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Abstract

A transgenic Arabidopsis line containing a chimeric PR-I::luciferase (LUC) reporter
gene was subjected to mutagenesis with activation tags. Screening of lines via high
throughput LUC imaging identified a number of dominant Arabidopsis mutants that
exhibited enhanced PR-1 gene expression. Here we report the characterisation of one of
these mutants, designated activated disease resistance (adr) 1. This line showed
constitutive expression of a number of key defence marker genes and accumulated
salicylic acid, but not ethylene or jasmonic acid. Furthermore, adr! plants exhibited
resistance against the biotrophic pathogens Peronospora parasitica and Erysiphe
cichoracearum but not the necrotrophic fungus Botrytis cineria. Analysis of a series of
adrl double mutants suggested that adrl-mediated resistance against P. parasitica was
SA-dependent, while resistance against E. cichoracearum was both SA-dependent and
partially NPR1-dependent. The controlled, transient expression of ADRI conveyed
striking disease resistance in the absence of yield penalty, highlighting the potential
utility of this gene in crop protection.

The ADRI gene encoded a protein possessing a number of key features including
homology to subdomains of protein kinases, a nucleotide binding domain and leucine
rich repeats. Sequence analysis revealed that ADR! is a member of a small atypical
Arabidopsis sub-class containing four CC-NBS-LRR genes. In addition, homologous
genes were uncovered in many phylogenetically distant and agronomically important
plant species; their sequence analysis revealed a number of consensus motifs unique and
distinctive for the ADR1 family.

Furthermore, we show that either constitutive or conditional enhanced expression of
ADR] conferred significant drought tolerance. This was not a general feature of defence-
related mutants because cirl, cir2 and ¢prl, which constitutively express SAR, failed to
exhibit this phenotype. Cross-tolerance was not a characteristic of adrl plants, rather
they showed increased sensitivity to thermal and salinity stress. Hence, adrl activated
signalling may antagonise some stress responses. Northern analysis of abiotic marker
genes revealed that DREB24 but not DREBIA, RD294 or RD22 were expressed in adr!
plant lines. Moreover, DREB2A expression was SA-dependent but NPR1-independent.
Microarray analyses, of plants containing a conditional ADRI allele, demonstrated that a
significant number of the up-regulated genes had been previously implicated in
responses to dehydration. Therefore, biotic and abiotic signalling pathways may share
multiple nodes and their outputs may have significant functional overlap.

Additionally, a large activation tagged population was screened in order to isolate novel
mutants altered in disease susceptibility. Here we report the characterisation of one
mutant, designated activated disease susceptibility (ads) 1. This line was confirmed to
concurrently exhibit increased susceptibility to hemi-biotrophic, necrotrophic and non-
host pathogens.
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“The desire to know is natural to good men ... one day the world will look upon research

on plants as it now looks on human beings”

Leonardo da Vinci, 1452 — 1519

1) Introduction

1.1 General Context

Plants cannot move to escape environmental challenges; some of these biotic stresses are
markedly critical. In fact, a myriad of potential pathogens, fungi, bacteria, nematodes
and insects obtain products metabolised by plants, and viruses use replication systems at
the host’s expense. Therefore, plants have evolved sophisticated mechanisms to detect

such attacks and to translate that perception into an adaptive response.

The complex and refined systems evolved by plants enable them to successfully
withstand infection by the vast majority of potential pathogens. What makes this
achievement truly remarkable is the sheer diversity of infection mechanisms that these
pathogens use. While most immunologists may view the mammalian immune system as
a pinnacle of evolution, natural selection has honed the defence system of plants over
1.6 billion years without recourse to antibodies, T cells and similar mechanisms,
producing strategies no less refined or effective. Nevertheless, recent findings have
highlighted remarkable similarities in the innate defence systems of plants, animals and
insects (van der Biezen and Jones, 1998; Nurenberger and Brunner, 2002). It is
surprising that recognition of pathogen associated molecular patterns, presence of
proteins sharing similar domains in recognition complexes, MAPK-mediated activation
of immune response genes and subsequent production of antimicrobial products
similarly occur in both plant and animal kingdoms (Staskawicz et al., 2001; Nurenberger
and Brunner, 2002).



Though plants can recognize and mount successful defence against a vast majority of
pathogens, it has been estimated that at least 12% of potential global crop production is
lost annually to pre-harvest plant disease (Baker et al., 1997; Shah, 1997; Trewavas,
2001). Despite the development and use of an increasing number of pesticides and
fungicides, crop losses due to disease still continue. Plant breeding has been used to
introduce genes from wild populations into commercial crop cultivars, but this resistance
is often not durable as pathogens are able to evolve quickly and overcome it (Pink and
Puddephat, 1999; Jones, 2001; McDowell and Woffenden, 2003). Nowadays agriculture,
which is heavily dependent on the chemical control of a multitude of pathogens,
demands unsustainable environmental and economic costs (Trewavas, 2001). In
developing countries, where chemicals are often an unaffordable luxury, crop losses are
often measured in term of human starvation and death. This is likely to deteriorate in the
near future: global population is predicted to reach its peak by 2025 when there will be
an estimated 2.3 billion extra people on the earth, with 95% of this growth occurring in

less developed countries (Trewavas, 2001).

Therefore alternative strategies for sustainable agriculture, respecting the natural
environmental balance and taking into account the global population increase, must be
achieved. Advances in our understanding of plant defence systems and recent progresses
in biotechnology offer new tools to control plant disease through the development of
more efficient and environmentally friendly pesticides, resistant germplasm and the
genetic engineering of plants with enhanced resistance against diseases (Stuiver and

Custers, 2001; Hammond-Kosack and Parker, 2003).

Although several attempts have been made to engineer durable disease resistance,
unfortunately, many of these efforts have failed due to the complexity of disease
resistance signalling and the sheer diversity of pathogen infection mechanisms (Stuiver
and Custers, 2001). Alternatively, transgenic plants that exhibited durable disease
resistance could not be commercially exploited because of the detrimental effects on
plant growth, development and crop yield (Purrington, 2000; Hammond-Kosack and
Parker, 2003). Moreover, the pervasive negative reporting of so-called genetically



modified (GM) crops in the media has greatly damaged the general public opinion on
potential benefits offered by progress in biotechnology. Nonetheless, “second

generation” GM crops may be more acceptable to a currently mistrustful public.

The overall aim of the work described in this thesis was to gain further understanding
into the genetic basis of plant defence. More indirectly, this research might contribute to

the development of crops with enhanced disease resistance.

1.2 Gene-for-gene resistance and hypersensitive response

Plants are constantly subject to attack by a plethora of pathogens. If during an interaction
with a plant, the pathogen is able to penetrate the plant and cause disease, the pathogen
is said to be virulent, the plant susceptible and the interaction compatible. On the other
hand, plant may be able to activate defence responses promptly, thus preventing the
development of the disease. In this case the pathogen is said to be avirulent, the plant

resistant and the interaction incompatible (Staskawicz et al., 1995; Dangl et al., 1996).
1.2.1 Gene-for-gene hypothesis

In the gene-for-gene interaction model, first proposed by Flor thirty years ago, an
incompatible interaction was hypothesised to occur after the recognition of an avirulance
(avr) gene product by the corresponding plant resistance (R) gene product (Flor, 1971).
R-avr interactions have been observed between plants and many different pathogens,
including bacteria, fungi, viruses and nematodes (Dangl et al., 1996; Heath, 2000;
Hammond-Kosack and Parker, 2003). The mechanism for incompatible interaction
requires that the R product specifically recognises an avr gene product and triggers a
signal transduction cascade, which culminates in the activation of defence mechanisms
and the arrest of pathogen infection (Flor, 1971; Staskawicz et al., 1995; Baker et al.,
1997; Yang et al., 1997).



1.2.1 Plant R genes

R-avr interactions were hypothesised to be extremely specific, thus these molecules have
been intensively investigated and during the last decade several R genes from model
plants and crop species have been identified and cloned (Ellis et al., 2000; Dangl and
Jones, 2001; Hammond-Kosack and Parker, 2003). The R genes isolated to date can
modulate resistance against bacteria, fungi and viruses as well as nematodes and insects
(Dangl and Jones, 2001). Despite the wide range of pathogen species and the presumed
difference in their pathogenicity effector molecules, R genes encoded only five classes
of proteins (Bent, 1996; Ellis et al., 2000; Dangl and Jones, 2001). Most of these genes
have been initially identified in model plants, such as Arabidopsis, tobacco and rice, but
the presence of homologues in many divergent plant species has been now confirmed

(Meyers et al., 1998; Cannon et al., 2002; Hammond-Kosack and Parker, 2003).

The largest R gene group, designated as class 1, encoded for nucleotide-binding site
leucine-rich repeat (NBS-LRR) class of proteins (Jones, 2001; Meyers et al., 2003). The
NBS domain was generally located in the central portion of the protein and was required
for ATP and GTP binding (Saraste et al., 1990). Several conserved motifs have been
identified in the NBS domain and they are described in Chapter 8. The LRR domain
defined a conserved structural region with a variable number of carboxy-terminal LRRs,
which function in direct protein-protein interaction, peptide-ligand binding and protein-
carbohydrate interaction (Jones and Jones, 1996; Bent et al., 1996; Jia et al., 2000;
Thomas et al., 1996). This class of R proteins was further subdivided into two subclasses
based on the structure of the N-terminal region. Proteins containing a domain showing
high homology with the Toll/Interleukin-1 Receptor (TIR) were classified as TIR-NBS-
LRR (TNL) (Meyers et al., 1999; Pan et al., 2000a). Both Drosophila Toll proteins and
mammalian immune response Interleukin receptors play a role in defence (Baker et al.,
1997). Most of the NBS-LRR proteins lacking the TIR domain showed a coiled-coil (CC)
motif in the N-terminal region; thus they were designated as CC-NBS-LRR (CNL) (Pan
et al., 2000a; Meyers et al., 1999).



The R proteins which did not show NBS-LRR structure were subdivided into four
further classes (Dangl and Jones, 2001). The second group consisted of several Cf genes
that encoded for proteins with three characteristic domains: an extracelluar LRR region,
a transmembrane domain and a short cytoplasmatic peptide (Jones and Jones, 1996;
Dixon, 2000). R genes included in the third class encoded cytoplasmatic protein kinases;
for example, tomato Pto encoded a Ser/Thr kinase whose activation conferred disease
resistance (Martin et al., 1993). The fourth class of R genes encoded proteins showing
three specific structural domains: an extracelluar LRR domain, a transmembrane motif
and a cytoplasmatic protein kinase domain (Dangl and Jones, 2001). Thus this structure
closely resembles the union of R proteins from the second and third class. The rice Xa2/
was the first gene of this class to be cloned (Song et al., 1995). The fifth and last class of
R gene was the most recently uncovered and consisted of only two paralog genes,
RPWS.1 and RPWS.2 (Xiao et al., 2001). These two genes encodes for relatively short
proteins consisting of a transmembrane domain and a putative cytoplasmatic CC domain
(Xiao et al., 2001).

1.2.3 The hypersensitive response

The R mediated recognition of avirulent pathogens initiates a signal transduction cascade
that culminates in the activation of the plant defence system (Staskawicz et al., 1995;
Yang et al., 1997). This response is often accompanied by a rapid cell death in and
around the initial infection side, a reaction known in plants as local hypersensitive
response (HR) (Dangl et al., 1996). This defence mechanism is associated with restricted
pathogen growth and represents a form of programmed cell death (Heath, 2000; Loake,
2001). In cells surrounding the HR area, a number of additional local responses, such as
high accumulation of phenolic compounds and cell-wall reinforcements, also occur in
order to confine the pathogen and protect the plant (Dangl et al., 1996). Production of
pathogenesis-related (PR) proteins, with antimicrobial functions, is also triggered (Ward
et al., 1991; Hammond-Kosack and Jones, 1996).



1.3 Systemic Acquired Resistance and SA-dependent disease resistance pathway
1.3.1 Systemic Acquired Resistance

Following an incompatible interaction is the establishment of immunity to secondary
infections in systemic tissues, a mechanism designated as systemic acquired resistance
(SAR) (Uknes et al., 1992). This systemic response conveys long-lasting protection
against a broad spectrum of normally virulent pathogens (Ryals et al., 1996). Associated
with the onset of SAR are the systemic production of PR proteins and the establishment
of disease resistance (Ward et al., 1991; Ryals et al., 1996). Though SAR has been
extensively investigated, the translocation factor by which SAR is induced from the

infection site to the rest of the plant still remains unknown.
1.3.2  The function of salicylic acid

Salicylic acid (SA) undoubtedly plays an essential role in the onset of SAR (Malamy et
al., 1990; Metraux et al., 1990); however, a number of independent studies have clarified
that SA is not the messenger factor that moves throughout the phloem (Vernooij et al.,
1994; Ryals et al., 1995). The precise function of SA during the establishment of SAR in
distal tissue is still unclear. Currently, the accumulating data supports the theory that SA
functions at multiple nodes in the defence signalling network, most likely by acting as a
signal amplifier (Shirasu et al., 1997). Consistent with this hypothesis, SA increases in
plants after infection in both local and systemic tissues, and it is also required for the
expression of PR genes (Malamy et al., 1990; Metraux et al., 1990; Ryals et al., 1996).
In addition, application of SA or its analogues, 2,6-dichloroisonicotinic acid (INA) and
benzothiadiazole (BTH), induces broad spectrum disease resistance in plants (Uknes et
al., 1992; Gorlach et al., 1996).

1.3.3 Constitutive disease resistance mutants

The isolation of loss-of-function mutants, mainly in Arabidopsis, exhibiting
abnormalities in disease resistance has improved the understanding of the SAR

transduction network and the role of SA (Glazebrook, 2001; Lorrain et al., 2003;



Hammond and Parker, 2003). A large number of mutants that accumulate high levels of
SA and exhibit constitutive disease resistance have been isolated and characterise to date
(Lorrain et al., 2003); thus, only the most relevant disease resistant mutants and those

specifically employed in this research will be described here.

Among the initial mutants isolated, cpr! (constitutive of pathogen related proteins)
plants exhibited dwarf phenotype, constitutive expression of several SA induced defence
genes and enhanced disease resistance (Bowling et al., 1994). The cprl nahG double
mutant did not accumulate SA nor showed cpr/ phenotype, indicating that CPR1 acted
upstream of SA in the SAR signalling pathway (Bowling et al., 1994). The CPRI gene
has not been identified yet. The cpré mutant line also exhibited a similar SA-dependent
phenotype: constitutive expression of SA-induced defence genes and enhanced disease
resistance (Clake et al., 1998). In addition to enhanced disease resistance, cprJ, cpr20,
cpr21 and cpr22 mutant plants also showed spontaneous necrotic lesions (Bowling et al.,
1997; Silva et al., 1999; Yoshioka et al., 2001).

The Isdl (lesion simulating disease response) mutant leaves also exhibited spontaneous
necrotic lesions, which resembled those resulting from disease, but occurred in the
absence of pathogen infection (Dietrich et al., 1994). The LSDI gene encodes for a zinc-
finger-protein suggesting that LSD1 could regulate transcription in response to signals
generated by pathogen-infected cells undergoing HR (Dietrich et al., 1997). Similarly to
cpr mutants, Isdl plants constitutively expressed SA-responsive defence genes and
showed enhanced disease resistance; however Isd/ mutants did not reveal morphological
abnormalities (Dietrich et al., 1994; 1997). The majority of mutants exhibiting
constitutively active SA defence pathway and enhanced disease resistance also
developed spontaneous necrotic lesions (Lorrain et al., 2003). Constitutive cell death
was therefore suggested to induce SA production and, subsequentially, defence gene

expression (Greenberg et al., 1994; Lorrain et al., 2003)

Constitutive disease resistance could also occur in the absence of morphological
phenotype and extensive HR cell death in two mutants, dndl and cir! (Yu et al., 1998;
Murray et al., 2002). The DNDI gene encoded for a cyclic nucleotide-gated ion channel,



indicating the involvement of ion fluxes in defence activation or in pathogen-induced
cell death (Clough et al., 2000). Furthermore, a number of mutant lines, edr!, pmrl,
pmr2, pmr3 and pmr4, have been isolated that exhibited increased disease resistance in
the absence of constitutive expression of defence genes and elevated SA levels (Frye and
Innes, 1998; Vogel and Somerville, 2000). Therefore, disease resistance observed in
these mutant lines is not due to the constitutive activation of defence responses but to the
activation of an enhanced defence mechanism in response to pathogen attack (Frye and
Innes, 1998; Vogel and Somerville, 2000). In summary, the isolation of several
enhanced disease resistance mutant lines has allowed the dissection and a better
understanding of plant defence pathways (Yun and Loake, 2002; Hammond and Parker,
2003).

1.3.4 SA deficient mutants and transgenic lines

The conclusive proof for the SA requirement to establish SAR came from the
investigation of mutants incapable of responding to SA. The Arabidopsis and tobacco
transgenic nahG plants, expressing a bacterial salicylate hydroxylase which converted
SA into catechol, accumulated greatly reduced amount of SA, did not express PR genes
or display SAR in response to SAR-inducing infections (Gaffney et al., 1993; Delaney et
al., 1994; Friedrich et al., 1995). Furthermore, nahG plants were strikingly more
susceptible to various pathogens, confirming the requirement for SA accumulation to
mount plant defence responses (Delaney et al., 1994; Friedrich et al., 1995). Wild-type
plants treated with catechol, the degradation product to which SA was converted in
nahG transgenic lines, showed the loss of non-host resistance against Pseudomonas
syringae pv phaseolicola (VanWees and Glazebrook, 2003). However, race specific and
R mediated defence responses did not appear to be affected by catechol accumulation

(VanWees and Glazebrook, 2003).

Several independent projects aimed to isolate loss-of-function mutants deficient in or
insensitive to SA (Cao et al., 1994; Delaney et al., 1995; Shah et al., 1997; Nawrath and
Metraux, 1999). The allelic mutants nonexpresser of PR genes (nprl), noninducible

immunity (riml) and salicylic acid insensitive (sail) accumulated SA normally after



pathogen recognition, but were non-responsive to SA (Cao et al., 1994; Delaney et al.,
1995; Shah et al., 1997). In addition, npr/ plants exhibited reduced disease resistance
and loss of PRI expression following SA treatment (Cao et al., 1994). The NPRI gene
encoded an ankyrin-repeat protein whose interaction with the transcription factor TGA2
was essential to activate PRI expression and disease resistance (Fan and Dong, 2002).
NPR1 was normally present as an oligomeric cytosolic aggregate and, upon SAR
induction, the change in cellular reduction potential induced NPR1 reduction into a

monomeric form that could be transferred to the nucleus (Mou et al., 2003).

Two SA induction deficient (sidl and sid2) Arabidopsis mutants also showed decreased
expression of defence genes and increased susceptibility to several pathogens (Nawrath
and Metraux, 1999). EDS5/SIDI encoded a MATE (multidrug and toxin extrusion)
transporter protein that was induced by pathogen recognition and SA treatment,
suggesting that EDSS acts in a positive feedback regulation loop (Nawrath et al., 2002).
SID2/EDSI16/ICSI encoded an isochorismate synthase that was induced upon pathogen
recognition in order to synthesise SA, which in turn triggered local defence and SAR
(Wildermuth et al., 2001). '

14  JA- and ET-dependent disease resistance pathways and Induced Systemic

Resistance

Two additional signalling molecules, jasmonic acid (JA) and ethylene (ET) play
important roles in the induction of disease resistance against several pathogens (Loake
and Nurmberg, 2003; Solano and Ecker, 1998). Mutants exhibiting abnormal response to
JA and ET were precious genetic tools to dissect disease resistance pathways (Stepanova

and Ecker, 2000; Berger, 2002; Devoto and Turner, 2003).
1.4.1 Jasmonic acid-dependent disease resistance pathway

JA and its volatile counterpart methyl jasmonate (Me-JA) are signal molecules

conserved throughout higher plants and affect many different processes (Creelman and



Mullet, 1997). JA and Me-JA are involved in the response to wounding, resistance to
insects and a plethora of pathogens and are also required for plant development
(Creelman and Mullet, 1997; Leon et al., 2001). Proteins encoded by JA-responsive
genes include antimicrobial peptides, phytoalexin biosynthetic enzymes, storage proteins,

stress protectants and wound-induced proteinase inhibitors (Loake and Nurmberg, 2003).

Both JA accumulation and plant defensin (PDF1.2) expression occurred in Arabidopsis
plants 3 days after infection with Alternaria brassicicola, a necrotrophic fungal
pathogen (Penninckx et al., 1996; Thomma et al., 1999a). Pre-treatment with JA, but not
with SA or its chemical analogue INA, triggered PDFI].2 accumulation and disease
resistance against 4. brassicicola in wild-type plants, but not in mutants insensitive to
JA or ET (Penninckx et al., 1996). The Arabidopsis fad3-2 fad7-2 fad§ triple mutant,
deficient in JA production, was extremely susceptible to the necrotrophic fungus
Pythium mastophorum (Vijayan et al., 1998). However, prior application of Me-JA
restored fad3-2 fad7-2 fad8 resistance to P. mastophorum, consistent with the hypothesis
that jasmonates were crucial in mediating disease resistance (Vijayan et al., 1998). In
addition, the esal/ (enhanced susceptibility to 4. brassicicola) mutant was more
susceptible than wild-type plants to several necrotrophic fungi, but not to biotrophic
pathogens (Tierens et al., 2002). The esal enhanced susceptibility correlated with the
delayed accumulation of JA and PDFI.2 expression (Tierens et al., 2002). In contrast,
cev] (constitutive expression of ¥/SPI) mutant, which constitutively accumulated high
levels of JA and PDFI.2 transcripts, exhibited enhanced disease resistance to three
Erysiphe isolates (Ellis and Turner, 2001). Altogether, these data confirmed the presence
of a JA-dependent SA-independent disease resistance pathway.

Interestingly, separate JA- and SA- dependent defence response pathways in plants
conveyed resistance against different pathogens and many studies have suggested an
antagonistic correlation between these two separate signalling pathways (Reymond and
Farmer, 1998; Kunkel and Brooks, 2002; Li et al., 2004). For example, PAL
(phenylalanine ammonia-lyase) overexpression in transgenic plants enhanced resistance

against larvae of Heliothis virescens but reduced SAR (Felton et al., 1999). In contrast,
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the silencing of PAL induced resistance to necrotrophic pathogens but decreased SAR
(Felton et al., 1999).

Microarray results also showed that SA and JA induced the expression of different sets
of genes (Glazebrook et al., 2003); in addition, SA treatment inhibited the expression of
many JA-responsive genes, whereas JA treatment inhibited the expression of several
SA-responsive genes (Schenk et al., 2000). In this context, WRKY?70 has been recently
identified as a concurrent activator of SA-induced genes and repressor of JA-responsive
genes, suggesting that WRKY70 is a regulator node of SA and JA antagonistic pathways
(Li et al., 2004). However, a number of genes are induced by either JA or SA (Schenk et
al.,, 2000; Glazebrook et al., 2003). It is also worth noting that some genes are
synergistically induced in response to JA and SA (Schenk et al., 2000; Glazebrook et al.,
2003). Therefore, the control of transcription cued by these two phytohormones appears
predominantly, but not exclusively, antagonistic (Schenk et al., 2000; Glazebrook et al.,
2003; Li et al., 2004).

1.4.2 Ethylene-dependent disease resistance pathway

ET is a simple gas (C;H,) that affects many stages of plant growth and development
including: germination, senescence, abscission, flowering and response to various
stresses (Solano and Ecker, 1998). ET production often occurs during plant-pathogen
interactions but its functions in disease resistance or susceptibility are currently
uncertain and may depend on the pathogen species involved (Thomma et al., 1999b;
Berrocal-Lobo et al., 2002).

Elucidation of ET perception and signal transduction relied on the isolation and
characterisation of mutants that exhibited defective ET responses (Stepanova and Ecker,
2000; Guo and Ecker, 2004). ET perception is mediated by several receptors consisting
of integral membrane proteins; among them ETR1, ETR2 (ethylene receptor), EIN4
(ethylene insensitive), ERS1 and ERS2 (ethylene response sensor) (Hua and Meyerowitz,
1998). Signal transduction is accomplished via a protein kinase cascade regulated by the
MAP kinase CTR1 (constitutive triple response) (Keiber et al., 1993). Finally, signal
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transduction triggers the expression of transcription factors such as ERF1 (gthylene
response factor) and other EREBPs (ethylene response element binding protein) which
subsequently promote transcription of defence-related genes (Solano et al., 1998;
Lorenzo et al., 2003).

In order to study the onset of disease resistance in plants deficient in the ET signalling
pathway, the ethylene insensitive (ein2) Arabidopsis mutant was analysed (Alonso et al.,
1999). Infection with 4. brassicicola induced accumulation of PDFI.2 and other
defence genes in wild-type plants, but the induction of these genes was abolished in ein2
mutants (Penninckx et al., 1996). Furthermore, ein2 plants were markedly more
susceptible to Botrytis cinerea than wild-type plants; however, challenge of ein2 mutants
with P. parasitica or A. brassicicola failed to promote fungal infection (Thomma et al.,
1999b). The JA insensitive coil mutant also exhibited enhanced disease susceptibility to
B. cinerea, suggesting that both JA and ET pathways are required to convey resistance
to this necrotrophic pathogen (Penninckx et al., 1998). In addition, transcription of
PDF1I.2 was concurrently activated by JA and ET signalling upon pathogen infection
(Penninckx et al., 1998).

The current knowledge of the ET defence response pathway suggests that this
phytohormone plays an important role in the establishment of disease resistance to some
but not all types of pathogens (Guo and Ecker, 2004). Furthermore, several independent
studies have confirmed that ET can trigger disease resistance synergistically or
antagonistically to SA and/or JA depending on specific responses to different pathogens
(Penninckx et al., 1998; O’Donnell et al., 1996; Berrocal-Lobo et al., 2002; Lorenzo et
al., 2003). In this context, both ET and JA were required to trigger induced systemic
resistance (ISR) (Pieterse et all., 1998).

1.4.2 Induced Systemic Resistance

In addition to the SA-dependent SAR, a novel systemic defence mechanism has been
recently reported. Treatment of Arabidopsis plants with the nonpathogenic root-

colonizing bacteria Pseudomonas fluorescens conferred systemic resistance against
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virulent P. syringae; this novel defence mechanism was designated as ISR (Pieterse et
al., 1998). Importantly, ISR required intact JA, ET and NPR1 signalling pathways,
whereas it was independent of SA (Pieterse et al., 1998). SAR could also convey
resistance against P. syringae and the simultaneous induction of SAR and ISR exhibited
an additive effect on P. syringae resistance (Uknes et al., 1992; VanWees et al., 2000).
These results suggested that SAR and ISR pathways were established through parallel
signalling cascades that did not exhibit significant cross-talk.

1.5 R gene mediated disease resistance

To better understand R-mediated defence signalling, many projects aimed to identify
mutants disrupted in defence signalling. Several “emhanced disease susceptibility”
mutants were isolated and a number of genes that are essential for full expression of R
gene-mediated resistance were identified (Glazebrook et al., 1996; Parker et al., 1996;
Century et al., 1997; Muskett et al., 2002; Tornero et al., 2002; Tor et al., 2002).

1.5.1 The role of EDSI and NDRI

The characterization of eds/ and ndrl mutants suggested that at least two distinct R-
mediated resistance pathways existed in plants (Parker et al., 1996; Glazebrook et al.,
1996; Century et al., 1997). EDS1 encoded for a protein homologous to eukaryotic
lipases, although the putative lipase activity has not been confirmed either in vitro or in
vivo (Falk et al., 1999). EDS1 was required to establish the resistance signalling cascade
induced by TIR-NBS-LRR genes (Feys et al., 2001). In contrast, NDRI encoded a
putative membrane-associated protein of unknown function which was essential to
establish resistance triggered by most, but not all, CC-NBS-LRR genes (Aarts at el.,
1998).

Many TIR-NBS-LRR genes, such as RPPI, RPP4, RPP5, RPP10, RPP14 and RPS4,
were proven to convey resistance in an EDS1-dependent but NDR1-independent manner

(Dodds and Schwechheimer, 2002). In addition, the RPW8 genes that have been recently
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identified also convey resistance independently to NDR1 but in an EDS1 dependent
manner (Xiao et al., 2001). The two tandem RPWS genes encoded for short R proteins
that exhibited high similarity to CC domain of CC-NBS-LRR proteins, lacked both the
NBS and LRR domains and were therefore classified in a separate R gene group (Dangl
and Jones, 2001; Xiao et al., 2001). Furthermore, none of the characterised CC-NBS-
LRR genes required a functional EDS1 pathway to establish resistance (Dodds and
Schwechheimer, 2002).

Several CC-NBS-LRR genes required a functional NDR1 protein to properly establish
disease resistance: RPMI, PRS2 and RPS5 represent some examples (Dodds and
Schwechheimer, 2002). Thus, EDS1 and NDRI1 appeared to specify two distinct
resistance signalling pathways that were activated by classes of structurally different R
proteins (Aarts et al., 1998). However, at least two genes, RPP8 and RPP13, encoding
for proteins with CC-NBS-LRR structures triggered resistance independently of NDR1
(McDowell et al., 2000; Bittner-Eddy and Beynon, 2001). Furthermore, RPP8 and
RPP]3 are also EDS1 independent, hence suggesting the existence of at least one
additional pathway which establishes R gene mediated resistance independently of
EDS1 and NDR1. The analysis of RPP7-mediated disease resistance showed that the
function of NDR1 and EDS]1 are partially redundant, but confirmed the existence of at
least one additional pathway (McDowell et al., 2000; Bittner-Eddy and Beynon, 2001).

1.5.2 The role of RARI and SGTIB

Additional downstream components of the R mediated resistance pathway have been
recently identified. In barley, the RARI gene was initially isolated as necessary for the
specific Mlal2 mediated resistance; however, several additional Mla and powdery
mildew R genes also triggered resistance dependent on RAR1 in barley (Freialdenhoven
et al., 1994; Shirasu et al., 1999). The Arabidopsis homolog of RARI was necessary for
the establishment of resistance conveyed by several R genes that belonged to both CNL
and TNL subgroups (Muskett et al., 2002; Tor et al., 2002; Tornero et al., 2002).
Therefore the RARI regulation of R-mediated resistance was not based on the structure

specificity of the cognate R protein.
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RARI also differed from EDS1 and NDRI in the fact that it possessed homologues not
only among several plant species, but also amongst other eukaryotic organisms (Shirasu
etal., 1999). Plant RARI genes encoded a protein with two conserved zinc-finger motifs,
CHORD-I and CHORD-II (Shirasu et al., 1999; Muskett et al., 2002). However RAR1
lacked a C-terminal domain, designated as CS, which was present in metazoan R4RI
homologues (Muskett et al., 2002; Tornero et al., 2002). Nevertheless, the conserved CS
motif was present in a different eukaryotic protein, SGT1, suggesting an evolutionary
domain division event in eukaryotic organisms (Shirasu et al., 1999; Austin et al., 2002).
Indeed, co-immunoprecipitation experiments in Arabidopsis and barley confirmed that

RARI1 and SGT1 proteins interacted both in vitro and in vivo (Azevedo et al., 2002).

Similarly to RAR1, SGT1 was necessary to establish resistance mediated by some CC-
NBS-LRR and TIR-NBS-LRR genes, suggesting that SGT1 did not regulate R-mediated
resistance based on structure specificity of R proteins (Tor et al., 2002). It is noteworthy
that a number of R genes, such as RPP4, RPP5 and RPP21, exhibited a requirement for
both RARI and SGTI; therefore, RARI and SGT1 pathways did not appear mutually
antagonistic (Dodds and Schwechheimer, 2002). As previously described, RPP8 and
RRPI3 conveyed resistance independently of EDS1 and NDR1 (McDowell et al., 2000;
Bittner-Eddy and Beynon, 2001). Furthermore, RPP8 required neither RAR1 nor SGTI.
The requirement of RAR1 and SGT1 for RPPI3-mediated resistance is still unknown
(Dodds and Schwechheimer, 2002); however, these data confirmed the existence of at

least one unidentified R-mediated resistance signalling pathway.

SGT1 was originally isolated and characterized in yeast, where it interacts with SKP1,
which was identified as a component of the SKP1/Cullin/F-box protein (SCF) ubiquitin
ligase complex (Kitagawa et al., 1999). The GST1/SKP1 interaction was well conserved
in plants suggesting a role for ubiquitination in the plant resistance response (Azevedo et
al., 2002). In this context, evidence that RPM1 protein was rapidly degraded after
pathogen infection in Arabidopsis cells underlined the potential importance of protein
degradation in plant resistance (Boyes et al., 1998). In addition, AvrRpt2 recognition
caused RIN4 (RPM1 interacting protein) degradation during the activation of RPS2
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mediated resistance pathway (Mackey et al., 2002; Axtell and Staskawicz, 2003). Thus,
it is not surprising that proteolysis complexes are, directly or indirectly, involved in plant
defence response. A recent RNA silencing study in tomato plants confirmed that SGT1
was required to convey R mediated disease resistance (Peart et al., 2002). Surprisingly,
SGT1 was also required to establish non-host disease resistance: hence it was suggested
that R mediated and non-host resistance might involve similar proteolytic defence

mechanisms (Peart et al., 2002).
1.5.3 The role of HSP90

Recently, a yeast two-hybrid screen identified a cytosolic heat shock protein 90 (HSP90)
as an interacting protein of RAR1 (Takahashi et al., 2003). Co-immunoprecipitation
experiments confirmed that HSP90 was also associated with SGT1 in vivo (Takahashi et
al., 2003). The establishment of both RPMI- and RPS2-mediated resistances in
Arabidopsis required functional HPS90 protein and were suggested to occur via direct
interaction of HSP90 with RAR1 and SGT1 (Takahashi et al., 2003). In addition, a
virus-induced gene silencing investigation in tobacco plants revealed that HSP90
silencing resulted in the loss of disease resistance responses mediated by several R genes
including Rx, N and Pto (Lu et al., 2003). Altogether, these results suggested that HSP90
might act in a multi-protein complex as a chaperonin, reflecting the typical role of HSP

protein.
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1.6  Abiotic stress tolerance pathways in plants
1.6.1 General context

As previously described, plants cannot move to escape environmental challenges;
therefore plants are constantly exposed to a variety of both biotic and abiotic stresses.
Among the latter, drought, salinity and extreme temperatures represent the most
devastating challenges since they can reduce crop yield by more than 50% (Wang et al.,
2003). An example of the devastating effect of abiotic stresses was the heat-wave that in
summer of 2003 severely disrupted agriculture, with equally devastating effects in
developing and developed countries (Debono et al., 2004). Therefore, understanding the
plant perception of abiotic stresses and the signalling pathways that trigger an adequate
adaptive response is crucial to develop new methodologies to improve crop tolerance to

abiotic stresses.
1.6.2 Perception of abiotic stresses

Generally, the first step of all abiotic adaptive responses is to perceive the stress, which,
in turn, induces the generation of a second messenger (Xiong et al.,, 2002). These
molecules, often by modulating intracellular calcium levels, can regulate the
transcription of several specific classes of genes (Knight and Knight, 2001).
Subsequently, the products of these genes can lead to the induction of “early”
physiological adaptive responses; alternatively, they can trigger the expression of
transcription factors and/or phytohormone such as abscisic acid (ABA) (Zhu, 2001). In
turn, these regulator molecules may establish a second set of “late” adaptive responses

that complements the early-induced tolerance mechanisms.

Tolerance responses have usually been dissected as linear physiological pathways in
isolation from other stresses to simplify laboratory data evaluation. Increasing molecular
and genetic data are revealing an unexpected extent of cross-talk and overlap between
these individual pathways that are nowadays regarded as components of a more

sophisticated network of signals (Chinnusamy et al., 2004).
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It is well established that several abiotic stress tolerance pathways share common
elements; this is consistent with the fact that plants cannot perceive the difference
between some abiotic stresses. For example, drought and freezing conditions are
recognized as an equivalent dehydration stress; hence, plants are required to activate an
analogous dehydration protection response to induce freezing and drought tolerance
(Wang et al., 2003). However, drought and freezing stresses also induce distinct
responses that are specific for each distinct abiotic condition. In general, all abiotic
stresses trigger antioxidant production in response to oxidative damages. Plants therefore
need to activate a similar antioxidant protection system to overcome the oxidative

damage caused by many different stresses (Xiong et al., 2002).

Despite the extensive similarities between many abiotic stress pathways, plants need to
perceive the different features of each singular stress to induce the most appropriate and
specific adaptive response. As previously described, damage caused by oxidative stress
is common to several abiotic stresses, whereas others (such as disruption of ion
distribution in salinity stress) are more specific (Xiong et al., 2002; Zhu, 2001).
Therefore, plants need to activate a combination of general and specific pathways in
order to trigger the most appropriate adaptive response. The complexity of this multiple
response is further increased by the fact that a limited number of signalling components
can function as a common “node” (Chinnusamy et al., 2004). Indeed, elements such as
MAP kinases can be activated by more than one signalling pathway, cooperate with

different “co-factors” and induce separate physiological responses (Ludwig et al., 2004).
1.6.3 The role of calcium in stress signalling cascades

Considering the complexity and extent of the stress signal network, a number of
different receptor classes are assumed (Xiong et al., 2002). However, plant receptors
able to perceive any initial abiotic stress have not been confirmed yet. Cold, drought and
salinity stresses quickly induce an increase in intracellular calcium concentration,
suggesting that a yet unidentified membrane system functions as a stress receptor and
subsequentially induces Ca** accumulation (Knight and Knight, 2000; Pei et al., 2000).
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A transient increase in calcium concentration subsequently activates downstream
signalling pathways via Ca**-binding proteins (Knight and Knight, 2000). Specifically,
CDPKs (_Qa“-gependent protein kinases) are thought to play a major role in abiotic
stress tolerance pathways (Ludwig et al., 2004). This class of protein kinase contains a
calmodulin-like domain with 4 conserved EF motifs that can directly bind Ca** (Cheng
et al., 2002). For example, the Arabidopsis genome encodes at least 34 CDPKs (TAIR,
2000), several of which were confirmed to be activated by different abiotic stresses
(Xiong et al., 2002). These data suggested that a transient increase of calcium could
activate a kinase cascade resulting in enhanced stress tolerance. Consistent with this
hypothesis, rice over-expressing CDPK7 exhibited enhanced cold, drought and salt
tolerance (Saijo et al., 2000).

An additional class of proteins induced by abiotic stresses and regulated by direct Cats
binding are CBLs (calcineurin B-like) (Luan et al., 2002). Transgenic Arabidopsis plants
overexpressing CBLI were more salt and drought tolerant, whereas they showed
enhanced freezing susceptibility (Cheong et al., 2003; Albrecht et al., 2003). In contrast,
chll loss-of-function mutants showed enhanced freezing resistance but less drought and
salt tolerance (Cheong et al., 2003). Hence, the Ca**-regulated CBL1 was hypothesised
to function as a positive regulator of drought and salt responses and a negative regulator
of the cold tolerance pathway (Cheong et al., 2003). These data were consistent with the
hypothesis that the same signal molecule (Ca*" acting as second messenger) could
specifically up- or down-regulate individual adaptive responses against different abiotic
stresses (Knight and Knight, 2000).

1.6.4 The role of abscisic acid in stress response signalling

It has been long known that plants undergoing abiotic stresses may produce increased
levels of ABA; indeed, ABA was the first phytohormone identified to play a major role
in abiotic stress signalling pathways (Rikin et al., 1975; Chen et al., 1983). ABA
treatment induced the expression of several dehydration- and cold-responsive genes and
may enhance plant tolerance against abiotic stresses (Thomashow, 1999; Shinozaki and

Yamaguchi-Shinozaki, 2000; Zhu, 2002). The ABA-insensitive abil (abscisic acid
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insensitive) mutant exhibited drought, salt and osmotic hypersensitivity (Werner and
Finkelstein, 1995). Nevertheless, the response to several abiotic stress genes was not
regulated by ABA and the existence of both ABA-dependent and ABA-independent
signal transduction pathways was therefore suggested (Thomashow, 1999; Zhu, 2001;
Xiong et al., 2002).

1.6.5 ABA dependent stress response pathways

Several ABA-responsive genes have been isolated and the promoter analysis of these
genes identified an element that could induce transcription upon ABA binding; this
regulatory element was designated ABRE (ABA-responsive element) (Thomashow,
1999; Shinozaki Yamaguchi-Shinozaki, 2000). The RD (dehydration to responsive)
genes were amongst the best characterised genes that contained ABRE in their
promoters (Taji et al., 1999). For example, the RD29B promoter contains two ABRE
elements that were required to activate ABA-induced gene expression. In addition, the
drought induced expression of RD29B was blocked in abi mutants, confirming the
dependence of RD29B expression on ABA (Yamaguchi-Shinozaki and Shinozaki, 1994).

Several basic leucine zipper (bZIP) transcription factors that bound ABRE (ABA-
responsive glement binding protein) elements have been recently isolated (Hobo et al.,
1999; Finkelstein et al., 2000; Uno et al., 2000). Two of them, named AREBI and
AREB2, were highly expressed upon drought, salinity and ABA treatments and, in turn,
ABRE] and ABRE2 activated the expression of several ABRE-containing genes (Uno et
al., 2000). Transgenic Arabidopsis lines overexpressing ABF4/AREB2 have been
recently characterised and 35S::ABF4 plants exhibited enhanced ABA sensitivity and
constitutive expression of several stress-responsive genes that contained ABRE elements
(Kang et al., 2002). These transgenic plants also showed a reduced transpiration rate and
enhanced drought tolerance; in contrast, they were hypersensitive to moderate salt and

sugar concentrations but not to osmotic stress (Kang et al., 2002). These results argued
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that the binding of bZIPs to ABRE elements can co-ordinately orchestrate the activation

of several ABA-dependent stress responses.

Molecular studies have uncovered the existence of at least an additional ABA-dependent
abiotic stress signalling pathway, which specifically required the biosynthesis of a novel
protein to activate expression of ABA-responsive genes (Thomashow, 1999; Shinozaki
and Yamaguchi-Shinozaki, 2000; Xiong et al., 2002). Drought-responsive RD22
transcription was mediated by ABA but blocked by cycloheximide, an inhibitor of
protein biosynthesis (Yamaguchi-Shinozaki and Shinozaki, 1993).

1.6.6 ABA-independent stress response pathway

Independent analyses of the drought-responsive RD294 and the cold-inducible CORI5
promoter uncovered the presence of a motif termed dehydradation-responsive
element/C-repeat (DRE/CRT) (Yamaguchi-Shinozaki and Shinozaki, 1994; Baker et al.,
1994). Activation of RD294 and CORI5 was ABA-independent, hence defining a new
stress signalling pathway (Yamaguchi-Shinozaki and Shinozaki, 1994; Baker et al.,
1994). Several transcription factors specifically recognized DRE/CRT elements and
induced gene expression (Stockinger et al., 1997; Liu et al., 1998). These transcription
factors were grouped in two families; the CBF/DREB1 family, composed by
CBF1/DREBIB, CBF2/DRE1C and CBF3/DREB1A and the DREB2 family (Gilmour
et al., 1998; Liu et al., 1998; Shinwari et al., 1998)

CBF/DREBI proteins possessed a DNA-binding AP2 domain and induced stress-
responsive gene expression by specific binding of the DRE/CRT element (Stockinger et
al., 1997; Liu et al., 1998; Shinwari et al., 1998). All CBF/DREBI genes were
specifically induced by low temperature conditions but not by drought stress. In addition,
Arabidopsis plants overexpressing CBFI/DREBIB or CBF3/DREBIA exhibited
constitutive induction of cold-responsive genes and enhanced freezing tolerance (Jaglo-
Ottosen et al., 1998; Liu et al.,, 1998; Kasuga et al., 1999). These results therefore
confirmed the presence of an ABA-independent low temperature responsive signalling

pathway mediated by CBF/DREBI transcription factors.
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DREB2A and DREB2B, two additional proteins that specifically recognized DRE/CRT
elements, were also identified (Liu et al., 1998). In contrast to DREBI gene regulation,
DREB? expression was induced by ABA treatment, dehydration and salt stress but not
by cold condition (Liu et al., 1998; Nakashima et al., 2000). Transgenic Arabidopsis
plants overexpressing DREB2A weakly induced stress-response genes but failed to show
enhanced drought or freezing tolerance, indicating that DREB2 activation was
established in a post-transcriptional manner (Liu et al., 1998). In conclusion, two distinct
protein families, CBF/DREBI and DREB2, act as transcription factors in two
independent signalling pathways (cold and dehydration stress pathway respectively) (Liu
et al., 1998; Shinozaki and Yamaguchi-Shinozaki, 2000). Recently, rice homologues of
both DREBI and DREB?2 genes have been isolated and the DREBIA rice gene was fully
functional in Arabidopsis plants, suggesting that the CBF/ DREBI stress pathway was

well-conserved amongst plant species (Dubouzet et al., 2003).
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2) Experimental Procedures

2.1 Growth of Arabidopsis thaliana and plant treatments

Arabidopsis thaliana seeds of Columbia (Col-0) and Landsberg erecta (Ler) accessions were used.
Most seeds of Arabidopsis transgenic plants and mutant lines were obtained from the Nottingham

Arabidopsis Stock Centre (NASC) (Table 2.1).

Table 2.1 Arabidopsis accessions, mutant and transgenic lines.

Line Accession | Phenotype Reference Source
Col-0 Col-0 wild-type NASC
Ler Ler wild-type NASC
abi1-1 Ler ABA insensitive Koornneef et al., 1984 NASC
: Loake, University of
cirt Col0 | Constitutive SAR Murray et al., 2002 IR AT
Edinburgh
2 ; ! Turner, University of
coit1-1 Col-0 Jasmonate insensitive Feys et al., 1994 - ] tty
East Anglia
cpri-1 Col-0 Constitutive SAR Bowling et al., 1994 Dong, Duke University
> Impaired in R-mediated Parker, Max Planck
eds1-2 Ler { ; Feys et al., 2001 .
signalling Institute
ein2-1 Col-0 Ethylene insensitive Guzman and Ecker, 1990 NASC
Impaired in R-mediated Shirasu, John Innes
hsp90-1 | Col-0 . ? ; i Takahashi et al., 2003 i L
signalling Centre
Salicylate hydroxyl
nahG Col-0 Ay R Lawton et al., 1995 Syngenta, USA
fransgene
Dong,
npri-1 Col-0 SAR insensitive Caoetal., 1994
Duke University
Impaired in R-mediated Staskawicz, Berkele
ndri1-2 Col-0 ,pa'r? ! N Aarts et al., 1998 5 g
signalling University
Impaired in R-mediated Parker, Max Planck
rar1-10 Ler . y Musket et al., 2002 )
signalling Institute
| ired in R-mediated h
sgt1-3 Col-0 r_npa'r? Mol S Tor et al., 2002 Holub, Warwick HRI
signalling

Seeds were placed on soil and allowed to vernalise for 48 hours at 4°C after which they were
transferred into growth rooms. Plants were grown under 10-hours of light at 22°C and 14-hours of

dark at 18°C. For aseptic growth, seeds were sterilised with commercial bleach for 20 minutes,
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washed 4 times in distilled water and maintained 4 days in the dark at 4°C to improve germination
uniformity. Plants were subsequently transferred to MS plates containing MS basal salts
supplemented with 1% (w/v) sucrose and 1% (w/v) agar. All chemicals employed were purchased
from Sigma-Aldrich UK or unless stated otherwise. Petri dishes were transferred to a growth
chamber with 16-hours of light at 22°C and 8-hours of dark at 18°C.

A 20mM methyl jasmonate (Me-JA) stock solution was prepared in 100% (v/v) ethanol. A 1:100
dilution, containing 0.01% (v/v) Silwet (Union Carbide, UK), was used to paint plant leaves which
were harvested after 48 hours for RNA extraction. To activate SAR, wild-type plants were sprayed
with a 300 puM BTH solution containing 0.01% Silwet (Syngenta, CA, USA) (Gorlach et al,, 1996).

Leaves were collected 5 days after treatment.

TA::ADRI and TA:: transgenic lines were treated with dexamethasone (DEX) as described by
Grant et al. (2003). Briefly, a ImM DEX stock solution was prepared in ethanol and a 1:1000

dilution, containing 0.01% (v/v) Silwet, was used to homogenously spray plant leaves.

Seeds of activation tagged mutant lines were sown in flats and selected by spraying twice a
150mg/l BASTA (Agrevo, Germany) solution; one week after germination and four days later.

Resistant plants were visually identified one week after treatment.
2.1.1Generation of adrl double mutants

Genetic crosses were undertaken using pollen from homozygous adrl plants to fertilise unopened
flowers of abil (Koornneef et al. 1984), ndrl (Century et al. 1997) and eds! (Parker et al. 1996)
plants. Successful F1 crosses were confirmed by spraying plants with 150 pg/ml BASTA and
subsequently scoring for BASTA resistance 4 days later. The presence of abil was selected in the
F2 generation on MS media containing 3 pM ABA (Koornneef et al. 1984). The ndrl and edsl]
mutations were identified by allele specific PCR (Century et al. 1997; Falk et al. 1999).

2.2 Pathogen growth and disease resistance assays

P.syringae pv tomato DC3000 (PstDC3000) (Whalen et al. 1991) was grown in King’s broth (KB)
liquid media supplemented with 50 mg/l rifampicin. Four week old soil-grown plants were
infected with a Pst DC3000 suspension (ODgyp = 0.0003) in 10 mM MgCl, by infiltrating the
abaxial side of the leaf with a | ml syringe (Cao et al. 1994). Three leaves per plant and three to
five plants per line were infiltrated. After three days, leaves were harvested for analysis of

bacterial growth. Leaf discs of uniform size (0.5cm?) were made from the leaf samples using a
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cork borer, Three leaf discs from each plant were ground in 990 pl 10 mM MgCl, in a pestle and
mortar. Serial dilutions were made from the resulting bacterial suspension, and 100 pl of each
dilution was used to inoculate KB medium plates containing 50 mg/l rifampicin. The plates were
incubated at 30°C for 2 days, and the number of bacterial colonies for each sample was recorded.

Bacterial counts were statistically analysed using the Student T test (Mini-tab version 13).

Pseudomonas syringae pv tomato DC3000 (avrB) (PstDC3000 (avrB)) was grown on Kings Broth
supplemented with 50 mg/l rifampicin and 50 mg/l kanamycin. Liquid cultures were grown on a
shaker at 30°C, and cells were pelleted by centrifugation and re-suspended for plant inoculation in
10 mM MgCl, at ODgy equal to 0.2 (the equivalent of 10° colony forming units per cm?). For
inoculations, 10 pl of the PsfDC3000 (avrB) solution were forced under the abaxial epidermis
using a 1 ml syringe. Successful inoculations were visualised by the appearance of a watery area

under the epidermis.

Erisyphe cichoracearum UED] (Grant et al., 2003) infection assay was performed by transferring
3-4 week old plants to the transgenic greenhouse, an environment conducive to promiscuous
growth of the pathogen, and by evenly tapping spores from highly infected wild-type plants.
Results were obtained after 6 days, and infected plants were scored for visual pathogen sporulation
(Figure 3.4). Scoring was as follows: 0 = no pathogen sporulation, 1 = 1-2 leaves with < 25% of
the surface showing pathogen sporulation, 2 = 3-4 leaves with 25-50% of the surface showing
pathogen sporulation, 3 = = 3-4 leaves with > 50% of the surface showing pathogen sporulation, 4
= most of the leaves showing > 50% of the surface showing pathogen sporulation, 5 = all leaves
showing > 50% of the surface showing pathogen sporulation. Plants in different replicates were
assigned a disease index as follows: D.I.=Xi.j/n, where i = Infection class, j = the number of plants
scored for that infection class and n = the total number of plants in the replicate (based on Epple et
al. 1997a). 8 to 16 plants were infected per each line; experiments were repeated three times with

similar results.

For testing resistance against Botrytis cineria (Grant et al., 2003), six week-old Arabidopsis plants
were inoculated with a virulent isolate (PJH2). Conidial spores (1 x 10° per ml) suspended in
potato dextrose broth were sprayed onto plants until droplets ran off. Inoculated plants were
incubated at 100% relative humidity for 3 days before being examined for typical necrotic lesions
caused by B. cineria infection (Figure 3.6). Scoring was as follows: 0 = no necrotic lesions, 1 = 1-

2 leaves with necrotic lesions, 2 = 3-4 leaves with necrotic lesions, 3 = 5-6 leaves with necrotic
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lesions, 4 = greater than 6 leaves showing necrotic lesions, 5 = all leaves showing necrotic lesions.
Plants in different replicates were assigned a disease index as follows: D.I.=Yij/m, where i =
Infection class, j = the number of plants scored for that infection class and n = the total number of
plants in the replicate (based on Epple et al. 1997a). Twenty plants were infected for each line.

Experiments were repeated twice with similar results.

Peronospora parasitica Noco2 was maintained as reported in Bowling et al. (1994). Typically, 3-
week-old soil-grown plants were infected by spraying a solution of 1x10° conidiospores per ml.
Plants were maintained in humid conditions for 10 days and results were taken at this point.
Infected plants were scored by counting the number of conidiophores per leaf. Three to eight
leaves per plant were scored and three to six plants per line were examined. Experiments were

repeated at least three times with similar results.

Cauliflower mosaic virus BJ1 (CaMV) infection was carried out pipetting 2 pl of a 50 ng/ul
CaMV solution on one of the first two true leaves (each plant received 100ng of virus). The
abrasive carborundum powder (Sigma-Aldrich) was also added to the working solution. Plants
were maintained at 19°C and low-light conditions for 30 days after treatment and subsequently
scored for visual symptoms. Scoring was as follows: 0 = no infection, 1 = half of the leaves with
symptoms, 2 = all leaves showing symptoms. Plants in different replicates were assigned a disease
index as follows: D.I.=Yi.j/n, where i = Infection class, j = the number of plants scored for that
infection class and n = the total number of plants in the replicate (based ob Epple et al. 1997a). 8

to 12 plants were infected for each line. Experiments were repeated twice with similar results.

Pseudomonas fluorescens pv phaseolicola NPS3121 (Lu et al., 2001) was grown on KB liquid
media supplemented with 50 mg/1 rifampicin. Four-week-old soil-grown plants were infected with
a P. fluorescens suspension (ODggp = 0.0003) in 10 mM MgCl, by syringae infiltration, as
described above for Pst DC3000 infection. Measurements of bacterial growth and statistical

analysis were carried out as described for Pst DC3000 infection.

23 DNA and RNA blot analyses
2.3.1 Southern blot analysis

DNA (10p.g) isolated from adsI mutant line was digested overnight using the restriction enzymes
Apal, BamHI, EcoRI, Kpnl, Sacl, Spel, Taql and Xhol, (Promega, UK). Digested samples were run

through a 0.8% agarose gel and transferred onto a nylon membrane (Amersham, UK) according to
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the supplier instructions. The membrane was pre-hybridised for 1 hour at 42°C and hybridised
sequentially with two probes (described below). Probes were labelled with a->*P-dCTP by random
priming using the Prime-a-Gene® labelling system (Amersham, UK). Hybridization was run over-
night at 65°C according to the instructions of the supplier (Promega, UK). Blots were washed
twice for 30 min each at 65°C in 4 X SSC (solution of sodium citrate), 1% (w/v) SDS, which was
followed by two washes at 65°C in 4 X SSC, 0.5% (w/v) SDS. Blots were exposed to X-Omat-
AR™ imaging film (Kodak) for an appropriate time petiod. Blots were stripped by incubation in
boiling 0.1% (w/v) SDS and washing in 0.5 X SSC for 30 min at room temperature, before
hybridization with a subsequent probe (Sambrook et al. 1989).

Two DNA fragment were employed as probes: a 339 bp fragment corresponding to the CaMV35§
enhancer region and a 610 bp fragment corresponding to the BAR gene. Probes were obtained by
PCR using primers 5’-GATCCCCAACATGGTGGAGCACG-3’ and 5’-TAGATATCACATCAA
TCCACTTGC-3’ (CaMV35S enhancer); 5-GAAGTCCAGCTGCCAGAAAC-3’ and 5'-
CACCAAATCGACTCTAGCCA-3’(BAR gene).

2.3.2 Northern blot analysis

Total RNA was extracted from Arabidopsis leaves harvested from 5-week old plants using the
guanadinium thiocyanate (GTC) phenol chloroform extraction method as described in Grant et al.
(2003). In summary, leaf tissue (approximately 0.3g) was ground in liquid nitrogen using a pestle
and mortar, poured into a 1.5 ml eppendorf and 0.45 ml GTC solution (4M guanadinium
thiocyanate, 25 mM sodium citrate, 0.5% (w/v) sarcosyl, 0.1 M B mercaptoethanol) was added.
Following mixing by vortexing, 0.05 ml 2 M sodium acetate pH4.0, 0.45 ml phenol and 0.1 ml
chloroform:iso-amylalcohol (49:1) were added. The samples were cenfrifuged, the supernatant
removed carefully and transferred to a new tube. An equal volume of isopropanol was added to
each tube, mixed and left at -20°C for at least 2 hours. RNA was recovered by centrifugation and
pellet was re-dissolved in 0.15 ml GTC solution, and re-precipitated by the addition of 0.15ml
isopropanol and storage at -20°C for 1 hour. Following centrifugation, the RNA pellet was washed
twice in 70% ethanol, dried and dissolved in 100 pl DEPC-treated water. Alternatively, RNA
extraction was carried out using an RNA kit (Qiagen, CA, USA) according to the instructions of
the supplier. The absorbance of each sample was measured at 260 nm, and used to calculate the
concentration of RNA. Samples (10 pg) were separated on formaldehyde-agarose gels (Sambrook
et al. 1989), transferred to a Hybond™-N hybidization membrane according to the instructions of

the supplier (Amersham, UK) and hybridized with the relevant probes (described below). Dextran
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sulphate (10% w/v) was included in the pre-hybridization / hybridization solution in order to
enhance efficient binding of the probe (Sambrook et al. 1989). Blots were washed twice for 30
min each at 65°C in 4 X SSC, 1% (w/v) SDS, which was followed by two washes at 65°C in 4 X
SSC, 0.5% (w/v) SDS. Blots were exposed to X-Omat-AR™ imaging film (Kodak) for an
appropriate period. Blots were stripped by incubation in boiling 0.1% (w/v) SDS and washing in
0.5 X SSC for 30 min at room temperature, before hybridization with a subsequent probe
(Sambrook et al. 1989).

Probes were prepared by amplification of appropriate sequences using PCR and directly purified
using a kit (Promega, UK) (Table2.2). Alternatively, probes were generated from plasmids by
digestion with relevant restriction enzymes and purified from the gel by freeze-thaw extraction
(Table2.2). Sequences for the PCR primers and templates used for each probe are reported. Probes
were labelled with a-""P-dCTP by random priming using the Prime-a-Gene® labelling system
(Promega, UK).

Table 2.2 DNA probes employed for northern blot analysis.

Gene Template Forward primer Reverse primer RE
ADR1 pSK-ADR1 7 T3 :
PR-1 TA-PR1 CTgCAgACTCATACACTCTgg | TATGTACGTgTgTATgCATQATC -
GST1 pSK-GST1 GQTTCTTTAAGTGAATCTCAAA | CAAGACTCATTATCGAAGATTAC | -
PDF1.2 genomic DNA TCATggCTAAGTTTGCTTCC AATACACACGATTTAgGCACC =
DREB1A | pUC19-BREB1A | T7 T3 -
DREB2A | pUC19-BREB2A | T7 T3 -
RD22 pUC19-RD22 - - EcoRI

EcoRl
RD29A pUC19-RD29A - - i
R18 pSK-18S T7 T3 -

2.4 Biochemical Analysis

For measurements of ethylene emission, 4-week-old plants were removed from soil, their roots
were washed and each plant was subsequently placed in an air-tight 50 ml syringe. After 5 hours a
5 ml gas sample removed from the headspace was subjected to gas chromatography using a

HP5980 series II gas chromatograph (Hewlett Packard, Palo Alto, CA) equipped with a Poropack
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N column and a flame ionisation detector. The ethylene emission measurement was performed on

15 to 20 independent plants per line and determined by comparison with known standards.

Free endogenous JA was quantified by gas chromatography/mass spectrometry. Quantification
procedure was carried out by Dr Mike Beale, coordinator of the GARnet project “Metabolite
profiling of Arabidopsis”. The stable, labelled isotope, 2H,-JA (90.4% total JA), was employed as
an internal standard. The samples were extracted three times with 70% methanol. The combined
extract was then passed through a Cy4 solid phase extraction cartridge (pre-conditioned, in turn
methanol and 70% methanol) and washed with 70% methanol. The combined eluate and washings
were vacuum concentrated, diluted with 2.5 ml of water and acidified with 0.15 ml concentrated
hydrochloric acid. The aqueous phase was extracted with chloroform and concentrated to 0. 2ml
before transfer to a 0.2 ml autosampler vial. Samples were evaporated to dryness and derivatized
with hexane and N-methyltrimethylsilyl-trifluoroacetamided and analysed on a Micromass GC-
TOF mass spectrometer in accurate mass acquisition mode. Endogenous JA was quantified on the
basis of the ration of the JA: *H,-JA integrated peak areas for the molecular ions (m/z 282.1651
and 284.1777 respectively). For each sample, three sample preparation replicates were each
analysed in triplicate.

Free and total endogenous SA levels were determined by Dr Mike Beale, coordinator of the
GARnet project “Metabolite profiling of Arabidopsis”, essentially as described by Bowling et al.
(1994). Briefly, frozen leaf tissue samples (1g) were extracted with methanol, dried down and re-
suspended in 0.01M H,SO,, and free SA levels were analysed using an HPLC methodology.

2.5 Histochemical analyses

Trypan blue staining was employed to examine dead plant cells. Leaves were stained by boiling
for 5 minutes in alcoholic lactophenol trypan blue (20 ml of ethanol, 10 ml of phenol, 10 ml of
water, 10 ml of lactic acid and 10 mg of trypan blue). Stained leaves were cleared in chloral
hydrate (2.5 g in 1 1 of water) overnight at constant shaking and then mounted under coverslips in
60% glycerol (Bowling et al., 1997).

Hydrogen peroxide (H;0,) production was detected by histochemical staining using 3,3-
diaminobenzidine (DAB) as described by Thordal-Christensen et al. (1997). Leaves were stained
by 5 minutes treatment with a solution of 1 mg per ml DAB over-night in constant shaking.
Leaves were then cleared by boiling in acetic/glycerol/ethanol (1/1/3 v/v/v) solution and then

mounted under coverslips in 60% glycerol.
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2.6 Real time in planta imaging of LUC activity

Leaves PRI::LUC transgenic plants were painted with a solution containing 1mM Luciferin
(Promega, UK) and 0.01% triton X-100 and 0.03% Silwet in a ImM sodium citrate buffer (pH
5.8). Plants were placed in the dark for 30 minutes in order to allow the luciferin to dry and to
minimise background bioluminescence. All in planta LUC imaging was performed using an ultra
Jow light imaging camera system (EG & G Berthold Luminograph 980). Images were collected
over a 10 second time period. Microscopy imaging was carried out using Nikon Optiphot-2

microscope.

2.7 Abiotic stress treatments
2.7.1 Drought stress assay

For drought treatment, 4-week-old soil-grown plants were completely withheld from water for 15
days and re-watered at day 16 (Kang et al., 2002). To minimize experimental variation transgenic
and control plants were grown in the same tray (72 plants per tray). Experiments were repeated at

least three times, with similar results, using approximately 40 plants per line.
2.7.2 Extreme temperature assays

To assess heat tolerance, 4-week-old plants were transferred into a heating chamber (Forma
Scientific, Ohio, USA); the temperature was increased sequentially from 22°C to 42°C, via a 5°C
increase in temperature per hour (modified from Larkindale and Knight 2002). Plants were

maintained in this condition for the times stated in the text.

To assess freezing tolerance, 4-week-old plants were transferred into a freezing chamber and
temperature was decreased sequentially from 12°C to - 5°C (Kasuga et al., 1999). Plants were

maintained in this condition for 5 hours.
2.7.3 Salt- and metal-stress assay

To examine potential salt or metal tolerance, 4-week-old soil grown plants were irrigated with an
increasing concentration of either salt or metal every 4 days. The concentrations of sequentially
applied sodium chloride and potassium chloride were 50 mM, 100mM and 150 mM; for sorbitol,
concentrations of 100 mM, 200 mM and 300 mM were applied. For CuSO, these concentrations
were 8 mM, 14 mM and 20 mM; and, for CdCl,, concentrations of 12 mM, 18 mM and 25 mM
were sequentially applied (modified from Song et al. 2003).
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2.7.4 Measurement of transpiration rates

The aerial structure of 4-week-old plants were detached from their roots and maintained at room
temperature. The weight of each aerial structure was subsequently determined every 20 minutes
over a period of 5 hours (Kang et al., 2002). Each measurement was performed using 4 plants per

line. Experiments were repeated at least twice with similar results.

2.8 Homology searches and sequence analyses

The bioinformatic tools from web-sites presented here (Table 2.3) were used for sequence search
and analysis. Instructions were followed as detailed at site. Homology searches in Arabidopsis
were carried out using BLAST and WU-BLAST?2 at the TAIR web-site, whereas plant homology
searches were conducted using the MIPS and TIGR databases. Protein sequence alignment and
production of phylogenetic trees were performed using ClustalW and Phylodendron ClustalW
respectively. The Arabidopsis Resistance Genes site was employed to evaluate sequence

alignment.

Table 2.3 Web-sites used for sequence search and analysis.

Name Function Web-address

BLAST Homology search in Arabidopsis http://www.arabidopsis.org/Blast/
WU-BLAST2 Homology search in Arabidopsis http://www.arabidopsis.org/wublast/index2 jsp
ClustalW http://www.ebi.ac.uk/clustalw/index.html

Alignment of multiple peptide sequences

At R genes Arabidopsis Resistance Genes Database http://niblrrs.ucdavis.edu/At_RGenes/

Multiple Expectation
Maximisation for Motif
Elicitation (MEME)

Reveal motifs (highly conserved regions) in

’ http://meme.sdsc.edu/meme/website/intro.html
groups of related protein sequences

Munich Information
Centre for Protein
Sequences (MIPS)

Plant Sequence Database and BLAST

http://mips.gsf.de/projects/plants
search

The Institute for
Plant Sequence Database and BLAST :
Genomics Research 9 http://www.tigr.org/tdb/euk/

search
(TIGR)

Representation of the neighbaur-joining

http://www.es.embnet.org/Services/
trees

Phylodendron ClustalW
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3) Isolation and characterization of activation tagging mutants

perturbed in disease resistance

3.1 Genomic screen project

Analysis of the Arabidopsis genome has revealed the presence of many duplicated genes
which are similar in their coding and non-coding sequences. Functional redundancy will
therefore be a significant hurdle to the assignment of gene function in Arabidopsis, as
has been the case for other higher eukaryotes (Miklos and Rubin, 1996; Ross-Macdonald
et al., 1999). There is a second group of genes that are also difficult to uncover by
classical screens. These genes encode proteins that function at multiple stages during the
life cycle of the organism, one of which is essential for early embryo or gametophyte
development. Loss-of-function mutations in these genes result in lethality. Obviously,
this precludes the recovery of this mutant class from classical knock-out screens.
Activation tagging is one of the approaches that have emerged to circumvent these
problems (Kardailsky et al., 1999; Zhao et al., 2001; Borevits et al., 2000; Jeong et al.,
2002; Grant et al., 2003: Xia et al., 2004).

3.1.1 Activation tagged methodology

Approximately 20 millions seeds were generated by floral dip transformation of Col-0
Arabidopsis plants with the activation tagging vector pSK1015 (Tani et al., 2004). This
was accomplished with the technical support funded by Akadix Inc (CA, USA). The
pSKI1015 construct contains four repeats of the 355 enhancer element, a pBluescriptKS
(Stratagene) plasmid backbone and the BAR gene which conveys resistance to the
commercial herbicide BASTA (Figure 3.1). A project to isolate activation tagged
mutants perturbed in disease resistance/susceptibility was carried out. T transformed
seeds were germinated on soil flat and plants were selected by BASTA treatment seven
days later. Resistant plants were transferred to pots and grown for approximately 3

weeks.
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Figure 3.1The activation tagging vector pSKI015.

(a) T-DNA insertion cassette enclosed by left border (LB) and right border (RB) containing

BASTA resistance gene (BAR), origin of replication of E. coli (as part of pBluescriptkS (KS)

plasmid) and tetramer of the 35S enhancer. This representation was adapted from Weigel lab

web site: www.salk.edu/LABS/pbio-w/researchfs.html.

(b) Integration of the 4x35S enhancer region into the plant chromosome may enhance the

expression of endogenous genes adjacent to the T-DNA insertion activation cassette.
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Subsequently, two strategies were employed: activation tagged mutants were tested for
either enhanced disease resistance or susceptibility after leaf infiltration with
Pseudomonas syringae pv tomato DC3000 suspension (Pst DC3000 suspension of OD =
0.002 for resistance screen and OD = 0.0003 to test susceptibility). Mutants exhibiting
either enhanced resistance or susceptibility were identified 3 to 4 days post infection.
Seeds were collected from each individual candidate. Plants showing abnormal
phenotypes were also identified and seeds collected. Particular attention was paid to
plants of reduced stature or showing lesion mimic phenotypes since these developmental
abnormalities are common among well-characterised disease resistance mutants (Frye
and Innes, 1998; Maleck et al., 2002; Pilloff et al., 2002). Seeds of the remaining plants
were collected in pools (70 plants per pool) in order to create a valuable community
resource. Overall, more than half of the T, seed, corresponding to about 12 million seeds
and 40,000 individual T; tagged plants (transformation rate of approximately 0.3%),
were screened and ninety-one T; candidates were isolated. Approximately 15% of T
candidates were sterile, preventing further analysis. Surprisingly, only two candidates
were confirmed in the following generation (T2) and the characterisation of one of these

lines is reported here.
3.1.2 Search for loss-of-function mutations

To also uncover recessive, loss-of-function mutations, T, plants were screened.
Approximately one thousand seeds for pool were germinated; since each pool was
generated by 70 T plants, we expected to test approximately 16 T, plants, four of which
were homozygous for the T-DNA insertion, per each T; line. 4-week-old plants were
searched for lesion-mimic, abnormal or reduced phenotypes. This approach enabled the
search for recessive, homozygous mutant lines that could not have been isolated in the

T, screen.

This project was carried in collaboration with Pedro Nuremberg; 37 putative mutants
were isolated. To date two recessive disease resistance mutants and two recessive
enhanced disease susceptibility mutants have been confirmed following a back-cross

with wild-type plants. The description of the first enhanced disease susceptibility mutant,
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isolated in the T; screen for dominant mutations, is reported below, whereas the
characterization of one tagged disease resistance mutant is described in chapter 4. In
addition, another student has now followed-up the characterization of the recessive

mutants identified in the T, screen, but these analyses will not be described here.

3.2 Isolation and characterisation of the adsl mutant

One T, mutant exhibited reduced stature and pale green serrated leaves (Figure 3.2).
Furthermore, this line showed striking loss of apical dominance and reduced fertility
(Figure 3.2). Approximately 300 T, plants were treated with BASTA 3 weeks after
germination. In total, approximately 75% (226/297) of these T, progeny retained the
mutant phenotype and were BASTA resistant, whereas all plants exhibiting a wild-type
phenotype, about 25% (71/297), were BASTA susceptible. The chi-square value of T,
plants (x> = 0.194; P = 0.01 with one degree of freedom) showed a BASTA
resistance:susceptible ratio that did not deviate significantly from the expected 3:1 ratio
with a confidence of 99%. These results suggested that a single dominant mutation was

responsible for this phenotype.
3.2.1 adsl exhibits enhanced disease susceptibility

T, progeny was also tested for their response to Pst DC3000 infiltration (OD = 0.0003).
All T plants expressing the mutant phenotype exhibited enhanced disease susceptibility,
similar to that of the enhanced disease susceptibility (eds) 1 mutant (Feys et al., 1994),
while wild-type plants failed to show disease symptoms at this inoculation of Pst
DC3000. Consequently, this analysis was repeated and the number of Pst DC3000 in
infected leaves was scored three days later. As shown in Figure 3.3, this mutant is
significantly more susceptible to Pst DC3000 than wild-type plants. This mutant line

was therefore designated activated disease susceptibility (ads) 1.
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Figure 3.2 The ads1 mutant phenotype.

25-day-old wild-type (a) and ads? (b) plant grown in short day condition; and 6-week-old
flowering wild-type and ads? plants (c).
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Figure 3.3 ads1 plants exhibit enhanced susceptibility to Pst Dc3000.

Plants were challenged with virulent Pst DC3000 bacterial suspension of OD = 0.0003 by
pressure infiltration. Col-0 wild-type plants and nahG transgenic lines were included as controls.
Pathogen growth was analysed 3 days after challenge. The experiment was repeated 3 times;
error bars represent standard deviations.
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To investigate whether ads! susceptibility was specific to Pst DC3000, ads! plants were
infected with different pathogens. First, ads/ and wild-type control plants were
challenged with Erysiphe cichoracearum UEDI (Grant et al., 2003), and infection rate
was calculated 6 days later. As presented in Figure 3.4, ads! exhibited an infection rate
similar to that of wild-type control plants. The ads! mutants were also infected with
Peronospora parasitica NOCO2 (Bowling et al., 1994). Again, ads/ did not show
enhanced susceptibility compared to wild-type plants. Thus, Ps¢ DC3000 was the only
pathogen tested that showed enhanced growth in ads/ plants.

To investigate the response of the ads! line to a necrotrophic pathogen, ads! and control
plants were challenged with Botrytis cinerea PJH2 in collaboration with Pedro
Nuremberg (Grant et al., 2003). Interestingly, ads] plants exhibited striking enhanced
disease susceptibility (Figure 3.5). Wild-type Col-0 plants showed moderate B. cinerea
lesions 5 days after infection, while ads! plants had collapsed and were fully covered by
B. cinerea hyphae (Figure 3.6). Additionally, ads! plants showed infection symptoms 2
days post B. cinerea challenge, whereas wild-type plants remained healthy. These results
suggested that enhanced disease susceptibility in ads/ plants is not limited to P. syringae,
a hemi-biotrophic pathogen, but it is also extended to the necrotrophic pathogen B.

cinerea.

The adsl line was also tested for enhanced disease susceptibility against the non-host
pathogen Pseudomonas fluorescens pv phaseolicola NPS3121 (Lu et al., 2001).
Surprisingly, ads! plants supported greater P. fluorescens growth than wild-type plants,

therefore ads! is also impaired in non-host disease resistance (Figure.3. 7).
3.2.2 Procedures to identify the ADS1 gene

From this preliminary characterisation of the adsI mutant, the novelty of this defence
deficient mutant was evident. Thus, we initiated experiments to identify the activation
tagged ADSI gene. A Southern blot analysis was performed in order to confirm the
presence of only one T-DNA insertion. Genomic DNA of ads! was isolated, purified

and digested with 8 restriction enzymes, whose recognition site was not present in the
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Figure 3.4 ads1 mutants do not show enhanced susceptibility to E. cichoracearum.

Plants were challenged by gently dusting E. cichoracearum spores from the leaves of infected
wild-type plants. Col-0 wild-type plants and nahG transgenic lines were included as controls.
Pathogen growth was detected 7 days after infection in both wild-type and ads? plants (a).

(b) Plants were scored employing a disease index (as described in “Experimental Procedures”)
for visual fungal growth 7 days after dusting E. cichoracearum spores.

Disease Index

Col-0 adst coil

Figure 3.5 ads1 plants exhibit enhanced susceptibility to B. cinerea

Plants were sprayed with a B. cinerea fungal solution of 10° spores per ml. Wild-type plants and
the JA insensitive coi7 mutants were included as controls. Plants were scored employing a
disease index for visual disease symptoms 4 days post infection.
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Figure 3.6 ads7 plants exhibit enhanced susceptibility to B. cinerea.

Plants were infected by spraying a B. cinerea fungal solution of 10° spores per ml.

Pathogen symptoms on Col-0 control plants (a and b) and ads? mutants (c and d) are shown 4
days after challenge.
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Figure 3.7 ads1 exhibits enhanced susceptibility to the non-host pathogen P. fluorescens.

Plants were challenged with a non-host P. fluorescens by pressure infiltration of bacterial
suspension of OD = 0.0003. Bacterial growth was analysed 3 days after challenge. Error bars

represent standard deviations.
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DNA sequence used as the probe: a 370 bp PCR product, corresponding to the 335
enhancer element. Results showed only one specific band for every restriction enzyme
employed (Figure 3.7), thus confirming the presence of only one T-DNA insertion. In
addition, a specific 700 bp PCR product corresponding to the BAR gene, which conveys
BASTA resistance and is located adjacent to the left border of the T-DNA insertion, was
employed as a probe in a Southern blot analysis. Results confirmed the presence of a

single and intact T-DNA insertion.

Subsequently, a TAIL-PCR procedure was employed to identify the ADSI gene; 6
different degenerate primers were employed in combination with specific primers from
either the left border or the right border of the inserted T-DNA (Liu et al., 1995). This
approach was unsuccessful. Consequently, inverse PCR was employed (Yuanxin et al.,
2003). This approach also failed to amplify any specific DNA sequence. A plasmid
rescue methodology was therefore employed to uncover the activation tagged ADSI
gene (Ichikawa et al.,, 2003). The plasmid rescue experiments were repeated several
times using the restriction enzymes EcoRI, HindIll, Kpnl, Spel and Taql. Again, these
experiments were unsuccessful. Another student has now followed-up this project by

screening a genomic library and is currently testing candidate genes for ADSI.

Kb

Figure 3.8 Southern blot analysis of ads7 genomic DNA
Genomic DNA isolated from ads? plants (10 ng per line) was digested with Apal (line A), BamHI
(B), EcoRl (E), Kpnl (K), Sacl (sa), Spel (Sp), Tagl (T) and Xhol (X), run on a gel and transferred
onto a membrane. This filter was subsequentially hybridised with a probe corresponding to the
CaMV35S enhancer element present in the T-DNA insertion. The size of each band can be

enferred by the ladder scale represented on the right.
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33 Discussion

Screens of activation tagged mutant population have been a successful tool to investigate
plant metabolism (Weigel et al., 2000; Tani et al., 2004). Recently, two tagged mutants
perturbed in defence response have been isolated (Grant et al., 2003; Xia et al., 2004).
Thus, the large-scale screen we are carrying out will enable the isolation of novel
mutants and the corresponding genes. Results presented here showed that one enhanced
disease resistant mutation and one enhanced susceptible mutation, among the 91 T,
candidates, were confirmed in the following T, generation. Approximately 15% of T
candidates were sterile, preventing further analysis; these results were consistent with
the conclusions of similar studies reported in the literature (Jeong et al., 2002;
Maldonado et al., 2002; Nakazawa et al., 2003). However, the unexpected low number
(2%) of mutant lines confirmed in T, was inconsistent with results from similar
activation tag projects (Jeong et al., 2002; Maldonado et al., 2002; Nakazawa et al.,
2003). The growing and/or environmental conditions, specific for the screen described
here, probably contributed to the isolation of a greater number of false T candidate lines
compare to that of similar studies. In addition, it is likely that several T, lines lost the T-
DNA insertion because approximately 20% of T, lines failed to retain BASTA

resistance.

The adsl mutant showed increased susceptibility to Pst DC3000, which is an hemi-
biotrophic pathogen, resistance against which requires the activation of plant SA-
dependent defence pathway. However, ads! plants exhibited disease symptoms similar
to that of wild-type plants following challenge with two biotrophic pathogens, P.
parasitica and E. cichoracearum, resistance against which requires the establishment of
plant SA-dependent defence pathway. In addition, ads/ plants were strikingly more
susceptible to B. cinerea, resistance against which requires the activation of JA-
dependent defence response. Thus, ads! plants seem to exhibit enhanced susceptibility
against some, but not all pathogens. Several loss-of-function mutants exhibit enhanced
susceptibility to pathogens, resistance against which requires the activation of a plant

SA-dependent defence pathway (Cao et al., 1994; Glazebrook et al., 1996; Aarts et al.,
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1998); however, none of these mutants simultaneously show enhanced susceptibility to
pathogens resistance against which requires the activation of a plant JA-dependent
defence response. To our knowledge, ads! is the first mutant that exhibits coexisting
enhanced susceptibility to distinct pathogens whose recognition requires both SA- and
JA-dependent signalling pathways.

Furthermore, adsl permitted a massive growth of P. fluorescens, which is a non-host
pathogen of Arabidopsis. Therefore, adsI is not only impaired in host, but also in non-
host bacterial resistance. To date, only one mutant, nhol, has been reported to be
compromised in non-host resistance (Lu et al., 2001). It has been recently established
that NHO1 encodes a glycerol kinase (Kang et al., 2003). In addition, nhol plants
showed increased susceptibility to B. cinerea, but exhibited a response to the hemi-
biotrophic pathogen Pst DC3000 and the biotrophic pathogen P. parasitica equivalent to
that of wild-type plants (Lu et al., 2001). Therefore adsl, to our knowledge, is the first
mutant which simultaneously exhibits increased susceptibility to hemi-biotrophic,

necrotrophic and non-host pathogens.

It is difficult to hypothesize how ads/ might affect disease resistance because the ADS!
gene has not been identified yet. The strong loss of apical dominance might suggest a
role for the phytohormone auxin (Leyser, 2003). Interestingly, a growing number of
reports are supporting the hypothesis that this hormone might also be involved in
defence response (Cheong et al., 2002; Tiryaki and Staswick, 2002). An Arabidopsis
mutant insensitive to JA has been shown to be allelic to the auxin-signalling deficient
mutant axr! (Lincoln et al., 1990; Tiryaki and Staswick, 2002). This mutant was
originally isolated as an auxin insensitive line, exhibited reduced leaf size, loss of apical
dominance and partial sterility, due to limited pollen production (Estelle and Somerville,
1987; Lincoln et al., 1990). Several morphological phenotypes of axrI parallel those of
adsl. Recently, axrl was shown to be more susceptible than wild-type plants to the
necrotrophic pathogen Pythium irregulare, whose recognition requires JA (Tiryaki and
Staswick, 2002). Furthermore, treatment of wild-type plants with the auxin IAA induced
the expression of several JA responsive genes, such as V'SP, LOX and AOS (Tiryaki and
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Staswick, 2002). These results strongly suggest a possible overlap of JA and auxin
signalling pathways. Thus a defect in the balance of auxin to cytokinin may be
responsible for both the loss of apical dominance in ads! plants and their enhanced
susceptibility to specific host and non-host pathogens. Quantification analysis of phyto-

hormone levels in ads! plants will be required to confirm this hypothesis.

ADS1 might therefore function as a negative regulator of plant defence response. In
unchallenged plants, ADS1 may be constitutively active, contributing to preserve the
finely-regulated mechanism that restricts the establishment of disease resistance.
Following pathogen recognition, wild-type plants may repress ADS]1 activity in order to
trigger disease resistance. In ads/ mutants, the constitutive over-expression of the
negative regulator ADS1 may delay the mechanism that establishes disease resistance
and consequently contribute to enhanced susceptibility to several pathogens. The fact
that ads! plants exhibited increased susceptibility to various host and non-host
pathogens is consistent with this hypothesis. Nevertheless, ads/ retained a response
against E. cichoracearum and P. parasitica similar to that of wild-type plants,
suggesting that ADSI is specifically required in the establishment of defence response
against some, but not all, pathogens. In order to confirm the function of ADS1 as a
negative regulator of plant defence response, plants carrying a loss-of-function mutation
in ADSI gene will be generated. Analysis of this line will elucidate whether the loss of
ADS] function will cause the activation of defence response. The expression analysis of
ADSI in wild-type plants during compatible and incompatible interactions will be also
examined. These investigations may validate the putative function of ADSI as negative

regulator of plant defence.

Alternatively, ADS1 may represent a key host compatibility factor (Ham et al., 1999; Jin
et al., 2003; Gao et al, 2004). Compatibility factors are essential host proteins exploited
by pathogens in order to successfully invade and infect the host system (Gao et al, 2004).
The over-expression of ADSI gene, encoding a host compatibility factor of unknown
function, may therefore be responsible for the susceptible phenotype observed in ads]

plants. This hypothesis would be consistent with the enhanced disease susceptibility of
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adsl plants against a number of host and non-host pathogens. Host factors often interact
physically with virulence factors expressed by the invading pathogen (Ham et al., 1999;
Gao et al, 2004). Co-immunoprecipitation analysis of extracts from infected wild-type
plants, employing a specific ADS1 antibody, might elucidate whether ADS1 physically
interacts with a virulence factor. Furthermore, the structure of the ADS1 protein,
inferred by genomic sequence, will also help to establish whether the activity of this

protein may facilitate pathogen invasion and infection of the host plant system.



4)  ADRI overexpression conveys broad-spectrum disease resistance

4.1 Identification and characterisation of the adr! mutant

A novel Arabidopsis transgenic line containing a chimeric PR/::LUC construct was
generated in the Loake laboratory in order to detect the establishment of SAR in living
plants by ultra low lighting imaging. This transgenic line was confirmed to .mark SAR
development with high fidelity and was proved to be a useful tool to identify mutants

with perturbed expression of defence-related genes (Murray et al., 2002).
4.1.1 Isolation of disease resistance mutants

The screen of a large activation tagged population generated in the PRI::LUC transgenic
background was undertaken in order to discover potentially redundant and/or essential
genes which might encode key signalling components responsible for the establishment
of disease resistance. It is noteworthy that all similar studies reported at that time
exploited loss-of-function methodologies (such as EMS or fast neutron bombardment);
hence, activation tagging screening was a novel approach in this field (Lorrain et al.,
2003). A large number of Arabidopsis lines were screened for constitutive LUC activity
via ultra low light imaging and a few lines that exhibited heritable, constitutive LUC
activity were identified. One of these mutants, subsequently designated as activated

disease resistance (adrl), was further analysed (Grant et al., 2003).

This mutant exhibited a strong phenotype consisting of reduced stature and curled leaves
compared to Col-0 wild-type plants. In the T, generation the adr! phenotype segregated
in a semi-dominant manner, with homozygote adrl/adrl plants exhibiting a more severe
phenotype and greater LUC activity than hemizygote adrl/ADRI plants (Grant et al.,
2003). Moreover, the onset of the adr! phenotype in both homozygous and hemizygous
plants was generally observed 2 weeks after germination, prior to which time adr!

plants were undistinguishable from wild-type (Grant et al., 2003).
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4.1.2 Characterisation of the adrl mutant

To confirm endogenous PRI expression, adr! mutants were investigated by northern
blot (Grant et al., 2003). adrl plants constitutively expressed PRI, PDF1.2 and GSTI,
which were genes respectively induced by SA, JA/ET and ROI; these three genes play
important roles in the establishment of resistance against a broad spectrum of pathogens.
The adrl/adrl mutant exhibited greater defence transcript accumulations than
adrl/ADRI plants. Moreover, adrl mutants exhibited significant resistance against
Peronospora parasitica, Erysiphe cichoracearum and Pseudomonas syringae (Grant et
al., 2003). These data confirmed that adrl plants not only constitutively expressed
defence-related genes, but also displayed enhanced resistance against a number of

pathogens.

To investigate the requirement of ADR1 function for SA, JA and ET, adrl was crossed
with transgenic nahG plants, compromised in SA accumulation (Delaney et al. 1994),
with nprl, a mutant insensitive to SA (Cao et al. 1994) and with the JA and ET
insensitive mutants, coil/ and ein2 respectively (Feys et al. 1994; Guzman and Ecker,
1990). Interestingly, the adr! phenotype in adrl/ADRI nahG double mutants was
completely suppressed; however only partial suppression was observed in adrl/adrl
nahG double mutants (Grant et al., 2003). Thus the accumulation of SA is required for
developing the adrl phenotype. In adrl/coil, adrl/ein2 and adri/nprl double mutant

plants physical stature and leaf-curling were very similar to adr/ mutants (Grant et al.,
2003).

The expression of a number of defence-related genes in adr! double mutant plants was
investigated via northern blot analysis (Grant et al., 2003). GST1 transcript accumulation
was completely abolished in adrl/ADRI nahG and partially decreased in adrl/adrl
nahG double mutants. However, GST! expression appeared slightly higher in
adrl/ADRI1 coil plants, but was unaffected in adrl/ADRI ein2 and adrl/ADRI npr!
double mutants. adr/-mediated GSTI expression was therefore partially dependent on
SA. The expression of PRI was unmodified in adrl/ADRI coil and adrl/ADRI ein2,
but it was completely abolished in both adrl/ADRI nahG and adrl/adrl nahG.
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Moreover adrl/ADRI nprl plants did not accumulate PR/ transcripts; thus adri-
mediated PR/ expression was dependent on SA and NPRI. In addition, PDFI.2
expression was abolished in adrl/ADRI coil plants. Thus, PDFI.2 accumulation
mediated in adr] mutants is dependent on JA but independent on SA and ET (Grant et
al., 2003).

To investigate further the role of ADR! in disease resistance signalling, the expression of
the ADRI gene was analysed (Grant et al., 2003). ADRI exhibited a vanishingly low
basal level of accumulation in Col-0 wild-type plants; however, significant upregulation
of ADRI was observed following infection with P. syringae carrying the avrB gene and
application of SA or the SA analogue BTH. A lower induction level was detected in

response to wounding injury (Grant et al., 2003).

4.2 adrl shows broad-spectrum disease resistance to biotrophic pathogens

The establishment of disease resistance against pathogens is thought to be orchestrated
by fine regulation of local and systemic concentration of specific defence signalling
molecules such as SA, its conjugate SA B-glucoside (SAG), JA and ET (Yun and Loake,
2002; Devoto and Turner, 2003; Guo and Ecker, 2004). As mentioned in the
introduction, adr! plants accumulate high transcript levels of defence genes including
PRI, PDF1.2 and GSTI, whose expression has been established to be dependent on SA,
ET/JA and ROI accumulation respectively (Ward et al., 1991; Penninckx et al., 1996;
Grant et al., 2000). We therefore investigated whether any key defence signalling
molecules accumulated in adr! plants. The severely reduced stature of adri/adrl plants
precluded the isolation of sufficient biomass for their biochemical analysis. Hence, the
concentration of SA, SAG and JA were determined only in adrl/ADRI plants (in
collaboration with Dr Mike Beale, coordinator of the GARnet project “Metabolite
profiling of Arabidopsis”). The measurement of ET and H,O, accumulation were

undertaken in both adrl/ADRI and adrl/adrl mutants (at Edinburgh University).
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SA has been shown to be essential for the development of SAR and, in several cases, for
the successful establishment of resistance against biotrophic and hemi-biotrophic
pathogens (Ryals at al., 1996; Shirasu et al, 1997). Interestingly adrl plants
constitutively accumulated high levels of both SA and SAG, seven and eleven times
greater than those detected in wild-type plants respectively (Figure 4.1). Many disease
resistant, lesion mimic mutants have been reported to accumulate similar constitutive SA
levels (Brodersen et al., 2002; Maleck et al., 2002; Shirano et al., 2002; brrain et al.,
2003). In contrast to these mutants, adr/ plants do not show any macroscopic cell death
under normal growth condition, thus trypan blue staining analysis was performed to
search for the presence of microscopic cell death. Both adri/ADRI and, to greater
extend, adrl/adrl plants exhibited regions of cell death (Figure 4.2).
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Figure 4.1 Both SA and SAG

concentrations are increased in adr7 mutants.

(a-b) SA and SAG concentrations in adrf/ADRT mutants and wild-type control plants are
reported in (a) and (b) respectively. Error bars represent standard errors.

Figure 4.2 Accumulation of microscopic cell death in adr1 mutants.

(a-c) Accumulation of microscopic cell death uncovered by trypan blue staining in representative
leaves of wild-type Col-0 (a), adrf/ADR1 (b) and adrf/adr1 plants (c). Magnification in each
figure was 10X.
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Resistance to necrotrophic pathogens is dependent on JA (Devoto and Turner, 2003). In
contrast to SA, however, the concentration of JA was slightly decreased in adrl/ADRI
mutants compare to wild-type Col-0 plants (Figure 4.3a). The ET-mediated defence
pathway has been reported to play a critical role in both disease symptom development
and resistance against specific pathogens (Stearns and Glick, 2003; Guo and Ecker,
2004). The amount of ET released from adri/ADRI and adrl/adrl plants was not
significantly different from that released from wild-type plants (Figure. 4.3b). Thus, the
adr]l mutation does not result in a detectable increase in ET biosynthesis. Accumulation
of HyO; and other ROI occur following plant recognition of putative pathogens (Grant et
al., 2000). 3,3-diaminobenzidine (DAB) staining analysis revealed that adrl plants
possessed elevated H,O; levels (Figure. 4.4).
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Figure 4.3 Measurement of JA and ET levels in adr1 plants.
(a) Level of JA in adri/ADR1 mutants and wild-type Col-0 control plants.
(