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Chapter 1

Introduction



Diuraphis noxia (Mordvilko) (Russian wheat aphid, RWA) is a significant pest of wheat and barley,
and has been reported in all wheat-producing countries by 1990, with the exception of Australia
(Basky, 2003). Wheat production in South Africa and the United States has suffered the greatest losses,
where the economic impact of the RWA on the USA alone reached $800 million from 1987-1993
(Morrison and Peairs 1998). The main symptoms that susceptible RWA-infested plants develop
include white, yellow and purple longitudinal streaking patterns observed on leaf surfaces, as well as
leaf rolling (Jyoti et al. 2006). In cases of severe infestation, aphid feeding ultimately leads to the

death of the plant.

In terms of control of the RWA, the leaf rolling symptom provides the aphid with a degree of physical
protection against the use of contact insecticides (Ma et al. 1998). Therefore, the application of
numerous insecticides on a systemic level is required to achieve some degree of success in this regard.
This however, is very detrimental to the environment and burdens the farmer financially (Mornhinweg
et al. 2005). The use of biological control agents is continually being investigated, but leaf rolling
again provides the aphid with suitable protection. As a result, effective control of the RWA will
ultimately require an integrated pest management strategy — i.e. involving the use of chemical,
biological and genetic resources. Exploiting the advantages of genetic resistance in plants however,
requires a basic understanding of plant defence, when under threat from biotic factors in general

(specific and non-specific), specifically the RWA.

Plants are sessile organisms that lack the benefit of a circulating immune system, and therefore they
have to develop highly specific defence strategies against the threats posed by the RWA (and other
pathogens and pests) (Botha et al. 2006). Plants therefore rely on passive preformed physical and
chemical barriers that are non-specific (implying that these defence mechanisms are not directed at a

specific pest or pathogen) (Jackson and Taylor, 1996), as well as specific resistance responses that
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require the recognition of an eliciting agent in order to induce such a response (Botha et al. 2006).
When considering preformed defence mechanisms, the protection provided by the plant cell wall can
be regarded as the first line of physical defence, which consists of structural components such as
cellulose, polysaccharides, proteins and a number of phenylpropanoid polymers (Botha et al. 2006). In
addition to this, plants also produce a number of chemical compounds that posses anti-microbial
properties and compounds that serve as deterrents against a number of herbivorous organisms
(Menezes and Jared, 2002). Chemical mediated defence responses further include for example the
production of proteins that directly interfere with the digestive system of invading insects, which

includes proteinase inhibitors (Botha et al. 2006).

Phloem forms an important transport system for the distribution of organic compounds assimilated as a
result of photosynthesis (Kehr, 2006), and aphids profit from this by extracting nutrients from the plant
via a hollow feeding stylet inserted into phloem sieve tubes. As a preliminary response to injury, sieve
tubes become plugged, preventing the aphid from meeting its nutritional demands — illustrating natural
plant defence on another level (Will and van Bel, 2006). The aphid however, attempts to compensate
for this, by injecting watery saliva into the plant during feeding, that amongst other functions,

suppresses stress responses such as the closure (or plugging) of sieve tubes (Miles, 1999).

Phloem-feeders take up a large amount of phloem-sap during feeding, where the presence of proteins
with insecticidal properties may potentially play a significant role in plant defence (Kehr, 2006).
Protease inhibitors for example, are widespread in the phloem of various plant species. This abundance
of protease inhibitors in phloem, and the associated scientific support for the importance of digestive
proteases to phloem-feeders, implies an integral role of these protease inhibitors in further defence
mechanisms (Kehr, 2006). Another group of defence proteins found in phloem sap are the lectins. In

the case of insects, lectins are thought to upset feeding and digestion, interfering with insect growth
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and development (Murdock and Shade, 2002). Therefore the inhibition of the plant’s defences by the
aphid is crucial to its survival, and an important role for the watery saliva in this regard is conceivable

(Will and van Bel, 2006).

Host-mediated (genetic) resistance is regarded as important in plant defence against the RWA, since it
is environmentally safe and provides an economically viable solution to control the RWA in the long
run (Van der Westhuizen and Pretorius, 1996). Host-mediated resistance is based on the genetic model
described for plant-pathogen interactions, and is termed the gene-for gene model (Flor, 1942). In order
for defence to occur, the plant must possess a copy of a resistance (R) gene (in the dominant form), and
the invading pathogen must carry a dominant avirulence (Avr) determinant (Keen, 1990). Should
recognition of the pathogen occur, the plant normally activates the hypersensitive response (HR),
which is visible as necrotic lesions around the area of infection preventing further spread (Pontier et al.
1998). Besides this HR response, a signal is generated at the initial site of pathogen infection that
spreads systemically to healthy parts of the plant, providing the plant with a degree of protection
against secondary infection. This is known as systemic acquired resistance (SAR), and it can last for
weeks up to months after initial infection. Since the identification of this gene-based resistance as a
sustainable solution to the problem of RWA infestation, eleven genes conferring resistance to the
RWA (designated Dn genes) have been identified in wheat and its relatives. These have subsequently
been incorporated into various wheat cultivars in extensive breeding programmes. These include Dnl
and Dn2 (du Toit, 1989), Dn4 (Nkongolo et al. 1991b), Dn5 (Marais and du Toit 1993), Dn6 (Saidi
and Quick, 1996), and Dn8, Dn9 and Dnx (Liu et al 2001) all identified in wheat germplasm. A
recessive resistance gene dn3, was identified in Aegilops tauschii (Nkongolo et al. 1991a) and Dn7 was
transferred from chromosome 1RS of rye into a wheat cultivar ‘Gamtoos’ (Marais et al. 1994).
Another RWA resistance gene, Dny has also been recently incorporated into the ‘Stanton’ cultivar

(Smith et al. 2004). Despite all the efforts to develop resistant wheat cultivars, breakdown of resistance
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recently occurred in important wheat producing areas in the USA. The emergence of two new RWA-
biotypes resistant to Dn4 (Haley et al. 2004) and Dny (Jyoti et al. 2006), illustrate the importance of

continuing research into furthering the development of resistant cultivars.

In order to contribute to this endeavour, the broad aim of this project was to investigate the
transcriptional responses activated in a resistant wheat line, 94M370 (Gamtoos Dn7), after infestation
with three different RWA biotypes (US biotype 1, US biotype 2 and SA biotype 1). This was
addressed by focusing on more specific objectives. Firstly, by clarifying the precise molecular
mechanisms by which Dn7 confers resistance to the RWA, and then to further determine how
distinctive (or conserved) these responses are following infestation with different RWA biotypes. This
involved RWA infestation of the resistant wheat line 94M370 (‘Gamtoos’-R; Dn7") and its susceptible
near-isogenic counterpart (‘Gamtoos’-S; Dn7), after which responses where initially characterised on
a molecular level with Suppression subtractive hybridization (SSH) (Chapter 3). Answers to these
research questions however, were achieved with the aid of cDNA-AFLP (Amplified Fragment Length

Polymorphisms) technology and Real-Time reverse transcription PCR (Chapter 4).
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Chapter 2

Literature Review



2.1 Introduction

The Russian wheat aphid, Homoptera: Aphididae (RWA, Diuraphis noxia, Mordvilko) is a major pest
of wheat, barley and other cereal grains in countries such as the USA, South Africa, and South
America (Liu et al. 2002), after having been introduced from countries in the Middle East, Asia Minor
and Southern Russia (Marais et al. 1994). In the United States alone, economic losses suffered from a
serious reduction in grain yield and increased production costs exceeded $485 million by 1995 (Miller
et al. 2001). Such reductions in yield occur as a result of direct aphid feeding, leading to a loss of shoot

and root biomass, slower growth rates, water imbalances and sterility (Kindler et al. 1992).

The use of pesticides has provided some degree of control over this pest, but this is not a sustainable
solution, due to the adverse environmental effects and large expense associated with these chemical
control agents (McDowell and Woffenden, 2003). For these reasons, the development of genetically
resistant cultivars was identified as a promising solution to the problem. In depth research into the
mechanisms by which current resistant cultivars function, may lead to the identification of novel
defence genes and may contribute to our limited understanding of wheat-aphid interactions. By
applying the information gathered from such studies, we might identify sustainable solutions for the

resistant RWA problem.

2.2 Plant - pathogen interactions

2.2.1 Overview

Understanding plant-pathogen interactions is vitally important for the further elucidation of plant-

insect interactions, due to their similar response activation. The discussion therefore that follows
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focuses on the plant-pathogen perspective, but is also most likely to be true for plant-aphid

interactions.

Plants are constantly under threat of attack from numerous different viruses, microbes and fungi.
Because they lack the advantage of a proficient circulatory immune system as seen in mammals, every
plant cell has to rely on a more evolutionary ancient means of defence. This strategy relies on
preformed and/or inducible defence barriers, collectively referred to as innate immunity (Hammond-

Kosack and Jones, 1997).

Despite these constant challenges by pathogens, the occurrence of disease is rare. Generally, there are
three reasons for the failure of pathogens to cause disease. The plant may (i) not be able to support the
requirements of the pathogen and is thus not a suitable host. The plant (ii)) may possess various
structural barriers or toxins that prevent colonization by the pathogen, or (iii) it mounts an active
defence response (Hammond-Kosack and Jones, 1996). All of these interactions where disease does
not occur are defined as being incompatible (Keen, 1990). When the potential pathogen successfully
invades the plant host, it is due to unsuitable physical defence barriers, or the plant’s active defence
responses are ineffective, especially in terms of the magnitude of the induced response or the time
needed for such a response to be activated. This will ultimately have plant disease as a result, and is

referred to as a compatible interaction (Hammond-Kosack and Jones, 1996).

2.2.2 The gene-for-gene model

In order for a plant host to mount an active defence response against a pathogen, it must first be able to
recognize this pathogen on molecular level. For this to occur the plant must possess a dominant form

of a resistance (R) gene that is complementary to a corresponding dominant avirulence (Avr) gene in
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the pathogen. If either host or pathogen lacks a functional copy disease occurs. Frequently plants may
carry a number of different resistance genes directed at a single pathogen, and for a pathogen to escape
recognition of so many R genes it must possess recessive alleles for all relevant avirulence (Avr) genes
(Keen, 1990). This recognition system was first described by Harold Flor in the 1940’s and is known
as the gene-for-gene model (Flor, 1942). Successful recognition of the pathogen by the plant’s R gene
generally results in the hypersensitive response (HR), which is characterised by a controlled process of
cell death around the area of pathogen infection (Pontier et al. 1998) and is visible as necrotic lesions
on the plant surface. The main purpose of this response is to prevent further spread by the pathogen.

The HR (and other important defence related responses) will be discussed in greater detail below.

2.2.3 Avirulence (Avr) genes

Although much time has been dedicated to understanding the function and biochemical nature of avr
genes, little progress has been made in this regard (Bent, 1996). Plant viruses provide a potential
exception, where genes encoding products such as structural coat proteins have been demonstrated as
being avirulence determinants (Hammond-Kosack and Jones, 1997). Some Avr genes are thought to
have important functional roles pertaining to pathogenesis, and loss of these genes might carry a
significant fitness penalty for the pathogen, which explains why these genes provide a stable target for
plant resistance genes (Bent, 1996). Exceptions do exist that illustrate that some pathogens can
structurally modify or lose their avirulence genes with very little or no obvious loss of fitness. Clearly
such cases have significant consequences in agriculture, as selection may favour pathogen populations

that cannot be recognised by plant resistance genes (Bent, 1996).
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2.2.4 Resistance (R) genes: Structural and functional properties

Ever since the gene-for—gene model was proposed, scientists have made many attempts to isolate R
genes in order to identify its structural and functional features. Success in this regard was delayed,
until modern molecular techniques were developed that allowed for the cloning of plant genes of
which the sequence or structure was unknown. Since then a large number of R genes have been
successfully cloned and analysed, with results showing that R genes from various different plant
species with specificity to a range of pathogens often have similar structural properties (Bent, 1996).
This clearly suggests a high degree of conservation between R proteins in terms of function (Bent,
1996). Currently, four main classes of highly polymorphic, but structurally conserved R proteins have
been identified. In plants, the most important of these, are the Nucleotide Binding Site — Leucine Rich
Repeat (NBS-LRR) proteins and in addition to this, the less important Leucine Rich Repeat - Receptor
Like Kinases (LRR-RLKSs) and the LRR- Receptor Like Proteins (LRR-RLPs) (Jones and Takemoto,
2004). The latter two classes of R proteins are involved in extra-cytosolic perception, consisting of an
extracellular LRR domain, connected to a membrane-spanning domain. These proteins either carry an
intracellular (C-terminal) kinase effector domain (RLK), of which the rice gene Xa2l is a good

example, or they lack such a domain, such as tomato’s Cf-9 gene (RLP) (Jones and Takemoto, 2004).

The Xa-21 gene, encodes a 1025 amino-acid protein that possesses 23 extracellular LRR domains, and
is known to confer resistance to over 30 distinct strains of Xanthomonas oryzae. Although this gene
shows homology to a similar gene found in Arabidopsis, it is still difficult to determine its exact
function. This protein is important however, in the sense that it illustrates a link between R proteins
that perform a receptor function, and downstream signalling pathways (reviewed by Hammond-Kosack
and Jones, 1997). The Cf-9 gene confers resistance to the leaf mould pathogen, Cladosporium fulvum.

This gene encodes an 863 amino-acid glycoprotein, containing 27 LRR domains. In contrast to Xa-21,
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Cf-9 does not have a kinase domain in the cytoplasm, but instead carries a small KKxx motif. This
suggests that Cf-9 must interact with various signalling components, probably kinases, in order to
activate the defence response, which might not be necessary in the case of Xa-21 (Hammond-Kosack

and Jones, 1997; Bent 1996).

The putative NBS-LRR class represents the largest group of R proteins (Holt et al. 2003). This class
may also have structural variants, depending on the amino-terminal domain. A number of NBS-LRR
proteins may have an N-terminal Toll and Interleukin-1 receptor like domain (TIR-NBS-LRR),

whereas others have a coiled-coil (CC-NBS-LRR) motif at their N-termini (Holt et al. 2003).

The Toll and Interleukin-1 receptor like domains (TIR) are named as such, because of their homology
with the cytoplasmic domain of Drospohila’s Toll protein, as well as the mammalian interleukin-1
receptor protein. Because these domains exhibit homology with cytoplasmic signalling domains, it can
be speculated that they are likely to be involved in signalling during plant defence and not pathogen
recognition (Hammond-Kosack and Jones, 1997). The CC motif found in other R proteins, is a basic
leuzine zipper domain, responsible for facilitating protein-protein interactions by allowing the
formation of so called coiled-coil structures (Hammond-Kosack and Jones, 1997). Both forms of the
intracellular group of R proteins have a NBS domain. These domains are found in a number of proteins
that have been illustrated to have ATP or GTP binding activity. This suggests a possible role for the
NBS domain in the activation of kinases, though no experimental evidence exists to support this theory
(Hammond-Kosack and Jones, 1997). Bent (1996) therefore proposed that it would be an important
future challenge to experimentally illustrate nucleotide triphosphate binding in intracellular R proteins.
The LRR domain is arguably the most important component of R proteins as it is present in all classes.

The domain is composed out of a number of structural units, each one consisting of a 3-strand and an
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0-helix interconnected by loops (Kobe and Deisenhofer, 1993). The structural units are arranged in
such a manner that it forms a non-globular horseshoe type structure, with the (3-strands lining the inner
circumference of the horseshoe and the a-helices forming the outer circumference (Kobe and Kajava,
2001). The LRRs generally have repeats of 20-29 amino acid residues containing a conserved 11
residue fragment with consensus sequence LxxLxLxxN/CxL (where x is any amino acid, and L can be
valine, isoleucine or phenylalanine), that corresponds to the segment surrounding the (-strands (Kobe
and Kajava, 2001). These domains have been implicated in mediating protein-protein recognition
events, possibly ligand binding in particular (Kobe and Kajava, 2001) but Moffet et al. (2002) has also

experimentally illustrated a role for LRR domains in intramolecular interactions.

As discussed above, the various structural components of R proteins perform a number of specific
functions, but it is clear that these various domains must act together in order for the R protein to
perform its intended function, namely resistance. The exact mode of action (on biochemical level) for
many R proteins remains to be determined, but work done by Moffet and colleagues (2002) may
provide some useful insight into the mode of action of these R proteins. In their study, they addressed
the function of a CC-NBS-LRR protein, Rx, which confers resistance to potato virus X (PVX). This
was achieved by co-expression of various paired combinations of the Rx protein’s three domains (CC,
NBS, LRR), with a coat protein (CP) from PVX. Their results yielded the proposal of two possible
models for the activation of Rx mediated resistance. A common feature identified in both these
models, is that the viral coat protein (CP) interacts transiently with the R protein, initiating a two step
conformational change. In step one, NBS-LRR interactions are disrupted, changing the nucleotide
binding status of the NBS domain. This change consequently results in a disruption of the CC-NBS

interaction. In model 1, an effector molecule associated with the Rx protein is released in order to
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facilitate these changes. In model 2, inactive effectors are recruited to Rx for activation (Moffet et al.

2002).

2.2.5 The guard hypothesis
In its simplest form, the recognition of a pathogenic avr determinant by a plant R gene, is based on a
receptor-ligand model, where direct interaction takes place between the R gene and the avr determinant

(figure 2.2b — McDowell and Woffenden, 2003).
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Figure 2.1:

Interactions between pathogen Avr determinants and plant R proteins. A pathogen (grey) attaches to the
plant cell wall and expresses a number of virulence factors (red). (a) Because the plant does not posses
the necessary R gene, it is incapable of recognizing the invading pathogen. The plant’s defences, are
therefore weakly induced or ineffective - resulting in disease. (b) The basic receptor-ligand model is
illustrated. The R protein directly binds the pathogen’s virulence factors, triggering an elaborate defence
response. (c) The guard hypothesis. In this case the R protein (guard) detects a modified host protein
(bait, green with red star), possibly as a complex with the virulence factors — thereby activating defence
through indirect R-Avr interaction (McDowell and Woffenden, 2003).
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Despite the extensive research on a large number of R and avr genes, direct interaction was only
demonstrated in two cases. Jia et al. (2000) illustrated direct interaction between the rice CC-NBS-
LRR gene (Pi-ta) and the Avr-Pita protein of the rice blast fungus Magnaporthe grisea. In the second
case, Tang et al. (1996) demonstrated physical interaction between the Pto kinase protein in tomato,

and the Avr-Pto protein in the Pseudomonas pathogen.

This lack of experimental evidence for the physical interaction between R and Avr gene products has
lead to the formation of the guard hypothesis. This hypothesis postulates that the interaction between
the R protein (guard) and its corresponding Avr determinant (in the pathogen) is mediated by a host
protein (bait), which is targeted and modified by the Avr protein (Van der Biezen and Jones, 1998).
This is illustrated in figure 2.2(c). A resistance response therefore results, when the R protein detects
an attack on the bait protein. There is accumulating experimental evidence in support of the guard

hypothesis.

One such case, describes the Arabidopsis protein RIN4 (RPM1 interacting protein 4). The RIN4
protein has been shown to mediate interaction (act as a bait protein) between RPM1 (a CC-NBS-LRR
protein) and the AvrB and AvrRpm1 proteins from the leaf speck bacterium Pseudomonas syringae
(Mackey et al. 2002). Some experimental results that appear to contradict the guard hypothesis, may in
fact be interpreted in support of it. The RRSI-R R gene product in Arabidopsis has been shown to
directly interact with PopP2, an Avr protein from the wilt bacterium Ralstonia solanacearum
(Deslandes et al. 2003). The occurrence of a direct interaction between R protein and Avr determinant
in this case, may be that the RRS1-R protein carries its own version of a bait protein, that facilitates the

interaction with PopP2 (Jones and Takemoto, 2004).
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2.3 Host defence responses

2.3.1 The hypersensitive response

The hallmark of gene based defence responses (mediated by gene-for-gene interaction) is the
hypersensitive response (HR). The HR is generally visible as necrotic lesions on the plant’s surface, as
a result of programmed cell death induced around the area of pathogen invasion. One obvious function
for the HR 1is to limit the spread and growth of the pathogen by breaking down the cell before it is
colonised by the pathogen (Pontier et al. 1998). In addition to this localized HR response, plants also
activate a systemic resistance mechanism, providing protection against secondary pathogen attack in
uninfested parts of the plant. This is referred to as systemic acquired resistance (SAR), and the
pathway is triggered by pathogenic invasion (compatible and incompatible) and generally appears after
initiation of the HR. Initial reports hypothesized a connecting link between HR and SAR, but it has
since then been determined that this connection is rather because of similarities in signalling

mechanisms or certain steps in the signalling pathway (Pontier et al. 1998).

Cell death in particular is thought to be activated by two types of processes. Firstly, cell death arises
due to a change in cellular metabolism, allowing for the accumulation of compounds toxic to both
pathogen and plant cell (Pontier et al. 1998; Hammond-Kosack and Jones, 1996). Secondly, pathogen
recognition causes genetic reprogramming of the cell, activating tightly controlled programmed cell
death (Hammond-Kosack and Jones, 1996). A number of possible explanations have been given for
this occurrence of cell death. In the case of biotrophic pathogens, cell death may be important to
deprive the pathogen from obtaining further nutrients from the host (Hammond-Kosack and Jones,
1996). Necrotrophic and hemibiotrophic pathogens however, are still able to obtain nutrients from the
plant even though the cells are dying, which gave rise to further proposed functions for cell death. The

break up of cells during the cell death process, may in fact allow for the release of harmful substances
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from the cell’s vacuole (Osbourn, 1996). Hammond-Kosack and Jones (1996) suggested that cell death
might also allow for the rapid accumulation of phytoalexins (antimicrobial peptides) to highly active
concentrations, as they are usually rapidly metabolised in active plant cells. Further features of the HR
response include the synthesis of pathogenesis related (PR) proteins, that have some damaging
influence on the pathogen, and additionally the fortification of plant cell walls (Dixon et al. 1994).
Defence responses related to signalling, such as various ion fluxes, the generation of reactive oxygen
species (ROS) such as superoxide and changes in protein phosphorylation also occur (Dixon et al.

1994). Some of these components will be discussed in greater detail.

2.3.1.1 Reactive oxygen species

One of the earliest plant defence responses leading to the HR, is the rapid production of ROS, the so-
called oxidative burst (Pontier et al. 1998). ROS plays a key role in plant defence — by causing cellular
damage to both plant and pathogen, and may also be involved in initiating the HR (Hammond-Kosack
and Jones, 1996). Plants rapidly produce large amounts of superoxide (O;-), involving NAPDH
oxidase. The superoxide generated is mostly dismutated (via superoxide dismutase - SOD) to form
hydrogen peroxide (H,O,). Superoxide as well as hydrogen peroxide are however only moderately
reactive, and are thus converted to more reactive derivatives (Hammond-Kosack and Jones, 1996).
Protonation of superoxide leads to the formation of hydroperoxyl radicals (HO;), which can effectively
cross biological membranes. This could result in membrane damage and the formation of various
signalling molecules during the defence response. In turn, hydrogen peroxide undergoes a reaction that
yields the hydroxyl (OH") free radical. This particular derivative is extremely reactive, and together
with other ROS products, is capable of considerable cellular damage (Hammond-Kosack and Jones,

1996).
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In addition to its toxic effects, ROS also has a number of other functions related to plant defence. One
important function is the role played by certain ROS in signalling. Hydrogen peroxide for example,
leads to an increase in benzoic acid hydroxylase activity (Leon et al. 1995), which is required for the
synthesis of an important signalling component, salicylic acid (SA). It is also plausible, that ROS may
alter the redox balance in the cell. This can lead to induction of various enzymes and more importantly,

may regulate the stability of defence related mRNA transcripts (Mehdy, 1994).

2.3.1.2 lon fluxes

A rapid alteration of ion fluxes is another earlier change that occurs during the HR. This process is
generally characterised by a rapid export of CI” and K ions, as well as the uptake of Ca®" and H" ions
(Tavernier et al. 1995). These fluxes mainly serve a signalling purpose. Calcium in particular though,
may have a critical signalling role in the Ilatter stages of the HR, since calcium-dependent
endonucleases that contribute to DNA breakdown are activated during this phase (Mittler and Lam,

1995).

2.3.1.3 Cell wall fortification

During the defence response, plant cell wall fortification may take place in order to prevent further
penetration and spread by the pathogen. This strengthening of the cell wall is the result of the
deposition of various molecules. These include rapid callose deposition by the plasma-membrane
localized callose synthase enzyme, as well as the rapid cross linking of preformed hydroxyproline-rich
glycoproteins (HRGP) and pathogenesis related proteins (Hammond-Kosack and Jones, 1996). In the
case of certain biotrophs, such as P. syringae, fortifying the cell wall will prevent leakage of

cytoplasmic contents and will thereby affect nutrient accessibility for the pathogen (Hammond-Kosack
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and Jones, 1996). Necrotrophs, which destroy plant cells in order to extract maximum nutritional
value, are dependent upon their toxins being able to penetrate plant cells. It is furthermore well
established that microbial pathogens produce an array of different cell wall degrading enzymes,
including cellulases, pectinases and xylanases - both examples further serving to illustrate the
importance of cell wall modifications during the defence response (Hammond-Kosack and Jones,

1996).

2.3.1.4 Phytoalexins and lipoxygenases

Phytoalexins are antimicrobial compounds that rise in levels around the area of pathogen infection.
The biosynthesis of these compounds occur via the activation of secondary pathways, which have
diverted from primary metabolic precursors. It is obvious that the activation of such biosynthetic
pathways requires the contribution of a number of key enzymes, indicating the need for tight regulation
through various signalling events (Hammond-Kosack and Jones, 1996). It is thought that the role of
phytoalexins in R gene based resistance is possibly to prevent or reduce the effect of secondary
infection, or to retard the growth and progress of virulent pathogens. This was illustrated in one case
when sulphur, present as cyclo-octasulphur (Sg), was shown to accumulate in xylem parenchyma cells
and xylem vessels in resistant varieties of cocoa following infection with the fungus Verticillium
dahlia (Hammond-Kosack and Jones, 1996). An increase in lipoxygenases (LOX) expression and
activity is also frequently found to be associated with R gene mediated resistance. It is for example
involved in the jasmonic acid (JA) biosynthetic pathway, which is an important signalling component

of the defence response (Hammond-Kosack and Jones, 1996).
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2.3.2 Systemic acquired resistance

Systemic acquired resistance (SAR), generally activated in association with the HR provides the plant
with a higher level of protection against possible secondary infection in uninfested (healthy) plant
tissue. SAR is activated following attack by a particular pathogen, but provides long term resistance
(lasting for weeks to months following the initial attack) against a broader range of pathogens.
Activation of SAR therefore makes the plant able to respond faster to another pathogenic invasion. A
number of changes occur in these upper (unaffected) leaves after SAR activation. This includes the
increased expression of various pathogenesis related (PR) proteins such as glucanases and chitinases
(Metraux, 2001), and these areas of the plant are also able to more rapidly elicit an oxidative burst
(such as those seen in the HR) at the new site of pathogen infection. Because of the systemic increase
of various PR proteins, they can be assayed and used as molecular markers for the induction of SAR

and the signalling pathways leading to it (Ryals et al. 1996).

Before SAR can be activated, some form of signal must be generated at the initial site of pathogen
attack, which subsequently spreads systemically leading to the activation of the response (Metraux,
2001). The possibility that salicylic acid (SA) is the signalling molecule involved in this process has
been extensively studied (Metraux, 2001; Ryals et al. 1996). Support for the correlation between SA
and SAR has come from studies performed on transgenic plants. One such study used transgenic plants
expressing the bacterial gene nahG, encoding salicylate hydroxylase. This enzyme catalyses the
conversion of salicylic acid to catechol and these plants are consequently unable to accumulate SA.
Plants carrying this gene were not only unable to accumulate SA, but they were also unable to activate
the SAR response against viral, fungal and bacterial pathogens (Gafney et al. 1993). Further support
for this, comes from work done on Arabidopsis, where it was demonstrated that the depletion of SA

causes the breakdown of SAR. Using nahG-transformed Arabidopsis, it was found that severe disease
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develops after inoculation with Peronospora parasitica or with Pseudomonas syringae carrying an
avirulence determinant. This was in contrast to the response seen in wild-type plants, where pathogen
colonization and disease did not occur (Delaney et al. 1994). Mauch-Mani and Slusarenko (1996), used
an inhibitor of phenylalanine ammonia-lyase (PAL), to block phenylpropanoid metabolism and
subsequent SA biosynthesis. After treatment of Arabidopsis plants with PAL, P. parasitica was able to
cause disease in these plants. Such experiments strongly support the need of SA expression in disease
resistance, but it leaves the question of whether or not SA itself is translocated to the distal parts of the

plant, or if other signalling components are involved (Ryals et al. 1996).

Some reports publicised the notion of SA being transported to unaffected parts of the plant. Shulaev et
al. (1995) demonstrated a significant increase of SA in uninfested tobacco leaves following infection
with the tobacco mosaic virus, and furthermore showed that this was mainly due to phloem based
transport of SA from the original area of infection. The rest of the SA increase was ascribed to
transport of its precursor, benzoic acid. A number of other studies however, seem to contradict such
findings, suggesting that SA is unlikely to be translocated (discussed in Ryals et al. 1996). These
different results were consolidated into one hypothesis that suggests that SA is indeed essential for the
induction of SAR, but that it probably forms part of a long distance signalling network involving a

number of other molecules (Ryals et al. 1996; Metraux, 2001).

2.3.3 Pathogenesis related (PR) proteins

Much time has been dedicated to elucidating the contribution made by pathogenesis related (PR)
proteins to the disease resistance response. These proteins are strongly expressed locally (at the site of
pathogen infection) during the hypersensitive response, but also systemically during the systemic

acquired resistance response (Fritig et al. 1998). Various reports have illustrated the requirement of
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either Salicylic acid (SA) or Jasmonic acid/ethylene (JA/ET) signalling for the expression of specific
PR proteins. This suggests that a specific combination of these signals are likely responsible for
activating the most efficient response against a specific pathogen, and that PR proteins contribute

differentially to resistance against different pathogens (van Loon and van Strien, 1999).

These PR proteins have been classified into different families, where members of each family have
similar basic biological properties, but may differ with respect to some other properties such as
substrate preferences or cellular localization (Fritig et al. 1998). These proteins are furthermore
distinguished by class, based on their specific activities on a number of substrates, with class III for
example (PR8 family) displaying lysozyme activity (van Loon and van Strien, 1999). A number of
small antimicrobial peptides - thionins, defensins and lipid transfer proteins have also been identified
that are induced following pathogen infection. These peptides generally target plasma membranes but
probably function differently (Fritig et al. 1998). Because they share these characters with other well
known PR protein families, Van Loon and Van Strien (1999) suggested the inclusion of them as three
new PR protein families, two of which (the defensin and thionin) genes are JA dependent — see table
2.1. Since then, three more proteins have been classified as pathogenesis related, bringing the total to
17 families designated PR1 to PR17 (Christensen et al. 2002). In terms of the role played by PR
proteins in defence, the vast majority of them are known to cause structural damage to the invading
pathogen. B-glucanases (belonging to the PR2 family) and chitinases (PR3, PR4, PR8 and PR11) for
example, have been implicated in causing damage to fungal and bacterial cell walls. Chitinases break
down chitin, a polymer of N-acetylglucosamine, which is a structural component of most fungi (Fritig
et al. 1998). Chitinases may also display lysosomal activity, capable of hydrolysing bacterial

peptidoglycan, indicating numerous defence-related roles for such enzymes (Fritig et al. 1998).

24



Peroxidases, which belong to the PR9 family, likely has a more indirect role in defence, by catalysing
oxidative crosslinking of various proteins in plant cell walls, leading to greater cell wall strength (Fritig
et al. 1998). PR10 is a family of ribonuclease-like proteins, suggesting a possible role in RNA cleavage
during viral infection, but this must still be experimentally demonstrated. PR1 is the only protein
family to which no function has currently been assigned. PR1 proteins identified in tomato and tobacco
show some antifungal activity, but the precise nature of their action remains to be elucidated (van Loon
and van Strien, 1999). Interestingly, not all of the 17 suggested PR protein families have been
identified in all of the various model plant systems. PR7, -10, -12, -13, -14 for example, is not known
in tobacco. This may mean that only certain PR genes are present in different plants, or that only
certain ones are expressed during pathogen attack (van Loon and van Strien, 1999). This shows that
much work lies ahead, in terms of characterising these PR proteins, identifying new defence-related

compounds as well as elucidating the signalling cascades by which they function (Fritig et al. 1998).
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Table 2.1:

Families of pathogenesis-related proteins — showing type and enzymatic properties. The recently

proposed families (15, 16 and 17) are not included (Van Loon and Van Strien, 1999).

Family Type Properties
PR-1 Tobacco PR-1a Unknown
PR-2 Tobacco PR-2 B-glucanase
PR-3 Tobacco P, Q Chitinase I, Il, IV, V, VI, VII
PR-4 Tobacco ‘R’ Chitinase 1, Il
PR-5 Tobacco S Thaumatin-like
PR-6 Tomato Inhibitor | Proteinase inhibitor
PR-7 Tomato P69 Endoproteinase
PR-8 Cucumber chitinase Chitinase I
PR-9 Tobacco ‘lignin-forming peroxidase’ Peroxidase
PR-10 Parsley ‘PRI’ ‘Ribonuclease-like’
PR-11 Tobacco class V chitinase Chitinase |
PR-12 Radish Rs-AFP3 Defensin
PR-13 Arabidopsis THI2.1 Thionin
PR-14 Barley LTP4 Lipid-transfer protein
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2.4 Signalling mechanisms

2.4.1 Salicylic acid mediated signalling

Activation of the elaborate array of plant defence responses is dependent on a number of signalling
molecules that are involved in two major defence signalling pathways. These are SA-dependent and
JA/ET dependent (SA independent) pathways. These pathways, instead of functioning completely
independently, form complex interactions with various regulatory consequences (Kunkel and Brooks,
2002). As discussed above, it is now widely accepted that SA accumulation is crucial for the activation
of localized defence responses, as well as the induction of SAR. Genetic studies performed on mutant
model plant systems, have greatly contributed to our understanding of plant defence signalling and of
the role played by SA (Feys and Parker, 2000). Some of the well-studied, key signalling components

will be discussed here.

Zhou and colleagues (1998) showed that a mutation in the Arabidopsis gene PAD4, shows a reduction
in resistance capability to P. syringae. This was due to a reduction in the synthesis of SA, in turn
required for production of the antimicrobial peptide camalexin, and for the expression of SA dependent
PR proteins (Zhou et al. 1998; Ryals et al. 1996). Because of the reduction in SA synthesis of PAD4
mutants, it leads to the conclusion that PAD4 specifically acts upstream of SA in the defence signalling
pathway (figure 2.3). Plants deficient in the EDS1 gene (a signalling component), showed altered
responses to pathogenic invasion, particularly against P. parasitica and P. syringae. This was because
the mutated EDS1 caused an early breakdown of R gene mediated signal transduction (Dong, 1998),
see figure 2.3. Although EDS1 is placed upstream of SA in the proposed signalling cascade, mutants
of  another gene, SID2 (together  with SID1) also show increased
susceptibility to P. parasitica and P. syringae, similar to PAD4 and EDS1. In contrast to PAD4 for

example, SID2 does not affect camalexin synthesis, suggesting that it does not play a role in regulating
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SA accumulation as PAD4 does. SID2 contributes to the signal transduction cascade by being involved

in the biosynthesis of SA (Feys and Parker, 2000).
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Figure 2.2:

Proposed model of salicylic acid signalling in plant defence. Pathogen recognition results in the
activation of R gene mediated resistance responses and SA synthesis, resulting in a signalling cascade
involving a number of genes culminating in resistance. An SFD-1 signal is thought to be involved, but
its exact position in the pathway is unknown (broken line). The blue lines indicate feedback regulation.

Lines ending in arrows show positive effects, whereas lines ending in bars show inhibitory effects.
Refer to text for further details (Shah, 2003).
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The Arabidopsis gene, NPR1 (for non-expressor of PR1) has been identified as forming an important
part of SA signalling (Shah, 2003). Analysis of this gene revealed that it carries a functionally
significant repeat domain, thought to be involved in protein-protein interactions, as well as a nuclear
localization signal (NLS) at its carboxyl end. These structural properties suggest that NPR1 may
receive pathogen-derived signals that lead to the interaction between NPR1 and other proteins in order
to further transduce the required signal down the pathway, eventually culminating in the appropriate
defence response (Feys and Parker, 2000). The NPR1 protein acts downstream of SA (Dong, 1998), as
illustrated in figure 2.3. Experimentation on NPR1 over-expressing plants has shown that the
expression of PR genes in general is stronger in NPR1 over-expressing mutants as compared to wild-
type plants. These findings make NPR1 a suitable candidate for genetic engineering of new resistant
crops (Dong, 1998). SA mediated signalling can however, also take an NPR1 independent route.
Reuber et al. (1998) studied the activation of defence genes such as PR proteins (particularly family 1,
PR1) in Arabidopsis mutants after infection by the fungal pathogen Erysiphe orontii. NahG transgenic
plants deficient in SA, showed a considerable reduction in PR1 protein expression following fungal
infection. However, in plants carrying a mutated version of NPR1, this reduction in PR1 mRNA
expression after infection was modest. These findings show that signalling follows this NPR1

independent route, in order to produce defence proteins — figure 2.3 (Reuber et al. 1998).

2.4.2 Jasmonic acid/Ethylene mediated signalling

Another main signalling pathway that may also lead to the induction of a local- and sustained systemic
resistance response, involves JA/ET instead of SA. Wounding primarily activates the JA/ET pathway,
resulting in the synthesis of JA and subsequent activation of defence related genes, but this response
can also be activated by microbial pathogens (Dong, 1998). The responses induced in this case, differ

from SA mediated signalling in that different defence proteins are expressed. JA activates the
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expression of PR proteins such as defensins and thionins, as well as proteinase inhibitors. In addition,
ET is also rapidly induced in leaves following physical injury to the plant, or after the elevation of JA
levels. Its importance in the JA pathway has been shown where various inhibitors of ET negatively

affected JA mediated signalling (Dong, 1998).

The particular involvement of ET in this pathway has recently been proposed to contribute more to the
control of disease symptoms, rather than being a deciding factor of susceptibility or resistance (Feys
and Parker, 2000). For example, in ethylene-insensitive soybean mutants, reduced levels of ET might
have detrimental or positive effects on the plant in terms of symptom development, depending on the
type of pathogen (Hoffman et al. 1999). When the mutant plants were exposed to Septoria glycines the
ET insensitive mutants seemed to be more susceptible. In contrast to this, after P. syringae infection,
the disease symptoms were found to be less severe in mutants as compared to wild type plants

(Hoffman et al. 1999).

A number of studies have previously illustrated the now well-established link between JA and ET. One
such case studied the response by Arabidopsis to infection by the fungal pathogen Alternaria
brassicicola. Analysis of different genes with anti-fungal activity (defensins) revealed that their
induction (expression pattern) differs distinctly from PR1, for example. Because PR1 is dependent on
SA, the conclusion that these defensin genes function through a different signalling network (being JA)
can be supported (Penninckx et al. 1996). The expression of these genes was increased by the
exogenous application of JA or ET, but not by application of SA. In addition, expression of defensin
gene PDF1.2 was not altered in transgenic plants unable to accumulate SA (Dong, 1998). The link
between JA and ET can thus be established in the fact that the pathogen induced expression of PDF1.2
required the presence of JA as well as ET driven pathways (Penninckx et al. 1996). This was

demonstrated in Arabidopsis mutants where both JA-insensitive plants (coil) and ET-insensitive
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mutants (ein2) failed to induce PDF1.2 expression after A. brassicicola infection (Dong, 1998;

Penninckx et al. 1996).

2.4.3 Interactions between different signalling pathways

Evidence is continually mounting to suggest that SA and JA/ET mediated signalling pathways are
involved in complex interactions, rather than functioning completely independently (Kunkel and
Brooks, 2002). These interactions allow the plant to modify or adapt its responses to function
optimally against any particular pathogen, by appropriately activating different signalling events, and
ensuring that inappropriate or unnecessary responses are not activated or suppressed (Feys and Parker,
2000; Kunkel and Brooks, 2000). Interactions between SA and JA controlled pathways mainly appear
to be mutually antagonistic (Kunkel and Brooks, 2002). Doares et al. (1995) studied the expression
levels of JA dependent proteinase inhibitor (Pl) genes, after exposure to SA in tomato, Lycopersicon
esculentum. Northern blot analysis revealed a significant decrease in Pl gene expression induced by
exposure to methyl-JA after treatment with SA. It was found that SA reduced induction of Pl gene
expression to less than 50% of its levels before treatment, suggesting the inhibition of JA by SA
(Doares et al. 1995). A different study showed that this inhibitory effect on Pl genes could be
overcome in part, by the treatment of plants with JA and ET. This response was not generated by the
treatment of either JA or ET alone (Odonnel et al. 1996), further strengthening the proposal that JA

and ET act together in defence signalling.

Experimental support for the antagonistic effect of JA on SA is also accumulating (Kunkel and Brooks,
2000). Arabidopsis coil mutants deficient in JA signalling, confer high levels of resistance to various
isolates of P. syringae, showing no symptoms of disease. This enhanced level of resistance was

ascribed to the hyperactivation of PR1 gene expression and increased levels of SA, a correlation that is
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to be expected, as PR1 is a family of defence genes up-regulated after SA induction. This enhanced SA
mediated response can be ascribed to the suppression of JA signalling in these mutants, illustrating the

negative influence of JA on SA driven defences (Kloek et al. 2001).

Limited evidence supports the interaction (negative or positive) between ET and SA signalling
(Kunkel and Brooks, 2000). Tomato plants infected with Xanthomonas campestris require the
expression of SA as well as ET, as SA was found to increase in expression level associated with
defence responses in wild type plants, but failed to accumulate in ET-insensitive plants (Odonnell et al.
2001). Our understanding of the truly complex nature of signalling mechanisms involving JA, ET and
SA is still very limited. In future, the application of modern molecular biology techniques will be
required to identify additional signalling components, and to gain a greater understanding of the

molecular interactions taking place between them (Kunkel and Brooks, 2000).

2.5 Russian wheat aphid

2.5.1 Russian wheat aphid feeding induced symptoms

A greater comprehension of the nature of plant-pathogen interactions (as discussed above) forms the
basis for addressing the Russian wheat aphid problem, because of overlapping mechanisms. The
Russian wheat aphid is a small, greenish insect that feeds on plant phloem tissue (figure 2.1). The basic
symptoms displayed by susceptible cultivars are leaf rolling, chlorotic streaking on the leaves, head

trapping and even death of the plant in cases of severe infestation (Miller et al. 2001).
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Figure 2.3:

Russian wheat aphid during feeding on a wheat leaf (Photograph by Leon van Eck and Paulette
Bloomer).

Work carried out by Burd and Burton (1992) showed the leaf rolling symptom was generally caused by
the failure of newly formed leaves to unroll, and that rolling of already expanded leaves was not
observed. They concluded that prevention of leaf unfolding and the observed reduction in leaf size
after aphid feeding, was due to decreased leaf turgor below the levels required for elongation of the
cell and for cell wall extensibility. The white chlorotic streaking occurs as a consequence of photo-
oxidation (Burd and Burton, 1992). The occurrence of these symptoms is mainly because of the

phytotoxin(s) injected into the plant by the aphid during feeding (Smith et al. 1991).
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2.5.2 Aphid feeding and survival

Aphids feed on sap extracted from phloem sieve elements. The aphid probes the wheat plant substrate
with a hollow feeding stylet, leading to the subsequent formation of a stylet sheath (Miles, 1999). This
sheath is of salivary origin. It quickly turns into a gel-like structure around the feeding stylet after
exposure to air or the aqueous cellular environment and forms a stylet feeding-track aiding in the
feeding process. This track may initially not go deeper than the epidermis of the plant during an initial
probe, but generally continues deeper until stopping before reaching the vascular tissue, ending in the
intercellular spaces (Miles 1999). Various factors significantly influence the life cycle of the RWA.
This includes a combination of the effects generated by temperature, moisture, and plant quality
(Girma et al. 1990). At lower temperatures (of around 10° to 13°C) aphids seem to be capable of
reproducing for an extended period of time and their expected life span also increases. Lower
temperatures however, cause nymphal development (in days) of the aphid to be drastically delayed. As
environmental temperatures increase (18° to 29°C), the time required for aphids to reach maturity

decreases, but so does the reproductive period and life span (Girma et al. 1990).

The RWA is not a serious pest of wheat in certain countries, including Hungary. In Hungary wheat is
sown under conditions of high plant density (200 — 220 kg/ha), whereas in the United States (where
RWA is a serious pest) the sowing rate is generally not higher than 120 kg/ha. This difference could be
explained by the high relative humidity occurring in fields where plant density is higher, which is not
favourable conditions for the RWA (Basky, 2003). Basky (2003) therefore recommended that
increasing the sowing rate and subsequent plant density could provide a potential means of cultural

control of the RWA and thus merits further investigation.
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2.5.3 Host resistance phenotypes

Although little is known about the mechanisms by which resistant wheat cultivars prevent aphid
infestation, their mode of action has been characterized on a phenotypic level. Host resistance to D.
noxia has therefore been classified into three categories: antibiosis, antixenosis and tolerance.
Antibiosis may be described as the negative effect of the host plant on the biology of the pest (Basky,
2003). It is measured by parameters such as aphid fecundity and mean adult longevity (Smith et al.
1992). Fecundity of aphids is thus expected to be lower in resistant cultivars. Antixenosis indicates the
non-preference of the aphid for the host, i.e. it starts to feed then subsequently leaves that plant in
search of a more suitable host. This is measured by aphid numbers, plant height and weight, and the
number of leaves present after infestation (Smith et al. 1992). Tolerance in turn, suggests that the plant
is capable of withstanding aphid attack without sustaining substantial damage. Tolerance is measured
by height and weight of infested plants, as compared to uninfested plants. Susceptible plants are
therefore expected to suffer more significant losses in plant weight and height. Because the plant host
has been shown to rapidly recover these parameters after the aphids have been removed, Burd and
Burton (1992) suggested that the duration of infestation, rather than the level of infestation is likely to

be of greater significance to host survival.

The mode of action for a number of resistance genes (Dn genes) has been determined previously. Dnl
for example, seems to confer antibiosis, whereas Dn2 confers tolerance (Smith et al. 1992). Dn4 is also
known to confer tolerance, and the mode of action of Dn7 is antixenosis (Anderson et al. 2003). Dn7
has been shown to provide plants with a superior level of resistance as compared to other resistance

related genes (Anderson et al. 2003).
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In terms of the breakdown of RWA resistance, the ability of certain RWA populations to feed on a host
plant previously resistant to such infestation defines a new biotype (Botha et al. 2006; Puterka and
Burton, 1990). A number of RWA biotypes virulent to a number of cultivars (carrying either Dnl,
Dn2, Dn4, Dn5 or Dn6 resistance genes) have appeared in the USA alone (Haley et al. 2004). At the
moment seven novel biotypes have been found in the USA, on various cereal crops and wild grasses
(Li et al. Unpublished). The emergence of these new biotypes exemplifies the need to continually
examine aphid populations for the emergence of new biotypes (Puterka et al. 1992) and clearly shows

the need for continual research and improvement of existing resistant cultivars.

2.5.4 Wheat - Russian wheat aphid interactions

Despite the diversity and abundance of phloem feeding insects and considering that the RWA in
particular has been a serious pest worldwide for more than two decades, there is much to learn about
the molecular nature of the interactions between plants and aphids in general (Moran and Thompson,
2001). The problem becomes particularly evident when we consider that greater knowledge,
specifically pertaining to resistant plant — aphid interactions, may make an invaluable contribution to
the aphid infestation problem. The molecular response in the host plant (induced by the aphid) has
been shown to have striking similarities to the responses generated following pathogen attack (Moran
and Thompson, 2001) and includes the hypersensitive response as well as the long term systemic

acquired response (Botha et al. 2000).

As with plant-pathogen interactions, the RWA has been shown to induce the expression of a number of
defence related compounds in resistant wheat cultivars, including important pathogenesis-related
compounds such as 3-1,3 glucanases, chitinases and peroxidases (Van der Westhuizen et al. 1998a,b).

This is accompanied by the expression of reactive oxygen species (ROS) such as hydrogen peroxide,
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which has been implicated in the accumulation of an important signalling molecule — salicylic acid
(Chamnongpol et al. 1998). In addition to its signalling role, ROS may contribute more directly to
defence of the resistant plant, by directly or indirectly causing oxidative stress to the invading aphid
(Botha et al. 2006). Increased oxidative activity furthermore contributes to cell wall thickening,
potentially inhibiting aphid probing (Van der Westhuizen et al. 1998a). These defence responses seem
to be the 