3.6.1. Histochemical GUS assay of plant tissues

GUS histochemical activity was assayed by following the methods of

Jefferson (1987). Plant tissues assayed included the leaf, stem, root, flower,

bud and siliques at five stages of silique development. 200 III of 1 mM X-Gluc.

(5-bromo-4chloro-3-indoyl-B-D-glucuronic acid, Sigma) in 0.1 M sodium

phosphate, pH 7.0; 20 mM EDTA; 0.1% Triton X-100; 1 mM K3Fe(CN)6 and 1

mM �Fe(CN)6 was pipetted into the wells of a microtitre plate containing hand

sectioned plant tissue. The plate was placed under vacuum for 30 s to aid in

infiltration of the X-Gluc solution. The plate was sealed with Parafilm® to

prevent evaporation, and was incubated at 37°C for 24 h. The stained tissue

was rinsed with 0.1 M phosphate buffer and fixed in FAA (42.5% ethanol, 600

mM acetic acid, and 3.7% formaldehyde) overnight. The tissue was rinsed

again with 0.1 M phosphate buffer and then soaked twice in 70% ethanol for

one hour each to remove any chlorophyll pigment that may interfere with GUS

color. The GUS activity for the various tissues was scored as +, ++, or +++

depending on the intensity of the GUS staining. Individual specimens that were

positive for GUS expression were prepared for thin-section microscopy.
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3.6.2. Thin-section microscopy of plant tissues

Mature siliques stained with X-Gluc were prepared for embedding by

dehydrating in 70% ethanol at room temperature (RT) for 1 h, then 80% ethanol

at RT for 1 h. Tissue was transferred to 30 ml glass vials and infiltrated by

soaking at RT for 1 h in Randolph I solution (65:35 ethanol:N-butyl alcohol), 1 h

in Randolph II solution (45:55 ethanol:N-butyl alcohol), 1 h in Randolph III

solution (25:75 ethanol:N-butyl alcohol), 1 h in Randolph IV solution (100% N

butyl alcohol) and then overnight at 4°C in fresh Randolph IV solution. The

glass vials were emptied to the halfway mark and paraplast chips (Paraplast"

X-tra tissue embedding media Fisher 8889-503003) were added until the bottle

was full. The vials were placed uncovered in a 60°C oven for 2-3 h. The butyl

wax mixture was poured off until 2/3 full and fresh 60°C paraplast was added to

each vial until full. After 2-3 h, the wax mixture was again poured off until half

full and more 60°C paraplast was added. After an additional 2-3 h, all of the

paraplast mixture was poured off and refilled with fresh 60°C paraplast and

placed overnight at 60°C. Three additional changes were performed every 6

hours with fresh paraplast. Tissue was poured into molds and mounted onto

blocks for thin sectioning.

Ruthenium red dye (Sigma R-2751) was used with some tissue

preparations to test for the presence of pectin. Staining was performed as

outlined by Fassel et aI., (1997). Wild type and pBC2 tissue were fixed as

described in section 3.6.1, and dehydrated for one hour each in a 5%, 10%,

30%, 50%, 70%, and 80% ethanol series containing 0.15% (w/v) ruthenium red
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dye. The tissue was then infiltrated with paraplast and prepared for sectioning

as described for pBC3 in section 3.6.2.

Thin sections (8-10 microns) were prepared with a rotary microtome and

mounted onto glass slides. Paraplast was removed by soaking slides in xylene

for one hour and coverslips were mounted using Permount™ (Fisher SP15-100)

slide mounting media. Slides were viewed and photographed using a Zeiss

microscope under normal light and photographed with Kodak 64T color slide

film.

An alternative method to paraplast embedding of tissue was performed

on some silique samples. GUS stained pA15 siliques of pA15 were fixed for 30

min on ice in 2% formaldehyde solution then mounted in a cryomold (25x20x5

mm) using frozen-tissue embedding medium (Tissue-Tek II OCT) and 8-10

micron sections at -20°C were made using a 2800 Frigo cut cryostat II

(Reichert Jung, Germany). Sections were mounted onto slides and

photographed Zeiss microscope under normal light and photographed with

Kodak 64T color slide film.

3.7. GUS Assay

Tissue was collected from siliques at five different stages of silique

development for fluorometric analysis of the �-glucuronidase enzyme. A

sample of 100 mg of tissue was collected from four pots, each with 20-30 plants

per pot for each line. Transgenic pBC3 lines were tested for temporal

expression of the GUS protein and included: pBC3-1, pBC3-2, pBC3-3, pBC3-4,

pBC3-5, pBC3-6, pBC3-7, pBC3-8, pBC3-12, and pBC3-19. Controls included
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Arabidopsis thaliana ecotype Columbia, and transgenic plants containing the

pBI121 construct (Figure 3.1) kindly provided by Dr. G. Selvaraj at NRC/PBI.

A second study used the GUS fluorometric assay to quantitate GUS

expression in pBC?, pBC8, pBC9, and pBC10 transgenic Arabidopsis lines

containing the 5' deletion series. The seed from 5 individual lines were pooled

(20 mg each) for each transgenic line to produce a 100 mg pooled sample for

each deletion construct to analyze GUS expression under control of the 5'

truncated promoters. Controls included transgenic Arabidopsis seed containing

the construct pBI121 (Figure 3.1) as a positive control, and seed containing the

construct pRD420 (Figure 3.2) as a negative control (both seed lines kindly

donated by Dr. G. Selvaraj at NRC/PBI).

3.7.1. Extraction of crude protein

A 100-mg sample of tissue was frozen in liquid nitrogen and ground in a

1.5-ml microcentrifuge tube using a Kontes™ pellet pestle. 500 J.l1 of GUS

extraction buffer (50mM sodium phosphate buffer, pH ? .0; 10mM EDTA; 0.1%

(w/v) sodium lauryl sarcosine; 0.1 % (v/v) triton X-100; and 10 mM �

mercaptoethanol) was added to the tissue' and grinding was continued on ice

until the mixture was thawed. The mixture was centrifuged at 14,000 rpm at

4°C for 10 minutes in a microcentrifuge, and the supernatant containing the

crude protein was collected.
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3.7.2. Crude protein determination

The total protein was determined using the Bradford BioRad total protein

assay method (Bradford, 1976). A standard series of 0,1,2,3,4,5 and 6 Jlg of

protein per 100 JlI was prepared from a 100 mg/ml stock of BSA. A 1:5 dilution

of Bio-Rad protein assay Dye Reagent concentrate (Catalogue 500-0006) was

prepared and 900 JlI of the dilution was added to each standard. A 1-JlI aliquot

of crude protein extract for each sample was diluted in 100 JlI of H20 and mixed

with 900 JlI of diluted Bradford's reagent to determine the protein concentration.

The standards and test samples were mixed by inversion and allowed to stand

for 5 min before reading the absorbance with a spectrophotometer at 595 nm.

A standard curve was created using the protein standard series, and the

concentration of each of the test sample was determined. The crude protein of

each sample was diluted to 1 mg/ml prior to the GUS f1uorometric assay.

3.7.3 Fluorometric GUS Assay

In a timed reaction, 45 JlI of the 1-mg/ml crude protein extract for each

sample was assayed in triplicate as follows:

At time zero To 5 JlI of 4-MUG substrate (10mM 4-methyl umbelliferyl

glucuronide in GUS extraction buffer) was added to each 45-JlI sample and held

at 37°C in a thermal block. A 5 JlI aliquot was taken immediately and added to

95 JlI of stop buffer (0.2 M Na2C03) in a 96 well microtitre plate to give a To

value. The reaction was allowed to proceed for 10 minutes, and a 5-JlI aliquot

was taken and added to 95 JlI of stop buffer to give a T10 value.
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The microtitre plate was analyzed using a Spectramax Gemini plate

reader (Molecular Devices G02144) with SOFTmax® PRO version 2.6.1

software. The Gemini plate reader read the fluorescence for each well 6 times

and took the mean value for each well. The SOFTmax® software compared

the T10 to the To values for each sample and calculated the observed change in

fluorescence. The difference in fluorescence was compared to the triplicate

standards of 0, 10 nM, 50 nM, 100 nM, 250 nM, 500 nM, 1 J.lM, and 2 J.lM of

methyl-umbelliforme (Sigma M-1S08) to calculate the nmole/minute/mg protein

value corresponding to the fluorescence. The final data, representing the GUS

activity in nmole/minute per mg of crude protein for each sample was reported.

Controls included the Arabidopsis thaliana ecotype Columbia wild type as a

negative control, pBI121 as the positive control and protein extract-free water

blank.

3.8. Transformation of Arabidopsis thaliana

Arabidopsis thaliana ecotype Columbia was transformed according to the

method described by Clough and Bent (1998). Arabidopsis seed was planted in

four-inch pots covered with nylon window screen in Redi-earth® (W.R. Grace

Co. Canada) potting mix. Plants were grown under a 16-h/8-h light/dark regime

at an intensity of approximately 200-250 mMol m-2 S-1 until flowering. The first

bolts were clipped to encourage secondary bolt proliferation four to five days

prior to the transformation date.

Two days prior to transformation, overnight S-ml cultures of

Agrobacterium were prepared. 500 J.l1 of overnight culture was used to
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inoculate 200 ml of LB media, containing 25 mgll gentamycin and 50 mg/I

kanamycin, in a 500-ml Erlenmeyer flask, and incubated at 28°C overnight with

shaking. Four 200-ml cultures were prepared for each plasmid used. Overnight

cultures were centrifuged in 250-ml centrifuge tubes at 6,000 rpm in a Sorvall

SLA-1500 rotor. The pellets were resuspended in 5% sucrose, pooled, and the

volume adjusted to an absorbance at 600 nm between 0.8 to 1.0 A. Prior to

dipping, Silwet L-77 (OSi Specialties, Inc., Danbury, CT, USA) was added to a

final concentration of 0.05% with mixing.

Plants were dipped to the soil level for three to five seconds with gentle

agitation and placed under a plastic cover to maintain a high humidity for 24 h.

After 24 h the covers were removed and the plants were watered as normal and

seed was harvested when ripened.

3.8.1. Screening of transformed seed

Transgenic seed was sterilized by rinsing in 95% ethanol for 1 min,

followed by 50% commercial bleach for 15 min and three rinses in sterile

distilled water. Seed was suspended in 0.1 % agarose and plated onto 0.5X MS

(Murashige and Skoog Salt and Vitamin mixture Gibco 10632-016), 0.8%

Phytagar® (Gibco 10695-039), and 50 I-lg/ml kanamycin. Plates were cold

treated for 2 days in the dark at 4°C, and transferred to a controlled

environment chamber with a 22°C and 16/8-h lighUdark regime at a light

intensity of 50-100 mMol m-2 S-1 for the next 7-10 days. Positive plants that

were resistant to the kanamycin were selected and planted into trays containing
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Redi-earth and grown with 16/8-hour light/dark at a 22/17°C temperature regime

with an intensity of 200-250 mMol m-2 S-1.

3.9. Southern hybridization analysis

3.9.1. Extraction of plant DNA

Plant DNA was extracted according to the method of Dellaporta et al.

(1983). One gram of plant tissue was frozen in liquid nitrogen and ground to a

fine powder using a mortar and pestle. The tissue was added to 15 ml of DNA

extraction buffer containing 100 mM Tris-CI, pH 8.0, 50 mM EDTA, 500 mM

NaCI, and 10 mM �-mercaptoethanol. 1 ml of 20% 8D8 was added to the

mixture and the mixture was incubated at 65°C for 10 min with occasional

mixing. Following this step, 5 ml of 5 M potassium acetate was added and the

mixture was placed on ice for 20 min. The mixture was centrifuged at 14,000

rpm in a sorva' 88-34 rotor for 20 min. The supernatant was poured through

Miracloth into 30-ml Corex™ glass tubes containing 10 ml of cold -20°C

isopropanol and held at -20°C for 30 min. The DNA precipitate was centrifuged

for 20 min at 10,000 rpm at 4°C in an 88-34 rotor and the supernatant was

discarded. The pellet was dried and resuspended in 700 J.l1 of 50 mM Tris-CI,

pH8.0; 10 mM EDTA, transferred to a 1.5-ml microcentrifuge tube and

incubated for 1 h at 37°C with 10 J.l1 of 10 mg/ml RNase A. The DNA was

cleaned with 400 J.l1 phenol/chloroform/isoamyl alcohol (25:24:1) and

centrifuged for 5 min at 14,000 rpm in a microcentrifuge. The supernatant was

removed by pipetting, mixed briefly with 400 J.l1 chloroform and centrifuged
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again for 5 min. The supernatant was transferred to a clean microcentrifuge

tube, and precipitated with 1/9 volume 3M sodium acetate, and 3/5 volumes of

isopropanol. The DNA was pelleted by centrifugation at 14,000 rpm for 10 min,

followed by a 500 I.. t! 70% ethanol wash. The DNA was dried to remove all

traces of ethanol then rehydrated in 100 III TE buffer (10mM Tris-CI, pH 8.0;

0.1 M EDTA) and quantitated by spectrophotometry and gel electrophoresis.

3.9.2. Restriction digest of plant DNA

Plant DNA was digested with restriction enzymes for Southern

hybridization analysis. Two enzymes were selected for their inability to cut

within the A15 clone: 8amHI, and EcoRI. Single and double digests with 10-15

Ilg of plant DNA were set up in a total volume of 100 III with 200U of enzyme in

the appropriate buffer for 16 h at 37°C. Heating at 65°C for 30 min inactivated

the enzyme digest and the digested DNA was ethanol precipitated and

resuspended in 30111 of TE buffer.

3.9.3. Alkaline transfer of DNA

A Southern blot was set up using the capillary transfer method described

by Southern (1975) and the alkaline transfer protocol described in the

GeneScreen Plus® instructions, which allows for the transfer and fixing of DNA

to the membrane in one step. The DNA digests were loaded onto a 1 %

agarose gel and run overnight for 16 h at 2.5 mV/cm. The gels were

photographed under 340 nm UV light and soaked in 0.25 M HCI for 10 min with

gentle shaking. The gel was rinsed briefly in distilled water then denatured in
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0.4 M NaOH for 30 min. GeneScreen Plus® (Dupont NEN™ Life Science

products) membrane was cut to the size of the gel and hydrated briefly in sterile

distilled H20. The membrane was equilibrated in 0.4 M NaOH for 10-15 min and

a capillary blot was assembled using 0.4 M NaOH as the transfer solution for 16

h. Following transfer, the membrane was washed in 2XSSC (0.3 M NaCI,

0.03M trisodium citrate) for 1-2 min and air-dried.

3.9.4. Probe construction and hybridization

50 ng of cold probe DNA was suspended in a total volume of 45 J.l1 of TE

buffer and denatured at 95°C for 10 min. The entire 45 J.l1 was added to a

rediPrime™ II (Amersham Pharmacia Biotech RPM 1633) random prime

labeling system tube and mixed by pipetting prior to addition of 5 J.l1 of

approximately 50 J.lCi of a_32p dCTP (Mandel Scientific) with flick mixing. The

mixture was incubated at 37°C for 10 min then denatured at 95°C for 10 min

and quick cooled on ice. The entire 50 J.l1 was loaded onto a pre-washed (TE

buffer) NICK™ Column (Pharmacia Biotech #52-2076-00), followed by an

additional 350 J.l1 of TE buffer. The column was washed with 400 J.l1 TE and the

flow through was collected and discarded. The probe was eluted with 400 J.l1 of

TE buffer, collected and 1 J.l1 was counted in a scintillation counter.

The membrane was rehydrated in 2XSSC buffer for approximately one

minute, and placed in a hybridization bottle. The membrane was prehybridized

for 2 hours at 42°C in 50 J.ll/cm2 of prehybridization buffer containing 5X SSPE;

50% formamide; 5X Denhardt's solution; 1 % SDS; and 2 mg of sheared salmon
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sperm DNA. The probe was added to the mixture to a concentration of

approximately 105-106 dpm/ml and hybridization was carried out overnight for

12-16 h at 42°C. The membrane was washed twice for 15 min at room

temperature in -2.5 rnl/crn" 2X SSC; 0.1 % SOS, twice for 15 minutes at room

temperature in 1 X SSC; 0.1 % SOS, and finally twice for 15 minutes at 65°C in

0.1X SSC; 0.1 % SOS. The blot was wrapped in plastic, and exposed to

BIOmax® film in an autoradiography cassette overnight.
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4. RESULTS

4.1 Molecular organization of the A15 clone in Arabidopsis thaiiana

ecotype Columbia

4.1.1. Sequence determination of the A15 clone in genomic arabidopsis
DNA

Since the sequence of the A15 clone was derived from cDNA and PCR

amplified DNA, it was necessary to ascertain the entire sequence to rule out

errors due to reverse transcription and confirm the entire sequence in genomic

arabidopsis DNA. PCR primers were designed from the above sequence for

the 5' to 3' direction (top strand) and the 3' to 5' direction (bottom strand) and

used to produce overlapping PCR amplicons from genomic DNA (Table 3.1).

The PCR amplicons were sequenced with external PCR primers as well as

additional internal primers to produce three sets of overlapping sequences for

the top and bottom strands. The overlapping sequences were assembled to

give three complete and independent sets of double-stranded sequences

derived from three independent PCRs (Figure 3.2). The sequences were

compared to each other to produce a thrice-confirmed consensus sequence

shown in Figure 4.1 that contained only three sequence discrepancies.

4.1.1. Comparison of the thrice-confirmed consensus sequence to the

original A15 sequence
A comparison of the cDNA based A15 sequence to the thrice-confirmed
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genomic DNA sequence showed that introns were absent in the coding region.

Additionally, the comparison pointed out several sequencing errors in the

original sequence (Figure 4.1) and these are described below:

i) Eight sequencing errors were found in the original sequence, which were

substitutions of one base for another. Six purine-purine base errors were

detected, where G was incorrectly recorded as A at positions 208nt,

209nt, 330nt, 443nt, 591 nt, and 712nt. Two pyrimidine-pyrimidine errors,

where C was recorded incorrectly as T at nt489, and nt896 were also

found. These errors were located in the region upstream of the revised

ORF (see below).

ii) Two errors in which a base pair was missed were detected at the 501 nt

and 892nt positions. The deletion at the 892nt position occurred in the

originally proposed ORF and resulted in the formation of a stop codon in

frame. The original ORF was assigned on the basis of the erroneous

sequence, and was predicted to start at nt813 (ATG; originally at nt812).

However, after the correction, the initiation site was located at nt955.

4.1.3. Analysis of the A15 ORF and protein characteristics

The putative coding region of A15 was predicted to be located between

nt955 and nt1407. A map of possible ORFs was produced using DNA Star™ -

Protean (data not shown) and the ATG site at nt955 was selected as the new

ORF using the following criteria (Figure 4.1):

i. The nt955-1407 region was the longest ORF in the region that

corresponded to the cDNA sequence.
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ctgcagtgtcctctgttttatcgatgaaggatttttagattggtatgtgatgaagtacaa

1 - - - - - - - - -+- - - - - - - - -+- - - - - - - - -+- - - - - - - - -+- - - - - - - - -E,;O:;E:f'?;;;::';l,:2] 60

gacgtcacaggagacaaaatagctacttcctaaaaatctaaccatacactacttcatgtt

58bp tandem repeat

cgagetgatgeetgegttgatggctatctteaeeaaaagtegtgtttgttatgaageaea
61 � - -

- - - - - - + - - - - - - - - -+': - - -""'::: - � _+"_7':'::;: -"':."- - + - - -' - � - - -+IiiEiii:4!i.-ili#.:%-iiIIS-.:iilH.-%Iiii'.' 120� .......... ���.hIynW!ILi.I!tIjII! .. W, ".i ... 1 +IN! 1I.If ..... \. � •••••• __

gctegaetacggacgeaactaeegatagaagtggtttteageaeaaaeaataettegtgt

aegagetggtgeetaegttgatggetatatteaeeaaaggtegtgttteatagateagaa
121 -------- ----- -- ------- - --------- -- ---- -+---------+ 180

tgetegaeeaeggatgeaaetaeegatataagtggttteeageaeaaagtatetagtett

gg

ggeaeaeetaeaaeaatgageagtgeeaaggtttgttettattttgttgttgteagtttt
181 ---------+---------+---------+---------+---------+---------+ 240

eegtgtggatgttgttaetegteaeggtteeaaaeaagaataaaaeaaeaaeagteaaaa

agatttetagatgaatettatgatgtgataatggaaaaaegaaagaaaagettttgttaa
241 ---------+---------+---------+---------+---------+---------+ 300

tetaaagatetaettagaataetaeaetattaeetttttgetttettttegaaaaeaatt

_. _. g

agtatetatgagtgatateatgatatgteaaaaatgttgeatggataeattgattettta
301 ---------+---------+---------+---------+---------+---------+ 360

teatagataeteaetatagtaetataeagtttttaeaaegtaeetatgtaaetaagaaat
� �

TGAC Repeat TGAC

._
gtaettgttaegagetgetaagagagtegtgteaagtteaataetttteettgteattta

361 ---------+---------+---------+---------+---------+---------+ 420

eatgaaeaatgetegaegatteteteageaeagtteaagttatgaaaaggaaeagtaaat

14bp tandem repeat

g

aeataattgettgtetgtttggattetattgtgeggaagttatgatttatatttteagat
421 ------�--+---------+---------+---------+---���+����;;�E:3 480

tgtattaaegaaeagaeaaaeetaagataaeaegeetteaataetaaatataaaagteta

c

teatatttteaattaggaagetttagttggaateaaagtggatgaeeetgattgaggatt
481 ''6:Lt- - 1%$*' -- -- -- -+- - - - - - -- -+-- - - -- -- -+- - -- - - -- -+-- - -I- - - --+ 540

agtataaaagttaateettegaaateaaeettagttteaeetaetggga£�aasteetaa

g

ttaatgategttgtgagaaeetttettgtagttagttggtggattgtaaaaaaattatat
541 ---------+---------+---------+---------+-r---i---+---------+ 600

aattaetageaaeaetettggaaagaaeateaateaaeeae�aa�atttttttaatata

gtatttaaetettgattgagagteagaagttggaaaaatgaattaagaggttttegaata
601 ---------+---�---�-+---------+---------+----r----�---------+ 660

eataaattgagaa��teteagtetteaaeetttttaettaa�tete£aaaaget tat

63



g

agagatcacagttatagtatagtattaattggat�tcacaatctattcataatattagct
661 ----r----�---------+---------+----�----�---------+---------+ 720

tctctagtgtcaatatcatatcataattaacctat�g�g�tagataagtattataatcga

-�....,., "" _.
agttagataaaattgtgtttgatcttggcaagaggtgttaaaatagtatcatgttgacat

721 ---------+--------�+---------t----i----+---------+---------+ 780

tcaatctatttte�9��actagaaccgttc�cqacaattttatcatagtacaactgta
�

TGAC repeat

gttggtatgactattagtcgtaatttaagcttatgtatatttcttgtaagaaatgttcat
781 ---------+---------+---------+---------+---------+---------+ 840

caaccatactgataatcagcattaaattcgaatacatataaagaacattctttacaagta

TATA box

841
gtatcataataaatacaagtgtatcgagtttttgtatatatagaggtctatgatttggga
---------+---------+---------+---------+---------+---------+

catagtattatttatgttcacatagctcaaaaacatatatatctccagatactaaaccct
�
TGAC

900

agaagaacacaacataactcaccacaaacacaatctaatccaaaaaatcaaaagATGAAT
901 ---------+---------+---------+---------+---------+---------+ 960

tcttcttgtgttgtattgagtggtgtttgtgttagattaggttttttagttttcTACTTA
M N

GCCACAAAGTTTCTTGTGCTTCTCGTGATTGGCGTTTTGTGTGCCATTGTCACCGCAAGG
961 +---------+---------+---------+---------+---- + 1020

CGGTGTTTCAAAGAACACGAAGAGCACTAACCGCAAAACACACGGTAACAGTGGCGTTCC
A T K F L V L LVI G V LeA I V TAR

CAGGTCAAAGATTTGTCCACAGAGACCAAATTAGGGGCCTCTCTTCCAAAAACGACTACC

1021 ---------+---------+---------+---------+---------+---------+ 1080

GTCCAGTTTCTAAACAGGTGTCTCTGGTTTAATCCCCGGAGAGAAGGTTTTTGCTGATGG

Q V K D L S T E T K L GAS L P K T T T

AAAGGCATTGGAGCTCAGCTTTCTGCAACTGGCTCAACTTTCAGCAGCAGCAGTGTCGTT

1081 ---------+---------+---------+---------+---------+---------+ 1140
TTTCCGTAACCTCGAGTCGAAAGACGTTGACCGAGTTGAAAGTCGTCGTCGTCACAGCAA

K GIG A Q L SAT G S T F S S S S V V

AGCTATGCTAATGGTTTTAACAATCCCAAAGGCCCAGGGGCCAATGCATTCGAAAGTGGC
1141 ---------+---------+---------+---------+---------+---------+ 1200

TCGATACGATTACCAAAATTGTTAGGGTTTCCGGGTCCCCGGTTACGTAAGCTTTCACCG

S Y A N G F N N P K G P G A N A F E S G

TCCACATTTACCAGCGGACAAGTCACTGCCAAGGGTCGCAAGGCAAGAGTTTCTTCTGCA

1201 ---------+---------+---------+---------+---------+---------+ 1260

AGGTGTAAATGGTCGCCTGTTCAGTGACGGTTCCCAGCGTTCCGTTCTCAAAGAAGACGT

S T F T S G Q V T A K G R K A R V S S A
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AGTGCTTCTACCGCTACAGGTGAGGCTGCAGCTGCAGTGACTCGCAAAGCTGCTGCTGCA
1261 ---------+---------+---------+---------+---------+---------+ 1320

TCACGAAGATGGCGATGTCCACTCCGACGTCGACGTCACTGAGCGTTTCGACGACGACGT
S A S TAT G E A A A A V T R K A A A A

CGTGCAAAGGGTAAGGTAGCTTCCGCATCAAGGGTGAAGGGTTCCTCTGAGAAGAAGAAG
1321 ---------+---------+---------+---------+---------+---------+ 1380

GCACGTTTCCCATTCCATCGAAGGCGTAGTTCCCACTTCCCAAGGAGACTCTTCTTCTTC
R A K G K VAS A S R V K G SSE KKK

AAGGACCGCAAAGGAAAAAAGGATTGAgcgtgaggtcatctcatattctcacacatgcgt
1381 ---------+---------+---------+---------+---------+---------+ 1440

TTCCTGGCGTTTCCTTTTTTCCTAACTcgcactccagtagagtataagagtgtgtacgca
K D R K G K K D *

attcctcaaacctacatattaattatatcctaaaaactacaaactcacaatctctttctt

1441 ---------+---------+---------+---------+---------+---------+ 1500

taaggagtttggatgtataattaatataggatttttgatgtttgagtgttagagaaagaa

gttcataaataaaaccagagattgtcacctctaaatattattatgaaatgctactctttc
1501 ---------+---------+---------+---------+---------+---------+ 1560

caagtatttattttggtctctaacagtggagatttataataatactttacgatgagaaag

tcatgtaatggcttttttaaaataaaataaatgcaataaata
1561 ---------+---------+---------+---------+-- 1602

agtacattaccgaaaaaattttattttatttacgttatttat

Figure 4.1 DNA sequence of the A15 clone confirmed by triplicate sequencing of independent
PCRs.

Sequencing errors: Sequencing errors of the original A15 hybrid sequence are in bold
letters, with the base error listed above. Errors in which a base was missed are also in bold
and have a - above them. The originally proposed ATG at nt812, and the stop codon at nt891
found in the corrected sequence, are underlined.

Sequence features: The putative ORF is in upper case letters with the one letter symbol for
the encoded amino acid listed below. The putative tata box at nt8??, the ochre terminator
codon (*) at nt1404 and the polyA termination signals aaataaa at nt1507, and nt1580 are

overlined.

Promoter elements: Proposed promoter elements include:
L) eight TGAC (labeled and with arrows indicating direction)
ll.) two AfT-rich regions at nt464 and nt585 (underlined)
iiL)an AACACA (TTGTGTGTT) motif at nt733 (highlighted in� boxes)
iv.)several repeated elements including AAGAGG, ATCACA, and GATTG (also highlighted in

gra�{.).
v.) two tandem repeats are also present: a 58bp repeat at nt45, and a 14bp repeat at nt464

within the first AfT-rich region (labeled with two shades of ma� highlighted between

sequence strands).
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ii. A TATA box at nt875 was located -72bp from the putative ATG site at

nt955.

iii. The ORF had the elements for termination and polyadenylation

including a TGA (Opal terminator codon) at nt1405 and a putative

polyadenylation signal, AAATAAA, at nt1506 and at nt1589.

The original ORF, which has been shown to be incorrect here, was

proposed to be 593bp long spanning the region of nt813 to nt1407 and encoded

a 197 amino acid protein. The new consensus sequence showed a corrected

ORF that was 453bp long (955-1407nt) and gave a 150 amino acid protein

(Figure 4.2), the characteristics of which are shown in Table 4.1 and Table 4.2.

MNATKFLVLL VIGVLCAIVT ARQVKDLSTE TKLGASLPKT TTKGIGAQLS 50

ATGSFSSSSV VSYANGFNNP KGPGANAFES GSGTFTSGQV TAKGRKARVS 100

SASASTATGE AAAAVTRKAA AARAKGKVAS ASRVKGSSEK KKKDRKGKKD 150

Figure 4.2 Amino acid sequence of the putative A15 protein.

Table 4.1 Predicted characteristics of the A15 protein.

Analysis Whole Protein

Length 150aa

Isoelectric point 10.71

MolecularWeight 15112.19Da

Charge at pH7 18.87
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Table 4.2 Amino acid frequency of the A15 protein. Data was obtained from the amino acid

sequence of the A15 protein using DNAStar™-Protean.

Amino Acid(s) Number % by weight % by frequency

count
Charged (RKHYCDE) 35 30.81 23.33
Acidic (DE) 7 5.70 4.67
Basic (KR) 26 23.35 17.33
Polar (NCQSTY) 45 29.64 30.00
Hydrophobic (AILFWV) 53 32.74 35.33
AAla 25 11.76 16.67

CCys 1 0.68 0.67

DAsp 3 2.28 2.00
EGlu 4 3.42 2.67
F Phe 5 4.87 3.33

GGly 15 5.66 10.00
H His 0 0.00 0.00
IIle 3 2.25 2.00
K Lys 19 16.11 12.67
L Leu 8 5.99 5.33
M Met 1 0.87 0.67
NAsn 5 3.78 3.33
PPro 3 1.93 2.00
QGln 3 2.54 2.00

RArg 7 7.23 4.67
S Ser 20 11.52 13.33
TThr 15 10.04 10.00
VVal 12 7.87 8.00

WTrp 0 0.00 0.00

YTyr 1 1.08 0.67

BAsx 0 0.00 0.00
ZGlx 0 0.00 0.00
x Xxx 0 0.00 0.00
.Ter 1 0.00 0.67

The putative A15 protein had a basic charge, with an isoelectric point of

10.71. The hydropathy plot of the A15 protein (Figure 4.3) showed a

hydrophobic amino terminal sequence, followed by a relatively neutral segment

with three hydrophilic regions: one after the leader sequence at the 30aa

location, one near the 100aa region, and one at the carboxy end. The

predominant amino acids were alanine, lysine and glycine, although serine and

threonine was also abundant. The amino acid content of the A15 protein

contained a single cysteine residue, preventing the presence of any cysteine
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associated tertiary structure. Analysis of the protein sequence with DNAstar™-

Protean (data not shown) failed to reveal any secondary structures associated

with the protein.

Amino Acid

1.4
20 40 60

i i

80 100 120 140

Hydropathy
Index Value 0

-2.5

Figure 4.3 Hydropathy plot of the putative A15 protein. The plot was constructed using the

Kyte-Doolittle x -1 method of calculating hydrophilicity over a window length of 7.

4.1.4. Characteristics of the putative promoter region of A15

The characteristics of the promoter of the A15 protein were compared to

known plant promoter characteristics described in the literature. The basic

elements of the A15 promoter as well as potential enhancer motifs are shown in

Figure 4.1 and are described as follows:

i. The TATA box was located at the 875-882nt position (Joshi, 1987a) -

72bp from the ATG start codon.

ii. A putative ribosome-binding site was located at nt917-922, 38bp

downstream from the TATA box with a putative transcription start site at

nt920.
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iii. Eight TGAC motifs were present: Four are grouped as direct and indirect

repeats located at nt313-329, two are grouped in opposite orientation at

nt766-779 and single TGAC repeats are located at nt411, and nt840.

iv. The promoter contained two AfT rich sequences in the nt459-490 region,

and one in the nt587-608, with an internal 14bp tandem repeat.

v. A large 58bp tandem repeat was present at nt46-168.

vi. An AACACA (TTGTGT on bottom strand) was present at nt733.

vii. Other repetitive elements included two AAGAGGT at nt645, and nt749;

two ATCACA at nt665, and nt732 (bottom strand); and three GATTG

motifs at nt529, nt581 , and nt613.

4.2. Expression of the gus gene in transgenic Arabidopsis thaliana

ecotype Columbia

4.2.1. Expression of the gus gene in transgenic pA15 arabidopsis

The tissue specific expression of the original promoter::gus fusion

construct pA15 in transgenic arabidopsis was investigated by gus histochemical

analysis (Jefferson et aI., 1987). Transgenic pA15 plants produced by Dr. Jitao

Zou were analysed for tissue specific gus expression by hand sectioning and

also thin section microscopy. Tissues of transformants including stem, root,

leaf, flower and siliques at early, mid and late stages were hand-sectioned and

treated with X-gluc substrate. The gus activity of A15 transformants was limited

to the developing seeds within the siliques (Table 4.3), with the highest gus

expression during the mid to late stages of silique development. Thin section
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microscopy of mature siliques showed that gus activity was localized to the

outermost layer of the seed coat (Figure 4.4).

Note that the pA15 transgenics were produced with a promoter::gus

fusion that contained a segment of the A15 coding region out of frame relative

to gus. Additionally the pA15 construct was in the transformation vector

pBI1 01.2 and included 21 triplet codons of the cloning vector, which ended in a

TGA stop codon 10 triplet codons downstream from the gus +1 start site (Figure

4.5).

4.2.2. Expression of the gus gene in transgenic pBC3 arabidopsis

The newly defined promoter of the A15 clone was fused to the gus A

coding region and inserted into pRD400 to produce pBC3 (Figure 3.1). This

construct was used to study the expression of the gus gene under control of the

first 940bp of the A15 clone identified in section 4.1.4. The pBC3 vector

contains only the promoter-containing 5' region and is devoid of the A15 ORF.

Transgenic pBC3 arabidopsis plants were produced and tissue-specific gus

expression of five independent pBC3 lines was compared to five pA15, five

pBI121 (Jefferson et aI., 1987), and five wild type Columbia lines (Table 4.3).

The tissue specific activity of the GUS gene in the pBC3 transformants

was similar to that of the pA15 transformants (Table 4.3). Thin-section

microscopy of transgenic pBC3 seed showed that GUS expression was

localized to the same outer epidermal layer of the seed coat (Figure 4.4) as that

found in the pA15 transgenic seed.
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A -

Figure 4.4 Thin section microscopy of transgenic arabidopsis seed stained with X-gluc. A)
Whole transgenic pA15 seed stained with X-gluc. 50X magnification, B) Cross-section of
cryostat sectioned pA15 seed 350X magnification, C) Cross-section of cryostat sectioned
pA15 seed 450X magnification. D) Cross-section of paraplast sectioned pBC3-1 seed 250X
magnification, E) Cross-section of paraplast sectioned pBC3-1 seed 350X magnification. E=
epidermal layer, C= columnella, Em= endosperm, ii= inner integument, P= palisade layer. Bar
= 100",m in A; SOllm in B,and 0; and 10",m in C and E.
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Table 4.3 Histochemical GUS expression in the tissues of transgenic pA15, pBC3, pBI121, and
wild type Arabidopsis thaliana ecotype Columbia plants. Five lines of pA15, pBI121, pBC3, and
wild type were tested and the data summarized for each in the table below.

Cultivar Leaf Root Stem Bud Flower Early Mid Late

Silique Silique Silique

pA15-1 - - - - - - ++ +++

pBC3-1 - - - - - - ++ +++

pBI121 ++ + ++ ++ + ++ ++ ++

Wild type - - - - - - - -

+++ Strong activity, ++ high activity, + low activity, - no activity.

XbaI Bam HI

... ATG MT GCC ACA MG TTT CTT GTG CTT CTC GTG ATT GGC GTT TTG TGT GCC ATT GTC

M NAT K F L V L LVI G V L C A I V

ACC GCA AGG CAG GTC AM GAT TTG TCC ACA GAG ACC AM TTA GGG TCT AGA GGA TCC CCG

TAR Q V K D L S T E T K L G S R G S P

GGT AGG TCA GTC CCT TAT GTT ACG TGG TGT AGA MC CCC MC CCG TGA MT

G K S V P Y V T W C R N P N P *

Figure 4.5 Sequence of the A15::gus region in pA15 starting at nt955. The first 34 triplet
codons in frame with the A15 ATG site are underlined. The next 21 triplet codons are part of
the plasmid pB1101.2 (Clonetech) and are shown in frame with the A15 protein. The putative
polypeptide ends with a stop codon 10 codons after the gus ATG site (arrow). Note that the
GUS ATG is not in frame with the A15 gene.

4.3. Temporal gus expression in pBe3 arabidopsis transformants

The expression of gus in ten independent pBC3 transgenic lines of

arabidopsis was studied in five different stages of silique development. Two

methods were used to study gus expression (Jefferson, et aI., 1987): gus

histochemical staining of whole siliques to look. at qualitative analysis of gus

expression, and enzymatic quantification of the GUS enzyme by fluorescence of

4-methyl umbelliferone glucuronide (MUG).
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4.3.1. Histological GUS staining of transformants

The developmental stages of siliques were determined for transgenic

plants used for histochemical staining with X-gluc, and for quantitation of GUS

expression by MUG assay. Five stages of silique development similar to that

described by Western et al. (2000) were selected based on the days after

flowering (DAF) and silique size.

Transgenic pA15, pBC3, pB1121, and wild type siliques were and stained

with X-gluc reagent and the results (Table 4.4) showed that the highest level of

gus expression occurred during the later stages of silique development. In

addition, there appeared to be no difference in gus expression during silique

development between the pA15 and the pBC3 transformants.

Table 4.4 GUS Histological staining of transgenic pBC3 arabidopsis siJiques.

Treatment Stage of development
1 2 3 4 5

pA15 - - + ++ ++

WT - - - - -

pBI121 ++ ++ ++ ++ ++

pBC3-1 - - - + +++

pBC3-2 - - + ++ +++

pBC3-3 - - - - ++

pBC3-4 - - - + +++

pBC3-5 - - + + +++

pBC3-6 - - - ++ ++

pBC3-7 - - - +++ +++

oBC3-8 - - + ++ +++

pBC3-9 - - + + +++

pBC3-12 - - - + ++

pBC3-19 - - + + ++

+++ Strong activity, ++ high activity, + low activity, - no activity.

Developmental Stage
Stage 1

Stage 2

Stage 3
Stage 4

Stage 5

Characteristics
1-4 OAF (1-4mm silique)
5-7 OAF (4-Bmm silique)
7-10 OAF (8-10mm silique)
10-14 OAF (10-12mm silique)
14-20 OAF (>12 mm silique)
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4.3.2. MUG assays of the transformants

The gus gene expression was quantitated by MUG assay of crude

protein extracted from siliques over 5 stages of development. Expression of

gus in the MUG assay (Figure 4.7) was similar to the gus histological data

reported in Table 4.4 with the highest level of GUS enzyme activity at stages

four and five.

4.3.3. Southern hybridization analysis of transformants

Southern hybridization analysis was performed on the transformants in

order to determine the number of copies of the pBC3 construct in each

transgenic line. The number of copies of each transgenic line was determined

by Southern blot (Figure 4.6) and is summarized in Table 4.5.

C'l N Q
..- N M -.:I' Il? U? ,... '9 � � � �,

M M M MM M M M M M M M
U U U U U U U U U U U U
tC cc cc cc cc cc cc cc cc cc cc cc
c. c. c. c. c. c. c. c. c. c. c. c.

23130 -

9416-

6557-

4361-

2322-
2027-

Figure 4.6 Southern blot of transgenic pBC3 arabidopsis T1 transformants cut with
internal restriction enzymes BamHI and EcoRI to the gus probe. Blots were probed with
the BamHIIEcoRI fragment of the gus gene and washed with 0.1XSSC, 0.1 %SDS at 6SoC.
Molecular marker positions of Lambda Hlndlll indicate the approximate size of the

fragments. B= BamH1, E=EcoR1.
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Table 4.5 Estimated copy number of pBC3 construct inserts in transgenic pBC3 arabidopsis.
Data was estimated from Southern hybridization analysis.

Transgenic line COpy Number
pA15-1 3

oBC3-1 >5

pBC3-2 3

pBC3-3 5

pBC3-4 5

pBC3-5 5

pBC3-6 5

pBC3-7 4

pBC3-8 4

oBC3-9 4
oBC3-10 4

pBC3-12 3

pBC3-19 3

pBI121 4

4.4. Transformation of Arabidopsis thaliana ecotype Columbia with

pBC2

The cell-specific activity of the 940bp promoter in the layers of

arabidopsis seed coat was tested using a technique known as genetic ablation.

In this method the diphtheria toxin A-chain (DTx-A) gene is linked to a test

promoter (Czako et aI., 1992) to demonstrate promoter function, as expression

of even a few molecules in a cell result in cell death. The pBC2 plasmid

containing the complete 940bp A15 promoter fused to the (DTx-A) the gene in

pRD400 (Figure 3.1) was used to produce transgenic pBC2 arabidopsis plants.

4.4.1. Screening of transgenic pBC2 arabidopsis

Transformed arabidopsis with the pBC2 construct were germinated on

media containing kanamycin and positive plants were screened by PCR.

Twenty transformants confirmed by PCR (Figure 4.8) were tested by Southern

blot probed with the DTx-A gene (Figure 4.9). The copy number of pBC2
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construct inserts was estimated from Southern hybridization analysis (Table

4.6).

Figure 4.8 PCR screening of pBC2 transgenic arabidopsis plants with nptll primers.
Transgenic pRD420 arabidopsis DNA was used as a positive control. Arrows indicate the

position of nptl/ at -700bp of the 1 Kb ladder.
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Figure 4.9 Southern blot of pBC-2 transgenic arabidopsis DNA cut with BamHI and EcoRI
to the DTx-A gene. The blot was washed under high stringency conditions of
O.1XSSC/O.1 %SDS at 65°C. Molecular marker positions of Lambda Hindlll indicate the

approximate size of the fragments. B= BamH1, E=EcoR1.
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Table 4.6 Estimated copy number of pBC2 construct inserts in transgenic pBC2 arabidopsis.
Data estimated from Southern hybridization analysis.

Transgenic line CODV Number

pBC2-19 3

pBC2-30 3
pBC2-40 2

pBC2-41 4

pBC2-42 2

pBC2-43 >5

pBC2-44 3

pBC2-45 >5

pBC2-47 3

pBC2-48 4

pBC2-49 3

4.4.2. Thin-section microscopy of transgenic pBC2 arabidopsis seed

Thin-section microscopic analysis of pBC2 transgenic seed was performed

to investigate cell ablation due to the expression of the DT gene. Transgenic

pBC2 and wild type Arabidopsis thaliana ecotype Columbia seed were stained

with ruthenium red dye to look for the appearance of mucilage pectin.

Thin section microscopy showed that the transgenic pBC2 seeds lacked

the columellar cell structure of the outer epidermis layer of the seed coat

(Figure 4.10) present in the wild type. A thin layer of mucilage associated with

the outer layer in the transgenic pBC2 seed is visible with the ruthenium red

stain however the overall amount of mucilage appears much less than in wild

type seed. The overall shape of the outer layer of the pBC2 seed coat is

uneven compared to that of the wild type seed coat. The other layers of the

seed coat appear to be intact in the pBC2 seed and the inner layers of the

integument and endosperm appear to be normal in thickness and general

structure.
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Figure 4.10 Thin section microscopy of transgenic pBC2 and wild type arabidopsis seed
stained with ruthenium red. A) Transgenic pBC2-30 seed 350X magnification. B) Wild type
Arabidopsls seed 400X magnification. M=muciJage, iI=inner integument, P=palisade layer,
C=columellae, OW=outerwall, En=endosperm. Bar = 10 um
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Interestingly, the aleurone layer of the endosperm is more cuboidal in shape in

the pBC2 seed compared to the wild type.

4.5. Determination of the A15 minimal promoter

4.5.1. Analysis of the 5' truncated promoter:gus constructs in transgenic
arabidopsis seeds

The expression of the full-length promoter::gus construct pBC3 in

Arabidopsis thaliana was compared to that of four 5' truncated promoter:gus

constructs to determine the minimal A15 promoter length required for full gus

expression in the seed coat. The four constructs were made in pRD400, in the

same manner as pSC3, using PCR produced 5' shortened promoters with

lengths 553bp, 467bp, 379bp, and 186bp to give plasm ids pSC7, pSC8, pBC9,

and pBC10 respectively (Figure 3.1). Transgenic Arabidopsis lines were

produced and tissue-specific GUS activity of each construct was compared to

the full-length promoter construct pBC3, and a promoterless (25bp MCS only)

transgenic line containing pRD420.

Positive transgenic plants were confirmed by selection on kanamycin

medium, screening by PCR (Figure 4.11) for the nptl/ gene, and Southern

hybridization analysis (Figure 4.12). The gus expression of each construct was

determined qualitatively by the histochemical staining of mature seed.

Additionally, the level of expression of the �-glucuronidase enzyme was

quantitated by MUG assay of the mature seed. GUS histochemical analysis

showed the minimal promoter size required for gus expression was less than
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200bp (185bp plus the 25bp MCS). Transgenic pBC7, pBC8, pBC9, and

pBC10 seed all showed similar levels of expression when stained with X-gluc.

(Table 4.6).

Figure 4.11 PCR screening of transgenic pBC?, pBC8, pBC9, and pBC10 arabidopsis DNA
with npt/l primers and pRD420 arabidopsis was used as a positive control. The 1 Kb ladder
was used as a molecular marker and the arrow indicate the -?OObp position of the npt/l gene.

A MUG assay of five pooled lines of pBC7, pBC8, pBC9, and pBC10

transgenic seed and ten lines of pBC3 was performed (Figure 4.13). The

results of the MUG assay were similar to the histochemical gus data. GUS

enzyme activity was detected in pBC7, pBC8, PBC9, and pBC10 transgenic

seed at similar levels of activity for all constructs .:

4.6. Southern hybridization analysis of the A15 clone in genomic
Arabidopsis thaliana ecotype Columbia DNA

Genomic Arabidopsis thaliana ecotype Columbia DNA was digested with

the external restriction enzymes BamHI and EcoRI with single and double
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Figure 4.12 Southern blot of transgenic pBC7, pBC8, pBC9, and pBC10 Arabidopsis thaliana
DNA cut with BamHI and EcoRI to the gus gene. The blot was washed under high stringency
conditions of O.1XSSC/O.1%SDS at 65°C. B= BamH1, E=EcoR1.

Table 4.7 Histochemical GUS staining of transgenic arabidopsis seed containing 5' deletion

plasmids.

Transgenic line GUS activity
oBC7-1 ++

pBC7-2 +

oBC7-3 +++

pBC7-4 +

pBC7-5 ++

pBC8-1 +

pBC8-2 ++

pBC8-3 +++

p8C8-4 +++

p8C8-5 +

pBC9-1 +

oBC9-2 ++

pBC9-3 ++

p8C9-4 ++

pBC9-5 +++

pBC10-1 +++

pBC10-2 +++

pBC10-3 +++

oBC10-4 ++

oBC10-5 +++
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digests. Two blots were prepared and probed with a 940bp-promoter region,

and the nt955-1407 region containing the putative ORF. The number of copies

of the A15 promoter and the A15 gene in genomic arabidopsis DNA was

studied.

4.6.1. Southern hybridization analysis of the first 945bp region of the A15
clone in arabidopsis

Southern blot of genomic Arabidopsis thaliana ecotype Columbia was

carried out using the restriction enzymes BamHI and EcoRI, which were known

to cut external to the A15 sequence. The blot was probed with the 940nt

promoter region and washed under high stringency conditions (65°C and 0.1 X

SSC). The results of the Southern showed that two copies of the promoter

were present in the arabidopsis genome (Figure 4.14A). DNA digested with

BamHI produced three high molecular weight bands, one -30Kb, one 28Kb,

and one -18Kb were visible. The EcoRI digested DNA contained three bands,

-30Kb, 6Kb, and 2.5Kb in size. The double digest of BamHI and EcoRI showed

the same digest fragments as in the EcoRI digest.

In order to rule out the possibility that a cryptic gene within the 940bp

promoter region of the A15 clone was present, causing multiple bands in the

Southern blot, an identical blot was probed with a 571 bp promoter spanning

nt369-953 region (Figure 4.14C). In addition, the DNA digests were treated

with highly concentrated enzymes to ensure complete DNA digestion. The

result of this Southern blot was identical to that found with the full-length

promoter, confirming that two copies of the promoter were present. In addition,
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the Southern blot did not contain the high molecular weight 30Kb bands found

at the top of each lane in Figure 4.14A and B. This band will be considered

undigested DNA as it corresponds to undigested DNA lane (Figure 4.14C) and

was absent in the DNA digested with a higher concentration of restriction

enzyme.

4.6.2. Southern hybridization analysis of the putative A15 ORF

A Southern blot identical to Figure 4.14A was probed with the putative

ORF (nt955-1407) and results identified at least four copies of the gene in

genomic arabidopsis DNA (Figure 4.14B). The BamHI digest produced the

same three high molecular weight bands -30Kb (undigested), -28Kb, and

-18Kb as the promoter-probed blot, but also contained an 8Kb fragment.

Similarly, the EcoRI digest contained the three bands found in the promoter

probed blot (-30Kb, 6Kb, and 2.5Kb) and also a 4.5Kb, and 1.4Kb fragment.

The double digest (BamHI/EcoRI) produced the 30Kb, 4.5Kb, and the 2.5Kb

bands of the Eco RI digest, but did not give a 6Kb band. In addition, the 2.5Kb

band in the double digest appears more intense than in the EcoRI digested

DNA.

4.7. Data Base search of the A15 clone

A data base search of the complete 1602bp sequence of A15 as well as the

sequence of the first 954nt promoter region and the nt955-1407 coding region

was carried out using BLAST and ENTREZ-nucleotide search engines (Altschul

et aI., 1997; Pearson and Lipman, 1988). The amino acid content of the A15

protein was searched using the SWISS-PROT data base on the ExPASy server

85



...

!
II :;:

::.
'" ;;: :::;;:
:;;� Ii " E"
cz U II u
::IQ CD '" CD",

" ..

231m :::
9416

<IIiI- 4361 _.. (iSS7 _.

4361 _.
••

<IIiI- 2322 _..
....- 2022 _.. �
<IIiI- 1533 _.. 1322 -.

21122 -.

1533 -.

11123 -. CA <IIiI- 1023 .... B

Figure 4.14 Southern blot of Arabidopsis thaliana ecotype Columbia genomic DNA cut with
BamHI, EcoRI and BamHI/EcoRI to A15 probes. Blots were washed with 0.1XSSC, 0.1%SDS
at 65°C. Lambda DNA Hindlll fragment was used as the molecular marker. A) Southern blot

probed with the 5' putative promoter region spanning 1-945nt of the A15 clone. B) Southern
blot probed with the putative coding region spanning 954-1407nt of the A15 clone. C)
Southern blot probed with a 571 nt 5' shortened promoter of the A15 clone digested with high
concentrated restriction enzymes.

and the amino acid content of the protein analysed using the ENTREZ protein

database. Specialized sites such as the Arabidopsis site at Stanford, the

Arabidopsis Biological Resource Center (ABRC), and the Nottingham

Arabidopsis stock center were also searched for genes with sequences similar

to the A15 clone.

4.7.1. BLAST search results

A data base search of the complete A15 clone was carried out using

BLAST (version 2.0.11) at NCBI (www.ncbLnih.gov) to search the non

redundant Genbank, EMBL, DDBJ, and PDB sequence database. The BLAST

search of the entire 1602bp sequence of A15 showed there were two hits with
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high identity in two different BAC sequences located on Chromosome 1. The

number one ranked hit (A15) in BAC F19K23 had 99.9% identity to the

complete 1602bp sequence and the second ranked hit (#2-ranked) in BAC

F8K4 had 96.6% sequence similarity to the complete sequence. The BLAST

search also identified two expressed �equence lags (ESTs) from arabidopsis

seed and silique cDNA libraries that had high identity with the coding region of

A15.

The BLAST search of the A15 coding region (nt955-1407) identified four

A15-like ORF sequences in arabidopsis with high sequence similarity. Two of

the regions were the A15 sequence and #2 ranked sequence identified

previously. The other two regions, ranked number three and number four had f
II

95% (#3-ranked) and 93% (#4-ranked) sequence similarity to the A15 ORF and

were located on BAC F19K23. The 5' upstream regions of #3 and #4 ranked

sequences had very low sequence similarity to the 955nt promoter of the A15

clone.

4.7.2. ENTREZ results

ENTREZ-Nucleotide was used to look at the two BAC accessions

discovered in the BLAST search. The first accession, AC000375 was BAC

F19K23, which was a 97,451bp sequence from Chromosome 1 in Arabidopsis

thaliana. The nucleotide sequence of the BAC F19K23 was searched for the

four A15-like sequences found in the BLAST search in order to look at the

placement of each within the BAC. Two of the A15-like ORFs, the A15 and the

#4-ranked sequences, were located on a 6Kb cluster on F19K23, and a third
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A15-like ORF, the #3-ranked ORF was located 40Kb downstream from the

cluster in the 70Kb region. The nucleotide sequence of the second accession

AC004392 for BAC F8K4, was also located on chromosome 1 in Arabidopsis

thaliana. The BAC F8K4 was 115,641 bp in length and contains the #2 ranked

sequence located at the 89.5Kb position.

An additional ORF sequence was also identified in F19K23 and is ranked

fifth overall. The number five-ranked ORF contains 100-150bp fragments

oriented in forward and reverse directions, separated by 50-1 OObp and has 86%

sequence similarity to the A15 ORF when assembled. Since the #5 sequence

was fragmented, only the A15 sequence and the #2, #3, and 4-ranked

sequences were considered for further analysis.

4.7.3. Other data base searches

The amino acid composition for the A15 putative protein determined from

the information outlined in Table 4.3 was searched with the ExPASy server

using SWISS-PROT and TrEMBl to search all species databases. The search

did not reveal any useful information, with the highest-ranking results containing

regions of similarity to human histone proteins. A search of ABRC and the

Nottingham Arabidopsis stock center for any proteins with amino acid sequence

similarity also did not yield any useful information.

4.7.4. Organization of the A15 copies in BACs F8K4, and F19K23

Analysis of BAC F8K4 and F19K23 revealed that they were overlapping

clones on Chromosome 1, that share 200bp between the 3' end of F8K4 and

88



the 5' end of F19K23. The two combined BAC clones spanned a total region of

212Kb with the A15 and #2-ranked sequences located on each side of the

overlap (Figure 4.15). Three of the A15 copies were clustered in a 35Kb region

with the closest two sequences only 3Kb apart.
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HAC F8K4 115 641 HAC F19K23 91 45lbp

Figure 4.15 Organization of the four A15-like sequences in the BACs F8K4, and F19K23.
Arrows indicate the 5' to 3' direction of the ORF.

4.7.5. Mapping of the A15 copies in BACs F8K4, and F19K23

The presence of multiple copies of the promoter and gene in the two

BAC clones corresponds with the data from the Southern blot (Figure 4.14) that

showed two copies of the promoter and four copies of the gene in genomic

DNA. In order to verify these results, a restriction map of the two BAC clones

was generated and analysed for BamHI and EcoRI restriction sites. A mock
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Southern blot of BAC F8K4 linked to BAC F19K23 was produced to look at the

size of the restriction fragments containing the four A15-like sequences. The

mock Southern blot (Figure 4.16) showed multiple copies of the promoter and

ORF with a restriction fragment pattern identical to the A15-probed Southern

blots in Figure 4.14.
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Figure 4.16 Mock Southern blot of BAC F8K4 linked to BAC F19K23.
A BamHI and EcoRI restriction digest sites are mapped on the two BAC clones and

resulting restriction fragments are lined up underneath.
B Corresponding BamHI, Eco RI, and BamHl/EcoRI fragments are lined up below

their respective restriction enzymes. Fragments that contain A15 promoter
regions are shown on the left, and fragments that contain A15 coding regions are

shown on the right. Approximate fragment size in bp is shown in the center.
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4.7.6. Characteristics of the A15-like ORFs in the two SACs

The hydropathy plots of the four A15-like ORFs were almost identical in

shape to the plot for the A15 ORF (data not shown). All four hydropathy plots

contained the 30-35 basic amino acid sequence, a relatively neutral mid region,

and the acidic carboxyl tail as well as the characteristic drop in charge at the 30

and 100 amino acid regions. Alignment of the amino acid sequences of the four

ORFs also had a high degree of amino acid similarity (Figure 4.17).

A1S
#2 Ranked

#3 Ranked

#4 Ranked

A1S
#2 Ranked

#3 Ranked
#4 Ranked

A1S

#2 Ranked

#3 Ranked

#4 Ranked

MNATKFLVLLVIGVLCAIVTARQVKDLSTETKLGASLPKTTTKGIGAQLSAoJ;:
MNATKFVVLLVIGILCAIVTARQV-PLSTETKLGASLPKTTTKGIGAQLSA�
MNATKFVVLLVIGILCAIVTARQVEEVSKETKLGTSLPKSTNKGIGAQLSAA
�A���Ly!S��;VTARHyEEV�K��gT�L��S!!K�!GAQ��AA

GSTFSSSSvVSYANGFNNPKGfgANAFE-SGSTFTSGQVTAKGRiARvssA�
GTTYSTSSVVSYANGFNNPKGA--NSFESANTFTSGQVTAKGRKARVSSTSA
GLTYSGSSVSSSA--FNNPKGPGASASESGYTSTIGQVIAKGRKARVSSASA

- 1

�I�SSS�DyY§S�T9F��G�DANAY�NgYIS�SGQyIAKGRKARVSSAS�

STATGE�ji.AVTRKAAAARAKGKVASASRVKGSS-EKKKK-B--RKGK�
�AAEGDAAAAVTRKAAAARANGKVASASRVKGSS-EKKKG-----KGKKD
SAATGEAAAAVTRKAAAARAKGKVASASRVKGSS-EKKKK-�H--KGK�
e,!:��D�X!_�§_KVA�A�RVK<:!S�S��GKGKKG!GK�

Figure 4.17 Amino acid sequence alignment of the four A15-like sequences in arabidopsis.
Amino acid sequence matches have been highlighted and dashes have been added to aid
with alignment. Sequences are ranked according to their DNA sequence similarity to the
A15 sequence.
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5. DISCUSSION

Sequencing of the A15 gene from the genomic DNA of arabidopsis was

carried out to confirm its nucleotide sequence with independently amplified A15

gene for sequence template. This was necessary because the original

sequence obtained from Dr. Jitao Zou had been a single clone of an inverse

PCR product and such products are error prone. The new sequence data

pointed out several inconsistencies between the original sequence and the

triple-confirmed sequence. All errors identified were in the promoter region and

were likely the result of the poor fidelity of the I-PCR reaction.

The most significant error in the original sequence was the missed base

(guanine) at the 892nt position. When unseen, it would make an upstream ATG

(813nt) the putative start codon with a stop codon at nt1407. The presence 'of

this nucleotide at nt892 would bring a TGA (nt891) in frame to the ATG at nt813

negate this putative ORF. As a result, the nearest ATG at nt954 was presumed

to be the new start codon for the A15 ORF. The new ORF is in frame with the

initially deduced ORF and has the same stop codon at nt1406 thus it does not

effect the results.

The criteria outlined in the results section described the new ORF at

nt954 as the longest ORF with an ATG site and terminator codon. An analysis

of the upstream 5' region of the new ORF start site for core promoter
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elements confirms this assertion. The TATA box is located -37nt from the

.

translation initiation region (Inr) and agrees with the mean distance of -32±7nt

from the Inr described by Joshi (1987a). The Inr is located -34nt from the ATG

and contains the sequence CTCACCA, which is similar to the deduced

consensus of CTCATCA for most plant genes. The 5' leader sequence

between the Inr and the ATG is 78% AfT in content, similar to the majority of

plant genes studied. The ORF also contains the common ochre stop codon

(TGA) at nt1406 and the consensus AATAAA at nt1506, and nt1580 known to

be polyadenylation signals in many plant genes (Joshi, 1987b). The A15

coding region does not contain any introns as demonstrated by a comparison of

the cDNA-based A15 sequence to the genomic sequence of the coding region.

Characteristics of the A 15 promoter

The sequence of the A15 clone identified a 5' upstream promoter region

that was 954bp in size. Analysis of the promoter sequence for possible cis

acting sequences pointed out potential regions that _may interact with trans

factors: two AJT rich regions, eight TGAC-like motifs, a large 58bp imperfect

tandem repeat, a small 14bp tandem repeat, and several smaller repeated

sequences (Figure 5.1). There is little information about the promoters of seed

coat specific genes (Fobert et aI., 1994) and it is not known if these elements

are relevant to the function of A15.

Two AJT rich segments are located at --483nt and -374nt with 86%, and

92% AfT content respectively. The first of these regions contains a 14bp
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-954 ctgcagtgtc ctctglttla tcgatgaagg allttlagat tggtat!ltQalilaa�ac�l!.Cgagct9�fii _c;cJgggtlila tiil]GtatCt£Gii@aaafil
8bp Imperfect tandem repeal

-854 _g� atgaagcacaacgagctggt gcctacgttg atggctatat��gJggtgt[Cj tagatcagaa ggcacaccta caacaatgag

·754 cagtgccaag glllgttctt alttlgttgt tgtcaglttl agalllctag atgaatctta tgatgtgata atggaaaaac gaaagaaaag clttlgttaa

� �
agtatctatg agtg� tgata�aaaatgttgc atggatacat tgattcllla gtacttgtta cgagctgcta agagagtcgt gtcaagttca

TGAC'frej)eat /
ataclttlcc�lIIa acataattgc ttgtctglll ggattctatt gtgcggaagt tat9atttat allltcagat tatattttC aattaggaag /

14bp tandem repeat It?
-454 clllagttgg aatcaaagtg gatgaccctg attgaggatt ttaatgatcg ttgtgagaac clllcttgta gllagllggt ggattgtaaa aaaattatat

-654

-554

-354 gtalllaact cttgattgag agtcagaagt tggaaaaatg aall�gg IIItcgaata agag�g!!ca gttatagtat agtallaatt gga�C!c�
AACACA motif �

-254 atctattcat aatattagct agttagataa aa(tgtgljt gatcttggc[agaggtgtta aaatagtatc atgttgacat gttggtatga ctattagtcg
4--TGAC repeat

-154 taalllaagc ttatgtatat ttcllgtaag aaatgttcat gtatcataat aaatacaagt gtatcgagtt IIIgtatata tagaggtcta tgalllggga
4-- +1

TGAC �
- 54 agaagaacac aacataactc !ccacaaaca caatctaatc caaaaaatca aaagATGAAT

Figure 5.1 Sequence motifs of the A15 promoter. Two AIT rich regions are indicated
with arrows and underlined. One of the AIT rich regions contains a 14bp tandem

repeat, the other AIT rich region is flanked by two GATTG motifs (gray highlight). A

large tandem repeat of 58bp each is located at the -910-785nt region and is highlighted
in two shades of gray. TGAC motifs are present as direct and indirect motifs and are in
italics with an arrow describing the direction of the motif. A set of four tandem TGAC

repeats and two tandem are italicized and labeled accordingly. An AACACA motif

(TTGTGTT) is highlighted and labeled in addition, several elements including
AAGAGG, ATCACA, and GATTG are highlighted. The core promoter elements and the
ATG (+1) site are featured in bold type.

AfT rich

regions

tandem repeat of the sequence GATTTATATTTTCA, and the second AIT rich

region is flanked at the 3' and 5' ends by GATTG sequences. The promoters of

over 800 plants have been analysed and the majority of the sequences

contained AIT rich regions (Fobert et aI., 1994). The AIT rich sequences of the

French bean �-phaseolin gene were shown to bind nuclear proteins isolated

from crude nuclear extracts of French bean cotyledons (Bustos et aI., 1989).

The AIT rich regions were also found to enhance GUS expression in several
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tissues of transgenic tobacco when linked to the minimal CaMV 35S promoter.

When the entire B-phaseolin promoter was linked to the gus gene, GUS

expression was seed specific, and thus AlT rich regions may function as

general transcription activators. Analysis of the two AIT rich segments from the

A15 promoter using the above technique may be useful in determining the

function, if any, of the AIT rich elements.

The TGAC motif has been shown to be a binding site for basic/leucine

zipper (bliP) class of transcription factors such as opaque-2 and TGA1 a

(Lohmer et al., 1991: Schmidt et al., 1992). The promoter for the pea lectin

gene (psI) contains a bliP-binding site with three overlapping TGAC-like motifs

and is required for seed specific expression (De Pater et al., 1993). The eight

TGAC-like motifs in the A15 promoter may be binding sites for bliP class

proteins that may regulate transcription through seed coat-specific activity or

general enhancement.

A TGTGTT element is located at -205nt and produces an AACACA

sequence on its bottom strand. In the B-phaseolin promoter of the French

bean, two copies of AACACA are present in the !J.pstream activatlon sequences

UAS1 and UAS2 (Bustos et al., 1991). The AACACA sequence and also the

sequence CCACC/A are believed to be recognition sites for trans-acting factors

responsible for cell-type or organ-spatial regulation and may target the tissue of

the seed. The AACACA element may therefore playa role in the expression of

the A15 gene during a specific developmental phase or within a specific organ

such as the seed coat.
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Two different sets of tandem repeat sequences were found in the A15

promoter. The larger of the two includes two tandem repeats of a 58bp

sequence and is located in the -910 to -785nt region of the sequence. The

repeat is near perfect in sequence and differs by only four bases. The smaller

tandem repeat is a near-perfect repeat of two 14bp GATTTATATTTTCA motifs

(Figure 5.1) and is part of the 33bp AfT rich region described earlier, with a 94%

AIT composition. Other repetitive elements of the A15 promoter include two

AAGAGGT, two ATCACA, and three GATTG motifs. The function of these

elements has not been determined, although repetitive elements suggest

potential binding domains for trans-activation factors that may act in

combination as part of the regulatory matrix (Bustos et aI., 1991).

The A 15 coding region

The predicted A15 protein is 150 amino acids long with no apparent

secondary or tertiary structures based on SWISS-PROT and TrEMBL modeling.

The A15 peptide contains a hydrophobic amino terminal sequence that is

approximately 20 amino acids long and fits with a signal peptide model

(Gierasch, 1989). Hydrophobic regions are commonly associated with trans

membrane domains in proteins and N-terminal hydrophobic peptides often

Signal the export of the polypeptide to the plasma membrane via the

endoplasmic reticulum.

The A15 protein contains roughly 13% serine, 10% threonine and 2%

proline amino acid residues, and may be sites of attachment of carbohydrates,

since serine and threonine are known sites for O-linked glycosylation. The
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serine and threonine residues are distributed randomly throughout the entire

A15 protein, and do not follow an apparent pattern. Since O-linked

glycosylation of serine and threonine is carried out post-translationally in the

Golgi apparatus it does not require a specific amino acid target sequence as in

N-linked glycosylation (Voet and Voet, 1990). Glycoproteins are important

constituents of plasma membranes and it has been demonstrated that the

carbohydrate groups of membrane bound glycoproteins are on the surface of

the cell membrane. The A15 protein may attach to the ER membrane in the

inner lumen by its hydrophobic domain, where it is glycosylated at the Ser., Thr.

and Pro. residues followed by transport to the outer surface of the plasma

membrane.

The A15 protein has an unusual amino acid composition and a search of

the databases for proteins with similar composition was unsuccessful. The

nature of the protein leads one to believe that it is associated with cell wall

formation, as it is potentially glycosylated, has a hydrophobic N terminal signal

peptide, and no apparent secondary or tertiary structures that may participate in

enzyme reactions or signal conduction. The unusual amino acid composition

makes it difficult to classify into known cell wall proteins. The lack of proline

residues (only 3) excludes it from the proline rich proteins (PRP) and hydroxy

proline rich proteins (HPRP) (Cassab, 1998). The protein also lacks sufficient

glycine to fall into the glycine rich protein class (GRP), which typically contain

60% glycine.
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The A15 protein may be part of the broad family of arabinogalactan

proteins (AGPs). AGPs are rich in serine, threonine and hydroxyproline and

lack any motifs typically associated with proteins involved in protein-protein and

protein-carbohydrate interactions and/or signal transduction pathways (Schultz

et aI., 1998). The AGPs are grouped into classical or non-classical although

there is no amino acid similarity among members of a given class. Classical

AGPs contain a conserved hydrophobic C-terminal domain as well as a GP1

binding site which is believed to be involved in cell-cell signaling. Non classical

AGPs do not contain these domains and can include non-proline rich domains.

The AGPs are highly variable in their protein component and in their

glycosylation, which can be tissue specific. The A15 protein therefore may be a

non-classical type arabinogalactan due to its lack of a C-terminal hydrophobic

domain, and its serine and threonine-rich and proline-poor amino acid

composition. The exact function of AGPs is unclear: it can be a simple

structural membrane-bound AGP that participates in cell-cell signaling or AGPs

that participate in cell wall synthesis by directing the planes of growth and

development thus and participating in cell shape (Cassab, 1998).

It is interesting to note that the timing of expression of the A15 gene

coincides with the building of the columellae structure and reinforcement with a

secondary cell wall. The A15 protein may therefore be a glycoprotein involved

in secondary cell wall synthesis and may bind to the plasma membrane with its

hydrophobic N sequence once there it may participate in directing synthesis of

the secondary wall of the columellae.
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Tissue specificity of the A 15 promoter

The tissue specific expression of the A15 promoter was analysed in

transgenic plants using two types of plasmids: one containing the A15

promoter:gus plasmid pBC3 and the other containing the A15 promoter:DTx-A

plasmid pBC2. Histochemical GUS assay of transgenic pBC3 arabidopsis

tissues showed that GUS expression was specific to the seeds in siliques

during the late stages of development and that GUS activity was absent in the

other tissues of the plant.

Thin section microscopy of X-gluc-stained transgenic pBC3 seed

revealed that expression of the gus gene was limited to the epidermal layer of

the seed coat. It also indicated that the palisade and the inner integument did

not express the gus gene. This result is understandable as the palisade and

the inner integument in the mature seed are compressed and lignified and non

functional in the mature seed coat (Bouman, 1975). In Figure 4.4b one can see

that GUS is localized specifically in the columellae of the of the epidermal layer

and does not appear to be expressed in the mucilage material surrounding the

imbibed seed.

There is no apparent difference in gus gene expression between the

pA15 and pBC3 transgenic seed. The pA15 construct contained the complete

A15 promoter and the non-open reading frame (955-1088nt) preceding the A15

ORF since the exact promoter length was not identified when the A15 construct

was made. Comparison of gus expression of the pA15 and pBC3 transgenics

did not reveal any differences in tissue specific expression.
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Genetic ablation using the pBC2 construct

In eukaryotes the diphtheria toxin chain-A (DTx-A), when expressed

alone is unable to translocate to other cells without the presence of the DTx-B

chain, and is therefore cell autonomous and an effective tool for studying

developmental expression or cell-specific function of a promoter (Czako et aI.,

1992). Transgenic pBC2 arabidopsis plants containing the A15 promoter linked

to the DTx-A gene produced seed with an abnormal epidermal layer. The use

of the pBC2 plasmid provided a more sensitive assay, as GUS expression is

not as sensitive and can leak into other cell layers and give misleading results

(Matzke et aI., 1993). Transgenic pBC2 plants were screened by germinating

on medium with kanamycin, PCR screening with nptl/ primers, and Southern

blot hybridization to the DTx-A gene. The pBC2 plasmid was also sequenced
(

to ensure that it contained an intact DTx-A gene and A15 promoter. This was

necessary to gain confidence in the phenotype of the transgenic plants.

The genetic ablation experiment with the pBC2 construct could have

been a difficult experiment to carry out if the A15 promoter had residual

expression in other tissues that had an impact on plant seed viability.

Expression of DTx-A in other seed coat layers, the developing silique, or the

embryo, could have resulted in seed abortion or seed abnormalities making it

difficult or impossible to obtain transgenic seeds. For example, in transgenic

tobacco, the pea vicilin promoter when linked to a DTx-A gene results in

arrested embryo development and poor germination of the transgenic seed
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(Czako et aI., 1992). This was not the case with the pBC2 arabidopsis

transgenic plants and intact seeds were harvested.

The transgenic pBC2 seed had an ablation of the epidermal cell layer

with little effect on the other layers of the seed coat. Thin section microscopy

using Ruthenium red dye to stain for pectin showed that a significant amount of

mucilage was produced by the epidermal cells prior to their ablation and that

columellae were absent. This indicates that the gene is expressed in the

epidermal layer following mucilage secretion into the space between the plasma

membrane and cell wall, most likely during columellae development. Although

it is difficult to determine if all cell layers are intact, the palisade layer and the

inner integument layers must be present in order to give seed coat pigmentation

since harvested pBC2 seed appeared identical to the wild type seed (data not

shown).

The seed coat depicted in Figure 4.9a has an abnormal cell layer with

cuboidal shaped cells. It is unlikely the abnormal shape of the cells is a result

of local DTx-A expression since the cells would degenerate in the presence of

the toxin. The cells appear to be incompletely compressed, likely due to the

ablation of the columellae that provided a solid surface upon which to press

against. . The lack of columellae may also explain the irregular border of the

seed coat in Figure 4.9a. The absence of the rigid columellae and compression

of the palisade and inner integument against the epidermal layer by the

developing embryo may have forced these two layers into the gaps left by the
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ablated columellae. As a result the cell layers protrude between the pockets of

mucilage to produce the irregular border.

The genetic ablation in pBC2 transgenic seed resolved a dilemma posed

by the pBC3 transgenic seed: was the gus gene expressed in the late stages of

seed development or was it expressed after imbibition of the seed? Since the

solutions for the GUS histochemical and the MUG assays are aqueous in

nature, it is difficult to determine whether GUS expression occurs pre- or post

imbibition. The genetic ablation of the epidermal columellae was able to settle

this, since the expression of the DTx-A gene resulted in ablation of the

epidermal layer prior to imbibition of the seed.

Temporal expression ofA 15

Transgenic pBC3 plants were analysed for temporal GUS expression

during sillque growth and development. Silique development was divided into

five stages (Western, et al., 2000; Windsor et al., 2000) and GUS expression

was limited to stages 4 and 5 of seed development. These results agree with

the initial GUS histochemical data that showed expression in late silique

development and also with expression of the DT-A gene during columellae

development. MUG assays of ten lines of pBC3 transgenic plants showed

expression in the fourth and fifth stages of development, corresponding with the

formation of the columellae (Windsor et al., 2000). Some differences in the

level of expression between pBC3 lines were noted and may be the result of

position effects of the T-DNA in the genome. It is common for T-DNA as well as

transposons to insert in transcriptionally inactive regions such as AIT rich
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regions (Fobert et aI., 1993; Jorgensen, 1995) and introduction into a silent

region of DNA may lower GUS expression in some transgenic lines. The

presence of multiple copies have been found to effect the level of transgene

expression due to possible homology-dependent gene silencing (Jorgensen,

1995), however copy number did not appear play a role in the level of GUS

expression as most of the transgenic pBC3 lines contained at least three

copies.

Minimal promoter analysis

Deletion analysis of promoters has been a useful tool in determining the

minimal promoter required for expression of a reporter gene, as well as to

identify potential cis-elements that may regulate gene expression (Tebbutt and

Lonsdale, 1995). A 5' deletion series of the A15 promoter with a common 3'

end was constructed with the gus gene and included 5' deletions with lengths of

940, 578, 491, 393, and 200bp. The transgenic plants produced with the

deletion series constructs were subjected to GUS histochemical and MUG

assay to determine the minimal promoter required for expression. The smallest

fragment capable of GUS expression in the seed coat was determined to be at

least 200bp in length.

The level of GUS expression between each line containing a particular

construct was highly variable and made it difficult to interpret any differences in

GUS expression between the constructs. To normalize this variability, seed

from transgenic lines for each deletion construct were pooled and analysed by

MUG assay. The results showed some differences in the level of GUS
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expression including a reduced level of expression in the 393bp promoter

compared to the other deletion promoters (Figure 4.13). The 393bp promoter

does not contain the 14bp tandem repeat that is found in the larger deletion

constructs, which may have given a reduced expression. Deletion of the large

58bp tandem repeat appeared to have little effect on the expression of the GUS

gene as shown by a comparison of pBC3 and pBC7. The 200bp promoter does

not contain the 14bp tandem repeats or a complete AACACA element, but does

contain three TGAC-like motifs and is able to retain its activity. The tissue

specificity and the temporal expression of the 5' deletion constructs in

transgenic seeds were not thoroughly investigated and as such it is not

unknown whether the deletions resulted in a change in tissue specific gene

expression. The purpose of the 5' deletion series was to determine the minimal

promoter, and a larger deletion series that takes into account the proposed cis

elements and also includes 3' deleted regions may provide more information

into the regulatory elements controlling the A15 gene.

Genomic organization of the A 15 gene

Southern blot analysis of Arabidopsis thaliana genomic DNA with probes

from the A15 promoter and coding sequences showed that multiple copies of

the promoter and the coding region were present. Initially, this data was

thought to be the result of a low stringency blot or incomplete digest. Multiple

copies of a gene are not uncommon in arabidopsis (McGrath, 1993), however

duplication of a promoter is less common. Gene families are often identified

first on the presence of multiple bands on Southern blots probed with a cloned
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gene. The Southern blots indicate that an A15 gene family is present in the

arabidopsis genome that has at least four copies of the gene, with two of them

containing the A15 promoter-like sequences.

The database search of the A15 sequence revealed a localized cluster of

four A15 sequences on Chromosome 1. A mock Southern digest (Figure 4.18)

of the A15 sequence confirmed the findings in the Southern blot in Figure 4.15.

It is estimated that duplicated sequences in the arabidopsis genome make up

about 17% of the loci (McGrath et aI., 1993). The majority of duplications are

unlinked and often on different chromosomes and separated by at least 15cM

corresponding to roughly 15Mb of genomic A. thaliana DNA depending on

regions of recombination. The A15 gene is present as a gene family in four

similar copies on the same chromosome in a 77Kb region with two copies (A15

and #4) within 6kb of each other.

The four copies of the A15 ORF were the result of gene duplication and

their location and orientation may be due to gene inversion (Figure 5.2). The

two closely linked #1 and #4 sequences may be described as tandem

duplications of the #1 A15 sequence, because of their proximity and orientation.

One possible scenario for the creation of the four copies is by tandem

duplication of the #1 ranked A15-like coding region to produce the #4 and the

#3 ranked sequences. Further rearrangements of the #3 sequence by gene

inversion could have resulted in its orientation and placement -30Kb

downstream from the cluster. Duplication of the #1 coding region and promoter
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region may also have produced the #2 ranked sequence followed by a similar

pattern of inversion to give its orientation and placement -34Kb upstream.

L

Duplication Inversion

Figure 5.2 Possible mechanisms for the formation of the four A15 copies in the
arabidopsis genome. Duplication of a part of the #1 copy might have resulted in the
formation of the #4 copy. A similar duplication with the inversion of the duplicated
region would give rise to the #3 copy. A duplication of the entire A15 promoter and
coding sequence followed by inversion may have resulted in the formation of the #2
copy.

The order in which these duplications occurred is unclear. However, if

sequence similarity alone is considered, it is likely that the #2 copy is the most

recent duplication due to its high sequence identity to the A15 gene that is

described here and also the presence of a complete promoter sequence. The

occurrence of the #3 and #4 sequences is more difficult to explain, because it is

not certain whether they were the result of duplication of the A15 gene or #2

ranked sequences. Gene duplications remain identical for a relatively short

period of time as they are free to evolve while the parent or original sequence

must maintain its function in the genome (Ohno, 1970; McGrath et al, 1993).
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Another mechanism of establishing gene identity is gene conversion, which can

maintain the identity between gene copies. Genes are thought to evolve

through a pattern of duplication and divergence followed by a return to the

original form by gene conversion (McGrath et aI., 1993). It is unknown if the

A15 gene copies have been maintained by gene conversion and therefore it is

difficult to speculate as to how recent the duplications of the A15 clone are.
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6. SUMMARY AND CONCLUSIONS

The data presented in this thesis describe the characterization of the A15

gene of Arabidopsis thaliana .

•:. The A15 protein is expressed in the outer epidermal layer of the seed coat in

arabidopsis, specifically in the columellar structure .

•:. The A15 protein is 150 amino acids in length and is rich in alanine, serine

and threonine, contains a hydrophobic N-terminal putative signal peptide,

and has a hydrophilic C-terminus. The exact function of the A15 protein is

unknown as it does not have any structural similarities to known proteins .

•:. The promoter controlling the A15 gene is temporally expressed in the late

stages of silique development following the formation of the mucilage layer .

•:. The A15 promoter contains the core promoter elements including a TATA

box and Inr, and several potential motifs such as The TGAC-like motifs, and

an AACACA motif similar to that found in the �-phaseolin promoter. In

addition small repetitive sequences including AAGAGG, ATCACA, and

GATTG are present.

.:. The minimal promoter required for expression of the GUS gene was

determined to be less than 200bp in length .

•:. The A15 clone is present in the Arabidopsis thaliana genomic DNA in

multiple copies. Four copies of the A15 coding region are present on
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Chromosome 1, two of which also include the putative promoter region. It is

unknown whether these are all functional in the plant.
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