LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



The University of Dublin
Trinity College

Functional characterisation of Arabidopsis genes encoding
members of the AP2/ERF transcription factor family

Sinéad Brennan

A thesis submitted to
The University of Dublin
for the degree of

Doctor of Philosophy

Department of Genetics
Trinity College
University of Dublin

May, 2005



TRINITY COLLEGE
05 AUG 2005

LIBRARY DUBLIN

= |




Declaration

I hereby certify that this thesis submitted for the degree of Doctor of Philosophy to the
University of Dublin, has not been previously submitted for a degree or diploma to this or

any other University. The work here is entirely my own, except where stated.

This thesis may be made available for consultation with the University library and may

be photocopied or lent to other libraries for the purpose of consultation.

Sinead Brennan

2005



Acknowledgements

Special thanks to my supervisor Professor Tony Kavanagh for his guidance and tuition
throughout the duration of the research studies that make up this PhD thesis, and for the

opportunities to travel to Cambridge and Paris.

A warm thanks to Nga for all the advice, encouragement and patience in helping me to

navigate this research.

I would like to thank all the members of the Plant Molecular Genetics laboratory in
which this work was carried out, namely, Erika, Armando, Janet, James, Paul, Alan, Eva,

David and to all who have passed through the laboratory over the years.

Also many thanks, to all members of the Genetics Department, in particular Dave, Paul,

Brenda and Sue for all the ordering and demands.

I owe a great debt to my family for supporting me throughout my many years of studies
and for the refuge in Tipperary that distracted me from work and helped me relax. Special
thanks to my sister Mary for being such a good friend, to Lorraine and Cristiano and my
brothers David, Paddy and Jody.

To my best buddy Elaine for her friendship, support and laughter.

Also thanks to my friends Patrice, Aileen, Louise, Sharon, Marie, Eileen and Paola.



Summary

The EU Framework 5 REGIA (Regulatory Gene Initiative in Arabidopsis) Consortium,
comprising 29 laboratories, was established to investigate transcription factor gene function in
Arabidopsis. As part of the REGIA project, the present study describes the characterisation, in
terms of sequence, expression and function, of two members of the plant-specific AP2/ERF
transcription factor family: 4P2.76 and AP2.72. Phylogenetic analyses of their predicted
amino acid sequences placed AP2.76 in the DRE/CRT subgroup, members of which bind the
DRE/CRT cis-acting element and AP2.72 in the ERF subgroup, members of which bind the
GCC-box cis-acting promoter element. On the basis of the observed sequences similarities and
predicted DNA binding specificities, AP2.76 was hypothesised to function in an abiotic stress
signalling pathway while AP2.72 was hypothesized to function in a pathogen response
pathway.

A putative nuclear localization signal was identified in AP2.76 and AP2.72. Transient
expression of an AP2.76-GFP translational gene fusion in onion cells resulted in the
accumulation of GFP exclusively in the nucleus, consistent with the observation that the
AP2.76 sequence encodes a putative transcriptional regulator. Similar gene fusion experiments
in which AP2.72 was fused with the GFP and the GUS reporter gene revealed accumulation of
the fusion protein in both the nucleus and cytoplasm of onion cells, suggesting possible
nucleo-cytoplasmic partitioning.

AP2.76 expressio‘n was induced by jasmonic acid (JA), the ethylene precursor 1-
aminocyclopropane-1-carboxylic acid (ACC), abscisic acid (ABA), wounding, dehydration
and high-salinity stress in whole seedlings. A time course study revealed that this induction
was early and transient. Expression analysis in the abscisic acid-deficient mutants, aba3-1,
aba2-4 and abal-5 revealed the early dehydration and high salinity-induced expression of
AP2.76 to be abscisic acid-independent. A ¢cDNA microarray analysis further revealed that
over-expression of AP2.76 in transgenic plants induced the expression of several target genes
associated with stress and defense responses including PR3, PR4 and PDF1.2, but not the
genes rd294 or erdl 0 which contain the DRE/CRT cis-acting element in their promoters. A
promoter analysis of the 4P2.76 inducible genes suggested both direct and indirect
mechanisms by which 4P2.76 might regulate gene expression.

A time course study revealed that 4P2.72 expression was induced differentially by

salicylic acid (SA), JA, ABA, ACC, wounding, and high-salinity in whole seedlings.



Expression analysis in NPRI mutants revealed the SA-induced expression of AP2.72 in to be
NPR1-dependent. Over-expression of AP2.72 in transgenic plants did not however induce
expression of the SAR marker genes PRI or PR5. Furthermore, when compared with wild-
type plants, expression of the JA/ethylene-regulated genes PR3, PR4 and PDFI.2 was
unaltered in AP2.72 knock-out plants and overexpression lines. It was suggested that AP2.72
may require co-factor(s) or post-translational modification for activation of its DNA binding

function in plants.
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Chapter 1

General Introduction

1.1 Plant Biology

Man is, ultimately, completely dependent on plants. Consequently, acquiring an
extensive knowledge about the biology of plants has never been more important than it is
today. Research provides insights into natural processes such as disease resistance, responses
to environmental stresses and plant metabolism, which in turn provides opportunities to make
positive changes in plant species of economic importance. Possibilities include enhancing
resistance to diseases caused by insect, bacterial, viral and parasitic pests; increasing tolerance
to abiotic stresses, such as low temperature, drought and soil salinity. These goals cannot be
accomplished without a thorough understanding of plant biology. Therefore one long-term
goal for plant biology following completion of the genome sequence of Arabidopsis thaliana
(L.) Heynh is to understand every molecular interaction in every cell throughout the plant life

cycle (Somerville and Meyerowitz, 1994; Walbot, 2000).

1.2 The model plant Arabidopsis

The application of the methods and concepts of molecular genetics, as applied initially to
to the single-celled model organisms Escherichia coli and Saccharomyces cerevisiae, has
revolutionised plant biology. In particular Arabidopsis thaliana (Arabidopsis) has emerged as
the most widely used and facile experimental organism for studies in a wide range of areas
such as metabolism, development, genetics, environmental adaptation and pathogen
interactions in plants (Somerville and Meyerowitz, 1994). Although closely related to such
economically important crop plants as turnip, cabbage, broccoli, and canola, Arabidopsis is

not an agriculturally important plant. Despite this, it has been the focus of intense genetic,



biochemical and physiological study for over 40 years (Meinke et al., 1998). Arabidopsis was
chosen as the key organism for the first plant genome project for a number of reasons such as
its its diploid genetics, unusually compact genome, short generation time, small size, prolific
seed production and the ease with which it can be mutagenized and genetically transformed

(Somerville and Meyerowitz, 1994; Meinke et al., 1998; Initiative, 2000).

1.2.1 Biology of Arabidopsis

Arabidopsis (thale cress) belongs to the mustard or crucifer family (Cruciferae;
Brassicaceae), a widely distributed family of approximately 340 genera and 3350 species
(Somerville and Meyerowitz, 1994) with a broad natural distribution throughout Europe, Asia,
and North America. Many different ecotypes (accessions) have been collected from natural
populations and are available for experimental analysis. The Arabidopsis Columbia and
Landsberg ecotypes are the accepted standards for genetic and molecular studies. The
complete life cycle, involving seed germination, formation of a rosette plant, bolting of the
main stem, flowering, and maturation of the first seeds, can be completed in 6 weeks. Mature
plants reach 15 to 20 cm in height and often produce several hundred siliques with more than
5000 seeds. Bolting initiates about 3 weeks after planting and the resulting inflorescence forms
a linear progression of flowers and siliques for several weeks before the onset of senescence.
Flowers are approximately 2 mm long. Seeds are 0.5 mm in length at maturity and are
produced in slender fruits known as siliques. Seedlings grow into rosette plants that range

from 2 to 10 cm in diameter, depending on growth conditions (Meinke et al., 1998).

1.2.2 The Arabidopsis genome

Arabidopsis possesses the smallest known plant genome (125 megabase pairs (Mbp)
distributed on 5 chromosomes and encoding an estimated 29,000 annotated genes (AGI, 2000;
Meyers et al., 2004), a relatively large number compared to the 18,424 and 13,601 genes
predicted to comprise the genomes of Caenorhabditis elegans and Drosophila melanogaster,
respectively (Riechmann and Ratcliffe, 2000).

Arabidopsis genes are typically compact, containing several coding regions (exons) of

about 250 base pairs each, interrupted by short non-coding regions (introns). The genes are



closely spaced, approximately one per 4.6 kilobases, indicating that their regulatory regions
are also short. In contrast, many animal genes contain dozens of exons, introns that may span
several kilobases and regulatory regions of 10 kilobases or larger (Walbot, 2000).

Interestingly, like those of S. cerevisiae, C. elegans and D. melanogaster, the
Arabidopsis genome contains extensive duplications and a significant amount of genetic
redundancy (Riechmann and Ratcliffe, 2000). In Arabidopsis, two factors contributed to gene
redundancy: polyploidisation (duplication of the entire set of chromosomes) and local gene
duplications (copying of individual genes within chromosomes) (AGI, 2000).

Despite the apparent duplication, geneticists have identified thousands of mutations (in
Arabidopsis and other plant species e.g. maize and tomato) that produce visible defects in the
plant but occur in only one of the duplicated genes (Walbot, 2000). Therefore many duplicated
genes in these species have unique roles.

The Arabidopsis Genome Initiative assigned functional categories to the complete set
of Arabidopsis genes. It was estimated that the Arabidopsis genome encodes an estimated
1600 transcription factors representing approximately 6% of the estimated 29,000 genes in this
species (AGI, 2000; Riechmann and Ratcliffe, 2000). Indeed, regulation of gene expression at
the level of transcription influences or controls many of the biological processes in a cell or
organism, such as progression through the cell cycle, metabolic and physiological balance, and
responses to the environment (Riechmann et al., 2000). Recently, several studies have
revealed the crucial role of transcriptional control in plant responses to a range of biotic and

abiotic stresses (Singh et al., 2002; Mahalingam et al., 2003; Gutterson and Reuber, 2004).

1.3 Plant responses to biotic and abiotic stress

Biotic and abiotic stress profoundly affects plant growth and development and causes
major losses in crop productivity worldwide. Biotic stresses (imposed by other organisms)
include the diverse range of enemies, especially microbial pathogens (bacteria, fungi and
viruses), but also nematodes and insects, encountered by plants in response to which they have
evolved sophisticated and efficient countermeasures. Indeed, despite the continuous presence
of many microorganisms in the immediate vicinity of plants, disease occurs relatively rarely.
Because plants lack the ability to escape attacking pathogens by moving to a more favourable

environment, efficient defense mechanisms are essential for protection from disease. These are



based primarily on pathogen detection systems that activate a battery of local and systemic
defense responses (Hammond-Kosack and Jones, 1996; Glazebrook, 2001). Provided
activation occurs with sufficient speed, these responses are generally efficient in preventing
disease. Consequently there is considerable interest in understanding the signal transduction
networks that control the activation of defense responses in plants (Glazebrook, 2001).

Abiotic stresses (imposed from an excess in the physical or chemical environment)
include wounding, cold, dehydration, osmotic stress due to high salinity, hypoxia (low
oxygen), oxidative stress and heat stress. These are adverse environmental conditions
(although the latter three will not be considered in further detail) that limit the geographical
distribution of plants and account for significant reductions in the yields of agriculturally
important crops. Plant responses to these stresses involve nearly every aspect of plant
physiology and metabolism. Consequently, there exists a complex signalling network
underlying plant adaptation to these adverse environmental conditions (Zhu, 2001).

The sections that follow discuss the complexity of the biotic and abiotic stress signalling
pathways and the transcriptional regulation of target genes that mediate the plant’s responses.

The role of transcription factors in these processes is discussed in detail in sections 1.8-1.12.

1.4 The complexity of signalling in plant defense responses to pathogens

1.4.1 Gene-for-gene resistance

Gene-for-gene resistance, one of the most effective defense mechanisms in plants, is
mediated by Resistance (R) genes that function in the detection of specific pathogen races
through recognition of pathogen-encoded Avirulence (Avr) or elicitor proteins (Martin, 1999;
Ellis et al., 2000). R-gene-mediated resistance (also termed gene-for-gene resistance) triggers
a rapid highly localized defense response that generally includes the programmed death of
plant cells that are in contact with the pathogen, a phenomenon called the hypersensitive

response (HR) (Hammond-Kosack and Jones, 1996; Glazebrook, 2001).



1.4.2 Systemic acquired resistance and the role of salicylic acid

Activation of the HR triggers an additional systemic resistance response known as
systemic acquired resistance (SAR) that confers broad-spectrum resistance to viral, bacterial
and fungal pathogens in distant, uninfected plant parts (Ryals et al., 1996). The onset of SAR
is accompanied by a local and systemic accumulation of the signal molecule SA (Malamy,
1990; Uknes et al., 1992; Durner, 1997) and the coordinate upregulation of a large set of genes
(Ward et al., 1991), including genes that encode the pathogenesis-related (PR) proteins PR1
(encoding a protein of unknown function), PR2 (B-1,3-glucanase) and PRS (thaumatin-like
protein) (Uknes et al., 1992; Durner, 1997) (Figure 1.1). These proteins possess antimicrobial
activity and are thought to contribute to the heightened resistance state attained.

Evidence for a key role of SA came from the analysis of transgenic plants expressing
the bacterial nahG gene, which encodes the enzyme salicylate hydroxylase that inactivates SA
by converting it to cathechol (Lawton et al., 1995; Ryals et al., 1996). Transgenic nahG plants
are unable to accumulate SA, and are also incapable of developing SAR, indicating that SA
accumulation is required for the expression of SAR (Ryals et al., 1996). Expression of the
defense genes PRI, PR2 and PRS5 in response to SA treatment requires a gene called NPR]
(non-expressor of PRI) (Glazebrook et al., 1996). Mutant npr/ plants accumulate normal
levels of SA after pathogen infection but are impaired in their ability to express PR genes and
to mount a SAR response and display enhanced susceptibility to infection by various
pathogens (Cao et al., 1994; Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997).
Over-expression of NPRI in Arabidopsis confers significant resistance to strains of
Pseudomonas syringae and Peronospora parasitica that are normally virulent on wild-type
" Arabidopsis (Cao et al., 1998). The NPRI gene encodes a protein with an ankyrin-repeat
domain (Cao et al., 1997), a domain known to mediate protein-protein interactions (Bork,
1993). Upon induction of SAR, NPR1 is translocated to the nucleus (Kinkema et al., 2000),
where it interacts with members of the TGA/OBF subclass of basic domain/Leucine zipper
(bZIP) transcription factors (Zhang et al., 1999; Despres et al., 2000; Zhou et al., 2000; Fan
and Dong, 2002) that mediate SA-dependent activation of PR genes (Lebel et al.,, 1998;
Niggeweg et al., 2000). A physical interaction between NPR1 and the TGA-class bZIP
transcription factors is essential for binding to the cis-acting promoter elements that regulate

PR gene expression (Despres et al., 2000; Fan and Dong, 2002).



In addition to nprl, which is nonresponsive to SAR induction, several cpr mutants (for
constitutive expressor of PR genes), cprl, cpr5 and cpr6 were isolated that have elevated SA
levels and show constitutive expression of PR/, PR2 and PRS5 in the absence of SAR induction
and enhanced resistance to P. syringae and P. parasitica (Bowling et al., 1994; Bowling et al.,
1997; Clarke et al., 1998). In all cases, cpr/nahG plants do not exhibit elevated gene
expression or resistance to P. syringae, suggesting that the CPR genes act upstream from SA
as negative regulators of SA signalling (Glazebrook, 1999). In cpr5/nprl double mutants,
defense gene expression and resistance to P. syringae are abolished, confirming that CPRS is
acting upstream from NPRI (Bowling et al., 1997). In cpr6/nprl plants, constitutive
expression of PRI, PR2 and PRS is retained, but resistance to P. syringae is lost (Clarke et al.,
1998) indicating that a SA-dependent NPR1-independent mechanism for activation of PRI,
PR2 and PR5 exists or that the factor responsible for P. syringae resistance in cpr6 plants is
not PRI, PR2 or PRS5 (Clarke et al., 1998). Thus CPR6 may also be a positive regulator of SA
signalling upstream from SA (Glazebrook, 1999).

Recently additional genes that act in the SA signalling pathway have been identified.
PADA4 (phytoalexin deficient4) seems to act upstream from SA and is thought to be required
for signal amplification to activate the SA pathways in response to pathogens that do not elicit
a strong defense response (Zhou et al., 1998). Mutations in EDS5 (enhanced disease
susceptibility5, also known as SID1) and SID2 (also known as EDS16) abolish the increase in
SA levels observed in infected plants. In fact, SA levels in these mutants are as low as they are
in plants carrying the nahG transgene. Hence EDS5 and SID2 are suggested to function
upstream of SA accumulation (Nawrath and Metraux, 1999). A mutation in EDS4 causes
reduced SA accumulation, so EDS4 seems to also function in SA signalling (Gupta et al.,
2000). Interestingly, although eds5, sid2, eds4 and pad4 mutations (as well as the transgenic
nahG) reduce SA levels and expression of PRI, only pad4 and nahG reduce production of
camalexin, a phytoalexin with antimicrobial activity (Zhou et al., 1998; Nawrath and Metraux,
1999; Feys and Parker, 2000; Gupta et al., 2000). It appears, therefore, that low-level SA
production does not cause the camalexin defect in these plants, and that pad4 and nahG may

affect other signalling pathways in addition to the SA-dependent pathway (Glazebrook, 2001).



1.4.3 Jasmonic acid- and ethylene-dependent defense response(s)

SA is not the only signal involved in induction of PR genes and several lines of evidence
have shown that some defense responses are activated by signal transduction networks that
require JA and ET as signalling molecules and are distinct from the classic SA-mediated SAR
pathway (Glazebrook, 1999; Pieterse and van Loon, 1999; Glazebrook, 2001), (Figure 1.1).

JA and ET are plant hormones implicated in many physiological processes. JA is a fatty
acid-like hormone derived from linolenic acid and is involved in several aspects of plant
biology including pollen and seed development and defense against wounding, ozone, insect
pests and microbial pathogens (Creelman and Mullet, 1997; Reymond and Farmer, 1998; Li et
al., 2001). Arabidopsis mutants that are impaired in JA production (e.g. fatty acid desaturase
(fad)3/fad7/fad8 triple mutants) or perception (e.g. coronatine insensitivel (coil) and jasmonic
acid resistantl (jarl)) exhibit enhanced susceptibility to a variety of pathogens, including the
fungal pathogens Alternaria brassicicola, Botrytis cinerea, and the bacterial pathogen Erwina
carotovora (Thomma et al., 1998; Vijayan et al., 1998; Norman-Setterblad et al., 2000; Stintzi
et al., 2001). These pathogens employ a common virulence strategy that involves rapidly
killing plant cells to obtain nutrients, and thus are often referred to as ‘necrotrophs’ (Jackson
and Taylor, 1996). Several JA-dependent genes that encode pathogenesis-related proteins,
including Plant Defensinl.2 (PDFI1.2), Thionin (Thi2.l1), Hevin-Like-Protein (PR4) and
ChitinaseB (PR3), are commonly used to monitor JA-dependent defense responses (Reymond
and Farmer, 1998).

In Arabidopsis, the pattern of altered pathogen responses for the ethylene insensitive2
(ein2) ET-signalling mutant generally parallels the patterns observed for the coil and jarl JA-
signalling mutants. For example, the expression of several JA-signalling defense genes (e.g.
PDF1.2, Thi2.1, PR3 and PR4) also requires EIN2 (Jackson and Taylor, 1996; Norman-
Setterblad et al., 2000). Numerous studies provide evidence for positive interactions between
JA and ET signalling pathways. Both JA and ET signalling are required for the expression of
the defense-related gene PDF1.2 in response to infection by A. brassicicola (Penninckx et al.,
1998) and for the expression of PDFI1.2, PR3 and PR4 in response to treatment with E.
carotovora (Norman-Setterblad et al., 2000). A microarray experiment that monitored gene
expression in response to various defense-related stimuli revealed that JA and ET co-

ordinately regulate many other defense-related genes. In this study, nearly half of the genes



that were induced by ET were also induced by JA treatment (Schenk et al., 2000). The study
also indicates that JA and ET independently also regulate separate sets of genes. These
observations have lead to the development of simple models in which ET and JA are placed
together in a single signalling pathway (Kunkel and Brooks, 2002). Crucially, the regulation of
PDF1.2, Thi2.1, PR3 and PR4 by JA and ET is clearly distinct from that of the SA-dependent
PR genes PRI, PR2 and PRS5 because it does not depend on NPRI (Penninckx et al., 1998;
Thomma et al., 1999) (Figure 1.1).

1.4.4 Induced systemic resistance

Colonisation of roots by certain rhizosphere bacteria confers a form of disease
resistance called induced systemic resistance (ISR). This phenomenon has been studied using
Pseudomonas fluorescens strain WCS417r to colonise Arabidopsis roots (Pieterse et al.,
1996). ISR occurs in nahG plants, indicating that it is not a SA-dependent phenomenon
(Pieterse et al., 1996). Rather, ISR appears to be JA- and ET- dependent. The observation that
ET can induce ISR in jar!/ mutants led to the hypothesis that ISR requires a JA signal followed
by an ET signal (Pieterse et al.,, 1998). In addition using the genetic variability of ISR
inducibility between Arabidopsis accessions, a locus (ISRI) was identified that encodes a
component of the ET response, which is required for the expression of ISR (Ton et al., 2001).
In Arabidopsis, WCS417r-mediated ISR is active against the fungal root pathogen Fusarium
oxysporum, the oomycetous leaf pathogen Peronospora parasitica and the bacterial leaf
pathogen Pseudomonas pv. tomato indicating that, like SAR, WCS417r-mediated ISR is
effective against different types of pathogens (Pieterse et al., 1996; van Wees et al., 1997; van
Wees et al., 2000).

No changes in gene expression associated with ISR have been detected (Pieterse et al.,
1998), suggesting that it is different from activation of PDFI.2, Thi2.1, PR3 and PR4
expression by A. brassicicola and B. cinerea (Penninckx et al., 1998; Thomma et al., 1998;
Norman-Setterblad et al., 2000). Several years ago, it was found that ISR requires NPRI. This
is interesting as it implies that NPR1 is involved in perception of more than one signal (i.e. SA
and the ISR signal), and may respond in one of two ways (by activating PR/ gene expression

or by activating ISR) (Pieterse et al., 1998), (Figure 1.1).



In Arabidopsis, SAR and ISR are effective against a broad spectrum of pathogens
including P. syringae pv. tomato (Uknes et al., 1992; Pieterse et al., 1996; Ryals et al., 1996;
van Wees et al., 1997). Simultaneous activation of SAR and ISR results in an additive effect
on the level of induced protection against this pathogen and in genotypes that are blocked in
either SAR or ISR, this additive effect was not evident (van Wees et al., 2000). Moreover,
induction of ISR did not affect the expression of the SAR marker gene PRI in plants
expressing SAR (van Wees et al., 2000). Together, these observations demonstrate that the
SAR and the ISR pathway are compatible and that there is no significant crosstalk between
them (van Wees et al., 2000).

1.4.5 Crosstalk between signalling pathways in plant defense

There is a growing body of evidence that reports that the JA, SA and ET defense
signalling pathways do not function independently. Rather, they are involved in a complex
signalling network in which the different pathways influence each other through positive and
negative regulatory interactions. Separate signalling pathways may have evolved to allow
plants to fine-tune their defense responses, such that they deploy the appropriate combination
of defenses against specific pathogens according to their virulence strategies (Kunkel and
Brooks, 2002). For example, mutually antagonistic interactions between the JA and SA
pathways might further ensure that inappropriate defenses are not activated in response to
certain pathogens. As SA can promote programmed plant cell death under certain conditions
(O'Donnell et al., 1996; Vanacker et al., 2001), it might be beneficial for the plant to prevent
the activation of SA signalling in response to attack by necrogenic pathogens, which utilise

cell-death inducing toxins as virulence factors (Kunkel and Brooks, 2002).

1.4.5.1 Crosstalk between the SA and JA signalling pathways

In the network of regulatory interactions during plant resistance responses interactions
between JA and SA signalling appear to be complex, and there is evidence for both positive
and negative interactions between these pathways. However, the primary mode of interaction
appears to be mutual antagonism. Consistent with this, the inhibitory effect of SA on JA-

regulated gene expression has been previously reported for the induction of proteinase
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Figure 1.1. A model describing systemic signalling pathways that can be induced in plants by non-pathogenic rhizobacteria or pathogen infection. The
illustration is meant to provide a rough outline of the signal transduction networks and the sites of action of various gene products in disease resistance
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inhibitors in wounded tomatoes (Doares et al., 1995b). Several recent genetic studies also
provide evidence for an antagonistic effect of SA on JA signalling in Arabidopsis. The eds4
and pad4 mutants (deficient in SA accumulation) as well as the npr/ mutant (impaired in its
response to SA) exhibit enhanced induction of JA-responsive genes (Penninckx et al., 1996;
Clarke et al., 1998; Gupta et al., 2000). In the cpr6 mutant, which accumulates elevated levels
of SA and constitutively expresses both SA- and JA-dependent defenses, reducing the level of
SA by crossing in an eds5 mutation results in a further increase in PDF1.2 expression (Clarke
et al., 2000). New evidence indicates that the subcellular localisation of NPR1 might play a
crucial role in modulating the SA-mediated suppression of JA-responsive genes (Spoel et al.,
2003).

Several genetic studies provide evidence that JA signalling also negatively regulates
the expression of SA-responsive genes (Kunkel and Brooks, 2002). Treatment of tobacco
plants with elicitors produced by E. carotovora which is known to activate JA signalling in
Arabidopsis (Norman-Setterblad et al., 2000), inhibited the expression of SA-dependent genes
(Vidal et al., 1997). The characterisation of three JA-signalling mutants, mitogen-activated
protein kinase4 (mpk4), suppressor of SA insensitivity2 (ssi2) and coil, has provided genetic
evidence that JA signalling also negatively regulates the expression of SA-mediated defenses
in Arabidopsis (Petersen et al., 2000; Kachroo et al., 2001; Kloek et al., 2001). In addition to
exhibiting impaired JA signalling, mpk4 and ssi2 plants constitutively express SA-mediated
defenses and exhibit enhanced resistance to P. syringae and P. parisitica (Petersen et al.,
2000; Kachroo et al., 2001; Shah et al., 2001). Interestingly, the impairment of JA signalling
in these mutants is not due to an inhibitory effect of elevated levels of SA because JA-
dependent gene expression was also impaired in mpk4/nahG and ssi2/nahG plants that do not
accumulate high levels of SA (Petersen et al., 2000; Kachroo et al., 2001). Thus constitutive
SA signalling in the mpk4 and ssi2 mutants is likely due to an antagonistic effect of JA
signalling on the SA pathway (Kunkel and Brooks, 2002). The coil mutant also exhibits
enhanced expression of SA-dependent defenses and enhanced resistance to P. syringae (Feys
et al., 1994; Kloek et al., 2001). However, unlike mpk4 and ssi2 mutants, coil plants do not
exhibit constitutive expression of SA-dependent defenses. Rather, the SA-dependent defenses
are hyperactivated in response to attack by P. syringae (Kloek et al., 2001). These findings are
consistent with the hypothesis that the JA signalling pathway negatively regulates the
expression of SA-dependent defenses (Kunkel and Brooks, 2002).



On the other hand there is limited evidence for positive interactions between the JA
and SA pathways. A microarray analysis of plants that had been exposed to a variety of
defense-inducing treatments has revealed that more than 50 defense-related genes are co-
induced by SA and JA (Schenk et al., 2000), suggesting that the two signals co-ordinately
regulate these particular genes. Moreover, because both JA and SA contribute to resistance
against the fungus Plectosphaerella cucumerina (Thomma et al., 2000), suggests that a

general antagonism appears to be unlikely.

1.4.5.2 Crosstalk between SA and ET signalling pathways

Evidence that SA and ET may function together to coordinately induce several
defense-related genes was obtained in an Arabidopsis microarray experiment that monitored
gene expression in response to various defense-related stimuli (Schenk et al., 2000). The study
identified a large number of genes that were coinduced by both SA and ET treatments.
Although the induction of SA-dependent expression of PR genes does not require an intact ET
signalling pathway in Arabidopsis, exposure to ET has been reported to potentiate the SA-
mediated induction of PR/ in this species (Lawton et al., 1995). However, genetic data from
the same study suggest that the ET signalling pathway also negatively affects SA-dependent
responses: the basal level of PRI mRNA appears to be significantly elevated in ein2 plants
(Lawton et al., 1995). These data, which appear contradictory at first, may reflect the
complexity of regulatory cross talk between the SA and ET signalling pathways (Kunkel and
Brooks, 2002).

1.5 Molecular responses to abiotic stress

Dehydration, high salinity and low/freezing temperatures have adverse effects on plant
growth and seed production. Plants adapt and respond to these stresses through various
biochemical and physiological processes, thereby acquiring stress tolerance. Many genes
respond to drought, salt and/or cold stress at the transcriptional level, and the products of these
genes are crucial for the development of tolerance (Bray et al., 2000; Shinozaki and
Yamaguchi-Shinozaki, 2000; Shinozaki et al., 2003). Transcriptome analyses using

microarray technology have identified several genes that are induced by abiotic stress (Seki et
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al., 2001; Fowler and Thomashow, 2002; Seki et al., 2002; Seki et al., 2003), and these genes
have been classified into two major groups (Bray et al., 2000; Shinozaki and Yamaguchi-
Shinozaki, 2000).

The gene products of the first group include functional proteins that directly protect
macromolecules and membranes (e.g. late embryogenesis abundant (LEA) proteins, osmotin,
antifreeze proteins, chaperones and mRNA binding proteins); maintain water movement
through membranes (e.g. water-channel proteins and membrane transporters); the enzymes
catalysing the biosynthesis of various osmoregulators (e.g. proline, betaine and sugars);
proteases for protein turnover (e.g. thiol proteases, Clp protease, and ubiquitin) and
detoxification enzymes (e.g. glutathione S-transferase, soluble epoxide hydrolase, catalase,
superoxide dismutase and ascorbate peroxidase) (Qiang et al., 2000; Yamaguchi-Shinozaki
and Shinozaki, 2001). Some of the stress-inducible genes that encode proteins such as key
enzymes for proline biosynthesis and for glycine betaine biosynthesis as well as the
detoxification enzyme superoxide dismutase have been over-expressed in transgenic plants to
produce a stress-tolerant phenotype of the plants (Kishor et al., 1995; Bohnert and Sheveleva,
1998; Holmstrom et al., 2000).

The second group of gene products function in a signalling or regulatory capacity and
includes transcription factors, protein kinases, and the enzymes involved in phospholipid
metabolism (Shinozaki and Yamaguchi-Shinozaki, 1997). It is important to analyse the
functions of stress-inducible genes not only to understand the molecular mechanisms of stress
tolerance and the responses of higher plants, but also to improve the stress tolerance of crops
by gene manipulation. Hundreds of genes are thought to be involved in abiotic stress
responses (Shinozaki and Yamaguchi-Shinozaki, 1996; Xiong and Zhu, 2001; Xiong et al.,
2002a; Xiong and Zhu, 2002; Zhu, 2002). Several studies have contributed to understanding
the regulation of gene expression in response to drought, high salinity and/or cold stress, and
in revealing complex gene networks for specificity and crosstalk in abiotic-stress-responsive

gene expression.
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1.5.1 Regulation of gene expression by dehydration, high-salinity and low-

temperature/cold stresses

Promoter analysis of dehydration-, high-salinity- and/or low-temperature-inducible
genes has identified at least four independent gene regulatory systems (Shinozaki et al., 2003).
Two are ABA-dependent (pathways I and II) and two are ABA-independent (pathways III and
IV) (Figure 1.2).

ABA is synthesised de novo mainly in response to dehydration and high-salinity stress
but not in response to cold stress. Many stress-inducible genes are regulated by the
endogenous ABA that accumulates during drought and high-salinity stress (Bray et al., 2000).
Recently, genes that are involved in ABA biosynthesis have been identified through genetic
and genomics analysis (Seo and Koshiba, 2002; Xiong et al., 2002a). Several of these genes
are induced by dehydration and high-salinity but not by cold stress, indicating important roles
for ABA in dehydration-stress responses (Seki et al., 2003; Shinozaki et al., 2003). The genes
encoding 9-cis-epoxycarotenoid dioxygenase (NCED), a key enzyme of ABA biosynthesis,
are strongly induced by dehydration stress (Qin and Zeevaart, 1999; Iuchi et al., 2001).
Regulatory factors that control the dehydration-inducible expression of the NCED gene have
not yet been elucidated.

One of the ABA-dependent stress response pathways regulates the expression of a
large number of genes via an interaction between promoter cis-acting regulatory elements
known as abscisic acid-responsive elements (ABREs; AGGTGG/TC) (Figure 1.2, Pathway II)
and members of the ABA response element binding (AREB) class of bZIP transcription
factors (Choi et al., 2000; Uno et al., 2000). Several AREB proteins such as AREBI1 and
AREB2, have reduced activity in ABA-deficient aba?2 mutants and in ABA-insensitive
mutants, and enhanced activity in the ABA-hypersensitive eral mutant, indicating that these
transcription factors need ABA for full activation (Uno et al., 2000). Over-expression of
AREB2 causes ABA hypersensitivity, reduced transpiration rate and enhanced drought
tolerance of the transgenic plants (Kang et al., 2002).

The induction of the drought-inducible gene rd22 is mediated by ABA, and this gene
requires protein biosynthesis for its ABA-dependent expression (Abe et al., 1997; Shinozaki
and Yamaguchi-Shinozaki, 2000). A MYC transcription factor, RD22BP] (also known as

AtMYC2), and a MYB transcription factor, AtMYB2, were shown to bind cis-elements in the
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rd22 promoter and activate rd22 in a cooperative manner ((Abe et al., 1997):Figure 1.2,
Pathway I). These MYC and MYB proteins are synthesised after the accumulation of
endogenous ABA, indicating that their role is in a late stage of the stress responses (Abe et al.,
1997). Over-expression of both AtMYC2 and AtMYB2 not only caused an ABA-hypersensitive
phenotype but also improved the osmotic-stress tolerance of the transgenic plants (Abe et al.,
2003).

Analysis of the rd29A promoter indicate the existence of ABA-independent as well as
ABA-dependent signal transduction cascades between the initial signal of water deficit and the
expression of specific target genes. The rd29A promoter region contains two major cis-acting
elements, ABRE and the dehydration-responsive element (DRE)/C-repeat (CRT) both of
which are involved in stress-inducible gene-expression (Yamaguchi-Shinozaki and Shinozaki,
1994). DRE/CRT and ABRE function in ABA-independent and ABA-dependent gene
expression in response to abiotic stress, respectively (Figure 1.2). Transcription factors
belonging to the ERF/AP2 (ethylene-responsive element binding factor/apetala 2) subfamily
that bind to DRE/CRT were originally isolated as DREB1A/CBF3 (DRE-binding protein/C-
repeat-binding factor), DREB1B/CBF1 and DREB1C/CBF2 (Stockinger et al., 1997; Liu et
al., 1998). The genes encoding these transcription factors are induced early and transiently in
response to low-temperature stress and in turn, activate the expression of target genes (Figure
1.2, Pathway III(B)). Similar transcription factors (DREB2A and DREB2B) are induced by
dehydration stress and promote the expression of various genes involved in dehydration and
high-salinity tolerance (Liu et al., 1998) (Figure 1.2 Pathway III(A). The role of these
transcription factors in gene expression in response to abiotic stress is described in detail
below.

Several drought-inducible genes do not respond to either cold or ABA treatment,
suggesting the existence of another ABA-independent pathway in the dehydration and high-
salinity response (Figure 1.2, Pathway IV) (Shinozaki et al., 2003). These genes include ERD/
(early response to dehydration), which encodes a chloroplast targeted Clp protease regulatory
subunit, ClpD (Nakashima et al., 1997), which is proposed to function in degrading
unassembled or mis-folded proteins in the chloroplasts (Peltier et al., 2001). The ERDI gene is
not only induced by dehydration but also upregulated during natural senescence and dark-
induced senescence (Simpson et al., 2003). Promoter studies using the ERD/ promoter region

fused to the luciferase (LUC) reporter gene in Arabidopsis identified cis-acting elements that



are involved not only in ABA-independent stress-responsive gene expression but also in
senescence-activated gene expression (Simpson et al., 2003). Cloning of the DNA-binding

proteins for these cis-elements will reveal this novel regulatory system (Figure 1.2).

1.5.2 Identifying the molecular components of stress signalling pathways

Several signal transduction and stress tolerance mutants have been identified using
genetic approaches and biochemical analyses (Browse and Xin, 2001; Knight and Knight,
2001; Xiong et al., 2002a; Zhu, 2002). In a genetic screen using the firefly luciferase reporter
gene (LUC) under the control of the rd29A promoter, many Arabidopsis mutants have been
isolated that have altered induction of stress-responsive genes by drought, high-salinity, cold
and ABA. These mutants exhibited altered expression of the rd29A::LUC gene at a high (hos),
or low (los) level in response to various abiotic stresses or ABA treatments (Ishitani et al.,
1997). The loci of the mutations, such as fieryl (fryl) (Xiong et al., 2001b), hosI (Lee et al.,
2001a), losl (Guo et al., 2002), los2 (Lee et al., 2002), los5/aba3 (Xiong et al., 2001a),
los6/abal (Xiong et al., 2002b) have been cloned and have provided new insight into the
mechanisms of stress and ABA signal transduction (Xiong et al., 2002a; Zhu, 2002).

For example, hos! mutant plants show enhanced cold induction of stress-responsive
genes, but salt or ABA induction of these genes was not substantially altered (Ishitani et al.,
1997). HOSI encodes a novel protein that contains a RING-finger motif and is proposed to
function by targeting a positive regulator(s) of CBF/DREB1 expression for degradation,
because the expression levels of the CBF/DREB1 genes in hos/ are higher than those in wild-
type plants under cold stress (Lee et al., 2001a).

The FRYI gene encodes an inositol polyphosphate 1-phosphatase that is involved in
inositol 1,4,5-triphosphate (Ins(1,4,5)P3) signalling (Xiong et al., 2001b). Mutations in the
FRY] gene result in elevated levels of Ins(1,4,5)P; and enhanced osmotic- and ABA-induction
of gene expression (Xiong et al., 2001b). Therefore it was proposed that FRY/ functions as a
negative regulator of ABA and stress signalling and provides genetic evidence that
phosphoinositols have an important role in ABA and stress-related signal transduction in
plants (Xiong et al., 2001b; Shinozaki et al., 2003).

Characterisation of the los5 and los6 mutants has revealed a critical role for ABA in

mediating osmotic stress regulation of gene expression (Xiong et al., 2002a). In los5 and los6



mutant plants, the expression of several stress-responsive genes, such as rd29A/cor48,
rd17/cord7, corl5 and rd22 was severely reduced or even completely blocked during salt
stress and interestingly, los5 and los6 plants are defective in dehydration-induced ABA
biosynthesis (Xiong et al., 2001a; Xiong et al., 2002b). Exogenous ABA restored the salt-
induction of rd29A::LUC in los5 mutant plants to the wild-type level, demonstrating that ABA
deficiency was responsible for the defect in osmotic stress regulation of gene expression

(Xiong et al., 2001a).

1.6 Molecular responses to wounding

Wounding is a common form of damage that occurs to plants as a result of abiotic
stress factors such as wind, rain, hail, and of biotic factors, especially insect feeding.
Wounding presents a constant threat to plant survival because it not only physically destroys
plant tissue, but also provides a pathway for pathogen invasion (Cheong et al., 2002).

Plants respond to wounding, caused by mechanical stress or by chewing herbivores,
with the synthesis of an array of defense proteins that facilitate wound healing and provide
protection against further injury or pathogen attacks (Bowles, 1990). The accumulation of
these proteins is mainly the result of rapid transcriptional activation of the corresponding
genes. These responses occur not only at, or close to, the wound site but also in some cases
systemically in distant, non-damaged tissue of wounded plants (Rojo et al., 1999).

The JA-responsive (JR) genes JRI, JR2 , JR3 and VSP which are strongly induced by
wounding and by JA, and the wound-responsive (WR) genes WR3 and ACO (encoding acyl
CoA oxidase), which are induced only by wounding, have been used as molecular markers of
the wound signal transduction pathway(s) in Arabidopsis (Titarenko et al., 1997; Rojo et al.,
1998). Although further elucidation of the roles of some of these genes in the wound response
is required, the rapid and localised pattern of induction of WR genes and the predominantly
systemic and slower induction pattern of JR genes (Titarenko et al., 1997) point to the
involvement of WR genes in repair and healing processes in the wounded area, whilst JA-
responsive genes would fulfil preventive functions in undamaged parts of the plant (Leon et
al., 1998). Moreover, studies with these genes have indicated that separate JA-dependent and
JA-independent wound signal transduction pathways exist in Arabidopsis (Leon et al., 1998;

Rojo et al., 1999).



In Arabidopsis, cell wall-derived oligosaccharides (OGAs) and the plant hormones JA
and ET participate in the signalling network for wound-induced gene expression. These
signalling components interact in novel ways to activate distinct responses (Rojo et al., 1999).
Oligosaccharides released from plant cell walls upon wounding (Bergey et al., 1999) block JA
synthesis, and activate ET production and a set of JA-independent genes (ACO and WR3) in
the vicinity of the wound site (Rojo et al., 1999). Wound-induced ET is proposed to suppress
JA-induced gene expression in the damaged leaves downstream of JA biosynthesis (Rojo et
al., 1999). The relatively short-distance movement of OGA and ET diffusion are thought to
prevent suppression of JA-induced gene expression in systemic leaves (Rojo et al., 1999). JR
gene (JRI, JR2, JR3 and VSP) induction in these distant tissues is thought to involve both
systemin and JA as the systemic signals (Farmer et al., 1992; Royo et al., 1996; Stratmann,
2003).

While defending against mechanical wounding caused by insect predators plants must
also prepare for opportunistic attack by pathogens and consequently have most likely evolved
mechanisms that integrate the pathogen and wounding response (Cheong et al.,, 2002).
Evidence is accumulating that the wound response pathway might also play a role in defense
against specific pathogens. It has been known for some time that the wound response can be
triggered by fungal elicitors. For example, the gene expression profiles observed during an
incompatible plant fungal interaction overlap with those derived from wounding (Durrant et
al., 2000). Moreover, wounding of young rice plants induces a systemic resistance response
that leads to protection against infection by the rice fungus Magnaporthe grisea in the absence
of PR gene expression (Schweizer et al., 1998). In addition, the signalling molecules JA and
ET regulate both the wound response genes, and the expression of some basic PR genes and
defensin (PDF1.2) and thionin (Thi2.1) genes in Arabidopsis (Penninckx et al., 1996; Epple et
al., 1997; Thomma et al., 1998).

A cDNA array study designed to identify genes commonly regulated by JA, ET and an
avirulent pathogen (Schenk et al., 2000) suggested the existence of a substantial network of
regulatory interactions and coordination during pathogen and wounding responses. Another
study using a microarray approach focused on transcriptional profiling of genes after pathogen
infection and identified genes that are reported to be regulated by wounding (Maleck et al.,
2000). Extensive overlap between pathogen- and wound-response genes was further

demonstrated by Cheong et al. (2002). However, despite commonalities between the wound
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response and pathogen response signalling pathways, several lines of evidence indicate that
their respective response pathways are distinct, or even antagonistic and plants respond
differently to attack by herbivores, necrotrophs and biotrophs (Traw et al., 2003). For
example, proteinase inhibitors are more strongly induced by insect feeding than by biotrophic
pathogens (Traw et al., 2003). In addition, the pathogenesis-related proteins PR1, PR2 and
PRS are induced following infection by biotrophic pathogens but not following insect feeding
or attack by necrotrophic pathogens (Kunkel and Brooks, 2002). In addition to pathogen
resistance, wounding pathways may also interact with other signalling processes.

Several studies show that some genes are induced by both osmotic stress and
wounding treatments (Yamaguchi-Shinozaki and Shinozaki, 1994; Reymond et al., 2000).
Moreover abscisic acid (ABA) mediates wound induction of some proteinase inhibitor genes
(Pena-Cortes et al., 1991; Hildmann et al., 1992) suggesting possible interactions between
wounding and other abiotic stress responses. Cheong et al. (2002) also identified many
osmotic- and heat shock-regulated genes that were highly responsive to wounding. Wounding
not only induces transcription factor DREBI, but also activated many downstream stress
genes such as rd29A/cor78, rdl7/cor47 and cor6.6 suggesting that wounding may also

activate components of the drought and cold response pathways (Cheong et al., 2002).

1.7 Transcription factors in biotic and abiotic stress responses

Transcription factors are sequence-specific DNA-binding proteins that are capable of
activating and/or repressing transcription of multiple target genes. They are often expressed in
a tissue-specific, development-stage-specific, or stimulus-dependent manner, and are largely
responsible for the selectivity in gene regulation (Zhang, 2003).

Transcription factor genes comprise a substantial fraction of all eukaryotic genomes,
and the majority can be grouped into a handful of different, often large gene families
according to the type of DNA-binding domain that they encode (Riechmann and Ratcliffe,
2000). Many of the transcription factor families found in Arabidospis are unique to plants (e.g
APETALA?2 (AP2), NAC, WRKY, AUXIN RESPONSE FACTOR (ARF)-Aux/IAA and DOF
(for DNA-binding with one finger)). Some of the other groups (e.g. MYB, MADS and bZIP),
which are not especially numerous in animals or yeast, have been significantly amplified in

the plant lineage (Riechmann and Ratcliffe, 2000). Functional redundancy is not uncommon
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within these families; therefore the proper characterisation of particular transcription-factor
genes often requires their study in the context of a whole family (Riechmann and Ratcliffe,
2000).

As described above the defense and stress responses of plants are regulated by multiple
interconnected signalling pathways resulting in significant overlap between the patterns of
gene expression that are induced in response to different stresses. A microarray investigation
focussing on 402 Arabidopsis transcription factor genes revealed a clear overlap between
those expressed in response to different stresses and those expressed during senescence (Chen
et al., 2002). What had initially appeared to be numerous linear pathways is now emerging as
a complex regulatory network of signals that allow plants to respond optimally to their
changing environment.

Perception of a pathogen by a plant and exposure to various stresses triggers rapid
defence and stress responses via a number of signal transduction pathways. A major target of
signal transduction is the cell nucleus where the terminal signals lead to the transcriptional
activation of numerous genes and consequently to the de novo synthesis of a variety of
proteins and antimicrobial compounds (Hammond-Kosack and Jones, 1996; Rushton and
Somssich, 1998). Therefore defense and stress gene induction occurs primarily at the level of
transcription, and regulating the temporal and spatial expression patterns of specific stress
genes is an important part of the plant stress response (Rushton and Somssich, 1998). Plants
devote a large proportion of their genome capacity to transcription, with the Arabidopsis
genome coding in excess of 1600 transcription factors (Riechmann and Ratcliffe, 2000). These
transcription factors belong to large gene families, which in some cases are unique to plants.
The major transcription factor families that have roles in defense or stress response are
ERF/AP2, WRKY, bZIP and MYB (Rushton and Somssich, 1998; Singh, 1998; Riechmann
and Ratcliffe, 2000; Singh et al., 2002). These also constitute some of the major transcription

factor families encoded by the Arabidopsis genome (Riechmann and Ratcliffe, 2000).

1.7.1 WRKY transcription factors

WRKY proteins are a novel family of transcription factors that are unique to plants (Dong

et al.,, 2003) and form a large family with 74 members in Arabidopsis (Singh et al., 2002).

WRKY proteins bind to the W box sequence element found in the promoters of pathogen-



responsive genes (e.g., parsley PRI, potato PR-10a and tobacco chitinase CHN50) (Despres et
al., 1995; Yang et al., 1997; Rushton and Somssich, 1998; Eulgem et al., 2000). W-boxes are
present in the promoter of PR/, the hallmark gene associated with the induction of SAR in
Arabidopsis (Maleck et al., 2000). Moreover, the W-box was the only sequence that was
common to all the promoters of 26 coordinately-regulated defense genes identified in a
microarray analysis that examined changes in gene expression during SAR (Maleck et al.,
2000). WRKY proteins are also known to regulate the expression of regulatory genes such as
receptor protein kinases (Robatzek and Somssich, 2002) and significantly NPRI (Yu et al.,
2001) which contains several W-box sequences in its promoter region. Mutation of the W
boxes abolished their recognition by WRKY proteins and compromised the ability of NPR1 to
complement a npr/ mutant for disease resistance (Yu et al., 2001). Reverse genetic approaches
are providing insights into the function of specific WRKY proteins. For example, over-
expression of AtWRKY 18 at moderate levels resulted in enhanced expression of PR genes and
resistance to P. syringae (Chen and Chen, 2002). Additionally, high level over-expression of
AtWRKY18 and AtWRKY6 lead to growth retardation and other stress-related phenotypes
(Chen and Chen, 2002; Robatzek and Somssich, 2002).

1.7.2 bZIP transcription factors

The bZIP transcription factor family comprises 75 members in Arabidopsis (Jakoby et al.,
2002). One class of bZIP proteins that is linked to stress response comprises the TGA/octopine
synthase (osc)-element-binding factor (OBF) proteins. These bind to the activation sequence-
I(as-1)/osc element, which regulates the expression of some stress-responsive genes such as
the PRI and glutatione S-transferase (GST) genes (Ellis et al., 1993; Ulmasov et al., 1994;
Lebel et al., 1998). Some TGA family members in Arabidopsis have been shown to physically
interact with NPR1, a key regulator in the SA defense signalling pathway (Zhang et al., 1999;
Despres et al., 2000). Another class of bZIP proteins include G-box binding factors (GBF).
The G-box is a ubiquitous cis-acting element that functions in concert with neighbouring cis-
elements to regulate gene expression in many different functional contexts including pathogen
attack (Menkens et al., 1995; Kim et al., 2003). Other bZIP proteins have been implicated in
signalling in response to UV light and dehydration/high-salinity stresses (Singh et al., 2002).

For example, the ABRE-binding factor (AREB) proteins respond at the transcriptional and
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bost-transcriptional level to drought and high-salinity through an ABA-dependent signal
ransduction pathway (Choi et al., 2000; Uno et al., 2000).

1.7.3 MYB transcription factors

MYB factors represent a family of proteins that include the conserved MYB DNA-
rinding domain (Stracke et al., 2001). Different categories of MYB proteins can be identified
lepending on the number of imperfect repeats of the MYB domain they contain. It is likely
hat single MYB-domain proteins, a class of expanding importance in plants, bind DNA in a
lifferent way than two repeat or three repeat MYB proteins, and these groups are therefore
ikely to have different functions (Jin and Martin, 1999; Stracke et al., 2001). The two-repeat
MYB family (R2R3) is the largest family characterised in plants and there are estimated to be
yver 100 members in Arabidopsis (Jin and Martin, 1999). R2R3-type MYB factors participate
n plant responses to environmental factors and in mediating hormone actions (Jin and Martin,
1999). In Arabidopsis, AtMYB2 has been found to regulate the AtADHI (ALCOHOL
DEHYDROGENASEI) gene promoter in response to low oxygen (Hoeren et al., 1998), is
nduced by dehydration and also functions as a transcriptional activator in the dehydration-
ind ABA-inducible expression of the rd22 gene (Abe et al., 1997). AtMYB30 expression is
trongly correlated with cell death during the hypersensitive response to pathogen attack or
licitor treatment (Daniel et al., 1999). Elicitor-responsive R2R3-type MYB genes have also
een described from Nicotiana tabacum (N. tabacum) (Sugimoto et al., 2000), and an AtMYB-
elated MYB gene from Oryza sativa has been shown to be expressed in response to fungal
ittack (Lee et al., 2001b).

.7.4 The importance of combinatorial control in transcriptional regulation

It is becoming clear that a major mechanism underlying eukaryotic transcriptional
egulation is combinatorial control. Many genes are regulated by multiple transcriptional
ictivators by virtue of having a specific set of cis-acting binding sites in their promoters. At
iny given time, a distinct set of transcription factors bind to these different sites to give rise to

ligher-order nucleoprotein complexes that have been called enhanceosomes (Carey, 1998;
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Singh, 1998). Specific interactions between the proteins that form an enhanceosome, as well
as interactions with components of the general transcriptional machinery, can lead to
cooperactivity in DNA binding and transcriptional synergy (Carey, 1998). The arrangement of
the enhanceosome assembled at a given promoter may change in response to environmental,
developmental or other signals. It is possible to form a much larger number of distinct
enhanceomones by using a discrete number of transcription factors in different combinations.
A consequence of this is that, through combinatorial interactions, a given transcription factor
can play multiple roles and help regulate different genes whose expression is induced by
distinct signals (Carey, 1998; Singh, 1998). There is a growing body of evidence that
combinatorial control plays an important role in mediating transcriptional regulation in plants.
The regulation of the biosynthesis of a class of maize pigments, the anthocyanins, is
one of the best characterised examples of the importance of combinatorial protein interactions
in the regulation of transcription in plants. The developmental regulation of anthocyanin
expression is the result of combinatorial interactions between two distinct families of plant
transcription factors, MYC-like proteins and MYB-like proteins (Mol et al., 1998; Singh,
1998). However, individual family members are not sufficient to induce the anthocyanin
biosynthetic genes, but, rather, a member from each family must be coexpressed in a particular
tissue for anthocyanin biosynthesis to occur (Roth et al., 1991). In Arabidopsis, the MYC-like
rd22BP1 protein interacts with the MYB-like protein ATMYB2 to trans-activate dehydration-
responsive genes under drought conditions (Abe et al., 1997). An interaction between a MYC
protein and an ERF protein is involved in transcriptional regulation of the rice Wx gene (Zhu

et al., 2003).

1.8 The AP2/EREF transcription factor family

The AP2/ERF (APETALAZ2/Ethylene-responsive element (ERE) binding factors)
family of plant-specific transcription factors comprises 145 distinct members, whose
distinguishing characteristic is that they contain either one or two AP2/ERF domains
(Riechmann and Meyerowitz, 1998; Sakuma et al., 2002). The AP2 domain was first
recognised as a repeated motif within the Arabidopsis AP2 protein (Jofuku et al., 1994).
Shortly afterwards, four DNA-binding proteins from tobacco were identified that interact with

a sequence that is essential for the responsiveness of some promoters to ET, and were
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originally designated as ‘ethylene responsive element binding proteins’ (EREBPs) (Ohme-
Takagi and Shinshi, 1995) but were later renamed ERE binding factors (ERFs) (Suzuki et al.,
1998). The DNA-binding domain of EREBP-2 was mapped to a region that was common to
all four proteins (Ohme-Takagi and Shinshi, 1995), and that was found to be closely related to
the AP2 domain (Weigel, 1995). Since then, an increasing number of ERFs from various
plants have been reported which are divergent except for the highly conserved DNA binding
domain, the so called AP2/ERF domain, of 58 or 59 amino acids (Hao et al., 2002).

AP2/ERF genes play a variety of roles throughout the plant life cycle: from being key
regulators of various developmental processes to acting as components of the mechanisms
used by plants to respond to various types of biotic and abiotic stress(Riechmann and
Meyerowitz, 1998). Different AP2/ERF proteins carry out a diverse range of functions
throughout the plant life cycle. This diversity is illustrated by AP2 and the EREBPs
themselves. AP2 participates in the control of several processes during flower development,
among them specification of organ and meristem identity, and ovule and seed development
(Bowman et al., 1989; Kunst et al., 1989; Bowman et al., 1991; Shannon and Meeks-Wagner,
1993; Okamuro et al., 1997). In contrast, EREBP proteins bind to a cis-regulatory sequence
known as the GCC-box widely conserved in the promoters of PR genes, activated in response
to pathogen attack (Ohme-Takagi and Shinshi, 1995; Zhou et al., 1997).

The AP2/ERF family can be divided into three subfamilies (Figure 1.3) based on the
number of their AP2/ERF DNA binding domains (Sakuma et al., 2002). The first subfamily
includes genes that have 2 AP2/ERF domains (AP2 subfamily) and are exclusively involved in
plant development (Kunst et al., 1989; Okamuro et al., 1997). The second subfamily includes
genes that contain 2 different DNA-binding domains, AP2/ERF and B3 (RAV subfamily)
(Kagaya et al., 1999). The B3 DNA-binding domain is conserved in VP1/ABI3 homologues
(Suzuki et al., 1997) The third subfamily includes genes that have only 1 AP2/ERF DNA-
binding domain (the ERF/AP2 subfamily) and are involved in the plants adaptation to biotic
and abiotic stresses (Sakuma et al., 2002).

Genes from the ERF/AP2 subfamily can be further classified into 2 subgroups on the
basis of similarity of the amino acid sequences of the DNA-binding domain and the DNA
element to which they bind; the DRE/CRT subgroup and the ERF subgroup (Sakuma et al.,
2002). Several members of the DRE/CRT subgroup bind to the dehydration-responsive
element (DRE), also named C-repeat element (CRT) (DRE/CRT element) and regulate
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Figure 1.3 The AP2/ERF transcription factor family

The AP2/ERF family can be divided into three subfamilies based on the number
of AP2/ERF DNA binding domains. The first subfamily includes genes that have
2 AP2/ERF domains (AP2 subfamily). The second subfamily includes genes that
contain 2 different DNA-binding domains, AP2/ERF and B3 (RAV subfamily).
The third subfamily includes genes that have only 1 AP2/ERF DNA-binding
domain (ERF/AP2 subfamily). The ERF/AP2 subfamily can be further classified
into two subgroups; the DRE.CRT subgroup and the ERF subgroup.



dehydration-, high-salinity- and cold-induced target gene expression (Baker et al., 1994;
Stockinger et al., 1997; Liu et al., 1998). The DRE/CRT cis-acting element (consensus
CCGAC) is shared by many cold-responsive or dehydration-induced genes (Yamaguchi-
Shinozaki and Shinozaki, 1993; Baker et al., 1994).

Members of the ERF subgroup are known to bind the GCC box (Park et al., 2001; Gu
et al., 2002), a cis-acting element with the consensus GCCGCC, that is found in the promoter
regions of many ET-regulated pathogenesis-related (PR) genes (Ohme-Takagi and Shinshi,
1995; Penninckx et al., 1996).

1.9 DNA binding specificity of the ERF/AP2 subfamily

Arabidopsis ethylene-responsive element binding factor 1 (AtERF1) is so far the only
protein in this superfamily whose AP2/ERF domain structure has been determined (Allen et
al., 1998). The AP2/ERF domain of AtERF1 consists of a 3-stranded anti-parallel B-sheet and
an a-helix packed approximately parallel to the B-sheet. Unlike other DNA-binding proteins
that interact with DNA through amino acids of an a-helix, the AP2/ERF domain of AtERF1
makes contact specifically with the GCC-box-containing double helix in the major groove
through seven amino acids consisting of mainly arginines and tryptophans in the B-sheet
(Allen et al., 1998). This indicates that the B-sheet in the AP2/ERF domain has important roles
in the formation of the domain-GCC-box complex.

On the other hand, it was recently reported that different amino acids are conserved in
2 positions of the B-sheet in the AP2/ERF domains between the DRE/CRT and ERF
subgroups. In these two positions, the valine at position 14 (V14) and the glutamic acid at
position 19 (E19) are conserved in the DRE/CRT subgroup and are important for binding to
the DRE/CRT cis-element. In contrast, in the ERF proteins alanine (A14) and aspartic acid
(D19) occupy the corresponding positions in their AP2/ERF domains; these replacements are
thought to be important for binding to the GCC-box cis-element (Sakuma et al., 2002).

The core sequence of the DRE/CRT cis-element is the 5 bp CCGAC sequence of
which the 2" C, 39 G and 5" C (CCGAQ) are essential for the highly specific interactions
with the DRE/CRT subgroup of proteins (Sakuma et al., 2002). The core sequence of the
GCC-box is the 6 bp GCCGCC sequence of which the 1% G, 4™ G and 6™ C (GCCGCC) are
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involved in the highly specific interactions with the ERF subgroup (Hao et al., 1998). These
two core sequences closely resemble each other, and a common core sequence is CCGNC. In
this common core sequence, the 3 G and 5™ C were essential for the highly specific
interactions with both the DRE/CRT and ERF proteins. However, these 2 subfamilies of
DNA-binding proteins strictly recognise different nucleotides, the 2™ C of the DRE/CRT-box
sequence by the DRE/CRT subgroup of proteins and the 1* G of the GCC-box by the ERF
subgroup of proteins (Sakuma et al., 2002). Moreover DRE/CRT- and ERF- subfamilies of
proteins generally function in clearly different signal transduction pathways of dehydration-
and cold-stress response and pathogen defense response, respectively (Riechmann and
Meyerowitz, 1998).

Several examples of ERF/AP2 proteins have emerged that do not strictly fit this
criterion for DNA binding specificity and classification. Some ERF/AP2 transcription factors
such as Tsil (for Tobacco stress-induced genel), a member of the ERF subgroup could bind
specifically to both the GCC-box and the DRE/CRT-box sequences (Park et al., 2001). Tsil,
was induced not only by ET and SA but also by high-salinity and the over-expression of Tsi/
improved tolerance to salt and pathogens (Park et al., 2001). However, only PR genes were
found to be over-expressed in the transformants and it is still unclear whether 7si/ can
regulate gene expression through the DRE/CRT-box cis-acting element. In addition a GCC-
like element that directs JA and elicitor-responsive expression (JERE; AGACCGCC) has been
identified in the periwinkle secondary metabolite biosynthetic gene Str (Strictosidine synthase)
that interacts with a JA- and elicitor-inducible ERF/AP2 domain transcription factor, ORC2
(octadecanoid-derivative responsive Catharanthus AP2) (Menke et al., 1999). ORC2 showed
strong homology to the tobacco EREBP1 (Ohme-Takagi and Shinshi, 1995) and tomato Pti4

"~ (Zhou et al., 1997) proteins indicating that ORC2 is a member of the ERF subgroup of

proteins. Recently, another similar GCC-like element called box S (AGCCACC) has been

identified that directs expression in response to fungal elicitors (Kirsch et al., 2000).

1.10 The role of the ERF subgroup in regulating defense responses

ERFs (ethylene(ET)-responsive factors), induced by pathogen infection, bind the
GCC-box element that is present in the promoters of ET-regulated PR genes such as PR3, PR4
and PDF].2 (Park et al., 2001; Gu et al., 2002). ERFs have been identified in plant species
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from phylogenetically distinct taxa. Several genes have been characterised in Arabidopsis
(ERF1, AtEBP, and AtERFs (Buttner and Singh, 1997; Solano et al., 1998; Fujimoto et al.,
2000; Ohta et al., 2000)), tomato (Pti4, 5 and 6 (Zhou et al., 1997)), soybean (GmEREBP
(Mazarei et al., 2002)) and tobacco (Ohme-Takagi and Shinshi, 1995)).

Tobacco EREBP-1, -2, -3 and -4 proteins were identified owing to their specific
binding to the GCC-box (Ohme-Takagi and Shinshi, 1995). All four EREBP genes are
ubiquitously expressed, and their mRNA levels are substantially increased by ET (Ohme-
Takagi and Shinshi, 1995). The tomato ERF Pti4 was isolated, along with two other ERFs,
Pti5 and Pti6, from a yeast two-hybrid screen by virtue of its interaction with the Pto kinase
(Zhou et al., 1997). Pto specifies gene-for-gene resistance against P. syringae pv tomato
strains that express the avirulence protein AvrPto or AvrPtoB (Gu et al., 2002). Pti4, Pti5 and
Pti6 were shown to bind specifically to the GCC-box cis-element and to regulate the
expression of a wide array of PR genes that contain the GCC-box in their promoters (Gu et al.,
2002). The expression of Pti4/5/6 is enhanced in response to infection by P. syringae pv
tomato and by treatment with different signalling molecules (Thara et al., 1999; Gu et al.,
2000). Phosphorylation of Pti4 by the Pto kinase enhances Pti4 binding capacity for the GCC-
box (Gu et al., 2000). Expression of Pri4 is induced in tomato leaves upon inoculation with
Pseudomonas strains, by wounding, and by exposure to ET, SA, or JA (Thara et al., 1999; Gu
et al., 2000; Mysore et al., 2002). Over-expression of Pti4 in Arabidopsis caused the activation
of several PR genes and increased resistance to the fungal pathogen Erysiphe orontii and
tolerance to P. syringae pv tomato (Gu et al., 2002).

Studies by Wu et al., (2002) and Chakravarthy et al., (2003) identified sets of defense-
related genes whose expression was affected by Pti4. However, only a small percentage of the
genes identified in these studies possessed GCC-box or GCC-box-like cis-elements in their
promoters. To determine if, as expected, Pti4 bound the promoters of these genes,
Chakravarthy et al., (2003) used a Pti4 antibody for chromatin immunoprecipitation (ChIP)
assays (Johnson et al., 2001). Surprisingly, although the promoters of many of these genes
were bound by Pti4 in vivo, most lacked a GCC box. These observations suggest that ERFs
such as Pti4 regulate gene expression both directly and indirectly, probably in combination
with other transcription factors (Chakravarthy et al., 2003). For example, a rice MYC protein,
designated OsBP-5, which contains a putative basic helix-loop-helix-leucine zipper DNA-

binding domain acts synergistically, perhaps as a heterodimer with OsEBP-89, a member of



the ERF family of transcription factors, to regulate transcription of the rice waxy (Wx) gene
(Zhu et al., 2003). In addition the Arabidopsis protein AtEBP has been reported to interact
with the bZIP transcription factor OBF4 (Buttner and Singh, 1997). Although thus far there
are relatively few examples of interactions between transcription factors belonging to different
classes, observations suggest that cross-coupling between ERFs and other transcription factors
occurs and may therefore be important in regulating gene expression during plant defense
response.

Several other members of the ERF subgroup have been shown to be either positive or
negative regulators of transcription (Fujimoto et al., 2000; Ohta et al., 2000; Ohta et al., 2001).
Five Arabidopsis ERFs (AtERFI to AtERFS) respond to extracellular signals to modulate
GCC-box mediated gene expression positively or negatively. AtERF1, AtERF2 and AtERF5
function as activators of GCC-box dependent transcription in Arabidopsis leaves. By contrast,
AtERF3 and AtERF4 function as active repressors that downregulate not only basal
transcription levels of a reporter gene but also the transactivation activity of other transcription
factors (Fujimoto et al., 2000).

Based on these collective observations, it is clear that the elucidation of the role of

ERFs in the defense response in plants is an emerging important field of study.

1.11 The role of the DRE/CRT subgroup in regulating reponses to

environmental stress

The ability of plants to tolerate adverse conditions involves many biochemical and
physiological changes, among them alterations in gene expression that are mediated in part by
the DRE/CRT cis-element found in the promoters of dehydration-responsive (rd) genes such
as rd29A (Yamaguchi-Shinozaki and Shinozaki, 1994) and cold-regulated (cor) genes such as
corl5A (Baker et al., 1994).

Cor gene expression is induced during cold acclimation, the process by which plants
increase their resistance to freezing in response to low but non-freezing temperatures. Over-
expression of corl5A, which encodes a novel polypeptide that is targeted to the chloroplasts,
has been shown to increase the freezing tolerance of chloroplasts in vivo and protoplasts in

vitro (Artus et al., 1996). Whereas over-expression of corl/5A has a detectable effect on
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freezing tolerance of chloroplasts and protoplasts, the effect is small (Artus et al.,, 1996;
Steponkus et al., 1998). Moreover, it has little if any effect on whole-plant freezing tolerance
(Jaglo-Ottosen et al., 1998). Expression of the entire battery of COR genes, which includes the
cor6.6, cord7/rd17 and cor78/rd29A (in addition to the corl5 gene) however does (Jaglo-
Ottosen et al., 1998). The ability to express all of the cor genes in concert at warm
temperatures was made possible by the discovery of the CBF transcriptional activators
(Stockinger et al., 1997; Gilmour et al., 1998; Gilmour et al., 2000) also known as the DREB1
proteins (Liu et al., 1998; Shinwari et al., 1998) that belong to the DRE/CRT subgroup of
transcription factors.

Cor6.6, cord7/rdl7 and cor78/rd29A, and presumably other yet to be discovered
DRE/CRT-regulated cor genes, contain in their promoters the DRE/CRT cis-regulatory
element (Baker et al., 1994; Yamaguchi-Shinozaki and Shinozaki, 1994). The first DRE/CRT
binding factor to be discovered, CBFI/ (CRT/DRE binding factor 1), was initially shown to
activate expression of reporter genes in yeast that carried the DRE/CRT element (Stockinger
et al., 1997). Over-expression of CBFI in Arabidopsis was subsequently shown to activate
expression of the entire battery of known DRE/CRT-regulated cor genes and to enhance whole
plant freezing survival without a low-temperature stimulus (Jaglo-Ottosen et al., 1998).
Additional studies have shown that CBF[ is a member of a small gene family encoding nearly
identical proteins (Gilmour et al., 1998; Shinwari et al., 1998). The genes, CBFI, CBF2 and
CBF3 (also known as DREBIB, DREBIC, and DREBIA, respectively), are located in tandem
on chromosome 4 (Gilmour et al., 1998; Shinwari et al., 1998). Overexpression of CBF3 in
Arabidopsis, like over-expression of CBFI, activates cor gene expression and enhances
freezing tolerance at warm nonacclimating temperatures (Liu et al., 1998; Kasuga et al., 1999).
All three CBF genes are cold-induced; CBF transcript levels increase within 15 min of
transferring plants to low-temperature followed at approximately 2 hours by accumulation of
transcripts for the target DRE/CRT-regulated cor genes (Gilmour et al., 1998; Shinwari et al.,
1998).

Because the DRE/CRT element was sufficient for drought-inducible gene expression
(Yamaguchi-Shinozaki and Shinozaki, 1994) it strongly suggested the existence of drought-
inducible transcription factors that bind to the element. Two transcription factors, DREB2A
and DREB2B, were identified based on their ability to bind the DRE/CRT element (Liu et al.,

1998). Because they are induced by drought stress and are able to induce the expression of
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genes that contain the DRE/CRT cis-acting element in protoplast transient assays, they were
good candidates to be involved in drought signal transduction. Interestingly, over-expression
of the DREB2 genes in transgenic plants only caused weak induction of the downstream genes
and did not result in obvious phenotypes (Liu et al., 1998). It is proposed that translational
modifications are necessary for the activity of those proteins in transgenic plants (Shinozaki
and Yamaguchi-Shinozaki, 2000) but this hypothesis remains to be demonstrated
experimentally.

Multiple transcription factors and cis-acting regulatory elements are involved in
controlling low-temperature- and drought-induced gene expression. It has been proposed that
the ABA-independent cold- and drought-responsive gene expression is regulated by
CBF/DREBI and DREB?2 proteins, respectively (Gilmour et al., 1998; Shinwari et al., 1998;
Nakashima et al., 2000). However, a CBF/DREB1 gene, CBF4/DREBID, identified by Haake
et al. (2002) is induced by dehydration stress, suggesting the existence of crosstalk between
the CBF/DREB1 and DREB2 pathways. The dehydration-inducible expression of
CBF4/DREBID is controlled by ABA-dependent pathways suggesting that CBF4, may
function in the slow response to drought that relies on the accumulation of ABA. A maize
DRE-binding protein, DBFI, has been shown to function as a transcriptional activator of the
abscisic acid-responsive gene rabl/7 by ABA (Kizis and Pages, 2002). This also suggests the
existence in some plants of an ABA-dependent pathway for the regulation of stress-inducible
genes that involves DRE/CRT (Shinozaki et al., 2003). Analysis of the cis-acting elements in
rd29A gene expression revealed that DRE/CRT functions cooperatively with ABRE as a
coupling element in ABA-responsive gene expression in response to drought stress (Narusaka
et al.,, 2003). This indicates that interactions between different transcription machineries
~ function to provide crosstalk between different stress signalling pathways.

Oryza sativa (rice) homologues for CBF/DREBI and DREB2, four OsDREB1s and one
OsDREB?2 have been identified in the rice genome sequence and function in stress-inducible
gene expression (Dubouzet et al., 2003). Overexpression of OsDREBIA in Arabidopsis
revealed that this gene has a similar function to that of its Arabidopsis homolog in stress-
responsive gene expression and stress tolerance. This indicates that similar transcription
factors function in dicotyledons and monocotyledons (Shinozaki et al., 2003).

Taken together these observations highlight the importance of understanding the

relative roles of DRE/CRT-binding proteins in different pathways, their coordinated regulation
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and the interactions with other signalling elements. In the longer term, these studies should
assist the manipulation of plants in order to improve their stress tolerance and the productivity

of crops.

1.12 Objectives of this study

The completion of the genome sequence of Arabidopsis made it possible for the first
time to characterize the full complement of transcription factor encoding genes in plants. The
REGIA (Regulatory Gene Initative in Arabidopsis) project, an EU Framework 5-funded
consortium of 29 laboratories was founded with the objective of functionally characterising an
estimated 80% of the Arabidopsis transcription factor gene complement. The present study, as
part of REGIA, set out to functionally characterise two genes coding for putative transcription
factors belonging to the AP2/ERF family (AP2.76 and AP2.72) and identified roles for both
genes in biotic and abiotic stress response pathways.

Using bioinformatical approaches including database searches, sequence alignments
and phylogenetic analysis, chapter 2 aimed to assign putative functions to both AP2.76 and
AP2.72 and also to determine which transcription factor family both AP2.76 and AP2.72
belonged to. In addition by constructing gene fusions comprising AP2.76 or AP2.72 and a
reporter gene, the subcellular localisation of AP2.76 and AP2.72 was investigated.

Chapter 3 investigated the expression of both AP2.76 and AP2.72 in response to
several potentially inducing stimuli using northern blot anlaysis. Also by generating transgenic
Arabidopsis plants engineered to express gene fusions which contained AP2.76 and AP2.72
promoter sequences fused with the f —glucuronidase (GUS) reporter gene, the promoter
mediated control of the expression of these two genes during the Arabidopsis life-cycle was
investigated.

In chapter 4, in order to gain insight into the function of both AP2.76 and AP2.72,
knockout lines for AP2.76 and AP2.72 were isolated from publically available libraries and
characterised. Transgenic plants in which AP2.76 and AP2.72 were ectopically expressed
using the CaMV 35S promoter were also generated. A ¢cDNA microarray analysis and/or

northern blot analaysis were used to identify putative regulatory targets of AP2.76 and AP2.72.



Chapter 2

Sequence analysis and functional characterisation of AP2.76 and AP2.72,
Arabidopsis genes encoding putative transcription factors of the AP2/ERF
family

2.1 Introduction

2.1.1 Arabidopsis genes encoding putative transcription factors

With the completion of the Arabidopsis genome sequence, the focus has shifted from
structural to functional annotation. It has been estimated that the functions of some 2,500
genes have been successfully deduced from experimental data to date (Hilson et al., 2003).
The goal set by the scientific community and documented by the Multinational Arabidopsis
Steering Committee (MASC) is to unambiguously determine the function of the >25, 000
Arabidopsis genes by the year 2010 (Osterlund and Paterson, 2002).

Genes encoding transcription factors comprise a substantial fraction of all eukaryotic
genomes; Arabidospis contains approximately 1600, representing more than 6% of the
identified genes (Riechmann and Ratcliffe, 2000). These regulatory proteins provide the most
common and direct mechanism of gene regulation in eukaryotic organisms, i.e. transcriptional
control. Furthermore, transcription factors are believed to have played an important role in the
evolution of plants, because of their ability to control complex patterns of gene expression
(Doebley and Lukens, 1998).

Typical plant transcription factors comprise a DNA binding region, one or more nuclear
localization signals (NLSs) and a transcriptional regulation domain (Liu et al., 1999), although
some lack either a recognisable regulatory domain (Goff et al., 1992) or a specific DNA-

binding region (Hill et al., 1996; Washburn et al., 1997). Having identified a novel candidate



transcription factor sequence, bioinformatics approaches may initially facilitate the
identification of DNA binding domains, putative NLS(s) and regulatory domains. However,
computer-based analyses are generally not sufficient to define gene function with a high level

of confidence, and experimental confirmation is necessary in most cases.

2.1.2 DNA-binding domains

The DNA-binding domains of plant transcription factors, many of which are basic in
character, contain amino acid residues that contact DNA bases at cis-acting promoter
elements, and thus determine the functional specificity of the protein (Aukerman et al., 1991;
Huang et al., 1996).

Transcription factors have been broadly classified into a number of families on the basis
of the type of DNA-binding domain e.g. bZIP, homeodomain, helix-turn-helix, helix-loop-
helix, and zinc-finger domains. Some of these families are large (Singh, 1998) e.g. in the
Arabidopsis MYB family, members of which contain a specific type of helix-turn-helix motif
of about 50 amino acids, more than 80 members have so far been identified (Romero et al.,
1998). Some plant transcription factors have DNA-binding domains that appear to be unique
to plants. For example, the AP2/ERF family contain a conserved, approximately 60 amino
acid region, required for DNA binding (Okamuro et al., 1997).

Although plant transcription factors typically have only a single DNA-binding domain,
there are examples, such as the GT-2 and APETALA?2 proteins, which contain two related
DNA-binding domains (Ni et al., 1996; Okamuro et al., 1997). In the case of GT-2, a rice
DNA-binding protein that interacts with GT-box promoter elements in the rice phytochrome A
gene, the different DNA-binding domains have been shown to discriminate between closely
related GT-box sequences (Ni et al., 1996). For some transcription factors the ability to form
either homodimers and/or heterodimers with related family members is a prerequisite for DNA
binding. The ability to form specific heterodimers is a form of combinatorial control, and this
can expand the number of DNA target sequences that can be recognised, as well as allow
different combinations of activation domains to be recruited to a promoter element (Singh,
1998).

The base-recognition residues of DNA-binding domains are often highly conserved

(Aukerman et al., 1991; Huang et al.,, 1996). For example, one arginine residue in bZIP



domains (Aukerman et al., 1991), either one or two cysteine and histidine residues in zinc-
finger motifs (Li and Thomas, 1998), and single arginine and lysine residues in MADS
domains (Huang et al., 1996) are nearly identical between plants, animals and fungi (Liu et al.,

1999).

2.1.3 Nuclear Localisation Signals

Proteins destined for accumulation in the soluble compartment of the nucleus (the
nucleoplasm) are synthesised on cytoplasmic ribosomes. From studies in a number of different
eukaryotes, with most information coming from yeast and vertebrate systems, it is known that
selective targeting to the nucleus occurs through defined channels connecting the inner and
outer nuclear membranes, termed nuclear pores, and is regulated by the presence of nuclear
localisation sequences (NLS(s)) within the primary structures of the targeted proteins (Hicks
and Raikhel, 1995; Gorlich and Mattaj, 1996; Hurt, 1996).

Most NLSs can be assigned to one of three different groups, based on conserved
structural features (Silver, 1991; Hicks and Raikhel, 1995). The first group contains members
with NLSs similar to that contained within the SV40 large T-antigen. This signal comprises a
sequence of basic amino acids (PPKKKRKYV) organised as a single cluster (Kalderon et al.,
1984). The second, bipartite group comprises proteins that contain a cluster of two basic
oligopeptide domains (e.g. nucleoplasmin KRPAATKKAGQAKKKLD) separated by a
variable spacer (Robbins et al., 1991). The third group comprises proteins with NLSs similar
to that within yeast mating type factor a2 (NKIPIKD) (Robbins et al., 1991) and a variety of
other NLSs that cannot be assigned to a specific class (Hicks and Raikhel, 1995).

In higher plants, NLSs have been identified primarily through the use of gene fusion
strategies based either on the E. coli GUS gene (Jefferson et al., 1987) or the gene encoding
the green-fluorescent protein (GFP) of Aequorea victoria (Galbraith et al., 1995; Sheen et al.,
1995; Grebenok et al., 1997). The GUS system has a number of features ideally suited for use
in plant nuclear targeting studies. These include the molecular mass of the GUS enzyme, 68
kDa which ensures its exclusion from the nucleus in the absence of an NLS, the availability of
a convenient histochemical assay, the lack of appreciable endogenous GUS activity in most
plants and the retention of enzymatic activity when heterologous polypeptides are fused to the

GUS N- or C-terminus (Restrepo et al., 1990). Unfortunately however, the GUS assay is not
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compatible with cell viability because the various substrates used to visualize GUS activity
cannot traverse the membranes of living cells (Grebenok et al., 1997). In contrast, GFP offers
the advantage that fusion protein derivatives do not disrupt cellular functions and can be
visualized in living cells using conventional fluorescence and confocal microscopy. However,
native GFP (25 kDa) and fusion protein derivatives with masses lower than the nuclear size
exclusion limit (43 kDa) may accumulate passively in the nucleoplasm thus complicating the

interpretation of nuclear-targeting experiments.

2.1.4 Transcription regulation domains

Transcription factors belonging to the same family generally have distinct actions
because of differences in their regulatory domains, regions of the proteins that tend to diverge
from one another over evolutionary time (Yanagisawa and Sheen, 1998). Regulatory domains
and hence transcription factors, function as either repressors or activators, depending on
whether they inhibit or stimulate the transcription of target genes (Liu et al., 1999).

In sharp contrast to the DNA-binding domains, the amino acid sequences that comprise
activation and repression domains are not conserved, and consensus sequences have yet to be
derived from the many eukaryotic activation domains that have been functionally defined to
date (Triezenberg, 1995; Hanna-Rose and Hansen, 1996). On the basis of their amino acid
composition, activation domains can only be classified as being rich in acidic amino acids, in
glutamines, prolines, or serine and threonine residues. However, not all activation domains fit
into these general categories, and mutational analyses (also carried out with plant transcription
factors) have shown that those amino acids that predominate in activation domains are not
necessarily important for their function (Triezenberg, 1995; Sainz et al., 1997; Uesugi et al.,
1997). It may be that the precise molecular interactions that lead to transcriptional activation
vary between transcription factors in different promoter contexts or that mechanisms other
than specific protein-protein interactions govern transcriptional activation (Schwechheimer et
al., 1998).

The classification system of transcription factor repression domains is also poorly
characterised (Hanna-Rose and Hansen, 1996). This may be because research on repressors is
complicated by the fact that it is difficult to distinguish between genuine effects of a repressor

protein and the effects caused by a dominant negative form of the protein. It is thought that



repressors act in one of three ways (i) by binding to a cognate promoter site and blocking the
binding of general transcription factors or activators, (ii) by blocking transcription by means of
inhibitory interactions with general transcription factors or activators, (iii) by altering the
higher-order DNA structure in a way that inhibits transcription (Hanna-Rose and Hansen,
1996).

In this chapter, in order to assign putative functions to both the AP2.76 and AP2.72
sequences a bioinformatical approach was undertaken. It was determined that both sequences
most likely encoded transcription factor genes as the deduced amino acid sequences of both
AP2.76 and AP2.72 contained an AP2/ERF DNA binding domain and they belong to the
DRE/CRT and ERF subgroup within the ERF/AP2 subfamily respectively. A putative NLS
along with several putative phosphorylation sites were also identified in the AP2.76 and
AP2.72 sequences.

The hypothesis that the AP2.76 and AP2.72 genes encode transcription factors was
investigated by examining the subcellular localisation of fusion proteins comprising AP2.76 or

AP2.72 and GFP (or GUS).
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2.2 Materials and Methods

2.2.1 DNA manipulations

General materials and DNA manipulations have been described in Chapter 5.
2.2.2 Plasmids

AV441496 (Asamizu et al., 2000) contains the AP2.76 cDNA cloned between the
EcoRI and Xhol restriction enzyme sites in the pBluescript II vector., and was obtained from

the Nottingham Arabidopsis Stock Centre (NASC).

N97284 (Newman et al., 1994) contains the AP2.72 ¢cDNA cloned between the Sall

and Not restriction enzyme sites in the Lamda Zip-Lox vector and was obtained from NASC.

PRTL22 (Restrepo et al., 1990) is a derivative of pRTL2 (Carrington et al., 1990)
which contains the Cauliflower Mosaic Virus (CaMV) 35S promoter, the Tobacco Etch Virus
(TEV) 5’-NTR (Non Translated Region), a polylinker sequence for insertion of open reading
frames, and the CaMV 35S polyadenylation signal (Figure 2.7). The promoter contains a
tandem duplication of the sequence between -90 and -418, which contains enhancer-like

control elements (Carrington and Freed, 1990).

PRTL-GFP (a TAK laboratory plasmid) contains the non-fused native GFP gene

cloned between the Xbal and Kpnl restriction enzyme sites in the pRTL22 vector.

pK19 (Takeshita et al., 1987) is a derivative of pUC19, containing the neomycin
phosphotransferase gene (NPTII) conferring kanamycin resistance as the selectable marker
(Figure 2.7).

psmGFP (Davis and Vierstra, 1998) contains a codon-modified GFP gene encoding a
soluble-modified GFP (smGFP) and was obtained from the ABRC. The plasmid contains the
GFP gene cloned between the CaMV35S promoter and the nopaline synthase (nos) terminator
in pUC118.

pGUSI, contains the E. coli gene uidA/GUS encoding B-glucuronidase in pUC19.



PRTL-GUS (a TAK laboratory plasmid) contains the non-fused GUS gene cloned

between the EcoRI and BamHI restriction enzyme sites in the pRTL22 vector.

4XDRE-GUS and 4XGCC-GUS (Rushton et al., 2002) contain four copies of the
DRE/CRT-box (dehydration-responsive/c-repeat element) cis-element and GCC-box cis-
element located upstream of the CaMV 35S TATA box, followed by the GUS gene and the
nos terminator in the plasmid pBT10-GUS (Sprenger-Haussels and Weisshaar, 2000). These
two plasmids were donated by Dr. Somssich of the Max Planck Institute for Plant Breeding

Research, Cologne, Germany.

pROK219.76 (see Chapter 4 for details) contains the AP2.76 ORF cloned between
BamHI and Kpnl sites of the pROK219 vector which contains a CaMV 35S promoter and the
nopaline synthase (nos) terminator, and the neomycin phosphotransferase gene (NTPII)

conferring kanamycin resistance as the selectable marker.

PROK219.72 (see Chapter 4 for details) contains the AP2.72 ORF cloned between
Xbal and Kpnl sites of the pROK219 vector.

pPROK219-NAN (Kirby and Kavanagh, 2002) contains the synthetic NAN reporter
gene cloned between the Xbal and Sacl sites of the pPROK219 vector. The NAN gene is a
codon optimized derivative of the nanH gene which encodes the ‘small’ cytoplasmic sialidase

of Clostridium perfringens (Roggentin et al., 1988; Kruse et al., 1996).

2.2.3 Oligonucleotide primers

A) Primers used for sequencing the AP2.76 cDNA.

APJ6F: 5’CTCATCCTCCTCIGTITFCCHEANCES

AP76F2: 5’GCTAATAGCTCTCAAGAAACGCCGTCG3’

M13 universal forward and reverse primers were used for sequencing both the
AP2.76cDNA and AP2.72cDNA.

B) Primers used for sequencing the AP2.72 cDNA.

AP72R: 5’GACCCGCCGGTCAAACAAGAGCTTGAT3’
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APT2R2: ' CCTGGTCCACCTTCAACTACTACTACS

C) To amplify the coding region of AP2.76 for construction of AP2.76-GFP gene
fusion.

AP76Xbal: STGCTCTAGAATGGAAGAAAGCAATG3’

AP76HindIIl: 5’CGAAGCTTATTGGCAAGAACTTCCCAAAT3’

D) To amplify the coding region of AP2.72 for construction of AP2.72-GFP gene
fusion.

AP72Xbal: 5’GCTCTAGATGGTCTCCGCTCTCAGCC3’

AP72HindIIl: 5CGAAGCTTGTAACCATAATTCTTCTCTTC3’

E) To amplify smGFP.

smGFPHindF: S GGAAGCTTATGAGTAAAGGAGAAGAACTTTTC3’

smGFPkpnR: 5’GGGGTACCTTATTTGTATAGTTCATCCATG3’

F) To sequence the pRTL-AP76-GFP vector.

AP76P1: S’CGAGTGAGCTACTCGGACTCGGAGAT?3’

E) To sequence pRTL-AP72-GFP vector.

AL163491A: 5’CGGGATCCAAGGCCCTACTACCACCAC3’

G) To amplify the coding region of AP2.72 without stop codon for construction of
AP2.72-GUS gene fusion.

AP72Xbal: 5’GCTCTAGATGGTCTCCGCTCTCAGCC3’

AP72EcoRI: 5’CGGAATTCGTAACCATAATTCTTCTCT3’

H) To amplify the coding region of AP2.72 with stop codon for construction of GUS-
AP2.72 gene fusion.

AP72BamHI: 5’CGGATCCATGGTCTCCGCTCTCAG3’

AP72Kpn: 5GGGGTACCTTATTCTCTTGGGTAGTT3’

I) To amplify the coding region of GUS with stop codon for construction of AP2.72-
GUS gene fusion.

GUSRI1: 5CGGAATTCATGTTACGTCCTGTAGAAACY’

GUSB1: 5CGGGATCCTCATTGTTTGCCTCCCTG3’

J) To amplify the coding region of GUS without stop codon for construction of GUS-
AP2.72 gene fusion.

GUSRI: as above

GUSB2: 5CGGGATCCCTGCTGCGGTTTTTCACCGA3Z’



where the bold bases were added in order to create restriction enzyme sites.
K) To sequence the pRTL-AP72-GUS vector.

GUS2: 5’CTGCATCGGCGAACTGATCGTTAAAACTGCC?’

J) To sequence the pRTL-GUS-AP72 vector.

GUS3: 5 TGAACAGGTATGGAATTTCGCCGA3Z’

2.2.4 DNA and protein sequence analyses

Sequence  analyses were performed wusing BLASTN and BLASTP

(http://.ncbi.nlm.nih.gov/BLAST/). DNA restriction analysis and primer design were carried

out using the Vector NTI v.6. (InforMax., 1999). A search for potential splice signals was

carried out using the Splice view Web-gene tool (http://www.itba.mi.cnr.it/webgene/).

Multiple alignment of protein sequences were done with the ClustalX version 1.81, a
Windows version of CLUSTAL W program (Thompson et al., 1997) and edited with the
Genedoc program (Nicholas et al., 1997). Phylogenetic relationships between sequences were
inferred by the Neighbor-Joining method (Saitou and Nei, 1987). The Molecular Evolutionary
Genetics Analysis v.2.1 (MEGA2) program (Kumar et al., 2001) was used to obtain Neighbor-
Joining trees using Poisson corrected amino acid distances and the bootstrap support values
for 1000 pseudoreplicates using the same distance alogorithm as used to generate the
Neighbor-Joining tree.

DNA binding domains were identified using the NCBI conserved domain search

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Putative serine, threonine and tyrosine

phosphorylation sites were identified wusing the NetPhos 2.0 Prediction Server

(http://www.cbs.dtu.dk/services/NetPhos). The PSORT prediction program

(http://psort.nibb.ac.jp/form.html) was used to scan for prediction of protein localisation

signals.
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2.2.5 Transient transformation of onion epidermal tissue for nuclear

localisation experiments

5-10pg of plasmid DNA containing the pRTL-AP76-GFP, pRTL-AP72-GFP and
pRTL-GFP constructs described in section 2.3.4 and the pRTL-AP72-GUS, pRTL-GUS-
AP2.72 and pRTL-GUS constructs were used to coat washed tungsten particles as described in
section 5.4.2. DNA-coated particles were bombarded at 1100p.s.i. as described in Chapter 5
(section 5.4.4) into onion epidermal tissue placed “inner surface down” on support medium

(MS+) in Petri dishes. These were placed in a growth room at room temperature for 48 hours.

Bombarded onion epidermal tissue was immersed in GUS staining buffer (50mM
NaHPO, pH6.8, ImM 5-bromo-4-chloro-3-indolyl-glucuronide (Research Organics) and
histochemical GUS expression patterns were examined as described in section 5.2.4 or
examined by fluorescence microscopy to detect GFP expression using a Nikon Eclipse E600

microscope as outlined in section 5.4.5.

2.2.6 Transient transformation of tobacco leaves for the transactivation

experiments

A mixture containing Sug of effector plasmids, Spg of reporter plasmids and Sug of
internal control plasmids was used to coat washed tungsten particles as described in section
5.4.2. DNA coated particles were bombarded at 1100p.s.i as described in section 5.4.4 and
using a stainless steel focusing device which was fitted in the macrocarrier launch assembly
which not only concentrated the biolistic particles to a given area but also improved the
accuracy and predictability of each shot (Torisky et al., 1996). Tobacco leaves (Nicotiana
tabacum cv. Petit Havana) were placed abaxial side upwards on support medium (MS+) in
Petri dishes in preparation for bombardment. Following bombardment the petiole was pushed
into the medium and the plate was sealed and stored in the growth room for two days. At this
point the leaves were analysed using histochemical GUS assays as described in section 5.3.2

and analysed with quantitative fluorometric GUS and NAN assays as outlined below.

40



2.2.7 Quantitative fluorometric GUS and NAN assays

Bombarded tobacco leaf tissue was homogenised in GUS extraction buffer (2:1, buffer:
tissue). 10ul aliquots of extracted soluble protein were added to GUS assay buffer (extraction
buffer containing ImM MUG) or to NAN assay buffer (extraction buffer containing 1mM
MUN (4-methylumbellifery a-N-neuraminic acid)). The samples were incubated at 37°C for
zero hours (control) and one hour or until fluorescence could be observed under a UV
transluminator. Reactions were stopped by the addition of 0.2M Na,COj3, which enhances
fluorescence. GUS and NAN activity were detected quantitatively using a spectrofluorimeter
(Perkin Elmer LS-50B) with excitation at 365nm, emission at 455nm and slit widths set at

Snm.
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2 Results

2.3.1 Gene Structure

2.3.1.1 The structure of AP2.76

The cDNA clone AV441496 was sequenced using the primers outlined in section
2.2.3 and found to contain a single ORF of 1005 bp flanked by a 40 bp 5S’UTR and a 286 bp
3’UTR (Figure 2.2). The AP2.76 cDNA encodes a putative protein of 335 amino acids with a
predicted molecular weight of 36.56kDa, an isoelectric point of 7.59, and a charge at pH7.0 of
1.3. Database searches using the NCBI conserved domain search revealed that the deduced
amino acid sequence of AP2.76 contained a conserved DNA binding domain of 58 amino
acids (Figure 2.1 (A) and Figure 2.2), termed the AP2/ERF domain that is present in a large
subfamily of plant DNA binding proteins, known as the ERF/AP2 subfamily (Okamuro et al.,
1997; Riechmann and Meyerowitz, 1998). This domain possesses a charge at pH7.0 of 6.85.
In contrast, a region in the C-terminus of AP2.76, comprising 68 amino acids with a charge at
pH7.0, of -11.22, was classified as an acidic region (Figure 2.1 (A) and Figure 2.2) and may
act as a transcriptional activator domain (Hahn, 1993). Several putative serine (ser), threonine
(thr), and tyrosine (tyr) phosphorylation sites were identified in the AP2.76 protein (Figure 2.1
(A)). The N-terminal region of the AP2.76 protein contains a stretch of basic amino acids,
KKKK (Figure 2.1 (A) and Figure 2.2), that resembles the SV40-type nuclear localisation
signal (Kalderon et al., 1984).
A comparison of the nucleotide sequences of the AP2.76 cDNA and the chromosomal

AP2.76 gene (ID: At1g64380) showed the ORF to be uninterrupted by introns.
2.3.1.2 The structure of AP2.72

The AP2.72 cDNA clone N97284 was sequenced using the primers outlined in section
2.2.3 and shown to contain an ORF of 637 bp flanked by a 90 bp S’UTR and a 3’UTR of 198

bp (Figure 2.3). The ORF encodes a putative protein of 214 amino acids with a predicted

molecular weight of 24.28 kDa, an isoelectric point of 8.72, and a charge at pH7.0 of 2.05.
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Figure 2.1. AP2.76 and AP2.72 protein structure.

A) The AP2.76 protein comprises 335 amino acids, B) The AP2.72 protein
comprises 214 amino acids.

The AP2/ERF domains are shown in blue and acidic rich regions are shown in green.
Putative phosporylation of serine (ser), threonine (thr), and tyrosine (tyr) are

shown in red, blue and green triangles respectively. Putative NLS(s) are shown with

green hexagons.
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Figure 2.2. Analysis of an Arabidopsis cDNA encoding the AP2.76 protein.

The nucleotide and deduced amino acid sequences of the AP2.76 gene are shown.
The AP2/ERF DNA binding domain is shown in bold. The basic amino acids that
potentially act as a nuclear localisation signal are shown in red. An acidic rich

region is shown in italics. The termination codon is denoted by an asterisk.
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Figure 2.3. Analysis of an Arabidopsis cDNA encoding the AP2.72 protein.

The nucleotide and deduced amino acid sequences of the 4P2.72 gene are shown. The
ERF/AP2 DNA binding domain is shown in bold. The basic amino acids that
potentially act as a nuclear localisation signal are shown in red. The acidic rich region
is shown in italics. The termination codon is denoted by an asterisk.



Database searches using the NCBI conserved domain search revealed that the deduced amino
acid sequence of AP2.72 like the AP2.76 protein contained a conserved DNA binding domain
of 58 amino acids (Figure 2.1 (B) and Figure 2.3), known as the AP2/ERF domain, that is
found in the ERF/AP2 transcription factor subfamily (Riechmann and Meyerowitz, 1998).
This domain possesses a charge at pH7.0 of 6.76. In contrast, the N-terminus of AP2.72,
comprising 38 amino acids with a charge at pH7.0, of -4.14, was classified as an acidic region
(Figure 2.1 (B) and Figure 2.3) and may act as a transcription activation domain (Hahn, 1993).
Several putative serine (ser), threonine (thr), and tyrosine (tyr) phosphorylation sites were
identified in the AP2.72 protein (Figure 2.1 (B)). The N-terminal region of the AP2.72 protein
contained a stretch of basic amino acids PRRRH resembling an SV40-type nuclear localisation
signal (Kalderon et al., 1984).

A comparison of the AP2.72 ¢cDNA and chromosomal (ID: At5g13330) sequences
identified the presence of a single intron of 1440 bp interrupting the ORF, with the 5’ splice

junction at position + 91 bp relative to the ATG.

2.3.2 Sequence comparison of the ERF/AP2 domains of the AP2.76 and
AP2.72 proteins with those of other members of the ERF/AP2

transcription factor family

The AP2 domains of the AP2.76 and AP2.72 proteins were aligned with those of other
previously characterized members of the ERF/AP2 subfamily (Figure 2.4). The ERF/AP2
domain typically comprises 58 or 59 amino acids (Ohme-Takagi and Shinshi, 1995) and this
domain in AP2.76 and AP2.72 shows the same conserved amino acids found in other
ERF/AP2 domain-containing proteins (Figure 2.4).

As described by Sakuma et al., (2002), on the basis of similarities of the amino acid
sequence of their DNA binding domains, the ERF/AP2 subfamily can be further divided into
two subgroups, the “DRE/CRT box™ binding proteins and the “GCC box” binding proteins.
The valine at position 14 (V14) and the glutamic acid at position 19 (E19) are conserved in the
DRE/CRT-box binding proteins (DRE/CRT subgroup), whereas alanine (A14) and aspartic
acid (D19) occupy the corresponding positions in the GCC-box binding proteins (ERF

subgroup). The sequence alignment shown in Figure 2.4 shows that the AP2.72 protein
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Figure 2.4. Comparison of the deduced amino acid sequences of the DNA binding domains of AP2.72 and AP2.76 with those of
other AP2/EREF related proteins. The deduced amino acid sequence of the DNA binding domains of AP2.76 and AP2.72 was compared
with those of RAP2.1, RAP2.4, RAP2.6, RAP2.10, CBF1, DREB1A, DREB2A, TINY, AtERF1, AtERF2, AtERF3, AtERF4, AtERFS and
AtEBP from Arabidopsis (AF003094, AF003097, AF003099, AF003103, U77378, AB007787, AB007790, X94689, AB008103,
AB008104, AB008105, AB008106, AB008107 and Y00942 respectively); EREBP-1, EREBP-2, EREBP-3, EREBP-4, and Tsi of tobacco
(D38123, D38126, D38124, D38125, and AF058827 respectively); and Pti4, Pti5 and Pti6 of tomato (U89255, U89256 and U89257
respectively). These genes were classified into two groups on the basis of similarities of the amino acid sequence of their binding domains.
The degree of conservation is distinguished at four levels (100%-80%), (80%-60%), (60-40%) and not conserved, which are shown in
black, grey, yellow and white colours respectively. The red background represents amino acids that have are thought to have important
roles in DNA-binding specificity (Sakuma et al., 2002). Dashes indicate gaps in the amino acid sequences introduced to optimise their
alignment. The Alignment were performed using ClustalX and edited using the GeneDoc program.




contains the conserved A14 and D19 residues, and therefore belongs to the ERF subgroup
several members of which have been reported to bind the GCC-box cis-element (Fujimoto et
al., 2000; Park et al., 2001; Gu et al., 2002). Figure 2.4 also shows that the AP2.76 protein
contains the conserved V14 (although not the E19) residue and therefore belongs to the
DRE/CRT subgroup, several members of which have been shown to bind to the DRE/CRT-

box cis-element (Liu et al., 1998; Sakuma et al., 2002).

2.3.3 Phylogenetic analysis of AP2.72 and AP2.76

The alignment generated in Figure 2.4, was used to construct a phylogenetic tree that
includes the AP2.76 and AP2.72 proteins (Figure 2.5). The unrooted tree reveals two major
groupings, corresponding to the ERF subgroup which contains AP2.72 and the DRE subgroup
which contains AP2.76. These two subgroups had previously been reported (Riechmann and
Meyerowitz, 1998; Sakuma et al., 2002).

Within the DRE subgroup, the AP2/ERF domain encoded by the Arabidopsis gene
RAP2.4 (Related to Apetala2 Protein4) showed the highest level of similarity with the AP2.76
DNA binding domain (Figure 2.5). RAP2.4 (ID: Atlg78080) encodes a predicted protein of
335 amino acids (Okamuro et al., 1997). The ERF/AP2 domains of AP2.76 and RAP2.4 share
63% amino acid identity and 71% similarity. Moreover, the ERF/AP2 domain was the only
part of these proteins that showed significant similarity.

Furthermore within the ERF subgroup, the ERF/AP2 domain of AP2.72 was found to
share 70% amino acid identity and 75% similarity to RAP2.6 (Related to Apetala2 Protein6).
The RAP2.6 gene (ID: Atl1g43160) encodes a predicted protein of 193 amino acids (Town et
al., 2003; GenBank-unpublished).

2.3.4 Subcellular localization of the AP2.72 and AP2.76 proteins: in vivo

transient expression of gene fusion constructs in onion cells

To examine the subcellular localisation of AP2.76 and AP2.72, an AP2.76-GFP gene
fusion, an AP2.72-GFP and AP2.72-GUS gene fusions were constructed and were transiently

expressed in onion epidermal cells. The monolayer of transparent cells in onion epidermal
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Figure 2.5. Phylogenetic analysis of AP2/ERF family members.

Members of the ERF/AP2 subfamily members from two distinguishable
subgroups, the ERF subgroup (shown in red) and the DRE/CRT subgroup
(shown in blue). The neighbor-joining method was used to generate the
phylogenetic tree drawn using the MEGA2 program. Numbers on the nodes
correspond to bootstrap values based on 1000 pseudoreplicates. Values
greater than 70% are shown. The gene accession numbers are cited in Figure
2.4. AP2.76 and AP2.72 are shown in bold and indicated with a red arrow.



cells enables easy visualization of the GFP and GUS reporter gene expression in the nucleus
and cytoplasm and onion cells have previously been used successfully in analysis of

nucleocytoplasmic partitioning of Arabidopsis proteins (von Arnim and Deng, 1994).

2.3.4.1 GFP fusion constructs

To generate the various GFP fusions, the smGFP gene fragment was amplified from
the plasmid pSmGFP (encoding soluble modified (sm) GFP) by PCR using Pfu polymerase
and primers engineered to contain HindIIl (5’) and Kpnl (3’) sites. The entire coding regions
of AP2.72 and AP2.76 without the stop codons were also amplified by PCR using Pfu
polymerase and primers engineered to contain Xbal (5°) and HindlIII (3’) sites. The smGFP
fragment obtained by PCR was cloned into the pK19 plasmid and verified by restriction
digestion at the HindIIl and Kpnl sites (Figure 2.6). The new vector was called pK19GFP. The
coding regions of AP2.76 and AP2.72 that were obtained by PCR were cloned into the pK19
plasmid and verified by restriction digestion at the Xbal and HindlII sites (Figure 2.7). The
new vectors were called pK19AP2.76 and pK19AP2.72.

To assemble the various fusion constructs, triple ligations were performed which
contained (i) the pK19GFP vector digested with HindIIl and Kpnl, (ii) the pK19AP2.76 or
pK19AP2.72 vectors digested with the Xbal and HindlIII restriction enzymes (iii) the pRTL22
vector (3.9kb) which contains the cauliflower mosaic virus (CaMV) 35S promoter with a
duplicated enhancer region digested with Xbal and Kpnl restriction enzymes. The two
resulting constructs were called pRTL-AP76-GFP (AP2.76-GFP: 5.6kb) and pRTL-AP72-
GFP (AP2.72-GFP: 5.2kb). All constructs were verified by restriction enzyme analysis (Figure
2.7). Sequencing using the AP76P1 and AL163491A primers showed that the coding region of
AP2.76 and AP2.72 was fused in-frame with GFP in the AP2.76-GFP gene fusion and the
AP2.72-GFP gene fusion respectively.

The pRTL-AP76-GFP and pRTL-AP72-GFP constructs along with a control pRTL-
GFP that contained the non-fused smGFP gene fragment were introduced individually by

particle bombardment into onion epidermal cells.
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Figure 2.7. Confirmation of the structure of the AP2.76-GFP and
AP2.72-GFP gene fusion plasmids.

A) Restriction digest of transformant clones containing pK19AP2.76 (lane 4) and
pK19AP2.72 (lane 3) digested with Xbal/HindIll and pK19GFP (lane 2) digested
with HindIIl/Kpn.

B) Restriction digest of transformant clones containing pRTL-AP76-GFP (lane 3) and
pRTL-AP72-GFP (lane 2) digested with Xbal/kpnli.
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Figure 2.8. Subcellular localisation of native smGFP.

Subcellular distribution of green fluorescence within onion cells
transiently expressing a non-fused smGFP protein. All

images were analysed by a fluorescence microscopy at 100X
(A, B & C) and 400x (D).
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Figure 2.9. Subcellular localisation of AP2.76-GFP fusion protein.

Subcellular distribution of green fluorescence within onion cells
transiently transformed with the AP2.76-GFP gene fusion. All images
were analysed by fluoresence microscopy at 400X magnification (A,
B,C & D).
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Figure 2.10. Subcellular localisation of the AP2.72-GFP fusion protein.

Subcellular distribution of green fluorescence within onion cells
transiently transformed with a AP2.72-GFP fusion. All images
were analysed by fluorescence microscopy at 100X (A, B & C)
and 400X (D) magnification.



2.3.4.2 GFP expression in bombarded onion cells

Distinct patterns of GFP expression were observed 48 hours following bombardment
of onion epidermal tissue with pRTL-AP76-GFP, pRTL-AP72-GFP and pRTL-GFP
constructs. Fusion protein localization was determined by fluorescence microscopy at 100X
and 400X magnifications.

pRTL-GFP, which encodes a nonfused native GFP protein, served as a control. The
native GFP protein (26kDa) was sufficiently small to allow passive GFP diffusion into the
nucleus (Grebenok et al., 1997). Figure 2.8 shows that when pRTL-GFP was introduced into
cells of onion epidermis by particle bombardment, GFP was targeted to both the nucleus and
the cytoplasm. As the native GFP protein contained no NLS and was below the diffusion
exclusion limit of 46kDa, the diffusion of GFP into the nucleus of the transiently transformed
onion epidermal cells shown in Figure 2.8, was assumed to be passive.

GFP was fused to the AP2.76 and AP2.72 proteins which contain putative NLSs
(Figure 2.6). The molecular mass of the fusion proteins (62kDa and S0kDa respectively) is
sufficient to prevent passive GFP diffusion into the nucleus. Targeting of the fusion proteins to
the nucleus would be expected only if the AP2.76 and AP2.72 portion contains a NLS. Figure
2.9 shows that the AP2.76-GFP fusion protein was localised exclusively to the nucleus of the
cell, suggesting that AP2.76 contains an NLS.

On the other hand, the AP2.72-GFP fusion protein showed both cytoplasmic and
nuclear localisation of GFP (Figure 2.10). Since the mass of the AP2.72-GFP fusion protein
(50kDa) exceeded the size exclusion limit required to prevent passive diffusion into the
nucleus (Gorlich and Mattaj, 1996; Grebenok et al., 1997), the observed nucloecytoplasmic
partitioning of GFP was most likely controlled by sequences in AP2.72, suggesting that as

well as functioning in the nucleus, the AP2.72 protein may also have a cytoplasmic function.

2.3.5 In vivo transient expression of GUS fusion constructs in onion cells

To examine the subcellular localisation of AP2.72, an AP2.72-GUS gene fusion and a
GUS-AP2.72 fusion were constructed. Both gene fusions were used to transiently transform

onion cells.
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2.3.5.1 GUS fusion constructs

To generate the various GUS fusions, two versions of the GUS coding region were
amplified from the vector pGUS1-3’NOS by PCR using Pfu polymerase: the first, containing a
stop codon was amplified using primers engineered to contain the restriction sites EcoRI(S’)
and BamHI(3’); this PCR fragment was referred to as GUSRB1 and was used for construction
of the AP2.72-GUS gene fusion. The second version, lacking a stop codon was amplified
using primers engineered to contain the restriction sites EcoRI(5’) and BamHI(3’); this PCR
fragment was referred to as GUSRB2 and was used in the assembly of the GUS-AP2.72 gene
fusion. Similarly, two versions of the entire coding region of AP2.72 were amplified by PCR
using Pfu polymerase: the first, lacking a stop codon was amplified using primers engineered
to contain the restriction sites Xbal(5’) and EcoRI(3’); this PCR fragment was referred to as
AP72XE and was used to assemble the AP2.72-GUS gene fusion. The second version
containing a stop codon was amplified using primers engineered to contain the restriction sites
BamHI(5’) and Kpnl(3’); this PCR fragment was referred to as AP72BK and was used to
assemble the GUS-AP2.72 gene fusion.

The various GUS fusions were assembled by triple ligations which contained (i) one of
the AP2.72 coding regions described above: AP72XE or AP72BK, digested with Xbal, EcoRI
and BamHI, Kpnl respectively, (ii) the appropriate GUS fragment: GUSRB or GUSRB2
digested with EcoRI and BamHI, and (iii) the pRTL22 vector digested with Xbal and BamHI
(for assembly of the AP2.72-GUS gene fusion) or the pRTL22 vector digested with EcoRI and
Kpnl (for assembly of the GUS-AP2.72 gene fusion). The two resulting constructs were called
pRTL-AP72-GUS (AP2.72-GUS: 6.3kb) and pRTL-GUS-AP72 (GUS-AP2.72: 6.3kb) (Figure
2.11). All constructs were verified by restriction enzyme analysis (Figure 2.12). Sequencing
using the GUS2 and GUS3 primers (Figure 2.11) showed that AP2.72 was fused in-frame with
GUS in the AP2.72-GUS gene fusion and that GUS was fused in-frame with AP2.72 in the
GUS-AP2.72 gene fusion, respectively.

The pRTL-GUS-AP72, pRTL-AP72-GUS and pRTL-GUS constructs were introduced

individually into onion epidermal cells by particle bombardment.
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Figure 2.11. Construction of the (1) AP2.72-GUS and the (2) GUS-
AP2.72 gene fusions.

The restriction sites shown in bold were used for cloning fragments into the
corresponding vectors. Primers used for PCR amplifications and sequencing
are indicated with black arrows.



Figure 2.12. Verification of the structure of the
AP2.72-GUS and GUS-AP2.72 gene fusions.

Restriction digests of transformant clones containing the
pRTL-AP72-GUS vector (lane 2) and the pRTL-GUS-AP72
vector (lane 3) digested with Xbal/BamH1 and EcoR1/Kpnl
respectively.



Figure 2.13. Subcellular localisation of AP2.72-GUS fusion
protein activity.

Subcellular distribution of GUS activity within onion cells
transiently transformed with a control non-fused GUS gene
(A & B), an AP72-GUS gene fusion (C & D), and an
GUS-AP72 gene fusion (E & F). All images were analysed
using an Olympus BX40 (Optical Co.,LTD) light microscope
and Olympus SZX9 (Optical Co., LTD). 100X (A,C,E&F)
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2.3.5.2 GUS expression in bombarded onion cells

To examine the GUS activity of onion epidermal tissue transiently transformed with
pRTL-AP72-GUS, pRTL-GUS-AP72 and pRTL-GUS constructs, a histochemical assay was
employed because of its high sensitivity and precision. The assay was carried out as described
in section 5.3.2.

Since the 68kDa GUS protein, when expressed transiently in its native (nonfused)
form, is located in the cytoplasm, and cannot enter the nucleus (Restrepo et al., 1990; von
Arnim and Deng, 1994), histochemical or biochemical detection of intranuclear GUS implies
the presence of an NLS.

Onion cells transiently transformed with pRTL-GUS (Figure 2.13), which encodes the
nonfused GUS protein, served as a cytosolic control and showed as expected GUS activity
localised predominantly in the cytoplasm. Figure 2.13 also shows that the GUS activity of the
AP2.72-GUS and GUS-AP2.72 fusion proteins was localised to both the nucleus and the
cytoplasm. The GUS staining observed in the nucleus of onion cells expressing the non-fused
GUS protein was very faint compared with onion cells expressing the AP2.72-GUS and GUS-
AP2.72 fusion proteins strongly suggesting that AP2.72 contains a NLS that is sufficient to
target the fusion proteins into the nucleus at a significant level. However GUS activity was
also observed in the cytoplasm of onion cells expressing the fusion proteins, indicating that
some retention of AP2.72 in the cytosol. These results served to further confirm the observed

nucleocytoplasmic partitioning of the AP2.72-GFP fusion protein observed in Figure 2.10.

2.3.6 Investigating the DNA binding specificity of the AP2.76 and AP2.72

proteins using a transactivation strategy

It has been shown that the ERF and DRE/CRT proteins contain an AP2/ERF DNA
binding domain that binds to the GCC- and DRE/CRT-box cis-elements respectively (Buttner
and Singh, 1997; Stockinger et al., 1997; Sakuma et al., 2002). To determine if AP2.76 and
AP2.72 can bind the DRE/CRT-box and GCC-box cis-elements and function as activators of
DRE/CRT- and GCC-box-mediated transcription respectively, tobacco leaves (Nicotiana

tabacum cv Petit Havana) were cotransformed with (i) a reporter plasmid containing the GUS
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Figure 2.14. Schemes of the effector and reporter constructs used

in the cotransformation experiments.

A) The reporter constructs contain four copies of the DRE/CRT-box
(4XDRE-GUS) or GCC-box (4XGCC-GUS) in tandem that were
fused upstream to the CaMV 35S minimal TATA promoter, the
coding region from the GUS gene, and the nopaline synthase
(NOS) terminator in the pBT10 vector.

B) The effector constructs contain a CaMV 35S promoter fused to the

coding regions of AP2.76 (35S-AP2.76) and AP2.72 (35S-
AP2.72) in the pROK219 vector.

C) The internal control constructs (35S-NAN) contain a CaMV 35S
promoter fused to the synthetic NAN gene in the pPROK219 vector.



Figure 2.15. GUS expression patterns directed by synthetic
promoters in biolistically bombarded tobacco leaves.

Expression patterns (GUS activity) in leaves co bombareded with

A) Reporter 4XDRE-GUS, effector 35S-AP76, and internal control
35S-NAN constructs.

B) Reporter 4XDRE-GUS, and internal control 35S-NAN constructs.

C) Reporter 4XGCC-GUS, effector 35S-AP72, and control 35S-NAN
constructs.

D) Reporter 4XGCC-GUS, and internal control 35S-NAN constructs.
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Figure 2.16. Transactivation of DRE box and GCC box mediated

transcription by AP2.76 and AP2.72 respectively.

A)

B)

Induction of GUS activity relative to NAN activity in tobacco leaves
cotransformed with a mixture of plasmids containing reporter constructs
(4XDRE-GUS), effector construct (35S-AP2.76), and an internal control
(355-NAN) construct (N). For controls (C) tobacco leaves were
cotransformed with plasmids containing the reporter and internal control
constructs only. Each bar represents data derived from six individual
bombardments. Error bars indicating the standard deviations for the
relative GUS activity of the six leaves bombarded are shown

Induction of GUS activity relative to NAN activity in tobacco leaves
cotransformed with a mixture of plasmids containing reporter constructs
(4XGCC-GUS), effector construct (35S-AP2.72), and an internal control
(35S-NAN) construct (N). For controls (C) tobacco leaves were
cotransformed with plasmids containing reporter and internal control
constructs only. Each bar represents data derived from six individual
bombardemnts. Error bars indicating the standard deviations for the
relative GUS activity of the six leaves bombarded are shown



gene and an upstream synthetic promoter containing four copies of either the DRE-box cis-
element (4XDRE-GUS) or the GCC-box cis-element (4XGCC-GUS) and (ii) an effector
plasmid expressing AP2.76 (pROK219-76; 35S-AP2.76) or AP2.72 (pROK219-72; 35S-
AP2.72) driven by the CaMV35S promoter, along with (iii) an internal control plasmid
expressing NAN driven by the CaMV 35S promoter (pROK219-NAN; 35S-NAN) (Figure
2.14). NAN was used as an internal control to standardise the transformation efficiency. Co-
transforming the tobacco leaves with (i) the reporter plasmids (4XDRE-GUS or 4XGCC-
GUS) and with the (iii) internal control plasmids (pROK219-NAN) but without an effector
plasmid served as a negative control. To ensure reproducibility and to account for variations
between individual transformations, NAN was employed as a second reporter gene whose
expression would not be affected by the transcription factors under investigation (Kirby and
Kavanagh, 2002).

The GCC-box cis-element and the DRE/CRT-box cis-elements alone can direct
pathogen-inducible expression and abiotic inducible expression respectively in planta when
removed from their native promoter context (Rushton et al., 2002). The reporter constructs
4XDRE-GUS and 4XGCC-GUS were designed to contain four copies of the DRE-box and
GCC-box respectively to ensure levels of transcription high enough to permit detection of
GUS activity by histochemical staining and to respond to a number of abiotic and biotic
stresses (Rushton et al., 2002).

In the experiments reported here, both vectors even in the absence of the effector
plasmid, were found to confer high background levels of GUS activity during transient
transformation experiments (Figure 2.15 & 2.16). This high background level of GUS activity
in the controls made it impossible to determine if the AP2.76 and AP2.72 effector plasmids
could transactivate the reporter constructs 4XDRE-GUS and 4XGCC-GUS respectively.
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2.4 Discussion

2.4.1 Sequence analysis of AP2.76 and AP2.72

Sequence analysis of AP2.76 and AP2.72 revealed that each encoded a conserved DNA
binding domain of 58 amino acids previously identified in a large family of DNA binding
proteins known as AP2/ERF (Riechmann and Meyerowitz, 1998; Sakuma et al., 2002). The
analysis further revealed that both AP2.76 and AP2.72 belong to the ERF/AP2 subfamily. The
deduced amino acid sequences of AP2.76 and AP2.72 shared no significant sequence identity
with other members of this subfamily, except within the conserved DNA binding domain.
However both AP2.76 and AP2.72 contained an acidic region that might act as a
transcriptional activation domain (Hahn, 1993), and a putative nuclear localisation signal.
These data suggest that both AP2.76 and AP2.72 cDNAs each encode transcription factors.
Comparisons of the amino acid sequences of the DNA binding domains of AP2.76 and
AP2.72 with those of other members of the ERF/AP2 subfamily revealed on the basis of
conserved amino acid residues at positions 14 (valine vs. alanine) and 19 (glutamic acid vs.
aspartic acid or leucine) that AP2.76 belongs to the DRE/CRT subgroup while AP2.72
belongs to the ERF subgroup originally identified by Sakuma at al., (2002).

Several members of the DRE/CRT subgroup have been shown to specifically bind to
the DRE/CRT-box cis-element found in the promoter regions of many dehydration and low-
temperature-stress-inducible target genes such as rd29A, kinl, cor6.6 and rd17 (Yamaguchi-
Shinozaki and Shinozaki, 1994; Wang et al., 1995; Seki et al., 2001). All transcription factors
analysed in this group contained the conserved V14 and E19 residues with the exception of
AP2.76 and RAP2.4 in which E19 is replaced by leucine (L). V14 and E19 have been shown
to be important for recognition of the DRE/CRT-box cis-element as single amino acid
substitutions at V14 or E19 reduced the DNA-binding activity and changed the DNA-binding
specificity of several members of the DRE/CRT subgroup with a V14 substitution having a
more drastic effect on the DNA-binding than an E19 substitution (Sakuma et al., 2002).
Furthermore, a DREBIA (DRE Binding 1A) homologue in Oryza sativa, OsDREB 1A, which
contains the conserved V at position 14 but lacks E at position 19, nevertheless binds
specifically to the DRE/CRT cis-element in the rd29A promoter of Arabidopsis. Therefore

because V14 is more important than E19 for determining the DNA-binding specificity of the
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AP2/ERF domain in members of the DRE/CRT subgroup, and because AP2.76 showed
conservation of V14 (but not E19), it was hypothesized that AP2.76 might bind to the
DRE/CRT-box cis-element and regulate the expression of target genes in response to abiotic
stresses such as dehydration and low temperatures.

Several members of the ERF subgroup have been shown to interact specifically with
the GCC sequence and to activate transcription of genes containing the GCC-box cis-element
(Park et al., 2001; Gu et al., 2002), found in the promoter regions of many pathogenesis-
related (PR) genes such as those encoding the acidic proteins PR1, PR2 and PRS, the basic PR
proteins (PR3 and PRS5) and plant defensins (PDF1.2) (Ohme-Takagi and Shinshi, 1995;
Penninckx et al., 1996). The AP2/ERF DNA binding domains of proteins belonging to the
ERF subgroup contain alanine at position 14 (A14) and aspartic acid at position 19 (D19) and
these residues are thought to be important for recognition of the GCC-box cis-element
(Sakuma et al., 2002). AP2.72 showed strong similarity with other members of the ERF
subfamily and contained the conserved A14 and D19 residues suggesting that AP2.72 might
bind to the GCC-box cis-element and play a role in mediating the plant’s reponse to biotic
stresses by regulating PR gene expression. The DNA binding domains of AP2.76 and AP2.72
showed high levels of similarity with those of RAP2.4 and RAP2.6, respectively. Both these
genes have been shown to be induced by mechanical wounding (Cheong et al., 2002) and also
by infection with pathogens (Chen et al., 2002) suggesting that AP2.76 and AP2.72 might be
similarly induced.

Some members of the ERF/AP2 subfamily such as Tsil(for Tobacco stress-induced
genel), a member of the ERF subgroup could bind specifically to the GCC and the DRE
sequences, although the binding activity to the former was stronger than to the latter, and over-
expression of the Tsil gene in Tobacco resulted in improved tolerance to salt and pathogens
(Park et al., 2001). Although AP2.76 was shown to belong to the DRE subfamily of proteins
and predicted to bind the DRE/CRT sequence and AP2.72 was shown to belong to the ERF
subfamily and predicted to bind the GCC sequence, it is possible that AP2.76 and AP2.72 also
bind the GCC and DRE/CRT sequences respectively and like the Tsi/ gene be involved in
responses to both abiotic and biotic stress. Determining the binding specificity of both AP2.76
and AP2.72 proteins will give valuable insights into the signaling transduction pathways that
AP2.76 and AP2.72 are involved in.

51



2.4.2 Nuclear Localisation of AP2.76 and AP2.72

Proteins destined for the nucleus are translocated from the cytoplasm where they are
synthesized. Translocation into the nucleus, unlike other organelles, does not require traversal
of lipid bilayers. Rather, translocation involves active passage through nuclear pore structures
spanning the nuclear envelope. The pores are composed of two stacked coaxial rings, each
composed of eight subassemblies arranged symmetrically around a central plug (Hicks and
Raikhel, 1995; Gorlich and Mattaj, 1996; Hurt, 1996). Although the diffusion exclusion limit
of the pore is relatively high, permitting passage of macromolecules of up to 43kDa, transport
of physiologically relevant proteins is dependent on cytosolic and pore-associated receptors
that interact with one or more NLS(s), short sequences that are typically rich in basic amino
acids, within the translocated protein (Silver, 1991; Gorlich and Mattaj, 1996).

AP2.72 and AP2.76 both contained NLS-like stretches of basic amino acids (PRRRH
and KKKK respectively). The AP2.76-GFP fusion protein showed almost complete
accumulation within the nucleus of onion epidermal cells. This result is consistent with the
observation that the AP2.76 sequence encodes a putative transcriptional regulator. AP2.72
accumulated in both the nucleus and the cytoplasm suggesting possible nucleo-cytoplasmic
partitioning of the protein. Both AP2.72 and AP2.76 contain several putative phosphorylation
sites. Post-translational modification by phosphorylation has been shown to activate the
nuclear import of transcription factors and to stimulate or repress their DNA-binding affinity
or their activation potential (Karin and Hunter, 1995). For example, phosphorylation of the
maize abscisic acid-responsive Rabl7 by protein kinase CK2 is a key step in its nuclear
targeting (Jensen et al., 1998). In addition, the Pto kinase is known to interact with the
resistance elicitor of Pseudomonas syringae, AvrPto, and subsequently phosphorylate several
Pti transcription factors belonging to the ERF/AP2 subfamily. This results in an enhanced
ability of the Pti proteins to activate the expression of GCC-box-containing PR genes in
tomato (Gu et al., 2000; Gu et al., 2002; Wu et al., 2002). Furthermore, several reports have
suggested that the regulation of nuclear import in higher plants is complex and NLS efficiency
can be tissue-specific (Citovsky et al., 1994), or environmentally-regulated (von Arnim and
Deng, 1994), and is likely mediated by protein-protein interactions in the nuclear and
cytoplasmic compartments (Sanderfoot and Lazarowitz, 1995). It will be important to

investigate whether the nucleo-cytoplasmic partitioning of AP2.72 observed here in onion
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(monocotyledonous) epidermal cells also occurs in Arabidopsis cells and if so, whether it is
mediated by environmental factors. These more detailed studies should ideally be based on

immunodetection of the AP2.72 protein.

2.4.3 Investigating the DNA binding specificity of AP2.76 and AP2.72

The synthetic promoters 4XGCC and 4XDRE direct transcription from a minimal
CaMV35S promoter in response to a number of biotic and abiotic stresses (Rushton et al.,
2002). The preparation of tobacco leaves for bombardment and the bombardment procedure
itself exposes the plant tissue to significant levels of abiotic stress (e.g. wounding) that may
have activated GCC-box and DRE-box mediated transcription in the absence of AP2.76 and
AP2.72. Therefore the strong background levels of DRE- and GCC-box mediated transcription
that caused high level expression of GUS relative to NAN in the absence of the AP2.76 or
AP2.72 effector plasmids was probably due to the abiotic stresses imposed by the biolistic
bombardment procedure or/and preparation of the tissue. This high background level of GUS
expression made it impossible to determine if AP2.76 and AP2.72 could specifically activate
DRE/CRT or GCC-box mediated transcription, respectively.

Several studies have successfully determined the DNA binding specificity of various
EFF/AP2 proteins using a gel band-shift assay (Fujimoto et al., 2000; Park et al., 2001;
Sakuma et al., 2002), a method that has been used widely in the study of sequence-specific
DNA-binding proteins. The assay is based on the observation that protein-DNA complexes
migrate through a non-denaturing polyacrylamide gel more slowly than free DNA fragments
or double-stranded oligonucleotides. Employing a gel band-shift assay to determine the DNA
binding preferences of recombinant AP2.76 and AP2.72 proteins would eliminate competition
from other members of the ERF/AP2 family of proteins that may also induce DRE/CRT and

GCC-box mediated transcription in in vivo experiments.
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Chapter 3

Expression analysis of AP2.72 and AP2.76

3.1 Introduction

Plants respond to adverse environmental conditions and pathogen attack by synthesising
a large number of stress- and pathogenesis-related proteins that increase their ability to tolerate
stress and resist pathogens, respectively (Skriver and Mundy, 1990; Reymond and Farmer,
1998). There is evidence for commonalities between plant responses to pathogens (referred to
as defense responses) and environmental stresses (referred to as stress responses)
(Mahalingam et al., 2003). Despite similarities, however, a plant’s response to each
environmental challenge is unique and tailored to increasing the plant’s ability to survive the

inciting stress (Reymond et al., 2000; Xiong and Zhu, 2001; Mahalingam et al., 2003).

3.1.1 Defense responses

The development of SAR results in the transcriptional activation of many pathogenesis-
related (PR) genes (eg., PRI, PR2 and PR5) which enhance resistance to a broad spectrum of
virulent pathogens (Ward et al., 1991; Uknes et al., 1992; Ryals et al., 1996). SAR induction
requires the signalling molecule SA (SA), which accumulates in plants prior to the onset of
SAR and several studies have demonstrated that SA signalling is mediated by an ankyrin
repeat protein, NPR1 (Cao et al., 1994; Cao et al., 1997; Li et al., 1999).

Some defense responses are activated by signal transduction networks that require JA
and ET as signalling molecules and are distinct from the classic SA-mediated SAR pathway

(Pieterse and van Loon, 1999; Glazebrook, 2001; Kunkel and Brooks, 2002). JA and ET co-
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regulate a subset of PR genes in Arabidopsis that encode the antimicrobial proteins PR3 (a
basic chitinase) and PR4 (a hevein-like protein) (Thomma et al., 1998) along with plant
defensin and thionin (PDF1.2 and Thi2.1) genes (Penninckx et al., 1996; Epple et al., 1997).
This regulation is clearly distinct from that of the SA-dependent PR genes such as PR-1, PR-2
and PR-5, because it does not depend on NPR1 (Penninckx et al., 1998; Thomma et al., 2001).
There also appears to be considerable cross-talk between these signal transduction networks,
with at least some SA-dependent responses limited by JA/ET-dependent responses and vice
versa (Doares et al., 1995b; Doares et al., 1995a; Spoel et al., 2003).

Members of the ERF/AP2 subfamily are known to play important roles in plant defense
responses (Riechmann and Meyerowitz, 1998; Park et al., 2001; Gu et al., 2002). The
expression of many ERF/AP2 genes is induced by pathogen infection, ET, JA and SA. Several
members of the ERF/AP2 subfamily bind the GCC box (TAAGAGCCGCC) that is present in
the promoters of many PR genes (Ohme-Takagi and Shinshi, 1995; Fujimoto et al., 2000;
Ohme-Takagi et al., 2000; Gu et al.,, 2002) and when over-expressed constitutively in
Arabidopsis plants they induce the expression of downstream genes under non-stress

conditions and confer pathogen resistance to the transgenic plants (Park et al., 2001; Gu et al.,

2002).

3.1.2 Environmental stress responses

Plant growth is greatly affected by environmental abiotic stresses, such as drought, high
salinity and low temperature. Plants respond to these stresses at molecular and cellular levels
as well as the physiological level. Expression of a variety of genes is induced by these stresses
(Shinozaki and Yamaguchi-Shinozaki, 1996), the products of which are thought to function
not only in stress tolerance but also in the regulation of gene expression and signal
transduction during the stress response (Shinozaki and Yamaguchi-Shinozaki, 1997).
Promoter analyses of drought- and/or cold-inducible genes have identified at least four
independent regulatory systems for gene expression (Shinozaki and Yamaguchi-Shinozaki,
2000) two of which are ABA-dependent and two ABA-independent.

Crosstalk between these regulatory systems has been suggested by genetic and molecular
analyses e.g. genomic analyses of stress-inducible genes using microarrays have recently

revealed crosstalk in stress-responsive gene expression (Seki et al., 2001; Kreps et al., 2002;
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Seki et al., 2002). Most dehydration-inducible genes are also induced by high-salinity stress,
and many dehydration-inducible genes are also induced by ABA. However, only 10% of
drought-inducible genes are also cold-inducible. In fact, although ABA is involved in osmotic-
stress-responsive gene expression it does not play an important role in the low-temperature
stress response (Shinozaki et al., 2003). Interactions between different transcriptional

machineries facilitate crosstalk between the different stress-signalling pathways.

3.1.3 Investigating the role of AP2.76 and AP2.72 in defense and environmental stress

responses

This chapter investigates AP2.76 and AP2.72 expression in response to various
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