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ABSTRACT

A sensitive and nondestructive method is required to study the
regulation of gene expression and T-DNA insertional mutagenesis in higher
plants. In an attempt to accomplish this goal, a bacterial luciferasce gene-based
binary plant transformation vector was modified to construct two new
vectors with enhanced capacity for cloning and expression of a foreign gene in
higher plants. Furthermore, a promoterless bacterial luciferase luxA gene
from Vibrio harveyi was used to construct a specialized T-DNA insertional
vector to monitor the activation of piant genes in vivo and to study the
regulation of gene expression in a native environmeni. Using this strategy,
large numbers of transformed tobacco plants (253) were created by
Agrobacteriun-mediated transformation containing the plant insertional
vector pPCVG luxA&B. Following in vivo screening, insertional mutants
(45) were obtained that expressed the luciferase marker gene during different
stages of plant growth. Of these, one transgenic plant that expressed the
luciferase marker gene predominantly in flowers was identified and studicd
in detail. A putative promoter element which controls the organ specific
gene expression of the luciferase was identified and rescued directly using
inverse PCR. DNA sequence analysis of this fragment revealed the location
of a TATA-like box and three CAAT boxes in the region closely linked to the
5' end of the promoterless lux A gene. In addition, a consensus sequence
similar to the control regions found in other flower specific genes was
identified. When this putative promoter region of 1065 bp was fused with the
lux F marker gene and reintroduced by transformation into tobacco, the
expression of the promoter-luciferase marker gene fusion was detected in the
flowers. In conclusion, the luciferase gene-based binary plant transformation
vectors offer a convenient tool for cloning and expression of a foreign gene in
higher plants. Furthermore, an in vivo T-DNA tagging system provides a
simple, sensitive and realistic approach for identification and isolation of

transcriptional control regions of plant genes.
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Chapter 1

General Introduction



Agrobacterium tumecfaciens-mediated gene transfer is a commonly
used method to introduce genes into plant cells, to study gene regulation and
function in regenerated transformants and to isolate developmentally
regulated genes or promoters from higher plants (Schell, 1987; Benfey and
Chua, 1989; Gasser and Fraley, 1989; Walden ¢t al., 1991; Walbot, 1992).
Therefore, development and improvement of novel plant transformation
and T-DNA tagging vector systems not only offer a convenient tool for
studying gene structure, function and regulation in higher plants, but also
provide opportunities for identification and isolation of developmentally
regulated promoter elements from higher plants. In the present study, the
bacterial luciferase marker gene system was used to modify a binary plant
transformation vector and to develop an in vivo T-DNA tagging system in
higher plants.

Conventional approaches for isolation of promoters and genes involve
differential screening of ¢cDNA libraries made from mRNA isolated from
different organs, and synthesis of oligonucleotides from protein sequence
data, following protein purification or in vitro translation of isolated
mRNAs. These approaches can only isolate genes encoding relatively
abundant transcripts or proteins. Therefore, an alternative approach is
needed for many important genes which are expressed at low levels.

T-DNA tagging is a recently developed method for promoter and gence
isolation (Andre et al., 1986; Koncz et al., 1989). In this, T-DNA is transferred
into plants by Agrobacterium-mediated gene transfer and is integrated into
the plant genome by illegitimate recombination events ( Mayerhofer et al.,
1991; Gheysen et al., 1991). T-DNA (transferred DNA) resides in the Ti
plasmid of Agrobacterium tumefaciens and is known to be a unique insertion

element that is capable of being integrated into the plant nuclear genomc



(Zambryski et al.. 1989) in or near the genes (Koncz et al., 1989). Once inserted,
T-DNA is a molecular tag for the insertion site. Therefore, T-DNA serves
both as a mutagen via interruption of a plant gene and as a molecular tag for
the isolation of flanking plant DNA. Some developmentally interesting
genes, which may not necessarily highly efficient in encoding abundant
transcripts or proteins, have been identified by T-DNA tagging (Andre et al.,
1986; Koncz et al., 1989; Feldmann, 1991). Since it does not require abundant
gene products or genetic information, T-DNA tagging is widely used to isolate
developmentally regulated promoters and genes from higher plants (Walden
et al., 1991; Feldmann, 1991).

Once promoters are isolated, studies of their regulation have
traditionally utilized promoter-reporter gene fusions in vitro to test function
in vivo following Agrobacterium-mediated gene transfer. One obvious
problem with this approach is that it is difficult to obtain consistent results
from the same construct because of position and copy number effects (Dean ct
al., 1988; Hobbs ¢t al., 1990; 1993). Furthermore, the size of an engineered
construct is limited by the capability of current delivery systems. As such,
eukaryotic genes containing regulatory elements in distant upstream or
dowrstream cannot be studied by promoter-reporter gene fusion (Forget,
1993).

A more recent strategy, which has been used to study gene expression
and isolation in Drosophila (Bellen et al., 1989), C. elegans (Hope, 1991),
mouse (Allen et 21.,1988) and plants (Koncz et al., 1989; Walden et al., 1991),
relies on the activation of reporter genes such as neomycin
phosphotransferase (nptIl) (Teeri et al., 1986), aminoglycoside
phosphotransferase (aph(3')-11) (Andre et al., 1986; Koncz et al., 1989) and B-
glucuronidase (GUS) (Kertbundit et al.,, 1991; Topping et al., 1991) by native



gene regulatory sequences. These reporter genes are either promoterless or
contain a minimal promoter or without a ATG start codon. The rational
behind the technique is that a reporter gene linked to the right or left border
of the T-DNA may be transcriptionally activated by integration downstream
of a native gene promoter to create either transcriptional or translational
fusion. It is expected that the pattern of a reporter gene expression would
reflect the pattern of expression of the native gene, and indeed, this has been
demonstrated in both Arabidopsis and tobacco (Koncz et al., 1989; Topping et
al., 1991; Kertbundit et al., 1991). However, using aph(3°)-I1 or GUS as a
reporter gene in this approach has one drawback. Determination of gene
expression in transgenic plants requires destructive analysis of plant tissues
(Koncz et al., 1992).

Ideally, monitoring the activation of a plant gene in vivo, studying the
regulation of its expression in native environment during organogenesis
and isolating promoters and their corresponding genes should be
nondestructive. In an attempt to accomplish this goal, a promoterless
bacterial luciferase luxA gene from a marine bacterium Vibrio harveyi (Belas
et al., 1982; Baldwin et al., 1984; Cohn et al., 1985) was used to construct a
specialized T-DNA insertional vector. The bacterial luciferase marker gene
offers a reproducible and sensitive in vivo assay system which has been
widely used to study the regulation of gene expression both in prokaryotic
and eukaryotic organisms (Koncz et al., 1990; Langridge ct al.,, 1991). The
bacterial luciferase marker gene in the present study was linked to the right
border of a plant insertional vector pPCVG luxA&B  which is a part of a
functional insertional element. As such, it is integrated into the plant
genome, and results in in vivo activation of the luciferase marker gene by a

native gene regulatory sequence (Jiang et al., 1992; 1993b). The strength of this
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approach is that the activation of the luciferase gene may reflect the pattern of
native gene expression. Therefore, the identification of insertional mutants
can be based on the marker gene expression rather than on the mutant
phenotype. Expression of the lux marker gene can be stiidied in vivo by low-
light video image analysis (Jiang et al., 1992). The bacterial luciferase marker
gene can be used as an indicator for detection of a gene activation in vivo, and
as a molecular tag for isolation of promoters and their corresponding genes
{Jiang ¢t al., 1992).

The objectives of this research are as follows:
1. Alteration of a luciferase-based binary plant transformation vector for
simultaneous expression of desirable gene products and bacterial luciferase in
transgenic plants (Chapter III).
2. Utilization of a bacterial luciferase-based plant insertional vector system to
create a variety of insertional mutant plants as sources for isolation of
developmentally regulated plant promoters (Chapter IV).
3. Establishment of a detection system for monitoring the activation of a
plant gene in vive and selection of insertionali mutants based on the
expression of the luciferase gene (Chapter IV).
4. Establishment of a strategy to facilitate quick and direct cloning of putative
promoters from plant genomes (Chapter 1V).
5. Isolation and molecular characterization of a developmentally regulated

plant promoter from plant genome (Chapter V).



Chapter 11

Literature Review



In this chapter, the literature on historical background of Agrobacterium
research, development of Ti-plasmid-based vectors and the use of marker
genes in higher plants is first reviewed. This followed by a review of our
current knowledge of mechanism of T-DNA-mediated gene tagging and
related background of plant gene structure, transcriptional and translational
control of gene expression. Strategies employed in creation of insertional

mutant plants are also compared.

1. AGROBACTERIUM RESEARCH

1.A. Historical perspective

Agrobacterium is a plant pathogenic soil bacterium that belongs to the
family Rhizobiaccae. The best known members of the Agrobacterium are A.
tumefaciens and A. rhizogenes, which are, respectively, the causal agents of
crown-gall and hairy-roots diseases. Agrobacterium has an extremely wide
host range including most dicotyledonous and a few monocotyledonous
plants (De Cleene and De Ley, 1976). Smith and Townsend first presented
evidence that the bacterium which is now called Agrobacterium tumefaciens
was the causative agent of the widespread neoplastic plant disease, crown gall
(Smith and Townsend, 1907). Since then a large number of scientists
throughout the world have focused their research on this organism in an
effort to analyze the molecular mechanism underlying the process of crown
gall induction in detail. This was driven by the hope that this would lead to a
better understanding of oncogenesis in general, and to the development of
remedies for such diseases. After a period of diminished interest in the
system, Agrobacterium and crown gall research was revived when it became

apparent that oncogenic gene transfer from Agrobacterium to plants might



form the molecular basis of crown gall induction, and thus the transfer
system might be exploited for the genetic engineering of plants.

A key discovery, made almost 20 years ago, was the finding that virulent
strains of A. tumefaciens contain a large extrachromosomal element
harboring genes involved in crown gall induction (Zaenen ¢t al., 1974). This
large extrachromosomal element turned out to be a plasmid of exceptionally
large size (more than 200 kb). Because of its role in plant tumor induction,
this plasmid was called the Ti (tumor-inducing) plasmid (van Larebeck et al.,
1975). The introduction of the Ti plasmid into related bacterial species such as
the root nodule-inducing bacterium Rhizobium trifolii (Hooykaas ¢t al., 1977)
or the leaf nodule inducer Phyllobacterium myrsinacearium (van Veen ef al.,
1988) led to tumor-inducing strains, stressing the importance of the virulence
determinants on the plasmid for the tumourigenicity of their bacterial hosts.
However, introduction and maintenance in more distantly related bacteria
such as Escherichia coli or Pseudomonas aceruginosa did not result in tumor-
inducing strains (Hille ¢t al., 1983), indicating that other factors were also
important.

In 1983, researchers directed by Van Montagu and Schell at the
University of Gent (Belgium) and by Fraley at the Monsanto Co. (St. Louis,
MO), independently reported that the crown gall disease-causing genes from
the T-DNA had been removed (Zambryski et al., 1983; Fraley ¢t al., 1983;
Herrera-Estrella ¢t al., 1983b). Since then, dramatic progress has been made in
the development of gene transfer systems for higher plants (Horsch et al.,
1985; De Block et al., 1984), and A. tumefaciens has proven to be an efficient,
highly versatile vehicie for the introduction of foreign genes into plants and

plant cells (Gasser and Fraley, 1989).



Currently, Agrobacterium-mediated transformation is the most
frequently used method to introduce foreign DNA into plant cells and to
study gene structure, function and expression. The success rate of
transformation is variable, and depends on the different species, cultivars of
the host and methods employed. Nevertheless, Agrobacterium-mediated
transformation has produced a great number of transgenic plants (Gasser and
Fraley, 1989).

1.B. Mechanism of T-DNA transfer

Three genetic elements in Agrobacterium are essential for the transfer
of T-DNA from Ti plasmids to plant cells: vir genes (Stachel and Nester,
1986), T-DNA border sequences (Yadav et al., 1982; Zambryski, 1992) located
on Ti plasmid, and the chromosomal virulence genes (Douglas et al., 1985;
Schell, 1987). The T-DNA is the mobile element, but it is not a classical
transposable element, since it does not encode the products that mediate its
movement. Instead, the Ti plasmid virulence region provides most of the
trans-acting products for T-DNA transfer. The T-DNA is defined and
delimited by two 25 bp direct repeats at its ends, the T-DNA borders. Any
DNA between these borders is transferred by Agrobacterium into plant cells.
Plasmids responsible for tumor-induction by A. tumefaciens and hairy-root
induction by A. rhizogenes are termed Ti and Ri plasmids, respectively.
These plasmids are transferred from Agrobacterium to plant cells during the
infection process. The T-DNA is transported to the nucleus of infected plant
cells and stably integrated into their nuciesr genome (Schell, 1987).

T-DNA of Ti and Ri plasmids encode genes which are expressed in
plants. Some of these genes are responsible for the synthesis or modification
of basic plant growth substances, such as auxins and cyvtokinins. Regulation of

these T-DNA genes alters the normal differentiation of plant cells and leads
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to neoplastic growth or root proliferation. Other T-DNA genes direct the
synthesis of particular amino acid and sugar derivatives, termed opines,
which are svecifically recognized and catabolized by Agrobacteria carrying Ti
and Ri plasmids. Genes encoded by the T-DNA are not required for T-DNA
transfer and integration. Rather, the process of T-DNA transfer is mediated
by bacterial genes located in the virulence region of Ti and Ri plasmids.
Mutations in this region generally lower the virulence, i.e. DNA
transforming potential.

The vir region is 30 kb and organized into seven complementation
groups, virA,virB, virC, virD, virE, virG, and virH (Zambryski, 1992). The
virA and virG loci encode positive regulatory proteins which directs vir gene
expression (Stachel and Zambryski, 1986). The VirA product specifies an inner
membrane protein which recognizes and responds to the presence of plant
phenolic compounds.  VirA transfers this information by protein
phosphorylation to the product of virG. VirG then acts as a transcriptional
activator of itself and the other vir loci. The products of the virC and virD
loci are enzymes which are involved in the generation and processing of the
T-DNA copy. The products of virB and virE loci are involved in forming
most of the structural components for facilitating T-DNA movement. The
virH locus is not essential for virulence, but it may be involved in
pathogenicity in specific dicotyledonous plant hosts (Kanemoto ¢! al., 1989).
These virulence genes are regulated by a complex chemical sensory-regulatory
system which is able to recognize plant metabolites produced during the
synthesis of plant cell wall lignins. Wounds, therefore, not only provide
physical entry for Agrobacterium, but also specifically induce the expression
of bacterial virulence genes via lignin biosynthesis (Boulton et al., 1986;

Stachel et al., 1985; Zambryski, 1992). Following induction of vir gene
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expression, molecular reactions occur on the T-DNA element of the Ti
plasmid to generate a transferable T-DNA copy. The virulence gene products
mobilize the T-DNA by recognition and processing the 25 bp imperfect direct
repeats located at the ends of Ti and Ri plasmid T-DNAs. The T-DNA
processing leads to single- and double-stranded intermediates (Howard et al.,
1992). Of these, the single-stranded product, termed the T-strand, is expected
to be transferred to the nucleus by a vir protein, which remains covalently
bound to its 5-end (Howard et al., 1989). This protein carries a nuclear
targeting signal and probably plays a role in the integration of the T-DNA by
illegitimate recombination into the plant genome (Mayerhofer et al., 1991;
Gheysen ¢t al., 1991).

The interaction of Agrobacterium with plant cells is the only known
natural example of inter-kingdom DNA transfer. Application of
Agrobacterium-mediated transformation in plant molecular biology is based
on the same natural process of tumor formation in wounded dicotyledonous
plants by the soil bacterium, A. tumefaciens (Kado, 1991; Kahl and Schell,
1982; Ream, 1990; Zambryski et al., 1989).

2. DEVELOPMENT OF TI PLASMID-BASED VECTORS

Several features of the T-DNA transfer process have been exploited in
the development of vectors for both gene transfer and tagging (Gasser and
Fraley, 1989; Schell, 1987; Walden et al., 1991). First, the vir region functions
ir trans, thereby allowing the construction of a wide variety of
transformation vectors which can be structurally independent from the Ti
plasmid. Secondly, only the borders of T-DNA are required in cis for DNA
transfer. Finally, the genes encoded by the T-DNA can be replaced without

interfering with the transfer process. Therefore, it is possible to create a
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disarmed vector by deleting the internal oncogenic region and replacing it
with other DNA sequences. In early work, a ‘disarmed’ Ti plasmid vector,
pGV3850, was constructed in which all of internal oncogenic regions (T-
region) were replaced by the sequences from plasmid pBR322. The pBR322
DNA provides homology for cointegration of the T-region of pGV3850 with
any pBR322 vector derivative carrying a gene of interest (De Block ¢t al., 1984).
A triparental bacterial conjugation system was developed to transfer any
pBR322 derivatives from E. coli to A. tumefacins pGV3850 by a single
recombination step and to select for coconjugated pGV3850 containing the
desired cloned genes (Van Haute et al.,, 1983). Plant cells transformed with
these modified plasmids were regenerated into whole plants without the
disease symptom (Caplan et al., 1983; Zambryski et al.,, 1983). More recently,
binary vectors having vir and T-DNA regions separated on different plasmids
were developed (Hoekema et al.,, 1983). The results from these experiments
showed that the Ti-plasmid-encoded wvir function could be located on a
different plasmid and even on the bacterial chromosomal for T-DNA transfer
(Hoekema et al., 1983; 1984). Other improvements of Ti plasmid vectors were
carried out by adding bacterial antibiotic resistance genes to allow selection of
transformants on media containing the appropriate antibiotic (Bevan et al.,
1983; Barton et al., 1983; Fraley et al., 1983; Herrera-Estrella et al., 1983a; 1983b).
These include the Tn5-derived npt Il gene which provides a high level of
kanamycin resistance and the hygromycin phosphotransferase (hipt) gene
which provides a high level of hygromycin resistance (Reiss ef al., 1984;
Waldron et al., 1985).

Disarmed Ti plasmids have been used successfully as vehicles for
introduction of foreign genes into plant cells since the first transgenic plant

was produczed about ten years ago. The introduction of a foreign gene into
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certain species of plants via the Agrobacterium system is now a common
practice. The Agrobacterium system is being used extensively for the transfer
of various traits to (crop) plants as well as for the study of function and
regulation of gene expression in plants (Hooykaas and Schilperoot, 1992).
Applications include the introduction of genes affecting widely diverse traits
such as resistance to viruses (Abel et al., 1986), herbicide tolerance (De Block et
al., 1987), altered flower color (van der Krol et al., 1988), altered maturity of
tomato (Smith et al., 1988), male sterility (Mariani et al., 1990), cold tolerance
(Hightower ct al., 1991), altered source-sink relationships (Von Schaewen et
al., 1990), altered starch composition (Visser et al., 1991), resistance to
pathogenic fungi (Keller et al.,, 1989; Lamb et al., 1992) and bacteria (Anzai et
al., 1989), and production of drugs (Mason et al., 1992). Some transgenic crops

will be ready for marketing in next few years.

3. DEVELOPMENT OF MARKER GENES IN HIGHER PLANTS

The most important improvements of the Ti plasmid system are based
on the development of marker gene or reporter gene systems (Weising et al.,
1988). Two of the most popular reporter genes are the B-glucuronidase (GUS)
from E. coli encoded by the 1idA locus (Jefferson et al 1987; Jefferson, 1987),
the bacterial luciferase (LUX) from a marine bacterium V. harveyi encoded by
the luxA and luxB cistrons (Belas ¢t al., 1982; Baldwin ¢t al., 1984; Koncz et al.,
1987) and more recently, the lux A&B fusion gene, lux F (Olsson et al., 1989;
Escher ¢t al., 1989)

These genes permit analysis of gene regulation by fusion with regulatory
sequences. This method, referred to as gene fusion, is a general approach to
study the temporal and spatial regulation of gene expression and to delineate

regulatory DNA sequences both in prokaryotic or eukaryotic organisms
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(Koncz et al,, 1990). The expression of GUS in transgenic plants can be
measured accurately using fluorometric assays of very small amounts of plant
tissue. Plants expressing GUS are normal, healthy and fertile. Further, GUS
is very stable, and tissue extracts continue to show high levels of GUS activity
after prolonged storage. Histochemical analysis can also be used to
demonstrated the localization of gene activity in cells and tissues of
transgenic plants (Jefferson et al., 1987; Jefferson, 1987). Although GUS is
convenient to use as a reporter gene in most cases, there are two problems.
Native GUS activity has been detected in some species and GUS assays are
destructive.

In order to overcome this problem, a novel light-emitting bacterial
luciferase reporter gene system (LUX) has been widely used to study the
regulation of gene expression in bacteria, yeast and plant cells, plant tissues
and intact plants (Koncz et al., 1990; Langridge et al., 1991). It has been known
that a number of sensitive assays, such as determination of the concentration
of O, anaesthetics, antibiotics, and mutagens can be carried out in vivo by
expression of luciferase in living cells (Hastings and Nealson, 1977). Thus,
cloning of luciferase genes provided a tool for novel applications in
molecular biology (Baldwin et al., 1984; Cohn ¢t al., 1985).

The luciferase from the marine bioluminescent bacterium V. harveyi is
a heterodimeric enzyme. The principle underlying the assay procedures is
that bacterial luciferase catalyses oxidation of reduced flavin mononucleotide
(FMNH?3?) in the presence of oxygen and the ten carbon aldehyde, decanal, to
yield FMN, decanoic acid, water and a photon of light at 490 nm (FMNH2 +
O2 + RCHO = FMN + RCOOH + H0 + 0.1 hvg90nm) (Ziegler and Baldwin,
1981; Kurfurst ¢t al.,, 1984). Therefore, light can be monitored visually,

photographically, or electronically at different sensitivities (Van Dyke, 1985).
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For example, light can be captured by X-ray film, a photomultiplier tub:: or an
image intensifier coupled to a video camera for in vivo measurements. The
expression of bacterial luciferase genes was also studied in plants by dissecting
the lux A and lux B coding sequences from the lux operon and fusing them
separately to 1' and 2' promoters of mannopine synthase genes. Following
transformation, light emission and detection of luciferase subunits showed
that assembly of functional luciferase occurred in the cytoplasm of the
transformed plant cells (Koncz et al., 1987). Since then, the bacterial luciferase
genes have been used successfully to study hormonal regulation (Langridge
et al., 1989), analyze promoters (Michel et al., 1993) and carry out T-DNA
tagging in higher plants (Jiang et al., 1992; 1993b). All these findings, and
further improvements of the Agrobacterum/Ti plasmid system provide

opportunities for its application to genetic engineering in crop improvement.

4. REGULATION OF PLANT GENE EXPRESSION

Isolation and characterization of sequences involved in regulation of
gene expression have been a major focal area of plant molecular biology in
recent years. Such analyses have been greatly facilitated by the development
of cfficient plant transformation systems which allow functional testing of
intact and modified gene constructs in transgenic plants to be carried out.
These studies have demonstrated that, although plant gene expression is
regulated at both transcriptional and post-transcriptional levels, the temporal
and spatial regulation of most cloned genes analyzed to date is controlled
primarily at the level of transcription (Benfey and Chua, 1989; Kuhlemeier,
1992). As this thesis focuses on the insertional activation of a promoterless
bacterial luciferase gene through creation of transcriptional or translational

fusions, the properties of transcriptional or transiational gene regulation and
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their relationships with the level of gene expression are reviewed in the
following section.
4. A. Transcriptional regulation of gene expression
4. A. 1. Cis-acting elements

Transcription is the first stage in gene expression and the principal step
at which it is controlled. It has been known that both cis-acting elements and
trans-acting factors are involved in this process (Benfey and Chua, 1989;
Kuhlemeier, 1992). The best-characterized of up-stream elements known to
be important for gene regulation is the promoter: the region immediately up-
stream of each transcription initiation site. A key question in examining the
interaction between an RNA polymerase and its promoter is how the protein
recognizes a specific promoter sequence. Binding at the promoter is followed
rapidly by initiation of transcription at the start site. The start site is defined
as the DNA base pair corresponding to the first nucleotide incorporated into
RNA. Then RNA polymerase continues along the template until it reaches a
terminator sequence. This process results in the production of a single RNA
molecule that extends from the promoter to the terminator. This action
defines a transcription unit which may include only one or several genes. In
higher plants, a transcription unit contains only one cistron (see Fig. II-1).

Two classes of cis-acting elements can be distinguished: the "promoter-
proper” and the enhancer (Maniatis ¢t al., 1987; Dynan, 1989). Both elements
are composed of several recognition sites and function by binding specific
proteins (Dynan, 1989). Components of the promoter-proper are located
within 100 bp upstream from the transcriptional start site. These include the
TATA box, located approximately 30 bp from the start site, which is involved
in determining the precise start site of transcription (Elliston and Messing,

1988). Other elements within the promoter-proper modulate levels of

16



Fig. 11-1. Diagram a typical mRNA transcript. The 5’ and 3’ ends of all
processed mRNAs contain regions that are not translated into protein. These
are called untranslated regions (UTR). A transcription unit for eukaryotic
mRNA extends from a transcription start site (Cap site designated as +1)
located at the 5’ end of the UTR to a transcription termination region (TR) at
the 3’ end. Thus, the nucleotide sequence of the mRNA from the cap site (+1)
to the TR should be complementary to the DNA sequence (minus introns). A
complex methylated structure (Cap site) is located at the 5" end of the mRNA
and poly A is found at the 3" end. The Cap consists of a terminal nucleotid, 7-
methylguanylate (m7G), in a 5’ - 5 linkage with the initial nucleotide of the
mRNA chain. The Cap site is usually located at a variable location upstream
of a ATG translational start codon (AUG in the mRNA). The poly A
sequence containing up to several hundreds nucleotides is not encoded by the
DNA and is added during the posttranscriptional modification. TAA, TAG or
TGA (UAA, UAG or UGA in the mRNA) is a translational stop codon. The
TATA box in a plant promoter is located at 30 bp upstream of transcription

start site designated as -30.
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transcription. The best known of these elements is the CAAT box. However,
not all plant promoters analyzed contain this element (Elliston and Messing,
1988). Other consensus sequences found within the promoter-proper include
the AGGA box, found in the promoter of zein genes (Elliston and Messing,
1988) and the GATA box, found between the TATA and CAAT boxes of
several photoregulated gene promoters (Gidoni et al., 1989; Gilmartin et al.,
1990). Elements located within the promoter-proper can also confer organ-
specific (Stougaard et al., 1987) or light-inducible (Kuhlemeier et al., 1989,
Sheen, 1991) regulation upon a constitutive enhancer. Thus, promoter-
proper regions from different genes are not functionally equivalent, and
cannot always be substituted by corresponding sequences from a different
promoter (Castresana et al., 1988).

It is important to note, however, that a promoter alone cannot always
drive efficient expression of a gene and in some cases fails to give any
detectable expression in transgenic plants (An et al., 1986; Kuhlemeier et al.,
1989; Bustos ¢t al., 1991). The additional cis-elements required to potentiate
transcription are generally referred to as enhancers. Unlike promoter-proper
elements, enhancers function in a position- and orientation-independent
manner (Maniatis et al., 1987; Dynan, 1989). In some cases, enhancers and
promoter-proper elements have been shown to overlap (Benfey et al., 1989;
Gilmartin et al., 1990). Although enhancers found in animal gene promoters
are able to regulate gene transcription when located 3' of the coding region
(Maniatis et al., 1987; Dynan, 1989), most plant enhancers characterized to date
have either weak (Fang et al., 1989) or no activity when positioned 3' of a
coding region, or have not been tested in this context (Donald and Cashmore,
1990). Therefore, distal regulatory elements found in plants are referred as

"enhancer-like" elements (Okamuro and Goldberg, 1989) and plant enhancers
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may be functionally more related to upstream activation sites (UASs) found
in yeast (Struhl, 1987; Guarente, 1988).

An enhancer typically contains a collection of sites that can bind trans-
acting factors such as activating or suppressing protein factors. The basic unit
capable of forming a binding site for a trans-acting factor is referred to as the
"core” motif or enhanson (Ondek et al., 1988). Individual core motifs,
tandem repeated motifs or two non-identical motifs combine to form the next
level of organization, referred to as a domain (Wasylyk, 1988), element
(Ondek et al., 1988) or module (Dynan, 1989). Specific combinations of one or
several enhancer modules then interact to form an active enhancer. The
term enhancer is used for almost any piece of DNA that stimulates
transcription. However, it has also become clear that the presence of one or
more enhancers sometimes is not sufficient to activate transcription (Dillon
and Grosveld, 1993).

4. A. 2. Methods for dissection of cis-acting elements

The advantage of gene transfer in higher plants has provided a powerful
tool for the understanding of the regulation of gene expression and for the
elucidation of basic elements involved in this process. A variety of
approaches, incliding comparison of DNA sequences, mutagenesis followed
by functional testing in transgenic plants, and protein binding assays have
been used to define and dissect promoters from several plant genes. Based on
these studies, it has been proposed that promoters constitute a collection of
recognition sites for sequence-specific DNA binding proteins (Kuhlemecier et
al., 1987).

Functional analysis of 5' flanking regions has identified DNA sequences
that are necessary for gene expression (Maniatis ¢t al., 1987). The principal

method used has been to fuse 5' flanking sequences to the protein coding
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region of a reporter gene (such as CAT, GUS or LUX) and analyze the
expression of the chimeric constructs in transgenic plants or by transient
expression assays (electroporation of protoplasts or microprojectile
bombardment of plant tissue). The transcriptional activity of these DNA
sequences can be inferred from the accumulation of mRNA or protein
derived from the chimeric construct. The location of these cis-acting
sequences can be more precisely defined by deletion and site-directed
mutagenesis.

Deletion analyses have been successfully used to delineate promoter
regions required for gene activation. For 2xample, a deletion analysis of the
355 promoter of the CaMV showed that the 350 bp upstream region of the
TATA box were sufficient for high expression of the reporter gene (Odell et
al., 1985). Most recently, a deletion analysis of a promoter region of rd29A of
Arabidopsis in transgenic Arabidopsis and tobacco revealed that the -274 to -
113 region is essential for the expression of *d29A (Yamaguchi-Shinozaki and
Shinizaki, 1994). However, deletion analysis alone cannot resolve which
specific sequences within promoter are involved in controlling gene
transcription. Therefore, other methods such as site-directed mutagenesis or
short internal deletions and protein binding assays have been used to
correlate the binding of nuclear factors and the ability to activate gene
transcription in ovivo. (Lam et al., 1989; Block et al., 1990; Gilmartin et al.,
1990).

Site-directed mutagenesis methods have been developed for
introducing mutations into cloned DNA segments, all of which involve the
use of enzymes and chemicals that cleave, degrade, or synthesize DNA
(Shortle et al., 1981; ltakura et al., 1984; Smith, 1985). Site-directed

mutagenesis has been extensively used for many purposes, including analyses
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and identification of cis-acting elements in plant promoters. Combined with
other methods, many motifs in plant promoters that interact with protein
factors have been identified by site-directed mutagenesis (Berfey and Chua,
1989; Kuhlemeier, 1992).

There is ample evidence in the literature to demonstrate that enhancer
sequences located within plant promoter regiors have the ability to bind
nuclear factors. The most direct method of identifying such sequences is by
binding assays. At present, several techniques are available to specifically
anelyze protein-DNA interactions, including electrophoretic mobility shift
assays (Garner and Revzin, 1981; Fried and Crothers, 1981), DNAse |
footprinting (Galas and Shhmitz, 1978) and exonuclease Il mapping (Wu,
1985). Gel mobility shift experiments are usually employed to assay the ability
of a particular DNA sequence to bind a protein(s), the other techniques can be
used alone or in combination to precisely define the nucleotides of the DNA
motif that interact with the protein factor. Once a specific DNA sequence has
been characterized as a binding site for a particular protein, this motif can be
used as a ligand for affinity chromatographic purification of the DNA-binding
protein (Kadonaga and Tjian, 1986; Diffley and Stillman, 1986) and as a probe
to screen a cDNA expression library (Singh et al., 1988).

Binding assays may be performed in vitro or in vive, although results
obtained by the two approaches are not always similar. For example, studies
in plants have established that sequences which bind protein factors in vitro
do not always do so in vivo (Mckendree et al., 1990). Presumably the presence
of a trans-acting factor in cell or tissue is not directly correlated to its ability to
bind at a recognition site within the promoter of any particular gene. By

combining all these methods, Yamaguchi-Shinozaki and Shinizaki (1994)
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identified a novel cis-acting element in rd29A gene of Arabidopsis that was
involved in responsiveness to drought, low-temperature, or high-salt stress.

In addition, gain-of-function experiments, where a sequence suspected
of having regulatory properties is added to a non-active promoter fragment,
have beei used to test whether a certain motif is required for the initiation of
gene transcription. One advantage of this approach is that it can demonstrate
whether a motif by itself is sufficient for transcriptional activity. For example,
there are several sequence motifs within the enhancer region of the pea rbcS
promoter, designated GT-1 sites, which bind nuclear factors. Deletions or site-
directed mutations within these boxes result in loss of transcriptional activity
(Kuhlemeier et al., 1987), indicating a functional role for GT-1 binding. Other
gain-of-function experiments were carried out by ligating a tetramer of GT-1
motifs to the promoter-proper of a rbcS gene and the CaMV 355 RNA gene.
Such constructs could not activate transcription, indicating that GT-1 is
necessary, but not sufficient for initiating gene transcription (Gilmartin et al.,
1990). Presumably, these GT-1 sequences must interact with other elements
within the rbcS enhancer. The importance of interactions between GT-1
motifs and other cis-acting elements has also been demonstrated by other
researchers (Lam and Chua, 1990).

The transcription start site at the 5" end in a protein coding gene can be
determined by using the primer extension (Mcknight et al., 1981) or the
endonuclease S1 mapping techniques (Berk and Sharp, 1977). In the primer
extension technique, an oligonucleotide (primer) which is complementary to
an mRNA is prepared and end-labeled. After it is hybridized to the mRNA,
the primer can be extended by the enzyme reverse transcriptase until it
reaches the first nucleotide of the mRNA. The length of this extension

product can then be determined accurately by gel electrophoresis by
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comparing with a sequencing ladder derived from the DNA with the same
oligonucleotide primer. The location of the TATA box also can be
determined. The transcription start site in DNA can also be determined by
using the endonuclease S1 mapping techniques (Berk and Sharp, 1977).
When the RNA is hybridized with the denatured strands of DNA, it forms an
RNA-DNA hybrid with the strand that acted as its template; the other strand
of DNA remains unpaired. Treatment with the enzyme S1 nuclease, which
specifically degrades single-strand DNA, destroys both the unpaired strand
and regions of the template strand beyond the transcription unit. The RNA
of the RNA-DNA hybrid can be removed. Then the sequence of the DNA can
be determined or its length can be used to locate the position of the RNA on
the template. The S1 nuclease mapping techniques can also be used to
determine the termination region at the 3’ end in a protein coding gene.
4.B. Post-transcriptional regulation of gene expression

In the past, much of the effort to understand gene regulation was
devoted to transcriptional mechanisms. It has become increasingly clear that
post-transcriptional mechanisms also play important roles in the control of
gene expression. Instead of relying solely on transcription, an organism can
potentially regulate expression of a gene at multiple levels (Sullivan and
Green, 1993). For example, by analysis of accumulation of isocitrate lyase and
malate synthase mRNAs in Brassica napus L. and run-on transcriptional
assays with isolated nuclei, Comai et al (1989) indicated that although these
two genes were primarily regulated at the transcriptional level, post-
transcriptional process also affect the level of mRNA accumulation. Further
study on these two genes also suggested that post-transcriptional,

translational, and post-translational regulation also differentially affected the
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accumulations of mRNAs and proteins in maturing and germinated
rapeseeds (Ettinger and Harada, 1990)

Post-transcriptional regulation of gene expression may take place at
several different stages, including RNA splicing, processing, transport, and
turnover (Okamuro and Goldberg, 1989; Sullivan and Green, 1993).
Additionally, regulation at the level of protein translation, post-translational
processing and targeting, are by definition, at the post-transcriptional level.
Factors involved in plant gene expression at the post-transcriptional level
have not been analyzed as intensively as those involved in the
transcriptional regulation. This does not imply that post-transcriptional
processes are not important for gene expression. In fact, results obtained with
cloned genes suggest that post-transcriptional regulation mostly influences
the quantitative expression of a gene (Kuhlemeier, 1992; Sullivan and Green,
1993), as some foreign proteins accumulate only to low levels in plants,
despite having their genes driven by strong promoters. For example, post-
transcriptional regulation is considered to limit the expression of bacterial
insecticidal protein (BT-toxin) gene in plants because substantial changes in
the transcribed sequences appear to be required for optimal expression (Perlak
ctal., 1991).

Most studies of post-transcriptional regulation with cloned plant genes
have been carried out with gene fusions (transcriptional and translational
fusions, see 5. A. for definition). In addition, to simplify measurements of
gene activity, the use of defined gene fusions enables researchers to assess the
role of various DNA fragments on gene expression by adding and removing
these sequences, or modified versions of them. Using gene fusion, several
components such as the 5 cap site (Gallie et al,, 1991), leader sequences

(Futterer ¢t al., 1990; Gallie et al., 1991), initiation codons (Taylor et al., 1987),
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introns (Callis et al., 1987; Mascarenhas et al., 1990), 3' untranslated regions
(Gallie et al., 1991) and polyadenylation sites (Thornburg et al., 1987;
Ingebrecht et al.,, 1989) have been shown to influence levels of gene
expression.

Although the mechanism of mRNA degradation is largely unknown in
plants, considerable evidence indicates that mRNA stability contributes to
control many plant genes (Sullivan and Green, 1993). For example, it has
been reported that DST elements (AUUUA), highly conserved sequence
motifs present in the 3' untranslated region (UTR) of a unstable mRNA
transcribed from the SAUR (small auxin up RNA) genes in both soybean and
Arabidopsis can function as instability determinant in plant cells (Newman ¢!
al., 1993). The insertion of DST sequences into the 3' UTR, was sufficient to
destabilize both the GUS and the globin transcripts in tobacco. By exchanging
sequences downstream of the translation start site in different members of the
petunia rbeS gene family, high to low levels of gene expression were observed
(Dean et al., 1989). This result indicates that sequences located 3" of the start
site, and probably 3' of the coding region may influence mRNA stability or
the relative transcription rate of the rbcS genes. Additional evidence for post-
transcriptional control that may occur at the level of mRNA stability comes
from the finding that several sequences located downstream of
transcriptional start sites can affect gene expression, including the 5" UTR of
the Em gene of wheat (Marcotte et al., 1989) and a 230 bp sequence encoding
the 5 UTR and beginning of the coding region of the Fed-1 gene in pea
(Dickey et al., 1992).

In addition to the mRNA stability, translational regulation can be
important too. An example of very well documented translational regulation

of nuclear gene expression is provided by the Amaranthus rbcS genes (Berry
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et al., 1988 and 1990). Although light-regulation of rbcS genes is mainly
controlled at transcription, light appears to affect the stability of certain
transcripts. After transferring seedlings from light to dark, mRNA levels for
beth rbeS and the chloroplast-encoded rbcL subunits remain unchanged for at
least 6 hrs. On the other hand, incorporation of 35S-methionine in the
encoded proteins ceases completely within 2 hrs. Subsequent experiments
demonstrated that the mRNA remains bound to polysomes, implicating
regulation at the level of translation elongation. In contrast, when seedlings
were transferred from deark to light, recruitment of rbcS mRNA into
polysomes was observed, indicating regulation at translation initiation step

(Berry et al., 1990).

5. T-DNA-MEDIATED GENE TAGGING

T-DNA-mediated gene tagging is one molecular genetic approach to
isolating genes from higher plants (Feldmann, 1991; Walden et al., 1991). It
has been successfully used to isolate a number of genes recently (Koncz et al.,
1992). In this section, the historical background, the mechanics, strategies and
applications of T-DNA-mediated gene tagging are reviewed.
5.A. Historical background of T-DNA-mediated gene tagging

Gene tagging is a technique by which mobile or introduced DNA, with a
known sequence, is made to insert into a gene, resulting in a detectable
mutation. This serves as a molecular tag for the isolation of the flanking
plant DNA. No prior knowledge of the identity of the gene product is
required, because selection of insertional mutants is based on visible changes
in phenotype . Based on this broad definition, all insertional elements can be
used for this purpose, including P elements in Drosophila (Bingham et al.,

1981), retroviruses in animals (Gridly et al., 1987), insertional elements in
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yeast (Roeder et al., 1980), transposons in higher plants (Federoff, 1984) and T-
DNAs of Agrobacterium (Walden et al.,, 1991). In this section, discussion is
focused on gene tagging with transposons and with T-DNAs of
Agrobacterium, with emphases on comparing T-DNA-mediated and
transposon-mediated gene tagging.

McClintock (1951) discovered the first mobile element in maize over 40
years ago and developed the concept of transposable elements as mobile
genetic entities. The mobile elements could move into and back out of genes,
altering genetic activity during the process, but these elements were not
understood in molecular terms until similar elements were detected in
bacteria (for review see Starlinger and Saedler, 1972). The first mobile
elements, called insertion sequences (IS elements), were detected through
their effect on gene function (Jordan et al., 1968). When IS elements are
inserted into the middle of a gere, they inactivate the gene; when they are
removed from the gene, the gene regains its activity. For example, E. coli
loses the ability to grow on galactose after the insertion of an element called
IS5, but the cell regains the ability to grow on galactose upon the removal of
IS>. At least six different IS elements have been found in E. coli , and other
bacteria also contain them (Starlinger and Saedler, 1972).

Studies of mobile elements in both prokaryotes and eukaryotes have
shown that insertion of any mobile element, such as IS elements,
transposons, P elements, or retroposons, generally damages the invaded genc
(Starlinger and Saedler, 1972; Bingham et al., 1981; Gridly et al., 1987; Walbot,
1992). For example, in yeast, type II alcohol dehydrogenase (ADH ) is an
induced enzyme that is synthesized when cells are grown in the presence of
alcohol. Glucose represses the synthesis of ADH|jeven in the presence of

alcohol. A Ty element inserted upstream from ADHjj gene in yeast results in
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a mutation leading to constitutive production of ADH; (Williamson, et al.,
1981). In Drosophila , eye-color mutations caused by a P element insertion at
the white locus have been reported (Levis et al., 1984). These and other
studies in insertional mutagenesis with mobile elements have led to isolate
genes from both prokaryotes and eukaryotes. Transposons, for example, have
been used to isolate a variety of genes in bacteria (Kleckner, 1981),
Caenorhabditis elegans (Greenwald, 1985), Drosophila (Cooley et al., 1988),
and mouse (Gridley et al., 1987).

In higher plants, based on the type of insertional elements used, two
different gene tagging systems have been developed and extensively studied.
These are transposon-mediated and T-DNA-mediated gene tagging (Walbot,
1992). Transposons, best known through the work of McClintock (1951), are
well-defined DNA segments which can move from one location to another
in an organism's genome. As a consequence of the movement of
transposons around the genome, a high frequency of spontaneous mutations
are caused by their insertion within genes. Individuals that have inherited
the mutation are identified by screening for the appropriate phenotype. All
native transposons in higher plants encode functions required for their
transposition (transposases) which recognize specific sequences at the ends of
the transposons (Federoff, 1984). Since they were isolated from maize (Zea
mays) (Fedoroff et al., 1983) and snapdragon (Antirrhinum majus) (Sommer
et al., 1985), transposons have been successfully used to isolate a variety of
genes in these two species that possess well-characterized endogenous
transposons (for review see Walbot, 1992). However, in most species of
higher plants, lines with active transposons are either not available or have
not been identified (Gierl and Saedler, 1992). To overcome this limitation

and allow transposon tagging in any species, transposons from maize and
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snapdragon have been introduced by transformation into a variety of
heterologous hosts, including tobacco (Baker, et al ., 1986), tomato (Yoder,
1988), carrot (Van Sluys et al., 1987), Arabidopsis (Van Sluys ¢t al., 1987;
Bancroft et al., 1993), rice (Murai et al., 1991) and petunia (Chuck et al., 1993).
Although it has been reported that transpcsons were mobile in some
heterologous hosts (Walbot, 1992), only two recent reports have shown that
genes were tagged by transposons in Arabidopsis (Bancroft et al., 1993) and
petunia (Chuck et al., 1993). Therefore, the development of an efficient
transposon tagging system in heterologous hosts is continuing to be an
important objective in this area.

Alternatively, T-DNAs of Agrobacterium can be used for gene tagging in
higher plants (Andre et al., 1986; Terri et al., 1986; Walden, 1991). This
molecular genetic approach was directly developed from the interaction of
4grobacterium research with plant molecular biology (Schell, 1987; Koncz ¢!
al., 1992). As was discussed early, many of the propertics of the T-DNA
showed that T-DNA can be a suitable candidate employed for gene tagging. T-
DNA used for gene tagging is based on the fact that it is stably integrated into
the plant nuclear genome, hence its insertion into genes may cause
mutations (Zambryski et al., 1989). Therefore, the T-DNA border-based stable
integration of a known foreign DNA sequence into a plant genome may serve
both as a mutagen and a molecular tag (Andre et al., 1986; Koncz et al., 1989;
Feldmann et al., 1989; Walbot, 1992). Like transposons, Agrobacterium-
mediated T-DNA integration may result in detectable mutations through the
insertional inactivation of a functional gene. These inserts do not move once
inserted. Thus, unlike transposon-mediated gene tagging which depends on
the relocation of transposons for creating mutations, T-DNA-mediated gene

tagging relies on generating more transgenic individuals for mutant
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selection. Unlike transposons, T-DNA does not encode any functions
required for its transfer and integration into the plant genome. A reflection
of the differences on integration and structure between T-DNA and
transposons is apparent when they are used for gene tagging. For example,
any DNA introduced between the T-DNA borders will transfer into plant cells
offering more applicable strategies in T-DNA tagging. This is not the case for
transposons, where integrity of internal sequences is generally important for
transposition. However, this limitation in transposons has been overcome
the development of a two component system (Coupland et al., 1988).
Another advantage is that the copy number of T-DNA inserts in a genome is
small and the integrated T-DNA is stable, whereas, the copy number of
transposons is usually high and unstable. Once inserted, the T-DNA will not
excise (Zambryski, 1988). However, the lack of movement of T-DNA can be
perceive as an advantage and also a disadvantage. It is an advantageous for
gene cloning purpose, but makes it impossible to generate multiple alleles by
reversion. Therefore, it is much easier to identify and clone flanking plant
DNAs with T-DNA than with transposons. On the other hand, gene tagging
with a transposon could reduce the time and effort needed to transform and
regenerate plants, because subsequent integration of an transposon at new
chromosomal locations will create new mutation.

The possibility of T-DNA-mediated gene tagging was first demonstrated
by Andre ct al (1986) and Terri et al (1986) and developed by Koncz et al (1989)
and Feldmann et al (1989). A promoterless kanamycin resistant gene was
linked to the right border of T-DNA and transformed into Nicotiana tabacum
and haploid N. plumbaginifolia plants. Calli expressing T-DNA-mediated
gene fusions were identified by their ability to grow in the presence of

kanamycin. Subsequently, NPT II assays were used to select regenerated
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individuals with organ-specific gene expression. Selection for kanamycin
resistance in both species resulted in transcriptional activation of the
promoterless reporter gene (Andre et al., 1986; Terri ¢t al., 1986). In the same
experiment, plants transformed by a vector containing a reporter gene lacking
the ATG initiation codon synthesized diverse kanamycin phosphotransferase
fusion proteins. These data indicated that T-DNA integration can occur in
protein coding regions of the nuclear genome creating active transcriptional
or translational plant gene-reporter gene fusions. Some morphological
altered N. plumbaginifolia plants were obtained (Andre et al., 1986; Terri ¢!
al., 1986). These early studies suggest that T-DNA tagging may become a
suitable complement in all plants for which Agrobacterium-mediated
transformation, tissue culture and regeneration methods are established.

To identify T-DNA insertions in functional plant genes, an in vivo gene
fusion technique was developed (Andre et al., 1986; Terri et al., 1986) and
improved (Koncz et al., 1989; Kertbundit et «l., 1991). Simply stated, a gene
fusion is a chimeric DNA construct containing sequences from more than
one gene. Gene fusions may be created in vitro, using standard recombinant
DNA technology, or in vivo by insertions of mobile genetic elements within
intact genes. Most of the studies with gene fusions have exploited constructs
created in vitro that contain the coding region from a reporter gene or
selectable marker. Generally speaking, two types of gene fusions are
recognized. Transcriptional fusions contain the coding region of the reporter
gene only, while translational fusions encode chimeric proteins containing
segments from both the reporter gene and the gene of interest resulting in “in
frame" translation of both genes (Jefferson, 1987).

The major advantage of the above approach is that a direct selection of

promoterless kanamycin and hygromycin resistant genes for the presence of
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T-DNA-mediated gene fusions greatly facilitates identification of desired
transformants. This becomes especially important when gene fusions are
generated at low frequencies. There are, however, several disadvantages with
this approach. If expression of gene fusions is selected during the tissue
culture stage, it is possible to lose individuals with expression of gene-fusion
at subsequent stages of plant development. Second, it has been reported that
the direct selection of promoterless kanamycin and hygromycin resistant
genes for transformants resulted in a high copy number of T-DNA insertions
(Koncz et al., 1992). Finally, when promoterless kanamycin or hygromycin
resistant genes are place into the middle of a T-DNA insert, direct selection
may also result in a high frequency of truncated and aberrant T-DNAs
(Herman et al. 1990).

In order to avoid direct selection for expression of gene fusions, a major
improvement of T-DNA tagging vector systems was developed by Koncz et al.
(1989). T-DNA vectors carrying a promoterless reporter gene (nptll gene)
were linked to the right bordzr of the T-DNA and a separate selectable marker
(hygromycin-resistant gene) for recovery of transgenic calli and plants were
employed. A ColE1l replicon and a bacterial selectable marker gene were
included in these vectors to facilitate the recovery of T-DNA inserts by
plasmid rescue (Koncz et al., 1989). Using this strategy, a large number of
transgenic Arabidopsis and tobacco plants were generated and a root-hair
specific promoter (Koncz et al., 1989) and a pale mutant from Arabidopsis
(Koncz ¢t al., 1990) were isolated. However, quantification of NPTII is
laborious and no histochemical technique for its detection is available. A
more attractive alternative for the isolation of random gene fusion was
developed by using a promoterless GUS gene to construct T-DNA tagging

vectors (Kertbunit ef al,, 1991). In this study, the promoterless GUS gene was
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located 4 bp from the right T-DNA border to generate transcriptional and
translational fusion upon T-DNA integration (Kertbunit ¢t al., 1991).

An other improvement of T-DNA tagging vector systems is the use of
an enhancer detector, a marker gene linked to a minimal promoter, which
has been successfully used in transgenic mouse (Allen et al., 1988), Drosophila
(Wilson et al., 1989) and plants (Goldsbrough and Bevan, 1991; Topping ¢t al.,
1991). A truncated CaMV 35S promoter (-90) fused with a GUS gene placed
the left and right T-DNA borders, led to a high frequency of transgenic tomato
(Goldsbrough and Bevan, 1991) and tobacco (Topping ¢t al., 1991) plants that
displayed differential patterns of GUS expression.

Most protocols used for generation of T-DNA-tagged plant populations
involve extensive periods of tissue culture. It has been reported that tissue
culture processes induce a high frequency of somaclonal variants in the plant
population (Feldmann and Marks, 1986). The seed transformation method in
Arabidopsis developed by Feldmann and Marks (1987) circumvents potential
problems related to tissue culture. Using this method, more than 1000
putative insertional mutants were produced (Feldmann, 1991). Many of the
T-DNA insertional mutants turned out to be allelic to known genes, and
some of these genes were isolated using the T-DNA as a tag, including GI1
(glabrous) (Marks and Feldmann, 1989), AG (agamous) (Yanofsky et al., 1990),
cop 1 (Deng et al., 1992) and CTR1 (Kieber et al., 1993).

5. B. Mechanics and strategies of T-DNA-mediated gene tagging
5. B. 1. Structure and organization of the integrated T-DNA

Currently little is known about the fate of T-DNA during
transformation. Most of the information available is obtained from the
analysis of the end product of the integrated T-DNA in transgenic plants.

Since sequences contained within the T-DNA are usually well-characterized,
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it is relatively straightforward to use these as hybridization probes to study the
structure of the integrated T-DNA. These analyses provide information on
copy number and rearrangement of the integrated T-DNA. In addition,
sequence analysis and comparison of T-DNA-plant DNA junctions provide
further information about the T-DNA integration.

Southern blot analyses and sequence comparisons of the T-DNA-plant
DNA junctions of transgenic plants have revealed that T-DNA integration
into piant chromosomes is a very precise event. The endpoints of many
integrated T-DNA molecules are located within or less than 10 bp away from
the right border of the T-DNA (Jorgensen et al., 1987; Gheysen et al., 1991;
Mayerhofer ¢t al., 1991). In comparison, integration at the left border of the T-
DNA does not appear to be as precise. The Vir D2 protein was found
covalently attached to the 5 end of the right T-DNA terminus in
Agrobacterium (Herrera-Estrella et al., 1988; Young and Nester, 1988). These
results imply that the right border of the T-DNA may be protected during
transfer.

At the chromosomal level, in situ hybridization and mapping using
genetic or RFLP markers have established that no preferential target for T-
DNA integration could be observed (Zambryski et al.,, 1989). However, at the
gene level, recent results from T-DNA tagging experiments based on the
frequency of insertional activation (Koncz et al., 1989; Topping ct al., 1991),
indicated that the T-DNA integrates preferentially into transcribed regions of
the plant genome. T-DNA insertion units usually consist of one to several
copies of T-DNA. In cases of multiple copies of the T-DNA, independent
locations of several inserts and tandem arrangements of T-DNA (which
consist of direct and inverted repeats) were observed (Jorgensen et al., 1987;

Zambryski, 1988; Zambryski ¢t al., 1989).
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Molecular analysis of over 200 transformants revealed that the selection
method can influence the copy number of the T-DNA (Koncz ¢f al., 1992).
Selective probing of genomic DNAs isolated from these plants with
promoterless selectable marker genes (such as kanamycin or hygromycin)
from the right border of the T-DNA indicated that on average 5 to 20 T-DNA
copies were inserted. In contrast, control plants transformed by promoter-
driven selectable marker genes carried intact T-DNA at an average copy
number of 1.5 (Koncz ¢t al., 1992). Similar results were also obtained with a
promoterless marker gene placed into the middle of a T-DNA insert (Herman
et al., 1990). These observations suggest th..t direct selection for T-DNA
integration into actively transcribed plant genes leads to amplification of
promoterless marker genes and integration of truncated, aberrant T-DNAs.

5. B. 2. Models of T-DNA integration

Based on comparisons of sequences in junctions of T-DNA to plant
DNA with sequences of plant DNA before and after the T-DNA integration,
models of T-DNA integration were proposed (Gheysen ¢t al, 1991;
Mayerhofer ¢t al.,, 1991). These models suggest that the protein-T-strand
complex invades the target region of the genome by utilizing nicks or gaps in
the double-stranded DNA introduced by DNA replication, recombination, or
repair. It is still questionable whether any of the Agrobacterium-encoded wvir
gene products such as Vir D2 and Vir E2 are involved in this process,
although it has been proposed that these proteins may be involved in
recognition and nicking of plant DNA, mediating the formation of precise
junctions at the right border of the T-DNA, and unwinding of the target DNA
(Mavyerhofer et al., 1991). Based on these models, any sequence close to the
borders of the T-DNA has the potential to anneal with plant DNA resulted in

the formation of a heteroduplex. The small size of the target sites indicated
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that the borders of the T-DNA are located close to one another during this
process. The data from these studies also demonstrate that the process of T-
DNA integration does not create large rearrangements of plant DNA. Some
small (13-73 bp) deletions of target site DNA and "filler" DNA were often
found in the T-DNA-plant DNA junctions. "Filler" DNA are short stretches
of repeated sequences, they are different from the plant target site and the T-
DNA borders, but usually identical to sequences found in the nearby flanking
DNA. The fact that there is little or no homology between the insertion sites
suggests that the T-DNA integration is mediated by illegitimate
recombination (Gheysen et al., 1991, Mayerhofer ¢t al., 1991).

5. B. 3. Strategies: T-DNA insertional vectors

Generally, all T-DNA based vectors can be used for T-DNA tagging
because mutant phenotypes created by T-DNA integration will be segregated
in the second generation of the primary transgenic plant. The use of non-
specialized T-DNA transformation vectors to generate a population of
insertion mutants has been demonstrated (Feldmann et al., 1989; Feldmann,
1991).

In the last few vears, a variety of T-DNA tagging vectors have been
constructed. These vectors are called specialized T-DNA tagging vectors. A so
called 'passive vector’, contains a marker gene either lacking a promoter
sequence or containing a minimal promoter, i.e missing sequences necessary
to produce normal developmentally regulated gene expression, but sufficient
to initiate transcription. The rationale is that the following flanking plant
sequences will be able te direct expression of the marker gene (Walden et al.,
1990 and 1991). The nptll gene (Andre et al., 1986; Teeri et al., 1986),
hvgromycin gene (hpt) (Koncz et al., 1989) and GUS gene (Kertbundit ef al.,

1991; Topping ¢t al., 1991) have all been used to construct passive vectors.
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Other types of specialized T-DNA tagging vectors are called ‘active
vectors’. They contain transcriptional enhancer sequences which can
enhance gene expression over a long distance (Walden ¢t al., 1991). The
transcriptional enhancer derived from the cauliflower mosaic virus 35§ RNA
promoter placed close to the right T-DNA border is an example of the ‘active’
vector and can enhance gene expression (Walden et al., 1991). This strategy
allows the production of dominant, overexpression mutants. Using this
method, a plant gene that promotes growth and division of protoplasts in
vitro in the absence of exogenously applied auxins has been isolated (Hayashi
et al., 1992).

5. C. Regulation of transgene expression

Transcriptional and post-transcriptional control of gene expressions
have already been discussed in an earlier section. Although the spatial and
temporal expression of transgenes usually parallel those of the original gene,
levels of expression often vary considerably among independent
transformants with identical T-DNA constructs (Hobbs et al., 1990; Peach and
Velten, 1991). Altered patterns of gene expression in transgenic plants
compared with those of original genes have also been reported (De Almeida
et al., 1989; Barnes, 1990). As the transgene expression is a major focal point
in this thesis, factors responsible for influencing transgenc expression are
reviewed in this section.

5. C. 1. Copy number of T-DNA insert and transgene expression

Several factors have been proposed to be responsible for the variability
of gene expression including the copy number of T-DNA insert and position
effect (Hobbs et al., 1990 and 1993). Surprisingly, most data up to date have
shown that there is no positive correlation between levels of gene expression

and T-DNA copy number. On the contrary, the presence of multiple copies of
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T-DNA inserts, arranged in tandem repeats, appears to have a negative effect
on gene expression (Jones et al., 1987; Jorgensen et al., 1987). A negative
correlation between levels of gene expression of a CaMV 35S promoter-GUS
construct fusion and T-DNA copy number was reported (Hobbs et al., 1990).
Their data indicated that even plants with two T-DNA copies do not express
GUS to levels comparable of plants containing single inserts. A negative
effect of multiple T-DNA copies was also demonstrated by analysis of GUS
expression in the transformed progeny. When two independent T-DNA
copies segregated away from each other, higher levels of GUS were detected.

The reasons why multiple copies of T-DNA insert have negative
influences on transgene expression are largely unknown. Based on the
observation that some sequential transformation of plants with identical or
different T-DNAs may lead to the inactivation of genes on the original T-
DNA, co-supression (Jorgensen, 1990), or trans-inactivation (Jorgensen, 1991)
was suggested. However, the co-suppression or trans-inactivation hypothesis
still cannot explain why only some transformants were suppressed.
5. C. 2. Position effect

Most genes whose expression has been studied in transgenic plants are
expressed in generally appropriate patterns with respect to cell and organ
specificity, developmental timing, and to environmental cues (Benfey and
Chua, 1989; Kuhlemeier, 1992). However, the level of expression can vary
over an extremely wide range (Dean et al., 1988; Hobbs ¢t al., 1990 and 1993).
Variation in transgene expression is frequently attributed to corresponding
variation in the transcriptional potential of different chromosomal insertion
sites (Allen et al., 1993). The phenomenon whereby the presence of other
regulatory sequences in the host genome at or near the site of T-DNA

integration influences the level and specificity of expression of the transgene
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is called the position effect (Dilton and Grosveld, 1993). Besides endogenous
promoters and enhancers, other regulatory sequences, including the locus
control region (LCR) (Grosveld et al., 1987), matrix attachment regions (MAR)
(Dillon and Grosveld, 1993) and chromosomal scaffold attachment regions
(SAR) (Gasser and Laemmli, 1986), also influence transgene expression.

Position effects are common in transgene research. Prominent among
the many factors that may affect transgene expression at different insertion
sites of chromosome is the structure of chromatin. For example, the
transcriptional potential of large regions is controlled by chromatin fibre, thus
permitting access to the DNA by RNA polymerase and transcriptional
regulatory proteins (Goodman, 1988; Cook, 1989). Scaffold attachment regions
(SAR) function as domain boundaries and play an important role in
regulating transgene expression. It has been reported that the SAR could
reduce position effect variation in vivo when included on both sides of
globin gene construct (Grosveld ef al., 1987). Most recently, the SAR has been
shown to reduce position effect in transgenic plant cells when placed on both
sides of GUS gene (Breyne ¢t al., 1992; Allen et al., 1993).

One method that has been used to compensate for position effects is to
add a reference gene within the T-DNA. By comparing the expression of the
test gene with that of the reference gene, variability among different
transformants may be significantly reduced (Kuhlemeier et al., 1987; Fang ¢!
al., 1989). However, in several cases, expression of linked transgenes was
shown to vary independently from one another (Gidoni et al., 1988; Peach
and Velten, 1991). In one study, the ratio of CAT to GUS activity, when fused
with the mannopine synthase promoter (mas) P1 and P2, varied from 0.05 to

49 (Peach and Velten, 1991). If this variability is a result of a position effect,
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the influences of flanking regulatory sequences must vary considerably over
short distances, as the mas promoters were tightly linked to each other.

Transgene expression may be influenced not only by its position within
the plant genome, but also by its position within the T-DNA (Gidoni et al.,
1988). The expression of two photosynthetic petunia genes (Cab22R and
Cab22L) was controlled at the level of transcription in a tissue-specific and
light-regulated fashion, but was influenced by the site of insertion into the T-
DNA vector. When the two transcription units were inserted near the left
border of the T-DNA, the expression level varied coordinately among
independent transgenic plants and remained completely light inducible and
tissue specific. In contrast, the expression level and transcription properties of
the same gene construct was significantly disrupted, when it was inserted
near the right border of the T-DNA (Gidoni et al., 1988).

Transgene expression may be influenced by the developmental stages,
position in the plant and physiology. One study showed that expression of a
nos promoter-CAT fusion varied almost 300 fold between leaf tissue
harvested from the bottom and top of tobacco shoots (An et al., 1988). The
expression of a gene fusion between the B- 1,3-glucanase gene promoter and
GUS was found only in older leaves of transgenic tobacco (Castresana ef al.,
1990).

5. D. Phenotype and genetic analysis of T-DNA inheritance
5. D. 1. Predicted phenotypes and genotypes of primary transformants

Once the T-DNA has been stably integrated within the plant genome,
heterozygous primary transformants which contain one or more inserts will
be generated. In most cases, as there is no counterpart in the plant genome,
the T-DNA tags are dominant (Koncz et al., 1992). Therefore, the primary

transformant will express dominant marker genes carried by the T-DNA.
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Subsequently, marker genes such as kanamycin and hygromycin which were
originally used to select for transformants are easily used to study the
segregation of the T-DNA insert. For segregation experiments, seeds
harvested from self-pollinated primary transformants are plated on a
medium containing kanamycin or hygromycin at the room temperature. In
this environment, most seeds will germinate, including those with or
without the T-DNA insert(s). Only those containing T-DNA insert(s),
however, will develop into normal seedlings, with exception of these
homozygous embryo-defective mutants. Approximately 200 seeds from each
primary transformant are required. Several hundred more seeds will need to
be examined in these non-segregating lines to distinguish between multiple
linked or unlinked inserts and homozygosity (Feldmann, 1991).

In a primary transformant (T1) (equivalent to F1), contained one T-DNA
insert that carried a kanamycin resistant gene, progeny of the selfed primary
transformant would segregate in a Mendelian fashion at T2 (equivalent to F2)
under the selection of kanar. :n. The ratios of the segregation will be a 3 : 1
(KanRR : Kanfr) phenotypically and an 1 : 2 : 1 (KanRR: KanRr: Kanrr)
genotypically. If a primary transformant contains two unlinked T-DNA,
progeny of the selfed primary transformant would still segregate in a
Mendelian fashion. The ratios of the segregation would be a 15 : 1 (KanR1-Ro-:
Kanririr2r2) phenotypically and aa 9 : 3 : 3 : 1 (KanR1-Rz-: KanRy-r2rz:
KanririR2-: Kanririrarz) genotypically.

5. D. 2. T-DNA insertional mutagenesis in diploid and amphidiploid species

The efficiency of the T-DNA insertional mutagenesis is affected by many
factors, including plant species, genome size, and methods of transformation,
regeneration and screening for mutant transformants. Most data available to

date on the T-DNA insertional mutagenesis have been generated in two
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species, Zralidopsis thaliana and Nicotiana tabacum (Koncz et al., 1992).
Their genomes vary in size and organization and the methods employed to
obtain insertional mutants are different. This section focuses on these two
species, and reviews the current literature on how the basic genetics of these
two species affects the efficiency of mutant selection.

The DNA content of these two species varies considerably. Arabidopsis
thaliana has the smallest genome characterized to date in higher plants
(Meyerowitz, 1987). At 7 X 104 kb, it is only 5 times larger than that of baker's
yeast (Leutwiler et al., 1984). On the other hand, the genome size of Nicotiana
tabacum is 2.4 X 106 kb per haploid genome. This is approximately 25 times
larger than that of Arabidopsis and is similar to the size of the haploid
human genome (2.0 X 106 kb) (Okamuro and Goldberg, 1985). In spite of the
difference in total genomic content and percentage of repeated sequences,
Koncz et al (1989) repor ed that the probability of generating a T-DNA-
mediated gene fusion in Arabidopsis and Nicotiana was very high and
similar, 28.5% vs. 23.5% for transcriptional fusions and 30% vs. 24.4% for
translational fusions. Based on their results, these authors suggest that the T-
DNA integrated preferentially into transcribed regions of the plant genome
(Koncz et al., 1989).

It should be also noted that there was no difference between a diploid
species (such as Arabidopsis thaliana) and amphidiploid species (such as
Nicotiana tabacum) in the segregation ratios of T-DNA marker genes. A
primary transformant from both species will follow the same segregation
principal as discussed above. However, the difference between these two
species is obvious when the focus is on screening for insertional mutants.
Unlike diploid Arabidopsis, the genome of amphidiploid tobacco consists of

two complete sets of chromosomes resulting from the interspecific
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hybridization of two diploid species, Nicotiana sylvestris and Nicotiana
tomentosiformis (Okamuro and Goldberg, 1985). Theoretically it should be
almost impossible to obtain insertional mutants from tobacco, because most
genes in this species contained their complementary sets. With the exception
of gain-of-function type mutation such as the introduction of reporter genes,
the lost function resulting from mutation of a gene may be compensated by
its partner. This is a major reasons why most of the early T-DNA tagging
experiments failed to isolate insertional mutants from this species (Koncz ¢t
al., 1992).

It has been reported that most transformants tested will segregate in a
Mendelian fashion and that each transformant will segregate for one or more
inserts (Feldmann, 1991; Topping ef al., 1991). By testing more than 800
transformed lines of Arabidopsis, Feldmann, (1991) demonstrated that the
average number of T-DNA inserts per transformant was 1.4 and nearly all of
the transformants were heterozygous for one or more inserts. With the
exception of one study, a certain fraction of the transformants contained
insertions that segregated in a non-Mendelian fashion, including those plants
which failed to segregate for a homozygous T-DNA insertion and those plants
which segregated for the presence of the T-DNA at low frequency (Deroles
and Gardner, 1988). In a recent study, plants failing to segregate in a
Mendelian fashion for hygromycin resistance were shown to segregate
according to Mendelian principals when the progeny was analyzed by
Southern hybridization (Scheid et al., 1991). These results may be explained,

at least in part, by inactivation of T-DNA-encoded marker genes.
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6. APPLICATIONS OF T-DNA TAGGING IN HIGHER PLANTS

A large number of transgenic plants containiny tagged genes have been
obtained by Agrobacterium-mediated transformation of Arabidopsis and
tobacco (Koncz et al., 1989; Feldmann, 1991). Developmentally regulated
promoters and genes from higher plants have been isolated by T-DNA
tagging or T-DNA insertional mutagenesis (Walbot, 1992). A root-specific
promoter from Arabidopsis has been isolated by using a promoterless aph(3°)-
11 reporter gene-based insertional vector (Koncz et al., 1989; 1990). A DNA
fragment mediating phloem-specific gene expression in Arabidopsis has been
isolated by T-DNA tagging with a promoterless GUS gene-based insertional
vector (Kertbundit et al., 1991). In the last few years, a number of plant genes
isolated by T-DNA tagging, have been studied including 'master’ genes such
as the AG gene in Arabidopsis that encodes a transcription factor responsible
for flower development (Yanofsky et al., 1990), the cop 1 gene that encodes a
protein containing both a motif of G protein and a DNA-binding domain
(Deng ct al., 1992) and a plant gene that, upon overexpression, is able to
promote growth and division of protoplasts in vitro in absence of
exogenously applied auxins (Hayashi et al., 1992).

The leaf disc transformation method (Horsch et al., 1985) and seed
transformation method (Feldmann and Marks, 1987; Feldmann, 1991) have
been used successfully for creation of a large number of insertional mutant
plants. Leaf discs are cocultivated with A. tumefaciens containing the
appropriate T-DNA tagging vector, followed by culturing the explanis on
medium containing an antibiotic to prevent further growth of the bacteria
while allowing the induction of callus or shoots and roots formation.
Transformant selection can be applied at the initiate stage of callus or choot

formation. Using this method a population of transgenic plants has been
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generated in both Arabidopsis and tobacco (Koncz ¢t al., 1989; Kertbundit et
al.,, 1991; Jiang et al., 1992; Lindsey et al., 1993).

An alternative strategy for creating T-DNA tagged plant populations is
seed transformation (Feldmann and Marks, 1987; Feldmann, 1991). In
Arabidopsis, imbibing seeds are incubated with A. tumefaciens and resulting
plants are self pollinated. The progeny is germinated in the presence of
antibiotics to select for expression of the T-DNA encoded selectable marker
gene in transgenic individuals.

Previous studies have shown that a high frequency of T-DNA tagged
individuals can be obtained in both Arabidopsis (Koncz ¢t al., 1989;
Kertbundit et al., 1991) and tobacco (Koncz et al., 1989; Kertbundit ¢t al., 1991;
Topping et al., 1991). Depending on the type of T-DNA tagging vector,
screening can be based on the mutant phenotype (Feldmann e¢f al., 1989;
Feldmann, 1991) and spatial or temporal expression of marker genes in
transgenic plants (Kertbundit et al.,, 1991; Jiang et al.,, 1992). The ch-42 gene
was isolated by mutant phenotype screening of 450 T-DNA-transformed
Arabidopsis plants (Koncz et al.,, 1990). Similarly, more than 1000 putative
mutants were obtained by screening 8000 Arabidopsis transformants for
mutant phenotypes generated through seed transformation (Feldmann, 1991).

Identification of insertional mutants through marker gene expression
has been reported recently (Koncz et al., 1989; Kertbundit et al., 1991; Topping
et al., 1991). A T-DNA vector with a promoterless aminoglycoside
phosphotransferase 1I (aph(3°)-1I) reporter gene at one end was designed to
study the frequency of T-DNA tagging both in Arabidopsis and in tobacco
(Koncz et al., 1989). A minimal promoter and promoterless uid A (gusA)
reporter gene, encoding the enzyme f-glucuronidase (GUS) (Jefferson et al.,

1987), was used to isolate developmentally regulated promoter and enhancer
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clements (Kertbundit et al., 1991). The GUS reporter gene, fused to a
truncated (-90 bp) CaMV35S promoter, was described for identification of
tissue-specific promoters in transgenic tobacco plants (Topping et al., 1991). In
general, these reporter genes are sensitive and convenient to use, but
measurement of enzymic activity requires destructive essay procedures.

Based on the mutant phenotype or spatial or temporary expression of a
marker gene in transgenic plants, the tagged individual of interest can be
studied in detail. The flanking DNA sequence of interest can be isolated by
conventional molecular biology techniques and recent developments using
plasmid rescue (Koncz et al., 1989). In all these cases, careful Southern
hybridization analysis (Southern, 1975) is required to measure the length of
the flanking plant DNA sequence. Cloning of the T-DNA tagged plant DNA
sequences can be carried out by screening partial or complete genomic
libraries derived from the mutant individual. If the T-DNA itself contains an
origin of replication and antibiotic resistance gene in E. coli, the flanking
plant DNA sequence can be directly rescued in E. coli after the cleavage of the
genomic DNA with an enzyme that cuts outside the T-DNA. This is followed
by religation and bacterial transformation (Koncz and Schell, 1986; Koncz et
al., 1989). Using inverse PCR, T-DNA tagged flanking plant DNA sequences
can be isolated directly (Jiang et al., 1992).

The flanking plant DNA sequences may be a gene or its regulatory
sequence. If the selection of individual mutants is based on the expression of
a marker gene, the flanking plant DNA sequence may be involved in the
regulation of gene expression. This method is called 'promoter tagging’ or
‘promoter trapping’ (Kertbundit et al., 1991; Lindsey ef al., 1993). In this case,
the putative promoter sequence can be confirmed by DNA sequence analysis

and retransformation experiments and can be used as a probe to screen a
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genomic library for the isolation of downstream coding region. On the other
hand, if the flanking plant DNA sequence itself is a part of a gene sequence,
the above method can also be used to isolate the complete gene and its

upstream regulatory sequence (Walden et al., 1991; Koncz ¢t al., 1992).

7. GENETIC CONTROL OF FLOWER DEVELOPMENT

Flowering plants are the most highly evolved and complex organisms
within the plant kingdom. The flower of angiosperms is the reproductive
organ and consists of sepals, petals, stamens and carpels, which are usually
organized in four concentric whorls (Coen and Meyerowitz, 1991). In order to
make such an arrangement, the cells of the organ primordia in cach of the
whorls must spatially deliver the correct developmental program. Recently,
genetic analysis of Arabidopsis and Antirrhinum majus (snapdragon)
mutants with abnormal flowers has produced fruitful information about
flower development (Schwarz-Sommer et al., 1990; Coen and Meycerowitz,
1991; Mevyerowitz ct al,. 1991). The genes defined by these mutations have
been isolated including the homeotic genes AGMOUS (AG), APLTALA2
(AP2), APETALA3 (AP3), and PISTILLATA (PI). Plants with mutation(s) in
one or more these genes produce flowers with altered morphology. In these
mutant flowers, organs in some whorls take the form of those normally
found in other whorls. The floral homeotic genes fall into three distinct
classes, designated A, B, and C. The class A {AP2) mutation leads to first
whorl organs developing as carpels rather than sepals and second whorl
organs developing as stamens rather than petals. The class B (AP3 or PI)
mutations result in second whorl sepals and third whorl carpels. The class C
(AG) mutations convert stamens into petals. These genetic studies of the

flower mutations have led to a model explaining the roles of floral homeotic
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genes in determining floral organ identity (Coen and Meyerowitz, 1991). The
model proposes that three gene products function in three overlapping fields
(A, B, and C), with each field occupying two adjacent whorls. Thus, field A
consists of whorls 1 and 2, field B consists of whorls 2 and 3, and field C
consists of whorls 3 and 4. The AP2, AP3/PI, and AG genes are proposed to
function in fields A, B, and C, respectively, resulting in a unique pattern of
expression in each of the four whorls (Bowman et al., 1991).

The cloning, expression and function studies of these homeotic genes
have shown results similar to the predicted model. Sequence analysis of the
class B homeotic genes including Deficiens-A (DEFA) (Sommer et al., 1990),
Globosa (GLO) (Trobner et al., 1992), AP3 (Jack et al., 1992) and the class C
homeotic gene, AG, reveals that they contain a putative DNA-binding
domain, designated the MADS (MCM1, AG, DEFA, and SRF) box (Schwarz-
Sommer et al.,, 1990). The MADS box is similar to the DNA-binding domain
of the yeast transcription factor MCM1 (Dubois et al., 1987; Christ and Tye,
1991) and the human transcription factor SRF (Norman et al., 1988), therefore,
these studies suggest that the classes B and C homeotic genes may encode
plant transcription factors which regulate the genes determining floral organ

identity.
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Alteration of a Luciferase Based Binary Plant Transformation Vector for
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INTRODUCTION

Agrobacterium tumefaciens-mediated gene transfer is a commonly
used method to introduce genes into cells of higher plants and to study gene
regulation in regenerated transformants (Gasser and Fraley, 1989; Schell,
1987). The plant expression vector pPCV701 was constructed (Koncz et al.,
1987) to transfer a gene of choice from A. tumefaciens into plant cells. This
vector contains a ColE1 origin of DNA replication, ampicillin resistance and
npt 1l genes (for kanamycin resistance) as positive selection markers for
transformation experiments. In addition, this vector contains bidirectional
mannopine synthase (mas) promoters (Velten et al., 1984; Koncz et al., 1987).
Previous studies have shown that the bidirectional mas (P1, P2) promoters
can be used to control the expression of two genes simultaneously in higher
plants and that their expression patterns are regulated by plant hormones
(Langridge ¢f al., 1989). To monitor gene expressicn from the mas promoters
in plant cells in vivo, a luxA&B luciferase gene fusion (fab2) was used as a
marker gene (Escher et al, 1989). The fab2 gene encodes a monomeric
luciferase enzyme that catalyses emission of visible light in vivo upon
addition of the substrate decanal (Koncz et al., 1990). The fab2 gene was
transcriptionally fused to the mas P1 or P2 promoters by cloning the fab2
DNA fragment into the Sal I site or the Bam HI site, respectively. Luciferase
activity was detected in vive using the Hamamatsu Argus 100 low-light video
image analyzer (Langridge et al., 1991; Jiang et al., 1992). Bioluminescence,
therefore, offers a non-destructive and sensitive means for monitoring
regulation of gene expression in higher plants (Koncz et al., 1990).

There are, however, several drawbacks when this vector is used for
cloning. First, there is only one restriction site available for each promoter

(Bam HI for P2; Sal 1 for P1) (Koncz et al., 1987). Second, the DNA fragment of
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the fab2 reporter gene contains a restriction site identical to the cloning sites
in the vector. Therefore, cutting at the cloning sites in the vector will cleave
the reporter gene as well.

In order to overcome these drawbacks and make this vector more
convenient for the study of gene regulation and expression in higher plants,
the DNA fragment of the fab2 gene was modified by removing the sites
identical to the cloning sites p.esent in the vector pPCV701. The new vector
can now be used to clone a DNA fragment without cleavage of the reporter
gene. In addition, a multiple cloning site (MCS) was inserted into the vector.
The MCS contains four frequently used restriction sites. Cloning a gene of
interest in the new vector can now be a single step event. Furthermore, this
new vector now allows one to carry out forced directional cloning of DNA

fragments of interest.

MATERIALS AND METHODS
Plasmids and strains
The binar - plant expression vector pPCV701 (9.6 kb) carries the mas
P1,P2 promoters (Koncz et al., 1987). The vector pPCV701 luxtP1 (11.8 kb) is
vector pPCV701 with the fub2 luciferase gene cloned downstream of the P’
promoter (Escher, unpublished data). Competent cells were prepared with

E.coli strains DH5a and 517-1 as described previously (Inoue et al., 1990).

Mobilization of binary plant expression vect com E. coli into A,
tumefaciens
Binary plant expression vectors were mobilized from E. coli $17-1 into

A. tumefaciens strain CV3101 pMP 90RK according to the method previously
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described (Koncz and Schell, 1986). The transconjugants were screened in

vivo using the Hamamatsu Argus 100 low-light video image analysis.

Isolation of binary plant expression vectors from Agrobacterium

Binary plant expression vectors were further analyzed by restriction
enzyme mapping before use in plant transformation. The following
procedures were used to isolate binary plant expression vectors from
Agrobacterium: The YEB medium (1.5 ml) culture containing Agrobacterium
strain GV3101 pMP 90RK and appropriate antibiotic selection was shaken (220
rpm) overnight at 290C. The cells were pelleted for 3 minutes at 5,000 rpm in
a microcentrifuge. Then, the pellet was resuspended in 300 pl 1 x TE buffer
(pH 8.0) and centrifuged at 10,000 rpm for 1 minute in a microcentrifuge. The
supernatant was removed and the cell pellet was resuspended in 100 pl 1 x TE
buffer (pH 8.0). The cell suspension was incubated with 10 pl lysozyme (20
mg/ml) for 10 min at the room temperature, followed by alkaline lysis with
sodium hydroxide (0.2 N NaOH + 1% SDS) and potassium acetate
precipitation (3 M KoAc + 2 M HAc) for 10 min each on ice. After phenol-
chloroform (1:1) extraction, the DNA was precipitated by 2.5 volume of 100%
ethanol. The DNA pellet was resuspended in 40 ul ddH>0O from which
approximately 5 pl was used for transformation of E.coli competent cells
(Inoue ct al., 1990). Three ampicillin resistant E. coli colonies were randomly
picked by sterile toothpicks and allowed to grow in 1.5 ml LB broth with
appropriate antibiotic selection for 6 hours at 370C with shaking (220 rpm).
For isolation of binary plant expression vectors from E. coli, the procedure is
the same as described above, but with 5 minute instead of 10 minute
incubation for lysozyme, alkaline lysis and potassium acetate. The DNA,

resuspended in 10 pl ddH20, was used for restriction enzyme mapping
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according standard methods (Maniatis et al., 1982). Based on low light image
anaiysis and restriction enzyme mapping, the correct transconjugants were

used to transform plant tissues.

Plant materials and transformation

Nicotiana tabacum cv. SR1 leaf disc explants (8-mm diameter) were
harvested from young (4-5 leaf stage) plants grown on MS medium in sterile
jars. After soaking for 15 minutes with log phase growth A. tumefaciens
strain GV3101 pMP 90RK containing luciferase based binary vectors, the leaf
discs were incubated on MS medium at 25°C, without antibiotic selection for
two days in the dark. The leaf discs were transferred to MS shooter medium
(MS medium + 0.1 mg/1l of NAA + 0.5 mg/] of BAP) (Murashige and Skoog,
1962) containing 100 mg/1 of kanamycin for selection of transformed plant
cells and 400 mg/l claforan for preventing growth of A. ‘tumefaciens.
Kanamycin-resistant shoots appeared after three to four weeks and were
excised from the leaf discs and rooted in jars containing MS medium without
hormones but containing antibiotic selection. Roots developed two to three
wecks later and the transformed plantlets were grown to maturity in soil in
the greenhouse under a 12-hour-photoperiod as described previously (Jiang

et al.,, 1992).

Luciferase assays

A. tumefaciens transconjugants containing luciferase based binary
plant transformation vectors were incubated overnight at 29°C and subjected
to low-light image analysis for 2 minutes. Leaf, root and flower tissues from
transgenic plants were screened for luciferase activity for 30 minutes. A

detailed method of low-light image analysis with the Hamamatsu Argus 100
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low-light video image analyzer has been described previously (Langridge ¢f

al., 1991).

RESULTS AND DISCUSSION

Modificatiuv:: of the fab2 gene

The mas promoters and the luciferase marker gene in vector plP’CV701
luxFP1 are useful tools for plant genetic engineering, because these dual
(bidirectional) promoters allows coexpression of a bacterial luciferase with a
gene of interest. Therefore, light emission in a transgenic plant is a strong
indication of integration of a gene of choice into the genome of regenerated
transgenic plants. However, a limitation of this vector is that the DNA
fragment of the fab2 marker gene contains sites which are identical to cloning
sites in vector pPCV701 luxFP1 (Fig. IlI-1a). The removal of these sites in the
DNA fragment of the marker gene was attempted for cloning purposes. Bam
HI and a Sal I sites are located 197 bp and 206 bp downstream from the stop
codon of gene fab2, respectively (Escher ¢t al., 1989). In the first step the
plasmid pPCV701 luxFP1 was cut with restriction enzyme Bam HI to yield a
2.7 kb fab2-mas promoter DNA fragment which was further digested with Sal
L. A 22kb fab2 Bam HI-Sal I DNA fragment was obtained and was ligated into
the Sal 1 site downstream of the P1 promoter in vector pPCV701 (Fig. 111-1b).
After blunting the Bam HI site at the 3' end of fab2 with Klenow fragment,
the vector was recircularized by ligation. Competent cells of E. coli D5
were transformed with the ligation mix, and recombinant plasmids were
characterized using restriction analysis and agarose gel electrophoresis. A
plasmid lacking the Bam HI site in the marker gene was identified and

named pPCV701 luxFM1 (Fig. IlI-1c).
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Addition of a synthetic polylinker

In order to increase the number of cloning sites, a polylinker was added
to the plant expressior vector to enhance its versatility for cloning. For the
selection of the proper restriction sites of the polylinker to be inserted into the
vector, a group of frequently used restriction enzymes were tested on vector
pPCV701 luxFMI. Based on the data obtained from restriction analysis, four
commonly used restriction sites, Bam HI, Sma I, Sac I and Xba [ were selected,
and two complementary oligonucleotides were synthesized that contained
sequences required by these restriction enzymes (Fig. I11-2).

After phosphorylation and annealing, the double stranded synthetic
MCS linker was isolated from a 15% polyacrylamide gel (Maniatis et al., 1982).
Vector pPCV701 luxFM1 was digested with Bam HI, followed by alkaline
phosphatase treatment. In order to keep only one Bam H1 site in the
polvlinker, one end of the MCS linker consisted of a Bgl II site, thereby
preserving restoration of one of the Bam H1 site during ligation.
Recombinant plasmids were characterized using restriction analysis and DNA
sequencing (Sanger et al., 1977). The desired plasmid was obtained and

termed pPCV701 luxFM2 (Fig. 111-1d).

Luciferase assay

Although the Bam HI and Sal I sites are located downstream of the fab2
gene, the above modifications could have affected the stability of the fab2
messenger RNA, and have an effect on luciferase gene expression. Therefore,
luciferase activities were compared both in A. tumefaciens and in transgenic
tobacco plants containing the modified vector and the original vector. The A.
tumefaciens strain GV3101 pMP 90RK containing the modified and original

vectors were obtained from the conjugation experiment between A.
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tumefaciens (GV3101 pMP 90RK) and E. coli (§17-1). Resulting
transconjugants were subjected to low-light image analysis. Leaf disc explants
from tobacco plant SRi were transformed using A. tumefaciens strain GV3101
pMP 90RK containing the modified plant transformation vector, pPCV701
luxFM2, and the original vector, pPCV701 [uxFP1. Kanamycin-resistant
plants were regenerated and luciferase activity was compared. There were no
differences in light emission observed both in Agrobacteria and transgenic
plants containing the modified vector and the original vector (Fig. HI-3) (data
for transgenic plants not shown). The modified vector has been used
successfully for cloning and expression of genes of interest in tobacco, torato
and Arabidopsis plants. For example, the vector has been used in creating an
in vivo model system for monitoring specific induction of PAL promoter in
Arabidopsis (Giacomin and Szalay, 1993), for studying ribozyme activity in
tobacco (Ayre ¢t al., 1993), and for construction of a promoter test vector (see
Chapter V).

In conclusion, a luciferase based binary plant expression vector
pPCV701 luxFP1 was modified and new vectors pPCV701 luxI'M1 and
pPCV701 IuxFM2 were constructed with improved capabilities for expression
of desired genes and the bacterial luciferase gene and for a study regulation of

gene expression in higher plants.
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Fig. III-1. Diagram depicting the strategy employed in the construction of
vectors, pPCV701 luxFM1 and pPCV701 luxFM2. A luciferasc based binary
plant transformation vector pPCV701 luxI'P1 (a) was digested with Bam HI
and Sal I respectively and the DNA fragment containing the fab2 gene with a
Sal I site at the 5' end and a Bam HI site at the 3' end was ligated to a vector,
pPCV701 (b), on the Sal I site. This ligation resulted a linear vector with
incompatible ends (Bam HI and Sal I). After blunt ending, the vector was
recircularized by ligation and named pPCV701 luxFM1 (c). A MCS (multiple
cloning site) was added into the Bam HI site in the vector, pPCV701 luxI'M1
and the new vector was named pPCV701 luxFM2 (d). The T-DNA between
right and left borders (RB and LB) indicates the transferred DNA which is
stably integrated into the plant genome. The arrows indicate the direction of
transcription; Pnos is nopaline synthase promoter, Pg5 is the promoter of Tp-
DNA gene 5; g4pA, OcspA, and g7pA are polyadenylation sequences derived
from Tp-DNA gene 4, the octopine synthase gene, and gene 7; NPTII is
neomycin phosphotransferase gene; orit and oriy are replication and
conjugational-transfer origin sequences derived from plasmid pRK2; oripBR

is replication of origin of pBR322; Apr is the B-lactamase gene from E. coli.
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Fig. I11-2. DNA sequence of the synthetic multiple cloning site (MCS). The
sequence is based on the data obtained from restriction analysis. Four
commonly used restriction sites such as Bam HI, Sma I, Sac I and Xba I were
selected and two partially complementary oligonucleotides containing DNA
sequences required by these restriction enzymes were synthesized. After
phosphorylation and annealing, the double stranded synthetic MCS linker
was purified from a 15% polyacrylamide gel. The Bgl Il site was designed so as
to preserve only one Bam HI site in the vector. The MCS linker was ligated to
the Bam HI site at the downstream of the P2 promoter in the vector pPCV701

luxFMT1 and formed a new vector pPCV701 luxFM?2.



Bam Hl Smal Sacl Xbal
5-GATCCCCGGGAGCTCTCTAGA-3
3-GGGCCCTCGAGAGATCTCTAG-5
Bgl 11
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Chapter 1V
Identification of Activation of Plant Genes in vivo by Tagging with a T-DNA

Border-Linked Luciferase Gene



1. INTRODUCTION

Three methods are currently available for isolation of plant genes
whose products have not yet been characterized. The first and most
frequently used method is based on chromosome walking with the help of
cosmid or yeast artificial chromosome cloning systems (Olson et al., 1986;
Green and Olson, 1990). The gene is localized on a restriction fragment
containing an RFLP marker (Chang et al., 1988). This method is laborious and
can be impeded by large stretches of repetitive DNA (Brenda et al., 1992; Sun
et al., 1992). The second approach is genomic subtraction. This procedure
depends on the presence of a characterized large deletion (larger than 5 kb) in
the mutant plant genome when compared with the wild-type genome (Straus
and Ausubel, 1990; Sun et al., 1992). The third method is based on the T-DNA
tagging. This method relies on the T-DNA border-based integration of a
known foreign DNA sequence into a plant genome (Koncz ef al., 1989;
Feldmann ¢t al., 1989). The T-DNA border sequence serves as a mutator via
interruption of the plant senome and as a signal for isolation of the
interrupted sequences by insertion of sequences linked to the flanking
genomic DNA.

T-DNA tagging is an efficient method for creation of mutants and
isolation of mutant genes from plants (Koncz et al., 1990; Feldmann, 1991).
Since integration of T-DNA into the plant genome may result in
rearrangement of newly integrated DNA, plasmid rescue methods are not
always successful for isolation of tagged DNA fragments as deletions may
occur, resulting in removal of part of a plasmid replicon, or the antibiotic
selection marker gene. To overcome these disadvantages, T-DNA tagging
was combined with inverse polymerase chain reaction amplification of target

DNA sequence (Ochman et al., 1988). In addition, a bacterial luciferase
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marker gene system (Olsson et al., 1989; Langridge ¢t al.,, 1991) was added so
that a mutant generated by T-DNA insertion can be verified in vivo by a
simple method of screening transformants by low-light video image analysis.
By combining the T-DNA tagging method with a promoterless luciferase gene
fusion followed by iPCR amplification, a developmentally regulated
promoter element was isolated from tobacco plants. In addition to plant gene
identification, the luciferase marker gene system can be used directly for
isolation of promoter and enhancer elements, as well as gene identification in
organisms in which gene delivery systems are available, such as yeast and

Drosophila.

2. MATERIALS AND METHODS

Bacterial strains and DNA manipulation

Competent cells were prepared with E. coli strains DH5a and S17-1 as
described previously (Inoue et al., 1990). A plant insertional vector, pPCVG
luxA&B, was mobilized from S17-1 into A. tumefaciens strain GV3101 pMP
90RK according to the method described previously (Koncz and Schell, 1986).
An appropriate transconjugant was selected according to the method
described in Chapter III of this thesis and used to transform tobacco plants.
DNA manipulation involved in the vector construction was carried out by
using standard protocols (Sambrook et al., 1989).
Agrobacterium-mediated transformation of tobacco leaf explants and
screening of regenerated transgenic plants

Nicotiana tabacum cv. SR1 leaf disc explants (8-mm diameter) were
excised from sterile plants grown in jars and transformed by a 15-minute
soaking of the leaf discs in a 9-cm culture dish filled with a log phase growth

of A. tumefaciens strain GV3101 pMP 90RK containing the plant insertional
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vector pPCVG luxA&B (see Fig. IV-1). The infected leaf disc explants were
incubated on MS medium (Murashige and Skoog, 1962) supplemented with
3% sucrose in 9-cm plastic culture dishes at 25°C, without antibiotic selection,
for 48 hours in the dark. The leaf explants then were transferred to MS
shooter medium (MS medium supplemented with 3% sucrose + 0.1 mg/! of
naphthalene acetic acid (NAA) + 0.5 mg/I of benzylamino purine (BAP) in 9-
cm plastic culture dishes containing 400 mg/1 of claforan and 20 mg/! of
hygromycin and incubated at 25°C under a 18-hour photoperiod.
Hygromycin-resistant shoots, which appeared after three to four weeks, were
excised from the leaf discs and rooted in jars containing MS medium without
hormones but containing hygromycin and claforan at the levels previously
described (Chapter II). Roots developed in two to three weeks and the
plantlets were grown to maturity in soil in the greenhouse at 18°C under a 12-
hour photoperiod.
In-vivo detection of insertional mutant plants

A rapid and sensitive in vivo assay method for the detection of
luciferase gene expression was developed to detect the time and precise
location of gene expression in transgenic plant tissues as follows. Low-light
video image analysis of intact plantlets, plant leaves, flowers, roots and stem
tissues was performed with an Argus 100, low-light Video Image VIM
Camera (Hamamatsu Photonics, K.K., Hamamatsu City, 431-32, Japan). Young
hygromycin-resistant tobacco plants were screened for luciferase marker gene
expression by placing the entire plant into a large (19-cm) plastic culture dish
containing filter paper impregnated with a 10% aqueous solution of the
luciferase substrate decanal (Sigma). The closed culture dish was placed into
imaging chamber of a Hamamatsu Argus 100 low-light video image analyzer.

The chamber door was closed to exclude external light and after waiting for
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two minutes for the extinction of fluorescence from chlorophyll,
bioluminescence from the plant tissues was collected over a ten to thirty
minute collection interval. The bioluminescence image was superimposed
upon a video image of the plant to determine the exact location of the
bioluminescence in the plant tissue. After analysis, the tested plants were
returned to soil for further growth and reanalysis at a later stage of
development. Individual flowers, leaf, stem and root tissues were excised
from mature plants for low-light video image analysis exactly as described for
young plantlets. Alternatively, light emission measurements were made on
homogenates of plant leaves, roots, stems and flowers with 500 pl of lux
buffer (50 mM NaHPO4.7H20, pH 7.0; 50 mM S-EtOH; 0.4M sucrose; 0.1%
BSA) in a luminometer (Langridge et al., 1991). Luminometry of plant tissuc
samples was performed with a Turner Model 2e Luminometer (Turner
Designs, Sunnyvale CA., 49086).
Isolation of genomic DNA from transgenic plant

For DNA isolation, seeds were harvested from the transgenic tobacco
plant of interest and germinated and grown on MS medium minus
hormones, containing 20 mg/1 hygromycin. The seedlings were grown to the
four- to five-leaf stage in the greenhouse at 18°C under 12-hour photoperiod.
Prior to harvest of the leaves, plants were placed in the dark at room
temperature for three days to reduce the level of polysaccharides. Young fully
expanded leaves were excised from the plant and total DNA was isolated
from Jcaf tissues by a CTAB extraction method (Draper ¢t al.,1989), with the
exception that 2 x CTAB concentration was used and the incubation
temperature was increased to 60°C. This method resulted in high quality

DNA (larger than 23 kb in size).
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Identification of tobacco DNA segments linked to the luciferase gene by
Southern hybridization.

To isolate the putative promoter sequence located upstream of the
luciferase gene, transgenic tobacco plant DNA was cleaved with several
restriction endonucleases. Tobacco genomic DNA (10 pg), was digested with
the restriction endonuclease enzymes including Bam HI, EcoR I Hind III, and
Xba I, and the DNA fragments were separated by electrophoresis in 0.5 x TBE
buffer (0.089 M Tris-borate, 0.089 M boric acid, 0.002 M EDTA) on an 0.8%
agarose gel (15 x 17 cm) at 40 V overnight (Sambrook et al., 1989). The DNA
was transferred to a Hybond-N nylon membrane (Amersham, Life Sciences
Co.) by a vacuum-blotting procedure (Hoffer Scientific Instrument Co.). The
DNA was then fixed on the membrane by UV crosslinking using a UV
Crossliker (Stratagene). The lux A DNA probes were labeled using a random
prime labeling kit {Boehringer Mannheim) according to the included protocol
with the exception that the random primer labelling procedure was carried
out for at least 4 hours at room temperature instead of 1 hour at 37°C.
Prehybridization and hybridization of the genomic DNA fragments to a 32P
labelled iuxA gene probe were carried out for 3 and 20 hours, respectively, at
420C in pyrex hybridization tubes in a Robbins hybridization incubator (Model
310, Robbins Scientific Co., Sunnyvale CA.) with a mixture of 50%
formamide; 6 X SSC; 50 mM phosphate buffer, pH 7.0; 5 X Denhardts; 1% SDS;
150 pg/ml salmon sperm DNA (heat denatured). After hybridization, the
membrane was washed once in 2 X SSC, 0.1% SDS at room temperature and
two times at 42°C and followed by washing once in 0.2 X SSC, 0.1% SDS at
429C and once at 68°C. The dried membrane was exposed to Kodak XAR-5
film (Kodak X-Omat XK-1) in a photo-cassette equipped with intensifying

screen in the dark for two to three days at -700C.
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Isolation and self-ligation of lux-containing genomic DNA fragments from
transgenic plants for inverse PCR

Isolation and amplification of the DNA fragment flanking the insertion
can be accomplished in a single step based on the hybridization of
appropriately designed specific oligonucleotide primers to the DNA sequence
adjacent to the target followed by iPCR amplification of the target sequence.

For iPCR (Ochman et al., 1988), total genomic DNA (30 pg) from the
transgenic plant 12-1 was digested with 100 U of Xba I in 600 pl total volume
for 4 hrs. at 37°C. When the digestion was completed, the enzyme was heat-
inactivated at 70°C for 10 minutes and extracted by phenol/chloroform (1:1)
followed by precipitation of the DNA with 100% ethanol. The pellet was
resuspended in 100 pul of ddH20 and loaded on an 0.8% agarose gel (15 X 17
cm). Electrophoresis was carried out 40 V overnight in TBE buffer. The DNA
bands corresponding to the Southern hybridization data were collected with
dialysis tubing and purified by Elutip-D column. The ligation mixture (500
ul) containing 1 ug of DNA fragments, 20 U of T4 ligase 0.5 pM of ATP and 1
X T4 ligation buffer was incubated at 16°C overnight (Bochringer
Mannheim). The T4 DNA ligase in the preparation was then heat-
inactivated by incubation at 75°C for 10 min. The mixture was extracted once
with phenol/chloroform (1:1) and precipitated by addition of 0.1 vol of 3.0 M
of sodium acetate and 2.5 vol of 100% ice-cold ethanol. The DNA tempiate
was air-dried and resuspended in 10 ul 1 X TE buffer (pH 8.0).

Two oligonucleotide primers whose sequence is complementary to the
3" and the 5 end of the coding region of the lux A gene (Cohn et al., 1985)
were synthesized on a model 380 B DNA Synthesizer (Applied Biosystems,
Caufornia). Unlike normal PCR primers, the orientation of these iPCR

primers is in the outward direction, exiting from the luxA gene. The base
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sequences of the iPCR primers exiting upstream and downstream of the Lux
A gene were 5-CTGATAAGTGAGAAGGAAGTTTCC-3' and 5'-
GCTATTCCAGTCTGATGTATGCC-3', respectively.
Conditions for inverse PCR

Polymerase chain reaction amplification of plant DNA sequences was
performed in a Thermal Cycler, Model N 801-0150 (Perkin Elmer-Cetus Corp.,
Norwalk, CT, USA). In a 500 pl microcentrifuge tube, the following reagents
were mixed in order: denatured template DNA (1 pg); 10 X reaction buffer;
10 mM dNTPs; and 100 pM MgCl (Boehringer Mannheim). The DNA
Thermal Cycler was heated to 70°C, and 8.0 pM each of the iPCR primers and
2 units of Tag DNA polymerase were added to the reaction tube. The tube
contents were mixed by vortexing, centrifuged briefly and a layer of 30 ul of
paraffin oil was placed on top. Ten pmol primer (1/10 of the total primer)
was added for the first 10 cycles to avoid nonspecific DNA amplification.
When the iPCR reached the 10th cycle, the remaining primers were added to
the reaction mixiure. When the iPCR reached 20 cycles, an additicnal 2 units
of Taqg polymerase was added to the reaction mixture to compensate for losses
in poiymerase activity. The iPCR conditions were 40 cycles at 94°C for 1 min,
61°C for 2 min, and 72°C for 3 min. After the last cycle, the PCR mixture was
incubated at 72°C for 10 min to complete the amplification, (e.g. utilization of
unreacted primers etc.). The reaction mixture was removed from the thermal
cycler and a 10 pl sample was subjected to electrophoresis on a 0.8% agarose
mini-gel to determine the extent of amplification and the number and quality
of the DNA products. The tube containing the amplification reaction was
stored at -200C for one hour until the PCR reaction mixture was frozen. The
oil layer on the top of the reaction mixture could then be removed easily with

a micropipette without losing any of the reaction mixture.
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RESULTS AND DISCUSSION

Construction of a specialized plant insertional vector and experimental
strategy

A specialized plant insertional vector used for the present study, pPCVG
luxA&B, was constructed by using a promoterless lux A gene form a marine
bacterium Vibrio harveyi (Fig. IV-1). The vector has several features: The
inclusion of the promoterless luciferase marker gene linked to the right
border of the T-DNA in a plant insertional vector provides a tool for simple,
in vivo screening for insertional mutants in transgenic plants. The CaMV
355 RNA promoter was added to the insertional vector. The 355 RNA
promoter not only serves as promoter for the luxB gene, but also offers
enhancement for the luxA gene, as the enhancer region of the 355 RNA
promoter can function in both orientations. Consequently, it was possible to
identify insertional mutants with organ or stage specific gene expression
patterns by enhancement of the luciferase gene expression in vivo as
described in the following section. Inclusion of hpt (hygromycin
phosphotransferase) gene in the vector allows selection of transgenic plants
base on a high level of hygromycin resistance. The strength of this approach
is that the activation of the luciferase gene during development in a
transformed plant nmay reflect the pattern of native gene expression.
Therefore, identification of insertional mutants can be based on marker gene
expression rather than on phenotype. A schematic representation of the
hypothesis of insertional activation of the promoterless luciferase marker
gene in transgenic plants is illustrated in Fig. IV-2. If a T-DNA carrying a
promoterless iuciferase gene is integrated in just downstream of a plant

promoter, the lux gene will be activated by plant promoter signals resulting
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expression of luciferase gene in a transgenic plant which can be detected in
vivo by low-light video image analysis (Fig. IV-2b). These type of insertional
mutants can not be identified by nonspecialized T-DNA tagging methods.
Therefore, inclusion of the promoterless luciferase gene in the vector not
only offers an simple in vivo screening method, but also greatly enhances T-
DNA tagging efficiency. As Fig. IV-2c illustrated, when T-DNA is integrated
in the middle of a plant gene, the luciferase activity may or may not be
detected depending on particular situation of transcription. However, these
type of insertional mutants may be identified based on homozygous mutant
phenotype if gene products are essential for plant development.
Selection of insertional mutants based on the luciferase gene expression in
vivo during plant development

In Agrobacterium-mediated transformation experiments containing the
plant insertional vector, PPCVG luxA&B, a large number of hygromycin-
resistant transformed plants were recovered and regenerated. During the
growth and development of these transformed plants, systematic luciferase
assays were carried out in vivo (at early stages) and in vitro (at late stages) to
monitor gene activation in a native environment. In screening experiments,
lux gene expression in 45 (17.8%) different transformants was obtained from a
total of 253 hygromycin-resistant tobacco plants. Table IV-1 summarizes the
results from the assays. Based on these results, insertional mutants were
selected.  Among 45 luciferase positive transgenic plants screened, 42%
showed constitutive luciferase gene expression patterns. However, in several
transgenic plants luciferase activity was detected in predominantly one organ
(11%).  The remaining transgenic plants (46%) expressed luciferase in more
than one organ but not constitutively in all plant organs. Fig. IV-3 shows the

specific localization of luciferase gene expression in some of those transgenic
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tobacco plants. In addition, two independent transgenic plants selected
demonstrated constitutive luciferase activity in different parts of the plants
(Chart IV-1). In the LTM-1 plants, luciferase activity increased from the top
leaf to the bottom leaf as well as from the top stem to the bottom. However,
the luciferase activity in the second plant (LTM-2) decreased from the top to
the bottom in both leaves and stems. Taken together, these results prove that
mutant selection based on luciferase gene expression can be carried out on the
original transformed plants rather than in the second generation of mutant
plants as previously reported (Feldmann, 1991). Therefore, this approach
greatly enhances the efficicncy for the mutant selection. More importantly,
this approach provides a convenient tool to identify a mutant with a
temporal gene activation pattern that may not be identified by other methods
(Walden et al., 1991).

T-DNA insertional mutagenesis has been shown to be a powerful
method for isolation of genes and regulatory sequences from plants ( Konez ¢f
al., 1990; Yanofsky ¢t al., 1990; Feldmann, 1991; Kertbundit ¢t al., 1991).
However, the major concern in previous T-DNA tagging methods is their
low mutation frequency (Walden et al, 1991). With the promoterless
bacterial luciferase gene linked to the right border of the T-DNA, a mutant
detection system established in this study permitted possible selection of
mutants based on the activation of light emission rather than by phenotypic
alteration. This feature allows us to apply T-DNA tagging in polyploid species.
Further, the bacterial luciferase reporter gene is known to offer reproducible
in vitro and in vivo assay systems which is useful for detection of spatial and
temporal expression of gene activation in real time during the life cycle of the
transgenic plant. This is a unique application of the T-DNA-bacterial

luciferase gene tagging system in comparison to other reporter gene systems
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such as GUS (Jefferson et al., 1987; Walden et al., 1990; Kertbundit et al.,1991)
which require destructive analysis of plant tissues to determine gene
expression levels.
Localization of the T-DNA insert by Southern hybridization
One insertional mutant (plant 12-1) expressed luciferase gene

predominantly in flowers was studied in detail. For segregation analysis of
the 12-1 plant, self-pollination seeds were harvested from the primary
transgenic plant and 200 seeds per plate were placed on MS medium
containing 20 mg/l of hygromycin. The results showed a 3 : 1 ratic of
hygromycin resistant vs. sensitive plants. For a detailed analysis, genomic
DNA was isolated from young leaf tissue of plant 12-1 and digested to
completion with restriction enzymes, Xba I, Hind III / Xba I, EcoR I and Hind
I (Fig. IV-4). DNA hybridization with a radio-labelled DNA fragment of the
lux A gene as a probe showed that 12-1 transgenic plant contains a single copy
of the T-DNA insert. Several hybridization bands were detected including a
single 2.5 kb Xba I band which might contain a 1.1 kb of flanking plant DNA
located upstream of the promoterless lux A gene. One 2.3 kb Xba 1 / Hind I
band was also detected. Because there is no Hind III site inside of the vector,
the cutting must take place in the flanking plant DNA region.
Amplification of plant genomic DNA flanking the T-DNA insertion by
inverse polymerase chain reaction

The approximate location of the lux gene containing a tobacco genomic
DNA fragment was identified by Southern hybridization experiments (see
Fig. IV-4). The target sequence can be rescued in E. coli ( Koncz et al, 1989),
however, deletions in the plasmid replicon or the antibiotic resistance marker
gene can make this approach difficult or impossible (as was the case in my

ecarlier attempts to clone the lux containing fragment). To circumvent these
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cloning difficulties and to simultaneously amplify the lux containing DNA
fragment, the iPCR method was used to facilitate amplification of unknown
DNA sequences adjacent to a known DNA sequence (Ochman cf al. 1988).
The schematic procedure of inverse PCR is illustrated in Fig. 1V-5.

Based on the results from Southern hybridization and sequence data
from the Lux A gene, two PCR primers were designed to amplify the flanking
plant DNA sequence. The primers specific to the ends of lux A gene and
reading 'out’ into the flanking plant DNA were anncaled to the DNA
template to amplify the flanking DNA sequence. A 1.4 kb DNA fragment of
PCR products was obtained in a reaction containing a DNA template from the
plant 12-1 with ligation, but no band was found both in a reaction containing
the same template without ligation and a template from a nontransgenic
plant (SR1) (Fig. IV-6). The size of the amplified fragment matched the size
expected based on the plasmid map and the Southern hybridization data.

In vitro DNA sequence amplification by the polymerase chain reaction
(PCR) has become one of the most powerful techniques for the analysis of
gene expression available today (Saiki et al., 1985). Since introduction of the
inverse PCR method (Ochman et al., 1988), application of iPCR has facilitated
the isolation of sequences upstream or downstrcam: of a known DNA
sequence. Using this method, a flanking plant DNA sequence has been
isolated (see Fig. 1V-6).

By integration of T-DNA sequences into the plant genome, the T-DNA
tagging method generates mutants by interrupting gene function (Walden et
al., 1991). The results of this study show that inclusion of the promoterless
luciferase gene linked to the right T-DNA border in the plant insertional
vector pPCVG luxA&B provides a tool for simple, in vivo screening for

upstream control regions of developmentally regulated plant genes. Coupled
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with specifically designed primers, inverse PCR methods provide a fast
procedure for isolation and in vitro amplification of DNA sequences flanking
the insertion. The combination of T-DNA tagging with the luciferase gene
fusion, coupled with iPCR amplification of DNA sequences flanking the
insertion, provides a powerful tool for isolation of plant genes and their
regulatory sequences. The promoterless luciferase marker gene system linked
to a transposable element can be used to isolate genes from other plants,
insects and animal species in which transposon tagging or other gene delivery

systems are available.

Additional questions relating to chapter IV
Is T-DNA integration random or non-random?

The data generated from this experiment provided additional evidence
to support that T-DNA integration is a non-random event. In an analysis of
253 transformed tobacco plants, 45 or 1/5 of the population expressed the
introduced promoterless luciferase gene. In other word, 20% of the
transformed plants contained the T-DNA insert integrated within transcribed
regions. The observed frequency of lux gene activation in this experiment is
similar to that previously reported in both Arabidopsis and tobacco using a
promoterless npt Il gene (Koncz et al., 1989), and is also similar to that found
by Herman ¢t al (199v;. Much higher frequency (78% of all transformants) of
insertional activation of promoterless gus gene has also been reported
(Topping et al., 1991). This frequency is higher than - ju'd be expected based
on random integration of T-DNA insertion. First, it was estimated that
tobacco contain approximately 60.000 structural genes in its 2.4 X 106 kb size of
genome (Kamalay and Goldberg, 1980 and 1984). If an average gene in tobacco

is 5 kb in size, the DNA content of structural genes is 3 X 105 kb accounting for
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only 12.5% of the total DNA content. Thus, if T-DNA integration is random,
the maximum frequency expected for lix gene activation should be around
12.5%. Second, the frequency observed may reflect only a portion of the T-
DNA integration in the transcribed regions. As T-DNA integratic.a within a
transcriptional unit is non-polar (Herman et al,, 1990). ic is estimated that
only 50% of inserts within transcriptionally active DNA will be detected by
activation of the promoterless luciferase genes with respect to endogenous
promoters, insertion position and orientation of the T-DNA. Therefore, the
frequency should be doubled in order to more accurately reflect the T-DNA
integration within transcribed regions. Furthermore, the assay system used
in this experiment depends on translation of a promoterless luciferase gene
into a functional enzyme. Therefore, factors affecting protein translation may
also influence the possibility of detecting activation of the lux gene. For
example, possible translational fusion proteins generated from the iux gene
and coding sequences of native genes may not be detected by luciferase assay.
Taken together, the frequency observed on lux activation in this experiment
suggests that the T-DNA integration into tobacco genome is not random.
The rationale for choosing amphidiploid tobacco

Agrobacterium tumefaciens has been successfully used to transform
numerous plant species (Gasser and Fraley, 1989). However, highly efficient
transformation protocols exist for only a limited number of plant species.
Tobacco and Arabidopsis are two of these. As was discussed in chapter 1,
section 5, the different genome size between these two species does not affect
the frequency of gene fusions (Koncz et al., 1989). Although, it is difficult to
identify phenotypic mutants trom tobacco because of it amphidiploid status,
there should be no difference between these two species when the sclection is

based on the activation of T-DNA-reporter genes (Koncz et al., 1989). As this
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experiment was designed to investigate the activation of the promoterless Tux
gene in vivo upon T-DNA integration, tobacco is an ideal candidate for this
purpose. The additional advantage of working with tobacco is that the
overall patterns of gene expression have already been intensely studied
throughout the life cycle of the plant (Kamalay and Goldberg, 1980 and 1984).
This will allow more meaningful comparisons between the the frequency of

gene activation and patterns of expression to be made.
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The material involved in page 114 has been removed because of copyright
restrictions. This page contains a legend of a circular map of the plan:
insertional vector pPCVG luxA&B . Jiang, C., Langridge, W.H.R. and Szalay,
A.A. (1992) Plant Mol. Biol. Rep. 10, 348.



The material involved in page 115 has been removed because of copyright
restrictions. This page contains a circular map of the plant insertiona: vector
pPCVG luxA&B . Jiang, C., Langridge, W.H.R. and Szalay, A.A. (1992) Plant
Mol. Biol. Rep. 10, 348.
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Fig. 1V-2. Schematic representation of insertional activation of a
promoterless bacterial luciferase marker gene in the plant genome. Fig. IV-2a
represents a plant gene and its promoter sequences before the integration of a
T-DNA (transferred DNA). T-DNA with a promoterless luciferase marker
gene integrates immediately downstream of a plant promoter and, therefore,
luciferase messenger RNA is made and luciferase activity can detected in
transgenic plants (Fig. IV-2b). T-DNA inserts in the inside of a gene and a
functional luciferase messenger RNA may be or may not be transcribed (Fig.
IV-2¢). The T-DNA integrates into a repeated genomic DNA region in which
the promoterless luciferase gene is inactivated and, therefore, no luciferase
messenger RNA is synthesized and luciferase activity can not be detected in
transgenic plants (Fig. IV-2d). Solid line with arrows indicate the direction of
gene transcription; Dotted line with arrows indicate the transcription may or
may not take place; G, a plant gene; P, a plant promoter; RS, a repeated
sequence in a plant genome. LUX, a promoterless lux gene linked to the right
border of T-DNA; HPT, hygromycin phospho-transferase for selection of

transgenic plants.
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The material involved in page 118 has been removed because of copyright
restrictions. This page contains a legend of photographs which has been
published. Jiang, C., Langridge, W.H.R. and Szalay, A.A. (1992) Plant Mol.
Biol. Rep. 10, 358.



The material involved in page 119 has been removed because of copyright
restrictions. This page contains photographs which have been published.
Jiang, C., Langridge, W.H.R. and Szalay, A.A. (1992) Plant Mol. Biol. Rep. 10,
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The material involved in page 120 has been removed because of copyright
restrictions. This page contains a legend of a table which shows the
distribution of luciferase gene expression in transgenic tobacco plants. Jiang,

C., Langridge, W.H.R. and Szalay, A.A. (1992) Plant Mol. Biol. Rep. 10, 357.



The material involved in page 121 has been removed because of copyright
restrictions. This page contains a table which shows the distribution of
luciferase gene expression in transgenic tobacco plants. Jiang, C., Langridge,

W.H.R. and Szalay, A.A. (1992) Plant Mol. Biol. Rep. 10, 357.
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Chart 1V-1. Differential expression of the promoterless bacterial luciferase
marker gene in transgenic tobacco plants. Two homozygous independent
transgenic tobacco plants containing the plant insertional vector pPCVG
luxA&B were obtained with Agrobacterium-mediated transformation and
both of them showed constitutively luciferase activity in transgenic plants.
Plant tissues were taken from the top, middle, bottom leaves and stems, and
from roots of transgenic plants at the similar developmental stage (before
flowering). Plant tissue (50 mg of fresh weight) was homogenized in 500 ul of
luciferase reaction buffer (lux buffer) and assayed for the luciferase activity in
a luminometer. The luciferase activity in this chart was calculated based on
the average LU (Light Unit) detected in homogenates of three samples for
each individual plant and three individual plants for each transgenic plant.
Luciferase activities are expressed as LU mg -1 protein where 1 LU is equal to

1.2 x 106 protons sec1.
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Fig. IV-4. Southern blot analysis of plant 12-1 containing plant insertional
vector pPCVG luxA&B with 32P-radio-labeled lux A DNA fragment as a
probe. Genomic DNA from plant 12-1 (10 pg each) was digested with Xba I /
Hind III (lane 2), Xba I (lane 3), EcoR I (lane 4 ) and Hind III (lane 5).and the
DNA fragments were seperated by electrophoresis in TBE buffer. After
denaturation, the DNA fragments were transferred to a nylon membrane (see
materials and methods). The membrane was hybridized with a radio-labeled
lux A as a probe. Positive control, pPCVG lux A&B was digested with BamH
I (lane 1) and negative control, plant SR1 genomic DNA (10 pug) was digested
with Hind III only (lane 6). Solid arrows indicate the size of hybridization

bands, and kb represents kilobase.
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The material involved in page 126 has been removed because of copyright
restrictions. This page contains a legend of a diagram which has been
published. Jiang, C., Langridge, W.H.R. and Szalay, A.A. (1992) Plant Mol.
Biol. Rep. 10, 355.



The material involved in page 127 has been removed because of copyright
restrictions. This page contains a diagram which has been published. Jiang,

C., Langridge, W.H.R. and Szalay, A.A. (1992) Plant Mol. Biol. Rep. 10, 355.
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Fig. IV-6. Direct amplification of the flanking plant DNA fragment linked
with the T-DNA tag from genomic DNA isolated from 12-1 plant by inverse
Polymerase Chain Reaction. After PCR reaction, 10 pl from each reaction was
loaded on a 0.8% agarose gel for electrophoresis and then the gel was stained
with EtBr. Lambda / Hind HI molecular weight markers (lane 1 and 6), plant
12-1 genomic DNA digested with Xba I followed by self-ligation (lane 2), plant
12-1 genomic DNA digested with Xba I without ligation (lane 3), plant SR1
genomic DNA digested with Xba I followed by self-ligation (lane 4) and PCR
reaction control pEM provided by the manufacture (lane 5). Solid arrows

indicate the size of amplified PCR fragments.
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Chapter V
Molecular Characterization of a Putative Plant Promoter Responsible for

Mediating Gene Expression in Tobacco Flowers
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1. INTRODUCTION

Flower development in higher plants is a complex process (Grasser,
1991). The molecular and physiological events that control these processes
are not well understood (Drews and Goldberg, 1989). Hybridization
experiments with tobacco floral organ system mRNA populations (petal,
anther and ovary) showed that each organ expresses a large number of organ
specific genes (Kamalay and Goldberg, 1980). According to these researchers,
both the anther and ovary contain approximately 10,000 diverse mRNAs
which are not detectable in heterologous organ system mRNA or nuclear
RNA populations (Kamalay and Goldberg, 1980; 1984).

Much progress toward understanding the mechanisms controlling floral
development has been made through the analysis of mutants in Arabidopsis
and Antirrhinum ( Coen and Meyerowitz, 1991). A number cf genes which
are affected by these mutations have been cloned, including AG in
Arabidopsis (Yanofsky et al., 1990) and DEFA in Antirrhinum (Sommer ¢t al.,
1990). DNA sequence analysis revealed that both AG and DEFA genes encode
proteins with a conserved 58 amino acid domain called the MADS box
(Yanofsky et al., 1990; Sommer et al., 1990). The products of the AG and DEFA
genes are sequence-specific DNA binding proteins (Mueller and Nordheim,
1991; Schwarz-Sommer et al., 1992). These proteins may affect floral
development by regulating patterns of gene transcription via interaction with
target sequences located at 5'-flanking region of a floral gene.

Taken together, previous studies indicate that the regulation of gene
expression in flower development takes place mostly at the level of
transcription (Meyerowitz et al., 1989; Schwarz-Sommer ¢t al., 1990; Coen and
Meyerowitz, 1991; Grasser, 1991; Schwarz-Sommer et al., 1992). The

transcriptional regulation is controlled by groups of trans-acting factors and
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cis-acting elements, often located within 5'-flanking regions of genes (Benfey
and Chua, 1989; Grasser, 1991; Kuhlemeier, 1992). Therefore, isolation and
characterization of 5-flanking regulatory sequences responsible for regulation
of gene expression in flower development will provide more information
toward understanding these complex processes.

This chapter mainly focus on the molecular analysis of a putative plant
promoter element responsible for mediating regulation of gene expression in
tobacco flowers. Sequence analysis of this DNA fragment revealed the
location of a TATA-like box and three CAAT boxes in the region closely
linked to the 5' end of the promoterless lux A gene. In addition, a consensus
sequence similar to the control region found in other flower specific genes
was identified. Further, bioluminescence was detected in flowers of the
transgenic tobacco plants, when this putative promoter region (1.065 bp),
fused with the lux F marker gene, was reintroduced by transformation into

tobacco cells and transgenic plants was regenerated.

MATERIALS AND METHODS

Bacterial strains and DNA manipulation

Competent cells were prepared with E. coli strains DH5¢ and S17-1 as
described previously (Inoue et al., 1990). A plant promoter test vector, pTV-
Ip, was mobilized from $17-1 into A. tumefaciens strain GV3101 pMP 90RK
according to the method described previously (Koncz and Schell, 1986). The
correct transconjugant was selected according to the method described in
Chapter III of this thesis and used to transform tobacco plants. DNA
manipulation involved in the vector construction was carried out by using

standard protocols (Sambrook ¢t al., 1989).
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Plant transformation and regeneration

Nicotiana tabacum cv. SR1 leaf-discs, 8-mm diameter, were harvested at
the 3-4 leaf stage, and were grown on MS medium in sterile jars. After
soaking for 15 minutes with log phase growth A. tumefaciens strain GV 3101
pMP 90RK containing a plant test vector, pTV-1p, the leaf discs were
incubated on MS medium at 25°C, without antibiotic selection for two days in
the dark. The leaf discs were transferred to MS shooter medium containing
20 mg/1 of hygromycin for selection of the plant insertional vector and 100
mg/l of kanamycin for selection of the promoter test vector. Kanamycin-
resistant shoots, which appeared after three to four weeks, were excised from
the leaf discs and rooted in jars containing MS medium without hormones
but containing kanamycin selection. Two to three weeks later, the
transformed plantlets with substantial roots were grown to maturity in soil in

the greenhouse under a 12-hour photoperiod (Horsch et al., 1985).

Screening transformed plants

Luciferase activity of homogenate from transformed tobacco plants was
carried out essentially as described previously (Olsson et al,, 1988; Langridge ¢!
al., 1991). Plant tissues (50 mg) were harvested form transformed plants
greenhouse grown under a 12-hour photoperiod. The samples were ground
in 500 pl of lux-buffer (50 mM Na-phosphate, pH 7, 50 mM §-
mercaptoethanol, 0.4 M sucrose) (Koncz et al.,, 1987), homogenate was
distributed into two microcentrifuge tubes, one, 50 pl, for protein assay
(Bradford, 1976) and the other, 450 ul, for analysis of luciferase activity. The
sample for luciferase assay was placed in a luminometer (Turner TD-20¢), and
20 pl decanal substrate (Sigma), as a sonicated 1:1000 dilution in ddH70, and

500 ul light-reduced FMN in tricine buffer (200 mM tricine pH 7) were
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injected into the luminometer to start the reaction. The high peak of the
light produced during the first 10 sec of the reaction was taken as the

luciferase activity, where 1 light unit (LU) is equal to 1.2 x 106 photons sec"!

(Koncz et al., 1987).

Subcloning and DNA sequencing

The amplified iPCR fragments were purified on an 0.8% agarose gel,
eluted from the gel and subcloned into pBluescript (Stratagene) vectors (SK).
Subsequently, inserts were analyzed by restriction endonuclease enzyme
mapping, Southern hybridization and sequence analysis. Restriction enzyme
digestion and plasmid manipulations were according to standard procedures
(Sambrook et al., 1989). Double-stranded DNA sequencing was performed
using both cycle sequencing Dye-primer and Dye-terminator Kits (Applied
Biosystems, Inc.) on an ABI DNA Sequencer following the protocol provided
by the manufacturer (Applied Biosystems, California). Sets of undirectional
deletions were generated by digestion with exonuclease III as described

previously (Henikoff et al, 1984). Both strands were sequenced for each

subclone.

RESULTS AND DISCUSSION
Subclones and sequencing strategies
T-DNA tagging experiments with a specialized plant insertional vector,
pPCVG lux A&B, containing a promoterless bacterial luciferase gene yielded
various insertional mutant plants (Jiang et al., 1992; 1993b). One insertional
mutant, plant 12-1, showed the luciferase gene predominantly expressed in
flowers. The collected photon image of a flower from plant 12-1 showed the

high level of luciferase activity in the corolla (Fig. V-1). Using iPCR methods

134



(Ochman et al., 1988), a 5'-flanking DNA sequence was directly isolated from
the plant 12-1 genome (see Chapter IV). This PCR product was subcloned in
the Sma 1 site of pBluescript (SK) (Stratagene). Independent recombinant
clones were randomly recovered from white colonies grown on LB/Agar
medium containing 100 mg of ampicillin and resulting colonies were
subjected to miniprep analysis. Fig. V-2 shows the results of restriction
enzyme analysis of two independent clones, pBS-1 and pBS-2, containing the
same size inserts that were released by Xba I / Sal I, and Hind III / Sal 1. For
pBS-1, six serial deletions in the direction from 5' to 3" were obtained by Exo
III-mediated deletion experiments (Fig. V-3a; 3b). The sequencing strategics of
the FEP (the putative flower expression promoter) are shown in Fig. V-4.
Double-stranded DNA sequencing was performed with -21M13 forward and
reverse primers (ABI). The complementary strand of pBS-1 and pBS-2 were
sequenced by using site-specific primers. The sequence data confirmed that
both clones, pBS-1 and pBS-2, contained the same insert of 1384 bp, including
the flanking plant DNA and the primer sequences (Fig. V-5a). The complete
sequence of the fragment (1073 bp) is listed in Fig. V-5b, including the
flanking plant DNA (1030 bp), the T-DNA right border (11 bp) and the start

codon of the lux A gene.

Sequence analysis of a putative plant promoter

DNA sequence analysis of this 1.384 kb fragment revealed that the two
PCR primers were located on the ends of the fragment. The T-DNA right
border sequence, GTTTACCCTCA (-40 to -30) was found in a position 29 bp
upstream of the ATG start codon of the lux A gene. This resuit indicated that
there was a 2 bp deletion (AA) between the T-DNA right border and the ATG
start codon of the lux A gene. Compared with the T-DNA right border
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sequence, a 14 nucleotide deletion was identified within the T-DNA right
border after integrated in the plant genome (Fig. V-6).

The 14 nucleotide deletion found in the right border sequence is
different from previous reports, one of which suggested that the right border
of T-DNA was much better preserved than the left one (Hohn et al., 1991).
Since the left burder data in this experiment are currently not available, it is
impossible to compare them. However, compared with published data of
thirteen independent clones from both Arabidopsis and tobacco transgenic
plants, a fourteen nucleotide deletion at the right border of T-DNA is the
largest reported (Mayerhofer et al., 1991; Gheysen et al., 1991).

A Hind III site was found in a position 173 bp downstream of a Xba I site.
This is consistent with the result from Southern hybridization (see Fig. IV-4).
The sequence was highi -~ AT-rich (60.29%) and a palindromic sequence,
TTAAAAAAAT-AC-ATTTTTTTAA (-657 to -636), was observed. This
palindromic sequence contained two 10 bp inverted repeats separated by 2 bp.
The function of this palindromic structure is not clear, but previous studies of
the lac operator in E. coli have suggested that the symmetrical structure may
block transcription (repressor) (Jacob and Monod, 1961; Gilbert and Muller-
Hill, 1966).

Consensus sequences

Mutaticnal analyses of eucaryotic promoters have defined two classes of
DNA sequences that are important for transcriptional regulation of gene
expression (Kuhlemeier, 1992). First there is the TATA box, or functionally
related sequences that bind the RNA polymerase complex and determine the
transcription start site (Carcamo et al,, 1990). The second class of DNA
elements includes many upstream sequence elements (USEs) which function

at variable distances from the TATA box. These include the CAAT box, GC
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motif and many consensus sequences. These sequences enhance or repress
transcription under specified cellular or environmental conditions (Mitchell
and Tijan, 1989).

The sequence data revealed the location of a putative TATA-like
sequence, TATAACA, (-39 to -33) and three putative CAAT boxes (-94 to -91, -
64 to -61, and -57 to -54) in the region closely linked to the 5' end of the
promoterless lux A gene. For most pol II transcribed genes, the TATA box is
well known to interact with the basic transcription initiation factor TFIID
which functions in organizing the assembly of the transcription complex,
including factors TFIIA, TFIIB, TFIIE, TFIIF and pol Il onto the promoter
(Greenblatt, 1991). Three putative CAAT boxes were found in the region
upstream of the TATA box. The upstream sequence elements (USEs) such as
CAAT boxes can control both induction and repression of transcriptional
activity depended on the different cell types and the trans-acting factor that it
is associated with (Lewin, 1990).

In addition, a search for consensus binding sites of known transcription
factors revealed a similar sequence of SRF box (a target sequence of a
mammalian transcription factor), CCATAATTGA (-269 to -260) which
represents the consensus of the binding sites for floral MADS-box-containing
transcription factors (Meyerowitz et al., 1989; Schwarz-Sommer et al., 1990;
1992; Coen and Meyerowitz, 1991). The putative promoter containing a DNA
binding site of transcription factors of floral homeotic genes indicated that
this promoter may control a target gene which is involved in flower
development. Genebank searches for homologues of this putative plant
promoter demonstrated no sequence homologies above the 50% level.

Further investigation of this promoter, such as mutation or deletion analysis
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and isolation of its corresponding gene is necessary to provide a clear picture

about its function in flower development.

Construction of a promoter test vector, pTV-1p

In order to confirm that the flanking plant DNA fragment was
responsible for regulation of the lux marker gene expression in tobacco
flowers, a promoter test vector, pTV-1p, was constructed. Figure V-7 shows
the construction procedure of the promoter test vector, pTV-1p. A 1.065 kb
insert was released from pBS-1 after digestion with Xba I and Sal I. The Xba I /
Sal I fragment was cloned into a plant expression vector pPCV701 luxFM2
(Jiang et al., 1993a) by replacing the mas promoter (Koncz et al., 1987). This
formed the promoter test vector, pTV-1p, which contained the putative
promoter, the coding sequence of the lux F marker gene (Olsson et al., 1989;
Escher et al., 1989), the termination signal from the octopine synthase
polyadenylation sequence (De Greve et al.,, 1982) and kanamycin resistant
gene (npt 1) (Bevan et al.,, 1983). The promoter-lux F gene fusion and the
termination signal are supposed to form the transcriptional apparatus when
integrated into the plant genome (Kuhlemeier, 1992). The use of the
luciferase marker gene provides an indication of T-DNA integration, and
offers a convenient tool to monitor promoter activity in transgenic plants.
The npt 11 gene provides a convenient selectable marker for selection and
identification of transformed plants. There was no strong enhancer
sequences adjacent to the transcriptional unit in the vector that could

influence gene expression patterns (Koncz et al., 1989).
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The Putative promoter mediated luciferase gene expression in transgenic
Plants

The promoter test vector, pTV-1p was mobilized into A. tumefacicns
strain GV 3101 pMP 90RK and used to transform tobacco leaf discs. Twenty-
three kanamycin-resistance transgenic tobacco plants were regenerated and
root, leaf, stem and flower tissues from these transformed plants were
screened for luciferase activity in vitro and in vivo at different stages during
plant development. The lux gene expression was detected only in flowers in
nine of these plants.

The level of lux gene expression was about twenty times lower than that
in plant 12-1 (Chart V-1). The different level of the Iux marker gene
expression in the 12-1 plant and retransformed plants reflects complicated
processes of regulation of gene expression. This result suggests that the
length of the promoter and position effects may play a role (Benfey and Chua,
1989).

The isolation, molecular characterization and retransformation
experiments confirm that the isolated putative promoter does direct flower
specific gene expression. The 5'-flanking plant DNA linked to the lux A gene
is responsible for mediating gene expression in tobacco flowers. The sequence
data reveals that this putative promoter element contains several consensus
sequences common to other plant promoters. The SRF-like box, CAAT boxes
and a palindromic structure may play roles for the flower-speficic gene
expression. These results suggest that this putative promoter element may
control a gene involved in flower development in tobacco. Further
investigations such as point mutation, deletion analysis and gel retardation
assays are necessary for elucidation of function and involvement of this

promoter in flower development. Using this promoter element as a
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hyt:idization probe to isolate its corresponding gene from a tobacco genomic
library will provide more information about the role of this promoter and its
gene product during flower development. Plant promoters have many
potential applications in both basic and applied research. For example, they
can be used to study regulation of gene expression, to identify a nearby gene by
chromosome walking, as molecular markers in RFLP experiments and to
express a foreign gene of interest in higher plants (Chang et al., 1988; Mariani

et al., 1990).

Additional questions relating to chapter V
Possible reasons for the decreased expression level observed with the cloned
promoter

The retransformed tobacco plants with the cloned promoter showed
the similar gene expression pattern compared to that in the primary
transgenic plant. However, the level of lux expression in retransformed
tobacco plants with the cloned promoter was dramatically decreased in
comparison to that in the primary transgenic plant. Most genes whose
expression has been studied in transgenic plants are expressed in generally
appropriate patterns with respect to cell and organ specificity, developmental
timing, and to environmental cues (Benfey and Chua, 1989; Kuhlemeier,
1992). However, the level of expression can vary over an extremely wide
range (Dean et al., 1988; Hobbs et al., 1990 and 1993). As was discussed in
chapter 11, the regulation of gene expression is a very complex process. Low
level of the Iux gene expression with a cloned promoter may be caused by
several factors, including length of the cloned promoter, different
transcriptional fusions between the insertional vector and the promoter test

vector, translational regulation of bacterial luciferases.
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Firstly, because the cloned promoter is only 1065 bp in length, it is
possible that enhancer-like elements which reside in the native promoter
were deleted. In the primary transformant, the T-DNA integrated down-
stream of the plant promoter resulting in a transcriptional fusion between the
promoterless luciferase gene and the native promoter. The activation of the
lux gene then was detected in vivo by low-light video image analysis.
Therefore, the lux gene expression pattern and level was the reflection that of
the native gene at least at the transcriptional level. If this is the case, the
decreased expression level observed with the cloned promoter could be
explained.

Secondly, there is a 35S promoter of the cauliflower mosaic virus
located at 3' end of the lux A gene in the insertional vector used in this
experiment (see Fig. IV-1). There is no such strong enhancer in the promoter
test vector (see Fig. V-6). The 35S promoter of the cauliflower mosaic virus
contains a complex enhancer element that has the ability to influence gene
expression over a long distance in either orientation when present upstream
or downstream of genes (Kay et al., 1987; Nagy et al., 1987; Fang et al., 1989). A
similar observation was also reported in a T-DNA tagging experiment with
the 35S promoter of the cauliflower mosaic virus (Koncz et al., 1989).
Therefore, another possible explanation for different levels of the lux gene
expression observed between the retransformed plant and the primary
transformant may be the presence of the enhancer of the 355 promoter in the
insertional vector.

Finally, translational regulation of the reporter gene may play a role in
the decreased expression level observed in the retransformed plant compared
to the primary transformant. In the insertional vector, the lux A and lux B

genes were used separately (see Fig. IV-1), whereas in the promoter test
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vector, the lux F (lux A and lux B fusion) gene was used (see Fig. V-6) It has
been reported that the the luciferase aff fusion protein had only 80% of the
wild-type activity (Olsson et al., 1989).

The above discussion only focuses on the transcriptional and
translational regulation and its possible relationship to the decreased
expression level observed with the cloned promoter. In fact, as was discussed
in chapter II, section 5., even with transgenic plants generated from an
identical T-DNA construct, the level of transgene expression can vary a
hundred fold (136-175-fold) (Peach and Velten, 1991). Based on their
observation on transgene expression, Peach and Velten (1991) suggested that a
majority of detectable transformation events results in very low expression.
This observation indicates that factors other than those discussed above also
influence the expression of the transgene.

What additional evidence would be needed to prove that the cloned DNA is
indeed a promoter?

Insertional activation of a reporter gene for studying the regulation of
gene expression followed by isolation of its flanking sequences has been
successfully used both in animals (O'Kane and Gehring, 1987; Allen et al.,
1988; Bellen et al 1989) and plants (Ander et al., 1986; Terri et al., 1986; Koncz
ct al., 1989; Herman et al., 1990; Kertbundit et al., 1991; Topping et al., 1991;
Lindsey et al., 1993). These previous studies demonstrated that expression
patterns of insertional activation reflect the regulatory properties of flanking
sequences. Using this strategy, promoter- or enhancer-elements have been
isolated from both animals and plants (for review see Walden et al., 1991;
Lijisebettens et al., 1991; Koncz ef al.,, 1992). A similar strategy using a
promoterless bacterial luciferase gene, led to isolation of a flanking plant

DNA which is responsible for activation of the promoterless lux gene
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expressed in tobacco flowers. Sequence analysis of the cloned flanking DNA
followed by functional test in the retransformed plants demonstrated that the
cloned DNA has several consensus sequences, such as TATA-like box and
CAAT boxes, and direct a reporter gene expression in an organ-specific
fashion. However, in order to prove that the cloned DNA is indeed a
promoter, additional evidence is needed.

A promoter is the region immediately up-stream of each transcription
initiation site that is closely linked to the down-stream coding region through
a short untranslated region (Lewin, 1990). An typical processed RNA
transcript in eukaryotes consists of a sequence extending from the
transcription start site at the 5' to the terminator at the 3' ends (minus
introns) (Kuhlemeier, 1992). Therefore, mapping the 5 end of the
untranslated region in a transcript made from the cloned DNA-lux gene
fusion will not only reveal the transcription start site in DNA, it will provide
evidence whether there is a direct linkage between the cloned DNA and the
lux gene.

The transcription start site in the mRNA molecule made from the
cloned DNA-lux gene fusion can be determined by using the primer
extension (Mcknight et al., 1981) or the endonuclease S1 mapping techniques
(Berk and Sharp, 1977). In the primer extension technique, an
oligonucleotide (primer) which is complementary to the lux mRNA is
prepared and end-labeled. After it is hybridized to the mRNA, the primer can
be extended by the enzyme reverse transcriptase until it reaches the first
nucleotide of the mRNA. The length of this extension product can then be
determined accurately by gel electrophoresis by comparing with a sequencing
ladder derived from the DNA with the same oligonucleotide primer. The

location of the TATA box also can be determined. The use of S1 to map the
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start site of the lux mRNA begins with the preparation of an end-labeled,
short (approximately 100 nucleotides), single stranded DNA, that encodes the
general region of the mRNA start site. This end-labeled, single stranded
DNA is used to hybridize with the mRNA, and any unpaired nucleic acid is
then digested with S1 endonuclease. Denaturation leaves a labeled DNA
fragment whose length accurately marks the distance of the starting
nucleotide of the mRNA.

Using the cloned DNA as a hybridization probe to pull out its down-
stream region from a genomic library will reveal whether the cloned DNA is
indeed linked to a coding region of a plant gene. However, primer extension

experiments still needed to determine where the mRNA initiated.
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Fig. V-1 Bacterial luciferase expression visualized in flower of insertional
mutant plant 12-1 detected by low-light image analysis. Two tobacco flowers
were placed adjacent to each other in a 9-cm diameter culture dish, decanal
substrate was added to the lid and the plate containing the flowers was
subjected to low light image analysis for 30 minutes. The flower on the left
(A) was excised from an nontransformed N. tabacum SR1 plant and the
flower on the right (B) was taken from plant 12-1 which was obtained from a
T-DNA tagging experiment using the plant insertional vector pPCVG
luxA&B. The collected photon image of the flowers showed high levels of

luciferase activity in the corolla of the flower from the transgenic plant.
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Fig. V-2. Restriction enzyme analysis of two independent clones, pBS-1 and
pBS-2 , containing an insert from inverse PCR. Miniprep plasmid DNA
isolated from two independent clones, pBS-1 (lane 2 and 3) and pBS5-2 (lane 4
and 5) were digested to completion and were loaded on a 0.8% agarose mini-
gel for electrophoresis. Upon completion, the gel was stained with EtBr. The
pBS-1 (lane 2 and 3) and pBS-2 (lane 4 and 5) were digested with Sall / Xba |
(lane 2 and 4) and Sal I / Hind III (lane 3 and 5). Lane 1 is the Lambda / Hind

I1I molecular weight marker. The size of the inserts is indicated.



1 2 3 4 5

1.065kb»

156



Fig. V-3. Generation of unidirectional deletions with exonuclease IIl. (a)
Plasmid (pBS-1) DNA (10 pg) was digested to completion with Xba I and Kpn
I, respectively, and incubated with Exo III (Sigma) according to the
manufacturer's protocol. The DNA samples were taken at 30 second
intervals and were loaded on a 0.8% agarose mini-gel for electrophoresis.
Lane 1 and lane 7 are Lambda / Hind III molecular weight markers. Lane 2 to
lane 6 represent the samples taken from zero second to two min. (b) Six
random clones were analyzed by restriction enzyme digestion (Kpn I / Sal 1)
and various length of inserts were obtained. Lane 1 and lane 8 are Lambda /
Hind III mclecular weight markers. Lane 2 to lane 7 are clones, recovered
from the experiment, containing various length of inserts. The size of some

inserts is showed.
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Fig. V-4. Schematic representation of sequencing strategies of two
independent clones, pBS-1 and pBS-2, containing 1.384 kb insert from inverse
PCR. For pBS-1, six serial deletions in the direction from 5' to 3' ends were
obtained. For the complementary strand of pBS-1 and both strands of pBS-2,
site-specific primers were made for carrying out sequencing. Solid arrows
indicate the directions of sequencing. The length of the insert is represented

by kilobase.
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Fig. V-5. Structure of the PCR fragment and DNA sequence analysis of the
FEP element which controls the bacterial luciferase gene predominantly
expressed in flowers of plant 12-1. (a) The location of two PCR primers (P'1
and P2), restriction endonuclease sites and structure of the PCR frigment are
marked. Short solid arrows indicate the direction of the inverse PCR. Long
solid arrows show the location of the 5'-flanking plant DNA. The length of
each fragment is represented by a number of base pair (bp). RB is the T-DNA
right border, PAnos is a termination signal from the nonpaline synthase gene
of T-DNA and ATG is the translation start codon of the lux A gene. (b) The
ATG translation start codon of the lux A gene is shown as underlined and
bold character. The ATG start codon of the lux A gere is designated as a +1.
The right border of the T-DNA, putative TATA-like box and CAAT boxes are
bold and italicized. Motifs similar to SRF box are shown as bold, italicized
and underlined characters. Palindromic sequence and repeated sequences are

underlined. Restriction enzyme sites are marked and underlined.
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Fig. V-6. Comparison of the T-DNA right border sequence before and after
integration. The T-DNA right border (25 bp) sequence is bold and underlined.
(a) Before T-DNA was integrated into the plant genome. (b) After T-DNA was

integrated into plant genome.
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Fig. V-7. Construction of a plant promoter test vector, pTV-1p, containing the
FEP-lux F fusion. (3) Donor plasmid: A recombinant clone, pBS-1, containing
a full length insert of the putative plant promoter, FEP. pBS-1 is derived
from pBluescript KS after insertion of the FEP DNA fragment. MCS, multiple
cloning sites; f1(+/-)ori, f1 origin; LacZ and Lacl, Lac Z gene of E. coli;
ColE1lori, ColE1 origin. The FEP DNA fragment in pBS-1 was released by Xba
I \ Sal I double digestions and was cloned into a modified binary plant
transformation vector, pPCV 701 luxFM2 , to replace the mas promoter (I’
and P2). This formed the plant promoter test vector, pTV-1p. The T-DNA
between the right and left borders (RB and LB) indicates the transferred DNA
which is stably integrated into the plant genome. The arrows indicate the
direction of transcription; Pnos is the nopaline synthase promoter, Pg5 is the
promoter of the TL.-DNA gene 5; g4pA, OcspA, and g7pA are polyadenylation
sequences derived from T -DNA gene 4, the octopine synthase gene, and gene
7; NPTII is the neomycin phosphotransferase gene; orit and oriy are
replication and conjugational-transfer origin sequences derived from plasmid
pRK2, oripBR is the replication of origin of pBR322 and Ap’ is the B-
lactamase gene from E. coli. (b) Junction region of the FEP-lux F fusion. The
ATG is the start codon of the lux F gene. Restriction enzyme sites are marked

and underlined.



Xbal Sall

Xbal Sall
le P1 J Lux F a FEP
——

(a)

Lacl
r
AP"1 ¥ brcvior

lux FM2
OripBR

ColE1 ori
OriT Oriy

Ligation

Xbal Sall
I FEP lAF
OcpsA

HinDIII

PNOS
(b)

OriT Oriy

+1

Xbal TATA BamHI  Sall I

5- GGATCCGGTCGACGTTATGAAATTTGGAAAC-3'
988 bp > < 82 bp ———> Lux F gene

166



Chart V-1. FEP-directed lux gene expression in floral organs of transgenic
tobacco plants. Different floral tissues (stigma, stamen, petal, sepal and
placenta) and leaf tissues from retransformed tobacco plants (RTP) containing
the promoter test vector, pTV-1p, along with plant 12-1 and SRl
(nontransgenic plant as a control, CK) were screened for luciferase activity by
a luminometer. (a) Luciferase activity detected in different floral organs. (b)
The same chart as (a), but with smaller scale. The value in RTP represents the
average of three assays for each tissue with about 50 mg fresh weight each
from nine independent transgenic plants. The value in plant 12-1 and SR1
represents the average of three assays for each tissue with about 50 mg fresh
weight from three individual plants. Luciferase activities are expressed as LU

mg ! protein where 1 LU is equal to 1.2 x 10¢ protons sec-1.
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Chapter VI

General Discussion and Future Perspectives
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GENERAL DISCUSSION

In the present study, the bacterial luciferase genes from a marine
bacterium Vibrio harveyi (Belas et al., 1982; Baldwin et al., 1984; Olsson et al.,
1989) were used as marker genes to modified a binary plant transformation
vector and to develop a T-DNA tagging system in higher plants. As discussed
in Chapter III, two new vectors, pPCV701 luxFM1 and pPCV701 luxFM2 , were
constructed from the vector, pPCV701 lux F, keeping the original features
(Koncz et al., 1987) while improving the cloning capabilities and expression of
desired genes in higher plants. Since Agrobacterium-mediated
transformation is the most frequently used method to introduce foreign
genes into plant cells and to create transgenic plants (Schell, 1987; Gasser and
Fraley, 1989), a convenient binary plant transformation vector provides a
powerful tool for study of gene structure, function and expression. Removal
of internal identical restriction enzyme sites in the vector allows us to clone a
gene of choice in a single step. Insertion of multiple cloning sites in the
vector offers more choices for cloning strategies (Jiang e al., 1993a).

As discussed in Chapter 1V, direct introduction of a promoterless lux
marker gene into a plant genome to monitor the activation of a plant gene in
vivo offers a novel method to study gene expression in the native
environment. Compared with the promoterless GUS gene fusion system
previously reported (jefferson et al., 1987; Kertbundit et al., 1991) or the
promoterless aph(3’)-11 gene fusion system (Koncz et al., 1989), the
promoterless Iux gene fusion system provides a convenient tool to monitor
temporal and spatial patterns of gene expression during plant development.
The promoterless bacterial luciferase marker gene is part of a functional
insertion element integrated into the plant genome, which brings about the

i vivo expression of the luciferase marker gene in transgenic tobacco ~lants.
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This can be analyzed by low-light video imaging (Jiang et al., 1992; 1993b).
Therefore, identification of insertional mutants can be based on marker gene
expression rather than on phenotype, a major criticism of other T-DNA
tagging methods (Koncz et al., 1992). This feature also permits T-DNA tagging
of polyploid plant species.

The major concern in all T-DNA tagging methods is their low
mutation frequency (Walden et al.,, 1991). According to a previous report,
(Feldmann, 1991), if mutant selection is based on phenotype, generation of a
completely saturated population of transformants i.e. a 95% probability of an
insert in any 2 kb of DNA, requires 75,000 individual transformants in
Arabidopsis. The results from this experiment indicate that selection based
on the luciferase gene expression can increase the frequency. Combining the
iPCR method (Ochman et al., 1988) to facilitate amplification of flanking plant
DNA fragments further increases the efficiency of this approach (Jiang ¢t al.,
1992).

T-DNA tagging experiments with the promoterless luciferase gene
yielded a large number of insertional mutant plants (45) that showed various
expression patterns of the luciferase gene, such as root-, stem- and flower-
specific gene expression. In Chapter V, one insertional mutant (plant 12-1)
which showed the luciferase gene expression predominantly in the flower
was studied in detail. DNA sequence analysis of a putative promoter element
that controlled the tissue specific gene expression revealed TATA-like box
and CAAT boxes located at proximal region adjacent to the promoterless [ux
A gene. In addition, a consensus sequence similar to the control region of
other flower specific genes was identified (Schwarz-Sommer et al., 1992).
When this putative promoter region was fused with the lux F reporter gene

and reintroduced into tobacco, luciferase gene expression was detected in
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flowers of the transgenic tobacco. These results confirm that the putative
pla: * promoter is responsible for mediating tissue-specific expression of the
reporter gene in transgenic tobacco plants. These results also suggests that the
use of the promoterless bacterial luciferase gene to monitor the activation of a
plant gene in vivo before its isolation is a realistic approach to isolate
promoters from higher plants. Therefore, it should be worthwhile to
continue to study these mutant plants individually at the molecular level.

In conclusion, the present study is the first time the use of the bacterial
luciferase gene in T-DNA tagging experiments has been documented.
Combined with iPCR, this approach has proven to be a simple, sensitive and
reliable method for studying regulation of gene expression, insertional
activation and isolation of promoter elements from higher plants.
Furthermore, the construction of luciferase gene-based binary plant
transformation vectors provides a convenient tool for cloning and expression

of a foreign gene in higher plants.

FUTURE PERSPECTIVES

T-DNA tagging has proven to be a very powerful method for
identilying a wide range of mutants (Feldmann, 1991; Walden et al., 1991).
Once insertional mutants are created, T-DNA becomes a permanent
molecular tag in the genome (Walbot, 1992). The putative promoter element
identified in the present study can be used directly as a hybridization probe to
isolate the corresponding gene from a tobacco genomic library or in RFLP
experiments to identify a nearby gene by chromosome walking (Chang et al.,
1988).

It is also worthwhile to isolate more promoter elements from those

insertional mutants obtained from the present study in order to further
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understand gene regulation with regard plant development. Isolation and
characterization of native promoters from higher plants will, over the long
term, assist us to use genetic engineering as a tool for crop improvement.

Sc far, the most frequently used promoters in crop improvement are
bacterial or viral promoters such as bidirectional mas promoters from
mannopine synthase (Velten et al., 1984; Koncz et al., 1987; Jiang ¢t al., 1993a),
or the nos promoter from nopaline synthase of T-DNA genes (Depicker ¢t al.,
1982), or the CaMV 35S RNA promoter from the cauliflower mosaic virus
(Cell e/ 1985; Banfey and Chua, 1989). The applications of these bacterial
or viral promoters are limited by their regulatory patterns. Thus, isolation of
plant promoters with various regulatory roles will meet the increasing
demands of biotechnology.

T-DNA tagging associated with other methods will generate many
novel applications. For example, T-DNA tagging vectors carrying a gene with
a weak (or a truncated) promoter in the wrong orientation, capable of creating
a small number of antisence transcripts (not enough to shut down the gene),
can be used to study gene function. Insertion of this construct into a region
associated with a temporal erhancer may retard gene expression at a stage or
in an organ. This type of approach will provide more information on the
gene's involvement in plant development. Many types of genes can he used
in this approach, such as a ribonuclease gene (Mariani et al., 1990), a cell cycle
gene (cdc2, cyclin A and B genes) (Doonan, 1991), or a gene involved in
development during cytodifferentiation and organogensis.

The principal of the bacterial luciferase based T-DNA tagging system in
higher plants can be applied to other systems and other organisms. The
promoterless bacterial luciferase gene can be linked to a transposon and used

directly in transposon tagging in maize, snapdragon and Arabidopsis;
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(Walbot, 1992), or to a P element in yeast and Drosophila (Roeder et al., 1980;
Bingham et al., 1981), or to a retrovirus for transfection of mammalian cells
(Gridley et al., 1987). So far these types of applications have not been reported.
There is no doubt that research in this direction will significantly increase our

knowledge of gene structure, function and regulation in higher plants and

animals.
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