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Plants are exploited as a source of food and shelter by a wide range of organisms, including
viruses, bacteria, fungi, nematodes, insects and even other plants (Odjakova and
Hadjiivanova, 2001). The identification of potential pathogenic microbes by the plant leads
to the activation of different defence responses which are designed to prevent further
infection (Thatcher et al., 2005). Disease resistance in plants is usually associated with the
activation of a wide variety of defence responses that serve to prevent pathogen replication

and/or movement.

In some plant-pathogen interactions, the ability of the host plant to recognize the pathogen
and activate these responses is regulated in a gene-for-gene-specific manner by the direct
or indirect interaction between the products of a plant disease resistance (R) gene and a
pathogenic avirulence (Avr) gene (Flor, 1971; Marois et al., 2002; Axtell and Staskawicz,
2003; Di Gaspero and Cipriani, 2003). When either the plant or the pathogen lacks its
cognate gene, activation of the plant’s defence responses either fails to occur or is delayed
sufficiently so that pathogen colonization ensues (Flor, 1956; Dangl and McDowell, 2006). In
contrast to this race/cultivar-specific form of resistance which is relatively rare, many plant
species exhibit non-host resistance. Non-host resistance is characterized by the activation of
many of the same defence responses as are associated with race/cultivar-specific resistance.
However, it occurs in the absence of any known R/Avr gene combination (Heath 2001;

Thordal-Christensen, 2003; Dodds et al., 2006).

Resistance in plants is manifested by the inability of the pathogen to grow or multiply and
spread and often takes the form of a hypersensitive response (HR) (Vranova, 2002). The
hypersensitive response is characterized by localized cell death at the site of infection (Van
Loon, 1997). As a result, the pathogen remains confined to necrotic lesions near the site of
infection. A ring of cells surrounding the necrotic lesion becomes refractory to subsequent
infection. This is known as localized acquired resistance (LAR) (Fritig et al., 1998; Ghannam
et al., 2005). These local responses trigger specific and nonspecific resistance throughout
the plant which is known as systemic acquired resistance (SAR) and provides durable
protection against infection by a broad range of pathogens (Scheel, 1998; Durrant and Dong,

2004).
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One of the earliest responses activated after the host plant recognition of an Avr protein or
a non-host specific elicitor is the oxidative burst, in which levels of reactive oxygen species
(ROS) rapidly increase (Mittler et al., 2004; Neill et al., 2002a). Other rapid responses
include the crosslinking of cell wall proteins (McLusky et al., 1999), the activation of protein
kinases (Romeis, 2001) and the increased expression of various defence genes. Some of
these genes encode peroxidases, glutathione S-transferases, proteinase inhibitors and
various biosynthetic enzymes such as phenylalanine ammonia lyase (PAL) and pathogenesis-

related (PR) proteins (Kessmann et al., 1994; Klessig et al., 2000; Flors and Nonell, 2006).

Activation of signal transduction networks after pathogen recognition results in the
reprogramming of cellular metabolism, involving large changes in gene transcriptional
activity while basic incompatibility frequently results in the expression of defence related

genes and localized host cell death (Yamamoto et al., 2004).

Plants contain many defence related proteins. In addition to R-genes and genes encoding
signal transduction proteins, they also possess downstream defence genes (Van Loon,
1997), enzymes involved in the generation of phytoalexins (Flors and Nonell, 2006),
enzymes involved in oxidative stress protection (May et al., 1998), lignification (Cano-
Delgado et al,, 2003) and numerous others. Many of these genes are involved in the
production of secondary metabolites such as those of the shikimate (Herrmann and Weaver,

1999) and phenylpropanoid pathways (Dixon et al., 2002).

To establish a compatible interaction, biotrophic pathogens have to camouflage themselves
against recognition, suppress the activation of plant defences or counter-defend activated
defences by the detoxification of potentially harmful compounds. Additionally, they have to
redirect the host’s metabolic flow to their own benefit without killing the host (Panstruga,

2003; Glazebrook, 2005).

Rust diseases of wheat are amongst the oldest plant diseases known to man. Early literature
on wheat cultivation mentions these devastating diseases and their ability to destroy entire
wheat crops. Numerous studies have been conducted on the life cycle of rust pathogens and
their management (Marsalis and Goldberg, 2006). Leaf rust on wheat (Triticum aestivum L.)
is caused by Puccinia triticina Eriks and is found wherever wheat is grown (Marsalis and

Goldberg, 2006). It is the most regularly occurring of the three wheat rusts namely leaf,
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stem and yellow rust (Kolmer, 1996). Genetic resistance against rusts is the most
economical and preferable method of reducing yield losses due to leaf rust infection and
can be fully utilized by knowing the identity of resistance genes in commonly used parental

germplasm and released cultivars.

During SAR or induced systemic resistance (ISR), distal parts of a plant receive a signal from
an infected part (Scheel, 1998). This signal allows the distal part of the plant to activate its
own defence mechanisms as a preventative strategy. In a similar way, two neighbouring
plants could communicate so that the uninfected plant could activate its defences based on
an airborne signal coming from an infected neighbour (Huang et al., 2005; Gémez and

Stuefer, 2006).

Originally proposed as pheromonal sensitivity in red alders and willows (Rhoades, 1983) and
further corroborated in a study using poplars and maples (Baldwin and Schultz, 1983), the
idea that plants might warn each other about an imminent attack was quite exciting
because of the clear advantage that forewarning would mean for plants. It would remove
the window of vulnerability that plants would otherwise suffer due to the lag during an

induced response.

An important point to consider is whether communication between plants must be seen as
mutualistic. Perhaps neighbouring plants are merely opportunistically responding to volatile
signals released by the wounded plants as indicators of imminent herbivore attack.
However, the interplant signalling can be interpreted as a natural outcome of sensitivity to

itself.

Based on this, the aim of this study was to investigate some of the early events occurring
after the infection of wheat with leaf rust on molecular level. An attempt was first made to
clone and identify putative genes involved in these early events in order to elucidate the
early signalling events in this particular interaction. Secondly, a possible inter-plant

communication event between infected and uninfected plants was investigated.
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2.1 INTRODUCTION

Plants are major targets for pathogenic microbes looking for a source of nutrition. A
complex array of interactions between plants and microbes has thus evolved to reflect both
the nutrient acquisition strategies of the microbes as well as the defence strategies of

plants.

Penetration of fungi through the plant cell wall represents an Achilles heel for the plant. For
biotrophic fungi, it initiates a transition from extra-cellular to invasive growth. Modification
of the plant cell wall was recognized as a potential resistance mechanism against infection
(Young, 1926; Franceschi et al., 2005). The termination of fungal pathogenesis at the cell
wall is commonly associated with cell wall thickenings and the formation of callosites in the
paramural space (Matern et al., 1995; McLusky et al., 1999; Snyder and Nicholson, 1990).
The formation of these cell wall appositions (CWA) is usually accompanied by the co-
localized accumulation of phenolics and ROS (Bestwick et al., 1998; Nicholson and
Hammerschmidt, 1992; Thordal-Christensen et al., 1997) aiming to deter invasion by the

pathogen.

Specific host-pathogen interaction models describing induced defence responses in plants,
have been influenced by the gene-for-gene concept reported by Flor (1956). In these
specific host-pathogen interactions, resistance to a particular pathogen is conditional to the

presence of a specific Avr-gene in the pathogen and a specific R-gene in the plant host.

2.2 PLANT-PATHOGEN INTERACTION

The biotrophic lifestyle of fungi is described as deriving energy from living plant cells
(Mendgen and Hahn, 2002). Most parasitic biotrophs like mildews, rusts and smuts
withdraw nutrients from shoot tissue and have no alternative energy source (Schulze-Lefert
and Panstruga, 2003). A characteristic feature of many but not all biotrophic fungi is their
ability to form a specialized infection structure, the haustorium. Formation of these
intracellular fungal structures requires successful penetration of the host cell wall. This is a
complex process that exposes the intruding fungus to cell wall-associated defence

responses. Invasive growth of biotrophs after cell wall penetration leads to the invagination
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of the plasma membrane that creates an interface between host and fungus consisting of
the haustorial membrane, an extra-haustorial matrix and the host plasma membrane

following the contours of the haustorial membrane (Schulze-Lefert and Panstruga, 2003).

To establish a compatible interaction, biotrophic pathogens have to camouflage themselves
against recognition, suppress the activation of plant defences or counter-defend activated
defences by the detoxification of potentially harmful compounds. Additionally, they have to

redirect the host’s metabolic flow to their own benefit without killing the host.

The most common response of resistant plants to the cellular invasion by fungal pathogens
is a rapid cell death, which forms part of the HR. However, the HR is not an obligatory
component of the plant’s defence response since there are pathosystems in which

resistance does not depend on the manifestation of HR (Heath, 2000).

2.2.1 WHEAT LEAF RusT

Rust-causing fungi are obligatory biotrophic plant pathogens. Economically they are
important biological agents that render damage to wheat plants. Leaf rust on wheat
(Triticum aestivum L.) is caused by Puccinia triticina Eriks. and is found wherever wheat is
grown. It is the most regularly occurring of the three wheat rusts, namely leaf rust, stem
rust and yellow rust. Wheat cultivars that are susceptible to leaf rust suffer from yield
reductions of between 5 to 30% or more, depending on the stage of crop development
when the initial rust infection occurs (Kolmer, 1996). Wheat rust fungi spread in the form
of clonally produced dikaryotic urediniospores, which can be blown by the wind for
thousands of kilometers from initial infection sites (Roelfs, 1989). Thus, epidemics of wheat
rusts can occur on a continental scale because of the widespread dispersal of

urediniospores.

Wheat rust fungi are highly specific obligate parasites that interact with wheat in a gene-for-
gene relationship (Person, 1959; Flor, 1971). This high degree of specificity has made
durable rust resistance in wheat difficult to achieve, because the virulence of wheat rust
fungi against wheat resistance genes is highly diverse, resulting in the existence of many
different pathogenic races. Rust races that are virulent against cultivars containing

resistance genes and are newly deployed in wheat can rapidly increase in frequency over
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large geographic areas (Kolmer, 1999), thus rendering the resistance genes ineffective

(Kolmer, 2005).

Genetic resistance is the most economical and preferred method of reducing yield losses
due to leaf rust infection and can be fully utilized by knowing the identity of resistance
genes in commonly used parental germplasm and released cultivars. Identification of leaf
rust resistance genes allows for efficient incorporation of these genes into germplasm pools.
Thus far, 52 different leaf rust resistance (Lr) genes conferring specific resistance to leaf rust,

have been identified and assigned to specific chromosomes (Hiebert et al., 2005).

2.3 PATHOGEN RECOGNITION

Plant responses to infection are usually initiated by the specific recognition of the pathogen
and the transmission of the signal via plasma membrane-bound receptors. A surveillance
system of receptors, some of which are encoded by R-genes, reacts by a similar mechanism
to all classes of pathogens, irrespective of whether they are viruses, bacteria, fungi or

nematodes (Di Gaspero and Cipriani, 2003).

Receptor-mediated recognition at the site of infection initiates cellular and systemic
signalling processes that activate multi-component defence responses both at local and
systemic levels, resulting in the rapid establishment of local resistance and delayed
development of SAR (Scheel, 1998). The earliest reactions of plant cells include changes in
plasma membrane permeability leading to calcium and proton influx (McDowell and Dangl,
2000). This in turn leads to the production of reactive oxygen intermediates (ROI) such as
superoxide (O,) and hydrogen peroxide (H,0,) catalyzed by plasma membrane-located

NADPH oxidase and/or apoplastic peroxidases (Somssich and Hahlbrock, 1998).

These initial ion fluxes and production of ROI also trigger the localized production of
secondary messengers for the initiation of HR and defence gene expression. Interactions
between ROI, nitric oxide (NO) and salicylic acid (SA) have been postulated (Delledonne et
al., 2001). Other interacting components might include specifically induced phospholipases
which act on lipid-bound unsaturated fatty acids within the membrane resulting in the

release of linolenic acid (Creelman and Mullet, 1997). Linolenic acid in turn acts as substrate
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for the production of jasmonate (JA), methyl jasmonate (MelJA) and other related molecules

(Hamberg and Gardner, 1992; Creelman and Mullet, 1997).

The expression of most of the inducible, defence-related genes are regulated by signal
pathways involving one or more of the three key regulators namely jasmonate (Bell and
Mullet, 1991; Creelman et al., 1992), ethylene (Boller, 1995) and salicylic acid (Slaymaker et
al., 2002; Takahashi et al., 2002; Kumar and Klessig, 2003; Van Wees and Glazebrook, 2003).

2.4 DEFENCE RESPONSES

Plants generally activate multiple defence responses upon pathogen attack, which leads to
cellular reprogramming. The most effective defence response in plants is mediated by R-
genes that are able to detect specific pathogenic races through recognition of pathogen

encoded Avr proteins (Glazebrook, 1999).

2.4.1 SYSTEMIC RESISTANCE

In general, SAR may involve the activation of more than one biochemical pathway and is
believed to be mediated by SA (Johal et al., 1995). The central role of SA as a signal
transducer of SAR was demonstrated in transgenic plants where SA could not accumulate.
These plants failed to express SAR (Gaffney et al., 1993). The formation of phenolic free-
radicals, resulting from the interaction of SA with catalase or ascorbate peroxidases, has
been proposed to be involved in the induction of SAR (Durner and Klessig, 1995). The
discovery that the exogenous application of SA activate the same spectrum of disease
resistance responses as the preliminary infection by a pathogen, led to the exploitation of
SAR with the application of synthetic chemicals that act at, or just downstream, of SA but
also producing a successful SAR (Gozzo, 2003). Correlating with the onset of SAR, plants
express a set of PR-proteins (Kessmann et al.,, 1994). Some of these PR proteins have been
shown to have antimicrobial activity in vitro or to confer increased resistance when over-
expressed in plants (Morrissey and Osbourn, 1999). Once established, SAR may last for a
relatively long time (from weeks to months), during which any attempted invasion by

certain pathogens is hampered.

A different form of systemic resistance was discovered in plants responding to non-

pathogenic strains of Pseudomonas fluorescens. This has been referred to as ISR and is
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effective against multiple pathogen types (Pieterse et al., 1998). ISR is independent of SA
and is not associated with the activation of pathogenesis-related (PR) protein 1 gene
expression. Instead, ISR requires the signalling pathways responding to the plant growth

hormones, JA and ethylene (Pieterse et al., 1998).

2.4.2 PROGRAMMED CELL DEATH

Cell death is an essential process in the plant’s life cycle (Vranova et al., 2002). Two modes
of cell death have been described in plants: programmed cell death (PCD) and necrosis. PCD
is controlled genetically and shares features characteristic of the apoptotic cell death in
animal cells, including cell shrinkage, cytoplasmic and nuclear condensation, chromatin
condensation and DNA fragmentation (O’Brien et al,, 1998). Necrosis on the other hand
results from severe and persistent trauma and is not considered to be genetically controlled

(Vranova et al., 2002).

Programmed cell death can be controlled by small cytotoxic molecules, ROS such as H;0,
and O, and lipid peroxidases (Jabs, 1999). The execution stage of cell death is associated
with an uncontrolled production of ROS that overwhelms the normal protective
mechanisms of cells (Palma and Kermode, 2003). Another possibility is that ROS production
is simply a consequence of cells undergoing death and plays no role in the initiation or

execution phases of cell death.

One form of PCD is the HR that appears to be an integral part of plant defence mechanisms
against pathogens (Palma and Kermode, 2003). Fungal infection can trigger the HR in
plants, a process characterized by the rapid death of plant cells immediately surrounding
the site of infection, which effectively prevents the spread of the pathogen (lvanov et al.,
2005). The oxidative burst that precedes the HR is accompanied by the generation of ROS,
mainly due to the activation of a plasma-membrane associated NAD(P)H oxidase (Jabs,

1999).

ROIs and reactive nitrogen intermediates (RNIs) are highly toxic and may directly offer
protection against the pathogen, but they are the most non-discriminating defence
molecules produced by the offended hosts (Veronese et al.,, 2003). In animals, they are

produced and accumulate only in specific self-sacrificing cells (Nathan and Shiloh, 2000).
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The role of ROl in plant disease resistance is probably similar where the accumulation of ROI
in self-sacrificing cells offers protection against the pathogen while limiting the damage to
the host. ROIs and RNIs also participate in transcriptional reprogramming in and around the

affected cell (Veronese et al., 2003).

Expression of genes encoding enzymes that detoxify ROS e.g. catalase (CAT), superoxide
dismutase (SOD) and ascorbate peroxidases (APX), correlates with the induction of the HR
and may protect neighbouring cells from the uncontrolled diffusion of ROS (del Rio et al.,

1998; Heath, 2000).

2.4.3 H,0,

Until recently, H,0, was viewed mainly as a toxic cellular metabolite (Neill et al., 2002b). It is
now clear that it can also function as a defence molecule that mediates responses to various

stimuli in both plant and animal cells (Neill et al., 2002a).

H,0; is continually generated from various sources during normal metabolism and a wide
range of steady-state H,0, concentrations has been reported (Karpinski et al, 1999;
Veljovic-Jovanovic et al, 2001). It can also be generated by specific enzymes during an
oxidative burst, which results in rapidly increasing H,0, synthesis and release into the
apoplast (Orozco-Cérdenas, et al.,, 2001). This oxidative burst is a common response to
pathogens, elicitors, wounding, heat, ultra-violet light and ozone (Neill et al., 2002a).
Knockout experiments demonstrated that the AtrbohD and AtrbohF genes encoding NADPH
oxidase are required for H,0, generation during fungal and bacterial challenges (Torres et
al., 2002). H,0, generated after pathogen attack mediates cross-linking of cell wall proteins

(Bradley et al., 1992) and plant cell wall-bound phenolics (Grant and Loake, 2002).

H,0; also regulates the expression of various genes, including genes encoding antioxidants
as well as genes leading to the production of H,0,. This indicates the complex way in which
intracellular H,0, concentrations are monitored and maintained at a constant level (Neill et
al., 2002a). A microarray study showed that the expression of 1-2% of all Arabidopsis genes
was altered in H,0,-treated cell cultures (Desikan et al., 2001). Amongst these, genes
encoding antioxidant proteins and proteins potentially involved in PCD, as well as defence

proteins such as calmodulin, protein kinases and transcription factors, were upregulated.
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2.4.4 SavicyLic AciD

The involvement of SA as a signal molecule in local defences and SAR has been extensively
studied because of its ability to induce protection against pathogens (Slaymaker et al., 2002;
Takahashi et al, 2002, Kumar and Klessig, 2003; Van Wees and Glazebrook, 2003).
Increases in endogenous levels of SA and its conjugates in pathogen-inoculated plants
coincide with the elevated expression of genes encoding PR-proteins and the activation of
disease resistance (Morrissey and Osbourn, 1999). As a result, the plant becomes more

resistant to pathogen attack.

Plants that cannot accumulate SA due to the presence of transgenes that encodes salicylic
acid-degrading enzymes, for example NahG, develop an HR response after a challenge with
an avirulent pathogen, but do not exhibit systemic expression of defence genes and do not
develop resistance to subsequent pathogen attacks (Glazebrook, 1999; Nawrath and
Métraux, 1999; Van Wees and Glazebrook, 2003). In contrast, the exogenous application of
SA or its synthetic functional analogue benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl
ester (BTH) results in the activation of PR-gene expression and enhanced resistance to
pathogens (Shah, 2003). The Arabidopsis thaliana non-expressor of PR1 (NPR1) gene, also
called non-inducible immunity 1 (NIM1), is an important component of SA defence. Nprl
and nim1 mutant plants are insensitive to SA and this compromises their disease resistance
(Cao et al,, 1994; Delaney et al., 1995). An NPR1-independent, SA-mediated resistance

mechanism also operates in Arabidopsis (Dong, 2001).

SA can specifically bind to a variety of plant proteins affecting their activity (Dempsey et al.,
1999; Slaymaker et al., 2002). It can also activate gene expression by multiple mechanisms

and at different steps in plant defence (Feys and Parker, 2000; Kunkel and Brooks, 2002).

2.4.5 JasMoONIc AcCID

The ubiquitous presence of JA and its methyl ester in all higher plants examined so far
suggests a prominent role for these molecules in plant metabolism (Mason et al., 1992).

Jasmonates are derived from linolenic acid by a lipoxygenase (LOX)-mediated oxygenation
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process and have structural similarities to mammalian eicosanoids, which are also derived

from fatty acids through the action of LOX (Hamberg and Gardner, 1992).

In plants, jasmonates move easily in both the liquid and the vapour phases (Farmer and
Ryan, 1990). Methyl jasmonate is especially volatile, suggesting that it might also act in the
gaseous form in analogy to the plant hormone ethylene (Wasternack and Parthier, 1997).
JA affect a variety of physiological processes, including root growth (Staswick et al., 1992),
tuber formation (Koda, 1992), tendril coiling (Weiler et al., 1993), senescence of leaves and
stomatal opening (Sembdner and Parthier, 1993). An additional role for jasmonates lies in
the mediation of the plant responses to stresses such as pathogen and herbivore attack

(Thaler et al., 2002).

Low concentrations of JA regulate proteinase inhibitors like thionin (Epple et al., 1995),
osmotin (Xu et al.,, 1994) and proline-rich cell wall protein (Creelman et al., 1992) at
transcription level. It can also induce the accumulation of different enzymes involved in
plant defence reactions such as chalcone synthase (Creelman et al., 1992), PAL (Gundlach et
al., 1992) and LOX (Bell and Mullet, 1991). The induction of these proteins suggests a role

for JA in helping plants to contain the growth of microorganisms.

Reports on the induction of a resistant state in plants by JA are contradictory. Some authors
(Kogel et al., 1994; Schweizer et al., 1993) found no evidence for the induction of resistance
by jasmonate in the barley-Erysiphe graminis f.sp. hordei interaction, but Mitchell and
Walters (1995) proved induced systemic protection in the same pathosystem by treating the

first leaves of seedlings with methyl jasmonate.

2.4.6 ETHYLENE

Ethylene is a volatile plant hormone derived from methionine that is involved in numerous
physiological processes (Kende, 1993). Ethylene is produced upon wounding or infection by
pathogens, as well as by treatment with elicitors of defence responses (Boller, 1995).
Exogenous application of ethylene to tobacco carrying the N gene for resistance to Tobacco
Mosaic Virus (TMV) results in resistance to TMV marked by a decrease in the size of the

necrosis (Van Loon and Antoniw, 1982).
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Ethylene can induce the accumulation of some of the PR-proteins such as -1,3-glucanase
and chitinase (Abeles et al., 1971; Yamamoto et al., 2004). Structural reinforcement of the
cell wall through lignification and the accumulation of hydroxyproline-rich cell wall proteins
are also enhanced by ethylene (Boller, 1995). Although such results might suggest that
ethylene is the signal involved in the induction of SAR, several experimental results indicate
that ethylene might not be directly linked to the induction of SAR (Boller, 1995). The
induction of chitinase and [3-1,3-glucanase in pea pods by pathogens can take place in tissue
treated with aminoethoxyvinylglycine (AVG), a potent inhibitor of ethylene biosynthesis.
This indicates that ethylene synthesis after infection might be a symptom rather than a

cause of the induction of defence reactions (Mauch et al., 1984).

2.5 CHANGES IN GENE ACTIVITY

Activation of signal transduction networks after pathogen recognition results in the
reprogramming of cellular metabolism, involving large changes in gene transcriptional
activity while basic incompatibility frequently results in the expression of defence related

genes and localized host cell death (Yamamoto et al., 2004).

Plants contain many defence related proteins. In addition to R-genes and genes encoding
signal transduction proteins, they also possess downstream defence genes encoding PR-
proteins (Van Loon, 1997), enzymes involved in the generation of phytoalexins (Flors and
Nonell, 2006), enzymes involved in oxidative stress protection (May et al, 1998),
lignification (Cano-Delgado et al.,, 2003) and numerous others. Many of these genes are
involved in the production of secondary metabolites such as those of the shikimate

(Herrmann and Weaver, 1999) and phenylpropanoid pathways (Dixon et al., 2002).

2.5.1 MOLECULAR CHAPERONES

Molecular chaperones are key components contributing to cellular homeostasis in cells
under both optimal and abnormal growth conditions (Grene, 2002). They are responsible
for the folding, assembly, translocation and degradation of proteins in a broad array of
cellular processes. They also function in the stabilization of proteins and membranes and
can assist in protein refolding under stress conditions (Wang et al., 2004). Many molecular

chaperones are stress proteins and most were originally identified as heat-shock proteins
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(Hsp) (Lindquist, 1986; Lindquist and Craig, 1988) and thus the names of these molecular

chaperones follow their early nomenclatures and are referred to as Hsps.

Except for the small Hsp (sHsp) family (Haslbeck, 2002), relatively little attention has been
given to the role of the many other Hsps in plant responses to abiotic stress and the direct
support for Hsp function during plant abiotic stress tolerance is limited. This, despite the
fact that Hsps are known to be expressed in plants not only when they experience high
temperature stress, but also in response to other environmental stresses such as water,

salinity, osmotic, cold and oxidative stress (Boston et al., 1996; Bukau and Horwich, 1998).

Hsp60, Hsp70 and Hsp90 interact with a wide variety of co-chaperone proteins that regulate
their activity or aid in the folding of specific substrate proteins (Bukau and Horwich, 1998).
Hsp70 is also involved in the modulation of signal transducers such as protein kinase A,
protein kinase C and protein phosphatase (Ding et al., 1998). Chaperones of the Hsp90 and
Hsp70 families and their co-chaperones were also found to interact with a growing number
of signal molecules, including nuclear hormone receptors, tyrosine- and serine/threonine
kinases, cell-cycle and cell-death regulators, demonstrating that they could play a key role in

cellular signal transduction networks (Nollen and Morimoto, 2002).

In mammalian cells, the sHsps are known to be involved not only in protection against
stress, but also in the modulation of other cellular functions such as apoptosis and
differentiation via their participation in the regulation of cellular redox states (Arrigo, 2002).
Although most of the studies were carried out in organisms other than plants, similar cross-
talk mechanisms might operate in plants. For example, heat-shock transcription-factor-
dependent expression of the antioxidant ascorbate peroxidases in Arabidopsis (Panchuk et
al., 2002) suggests that heat-shock factors (HSFs) might not only be involved in Hsp

synthesis but also in oxidative stress regulation of antioxidant gene expression.

Mehlen et al. (1996) and Garrido et al. (1999) demonstrated an interaction between sHsps
and glutathione in mammalian cells that resulted in increased resistance to cell death
induced by the tumour necrosis factor or by hydrogen peroxide. Resistance was dependent
on both the increase in reduced glutathione and increased expression of sHsps and was

shown to decrease the levels of cellular ROS. This interaction has not yet been investigated
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in plant systems, but there is much evidence that suggests the importance of glutathione in

the protection against ROS damage (May et al., 1998; Noctor et al., 1998).

The protective effects of Hsps can be attributed to the intra-cellular network of the
chaperone machinery in which many chaperones interact (Wang et al., 2004). During stress,
many enzymes and structural proteins undergo functional changes. Therefore, maintaining
proteins in their functional conformations, preventing aggregation of non-native proteins,
refolding of denatured proteins to regain their function and the removal of non-functional,

but potentially harmful polypeptides, are important for cell survival under stress.

Four distinct functions have been assigned to molecular chaperones (Grene, 2002). They
can act as repair proteins, they can remove proteins that are irretrievably damaged and they
can facilitate the import of newly synthesized proteins into the interior of organelles such as
peroxisomes. The fourth function is as antioxidant molecules in conjunction with protein

methionine-sulfoxide reductase.

Many molecular chaperones described so far are members of the Hsp60 and Hsp70 families.
The various functions of Hsp70s rely on their ability to bind to unfolded segments of
proteins in an ATP-dependent, reversible manner. All Hsp70s in prokaryotic and eukaryotic
cells consist of an ATP-binding domain and a peptide-binding domain (PBD) (Hartl and
Hayer-Hartl, 2002). The two domains cooperate and in doing so Hsp70s undergo substantial
conformational changes. It is generally agreed upon that the PBD of Hsp70 in its ATP form
has an open binding pocket which recognizes unfolded segments of polypeptides (Bukau
and Horwich, 1998; Mayer et al., 2001; Hartl and Hayer-Hartl, 2002). Upon hydrolysis of
ATP by Hsp70, the peptide-binding pocket closes so that the ADP form holds the substrate
tight. For their various functions Hsp70s require the cooperation with a set of co-
chaperones which help in binding the polypeptide substrates and which support the
ATP/ADP cycle (Bukau and Horwich, 1998; Kelley, 1998; Fan et al., 2003).

Induction of host Hsp synthesis in response to an encounter with a pathogen has at least
two major causes. Firstly, infected cells are confronted with antimicrobial mechanisms
which they have activated themselves against the pathogen during infection (Buchmeier
and Heffron, 1990). Effective protection against its own effecter molecules (e.g. reactive

radicals) becomes vital to the host for survival and hence the need for Hsps. Second, once
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inside a host, many microbes, especially those which persist in the host, interfere with
intracellular host metabolism and thus, not surprisingly, many of these pathogens are
potent inducers of plant Hsp synthesis (Zligel and Kaufmann, 1999). As soon as a pathogen
enters its host, it is confronted with several changes, some of which are very stressful.
Inside the host a pathogen is usually confronted with ROl and RNI’s, attack by lysosomal
enzymes and depletion of co-factors. To protect itself against its host, the pathogen thus
activates various evasion mechanisms including the synthesis of its own Hsps (Buchmeier

and Heffron, 1990).

2.5.2 TRANSCRIPTION FACTORS

Stress gene induction occurs primarily at the level of transcription and regulation of the
expression patterns of specific stress related genes is an important part of the plant stress
response (Rushton and Somssich, 1998). Plants devote larger portions of their genomes to
genes encoding transcription factors compared to mammalian cells. The Arabidopsis
genome, for example, contains more than 1500 transcription factor genes (Reichmann et al,,
2000) and these transcription factors belong to large gene families, some of which are

unique to plants.

Transcription factors can be defined as regulatory proteins that bind to short stretches of
DNA in a sequence-specific manner and mediate protein-protein interactions (Després and
Fobert, 2006). These interactions facilitate or interfere with the recruitment of RNA
polymerase and the basal transcriptional machinery. Three of the largest families include
the ethylene-responsive-element-binding factors (ERF), basic-domain leucine zipper (bZIP)

and WRKY proteins which are implicated in several stress responses.

ERF proteins form a subfamily of the APETALA2 (AP2)/ethylene-responsive-element-binding
protein transcription factor family that is unique to plants. ERF proteins share a conserved
58-59 amino acid domain (the ERF domain) that can bind to two similar cis-elements: the
GCC box, which is found in several PR gene promoters where it confers ethylene
responsiveness and the C-repeat (CRT)/dehydration-responsive element motif, which is
involved in the expression of dehydration- and low temperature responsive genes (Fujimoto

et al., 2000; Singh et al., 2002). Several Arabidopsis ERF genes respond to pathogen
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infection with different but overlapping kinetics and this may help to orchestrate the correct

temporal defence response (Ofate-Sanchez and Singh, 2002).

bZIPs form a large family of transcription factors in plants with 75 members in Arabidopsis
(Jakoby et al., 2002). One class of bZIP proteins that is linked to stress responses comprises
the TGA/octopine synthase (ocs)-element-binding factor proteins. These proteins bind to
the activation sequence-1 (as-1)/ocs element which regulates the expression of PR1 and
glutathione S-transferase genes (Lebel et al.,, 1998; Chen and Singh, 1999). In Arabidopsis
there are seven members of the TGA/OBF family which play roles in plant defence and
development and have been shown to interact with the NPR1 protein of the SA-dependent

defence pathway (Zhang et al., 1999; Després et al., 2000; Niggeweg et al., 2000).

WRKY proteins form another family of transcription factors that are unique to plants
(Eulgem et al., 2000). WRKY proteins contain either one or two WRKY domains —a 60 amino
acid region that contains the amino acid sequence WRKYGQK or a zinc finger like motif.
Specific WRKY family members show enhanced expression and/or DNA-binding activity
following induction by a range of pathogens, defence signals and wounding (Eulgem et al.,

2000).

2.5.3 R-GENES

Despite the great diversity in lifestyle and pathogenic mechanisms of disease-causing
organisms, R-genes were found to encode proteins containing certain common motifs. The
current classification of R-genes recognizes four classes, coding for (1) cytoplasmic
serine/threonine kinases e.g. the Pto gene in tomato (Tang et al, 1999); (2) proteins
containing a nucleotide binding site (NBS) and leucine-rich repeats (LRRs) together with
either a Toll/Interleukin-1 receptor (TIR) domain (e.g. the tobacco N gene (Liu et al., 2002))
or a coiled-coil structure (CC) for example the Arabidopsis RPS2 gene (Bent et al., 1994); (3)
extracellular LRRs anchored to a transmembrane domain (e.g. the tomato Cf-9 gene (Jones
et al., 1994)) and (4) receptor-like protein kinases (RLKs) with extracellular LRRs and an
intracellular serine/threonine kinase domain (e.g. the rice Xa21 (Song et al., 1995) and the

wheat Lrk10 genes (Feuillet et al., 1997)).
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R-gene products interact with proteins encoded by Avr genes in a race-specific recognition
event or with general elicitors produced as a result of the infection. Once the receiver
domain is activated by ligand binding, either the NBS or the serine/threonine kinase domain
becomes accessible to the downstream components of the signal transduction pathway,

ultimately triggering the defence response (Bendahmane et al., 2002).

In addition to gene for gene recognition of a pathogen mediated by the R and Avr genes,
nonhost resistance is achieved through communication of specific pathogen or plant cell
wall derived signal molecules, called exogenous or endogenous elicitors respectively
(Montesano et al., 2003). These elicitors are often low-molecular-weight compounds that
are either synthesized or liberated from polymeric precursors during infection (Somssich
and Hahlbrock, 1998). The chemical structure of these elicitors varies greatly and includes
glycoproteins, peptides and oligosaccharides (Boudart et al., 1995; Montesano et al., 2003).
Some proteinaceous elicitors are directly produced by bacterial or fungal pathogens,
whereas biologically active oligosaccharides are released from pathogen and plant cell walls
by hydrolases secreted by the two organisms. Complex and largely unresolved perception
systems exist for these elicitors on the plant cell surface which activate multiple intracellular

defence pathways (Odjakova and Hadjiivanova, 2001).

The NBS-LRR class is by far the largest group of resistance proteins (Bai et al., 2002). Two
subgroups within the NBS-LRR class have been recognized by the presence or absence of a
TIR domain and structural similarity to the cytoplasmic defence domains of the Toll and

interleukin-1 receptor (Baker et al., 1997; Parker et al., 1997; Rock et al., 1998).

The first subgroup (TIR-NBS-LRR) includes N (tobacco mosaic virus resistance (Holmes,
1938)), L6 (flax rust resistance (Flor, 1947)), M (flax rust resistance (Anderson et al., 1997))
and RPP5 (downy mildew resistance (Parker et al., 1997)) which are all involved in defence
processes. The second subgroup, which lacks the TIR region, includes the bacterial
resistance proteins RPS2 (Bent et al., 1994), RPM1 (Grant et al., 1995), Xal (Yoshimura et
al., 1998), Prf (Salmeron et al., 1996) and the fungal resistance protein 12 (Ori et al., 1997).

Signalling through these two classes however is realized through different signal

transduction pathways. In Arabidopsis, proteins in the TIR class signal via a pathway that
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includes EDS1 (Parker et al., 1996) while proteins in the LZ class signal via a pathway that
includes the NDR1 gene (Century et al., 1997).

Over the past few years, protein kinases have been identified for both race- and nonrace-
specific elicitation of defence responses in plants. They often participate in the direct
perception of elicitors of Avr products (Song et al., 1995; Cervone et al., 1997; Feuillet et al.,
1997; Thomas et al., 1997), mediate defence required for the production of defence
mechanisms and function as regulators of defence responses (Romeis, 2001). The
phosphorylation of proteins, probably initiated by a receptor, is thought to relay the
defence signal to different downstream effectors (Ligterink et al., 1997). In some cases, the
receptor contains a kinase domain that may trigger the phosphorylation cascade whereas in
others a secondary messenger such as Ca®>" may trigger the protein kinases (Blumwald et al.,

1998).

2.6 INTERPLANT COMMUNICATION

SAR is the process whereby distal parts of a plant receive a signal from an infected part
(Scheel, 1998). This signal allows the distal part to activate its own defence mechanisms as
a preventative defence strategy. In a similar way two neighbouring plants could
communicate so that the uninfected plant could activate its defences based on an airborne
signal coming from an infected neighbour. Intra-plant communication and signal
transduction have been described often, so the possibility of communication and signal
transduction between plants, exists. If there are receptor proteins to facilitate intra-plant
communication, there should also be ones able to accept signals from other plants in the

same area.

Plant communication is a loaded term that has come to encompass a broad definition. Most
would accept a definition with the requirement that information can be exchanged,

regardless of intent or fitness consequence for either party (Baldwin et al., 2002).

Studies on plant-to-plant communication are often received with scepticism. The major
issues raised are as follows: (1) data suffers from statistical flaws such as pseudo replication,

(2) the dose of chemicals applied in experiments is unrealistically high, (3) the mechanism is
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unknown or alternative mechanisms may explain the data and (4) experiments under

realistic field conditions are lacking (Karban et al., 2000; Dicke and Bruin, 2001).

Plants have developed a multitude of inducible defence mechanisms against aggressive
biotic agents. Defensive actions by plants induced via specific signal transduction events
may negatively affect a herbivore’s physiology. An example is the accumulation of protease
inhibitors in potato and soybean plants (Koiwa et al., 1997). Plants may also indirectly
defend themselves against herbivores by emitting specific blends of volatiles that attract
natural carnivorous enemies of herbivores (Dicke et al, 1990; Turlings et al., 1990;
Takabayashi and Dicke, 1996; Arimura et al., 2001). In some cases these compounds are
released when feeding ruptures pre-existing internal or external secretory structures in
which volatiles are synthesized and stored, while in other cases these volatiles are formed at

the moment of damage (Gang et al., 2001).

After herbivore attack, plants release complex bouquets of volatiles into the air from their
vegetative tissues. Predators and parasitoids of insect herbivores are attracted to
herbivore-induced volatile releases, showing a powerful indirect defence for plants (Baldwin
et al.,, 2002). There is a broad diversity of known inducible volatiles, including alkenes,
alkanes (Preston et al., 2001), two jasmonates (cis-jasmone (Preston et al.,, 2001) and
methyl jasmonate (Farmer and Ryan, 1990)) and methyl salicylate (MeSA) (Shulaev et al,,
1997) but the dominating compounds tend to be terpenes (Arimura et al., 2001) and C6

green leaf volatiles (GLVs) (Holopainen, 2004; Van den Boom et al., 2004).

Inducible volatiles can be divided into two classes. The first class, the GLVs is released
immediately (0-5 min) after mechanical damage to leaves (Fall et al., 1999) while the second
class, which consists mainly of terpenes, is synthesized after damage but only released a few
hours after the initial damage took place (Dudareva et al., 2004). The compounds are also

released from damaged and undamaged leaves (Holopainen, 2004).

Of all these proposed signals, only methyl jasmonate is detectable in volatile collections
from sagebrush, where the chemical induced the accumulation of proteinase inhibitor 1 to
higher levels than what could be induced by wounding (Karban et al.,, 2000). It was also
found that control plants, which were in the same cabinet, but not sprayed with methyl

jasmonate, accumulated low levels of proteinase inhibitor 1.
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However, methyl jasmonate is released by sagebrush irrespective of damage, so receiver
plants need to distinguish the signal from ‘background noise’. Karban et al. (2000) and
Preston et al. (2001) found that sagebrush increase methyl jasmonate production by up to
16 times and can also change the isomeric conformation of methyl jasmonate to the
biologically more active cis isomer. It was found that the trans:cis methyl jasmonate ratio
changes from approximately 80:20 in undamaged plants to approximately 40:60 in damaged
plants. It is thus hypothesized that the receiving plants use the more active cis isomer as an

indicator of damage (Preston et al., 2001).

Methyl jasmonate is a biosynthetic product of the lipoxygenase or octadecanoid pathway,
which can be induced under stress caused by herbivory (Bate and Rothstein, 1998).
Jasmonic acid and methyl jasmonate are known to induce various aspects of biochemically
based defences within the plant or in tissue cultures, but the volatility of the methyl ester
potentiates aerial activity (Pickett and Poppy, 2001). When the plant is damaged by
herbivory or simulated herbivory, methyl epi-jasmonate is predominantly released and this
has greater activity on recipient wild tobacco plants (Pickett and Poppy, 2001; Karban,
2001).

Ethylene emissions from lima bean leaves infested with spider mites have been observed
and was reported by Xu et al. (1994) to activate some defence genes. Ethylene is thus also
thought to be one of the candidate airborne signals involved in plant-plant communication

(Arimura et al., 2001).

Maize seedlings damaged by beet armyworm caterpillars release a specific cocktail of
volatile terpenoids and indole that is recognized by parasitic wasps (Turlings et al., 1991).
Volicitin (N-(17-hydroxylinolenoyl)-L-glutamine) present in the saliva of beet armyworm
caterpillars has been identified as the major active elicitor for the formation of volatiles in
maize (Alborn et al, 1997). Recently two genes, Igl and Stcl, whose expression is
specifically induced by volicitin, have been isolated from maize. Igl encodes an indole-3-
glycerol-phosphate lyase (IGL) (Frey et al., 2000) and Stc1 encodes a sesquiterpene cyclase
(Shen et al, 2000). IGL cleaves indole-3-glycerol-phosphate to form indole and
glyceraldehyde-3-phosphate (Frey et al., 2000). Indole in turn is further metabolized to form

two benzoxazinoids namely 2,4-dihydroxy-2H-1,4-benzoxazin-3(4H)-one (DIBOA) and it’s
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methoxy derivative 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA).
Benzoxazinoids are natural pesticides found predominantly in the Poaceae and serve as
important factors in host-plant resistance to microbial diseases and insects (Gierl and Frey,

2001).

Emission of volatiles from pathogen-infected plants may serve as a direct defence against
pathogen infections. Several lipid-derived volatiles, including (Z)-3-hexenol and (E)-2-
hexenal are released from Phaseolus vulgaris leaves during an HR response to Pseudomonas
syringae pv. phaseolicola (Croft et al.,, 1993). Both (Z)-3-hexenol and (E)-2-hexenal are
bacteriocidal but at different concentrations (Croft et al., 1993). Maize-derived volatile
compounds, hexanal and octanal, strongly inhibit growth of the fungus Aspergillus
parasiticus on culture media (Zeringue et al.,, 1996). Peanut plants infected with white
mould, Sclerotium rolfsii, emitted a mixture of lipoxygenase products, terpenoids, indole
and MeSA which were both quantitatively and qualitatively different from volatiles collected
from healthy plants (Huang et al., 2003). Among these volatiles, (Z)-3-hexenyl acetate,

linalool and MeSA significantly inhibited fungal growth on solid culture media.

While some studies found no evidence for the transfer of information between damaged
and undamaged plants (Preston et al.,, 2001), many others presented evidence supporting
the hypothesis of information exchange between damaged and undamaged plants (Dicke et
al., 1990; Karban et al., 2000; Arimura et al.,, 2001). An important question is whether
information exchange between damaged and undamaged plants can be expected in all plant
species. If plants of a certain species show the ability, the question is whether individuals of
that species should always respond to information from damaged neighbours (Dicke and
Bruin, 2001). Once evidence for plant-to-plant communication has been found, it becomes
feasible to investigate to what extent plants are informed about local conditions and what

strategies they can follow (Karban et al., 1999).

2.7 CONCLUDING REMARKS

Like animals, plants have evolved an elaborate system to protect them against pathogen
infections. Numerous attempts have been made in the past to identify and clone the

receptors facilitating the detection of pathogenic intruders and several have been
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successful. The challenge now is to identify all the interacting mechanisms and to clarify the

role of each in the defence response.

The aim of this study was to investigate, on molecular level, some early events following the
infection of wheat with leaf rust. An attempt was made to identify putative genes involved
in these early events. Once these genes were identified, their relevance in the biochemical

defence response was investigated.
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3.1 INTRODUCTION

In nature, plants are continuously challenged by fungi, bacteria, viruses and nematodes.
Few of these are successful in infecting a potential host. However, the cultivation of crops
leads to large areas of genetically identical plants, containing relatively few in-bred
resistance genes. Due to the genetic uniformity of these crops, pathogens can overcome
these genes over time. Important components of a plant’s surveillance system against such
pathogens include resistance (R) genes. R-gene products recognize pathogenic avirulence
(Avr) gene products directly or indirectly. When recognized and bound by specific
receptors, they activate defence pathways which in turn lead to the activation of the
defence response. This leads to the activation of a diverse array of defence mechanisms
inside the plant. When corresponding R and Avr genes are present, disease resistance

occurs. If either one is inactive or absent, the result is disease (Flor, 1971).

Various defence responses are induced in infected plants to deter invading pathogens. Both
endogenous and exogenous signal compounds, called elicitors, include amongst others,
proteins, glycoproteins, oligosaccharides and lipids (Morris and Walker, 2003) which are

crucial components of defence in plants.

This activation leads to immediate reactions directly at the site of infection. Included are
the production of reactive oxygen species (ROS) and nitric oxide (NO) (Pastori and Foyer,
2002), the activation of the hypersensitive response (HR) (Johal et al., 1995; Ladyzhenskaya
and Protsenko, 2002), the accumulation of phenolics and other secondary metabolites as
well as cell wall reinforcements (Bradley et al., 1992). There are also local tissue responses
such as the synthesis of pathogenesis-related (PR) proteins and the accumulation of salicylic
acid (SA), ethylene and jasmonic acid (JA) (Stintzi et al., 1993; Xu et al., 1994). In addition to
this, systemic responses that prime uninfected parts of the plant against the potential
pathogen attack, are also activated (Ward et al., 1991; Luan, 1998; Tang et al., 1999; Sessa
and Martin, 2000).

The most common response of resistant plants to cellular invasion by fungal pathogens is

rapid cell death, which forms part of the HR. The death of cells in infected areas blocks the
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pathogen’s development and spread. The HR is, however, not an obligatory component of

the plant’s defence response (Heath, 1997).

In most plant/pathogen interactions, phosphorylation and dephosphorylation play key roles
during the defence events (Xing et al., 2002). Thus, several protein kinases are implicated to
be involved during the defence response. Examples of such protein kinases include Lrk10
(Feuillet et al., 1997), Xa21 (Song et al., 1995) and Pto (Tang et al., 1999). Since protein
kinases are very conserved (Hanks et al., 1988), degenerate primers specific for subdomain
VIb could be used to clone protein kinase genes expressed during the early plant/pathogen
interaction. Subdomain VIb is the most conserved subdomain of protein kinases in both

monocot and dicot plants and differs by only two amino acids.

The aim of the study was therefore to clone and identify putative protein kinase genes using
degenerate primers for subdomain VIb with the emphasis on genes expressed shortly after

the infection of wheat with leaf rust.

3.2 MATERIALS AND METHODS

3.2.1 PLANT MATERIAL

Triticum aestivum cv Thatcher and line RL6058 (Thatcher+Lr34) was grown in a growth
cabinet where cool-white fluorescent tubes emitting 120 pE.m™2.s™ provided a 24 h day
length. When the plants were 10 days old, each pot received 20 ml of a 10 g.I" liquid
fertilizer (1 part nitrogen: 2 parts phosphorous: 3 parts potassium). Thereafter, fertilizer

was administered weekly until plants started developing flag leaves.

3.2.2 LEAF RUST INOCULATION

Adult Thatcher and Thatcher+Lr34 plants were sprayed with fresh spores (approx 65000
spores/ml) of Puccinia triticina pathotype UVPrt9 that were suspended in distilled water
containing a drop of Polyoxyethylene sorbitan monolaurate (Tween™ 20). Control plants
were sprayed with distilled water containing Tween™ 20. The plants were left to dry and
then placed in a dark dew-simulation cabinet at 18 to 20°C for 16 h to facilitate spore
germination where after it was transferred to the greenhouse. Flag leaf material was

collected at 3 h intervals for 15 h with the first time point taken directly after inoculation. All
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samples were quick-frozen in liquid nitrogen and stored at -70°C. Tissue was ground to a
fine powder in liquid nitrogen. Some of the infected plants were left to confirm the success

of the infection.

3.2.3 DIFFERENTIAL DISPLAY REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION
(DDRT-PCR)

Total RNA was extracted from infected wheat tissue according to the method of
Chomczynski and Sacchi (1987). The quantity and quality of the extracted RNA was

confirmed spectrophotometrically as described by Sambrook et al. (1989).

DDRT-PCR of mRNA was performed according to the method of Liang and Pardee (1992)
with minor modifications. Total RNA (10 ng) from infected resistant plants was reverse
transcribed and amplified using the Titan One-Tube RT-PCR system (Roche) in the presence
of 2.5 uM of an anchored oligo-dT primer (Bovis 32) (Table 3.1), 2.5 uM of a degenerate
subdomain VIb specific primer (Bovis 22 for monocot or Bovis 23 for dicot protein kinases
respectively (Hanks et al.,, 1988)), 2.5 uM of an anchor specific primer (Bovis 39), 25 uM
deoxynucleotide triphosphates (dNTP’s), 10 pCi [a->*P]-deoxycytosinetriphosphate (dCTP)
and 5 mM dithiothreitol (DTT). The amplification conditions were according to the Titan kit
specifications, with the temperature for the reverse transcription (RT) step being 42°C and
the PCR annealing temperature 45.3°C. A diagrammatical representation of the DDRT-PCR
strategy is indicated in Figure 3.1. PCR products were analyzed on a 6% (w/v) non-
denaturing Long Ranger™ (FMC Bioproducts) gel using 1x TBE (89 mM Tris pH 8.0, 89 mM
boric acid, 2 mM EDTA) as running buffer. The gel was dried at 80°C for 2 h and exposed to
radiographic film for 4 days.

Differentially expressed cDNA bands were cut from the gel, eluted in 200 pl water at 95°C
for 15 min and re-amplified using the same conditions as described above. Re-amplified
cDNA fragments were analyzed on 1% (w/v) agarose gels (Sambrook et al., 1989) and
fragments with the expected sizes were purified and cloned into the pGemT-Easy vector
(Promega) according to the manufacturer’s instructions. Plasmids containing inserts were

then used in reverse Northern blots.
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Table 3.1: Names and sequences of primers used during DDRT-PCR. Bases indicated in bold

show the difference between the monocot and dicot specific primers.

Primer name  Nucleotide sequence

Bovis 22 5" — GAY ATH AAR CCN CAY AAY - 3’
Bovis 23 5" — GAY GTN AAR CCN GAR AAY -3’
Bovis 32 5 — GAA GAATTC TCG AGC GGC CGC T19VN =3’
Bovis 39 5 — GAA GAATTCTCG AGC GGC -3’

V =G/C/A; N=G/C/T/A;Y=C/T,; H=C/T/A; R=G/A
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Kinase Domain poly A Tail

Bovis 22 Bovis 32
=
Bavis 23 $’”

Figure 3.1: The amplification strategy used for the DDRT-PCR. While Bovis 32 was used for
the reverse transcription step, Bovis 39 was used in combination with Bovis 22 or 23 for the

PCR step.
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3.2.4 REVERSE NORTHERN BLOT ANALYSIS

Nylon membranes were prepared by blotting purified recombinant plasmids (500 ng) onto
the membranes (Hybond N*, Amersham Biosciences) using a Hoefer slot blot system
according to the manufacturers’ instructions. As control, a cloned actin gene fragment was
transferred onto the nylon membrane. These membranes were then used to perform a
reverse Northern blot as described by Dilks et al. (2003). As probes, 10 pg total RNA
isolated from leaf tissue at each time interval was reverse transcribed in the presence of 10
UCi [o->*P]-dCTP using SuperScript™ Ill Reverse Transcriptase (Invitrogen) according to the
manufacturer’s instructions. After hybridization, each individual hybridized clone was cut
from the membrane, transferred to a sample vial and counted on a liquid scintillation
counter using the Cherenkov channel. The expression levels of the individual cDNA
fragments at the different time intervals were determined by first expressing the obtained

values relative to that of actin and then the normalized values relative to time zero.

3.2.5 SEQUENCING OF CLONED CDNA FRAGMENTS

cDNA fragments showing a marked increase in expression after infection were sequenced.
Sequencing was done at Inqaba Biotech (South Africa). The resulting sequences were used
to do a BLAST analysis on the NCBI website (http://www.ncbi.nlm.nih.gov/Genbank) to

search for similarities to known genes.

3.3 RESULTS

3.3.1 LEAF RUST INFECTION

Infection of wheat by P. triticina leads to leaf rust disease (Fig 3.2). The susceptible Thatcher
cultivar showed brown-red pustules on the surface of the leaves one week after infection.
The resistant Lr34 cultivar on the other hand showed mainly necrotic flecks, indicative of an

active defence response within the plants.

3.3.2 IDENTIFICATION OF DIFFERENTIALLY EXPRESSED GENES
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Following DDRT-PCR, a total of 29 differentially expressed cDNA fragments were cloned

from leaf rust-infected resistant wheat (results not shown).
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Pustules of £. triticing
on Thatcher

Lesion farmation on
Thatcher+Lr34

Figure 3.2: Flag leaves of adult Thatcher and Thatcher+Lr34 plants one week after infection
with P. triticina. The top leaf indicates infected susceptible Thatcher and the bottom leaf

infected resistant Thatcher+Lr34 leaves.
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Of these, 20 were amplified using the monocot/anchor specific primer combination and
nine using the dicot/anchor specific primer combination. The cloned inserts were the

predicted sizes and were used in the reverse Northern blot.

3.3.3 CONFIRMATION OF DIFFERENTIAL GENE EXPRESSION

To confirm that the cloned cDNA fragments were not artefacts of DDRT-PCR, but
differentially expressed gene fragments, reverse Northern blots were performed (Fig 3.3).
Four of the 29 cloned cDNA fragments showed a significant increase in expression, while
one showed a dramatic decrease of expression in infected resistant (IR) plants. In contrast,
none showed a change in expression in infected susceptible (IS) plants within the allocated
time interval. The other 24 cDNA fragments showed very little variation in gene expression
in both the IR and IS plants. They were consequently discarded and not studied any further.
The cDNA fragments that showed differential expression were sequenced and compared

with sequences included in GenBank.

Clone M8 showed a 3.6 fold induction in expression 6 hours post inoculation (h.p.i.). When
sequenced, the cDNA insert was 625 bases in length (Fig 3.4). Two open reading frames
coding for two polypeptides of 115 and 130 amino acids respectively, were found. On
amino acid level, only the second polypeptide shared sequence homology to an Oryza sativa
monosaccharide transporter 3 (GenBank accession nr NP919214.1, E=7e®). The

polypeptide also contained a pfam00083 conserved sugar transporter domain.

Clone M9 showed a 1.5 fold increase in expression 3 h.p.i. and had a nucleotide sequence
832 bp in length (Fig 3.5). Its longest open reading frame coded for a polypeptide of 222
amino acids. On amino acid level it shared sequence similarity with an O. sativa cell wall

invertase 1 (GenBank accession nr AY342319, E = 2e™°).

Clone M27 showed a 58 fold increase in expression 9 h.p.i. and had a nucleotide sequence
of 236 base pairs (Fig 3.6). The longest open reading frame of 12 amino acids contained a
conserved pfam00012 heat shock domain. On nucleotide level it shared sequence similarity
to an O. sativa hsp70 gene for heat shock protein (Hsp) 70 (GenBank accession nr X67711,

E =1e™). This region of homology was just upstream of the proposed stop codon, while the
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proposed 3’ untranslated region downstream of the stop codon differed substantially.

Unfortunately the encoded polypeptide was too short to show any real similarity.
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Figure 3.3: Reverse Northern blot analysis of cloned cDNA fragments. The expression of
each cDNA fragment was expressed relative to a constitutively expressed actin gene
fragment. Actin expression is represented by 1 and indicated with a solid line across the
graph. The expression of each fragment in infected resistant (top panel) and infected
susceptible wheat (bottom panel) is indicated in each graph.
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a. GGGGALHLPLCGRVRVVVGAPGVAGAQRDLPAGDQAGGAEHQRVG
EHALHLRHRAGVPHHALPHEVRPLLLLRRLGGDHDRLHRALPAGDQE
RAHRGDGARLEGTLVLAQVHRRRStop

b. AAVVLFICLYVAGFAWSWGPLGWLVPSEIFPLEIRPAGQSINVSVNM
LFTFVIAQAFLTMLCHMKFGLFYFFAGWVVIMTVFIALFLPETKNVPI
EEMVLVWKGHWFWRRYIGDADVHVGANNGKGAAIAStop

C. MST3 MAGGAVVSTGAGKDYPGKLTLFVFFTCVVAATGGL IFGYD1G I SGGVTSMDPFLRKFFPE
M8
MST3 VYRKKQMADKNNQYCKYDNQLLQTFTSSLYLAALVSSFFAATVTRVLGRKWSMFAGGLTF
M8
MST3 L 1GAALNGAAENVAML IVGR I LLGVGVGFANQSVPVYLSEMAPARLRGMLNIGFQLMITI
M8
MST3 GILAAEL INYGTAK IKAGWGWRVSLALAAVPAAT I TLGSLFLPDTPNSL IDRGHPEAAER
M8
MST3 MLRR IRGSDVDVSEEYADLVAASEESKLVQHPWRN I LRRKYRAQLTMAICIPFFQQLTG
M8
MST3 NV IMFYAPVLFDTLGFKSDASLMSAV I TGLVNVFATLVS I FTVDRLGRRKLFLQGGAQMV
M8
MST3 VCQVVVGTLIAVKFGTSGIGD I PKGYAR YVAGFAWSWGPLGWLVPSE I FPLE
M8 e A BYVAGFAWSWGPLGWLVPSE I FPLE

a -
MST3 IRPAGQS INVSVNMLFTFV I AQAFLTMLCHMKFGLFYFFAGWVV IMTVF IALFLPETKNV
VE] IRPAGQS INVSVNMLFTFV I AQAFL TMLCHMKFGLFYFFAGWVV IMTVF I ALFLPETKNV]
MST3 P 1 EEMVLVWKEHWFWRR(E | GDEDVHVGAN QGSNN{RLS
VE] P 1 EEMVLVWKEHWFWRRY 1 GDRDVHVGAN NI YT

-kk*k

Figure 3.4: Sequence analysis of clone M8. In a + b the two longest open reading frames are
indicated. In c, the longest polypeptide is aligned with Monosaccharide transporter 3 from
O. sativa (GenBank accession nr NP 919214.1). Consensus sequences are indicated with an
(*) while (:) indicates conservative substitutions and (.) semiconservative substitutions.
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a. EEFSSGKQLLQWPVEELDQLRGKAVSVGDKVVKPGQHFEVTGLQSY
QSDVEVSFEVPSLDKAEPFDPAYANDAQKLCGMKNADVKGGVGPFG
LWVLASSNLAEKTAVFFRVFKDGHGKPLVLMCSDPTKSSLTPGLYKPT
FAGFVDTDISSGKISLRSLIDRSVAESFGAGGKTCILSRVYPSMAIGTD
AHLYVFNNGDTDIKVSKLTAWEMKKPMM N G A Stop

b. cini MGTRLLALAPWLLLLLLQLAGASHVVHRSLEAEQAPSSVPAS IVSPLLRTGYHFQPPMNW
MO e
Vo AN VTS VSQDL [T AL EPATEPDITSDRY®
W T LYo TR PN Y QUQN I AT PNASDPLLREIVPAYNEVATPE?
W AR LAY L TRSRD T T RARHPLASAL TN
o o oSy VLS L DL TRYDYYTVE IYNKVTERYVPDNPAS
CIN1 DYHRLRYDYGNFYASKTFFDPVKHRR I LLGWANESDSVTYDKAKGWAG IHA IPRKVWLDP

MO EEFS-————————————

CIN1 SGKQLLQWP[|EELS BV SV[EDKVVKPGEHFSV TGLIERIYQ LEYSCHE
M9 SGKQLLQWP] DQ €DKVVKPGEHFEVTGLESYQS SEVESLBKAES
: :*** :**: :**: :**__*:***_

E e

CIN1 [RDPAZEINDAERN CGAKEADVRGGV@YFGLWVLASQELIREKTAVFFRVFKIY
M9 EDPAVEW DA CGUKINADVINGGVERFGLWVLASSINLIAEKTAVFFRVFKEY <P
:***:_:**::*** *_***:*** :_*

KXk Kdk-kk

CIN1 MCYIDPTKSSLEPBLYKPTFAGFVDTD I SSGKISLRSL IDRSVIYESFGAGGKTCILSRVYP|
M9 MCEDPTKSSLLJPEL YKPTFAGFVDTD I SSGKISLRSL IDRSVIRESFGAGGKTCILSRVYP|
*Kk - *

CIN1 SMATGBINAHLYVFNNG[S Sl INAWEMKKP A
M9 SMAIGIBAHLYVENNGHL INLIJAWEMKK P A

=kkhkk =k -k Fhkkhkkkhkk-kkkhkk

Figure 3.5: Sequence analysis of clone M9. In a, the longest open reading frame is
indicated. In b, the polypeptide is aligned with Cell wall invertase 1 from O. sativa (GenBank
accession nr AY342319). Consensus sequences are indicated with an (*) while (:) indicates
conservative substitutions and (.) semiconservative substitutions.
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a. SGGAGPKIEEVDStop

b . M27 e
X67711 GGCTGGACGGCAACCAGCTCGCTGAGGCTGATGAGTTCGATGACAAGATGAAGGAGCTGG
M27 e
X67711 AGGGCATCTGCAACCCCATCATCGCCAAGATGTACCAGGGCGCTGGCGCGGACATGGCCG
M27 e GCEGCGGTGCTGGCCCCAAGATCG
X67711 GCGGCATGGACGAGGACGATGCTCCCCCGGCTGGCGEeA e felogelclolololoh:ViYel:y fole

**

M27 AGGAGGTCGACTAAGREEI[OCle T TR T T AAIAETE ACECATRCEESATTTT
X67711 AGGAGGTCGACTAAGRCe oY YNITTEeTTARANACTIECIeA TG TIee AN ACCIPe
* % **kkhk KX KX X * *%x * * * *kk
M27 NRICAETCOIEGGTGCCAAGCATACACS TECEeRG SR THCIICHACT T T TCCHC
X67711 ATTIREGEE G RRIele THACE TEAICIOGOGC TIICAAGT T T TI TH— GCAUT
*k*k * E = * * * * X X **kk *kkkh*k K Kk X * *
M27 TGTIEC XA TG TETG TG TEAIEAACIINIGOATEAT G TG TUT GG
X67711 ATCIETGYETETT T BTG TG TNV AACIRISGEEATUATGLEE TG TASC
*x ** X * K K*k KhkAkk E * **x *khk **x K K*k%k *
M27 c CASCIJAA TEE T TA TR - - - —————-—-————-—-
X67711 L LRESGLCH- - S TIRIGG-E8AGTC AAGAACTTCGTTGGGAGCTC
**k KXk X Xk * *x ** B

Figure 3.6: Sequence analysis of clone M27. In a, the longest open reading frame is
indicated. In b, the nucleotide alighment of M27 with the gene encoding the Heat shock
protein 70 from O. sativa (GenBank accession nr X67711) is shown. Consensus sequences

are indicated with an asterisk. The putative stop codon is indicated in bold.
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Clone D5 showed an eight fold increase in expression within 9 h.p.i. and had a sequence of
801 bases with the longest open reading frame coding for a polypeptide of 170 amino acids
(Fig 3.7). On amino acid level it shared sequence similarity with a Hordeum lechleri indole-3-

glycerol phosphate lyase (GenBank accession nr AY462226, E = 2e™).

Despite several attempts to sequence the cloned M10 cDNA insert, no reliable sequence

information was obtained. This fragment was therefore also discarded.

3.4 DISCUSSION

DDRT-PCR was used to identify differentially expressed genes from resistant Thatcher+Lr34

wheat infected with leaf rust using primers specific for subdomain VIb of protein kinases.

Twenty nine cDNA fragments that were putatively differentially expressed within the first 15
hours after inoculation were cloned. In order to eliminate false positives generated during
the differential display, a reverse Northern blot was performed. Of the 29 cloned cDNA
fragments, only three showed markedly higher gene expression compared to time zero.
These three, and a fourth that showed only a moderate increase in expression level, were
sequenced. The high number of false positives is similar to that of other DDRT-PCR studies

(Dilks et al., 2003).

Clone M9 showed sequence similarity to an O. sativa cell wall invertase 1. Extracellular
invertase is a cell-wall-bound enzyme that catalyses the irreversible cleavage of sucrose
released into the apoplast via sucrose transporters. The resulting hexose monomers are
then imported into the sink cell by monosaccharide transporters (Hall and Williams, 2000;

Roitsch et al., 2003).

Infection of plants by pathogens may result in a general increase in apoplastic glucose levels
due to the activity of the cell wall invertases which catalyze the cleavage of sucrose to
glucose and fructose (Hall and Williams, 2000). There is also evidence that glucose may play
a key role in biotrophic pathogen/plant interactions since glucose appears to be the major
carbon energy source transferred from the host to cereal and pea powdery mildew

(Mendgen and Nass, 1988) although the route and mechanisms by which this occurs are not
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clear.
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a. LRILERRGTGSFTAAAREAGVRGLIVPDLPYTEASVLNIEAKKSEIELVL
LTTPTTKAERMNEITSASEGFVYLVSINGLTGARPSVNPHVKDLLREI
KQATDKAVAVGFGISTPDHVRQVAQWGADGVIIGSAMVKQLGEAN
SPREGLKRLEVYARSLKDALHAVICTIStop

b.
IGL GTRAPVPVPVAAGDRGLSVSQAMSKVMEKGKTAF IPY I TAGDPDLATTAAANEL DAL GA
D5 e || |SH—
IGL DVVELGMPFSDASADGAV I KASAARALAAGATVDA IMAMLKEVTPELSCPVVIFSYFSPI
D5 e

IGL AQ AMNEAGVINGL I VPDLPYREUSAEMNYEALKINEMELVLLTTPS Ty
D5 -R G NEAGVRGL I1VPDLPY] WUENEANKSELIELVLL TTPY TS N
:***_**:**_ T **x *_ *:**

=khkkhkhk -khkAhhkAkhkhkhkk-Kk-% ECEE s *x

IGL TIRASEGFVYLVSUYCUNGARIVNPREVIESIL LIS KQWTDKAVAVGFG I STPDH 10D
D5 [TSASEGFVYLVSHINGIMIGARENVNPEVIL L= 1 KQRTDKAVAVGFG I STPDHV[Y VEQW
* x * * - -

* Khkkxkkk - - = k*kk -Kk*kk-%k- KX -kkx *=-k-k

I1GL GADGV I IGSAMVKQLGEARSPEEGLKRLEVYARSLKDA L [seEtts
D5 GADGV I IGSAMVKQLGEANSPREGLKRLEVYARSLKDAL [gha\VA o4} |

**

Figure 3.7: Sequence analysis of clone D5. In a, the longest open reading frame is indicated.
In b, the putative polypeptide is alighed with Indole-3-glycerol phosphate lyase from
Hordeum lechleri (GenBank accession nr AY462226). Consensus sequences are indicated
with an (*) while (:) indicates conservative substitutions and (.) semiconservative
substitutions.



Chapter 3

3.5

The second clone, M8 showed sequence similarity to an O. sativa monosaccharide
transporter 3. Monosaccharide transporters normally play a role in the uptake of sucrose
from the phloem or apoplast into sink cells after the hydrolysis of these monosaccharides by

cell wall invertases (Buttner and Sauer, 2001).

Increased transport activity may be due to enhanced activity of existing transporters or
synthesis of new transporters possibly in the epidermal cells, thereby increasing the level of
glucose available to the invading fungal haustoria. Alternatively, the increased activity levels
may be a retrieval mechanism of the plant to support the increased demand for carbon in
defence mechanisms (Fotopoulos et al., 2003). The fact that these two genes showed
differential expression, indicate the possibility of sugar defence during the defence response

(Fotopoulos et al., 2003).

Clone M27 had sequence similarity to an O. sativa Hsp70 gene (OSHSC70A) even though the
sequenced fragment was very short. Heat shock protein 70 is a molecular chaperone and is
constitutively expressed during normal cellular conditions, but is inducibly expressed under
stress conditions, especially thermal and oxidative stresses (Wang et al., 2004). Hsp70
normally functions by preventing aggregation and assist with the refolding of non-native
proteins. Hsps are also involved in protein import and translocation (Wang et al., 2004).
Unfortunately, information about Hsp70 function in plants is limited, but they are highly
conserved between plants and mammals, so their function could be similar. Hsp70 in
mammals is involved in the modulation of signal transducers such as protein kinase A,
protein kinase C and protein phosphatase (Ding et al., 1998). In this respect, the Hsp70
chaperones might play a role by participating in modulating the expression of many
downstream genes in signal transduction pathways both during stress and under normal

conditions.

Clone D5 shared sequence similarity with a Hordeum lechleri indole-3-glycerol phosphate
lyase (IGL). Frey et al. (2000) have demonstrated that maize seedlings damaged by beet
armyworm caterpillars release a specific blend of terpenoids and indole that is attractive to
Cortesia marginiventris, a parasitic wasp that attacks larvae of several species of

Lepidoptera. Volicitin [N-(17-hydroxylinolenoyl)-L-glutamine] was identified as the major
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active elicitor in the oral secretion of these larvae. IGL catalyzes the formation of free indole
and is selectively activated by volicitin. IGL’s enzymatic properties are similar to BX1, a
maize enzyme that serves as the entry point to the secondary defence metabolites 2,4-
dihydroxy-2H-1,4-benzoxazin-3(4H)-one (DIBOA) and 2,4-dihydroxy-7-methoxy-2H-1,4-
benzoxazin-3(4H)-one (DIMBOA). Ig/ and Bx1 are evolutionarily related to the tryptophan

synthase alpha subunit gene (Gierl and Frey, 2001).

Even though the original aim was to clone and identify protein kinase genes involved in the
wheat/leaf rust interaction, none of the identified clones were protein kinases. The highly
conserved subdomain VIb of protein kinases encodes a serine/threonine phosphorylation
region and thus primers designed for subdomain VIb bound randomly to serine/threonine
phosphorylation sites. The result was that any induced gene that contained a

serine/threonine phosphorylation site was amplified.

To conclude, four differentially expressed cDNA fragments were cloned and sequenced. All
four share homology with genes that were previously shown to be involved in plant
defence. Clones M8 and M9 will be the subject of another study to determine whether a
sugar signal transduction event is active during leaf rust infection. During this current study,
the putative role of clone M27 during the response of resistant wheat infected with leaf rust
will be investigated. Of special interest will be to investigate whether this gene is selectively
linked to the resistance response of Thatcher+Lr34 during leaf rust infection. In addition the
cloning of IGL indicates a possible volatile defence event between the wheat plants. Both

these aspects will be covered in this study.
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Molecular characterization of TaHIp01, a
putative heat shock-like protein in wheat
induced upon infection with leaf rust
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4.1 INTRODUCTION

Plants need to defend themselves against attacks from viruses, microbes, invertebrates and
even other plants. Because plants lack a circulatory system, each plant cell must possess
preformed and/or inducible defence capabilities (Thatcher et al., 2005). In higher plants,
the systemic induction of defence responses by mechanical, herbivorous and pathogenic
damage is well characterized (Martin et al., 2003). These responses are elicited by a variety
of defence molecules including jasmonic acid (JA) (Turner et al., 2002) and salicylic acid (SA)

(Klessig et al., 2000).

Attempted infection by avirulent pathogens elicits the activation of a battery of defences in
resistant plants that are often accompanied by the collapse of challenged plant cells during
the hypersensitive response (HR) (Staskawicz et al., 1995; Ren et al., 2006). The HR is the
result of ligand/receptor interactions specified by paired plant resistance (R) and pathogenic
avirulence (Avr) genes. This results in a restricted lesion at the site of attack, clearly
delimited from surrounding healthy tissue. The death of the infected cell prevents the
pathogen from spreading further within the plant. Systemic acquired resistance (SAR) then
gradually develops throughout the rest of the plant, providing resistance to subsequent

attacks by virulent pathogens (Raskin, 1992; Ryals et al., 1994).

Heat shock proteins (Hsps) are a group of highly conserved proteins induced in pro- and
eukaryotes in response to elevated temperatures and a variety of other stresses, including
oxidative stress (Boston et al., 1996; Bukau and Horwich, 1998). Hsps thus appear to be
general stress proteins that are involved in maintaining cell function and survival during
stress or facilitating recovery from stress (Fernandez et al., 2004; Kanzaki et al., 2003;
Nirnberger and Lipka, 2005). Amongst the most prominent Hsps (28, 60, 70, 90 and 110
kDa), the 70 kDa species appears as a doublet (approximately 72 and 73 kDa) consisting of
Hsp70 (a major inducible homologue in most organisms) and Hsc70 (cognate or
constitutive), respectively. While both of these Hsp70s are cytoplasmic, other Hsp70 family
members are found in every major sub-cellular compartment of eukaryotic cells (Henics,
2003). A primary amino acid sequence homology of over 60% identifies these proteins as

some of the most conserved gene products (Hunt and Morimoto, 1985).
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The Hsp70 class of proteins is believed to act as molecular chaperones and is found in the
cytosol and most organelles (Guy and Li, 1998). Constitutively expressed Hsp70s assist in
protein folding and translocation (Dobson, 2003; Mayer and Bukau, 2005). During heat
stress, Hsp70s may be involved in the refolding of denatured proteins or protecting proteins
from stress-induced damage (Larkindale and Knight 2002; Nollen and Morimoto, 2002). In
non-stressed cells, Hsps are present in low concentrations, while in stressed cells they
accumulate to high levels. In Escherichia coli, for example, the Hsp60 homolog GroEL, which
was first described by Hendrix (1979), represents 1 to 2% of the total protein content under
normal conditions. Under stress conditions, however, its concentration is increased four to
five fold (Shinnick, 1991). Although Hsp70s do not accumulate to such high levels in

eukaryotes, their concentration is also increased after heat shock (Schett et al., 2003).

There is evidence that oxidative stress in plants induces the expression of Hsps and that it
provides a protective function (Grene, 2002; Larkindale and Knight, 2002). In tomato and
rice, both mitochondrial Hsp22 and chloroplastic Hsp26 expression are induced by H,0,

(Banzet et al., 1998; Lee et al., 2000).

The aim of this study was to characterize a gene fragment named Triticum aestivum Heat
shock-like protein 01 (TaHIp01) that was identified using DDRT-PCR from leaf rust infected
wheat, describe its expression pattern and propose a possible role for the protein in the

defence response.

4.2 MATERIALS AND METHODS

4.2.1 BIOLOGICAL MATERIAL

Triticum aestivum seed was germinated and grown in pots containing a sterilized 1:1
soil: peat mixture in a glasshouse at 25°C with a 16 h day/8 h night cycle.  For leaf rust
infection studies, Thatcher and Thatcher+Lr34 cultivars were grown to flag leaf stage. For
the other tests, Thatcher+Lr34 plants were grown to 3 leaf stage in a growth cabinet where
cool-white fluorescent tubes emitting 120 uE.m™.s™ light, provided a 16 h day length. For
the Southern blot analysis, Thatcher+Lr1, Lr2a, Lr3a, Lr3ka, Lr10, Lrl5, Lr16, Lr26 and Lr34
cultivars were grown to 3 leaf stage. For the yellow rust infections, Avoset R and Avoset S

wheat cultivars were grown until 3 leaf stage in the glasshouse before infection.
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Puccinia triticina pathotype UVPrt9 was multiplied on susceptible Karee seedlings while P.
striiformis pathotype 6E22 was multiplied on Avoset S seedlings. Freshly collected spores

were used for inoculation purposes.

4.2.2 RUST INOCULATION OF WHEAT

Adult Thatcher and Thatcher+Lr34 plants were sprayed with fresh P. triticina spores (approx
65000 spores/ml) that were suspended in distilled water containing a drop of Tween™ 20.
The plants were left to dry and then placed in a dark dew-simulation cabinet at 18 to 20°C
for 16 h to facilitate spore germination, where after it was transferred to the greenhouse.
Flag leaf material was collected at 3 h intervals for 36 h with the first time point being taken

directly after inoculation.

Avoset R and Avoset S seedlings were inoculated with fresh P. striiformis spores that were
suspended in kerosene oil. Plants were left to dry for approximately 2 h at room
temperature where after cool sterile water was sprayed on the plants to simulate high
humidity conditions. Finally, the plants were incubated for 48 h in the dark at 8°C under high
humidity to allow infection to occur. Plant tissue was collected in 6 h intervals for 72 h
starting immediately after infection. All samples were quick-frozen in liquid nitrogen and

stored at -70°C. Frozen tissue was ground to a fine powder in liquid nitrogen.

4.2.3 DIFFERENTIAL DiIsPLAY OF LEAF RUST INFECTED WHEAT RNA

Total RNA was extracted from infected wheat tissue according to the method of
Chomczynski and Sacchi (1987). The quantity and quality of the extracted RNA was

confirmed spectrophotometrically as described by Sambrook et al. (1989).

Differential display reverse transcription PCR (DDRT-PCR) of mRNA was performed
according to the method of Liang and Pardee (1992) with minor modifications. Total RNA
(10 ng) from infected resistant plants was reverse transcribed and amplified using the Titan
One-Tube RT-PCR system (Roche) in the presence of 2.5 uM of an anchored oligo-dT primer
(5" — GAA GAATTC TCG AGC GGC CGC T1gVN — 3’), 2.5 uM of a degenerate kinase subdomain
Vlb specific primer (5 — GAY ATH AAR CCN CAY AAY - 3’), 2.5 uM of an anchor specific
primer (5" — GAA GAA TTC TCG AGC GGC - 3'), 25 puM dNTP’s, 10 uCi [o->*P]-dCTP and 5 mM

DTT. The amplification conditions were according to the Titan kit specifications, with the
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temperature for the reverse transcription (RT) step being 42°C and the PCR annealing
temperature 45.3°C. PCR products were analyzed on a 6% (w/v) non-denaturing Long
Ranger™ (FMC Bioproducts) gel using 1x TBE (89 mM Tris-HCl pH 8.0, 89 mM boric acid, 2
mM EDTA) as running buffer. The gel was dried at 80°C for 2 h and exposed to radiographic
films for 4 days.

Differentially expressed cDNA bands were cut from the gel and eluted in 200 ul water at
95°C for 15 min and re-amplified using the same conditions as described above. Re-
amplified cDNA fragments were analyzed on 1% (w/v) agarose gels (Sambrook et al., 1989).
Fragments with the expected sizes were purified and cloned into the pGemT-Easy vector

(Promega) according to the manufacturer’s instructions.

4.2.4 SEQUENCING AND DNA ANALYSIS

Sequencing was done at Ingaba Biotech (South Africa). The resulting DNA sequences were
used to do a BLAST search on both the NCBI (http://www.ncbi.nlm.nih.gov/Genbank) and
the GrainGenes websites (http://wheat.pw.usda.gov/GG2) to search for similarities to
known genes. Where applicable, overlapping expressed sequence tags (ESTs) were
combined and used to search for known genes or contigs. A motif and pattern scan was
performed on the amino acid sequences according to Falquet et al. (2002) on the PROSITE

database.

4.2.5 SOUTHERN AND NORTHERN BLOT ANALYSIS

For Southern blots, genomic DNA was extracted from wheat leaves as described by
Sambrook et al. (1989) and 20 ug aliquots were digested with EcoR1 or BamH1 respectively.
The digested DNA was then separated on a 0.8% (w/v) agarose gel (Sambrook et al., 1989).
For the Northern blot, total RNA was extracted from wheat leaves (4.2.3) and 20 pg total
RNA was separated on 1% (w/v) formaldehyde containing agarose gel (Sambrook et al.,
1989). The digested DNA or RNA was transferred onto a Hybond N* nylon membrane (GE
Health Sciences) by downward capillary action as described by Chomczynski and Mackey
(1994). As probe, a [0-*2P] dCTP-labelled, PCR amplified 236 bp TaHIp01 (previously M27)

fragment was used. Hybridization was performed as described by Chomczynski (1992) but



Chapter 4

the membranes were exposed to a phosphor storage screen (Kodak) for 1 day. The screens

were scanned on a Personal Molecular Imager (Bio-Rad).

4.2.6 EXPRESSION ANALYSIS USING RT-PCR

RT-PCR assays was performed with 10 ng total RNA using the RobusT Il RT-PCR kit
(Finnzymes) in the presence of 2.5 uM sequence specific primer, 25 uM dNTP’s and 1.5 mM
MgCl,. The amplification conditions were according to the RobusT kit specifications, with
the temperature for the RT-step being 48°C while the PCR reaction consisted of 94°C for 2
min, 30 cycles of 94°C for 30 sec, annealing temperature based on the particular primer
combination for 30 sec, 72°C for 3 minutes, followed by a final extension step of 72°C for 5
min. PCR products were analyzed on a 1% (w/v) agarose gel using 0.5x TAE (20 mM Tris pH
8.0, 0.5 mM EDTA and 0.28% (v/v) acetic acid) as running buffer (Sambrook et al., 1989).

To test the expression of TaHIp01, specific primers (5’- CAG CAG CTG CGC AAA GGC TC -3’
and 5’- TCA CAC GGG TAG GGT AGT CC -3’; 2200 bp product) with an annealing temperature
of 58°C were used. These primers were designed to amplify the coding region of TaHIp01
after Blast analysis revealed it’s similarity to a known contig. To confirm that equal amounts
of total RNA were used for the RT-PCR reactions, the 18S rDNA gene was amplified using
specific primers (5’- CAA CTT TCG ATG GTA GGA TAG -3’ and 5’- CTC GTT AAG GGA TTT AGA
TTG -3’; 226 bp product) with an annealing temperature of 58°C. Gradient PCR’s were first

performed with both primer sets to obtain the optimum annealing temperature.

4.2.7 WESTERN BLOT ANALYSIS

Total cellular protein was extracted from the ground tissue in an extraction buffer (50 mM
Tris-HCI pH 7.5, 2.0 mM EDTA, 2.0 mM PMSF, 10 mM [-mercaptoethanol). After
centrifugation at 10000 g for 10 min at 4°C, the concentration was determined according to
Bradford (1976) on a microplate reader (Bio-Rad Model 3550) according to the method
described by Rybutt and Parish (1982).

Twenty microgram total cellular protein was separated on a 12% (w/v) SDS-Page gel
according to Laemmli (1970) for 1 h at 150 V and constant current. The gels were either
stained with Coomassie (0.1% (w/v) Coomassie Blue G-250, 10% (v/v) acetic acid, 50% (v/v)

methanol) or transferred to PVDF membranes (GE Health Sciences) using a Mini Trans-Blot
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cell (Bio-Rad) for 1 h at 350 mA according to the manufacturer’s specifications. The
membranes were probed with a rabbit-anti-HSP70/HSC70 polyclonal antibody (StressGen
Biotechnologies), diluted 1:10000 in TBST (Burnett, 1981). A 1:3000 diluted alkaline
phosphatase conjugated goat-anti-rabbit-lgG (Sigma) was used as secondary antibody.

Detection was performed by epitope staining as described by Blake et al. (1984).

4.2.8 CHEMICAL TREATMENTS OF WHEAT

Thatcher+Lr34 seedlings were sprayed with 20 mM hydrogen peroxide (H,0,) (Neill et al.,
2002), 100 uM methyl jasmonate (MelA) (Wang and Wu, 2005), 5 mM methyl salicylate
(MeSA), 200 uM Menadione (Borges et al., 2003) or water as control respectively. For heat
stress, Thatcher and Thatcher+Lr34 seedlings were incubated at 42°C for 8 h. Each sample
was quick-frozen in liquid nitrogen and stored at -70°C. Tissue was ground to a fine powder

in liquid nitrogen and gene expression was determined using RT-PCR as described.

4.3 RESULTS

4.3.1 IDENTIFICATION OF TAHLPO1

TaHIp01 was identified using a DDRT-PCR reaction performed on resistant wheat infected
with leaf rust. Using a reverse Northern blot, it was shown that the gene fragment was
inducibly expressed in the infected resistant (IR) plants. In contrast, expression within the

infected susceptible (IS) plants was constitutive (Figure 3.3).

When the first BLAST search with TaHIp01 was performed, it showed homology to a longer
T. aestivum EST (GenBank accession nr CA501682, E=0.0). This EST was used to do another
BLAST search and homology was found with a T. aestivum contig (GrainGenes accession nr
NSFT03P2_Contig18805, E=0.0) which in turn showed homology to a Triticum aestivum gene
for heat shock protein 70 (TaHSP70d) (GenBank accession nr AF005993, E=0.0). Contig
18805 aligned 100% with the coding sequence of TaHIp01 and was thus used to make two

primers for RT-PCR analysis.

During RT-PCR of infected resistant wheat, two different sized fragments were repeatedly
amplified (Fig 4.1a). The larger fragment was approximately 2200 bp in size and the smaller

one approximately 600 bp.
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2322 bp—p

2027 bp —» «— TaHSP70h —» -

528 b <« TaHLPOI —» .
C

«— 2200 bp Fragment

«— 600 bp Fragment

Figure 4.1: RT-PCR amplification of TaHIp01 and TaHsp70h. In (a) the RT-PCR result is
indicated, in (b) the resulting southern blot and in (c) a Northern blot showing the

expression of two different sized cDNA fragments.
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While both fragments were amplified, the smaller was amplified to much higher levels. In
order to determine if both amplified fragments represented the same gene or possible
artefacts, the two fragments were hybridized with the cloned TaHIp01 cDNA fragment as
probe (Fig 4.1b). Both fragments hybridized with the probe under high stringency
conditions indicating that they were related to each other. This was further confirmed
when a Northern blot was performed on total RNA extracted from infected resistant wheat
(Fig 4.1c). Even though the resulting blot was of poor quality, two hybridizing fragments
were visible. This indicated that TaH/p01 shared extensive homology with two different
MRNA species that are expressed within wheat. The two fragments amplified with RT-PCR

were therefore cloned and sequenced.

The smaller of the two fragments had a nucleotide sequence of 640 base pairs and coded
for a polypeptide of 188 amino acids, 20.4 kDa in size (Fig 4.2a). On amino acid level, it
shared sequence similarity to the Oryza sativa heat shock cognate 70 protein (GenBank
accession nr AAO65876 E=1e™) (Fig 4.2b). Due to the fact that the fragment was similar to
the O. sativa heat shock protein, the fragment was called Triticum aestivum Heat Shock Like
Protein 01 (TaHIp01). A motif and pattern scan on the PROSITE database showed two
motifs present in the amino acid sequence of TaH/p01. The first was a PF0O0012 HSP70 motif
spanning amino acids 1-183 and the second one was a SSF53067 Actin-like ATPase domain

spanning amino acids 8-183.

The larger of the two cloned cDNA fragments was initially partially sequenced from both
ends. When aligned with Contig18805, both sequences showed 100% sequence similarity
on amino acid level and it was concluded that the cloned cDNA sequence was identical to
the contig (Fig 4.3). This larger fragment or contig had a nucleotide sequence of 2247 bp
and coded for a polypeptide of 648 amino acids (Fig 4.4a). On amino acid level it shared
sequence similarity with Heat shock cognate 70 protein from O. sativa (GenBank accession
nr ABA95500, E=0.0). Due to the high similarity of this fragment with O. sativa HSP70, the
cDNA fragment was called T. aestivum Heat Shock Protein 70 homolog (TaHsp70h). A motif

and pattern scan on the PROSITE database showed three motifs present in the amino acid
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sequence of TaHsp70h. The first motif was a PFO0012 HSP70 motif spanning amino acids 1-
534.

a. MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVEIITANDQGNRTTPSYVAFTDS
ERLIGDAAKNQVAMNPINTVFDAKRLIGRRFADAPVQSDIKMWPYKVIPGP
ADKPMIVVQYKGEDKQFSAEEISSMVLIKMREIAEAYLGVTIKNAVVTVPAY
FNDSQRQATKDAGVIAGLNVMRIINEPFAQLL

b. TaHIpo1 MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSY S=EM IeZVAY 60
AAO65876 MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSYV(E LERL | GDAAKS]0]
k= =

TaHIpO1l NQVAMNP INTVFDAKRL I GRRFEDAZVQSD IKMWPYKV I PGPRDKPMIVVQYKGEBKQF S ¥4Y)

AAO65876 NQVAMNP INTVFDAKRL I GRRFEDARVQSD IKMWPYKV I PGPEDKPM I VVQYKGEEK QF S W46
s -

TaHIpO1 AEE 1 SSMVL IKMRE TAEAYLGYTUKNAVVTVPAYFNDSQRQATKDAGV IAGLNVMR I I NEjgRelo]

AAO65876 IAEE 1 SSMVL IKMRE IAEAYLGS TIKNAVVTVPAYFNDSQRQATKDAGV IAGLNVMR I I NEjRelo]
* -

TaHIpO1 o 186
AAOB5876 TﬁAA IAYGLDKKATSVGEKNVL I FDLGGGTFDVSLLT IEEGIFEVKATAGDTHLGGEDF 240
.

*

Figure 4.2: Sequence analysis of TaHIp01. In (a) the open reading frame is indicated. In (b),
the amino acid alignment with Heat Shock Protein 70 cognate from O. sativa (GenBank
accession nr AAO65876) is indicated. Consensus sequences are indicated with an (*) while

(:) indicates conservative substitutions and (.) semiconservative substitutions.
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Contigl18805 MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSYVAFTDSERL I GDAAKSY)
TaHsp70h MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVE 1 IANDQGNRTTPSYVAFTDSERL 1 GDAAKSY)
Contigl8805 NQVAMNP INTVFDAKRL IGRRFADAPVQSD IKMWPYKV I PGPADKPM I Vi O § X€I=I0] (0] ST WA0)
TaHsp70h NQVAMNP INTVFDAKRL I GRRFADAPVQSD I KMWPYKV I PGPADKPM I Ve et 109

Contigl8805 AEE1SSMVLIKMRETAEAYLGVTIKNAVVTVPAYFNDSQRQATKDAGV IAGLNVMRIINE 180
TaHsp7/0h = @ ————_——
Contigl18805 PTAAATAYGLDKKATSVGEKNVL IFDLGGGTFDVSLLTIEEGIFEVKATAGDTHLGGEDF 240
TaHsp70h @ -
Contigl18805 DNRMVNHFVQEFKRKHKKD I SGNPRSLRRLRTSCERAKRTLSSTAQTTIEIDSLFEGVDF 300
TaHsp70h @ -
Contigl18805 YSTITRARFEELNMDLFRKCMEPVEKCLRDAKMDKST IHDVVLVGGSTRIPRVQQLLQDF 360
TaHsp70h = -
Contigl18805 FNGKELCKS INPDEAVAYGAAVQAAILSGEGNEKVQDLLLLDVTPLSLGLETAGGVMTVL 420
TaHsp70h = -
Contigl18805 ITRNTTIPTKKEQVFSTYSDNQPGVL IQVFEGERTRTRDNNLLGKFELSGIPPAPRGVPQ 480
TaHsp70h = -

Contigl18805 ITVCFDIDANG I LNVSAEDKTTGQKNKITITNDKGRLSKDD I EKMVQDAEKYKSEDEEHKREZIY)
TaHsp70h D TVCFD IDANG I LNVSAEDKTTGQKNKITITNDKGRLSKDD I EKMVQDAEKYKSEDEEHK ESYS]
Contigl18805 KKVDAKNSLENYAYNMRNT 1QDEK IASKLPADDKKK 1 EDAVDAA 1QWLDANQLGEVDEFERE Y
TaHsp70h KKVDAKNSLENYAYNMRNT 1QDEK I ASKLPADDKKK 1 EDAVDAA I QWLDANQLGEVDEFEjw#4s]
Contigl18805 DKMKELEGLCNP I IAKMYQGAGADMPGGMDEDAPAASGGAGPK I EEVDJSZRs]
TaHsp70h DKMKELEGLCNP I  AKMYQGAGADMPGGMDEDAPAASGGAGPK 1 EEVDea(s)

Figure 4.3: Amino acid sequence alignment of Contig 18805 and TaHsp70h. Consensus
sequences are indicated with an (*) while (:) indicates conservative substitutions and (.)

semiconservative substitutions
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a. MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVEIIANDQGNRTTPSYVAFTDSERLIG
DAAKNQVAMNPINTVFDAKRLIGRRFADAPVQSDIKMWPYKVIPGPADKPMIVVQ
YKGEDKQFSAEEISSMVLIKMREIAEAYLGVTIKNAVVTVPAYFNDSQRQATKDAG
VIAGLNVMRIINEPTAAAIAYGLDKKATSVGEKNVLIFDLGGGTFDVSLLTIEEGIFE
VKATAGDTHLGGEDFDNRMVNHFVQEFKRKHKKDISGNPRSLRRLRTSCERAKRTL
SSTAQTTIEIDSLFEGVDFYSTITRARFEELNMDLFRKCMEPVEKCLRDAKMDKSTIH
DVVLVGGSTRIPRVQQLLOQDFFNGKELCKSINPDEAVAYGAAVQAAILSGEGNEKYV
QDLLLLDVTPLSLGLETAGGVMTVLITRNTTIPTKKEQVFSTYSDNQPGVLIQVFEG
ERTRTRDNNLLGKFELSGIPPAPRGVPQITVCFDIDANGILNVSAEDKTTGQKNKITI
TNDKGRLSKDDIEKMVQDAEKYKSEDEEHKKKVDAKNSLENYAYNMRNTIQDEKIA
SKLPADDKKKIEDAVDAAIQWLDANQLGEVDEFEDKMKELEGLCNPITAKMYQGA
GADMPGGMDEDAPAASGGAGPKIEEVD

b. TaHsp70h MAIKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSYVFTDSERL 1GDAAK]
ABA95500 MABKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSYVFTDSERL 1 GDAAK|
**

TaHsp70h NQVAMNP INTVFDAKRL 1 GRRFZDARVQSD I KIGWPMKV 1ZGPRDKPM I VVQYKGE[S, S 120
ABA95500 NQVAMNP INTVFDAKRL 1 GRRFEIDASVQSD I KIBWP[ZKV IIAGPEDKPM I VVQYKGE[= 119

A
-k%x =kk =khkk Kk KhkIAAhAkAhAErAkAhAkhk-kkk -

TaHsp70h AEEISSMVLIKMREITAEAYLGYT IKNAVVTVPAYFNDSQRQATKDAGV TAGLNVMR I INEgkely)
ABA95500 AEEISSMVLIKMREIAEAYLGHT IKNAVVTVPAYFNDSQRQATKDAGV IAGLNVMR I INEgige]

TaHsp70h PTAAATAYGLDKKATSVGEKNVLIFDLGGGTFDVSLLTIEEGIFEVKATAGDTHLGGED Fjezaly]
ABA95500 PTAAATAYGLDKKATSVGEKNVLIFDLGGGTFDVSLLTIEEGIFEVKATAGDTHLGGEDFjwaeie]

TaHsp70h DNRMVNHFVQEFKRKKKD ISGNPRELRRLRTRICERAKRTLSSTAQTTIEIDSL{g by 300
ABA95500 DNRMVNHFVQEFKRKNKKD IIGNPRIILRRLRTACERAKRTLSSTAQTT I E I DSLYEGLID Facle]

-kk - kK

TaHsp70h YST 1 TRARFEELNMDLFRKCMEPVEKCLRDAKMDKSIJHDVVLVGGSTR 1 PRVQQLLQDFgels]e]
ABA95500 YST 1 TRARFEELNMDLFRKCMEPVEKCLRDAKMDKSSYHDVVLVGGSTR 1 PRVQQLLQDFjelste]

TaHsp70h FNGKELCKS INPDEAVAYGAAVQAATLSGEGNEKVQDLLLLDVTPLSLGLETAGGVMTVL|EAYAY)
ABA95500 FNGKELCKININPDEAVAYGAAVQAATLSGEGNEKVQDLLLLDVTPLSLGLETAGGVMTV L ANRe]

TaHsp70h RNTT IPTKKEQVFSTYSDNQPGVL IQV[FEGERTRTRDNNLLGKFELSG I PPAPRGVP QLY
ABA95500 IMRNTT IPTKKEQVFSTYSDNQPGVL 1QVIJEGERTRTRDNNLLGKFELSG I PPAPRGVPQREYES]
* -

TaHsp70h TVCFDIDANG I LNVSAEDKTTGQKNKIT I TNDKGRLSKIBIB | EKMVQBAEKYKSEDEEHKRSZAG)
ABA95500 1TVCFDIDANG I LNVSAEDKTTGQKNKIT I TNDKGRLSK[S= 1 EKMVQSAEKYKSEDEEHKSXIS]

TaHsp70h KKVIAKNSILENYAYNMRNT 18DEK 1 ASKLPARDKKK I EDAYDAA 1 QWL DIANQLEENYD E F{=elele]
ABA95500 KKV[SSKNLENYAYNMRNT I{NDEK 1 ASKLPAIRDKKK I EDAL JHED 599

KhkKk - -kKk - -% **xk K Kkhk -

TaHsp70h DKMKELEG[ECNP I 1 AKMYQGAGADMEFGGMDEDGAPRASGRGAGPK | EEVDJSERS
ABA95500 DKMKELEGUCNP 1 1 AKMYQGAGADMZGGMDEDRAPZAEGEIGAGPK | EEVDSZEE)
- ** *

ECE

Figure 4.4: Sequence analysis of TaHsp70h. In (a) the longest open reading frame is
indicated. In (b) the polypeptide is aligned with Heat Shock Protein 70 from Oryza sativa
(GenBank accession nr ABA95500). Consensus sequences are indicated with an (*) while (:)
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indicates  conservative  substitutions and (.) semiconservative  substitutions.
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The second was a SSF53067 Actin-like ATPase domain spanning amino acids 8-193 and 199-
416 and the third was a SSF56778 Heat shock protein 70 (HSP70), C-terminal substrate-
binding fragment spanning amino acids 398-618. Upon alignment of the two cloned cDNA
fragments, TaHIp01 aligned only with the first part of TaHsp70h (Fig 4.5) indicating that
TaHIp01 could be formed through differential transcription or could be the product of
another gene similar to TaHsp70h. Despite the high similarity in the first part of the amino
acid sequence, it seems as if TaHIpO1 is a truncated version with perhaps a different
function than TaHsp70h. Both PCR primer binding sites could be found in the coding region
of TaHsp70h while the forward primer was located in the coding region of TaHIp01 and the

reverse primer location was found in the predicted 3’ untranslated region of TaHIp01.

4.3.2 GENOMIC PRESENCE OF TAHLPO1

In order to determine the copy number of TaHIp01 and its presence in the resistant and/or
susceptible plants, a southern blot was performed on Thatcher and Thatcher+Lr34 genomic
DNA (Fig 4.6). Two cross hybridizing fragments were observed in Thatcher and
Thatcher+Lr34 genomic DNA digested with EcoR1 while only one fragment was visible in the
BamH1 digested DNA. The hybridization pattern of the two plants was identical, indicating

that no polymorphisms were present.

The presence of TaHIp01 in other Thatcher cultivars containing different Lr-genes was also
investigated to determine if TaHIpO1 is coupled to the Lr34 resistance locus or inherited
from the Thatcher parent. BamH1 digested genomic DNA of these 10 different cultivars was
probed using the 640 bp TaHIp01 as probe (Fig 4.7). In all cases, a single hybridizing
fragment was present, indicating the presence of TaHIp01 in all the cultivars including again

the susceptible Thatcher cultivar.

4.3.3 EXPRESSION ANALYSIS OF TAHLPO1

To determine the expression pattern of TaHIpO1 and TaHsp70h, RT-PCR was used. The
expression of TaHsp70h remained constant in both the IR and IS plants for the duration of

the study, indicating that its expression is unaffected by leaf rust infection (Fig 4.8).
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TaHIp01 on the other hand was differentially expressed in the IR plants but constitutively in

the IS plants (Fig 4.8). In the IR plants, the expression of TaHIp01 increased rapidly 6 h.p.i

TaHIpO1l MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSYVAFTDSERL 1 GDAAKEES]Y)
TaHsp70h MAPTKGEGPAIGIDLGTTYSCVGVWQHDRVE I IANDQGNRTTPSYVAFTDSERL 1 GDAAKEES]Y)
TaHIpO1l NQVAMNP INTVFDAKRL I GRRFADAPVQSD IKMWPYKV I PGPADKPMIVVQYKGEDKQF S ¥Ay]
TaHsp70h NQVAMNP INTVFDAKRL I GRRFADAPVQSD IKMWPYKV I PGPADKPMI1VVQYKGEDKQF SibA]

TaHIpO1l AEE 1 SSMVL IKMRETAEAYLGVT IKNAVVTVPAYFNDSQRQATKDAGV IAGLNVMR I I NEjEES]e}
TaHsp70h AEE 1 SSMVL IKMRETAEAYLGVT IKNAVVTVPAYFNDSQRQATKDAGV IAGLNVMR I I NEJEeES]e}
TaHIpO1 186
TaHsp70h 240
TaHIpOl ~ @ ——
TaHsp70h DNRMVNHFVQEFKRKHKKD I SGNPRSLRRLRTSCERAKRTLSSTAQTTIEIDSLFEGVDF 300
TaHIpOl ~ @ —
TaHsp70h YSTITRARFEELNMDLFRKCMEPVEKCLRDAKMDKST IHDVVLVGGSTRIPRVQQLLQDF 360
TaHIpOl ~ @ ——
TaHsp70h FNGKELCKS INPDEAVAYGAAVQAAILSGEGNEKVQDLLLLDVTPLSLGLETAGGVMTVL 420
TaHIpOTL @ -
TaHsp70h ITRNTTIPTKKEQVFSTYSDNQPGVL 1QVFEGERTRTRDNNLLGKFELSGIPPAPRGVPQ 480
TaHIpOL @ -
TaHsp70h ITVCFD IDANG I LNVSAEDKTTGQKNKIT I TNDKGRLSKDD I EKMVQDAEKYKSEDEEHK 540
TaHIpOTL -
TaHsp70h KKVDAKNSLENYAYNMRNT IQDEK IASKLPADDKKK IEDAVDAAIQWLDANQLGEVDEFE 600
TaHIp0l ~

TaHsp70h DKMKELEGLCNP I IAKMYQGAGADMPGGMDEDAPAASGGAGPKIEEVD 648

Figure 4.5: Amino acid sequence alignment of TaHIp01 and TaHsp70h. Consensus
sequences are indicated with an (*) while (:) indicates conservative substitutions and (.)
semiconservative substitutions.
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9416 bp —» «— 9400 bp Fragment

6557 bp —»

4361 bp —>

2322 bp —>
2027 bp —>

<« 1000 bp Fragment

Figure 4.6: Southern blot analysis of Thatcher and Thatcher+Lr34 genomic DNA probed with
TaHIp01. Lanes 1 and 2 indicate EcoR1 and BamH1 digested Thatcher DNA and lanes 3 and
4 EcoR1 and BamH1 digested Thatcher+Lr34 DNA respectively.
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1 2 345 67 8 910

9416 bp —»

Figure 4.7: Southern blot analysis of different leaf rust resistant wheat cultivars within the
Thatcher background probed with TaHIpO1. Lane 1 contained Thatcher, lane 2
Thatcher+Lrl, lane 3 Thatcher+Lr2a, lane 4 Thatcher+Lr3a, lane 5 Thatcher+Lr3ka, lane 6
Thatcher+Lr10, lane 7 Thatcher+Lr15, lane 8 Thatcher+Lr16, lane 9 Thatcher+Lr26 and lane

10 Thatcher+Lr34 genomic DNA digested with BamH1.
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IR 0 3 6 912 15 18 21 24 27 30 33 36 h.p.i

TaHsp70h <2247 bp

Taklp01 < 640bp

185 rDNA
IS

TaHip01 «— 640 bp

185 rDNA

Figure 4.8: Expression analysis of TaHIp01 and TaHsp70h in adult Thatcher and
Thatcher+Lr34 wheat infected with P. triticina. IR indicates the expression in infected

resistant and IS the expression in infected susceptible wheat.
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and stayed at the same high, elevated levels for the duration of the experiment except at 30
h.p.i when expression was completely shut down. In the IS plants, on the other hand, the
expression levels of TaHIp01 remained the same. The initial expression level of TaHIp01 in
the IS plants was however much higher than that of the IR plants at the start of the time

trial.

To determine if the increases in RNA levels for TaHIp01 indeed led to increased protein
synthesis, a Western blot was performed on IR and IS plants and probed with an anti-HSP70
antibody. Three polypeptides were expected since the polyclonal antibody recognizes both
the differentially expressed Hsp70 as well as the constitutive Hsc70 polypeptides. In
addition it should also detect TaHIp01l due to its similarity to Hsp70. In the resulting
Western blots (Fig 4.9), only one constitutively expressed polypeptide was observed in both
the IR and IS plants. The detected polypeptide was in the order of 70 kDA and was present
at very low levels. The antibody did not detect any smaller polypeptides that would

represent the TaHIp01 encoded gene product.

In order to determine whether the huge increase in TaHIp01 expression was due to the Lr34
resistance locus in the Thatcher+Lr34 plants, the RT-PCR was repeated on wheat that was
infected with P. striiformis (Fig 4.10). In the IR plants, TaHIp01 showed increased expression
from 12 h.p.i onwards. A total repression of gene expression occurred between 36 to 42
h.p.i. The decreased expression was not due to technical error since the 18S rDNA showed
constant expression. Even after several repeats, the same decrease in expression was

found.

In the IS plants, the expression pattern of TaHIpO1 stayed constant. The same total
repression of TaHIp01 expression as noticed in the IR plants occurred at 42 h.p.i in the IS
plants.  As was seen during the leaf rust wheat interaction, the expression of TaHIp01 in
the IS plants was much higher during the initial stages of yellow rust infection compared to
that of the IR plants. It thus appears as if TaHIpO1 expression in susceptible plants occurs at
very high constitutive levels, while in the resistant plants it is switched off. The expression is

however strongly induced in the resistant plants upon infection.
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4.3.4 CHEMICAL INDUCTION OF TAHLPO1 EXPRESSION

In order to elucidate the relevant pathway through which the expression of TaHIp0O1 is

regulated, Thatcher+Lr34 plants were treated with MeJA or MeSA.

IR 0 3 6 9 12 15 18 21242730 33 36 h.p.i

70 kDa —>
IS

70 kDa —>

Figure 4.9: Immunological detection of expressed polypeptides by means of a polyclonal

anti-HSP70 antibody in Thatcher (IS) and Thatcher+Lr34 (IR) wheat infected with leaf rust.
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0 6 1218 24 30 36 4248 54 60 66 72 h.p.i

IS

IR

Figure 4.10: Expression analysis of TaHIp01 in P. striiformis infected Avoset wheat (three
leaf stage). IR indicates the expression in infected resistant and IS in infected susceptible

wheat.
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0 05 1 2 4 8 12 24 h.pt

a. MeSA
185 0NA [ ]

b. MelA

TaH1001 il ]

185 DN [t e
c. Menadione

185 1DNA [
d. H,0,

Tatie01  [————— e

185 1DNA [ e
e.HO

TaHlp01

Figure 4.11: Expression analysis of TaHIp01 during the treatment of Thatcher+Lr34

seedlings with different chemicals.

«— 640 bp

<« 640 bp

«— 640 bp

< 640 bp

«— 640 bp
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Seedlings were used since P. striiformis infections on seedlings showed TaHIp01 expression
in seedlings. In the plants treated with MeSA (Fig 4.11a), TaHIp01 expression was repressed
at 0.5 hours post treatment (h.p.t.) where after it recovered with the highest levels of
expression occurring at 2 - 8 h.p.t.  During the MelA treatment (Fig 4.11b), no substantial

deviation in expression was found for the duration of the trial.

To determine whether TaH/p01 was activated during oxidative stress, as was found for Hsps
in animal systems, plants were treated with Menadione (Fig 4.11c) or H,0, (Fig 4.11d). In
the Menadione treated plants there was a slight increase in gene expression starting at 1
h.p.t while the H,0; treated plants only showed a slight increase in gene expression at 4
h.p.t. The H,0 treated control plants (Fig 4.11e) showed no increases in gene expression, as

was expected.

Since Hsps were originally identified in organisms undergoing heat stress, Thatcher and
Thatcher+Lr34 plants were subjected to heat stress at 42°C (Fig 4.12). In the Thatcher+Lr34
plants, there was a doubling of TaHIp0O1 expression within 30 minutes after exposure
reaching a maximum 60 minutes after exposure to elevated temperatures. In contrast,
TaHIp01 expression in the Thatcher plants did not show such high levels of expression and
reached its maximum expression 2 h.p.t (Fig 4.12). In total contrast to Thatcher+Lr34, the
expression in Thatcher was completely shut down at 0.5 h.p.t, where after expression

returned to normal levels.

It is interesting to note that TaHIp01 expression in the treated Thatcher+Lr34 seedlings (Fig
4.11a-e) was much higher when compared to its expression in adult Thatcher+Lr34 plants
infected with leaf rust (Fig 4.8). In contrast, TaHIp0O1 expression in seedlings (Fig 4.12) and
adult Thatcher plants (Fig 4.8) was at the same high levels, irrespective of the age of the

plant.

4.4 DISCUSSION

Hsps are a group of highly conserved proteins whose levels are increased in pro- and

eukaryotes by elevated temperatures and a variety of other physical and chemical injuries
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(Lindquist and Craig, 1988; Cronje and Bornman, 1999). The proteins are grouped into

families according to their apparent molecular masses.

Thatcher+Lr34 0 0.25 05 1 2 8 h.,pt

Tatipo! | —————— <~ 40 ?
Thatcher

185 rDNA I I I I I I |

Figure 4.12: Expression analysis of TaHIp01 during heat shock treatment of Thatcher and
Thatcher+Lr34 seedlings at 42°C.
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Some groups contain both constitutive and inducible members e.g. Hsc70 which is
constitutively expressed and Hsp70 which is inducibly expressed (Cho and Hong, 2004;
Cronje et al., 2004; Tutar et al., 2006).

Hsps play key roles in the maintenance of cellular homeostasis through chaperoning
functions where they assist in the folding and assembly of immature or damaged
polypeptides or proteins. They also help in protein transport and the degradation of
denatured proteins (Bukau and Horwich, 1998; Forreiter and Nover, 1998; Sung et al.,

2001).

During this study, two expressed gene fragments were identified. TaHsp70h encoded a 70
kDa polypeptide that shared extensive homology with an O. sativa Hsp70 cognate gene.
TaHIp01 on the other hand encoded a 20.4 kDa polypeptide that shared homology to a O.
sativa Hsp70 protein. When aligned to each other, the first part of each gene fragment that
codes for a conserved Hsp70 domain, showed extensive homology, but the 3’ sequences
differed. This indicated that the two gene fragments may be coded for by different genes

that are related or that they are the result of differential transcription of a single gene.

The theory of differential transcription was supported with a southern blot that showed
only one cross hybridizing fragment on genomic level in the different cultivars. However,
until the full genomic sequences of TaHIp01 and/or TaHsp70h are available, it will be

difficult to confirm this.

Upon comparison of the putative polypeptides, both contained a conserved Hsp70 motif at
the amino end. This is followed by an ATPase domain and in the case of TaHsp70h, a
carboxyl-terminal substrate-binding element. TaHsp70h contained two ATPase domains
while TaHIp01 had only one. Hsp70s interact with co-chaperones through the amino-
terminal ATPase domain and with substrates by means of the carboxyl-terminal substrate
binding domain (Nollen and Morimotto, 2002). Since TaHIp01 lacks a substrate binding
element, it might be possible that it forms part of a chaperone complex with other Hsps as

was found by Kimura et al. (1995) where Hsp70 was necessary for Hsp90 function.
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While the two highly conserved TaHsp70h and TaHIpO1 mRNAs were formed as proven with
RT-PCR and a Northern blot, a single 70 kDa polypeptide was detected. It was concluded
that this polypeptide represented TaHsp70h, based on the size of the polypeptide and the
constitutive expression pattern as seen by RT-PCR. Since a polyclonal antibody was used
for the Western blot, it might be possible that the antibody was generated against epitopes

not available on TaHIp01 due to its truncated size in comparison to TaHsp70h.

In response to pathogen infection, TaHsp70h expression remained constant in both
resistant and susceptible wheat lines, indicating that it is not involved in the defence
reaction against leaf rust. It might however be involved at a later stage than what was
covered during this study. Since Dhankher et al. (1997) proved that Hsps are involved in
normal developmental processes, it might explain the constitutive expression of TaHsp70h
indicating that it could be involved in normal cellular activities rather than in the defence

response.

In contrast, TaHIp01 was inducibly expressed in the resistant cultivars as early as 6 h after
infection with leaf rust and 12 h after infection with yellow rust. The expression of the gene
was however constitutive in both susceptible cultivars. This clearly indicates a role for
TaHIp01 during the defence response. The expression pattern of TaHIpO1 could also
implicate one of two things: (a) The expression of TaHIp01 is very important for the
successful resistance response of the resistant plants but not for the susceptible plants or
(b) the expression of TaHIp01 is essential for a resistance response in both resistant and
susceptible plants, but since it is already actively transcribed in the susceptible plants, it is
not necessary to induce it’s expression during infection. The resistant plants could thus
conserve energy and resources by shutting TaH/Ip01 expression down and only activate it

when needed.

This repression and induction of TaHIpO1l expression in the resistant cultivars are most
probably due to the Lr34 and Yr-1 resistance loci present, since the resistant and susceptible
plants are identical except for the resistance locus. The regulation of TaHIp01 expression is
therefore most probably controlled by a gene located on the resistance locus that could also
regulate other unidentified genes. The presence, nature and function of such a protein

however still have to be proven.
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During all the chemical treatment experiments of the Thatcher+Lr34 seedlings, very high
initial levels of TaHIp01 were detected. The same high level of TaHIp0O1 expression was also
detected in the susceptible adult Thatcher plants. In contrast, in the adult Thatcher+Lr34
plants used for the inoculation with leaf rust, the TaHIp0O1 expression levels were much
lower. It thus appears as if the expression of TaHIp0l1 in Thatcher+Lr34 is also
developmentally regulated and is down regulated as a result of the activation of the adult
leaf rust resistance locus in Thatcher+Lr34. This possible dual regulation of TaHIp01

expression by age and genotype in the resistant plants will have to be further investigated.

Kanzaki et al. (2003) showed that members of the Hsp70 and 90 families were essential
components of the plant defence signal transduction pathway, as well as for normal plant
development. Plants in which the expression of these two genes was repressed, showed
abnormal phenotypes while disease resistance was severely compromised which coincided
with reduced expression of defence related genes. Repka (2006) and do Céu Silva et al.
(2006) identified induced Hsp70 genes in the Botrytis cinerea/grapevine and the Hemileia
vastatrix/coffee bean interactions respectively while Leckie et al. (1995) found increases in
Hsp70 protein levels during a pea/Erysiphe pisi interaction. In the above mentioned studies
the Hsp70 was postulated to be involved in the transport of newly synthesized polypeptides
from the endoplasmic reticulum to the cytoplasm. These new polypeptides need to be kept
denatured in order for them to be effectively transported through membranes into the

cytoplasm where they are assembled by other proteins to become functional enzymes.

Upon the infection of wheat with leaf or yellow rust, the successful recognition of the
pathogen by the resistant plants leads to the production of various proteins involved in the
defence response. An example of such a protein is B-1,3-glucanase which has anti-fungal
properties. This enzyme is active in the cytosol and was proven to be induced in wheat
against leaf rust infection (Anguelova et al., 1999; Kemp et al., 1999; Appelgryn, results
unpublished). Increased expression of PR-2 encoding B-1,3-glucanase leads to increased B-
1,3-glucanase polypeptides that needs to be transported to the cytoplasm or the apoplastic
space. This in turn could lead to increased production of TaHIp01 which could function to
keep the polypeptides in a denatured state in order for them to be transported to their

intended destinations.
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When Thatcher+Lr34 seedlings were treated with MeSA it was found that the expression of
TaHIp01 was repressed very early but at 1 h.p.t its expression level returned to normal and
increased to a maximum at 2 h.p.t. A repression similar to the one observed during MeSA
treatment was found in Thatcher+Lr34 plants infected with leaf rust as well as in Avoset R
and S plants infected with yellow rust. This indicates that an increase in SA levels associated
with the normal defence response of wheat, could repress the expression of TaHIp01. This

however needs to be confirmed by measuring the actual SA levels in the treated plants.

Cronje et al. (2004) showed increased Hsp70 gene expression mediated by SA in heat-
stressed tomato plants. In this interaction, SA treatment induced Hsp70 production which
in turn resulted in a decrease in apoptosis as a result of the temperature stress. In another
study, Gdlis et al. (2004) found increased expression of SA-dependent genes, including
Hsp70, providing increased resistance to white clover mosaic virus in Phaseolus vulgaris
after treatment with SA. TaHIp01 regulation by SA therefore does not fit into the normal

expression pattern as seen with the other Hsp70 genes.

The induction of TaHIp01 expression is independent of the jasmonic acid dependent signal
transduction pathway, but it might be possible that the high expression of TaHIp01 in the

seedlings used for the study is overshadowing the effect that jasmonic acid might have.

Hsps have been shown to play an active role in the protection of animal cells against
oxidative stress (Boston et al., 1996; Bukau and Horwich, 1998) but its role in plants during
oxidative stress is still not clear. Hamilton and Heckathorn (2001) suggested that Hsps
might act as antioxidants. Upon treating Thatcher+Lr34 with H,0, and menadione, which
are inducers of oxidative stress, an increase in TaHIp0O1 gene expression was found after
menadione, but not H,0,, treatment. It might thus be possible that the expression of
TaHIp01 is independent of H,0, and that menadione produces a different kind of stress
condition in which the increased expression of TaHIp01 is one of the results. It will however
be necessary to repeat above mentioned treatments on adult Thatcher+Lr34 plants since
the high levels of TaHIp01 expression in the seedlings could conceal the real effect of the

treatments.

During heat-induced stress conditions, there was a stronger, earlier expression of TaHIp01 in

the Thatcher+Lr34 plants compared to the Thatcher plants where the expression was
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initially switched off. This expression pattern is not typical of a heat shock protein, since the
proteins are primarily involved in providing thermotolerance to plants, irrespective of the
resistance or susceptible phenotype of a plant (Feder et al., 1996; Lee and Schoffl, 1996;
Nollen et al., 1999). In this case, the higher expression patterns observed in the leaf rust-
resistant plants might be due to an improved general defence response against any stress

condition, whether it is biotic or abiotic.

To conclude, TaHIp01 is a novel polypeptide that appears to play an important and unique
role during the defence response of wheat after infection by rusts. The regulation of its
expression is complex with both developmental cues and the resistance locus seemingly
playing key roles. Based on its relationship with heat shock proteins, it is proposed to play a
role in the protection and folding of native polypeptides, but this has to be confirmed in

future research.
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5.1 INTRODUCTION

Plants, as sedentary organisms, have to adjust to their surrounding environment during
their life cycle. To compensate for their immobility, plants have evolved various
mechanisms to interact with their environment including the release and detection of
volatile organic compounds (VOC). Plant communication is a loaded term that has come to
encompass a broad definition. Most would accept the definition with the requirement that
information can be exchanged, regardless of intent or fitness consequence for either party

(Baldwin et al., 2002).

Systemic acquired resistance (SAR) is the process whereby distal parts of a plant receive a
signal from an infected part (Scheel, 1998). This signal allows the distal parts to activate its
own defence as a preventative strategy. In a similar way two neighbouring plants could
communicate so that the uninfected plant could activate its defences based on an airborne
signal coming from an infected neighbour. Since intra-plant communication and signal
transduction have been described many times (Dicke et al., 1990; Karban et al., 2000;
Arimura et al., 2001; Tscharntke et al., 2001; Huang et al., 2003; Engelberth et al., 2004;
Ruther and Kleier, 2005), the possibility of communication and signal transfer between
plants exists. If there are receptor proteins to facilitate intra-plant communication, there

should also be ones to accept signals from other plants in the same area.

Plants respond to VOCs by changing the transcription patterns of defence-related genes
(Bate and Rothstein, 1998; Arimura et al., 2000; Farag et al., 2005; Paschold et al., 2006).
They may furthermore increase the production of defence-related plant hormones such as
jasmonic acid (JA) and other VOCs (Engelberth et al., 2004; Ruther and Kleier, 2005),
proteinase inhibitors (Tscharntke et al., 2001) and phenolic compounds (Baldwin and

Schultz, 1983).

Engelberth et al. (2004) reported that maize plants are primed by volatiles that are released
from damaged plants. Exposure to such volatiles caused undamaged maize plants to
produce JA and terpenes more intensively and/or rapidly in response to caterpillar-induced

damage than plants that were damaged without this pre-treatment. In contrast, no such
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priming effects were observed in tobacco plants (Paschold et al., 2006). Tobacco also did
not respond to volatile methyl jasmonate at levels consistent with concentrations that occur

under natural conditions (Preston et al., 2004).

Peanut plants infected with white mold, Sclerotium rolfsii, emitted a mixture of lipoxygenase
products, terpenoids, indole and methyl salicylate (MeSA) which were both quantitatively
and qualitatively different from volatiles collected from healthy plants (Huang et al., 2003).
Among these volatiles, (Z)-3-hexenyl acetate, linalool and MeSA significantly inhibited fungal

growth on solid culture media.

While some studies found no evidence for the transfer of information between damaged
and undamaged plants (Preston et al., 2001), many others presented evidence supporting
the hypothesis of information exchange between damaged and undamaged plants (Dicke et

al., 1990; Karban et al., 2000; Arimura et al., 2001).

The aim of the study was to confirm a putative interplant communication event between
wheat infected with leaf rust and uninfected wheat. In a previous study it was discovered
that uninfected wheat plants that was in the same general vicinity as infected wheat plants
showed, on molecular level, increased defence responses while they showed no physical
signs of infection. This led to the hypothesis that there must be some sort of signal

transduction taking place between these infected and uninfected plants.

5.2 MATERIALS AND METHODS

5.2.1 BIOLOGICAL MATERIAL

Triticum aestivum seed was germinated and grown in pots containing a sterilized 1:1 soil:
peat mixture in a glasshouse at 25°C with a 16 h day/8 h night cycle. For the leaf rust
infection studies, the Thatcher and Thatcher+Lr34 cultivars were grown to flag leaf stage

before they were inoculated.

Puccinia triticina pathotype UVPrt9 was increased on susceptible Karee wheat seedlings

from which fresh urediniospores were collected for inoculation purposes.

5.2.2 LEAF RUST INOCULATION OF WHEAT
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Adult Thatcher and Thatcher+Lr34 plants were sprayed with freshly collected P. triticina
spores (approx 65000 spores/ml) that were suspended in distilled water containing a drop
of Tween™ 20. Control plants were sprayed with distilled water containing Tween™ 20.
The plants were left to dry and then placed in a dark dew-simulation cabinet at 18 to 20°C

for 16 h to facilitate spore germination where after they were transferred to the glasshouse.

5.2.3 AN INVESTIGATION INTO POSSIBLE PLANT COMMUNICATION

To investigate possible interplant communication in wheat, infected resistant (IR) plants
were placed in a closed chamber for 12 h where after uninfected resistant (UR) and
uninfected susceptible (US) plants, were added. In another experiment, in another enclosed
cabinet, infected susceptible (IS) plants were placed for 12 h where after UR and US plants
were added. Additional uninfected control plants (CR and CS) were kept separately within
another growth cabinet. Flag leaf material was collected from all plants initially at 12 h
intervals up to 24 h and thereafter at 24 h intervals up to 72 h post inoculation (h.p.i). The
first sample was taken directly after the uninfected plants were added to the infected
plants. All samples were quick-frozen in liquid nitrogen and stored at -70°C. Tissue was

ground to a fine powder in liquid nitrogen.

5.2.4 WESTERN BLOT ANALYSIS

Total cellular protein was extracted from leaves in an extraction buffer (50 mM Tris-HCI pH
7.5, 2.0 mM EDTA, 2.0 mM PMSF, 10 mM [B-mercaptoethanol). After centrifugation at 10
000 g for 10 min at 4°C, protein concentration of the cleared supernatant was determined
according to Bradford (1976) on a microtiterplate reader (Bio-Rad Model 3550) according to
the method described by Rybutt and Parish (1982).

Twenty microgram total cellular protein was separated on a 12% (w/v) SDS-Page gel
according to Laemmli (1970) for 1 h at 150 V and constant current. The polypeptides were
transferred to PVDF membranes (Amersham Biosciences) using a Mini Trans-Blot cell (Bio-
Rad) for 1 h at 350 mA current according to the manufacturer’s specifications. A Western
blot was then performed according to the method described by Burnette (1981). The
membranes were probed with a 1:9000 diluted rabbit-anti-B-1.3-glucanase antibody

(Anguelova et al., 1999). A 1:2000 diluted horseradish peroxidase conjugated goat-anti-
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rabbit-IgG (Amersham Biosciences) was used as secondary antibody. Cross reacting
polypeptides were detected with the ECL detection system (Amersham Biosciences)
according to the manufacturers’ specifications. To quantify induced expression, the band
intensities were determined using Quantity One Analysis software (Biorad). Each time point

was expressed relative to time O.

5.2.5 B-1,3-GLUCANASE ACTIVITY DETERMINATION

-1,3-glucanase activity was assayed by measuring the rate of reducing sugar production
spectrophotometrically through the p-hydroxybenzoic acid hydrazide (PAHBAH) procedure
(York et al., 1985) with laminarin as substrate (Fink et al., 1988) using total cellular protein.
A standard curve relating absorbance at 410 nm to glucose concentration was used to
calculate the specific B-1,3-glucanase activity which was expressed as mM glucose.ug

protein.h™.

5.2.6 RT-PCR ANALYSIS

Total RNA was extracted from wheat leaf tissue according to the method of Chomczynski
and Sacchi (1987). The quantity and quality of the extracted RNA were determined as
described by Sambrook et al. (1989).

RT-PCR assays were performed on 10 ng total RNA using the RobusT Il RT-PCR kit
(Finnzymes) in the presence of 2.5 uM sequence specific primers and 25 puM dNTP’s. The
amplification conditions were according to the RobusT kit specifications, with the
temperature for the reverse transcription step being 48°C while the PCR annealing
temperature varied based on the particular primer combination. PCR products were
analyzed on a 1% (w/v) agarose gel (Sambrook et al., 1989). A control RT-PCR reaction was
performed for the constitutively expressed 18S rDNA gene using specific primers (5’- CAA
CTT TCG ATG GTA GGA TAG -3’ and 5’- CTC GTT AAG GGA TTT AGA TTG -3’; 226 bp product).
The expression levels of the individual amplified cDNA fragments at the different time
intervals were determined by first expressing the obtained values relative to that of the

amplified 18S rDNA and then to that of time 0.

The expression of the following genes was determined: PR2 (5’- TAG GCG ATA CCT TGC CAA
-3’ and 5’- ACT TCA TAC TTA GAC TGT CG -3’; 800 bp product), PR5 (5’- GCC GCG GGG GCT
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CGT AGT TGC -3’ and 5’- CA CTC CAG AAC TCC GCT TAA -3’; 500 bp product; Hu and Reddy,
1997), TaHIp01 (5’- CAG CAG CTG CGC AAA GGC TC -3’ and 5’- TCA CAC GGG TAG GGT AGT
CC -3’; 600 bp product) and the wheat homologues of Etr1 (5’- AGA TCC CAT GTC CAA AAC
CA -3’ and 5’- TTG ATT TTG CCA ATC GAA CA -3’; 950 bp product), NPR1 (5’- GAT GGA TTC
GCC GAT TCT TA -3’ and 5’- TAT GGT TGA CAT CGG CAA GA -3’; 950 bp product) and AtCor1
(5’- CCA ACG TTT TCC TCT GTG GT -3’ and 5’- CCA ACT CAG GTG AAG GAT CAA -3’; 950 bp
product; Benedetti et al., 1998).

5.2.7 FLUORESCENCE MICROSCOPY

Thatcher+Lr34 plants were inoculated with leaf rust and placed in a closed chamber for 12 h
where after uninfected Thatcher and Thatcher+Lr34 plants were added. A control set of
Thatcher and Thatcher+Lr34 plants were placed in a separate growth chamber. Both
chambers were kept at the same conditions. After 72 h in the presence of the IR plants, the
UR and US, as well as the CR and CS plants, were inoculated with leaf rust (5.2.2) and
transferred to a glasshouse. Flag leaves were harvested, in triplicate sample bottles, 48 h.p.i
and fixed in a mixture of ethanol/dichloromethane (3:1) containing 0.15% (v/v) TCA. The
specimens were stained with 0.1% (w/v) Uvitex 2BT in 0.1 M Tris-HCI pH 5.8 according to
the method of Rohringer et al. (1977).

Samples were stored in 50% (v/v) glycerol with a trace amount of lactophenol as
preservative until they were examined using an Olympus AX70 microscope. Different
infection structures were counted for each set of sample bottles and the length and width
of each colony was measured under the microscope and used to determine its area. One
week after inoculation, leaf material was collected and photographed to ascertain the

success of the infection.

5.3 RESULTS

It was previously found that uninfected wheat plants that were placed in the vicinity of leaf
rust infected wheat, showed increased levels of defence related compounds (Appelgryn,
unpublished results). These uninfected plants thus appeared to be primed on molecular

level and ready to defend themselves against any potential infection. This led to the
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hypothesis that an interplant communication event took place between the infected and

uninfected wheat plants.

This possible communication was investigated by following the expression pattern of several
genes. To confirm the activation of the defence response, Pathogenesis-related protein 2
(PR2) and Pathogenesis-related protein 5 (PR5) gene expression was determined. The
expression of another gene that is induced during the wheat defence response, TaHIp01
(Appelgryn, unpublished results), was also determined. In addition, B-1,3-glucanase activity
was measured. Finally, the expression of three marker genes encoding proteins involved in
the defence, perception and synthesis of different volatiles was also tested in order to

postulate a possible candidate molecule(s) responsible for wheat volatile defence.

5.3.1 THATCHER INFECTION-RELATED COMMUNICATION

5.3.1.1 Thatcher Infected with leaf rust

To confirm the activation of the defence response in the infected susceptible and resistant
plants, PR2, PR5 and TaHIp01 expression was investigated. In the IS plants, an up-regulation
of both PR2 (Fig 5.1a) and PR5 expression (Fig 5.1b) occurred at 24 h.p.i. These elevated
levels were maintained for the duration of the study. In addition, TaHIp01 expression
increased 24 h.p.i reaching a maximum at 84 h.p.i (Fig 5.1c). [-1,3-glucanase activity
increased up to 36 h.p.i followed by a much stronger induction 84 h.p.i (Fig 5.2a). These
increases in B-1,3-glucanase activity were accompanied by increased protein levels from 24

h.p.i onwards (Fig 5.2c).

In the CS plants PR2, PR5 and TaHIp0O1 gene expression was either repressed from 12 h.p.i
onwards or the expression remained constant (Fig 5.1a-c). While there was a slight increase
in B-1,3-glucanase activity 24 h.p.i (Fig 5.2a), the B-1,3-glucanase protein levels remained
constant (Fig 5.2c¢). In the CR, PR2 gene expression increased 12 h.p.i (Fig 5.1a) while PR5
and TaHIp01 expression remained either constant or decreased (Fig 5.1b and c). B-1,3-
glucanase activity and protein levels also remained constant during the time trial (Fig 5.2b

and c) with decreases in both at 72 h.p.i.
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Overall these results indicate the successful activation of the defence response in the
susceptible plants following infection. This defence response encompassed the induced

expression of both PR2 and PR5, as well as increased [-1,3-glucanase enzymatic activity.
5.3.1.2 Uninfected Thatcher and Thatcher+Lr34

In the US plants there was increased PR2 (Fig 5.1a) and PR5 expression 24 h.p.i (Fig 5.1b).
Despite decreased expression at 48 h.p.i, the higher levels of expression returned at 72 h.p.i.
TaHIp01 also showed the same induced expression pattern (Fig 5.1c). For -1,3-glucanase
activity, there was an increase 48 h.p.i (Fig 5.2a) with increased B-1,3-glucanase protein

levels from 48 h.p.i onwards (Fig 5.2c).

In the UR plants, there was no induced PR2 gene expression (Fig 5.1a) while a repression of
PR5 gene expression occurred from 12 h.p.i onwards (Fig 5.1b). TaHIp01 on the other hand
showed a transient increase in expression 24 h.p.i (Fig 5.1c). p-1,3-glucanase activity was
inhibited from 12 h.p.i (Fig 5.2b) with only a slight increase in activity back to the normal
level occurring at 72 h.p.i. After an initial decrease in 3-1,3-glucanase protein levels at 12

h.p.i, the levels increased again to that of time zero from 24 h.p.i onwards (Fig 5.2c).

To summarize, IS plants managed to activate an extensive defence response within
uninfected Thatcher plants, both on expression level as well as protein activity. In the
Thatcher+Lr34 plants, the induced response was only partial with none of the acknowledged

PR genes being involved.
5.3.1.3 Expression of volatile defence marker genes

Despite numerous attempts, NPR1 gene expression was not detected in any of the plant
tissues (results not shown). In contrast, both Etrl at 60 h.p.i (Fig 5.3a) and Cor1 at 84 h.p.i
(Fig 5.3b) was inducibly expressed in the IS plants. These two genes were either not
expressed at all in the control plants, or showed increased expression at 12 h.p.i in the case

of Etr1 (Fig 5.3a).

In the US plants there was a slight increase in Etrl expression 24 h.p.i (Fig 5.3a) while Cor1

showed a doubling in gene expression 72 h.p.i after an initial repression (Fig 5.3b).
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0 12 24 48 72h 0 12 24 48 72h

Thatcher Uninfected (US)
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Figure 5.1: Selected defence related marker gene expression during the interaction between
infected Thatcher (IS) and uninfected Thatcher (US) and Thatcher+Lr34 (UR). In (a) PR2
gene expression, in (b) PR5 gene expression and in (c) TaHIp01 gene expression is

presented.
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Figure 5.2: [-1,3-glucanase activity for infected Thatcher (IS) and its interaction with (a)
Thatcher (US) and (b) Thatcher+Lr34 (UR). In (c) B-1,3-glucanase protein levels were

determined. Error bars indicate standard deviation and n=3.
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Figure 5.3: Expression of marker genes involved in different volatile defence pathways
during the interaction between infected Thatcher (IS) and uninfected Thatcher (US) and

uninfected Thatcher+Lr34 (UR). In (a) Etr1 and in (b) Corl gene expression was determined.
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In the UR plants there was a slight increase in Etr1 expression 24 h.p.i (Fig 5.3a) while Cor1

showed an increase in expression 48 h.p.i (Fig 5.3b).

Since the expression of both Etrl and Corl was induced, it can be assumed that JA/ethylene
defence play a key role in the defence response of the IS plants. Since Corl was inducibly
expressed in US and UR plants, it can be concluded that these plants detected a JA related

volatile signal emitted by the IS plants.

5.3.2 THATCHER+LR34 INFECTION-RELATED COMMUNICATION

5.3.2.1 Thatcher+Lr34 Infected with leaf rust

During the infection of Thatcher+Lr34 plants, there was an increase in PR2 gene expression,
reaching a maximum expression level 36 h.p.i (Fig 5.4a). In contrast, PR5 expression was
repressed from 36 h.p.i onwards (Fig 5.4b) while the expression of TaHIp01 was repressed

and induced again at 36 h.p.i (Fig 5.4c).

-1,3-glucanase activity increased in the IR plants, reaching a maximum from 24 to 48 h.p.i
with a subsequent decrease at 72 h.p.i (Fig 5.5a). [-1,3-glucanase protein levels also
increased from 24 h.p.i reaching a maximum level at 84 h.p.i (Fig 5.5c). This supported the

induced expression pattern of PR2.

In the CS plants there was a repression of PR2 (Fig 5.4a) and PR5 gene expression (Fig 5.4b).
TaHIp01 expression remained constant (Fig 5.4c). For B-1,3-glucanase activity, the CS plants
showed constant levels of activity (Fig 5.5a) as well as constant -1,3-glucanase protein

levels (Fig 5.5c).

In the CR plants, PR2 gene expression increased 12 h.p.i (Fig 5.4a) while PR5 and TaHIp01
expression either stayed constant or decreased (Fig 5.4b and c). [-1,3-glucanase activity
and protein levels also stayed constant during the time trial with a slight decrease in both at

72 h.p.i (Fig 5.5b and c).

Thus, even though the defence response of IR plants was activated as seen by PR2 gene
expression and [3-1,3-glucanase activity, it is important to note that in contrast to IS plants,

PR5 and TaHIp01 gene expression were not induced.



Chapter 5

5.3.2.2 Uninfected Thatcher and Thatcher+Lr34

In the US plants, there was no increase in PR2 or TaHIp01 gene expression (Fig 5.4a and c)
while a strong increase in PR5 gene expression was evident from 12 h.p.i (Fig 5.4b). B-1,3-
glucanase activity remained constant until 72 h.p.i when there was a slight increase in
activity (Fig 5.5a). This increase coincided with an increase in 3-1,3-glucanase protein levels

72 h.p.i (Fig 5.5c).

In the UR plants there was an increase in PR2 gene expression 48 h.p.i (Fig 5.4a) as well as
an increase in PR5 gene expression 72 h.p.i after an initial repression (Fig 5.4b). The
expression for TaHIp01 increased from 24 h.p.i reaching the maximum level at 48 h.p.i (Fig
5.4c). PB-1,3-glucanase activity showed an initial increase in activity 12 h.p.i, followed by
another strong increase 72 h.p.i (Fig 5.5b). This increase in B-1,3-glucanase activity also

coincided with an increase in B-1,3-glucanase protein levels 72 h.p.i (Fig 5.5c).

To conclude, US and UR plants reacted differently to volatile signals originating from IR
plants. While the UR plants deployed an extensive defence response, only PR5 gene
expression was induced in the US plants. It seems however as if the PR2 defence response

is only later switched on in the US plants.
5.3.2.3 Expression of volatile defence marker genes

In the IR, US and UR plants, there was again no NPR1 gene expression detected (results not
shown). In the CS plants there was a constitutive expression for Etrl (Fig 5.6a), while there
was no expression of Corl detected (Fig 5.6b). In the CR plants, the expression of Etrl
increased slightly at 12 h.p.i (Fig 5.6a) whereas no expression of Corl was detected (Fig

5.6b).

In the US plants, there was an initial high expression of Etr1 (Fig 5.6a) which was repressed
from 12 h.p.i only to return to the initial levels 72 h.p.i. In the same set of plants there was
only a slight increase in Corl expression detectible at 12 h.p.i (Fig 5.6b). In the UR plants,
there was a strong increase in Etrl expression 48 h.p.i (Fig 5.6a) with no visible expression of
Cor1 (Fig 5.6b). It is thus clear that in contrast to the IS plants, IR plants did not activate the

JA/Ethylene pathway.
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Figure 5.4: Selected defence related marker gene expression during the interaction
between infected Thatcher+Lr34 (IR) and uninfected Thatcher (US) and Thatcher+Lr34 (UR).
In (a) PR2 gene expression, in (b) PR5 gene expression and in (c) TaHIp0O1 gene expression is

presented.
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Figure 5.5: B-1,3-glucanase activity for infected Thatcher+Lr34 (IR) and its interaction with

(a) uninfected Thatcher (US) and (b) Thatcher+Lr34 (UR). In (c) B-1,3-glucanase protein

levels were determined. Error bars indicate standard deviation and n=3.
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Figure 5.6: Expression of indicator genes involved in different volatile defence pathways
during the interaction between infected Thatcher+Lr34 (IR) and uninfected Thatcher (US)
and uninfected Thatcher+Lr34 (UR). In (a) Etrl and in (b) Corl gene expression was

determined.
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Despite this, Etr1 gene expression is induced in the UR plants and an effective defence was

activated. It is thus conceivable that another volatile compound is released by the IR plants.

5.3.3 PHENOTYPIC ANALYSIS OF THE DEFENCE RESPONSE OF US AND UR PLANTS

To determine whether the induced defence response visible in the UR and US plants was
effective to protect the plants against leaf rust infection, US and UR plants that were placed
in the presence of IR plants were inoculated with leaf rust. After inoculation, spores on the
later infected susceptible (LIS) and later infected resistant (LIR) plants were allowed to

germinate and develop for 48 h before the leaves were examined microscopically.

On control infected Thatcher plants, 62% (+ 29%) of all counted structures were colonies,
20% (+ 17%) were small colonies with less than 6 haustorium mother cells (HMCs), 13% (+
8%) were germinated spores that aborted growth and 6% (+ 6%) were germinated spores
that did not penetrate the leaf (Fig 5.7). This is characteristic of a susceptible plant infected
with leaf rust. In contrast, on leaves of LIS plants, only 4% (+ 4%) of spores developed into
colonies, 6% (+ 6%) developed into small colonies with less than 6 HMCs, while 85% (+ 9%)

showed aborted growth and 7% (+ 4%) did not penetrate the leaf.

On control infected Thather+Lr34 plants, 6% (+ 6%) of all counted structures were colonies
(Fig 5.7), 11% (+ 8%) were small colonies with less than 6 HMCs, 80% (+ 13%) represented
aborted growth of germinated spores and 4% (+ 2%) were germinated spores that did not
penetrate the leaf. This again is characteristic of resistant plants upon infection with leaf
rust. In contrast, LIR plants had an average of 2% (£ 2%) colonies, 10% (+ 5%) formed small
colonies with less than 6 HMCs, 85% (+ 10%) aborted growth and 4% (+ 4%) did not

penetrate.

On control Thatcher plants, colonies achieved an average size of 9578 pum? (+ 4923 pm?)
while in the US plants the colonies were 2816 um?® (+ 826 pum?) in size on average. On
control Thatcher+Lr34 plants, colonies developed to an average size of 6513 um? (+ 2748
um?). In contrast, colonies on communication Thatcher+Lr34 plants developed to only 5115

um? (5 pm?).
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Figure 5.7: The effect of volatile emissions on the defence response of US and UR wheat.
Error bars indicate the standard deviation and n=3.
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Figure 5.8 indicates the flag leaves of the different plant sets after infection. White spots on
the leaves are necrotic spots indicative of resistance while red-brown colonies are
indications of susceptibility. The top leaf represents the original infected Thatcher+Lr34

plants while the leaf second from the top represents the infected CR.

Both plants showed necrotic spots indicative of the HR leading to resistance. The third leaf
from the top represents the LIR plants showing markedly more white necrotic lesions than
the previous two. This indicates that a stronger defence response is functioning in the LIR
plants leading to a strong resistance response. The fourth leaf from the top represents the
infected CS plants while the fifth leaf represents the LIS plants. The former showed the
characteristic red-brown pustules/colonies that are formed with very little necrotic lesions.
The LIS plants on the other hand, showed many more necrotic lesions with fewer colonies,

indicating a stronger defence response compared to the control.

5.4 DISCUSSION

Induced disease resistance in plants relies on the ability of the host to recognize the
potential pathogen and trigger an appropriate response. Plants often employ distinct
recognition mechanisms and defence pathways for different pathogenic elicitors. These
pathways are not necessarily linear and the signals mediated by the major endogenous
signal molecules SA, JA, ethylene and other VOC’s appear to form a network of interactions

(Li et al., 2004).

Pathogen induced accumulation of 3-1,3-glucanases has been reported in wheat (Anguelova
et al., 1999; Caruso et al., 1999), sunflower (Jung et al., 1993) and tomato (Oldroyed and
Staskawicz, 1998) to name a few. This suggests that this enzyme plays a direct role in plant
defence against pathogens. [B-1,3-glucanase encoded by the PR2 gene, is a pathogenesis
related protein which can be used as an indicator of the activation of the defence response
in wheat after infection by leaf rust (Anguelova et al., 1999). More specifically, an increase
in B-1,3-glucanase activity, as well as an increase in [-1,3-glucanase protein levels, would

indicate the positive activation of a defence response.
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Figure 5.8: The visible effect of volatile emissions on the defence responses of infected

wheat. IR is infected resistant, CR is control resistant, LIR is later infected resistant, CS is

control susceptible and LIS is later infected susceptible.



Chapter 5

It was isolated from several plants after pathogen infection (Rebmann et al., 1991;
Reimmann and Dudler 1993; Xu and Reddy, 1997; Fagoaga et al., 2001) and was found to

have antifungal activity against several fungi.

Using these two marker genes, the activation of the defence response in both infected
resistant and susceptible wheat was investigated. In both, PR2 gene expression was
induced within 24 h.p.i. which was accompanied by increased polypeptide levels. These
elevated B-1,3-glucanase polypeptide levels in turn led to increased [3-1,3-glucanase activity.
In the IS plants, a six fold increase in enzyme activity was found at 72 h.p.i., while the IR

plants achieved a maximum 1.5 fold increase in activity at 48 h.p.i. where after it decreased.

Anguelova et al. (1999) found an increase in 3-1,3-glucanase activity within 48 h.p.i in adult
Thatcher+Lr35 wheat plants infected with leaf rust while Kemp et al. (1999) found an
increase within 12 h.p.i in the Palmiet+Lr29 and Palmiet+Lr34 wheat cultivars infected with
leaf rust. Dann et al. (1996) also found increases in B-1,3-glucanase activity 5 days after

infection of green bean with Colletotrichum lindemuthianum.

When the expression of PR5 is considered, there was a clear difference between IS and IR
plants. In the former, the gene was inducibly expressed but not in the IR plants where gene
expression was repressed. It is therefore clear that in the IR plants, a limited activation of
the defence response in the form of PR2 was sufficient to establish complete resistance
against leaf rust infection. In contrast, IS plants activated an extensive defence response
including both PR2 and PR5, yet a susceptible phenotype was the end result. One can
therefore conclude that PR proteins alone are not sufficient to attain resistance against
pathogen infection, but that other factors definitely also contribute to an effective

resistance response.

In another study, TaHIp01 was found to be inducibly expressed shortly after leaf rust
infection of Thatcher and Thatcher+Lr34 (Appelgryn, results unpublished). Even though the
involvement of this gene in the defence response has not been proven, it was used as an
additional marker to confirm the activation of a response in wheat following infection.

Again there was a difference between IR and IS plants where the latter showed increased
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expression, reaching a maximum at 72 h.p.i. In combination, these three marker genes

confirm the activation a defence response in both cultivars following leaf rust infection.

These three genes were thus used to investigate the activation of a defence response in
uninfected plants through a volatile defence event. When placed in the vicinity of IS plants,
US plants showed increased expression of PR2, PR5 and TaHIp0O1. This was accompanied by
both increased [-1,3-glucanase protein levels and enzyme activity. These increases indicate
the activation of the defence response even though the plants were not infected with the
pathogen. These plants are therefore reacting to a putative volatile signal received from the

IS plants.

In contrast, the UR plants exposed to IS plants showed no increase in PR2 and PR5 gene
expression. This was also reflected in both protein levels and enzyme activity. There was
however an increase in TaHIp01 gene expression indicating that the UR plants did respond
to a putative signal coming from the IS plants. This response however did not necessitate
the activation of defence gene expression most probably since Thatcher+Lr34 already have
an effective defence mechanism that is capable to overcome leaf rust infection. The US
plants thus reacted extensively on a volatile signal coming from the IS plants, while the

response of the UR plants was only partial.

The exact opposite was found when US and UR plants were exposed to IR plants. In the US
plants, there was increased PR5 gene expression but no changes in PR2 and TaHIp0O1 gene
expression. Both [-1,3-glucanase protein levels and activity was constant until 72 h.p.i.
where slight increases in both were visible. In the UR plants increased expression was found
for PR2, PR5 and TaHIp01 coinciding with a slightly later increase in 3-1,3-glucanase activity
and protein levels. During this interaction the UR plants responded with an extensive

defence response compared to only a partial response in the US plants.

To investigate the effectiveness of this induced defence responses on intact plants, US and
UR plants were infected with leaf rust after exposure to IR plants. It was evident that the LIS
plants showed an increased resistance against leaf rust since there was a 6 fold drop in
developed colonies and a 4 fold drop in colonies with less than 6 haustorium mother cells
compared to the CS plants. In addition the abortion rate of germinated spores increased 8

fold. Infected leaves also showed more necrotic flecks and fewer colonies compared to the
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control plants. This clearly supports the evidence that the defence response was activated
within the LIS plants. Even though the Thatcher+Lr34 line is resistant against leaf rust, the
LIR plants exhibited the same tendencies than the LIS plants. It is thus evident that both the

LIR and LIS plants were primed on molecular level to withstand leaf rust infection.

Arimura et al. (2001) showed that lima bean leaves infested with spider mites were able to
activate PR2 gene expression in uninfested leaves within one day after exposure to infested
leaves. They however did not describe the influence that the induced defence response had
on subsequent infesting spider mites. Karban et al. (2000) showed that tobacco plants
exposed to damaged sagebrush showed increased resistance against herbivore attacks
indicating the positive role that volatile emissions could play on neighbouring plants

regarding defence.

To summarize, this work proves that wheat infected with leaf rust is able to prime
neighbouring plants and thereby improving their resistance against a pathogen. It is
furthermore evident that the most effective communication was between similar cultivars,
but despite this, even partial defence activation in the US plants was still sufficient to

improve the resistance of the susceptible cultivar.

Induced defence responses are regulated by a network of interconnecting signal
transduction pathways in which the hormonal signals SA, JA and ethylene play a major role
(Pieterse and Van Loon, 2004). Ethylene is produced upon wounding or infection by
pathogens as well as by treatment with elicitors of defence responses (Boller, 1995). It is
known to travel through the atmosphere to activate plant defensive genes (Farmer and
Ryan, 1990) and was found to be involved in plant-plant interactions (Ruther and Kleier,
2005). The Etrl gene encodes a receptor of ethylene and its expression is induced upon

exposure to ethylene (O’Malley et al., 2005).

The expression of the AtCorl gene is induced upon treatment with methyl jasmonate (Li et
al., 2004) and is believed to belong to a family of related enzymes involved in the
biosynthesis/hydrolysis of plant cell wall components (Benedetti et al., 1998). Methyl
jasmonate, an end product of the jasmonate pathway was proven to be involved in
interplant communication in Artemisia tridentate (Farmer and Ryan, 1990), Nicotiana

attenuata (Preston et al., 2004) and in grapevine (Larronde et al., 2003).
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NPR1 is an essential regulator of plant systemic acquired resistance (SAR), which confers
immunity to a broad-spectrum of pathogens (Pieterse and Van Loon, 2004). It accumulates
in the nucleus and activates gene expression. Inhibition of NPR1 prevents defence gene

expression (Mou et al., 2003).

During the investigation of volatile defence in wheat, the expression of these three genes
was used as markers for the different signal transduction pathways mediated by ethylene,

methyl jasmonate and methyl salicylate respectively.

As part of the resistance response of the IS plants, both Etr1 and Corl gene expression was
induced. This indicates that both an ethylene and a JA based signal were produced during
infection. In the IR plants, there was no detectable change in expression for either Etrl or
Corl at all. In both the infected cultivars, no expression of NPR1 was found indicating that
at this stage SA based defence is not functional. Several studies found evidence that JA
defence negatively regulates the expression of SA-responsive genes in Arabidopsis thaliana
(Kachroo et al., 2001; Kloek et al., 2001). This might explain the lack of NPR1 expression in
the IS plants since there was increased JA-related gene expression. This however does not
explain the lack of NPR1 gene expression in the IR plants since there were no detectable
changes in JA-related gene expression in the IR plants. It is however possible that during

later stages of infection where SAR might be functioning, that this aspect could come into

play.

Karban et al. (2000) and Preston et al. (2001) found that sagebrush increased methyl
jasmonate production by up to 16 times upon damage and can further change the isomeric
conformation of methyl jasmonate to the biologically more active cis isomer. It was also
found that the trans:cis methyl jasmonate ratio changes from approximately 80:20 in
undamaged plants to approximately 40:60 in damaged plants. It is thus hypothesized that
the receiving plants use the more active cis isomer as an indicator of damage (Preston et al.,
2001). Xu et al. (1994) found that ethylene as well as methyl jasmonate were able to

activate PR5 gene expression when it was applied endogenously to tobacco seedlings.

While IS plants showed increased levels of both Etrl and Corl gene expression, the US and
UR plants only displayed increased Corl gene expression. This clearly demonstrates that

both UR and US plants only reacted on the JA based signal coming from the IS plants. When
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exposed to IR plants on the other hand that did not show any induced expression for both
Etr1 and Cor1, only the UR plants showed increased expression of Etrl. This indicates that
the US and UR plants reacted differently to volatile signals emitted from the IR plants. In
the case of the UR plants they reacted strongly to an ethylene-based signal while the US

plants did not.

To summarize, in reaction to a JA based signal coming from the IS plants, US plants activated
an extensive defence response while the UR plants showed only a limited response. This
was despite the fact that both ethylene and JA based volatiles were produced by the IS
plants. In contrast, even though it seems as if no such volatiles were produced by the IR
plants, the UR plants produced an extensive response that was seemingly based on an
unknown volatile signal. It is tempting to speculate that since this study used near-isogenic
wheat lines, either the production or the detection of the volatile signal could be linked to
the resistance locus present in Thatcher+Lr34. The induced expression of Etrl in the UR
plants could therefore be a byproduct of the extensive induced defence response of the UR
plants that were kept in the presence of IR plants. The identity and nature of such a novel
volatile that is produced by the IR plants will be investigated in the future using GC/MS

analysis.

To conclude, the results strongly suggests that a communication event took place between
infected and uninfected wheat and that this communication was in general the most
effective between plants of the same cultivar. These communication events are not always
noticeable in field conditions and the closed environment of a glasshouse probably
enhanced the effect of volatiles emitted by infected plants (Arimura et al., 2001). This
phenomenon does however hold great potential to be exploited as a natural method to

induce the defence responses of crops in field conditions.
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Plants are major targets for pathogenic microbes seeking a source of nutrition. A complex
array of interactions has thus evolved between plants and microbes to reflect both the
nutrient acquisition strategies of the microbes as well as the defence strategies of plants.
To be a successful pathogen, a microorganism needs to interfere with one or more essential
functions of the plant, thereby causing disease. Regardless of the type of pathogen, a
prerequisite for pathogenicity is the ability to gain access to the plant’s interior. This is
achieved through different means. Some pathogens take advantage of natural openings
such as stomata or lenticels or enter the plant through wounds, while others simply
penetrate the leaf surfaces (Felle et al., 2004; Gourgues et al., 2004; Amiri and Bompeix,
2005; Franceschi et al., 2005; Takano et al., 2006). In most fungal diseases, the fungus not
only penetrates the cuticle but the cell wall as well which is the next obstacle for pathogens

after reaching the intercellular spaces or apoplast (Parniske, 2004; An et al., 2006).

Due to the fortress-like cell structure of plants, their innate ability to recognize potential
pathogens and their effective defences, plants are generally resistant to most pathogens
(Heath, 2000; Niirnberger et al., 2004). The ability to detect potential pathogens has been
essential to the development of modern plants (Chisholm et al., 2006). Perception of the
pathogen is achieved through receptors, a complex surveillance system capable of
recognizing both conserved molecular patterns and specific effector proteins. Once the
pathogen is perceived, it leads to the activation of the corresponding defence responses in
the plant (Montesano et al., 2003). Thus, in order to be successful, a pathogen needs to

evade the plant surveillance system or suppress the plant defences.

Plants defend themselves against invaders in two ways. The first is by means of structural
barriers that inhibit the pathogen from gaining entrance and spreading throughout the
plant. Secondly, plants employ biochemical pathways to produce toxic substances that
inhibit the growth of the pathogen. Combinations of these two defence types vary between
different plant-pathogen interactions (Glazebrook, 2005). If the plant fails to recognize the
pathogen or an elicitor, the appropriate defences will not be activated and disease results.
Alternatively, if the plant responds with a rapid and well-aimed activation of defences, the

attempted infection is halted.
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Basal defence, a constituent of both nonhost and host resistance, provides basal-level
resistance (also called innate immunity or local induced resistance) that prevents infection
by a wide range of microbes (Heath, 2000; Thordal-Christensen, 2003; Nirnberger et al.,
2004; Oh and Collmer, 2005). Some pathogens have acquired the ability to suppress basal
defence responses and enhance their avirulence by delivering specific effector proteins to
the plant cells that interfere with plant defence. Gene-for-gene or race-cultivar-specific
resistance occurs when specific members of a plant species, but not the species as a whole,
have acquired resistance to a particular pathogen. This type of resistance is usually
restricted to a particular pathogen species and is effective against specific genotypes of that
pathogen (Dangl and Jones, 2001; Bonas and Lahaye, 2002; Hammond-Kosack and Parker,
2003; Chisholm et al., 2006).

Inducible plant defences are triggered by the perception of a pathogen or pathogen-derived
molecules called elicitors. The elicitors can be either general or specific to certain pathogen
strains. In addition, pathogens can release polysaccharide oligomers from the plant surface,
which could activate the defence response (Montesano et al., 2003; Niirnberger et al., 2004;
Chisholm et al., 2006). Perception of these elicitors takes place either at the cell surface or
inside the cell (Dardick and Ronald, 2006). Recognition of general and specific elicitors
triggers overlapping defence responses in the plant (Espinosa and Alfano, 2004; Kim et al.,
2005). These defence pathways are not necessarily linear and the signals mediated by the
major endogenous signal molecules SA, JA, ethylene and other VOC's appear to form a

network of interactions (Li et al., 2004).

Recognition of the elicitor induces several early responses including the phosphorylation
and dephosphorylation of plasma membrane proteins, increase of cytosolic Ca®* ion fluxes,
alkalization of the apoplast, as well as the activation of transcription factors and the early
expression of defence genes (Wojtaszek, 1997; Peck, 2003; Dardick and Ronald, 2006). The
synthesis of various defence-related proteins (e.g. PR proteins), which have antimicrobial
activity and thus serve to contain the infection, is also activated (Wojtaszek, 1997,
Hammerschmidt, 1999; Van Loon and Van Strien, 1999). The signals originating from the
local infection site can then evolve into a systemic defence response where distal,

undamaged parts of the plant develop resistance to future pathogen infections.
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The study of plant-pathogen interactions can provide tools for the development of more
durable approaches. For example, knowledge of the types of molecular responses activated
in the plant during the infection by different pathogens can have tremendous potential.
Plant defence responses are a result of a complex network of defence events that involves
the interplay of protein kinases, hormones and reactive oxygen species, leading to the
reprogramming of the plant transcriptome (Navarro et al., 2004; Devoto et al., 2005;
Brachmann, 2006). These responses aim at the production of defence compounds and,
finally, resistance. Elucidation of the molecular components acting in these cascades
provides useful tools for engineering more durable crops and resistance that is not easily

broken down.

In this study, DDRT-PCR was used to identify genes whose expression was induced in wheat
in response to infection with leaf rust. Several putative genes were cloned, but upon closer
investigation, only four were inducibly expressed exclusively in the resistant Thatcher+Lr34
cultivar. These genes coded for a putative monosaccharide transporter, a putative cell wall
invertase, a putative molecular chaperone and a putative indole-3-glycerol phosphate lyase
respectively. In several other studies, the involvement of similar genes has been found in
the defence response against a pathogen (Mendgen and Nass, 1988; Frey et al. 2000; Hall
and Williams, 2000; Bittner and Sauer, 2001; Roitsch et al., 2003; Wang et al., 2004). These
encoded proteins will therefore play definite roles in the defence response of Thatcher+Lr34

infected with leaf rust.

Wheat rust fungi are very specific obligate parasites that interact with wheat in a gene-for-
gene relationship (Person, 1959; Flor, 1971). When a rust spore lands on a host plant, it
germinates and grows to the nearest stomata (Schulze-Lefert and Panstruga, 2003). After
entering the leaf, the pathogen has to redirect the host’s metabolic flow to its own benefit

without killing the host.

Cell wall invertases are proteins that catalyze the cleavage of sucrose released into the
apoplast via sucrose transporters. The resulting monomers are transported into the sink
cells by monosaccharide transporters (Hall and Williams, 2000; Roitsch et al., 2003). The
activation of cell wall invertase and monosaccharide transporter gene expression during this

study could be the result of two scenarios. In the first, the plant’s own invertases and
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monosaccharide transporters are activated to replenish carbon sources lost as a result of
the activated cellular defence response or to replenish nutrients withdrawn by the fungus
(Biemelt and Sonnewald, 2006). Secondly, the fungus could release its own invertases and
monosaccharide transporters into the apoplastic space to acquire nutrients (Voegele et al.,
2001). These two cloned genes are currently being investigated as part of another study to

ascertain their respective origins and roles during this interaction.

Molecular chaperones are key components contributing to cellular homeostasis in cells
under both optimal and abnormal growth conditions (Grene, 2002). They are responsible
for the folding, assembly, translocation and degradation of proteins in a broad array of
cellular processes, including stress conditions (Bukau and Horwich, 1998; Forreiter and
Nover, 1998; Sung et al., 2001). Many molecular chaperones are stress proteins and most
were originally identified as heat-shock proteins (Hsp) (Lindquist, 1986; Lindquist and Craig,
1988). The putative molecular chaperone cloned during this study showed high similarity to
Hsp70. Current models propose that Hsp70 binds to nascent polypeptides thereby
preventing improper folding of the polypeptide and also appears to maintain these

polypeptides in a form competent for transport (Boston et al., 1996).

Thus, due to the high similarity of TaHIp01 to Hsp70 and the fact that it is inducibly
expressed upon pathogen infection, implicate that the encoded protein is involved in the
defence response of wheat upon fungal infection. It is however possible that its expression
is an indirect result of infection. As a result of the chaperone functions of Hsp70, TaHIp01 is
presumably involved in the transport and folding of defence related polypeptides that are
synthesized as a direct result of the defence response. A second possible role is that
TaHIp01 could form part of a chaperone complex since the cloned TaHIpO1 lacked a
carboxy-terminal substrate binding domain. It has been found that an Hsp70 was necessary
for Hsp90 function during the activation of a protein kinase (Kimura et al., 1995). By binding
to another chaperone, TaHIp01 could thus modulate the activity of the former. Another cue
for the indirect involvement of TaHIp01 during resistance is the inability of chemicals that
normally activate the plant’s defence response, to induce the expression of TaHIp01. In
fact, its expression is repressed by SA, a key component of SAR. It is important to note that
the TaHIp01 gene is present and expressed in both resistant and susceptible wheat cultivars,

but is only inducibly expressed in the resistant cultivars after infection with rust. This
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indicates that its regulation with regard to defence is dependent on the resistance loci in
these wheat lines. Future studies will however have to investigate its role during infection

with other pathogens such as bacteria or viruses.

Upon appropriate stimulation, resistance can also be induced systemically in the
noninfected tissues of the plant. Pathogens, soilborne microorganisms, various chemicals
and several forms of stress can enhance the tolerance of a plant to future pathogen attacks.
Induced resistance is often associated with an enhanced capacity to mobilize cellular
defence responses. Plants expressing these genes are thus “primed” for potentiated
induction of defence responses when they encounter a pathogen attack (Conrath et al.,
2002; Van Hulten et al.,, 2006). The classic example of induced resistance is SAR that is
controlled by a defence pathway that depends on endogenous accumulation of SA (Malamy
et al., 1990; Métraux et al.,, 1990; Uknes et al., 1992; Durrant and Dong, 2004). SAR is
associated with the accumulation of defence compounds such as PR proteins in the
uninfected parts of the plant, and it is mainly effective against biotrophic pathogens

(Glazebrook, 2005).

Plants have evolved to respond with sophisticated mechanisms to attack by herbivores and
certain pathogens that rapidly destroy plant tissues. Wounding induces the expression of
defensive foliar compounds that have toxic effects on the invader. In addition, plants under
attack can also emit volatile substances that act indirectly by attracting predators of the
herbivore (Schilmiller and Howe, 2005; Wasternack et al., 2006). Importantly, volatile signals
originating from the initial wound site can induce systemic resistance in healthy plants
located considerable distances away that will protect these plants against a broad spectrum

of future attackers (Howe, 2004).

When uninfected resistant and susceptible plants were thus exposed to infected resistant
and susceptible plants respectively, increases in defence related gene expression, including
TaHIp01 and PR2, were found. This indicated that the infected plants were able to induce
the expression of defence related genes in uninfected plants via a volatile signal that was
transmitted. It was also evident that the activation of the defence responses was more
effective between plants of the same cultivar than between plants of different cultivars.

This could indicate that resistant plants may communicate more effectively with each other,
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possibly through an unique defence ability due to the presence of the resistance locus. Even
though a specific volatile signal has not yet been identified, it is evident from the marker
gene expression, that methyl jasmonate, amongst others, is a prime candidate (Farmer and
Ryan, 1990; Kessler et al, 2006). Hamilton and Coleman (2001) found that methyl
jasmonate was able to induce the accumulation of Hsp70 in distant untreated leaves of
Nicotinia attenuata. In contrast to this, no accumulation of TaH/p01 in uninfected plants
exposed to infected plants was noted. This again strengthens the assumption that TaHIp01

expression is an indirect result of the defence response.

The effectiveness of the interplant communication was confirmed when it was found that
the induction of plant defences was not limited to induced gene expression, but that it
actually improved the phenotypical resistance as well. When uninfected resistant and
susceptible plants were infected after exposure to infected resistant plants, a 4 fold drop in
colony formation was observed in both. The susceptible plants however showed a bigger
increase in resistance compared to the resistant plants. This clearly indicates that the
exposure to infected plants improved the resistance in these plants and warrants further
investigation of its application in field trials. This phenomenon could possibly be exploited
as a cheap, natural alternative for combating disease. However, it might be possible that
the results obtained are enhanced by the closed space of the glasshouse (Arimura et al.,
2001) and that during field conditions, the effect of the volatile emissions might be muted

as a result of this.

To summarize, this study contributed to the better understanding of plant defence in
several ways. In the first instance, a novel truncated heat shock like protein was identified
whose expression seems to be regulated by the resistance loci present in resistant wheat
cultivars. The role of the encoded protein is still unclear, but it can be foreseen that the
protein should play a key role during the controlled chaos following infection. Secondly, a
possible volatile defence event between infected and uninfected plants was investigated.
This particular field of research is very controversial due to several reasons (Karban et al.,
2000; Dicke and Bruin, 2001), but this study has proven the existence of such an event
within the accepted limitations and borders of published work. Even though the
effectiveness of this defence is not clearly evident in field conditions, controlled laboratory

conditions have proven its existence. Future studies on both the abovementioned aspects
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would aim to further establish the roles and importance of TaHIp0O1 and volatile defence in

the interaction between wheat and rusts.
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SUMMARY

The aim of this study was to investigate the early events following the infection of wheat
with leaf rust. An attempt was made to identify and characterize genes putatively involved
in these early events. More specifically, the aim was to obtain genes whose role in infected

plants could be linked to the resistance locus within the resistant plant.

DDRT-PCR was used to isolate differentially expressed genes from the resistant
Thatcher+Lr34 plants during the first 15 h after infection. Four cDNA fragments were cloned
and sequenced. The first clone coded for a monosaccharide transporter, while the second
clone encoded a cell wall invertase. Both these clones formed part of a different study to

postulate a role for these proteins during infection.

The third cDNA clone, coded for a putative heat shock protein. Heat shock proteins are
molecular chaperones and are normally involved in ensuring cellular homeostasis by
preventing the aggregation of denatured proteins and assisting in the folding and transport
of new and denatured proteins. The fourth clone encoded an indole-3-glycerol phosphate

lyase.

The expression of the putative heat shock protein increased 86 fold within 9 h.p.i in infected
resistant wheat and was chosen for further analysis. The gene shared very high sequence
similarity to an O. sativa HSP70 gene and was called TaHIp01 (Triticum aestivum Heat shock
Like Protein 01). TaHIp0O1 was inducibly expressed upon infection of resistant wheat with
leaf rust as well as yellow rust but its expression remained constant in the infected
susceptible cultivars. This indicated that the regulation of expression is dependent on the
presence of the resistance locus within the resistant cultivars. A transient repression of
TaHIp01 expression was found during the later stages of infection in both the IR and IS
plants that were similar to a transient repression of TaHIp01 expression after Thatcher+Lr34
plants were treated with salicylic acid. TaH/p01 expression was also found to be induced by

heat stress, indicating a possible role during heat stress.

A possible interplant communication event was also examined. It was found that infected

plants were able to induce the defence response of uninfected plants. This communication
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between infected and uninfected plants was more effective between plants of the same
cultivars than between different cultivars. It appears as if resistant plants were able to
induce a more controlled defence response than susceptible plants. When uninfected
resistant and susceptible plants exposed to infected plants, was infected themselves, they
exhibited a more resistant phenotype compared to plants that was not exposed. The

communication event during this interaction most likely involves jasmonic acid.

Keywords: Triticum aestivum, Puccinia triticina, plant defence, interplant communication,

TaHIp01
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OPSOMMING

Die doel van hierdie studie was om die vroeé gebeure na die infeksie van koring met
blaarroes te bestudeer. ‘n Poging was aangewend om gene wat moontlik by hierdie vroeé
interaksie betrokke is, te identifiseer en te karakteriseer. Klem is egter gelé op die klonering
van gene waarvan die rol in geinfekteerde plante direk met die weerstandslokus gekoppel

kan word.

DDRT-PCR was gebruik om gene wat binne die eerste 15 h na infeksie van
weerstandbiedende Thatcher+Lr34 plante met blaarroes, differensieél tot uiting kom te
isoleer. Vier cDNA fragmente is gekloneer en hul DNA volgorde bepaal. Die eerste kloon
kodeer vir ‘n monosakkaried draer proteien en die tweede vir ‘n selwand invertase proteien.
Beide hierdie gene vorm deel van ‘n ander studie wat die rol van hierdie twee proteiene

gedurende infeksie bepaal.

Die derde geen kodeer vir ‘n potensiéle hitteskok protein. Hitteskok proteiene is
molekulére begeleiers wat normaalweg die sellulére ewewig handhaaf deur te verhoed dat
ongevoude en gedenatureerde proteiene aggregeer. Verder speel hulle ook ‘n rol in die
vouing en vervoer van nuwe en gedenatureerde proteiene. Die vierde kloon het vir ‘n

indool-3-gliserolfosfaat proteien gekodeer.

Die uiting van die potensiéle hitteskok proteien het is binne 9 uur na infeksie 86 keer
verhoog. Die geen is dus gekies vir verdere analise. Die geen toon baie hoé homologie
getoon met ‘n O. sativa Hsp70 geen en is TaHIp01 genoem (Triticum aestivum Heat Shock
Like Protein 01). TaHIp01 se uiting was aangeskakel tydens die infeksie van
weerstandbiedende koring met blaarroes sowel as geelroes, maar het konstant gebly in
vatbare plante. Dit het gelei tot die gevolgtrekking dat die uiting van TaHIp0O1 in
weerstandbiedende koring ofhanklik is van die weerstandslokus. ‘n Tydelike onderdrukking
van TaHIp01 uiting het voorgekom in beide vatbaar sowel as weerstandbiedend
geinfekteerde plante terwyl ‘n soortgelyke onderdrukking in plante wat met salisielsuur

behandel was, voorgekom het. Dit dui op die moontlike regulering van TaHIp01 deur
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salisielsuur. TaHIp01 se uitdrukking was ook geinduseer tydens hitteskok wat dui op ‘n

moontlike rol van die proteien tydens hitteskok.

‘n Verdere aspek wat bestudeer was, was die oordraging van ‘n vlugtige sein tussen
verskillende koring plante. Daar is gevind dat geinfekteerde koring plante in staat was om
die verdedigingsmeganismes van ongeinfekteerde plante aan te skakel. Hierdie
kommunikasie was ook meer effektief tussen plante van dieselfde kultivar as tussen
verskillende kultivars. Dit wil ook voorkom asof geinfekteerde weerstandbiedende plante in
staat is om ‘n meer gekontroleerde verdedigingsrespons in die ongeinfekteerde plante aan
te skakel as vatbare plante. Tydens die infeksie van beide vatbare en weerstandbiedende
plante wat voorheen in kontak was met weerstandbiedend geinfekteerde plante, het hulle
‘n beter verdedigingsresponse getoon as plante wat nie in kontak was nie. Dit wil voorkom

asof die sein wat betrokke is tydens hierdie kommunikasie, bes moontlik jasmoniensuur is.

Kernwoorde: Triticum aestivum, Puccinia triticina, plant verdediging, interplant

kommunikasie, TaHIp01



