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Abstract

Plants possess a complex and poorly understood neisk of defence mechanisms that
enable them to counteract the effects of abiotic @nbiotic stress. Aphid phloem feeding is
source of biotic stress in plants. Russian wheaphid and Bird Cherry-Oat aphid feeding

cause significant losses in the annual wheat crognd control by conventional methods such
as pesticide application, has proved to be ineffage. Infestation by the Russian wheat
aphid has a particularly devastating effect in Sout Africa. Aphid-resistant wheat cultivars

have been identified but an incomplete understandm of the mechanism of the plant’s

resistance thwarts the development of improved cuitars.

A two-dimensional gel electrophoresis method was deloped, partially optimised and
validated in order to determine the effect of Russin wheat aphid and Bird Cherry-Oat
aphid phloem feeding on the Betta and Betta DN wheég@roteome. Differentially expressed
proteins that were up or down regulated more than wo fold were identified using
PDQuest™ Basic software and matched to known wheatroteins stored in the SwissProt
protein database on the basis of their molecular nss and isolectric point. Initial analysis of
the differential protein expression of Betta and B#a DN wheat in response to Russian
wheat aphid and Bird Cherry-Oat aphid phloem feedirg at different growth stages revealed
that younger plants display higher levels of resisince than older plants. Feeding by the
Bird-Cherry Oat aphid does not result in the upreguation of proteins implicated in a
defence response, which indicates that the damagecurred by the plant due to feeding by

this aphid is not enough to trigger a classic defee response. Feeding by the more



damaging Russian wheat aphid resulted in a stresesponse in susceptible wheat cultivar
Betta, and a defence response in resistant wheatltvar Betta DN. The infestation of Betta
DN resulted in the upregulation of putative thaumains and amylase trypsin inhibitors,
indicating that the Betta DN resistance response o@d be due to the combined effect of
protease inhibitors that discourage aphid phloem feding and the activation of the salicylic

acid and jasmonic acid plant defence pathways.

Keywords: plant defence responses, Russian wheat aphid, BiCherry-Oat aphid, jasmonic
acid pathway, salicylic acid pathway
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Chapter 1

Plant signalling mechanisms during responses to lio stress

1.1. The nature of biotic stress

Plants possess a complex and poorly understoodrett defence mechanisms that enable
them to counteract the effects of abiotic and bidliress. These defence strategies are
essential for survival as the sedentary nature lahtp precludes movement away from
sources of stress, and can comprise physical eraictive molecular and cellular changes
within affected plants (Hammond-Kosack and Jo2880; Knight and Knight, 2001). The
stress response can take either an active or passim. An active defence response involves
the early detection of an invading pathogen folldveg a suitable and rapid response, while a
passive defence response takes more time and &lyusuresult of downstream activation
from the active processes (Hammond-Kosack and J80688). When plants perceive stress,
a response is generated that relays informationgako signal transduction pathway that
facilitates the initiation of appropriate physi@ld physiological responses. It appears that
the various signalling pathways, that are implidate different types of stress responses, all
link up to form a highly complex network that allsvfor a significant amount of cross-talk in
terms of stress responses between the differemwpgs, particularly in the case of the
salicylic acid pathway (associated with pathogededtion) and the jasmonic acid pathway
(associated with insect herbivory) (Maleck and boét 1999). This cross-talk benefits the
plant as it reduces the energy cost required faeldeing multiple defence mechanisms
(Knight and Knight, 2001).

Plant stress can be derived from both abiotic dnticbsources. Both types of stress cause
major crop damage and result in significant anrioakes of valuable crops worldwide
(Rushton and Somssich, 1998). Abiotic stressughes drought, heat, cold, salinity, extreme
light intensity and mechanical damage. Biotic &reesults from pathogen attack or insect
herbivory. While plant responses to these stras®ffs often overlap, it is important to note
that different stress factors may occur simultasgoun the field and that the molecular
response of affected plants takes place in a unigteer than cumulative fashion (Mittler,
2006).

2
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BIOTIC STRESS

Pathogens Herbivory

Viral elicitors | | Fungal elicitors | | Bacterial elicitors | | Insects Animals

A

HYPERSENSITIVE RESPONSE SIGNALLING PATHWAYS

| Plant defence responses |

.

| Identification of differentially expressed proteins |

.

Breeding of resistant cultivars

Figure 1.1. Analysis of plant responses to biotidress factors leading to the development
of novel resistance strategies in transgenic plant§Rushton and Somssich, 1998;
Hammond-Kosack and Jones, 2000).

Plant disease susceptibility or resistance can éscribed in terms of compatible or
incompatible relationships between the plBngene and the pathogeAvr gene. Pathogen
Avr genes are also known as avirulence genes whildewice genes are known @as genes.
In the same wayR genes encode resistance to various pathogensnts pldiler genes occur
in plants that do not contain resistance factoranjphond-Kosack and Jones, 2000). An
incompatible reaction between a plant and a pathalye to the plant possessindiR@ene
that corresponds to a complement@®yr gene in the pathogen leads to an unsuccessful
infection and subsequent resistance to diseasetegmpwhile a compatible reaction leads to
a successful infection that results in the onsediséase, as outlined in Figure 1.2. Plant
resistance to a given pathogenic factor is oftdmerited as a single dominant or semi-
3
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Chapter 1

dominant trait from the parental plant. This hymsis of plant resistance to stress factors is
known as the gene-for-gene model that was initipiyposed by Harold Flor (Flor, 1955).
This theory states that a plant will have resistatw the effect of a given pathogen if it
possesses a single dominant resistance gene (fRsponding to a complementahkyr gene

in the pathogen leading to an incompatible relatgm (Hammond-Kosack and Jones, 2000).

PLANT RESPONSES TO PATHOGEN INFECTION
Incompatible interaction between | Compatible interaction between
plant and pathogen plant and pathogen
A
Awr+R
[ a

RESISTANCE SUSCEPTIBLE
NO DISEASE DISEASE

Figure 1.2. lllustration of the route of plant dissase responses in terms of compatible
and incompatible relationships between planR genes and pathogemvr genes (Heath,
2000).

Constitutive stress responses consist of a numbpreformed peptides, proteins and non-
proteinaceous secondary metabolites that act asreets against stress caused by insect
herbivory and certain pathogens. In general, thesponses tend to be non-specific (Heath,

2000). The regulation of plant stress responséem® occurs mainly at the transcriptional
4
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level (Rushton and Somssich, 1998). Three famdifesanscription factors that have been

implicated in plant stress responses include etieytesponsive-element-binding-factors

(ERF), basic-domain leucine-zipper (bZIP) and WRIgkoteins (Rushton and Somssich,

1998). Protein kinase cascades are involved int giaess responses as well as the induction
of plant immunity (Romeis, 2001; Peck, 2003). Twlasses of stress-activated protein

kinases have been implicated in the integrationseferal environmental stresses by

undergoing rapid activation subsequent to exposttiee host plant to a number of biotic and

abiotic stresses. These two classes of kinasdsdmamitogen-activated protein kinases

(MAPKSs) and calcium-dependent protein kinases (CB)RBonalet al., 2002).

The evolution of plant resistance responses fatgit by R proteins is proposed to have come
about by means of natural selection (Meyaral., 2005). Plants possess genetically defined
R gene clusters on their genomes. These clustensafigrresult from tandem duplications of
paralogous sequences (Meyetsal., 2003). It is proposed that néwgenes evolve when
crossing over occurs between such genes thattasdesl on the same locus. In support of
this, it has been found that genes that are clasddyed or co-localized exchange sequences
on a frequent basis. However, no evidence extsiadicate that such sequence exchange
occurs between genes that are related but sitesielifferent loci (Baumgarteet al., 2003).
When studying the mechanisms of plant resistanck deience to stress responses, it is
important to take into account the effect of resise costs that are accrued by such
responses. Resistant plants often have loweredsitas compared to susceptible cultivars,
which is displayed by diminished size and poor spemtiuction. It is often assumed that
fithess costs in resistant plants are due to tlenrmdlling of energy resources away from
reproduction and seed production to the syntheglsnaaintenance of chemical and structural
defence mechanisms. This is largely an inaccuassumption as fitness costs due to
resistance are caused by a combination of facRusifigton, 2000). It is also important to
appreciate that the interaction between differelaintp defence pathways can be either
synergistic or antagonistic depending on the typstess experienced by the plant and the
particular pathogen that is involved. Many of #hdateractions are also known to be
concentration-dependent (Feys and Parker, 20006 ektent of fithess costs incurred by the
production of a given R protein plays a significesie in the evolution oR genes due to the
fact that the plant has to maintain a suitable rimabetween the benefit of enhanced

resistance and the fitness cost due to R protedyation (Bergelson, 2001).
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Plant resistance can lead to various ecologicalactyp most notably that plants, which
possess extensive chemical defences, are visgsdiequently by pollinators. This leads to
reduced pollen and / or seed production (Agragtadl., 1999). The type of fithess cost
incurred largely depends on the type of defencel@yep by the plant. Chemical defence
mechanisms, for instance, can result in allocatioth opportunity costs in addition to storage
costs and self-toxicity to the plant if the defertemicals are produced in excess quantity.
Resistance to one pest type can also often rasiticreased susceptibility to another, more
specialised type of pest (Purrington, 2000). Raste costs also vary depending on whether
the resistance type is constitutive or inducible tatter tends to be less costly as it only
comes into play during pathogen attack and notutjinout the plant’s life cycle (DeWitt

al., 1999; Cipollini, 1998).

1.2. Plant responses to pathogen attack

During, or shortly after, pathogen attack, plargisgnce proteins (R) recognise pathogen
avirulence Avr) determinants, which results in the triggeringsigfnal transduction cascades
that cause rapid mobilization of defence factoran@ and Jones, 2001). It has been
proposed that this reaction is of a receptor-ligamee in which the Avr protein binds to a
suitable R protein to initiate defence respongestrent research, however, indicates that the
co-localization of Avr and R proteins is essential their function, in addition to a growing
awareness that R proteins are not the exclusivegpyi receptors for Avr proteins (Bonas and
Lahaye, 2002). The precise functionaef genes in pathogens remains unknown, although it
has been observed that the presence of these gené=x a selective advantage to any
pathogens in which they occur. This advantage, evew is only apparent when the
pathogens containingvr genes attack plants without corresponditigienes. With these
observations in mind, it has been suggestedathagenes are virulence factors and that plants
have evolved to counteract this virulence by pratydR genes that produce resistance
(Kjemtrup et al., 2000; Laugé and De Wit, 1998 .genes, for their part, have been defined
as: “the polymorphic component between susceptblg resistant plant genotypes without
sequence knowledge of the loci involved.” In othards, if a given species is found to be
inactive in a susceptible cultivar, its active ctaupart in a resistant species is defined aR an
gene (Flor, 1971).

6

Literature Review



Chapter 1

The tertiary structures of R proteins are well @wsd across both monocotyledonous and
dicotyledonous species (Moffet al., 2002). Each plant genome possesses a high mwuhbe
R genes that encode different classes of R proteirfsese different R proteins are able to
recognise various Avr determinants in a range dfqgens / pests and, in so doing, confer
resistance to the plant containing them (Tahg., 1996; Nimchuclet al., 2003). In terms

of their structure, the most abundant R proteingaia a nucleotide-binding site and leucine-
rich repeat domains (NBS-LRR). The NBS-LRR pradegontain three distinct domains,
namely a variable N-terminus, a nucleotide-bindsitg and leucine rich repeats (Pairal.,
2000). LRRs are known to mediate protein-proteiaraction, which is consistent with the
proposed role of R proteins in plant defence (Kajal998; Jones and Jones, 1997). R
proteins that contain an intracellular LRR are dtsown to contain a putative nucleotide
binding domain that occurs in conjunction with eittan amino-terminal Toll / interleukin-1-
receptor (TIR) homologous region or a coiled-c@lC) domain (Dangl and Jones, 2001).
LRR classes of R proteins are largely responsibtettie recognition of specific residues
(Wang et al., 1998). When taking their cellular localizatioimto account, it is readily
apparent that R proteins and their matching Aviens are spatially interdependent, i.e. they
are found to occur within the same organelles (@iagz et al., 2001). In addition to this,
mutational studies have revealed that pathways atestliby different R proteins converge in

common downstream pathways (Feys and Parker, 2000).

It is important to note that most plants are rasistto most pathogens. However,
economically valuable crop plants are more vulnlerat pathogens than plants grown in the
wild due to the fact that they are generally graaguniform monocultures (Jones, 1994).
For a pathogen to successfully infect a given pltdg plant and pathogen must interact in a
specific manner. When a pathogen with a gi¥en gene acts upon a plant that has a
correspondingr gene locus, the affected plant is resistant. Hewen cases where either the
R gene on the plant or the matchidgr gene on the pathogen genome is absent or inactive,
pathogen infection results in disease (Flor, 197Ihis model is based on the fact that the
production of plant R proteins is dependent on gadmn of the appropriate Avr from the
pathogen. It is increasingly being suggested, kWewethat a significant number of Avr
proteins do not interact directly with R proteing Ithat an R protein functions as a type of

guarding system that identifies and responds tattactk on a specific host protein by the
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pathogenic Avr protein and subsequently triggees flant’'s defence response (Dangl and
Jones, 2001).

The rapid mobilization of plant defence responsdiewing pathogen attack is known as the
hypersensitive response (HR) and occurs at thekiterasion, effectively leading to necrosis
of the tissue surrounding the pathogen and, inasiogd isolating it from the rest of the plant
(De Wit, 1997). The HR is a form of programmed delath that is accompanied by a burst
of superoxide production and the expression of riefegenes (Richberggt al., 1998;
Rushton and Somssich, 1998). It occurs at andndrthie area that is directly affected by a
given pathogen and is accompanied by the inductigriant defence response pathways that
facilitate the confinement of the pathogen to tifedtion site (Heath, 2000). The HR, despite
being a highly effective and rapid form of defenwesults in high fitness costs to the plant
and sophisticated response networks are requirezhgare that it is only deployed when
necessary (Lanet al., 2001). Defence gene activation, however, plagseven more
important role than the HR, in the response of tglan pathogen attack (Jakobek and
Lindgren, 1993).

Plant protective strategies against pathogen atjacdierally consist of biochemical defence
mechanisms such as enzymes or secondary metalfpligoalexins), as opposed to physical
defence mechanisms such as thorns (Mithéfeal., 2004). While the presence of waxy,
cuticular layers protects plants from pathogens mon-specific manner, it does not suffice to
defend affected plants in the long term and onlyese as a temporary defence unlike the
more specialized biochemical defence systems (DamgjlJones, 2001). The productiordef
novo synthesised phytoalexins is specific to pathogsck that takes place during plant-
microbial interactions and does not occur as altreguphysical wounding or mechanical
damage. Phytoalexins can, however, be producedsiponse to insect herbivore feeding,
indicating a potential overlap between defenceesgstinduced during insect and pathogen
attack (Mithoferet al., 2004). In addition to phytoalexins that arethgsised in response to
pathogen attack, other defensive compounds suchphggoanticipins are pre-formed
infectional inhibitors (VanEttert al., 1994). The Shikimic acid pathway is centralthie

production of defensive secondary metabolites am{sl (Dixon, 2001).
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1.3. The Hypersensitive Response (HR)

Plant pathogens are divided into two categoriepedding on the strategy of infection that
they employ. Pathogens that kill the host and feedt are known as necrotrophs, while
pathogens that utilize a living host to completeirtHife cycle are known as biotrophs.
Necrotroph infestation is often accompanied byptaduction of toxins in the affected plant
(Dangl and Jones, 2001).

The HR is a rapid response by plants that utiligesgrammed cell death to restrict the
mobility of a pathogen in plant tissue. It hasrbdefined as “the rapid death of plant cells in
association with the restriction of pathogen gréw@@oodman and Novacky, 1994). The
progression of HR in infected plants is usuallyigated by the presence of dead cells at the
site of infection. If a large number of cells aneolved in the programmed cell death, the
formation of a visible brown lesion may result (iea2000). The HR can be induced by
non-biotrophic pathogens, indicating that it aldayp a role in defence gene expression
although it is important to note that inducible efefe responses and disease resistance do
occur in plants in the absence of programmed @gtld The study of HR responses remains
elusive because several natural processes withiplént life cycle can mimic the symptoms
of the HR. These processes include events sushaessful pathogen infection or genetic
defects that resemble natural cell death in the f\®lina et al., 1999). There are currently

no known specific marker genes for the HR (Hea@l0(.

1.3.1. Role of the HR in plant defence responses

Despite being present in many reactions involvifanpresistance to various stress factors,
the HR is by no means involved in every reactioanflet al., 2001). It has been proposed
that because some pathogens can be effectivetedsivithout recourse to the HR, it may
represent a terminal stage in the resistance resptirat is only activated once a certain
threshold level of defence stress signal is prodbtorel and Dangl, 1997). One of the most
important questions currently facing researchevestigating HR responses is whether it is
really significant in certain plant responses ta@ts by specific fungal or pathogen enemies
or whether it forms part of a more generalized oesp in plant defence systems, regardless
of a specific attack (Lardt al., 2001).
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1.3.2. The role ofavr genes in the HR

The basis of resistance via the HR response isndiepe on aravr gene in the pathogen that
matches a suitablR gene in the host plant. While it has been progdisat there is a unique
R gene for everyavr gene in a pathogen that the plant is resistar(thi® gene-for-gene
hypthesis), recent research indicates that a momeplex relationship exists with singk
genes having the ability to match to several déiféavr genes (Hammond-Kosack and Jones,
1997). In terms of their structure, many R pradedontain leucine-rich repeats (LRR) or a
serine-threonine kinase-domain. It is proposed these proteins form part of signalling
systems in the plant as the predominant class pfoleins contain a nucleotide-binding site
(Hammond-Kosack and Jones, 1997). While at leastR gene is induced during the HR, it

is generally assumed that others are constitutieetyessed (Seehaus and Tenhaken, 1998).

1.3.3. Specific and non-specific elicitors in theR

BecauseR genes are so closely associated with the HR pibssible to forget the other lesser-
known genes that are involved in this highly comphetwork. RDR (required for disease
resistance) genes operate closely Witgenes and may be different for each diffefeigene
irrespective of the type of pathogen against whiety confer resistance (Morel and Dangl,
1999). Itis presumed that these genes enabffedosteptible and resistant plants to undergo
an HR (Falket al., 1999). The nature of potential elicitors remsaelusive, however, with
only a few specific elicitors positively identified date. Viral elicitors can include the viral
helicase domain of the replicase gene, coat pmtemmovement proteins, while fungal
elicitors are largely peptides with no known funaot{Dawson, 1999; Ebel and Scheel, 1997).
Bacterial elicitors of the HR have been clonedthetprotein products formed are difficult to
identify due to the fact that they appear to baeted directly into the plant via a type Il
secretion system. It is important to note #atgene products are sufficient on their own to
cause cell death (He, 1998). Whaer products produce specific elicitors to induce I,
several other non-specific elicitors are known tat elicit plant defence responses (Ebel and
Scheel, 1997). These include compounds such akidomic acid, cell wall carbohydrates,

glycoproteins and proteins (Chen and Heath, 1994).
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1.3.4. Biochemistry of the HR

Plant responses to stress are characterised byflarx of cytosolic calcium. This appears to
be vital in facilitating the HR although additiorsigjnals are thought to be necessary in order
to mediate successful defence (Ebel and Scheel, M&hoet al., 1998). It is proposed that
calcium signals are translated via protein phosghtion events (Pikeet al., 1998).
Membrane dysfunction is often the first symptom af bacterial pathogen attack.
Incompatible bacteria have been shown to cause maemlepolarization in which a'KH *
exchange appears depend on ATPase activity (Blumwalgt al., 1998). The HR is further
characterized by the generation of reactive oxygeecies (ROS), which have been
implicated in programmed cell death in plants apdpaosis in animals (Green and Reed,
1998). Itis widely accepted that ROS trigger e and allow it to proceed in stressed cells
(Baker and Orlandi, 1995). Most ROS in plants gemerated by means of wall-bound
peroxidase or plasma membrane-bound NADPH oxidadete role of ROS in HR has been
found to vary across different plant-pathogen corations (Higginset al., 1998; Heath,
2000). ROS primarily consist of the superoxide)(@n and hydrogen peroxide £64).
These are toxic intermediates that are formed dusmiccessive steps in the reduction of
molecular Q. Several plant species display what is known ipbdsic ROS generation;
initially a burst of ROS is observed 10-30 minua#ier pathogen attack, while a second phase
follows after approximately 1-3 hours (Bolwell awbjtaszek, 1997). ROS perform various
functions in plant stress responses, most notabbtriengthening of cell walls by means of
cross-linking of structural protein and lignin poigrs, hypersensitive cell death and induction

of defensive compounds within the plant (Levahal., 1994).

1.4. Plant responses to fungal infection

Fungi are potentially the most damaging of all pgdns affecting plants. It is estimated that
there is more than 13 000 plant pathogens in thigetrStates while 12 of the 19 most
dangerous pathogens listed in that country arediyngthogens (Madden and Wheelis, 2003).
The first defence that plants possess against fypaghogens is the plant cell wall. In order
to prevent penetration by fungi, plants are knowphysically reinforce their cell walls; this
is thought to be accomplished by means of the demosof a sugar polymer (callose)

containing (1,3)3-D-glucan subunits that occurs between the plasembrane and the cell
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wall. Callose is deposited in the area surroundnegsite of pathogen attack (Kudlicka and
Brown, 1997). Certain fungi have managed to oderrithis defence mechanism by
possessing highly developed haustoria that avotvation of plant responses. This is
accomplished by the encapsulation of haustorialptexes by callose, and is an example of a
pathogen utilizing a plant defence mechanism agdes plant that is attempting to defend
itself from attack. It has been proposed thattémelency of callose to encapsulate haustoria
was initially used by plants to accommodate certaémeficial types of fungi such as

mycorrhiza (Maor and Shirazu, 2005).

Syntaxins comprise another form of defence agdingjal pathogens that is situated at the
cell wall. These receptors are involved in fusewents and are members of the SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protesneptor) super family. It is
proposed that papillae formation by a SNARE comjex vital mechanism in the prevention
of fungal penetration although the components &f fiystem have yet to be identified and
characterized (Collinet al., 2003; Assaast al., 2004).

If the fungal pathogen manages to circumvent tret fayer of defence and enter the plant
cell, a response involving phytoalexins is triggeréhytoalexins are produced in response to
signals indicating the presence of a pathogen tioifedThommaet al., 1999; Yanget al.,
2004). For example, Camalexin is a major phytaalex Arabidopsis thaliana, which is
important for resistance against several necroteojpimgi such ad\ternaria brassicicola and
Botrytis cinerea (Thommaet al., 1999). Saponins are another means of defenamsig
fungal pathogens. These preformed inhibitors &reogylated compounds that have a potent
antifungal activity due to their role in defenceasngt pathogenic microbes (Hammond-
Kosack and Jones, 2000; Osbourn, 2003).

When considering the biochemistry of plant stresponses, it is important to bear in mind
that hormones regulate plant responses to str€stain pathogens have adapted to take
advantage of this by producing plant hormones ditat the way the host plant responds to
them (Yurekliet al., 2003; Laheyet al., 2004; Tudzynski, 2005). Some bacterial pathegen
are known to overproduce plant growth hormones saglauxin and cytokinin, which can
subsequently lead to the formation of tumour of fgaimation in plants (Manulist al., 1998;
Escobaret al., 2001 and Vandeputet al., 2005). Certain fungal pathogens are also known
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to produce ethylene that can be distinguished fthat produced by plants by using an
inhibitor specific to the ethylene pathway in paf€haguest al., 2002). The reason for the
production of the fungal ethylene is not entirelgar at present; it is thought that it could
either act as an agent required for the growthhef fungus or as virulence factor by
interfering with plant ethylene-dependent resistaresponses (Kiret al., 2000). In addition
to ethylene, fungal pathogens are capable of pioduauxins by means of fungal-specific
biosynthetic pathways (Maet al., 2004).

1.5. Plant responses to insect herbivory

Insect herbivory can result in both mechanical dggnand pathogen transfer to affected
plants. This form of biotic stress is responsitae losses of up to 20 % of valuable food
crops per annum. It is a significant factor limgifood production at present (Feetyal.,
2004). Unlike pathogen-induced responses, plaspanses to insect herbivory are often
quite dynamic due to the rapid evolution of insgetences against plant protective systems.
This interaction between plants and insects ofésults in a type of competition in terms of
defence capability with insects rapidly adjustimgplant defences that limit the efficacy of
their feeding and plants in their turn being for¢eddevelop new strategies to limit damage
caused by insect herbivory (Statzal., 1999). Defence responses to insect feedingfaza

the result of cross-talk between various defendbvgays in which the affected plant adapts
its response to a specific insect pest by elicitiagious signalling molecules from the
different pathways to differing degrees (WallingDOR). Plant defence against insect
herbivory can comprise either physical or biochehimeans. Insects induce a wound
response as a result of damage to the plant cdnyseldewing. This response is characterized
by the production of anti-feedants such as protéasieitors and alkaloids. Plant volatiles
that attract insects that are antagonistic to thatjs current insect pest are also secreted at
this stage of attack (Dangl and Jones, 2001). tRlatatiles can act either directly or
indirectly to guard plants against mechanical damadlicted by various insect species.
Direct action by volatiles repels certain insect@ps and in so doing protects the emitting
plant while indirect volatile action promotes irglit defences, often by attracting enemies of
the feeding insect (Berkost al., 2000; Brouatt al., 2000). While wounding that is not
caused by herbivory also results in the productibrolatiles, a significant fact is that these

volatiles are different to those produced in reseadio insect herbivory (Baldwat al., 2002).
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The wound response pathway is mediated by Jasnaomdc(JA) and ethylene which act in
concert, stimulating their own respective biosys#sein addition to facilitating the induction
of wound response genes (¥ual., 1994; O’Donelket al., 1996). In addition to this, JA and
ethylene are reported to aid in pathogen resistandereduced JA synthesis in certain plant
species results in greater susceptibility to certangi and bacteria (Ranekal., 1998). The
role of ethylene in plant defence may be more 8igant in terms of controlling disease
symptom expression than in determining absolutentpleesistance or susceptibility
phenotypes (Hoffmamt al., 1999). This lipid-based cascade pathway isited by the
action of a chemical messenger called systeming@eat al., 1996). Subsequent to insect
herbivory, the 200 amino acid systemically indupeatein, prosystemin, is processed to form
systemin, which is translocated via the phloemugiss Once systemin binds to a receptor
complex, an increase in the concentration of teeymsor to JA, linolenic acid, is detectable.
JA continues the defence response by forming aratid conjugates that induce wound-
response genes, as illustrated in Figure 1.3. (©febet al., 1996; Ryan, 1992).

One set of genes induced by the defence respamse¢anaceous species, are those encoding
proteinase inhibitors. Proteinase inhibitors dreught to occupy various roles in plants,
including acting as storage proteins and as reg@abf endogenous proteolytic activity
(Ryan, 1990). They are also implicated in varialevelopmental processes, including
programmed cell death and the resistance of plgdasst a variety of insects and pathogens
(Solomonet al., 1999; Luet al., 1998; Pernast al., 1998).

Plant wounding due to insect herbivory results e tsystemic induction of proteinase
inhibitors that protect the affected plant agathst digestive proteases of herbivorous insects
(Ryan, 1992). Proteinase inhibitors are smaitgins that inhibit the digestive proteinases
of feeding insects. This is highly detrimentalth® insect’s digestive system and reduces
protein uptake to the point that affected insectsvgmuch more slowly and can even die as a
result of compromised nutrition. Certain insectsywhver, circumvent this defence

mechanism by increasing their own proteolytic agtior inducing a different set of
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Insect-derived elicitors
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Figure 1.3. Wound response pathway initiated uponnisect herbivory. Figure adapted
from Ferry et al. (2004).

proteolytic enzymes that are insensitive to théaabf the proteinase inhibitors produced by
the plant that they are currently feeding on (Giretral., 1998; Gruderet al., 1998). Other
investigations indicate that this pathway can disotriggered by fungal elicitors (Boller,
1991).
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1.6. Plant responses to stress from phloem feedingsects

Phloem feeding insects are a highly diverse grdupsects that feed on plants. At present,
the amount of information on the molecular and jlggical responses by plants to phloem
feeding insect herbivory is very limited (Moran amtilompson, 2001). Current literature
indicates that plant responses to aphid feedingremes similar to that induced by bacterial

infection as opposed to regular responses to imszbivory (Bothaet al., 2006).

1.6.1. Aphids

Aphids (Hemiptera, Aphidoidea) comprise the larggsup of phloem feeding insects. There
are approximately 4000 aphid species worldwide. esEhspecies are characterized by
significantly different types of feeding behavio(Blackman and Eastop, 1994). Aphids
utilize specialized stylet-like mouthparts to prabeercellularly through both epidermal and
mesophyll cell layers in order to feed on photaadates contained in the plant’'s phloem
sieve elements (Pollard, 1972). They cause saanifidamage to valuable crop plants for two
reasons (Dixon, 1998). Firstly, due to their ratevectors of various pathogens that enter the
host plant’s tissues while various affected aplpidcges feed on it, and secondly because of
the secretion of watery saliva that contains sévpadential signal-generating enzymes.
Some of these include peroxidaspgjlucosidases and a number of as yet uncharaaferize
enzymes (Matthews, 1991; Miles, 1999). Plants dphids feed on are known to have higher
mRNA levels of PDF1.2 (the gene encoding defensin) ah@®X2 (the gene encoding
lipoxygenase). Both of these genes are induced wamunding and are involved in the JA
signalling pathway (Walling, 2000). An increaseajphid population density has been linked
to a resultant decrease in water potential (ZuéighCorcuera, 1987). This is significant due
to the fact that the lipid composition of membramesy change under the influence of altered
water potential caused by aphid feeding (Lynch 8ieponkus, 1987; Todd al., 1971).
Aphid feeding has been reported to cause a decneake efficiency of photosynthesis, an
inhibition of plant growth and the decreased sysithe@f many metabolites (Todet al.,
1971).

While the probing action of phloem feeders suchaphids does not directly constitute

herbivory, studies have proposed that phloem feedusects trigger similar responses in
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plants to that of feeding insects in general. Téimdicated by the fact that plants that have
been exposed to phloem feeders also experiencectaraton of JA and SA-mediated
pathways. However, more current results indicht plants such as Arabidopsis may be
able to distinguish between phloem feeding andcinderbivory and that the responses
generated from phloem feeding are specific. Itheen suggested that the response of plants
to insect herbivory is similar to that occurringrig plant-pathogen interactions. Plant
responses to aphid feeding include the productiomeactive oxygen species (ROS), the
cellular accumulation of SA and the subsequent esgion of PR proteins (Moraet al.,
2002). In addition to this, phloem feeding by a&shis characterized by the introduction of
foreign substances such as oligosaccharides armmbpylyteins occurring in aphid saliva
(Moran and Thompson, 2001). Aphids also possessalfility to divert the plant enzyme
system in order to produce tryptophan and relatethbolites such as hydroxamic acids and
indoleacetic acid (Venis, 1979). Hydroxamic acade constitutive secondary metabolites
that are associated with plant resistance to patiiogungi and bacteria in addition to certain
insects such as the European corn bddstrinia nubilalis). The abnormal growth of plants
in response to aphid feeding has been linked teldewf the hormone indoleacetic acid
(Forrest, 1987).

1.6.2. The Russian Wheat Aphid@iuraphis noxia)

The Russian Wheat Aphid (RWADjuraphisnoxia, is a serious pest of important agricultural
crops such as barley and wheat (Du Toit, 1990; Matal van der Westhuizen, 2005). In
South Africa, it is currently regarded as the masstructive insect pest in wheat (van der
Westhuizeret al., 1998a). If an RWA infestation is left untredterop yield losses between

60 % and 90 % can occur (Du Toit and Walters, 1984)

RWA (Figure 1.4) infestation ifiriticum aestivum L. (‘bread wheat’) results in a number of
physically apparent symptoms, most notably a patstgrowth habit caused by a rolled flag
leaf and the inability of leaves to unfurl normal{abreraet al., 1995; Messina and
Sorenson, 2000). Aphid feeding on the flag leafsea the developing grain head to become
trapped, which interferes with self-pollination agdain-filling (van der Westhuizest al.,
1998a). Further symptoms include longitudinalatieg and stunted growth, which leads to

a drastic reduction in effective leaf area thatssgjuently interferes with photosynthesis,
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while the injection of a phytotoxin through aphitylets causes the breakdown of the
chloroplast and cellular membrane in susceptibengsl RWA feeding also results in a
chlorophyll deficiency, which is often fatal in affted plants (Bothet al., 2005; Burd and
Elliot, 1996).

UGA1357013

Figure 1.4. The Russian wheat aphiddiuraphis noxia) on wheat. Images taken from
Internet 1 and Internet 2. See Appendix Five fordll webpages.

Structurally, the main area that is affected by RWé&ding is the stacked region in the
thylakoid membranes. Although the precise locatbmlamage within these membranes is
not known, it is thought to be in the light hanmegtcomplex Il (Heng-Mosst al., 2003).

Physiologically, one of the most readily appargmhgtoms of RWA infestation is a marked

increase in levels of-1,3-glucanase and its substrate (Benhamou, 1998&.proteins are
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also found to be upregulated in resistant cultivargquantities exceeding that found in
susceptible varieties. Osmotic shock triggerednpyy sustained from aphid probing causes
callose deposition at the site of injury. It haseb proposed that the differences in
metabolites produced in resistant and susceptibkatvcultivars in response to aphid feeding
results from the fact that aphids tend to probeenbut feed less, when placed on resistant
cultivars (Botha and Matsiliza, 2004). This resutft the formation of a greater number of
lesions on resistant plants as opposed to sustemiies (Smithet al., 1992). Studies
performed by van der Westhuizen and Pretorius ltavdirmed that RWA infestation on
wheat results in differential intercellular proteirpression. This was particularly the case in
resistant cultivars, where the difference in protexpression was mainly quantitative rather

than qualitative (van der Westhuizen and Pretofi@86).

Initially, farmers attempted to control RWA infetas by spraying vulnerable crops such as
wheat and barley with insecticides (Du Toit, 19898his approach was met with limited
success due to increased aphid resistance toiridestas well as the fact that aphid feeding
results in curled leaves which shelter the aphidsnf applied insecticides (van der
Westhuizenet al., 1998a). The practical challenges in aphid ayrmutlined above have
indicated that the development of wheat and baceljivars which are resistant to RWA
feeding may be the most feasible approach in cmapeption in terms of efficacy, cost
effectiveness and environmental sustainability @ydL999). Previous research on wheat
resistant to RWA infestation has focussed mainlyhanidentification of resistance sources in
plants that display tolerance to aphid infestatemd observing and documenting the
inheritance of this resistance in future generatiohwheat (Quiclet al., 1996). After this
fashion, the United States released the first wheklivar that is resistant to RWA in 1994
(Quicket al., 1996). It has been established that wheattaesis to RWA feeding employs a
combination of antibiosis and antixenosis (Du Td®89b). Despite relatively extensive
studies, however, the precise defence mechanismesi$tant plants remains unknown at
present. This greatly hampers progress in the lderent of new and highly efficient
resistant cultivars (Budadt al., 1999; van der Westhuizehal., 1998a). The fact that wheat
constitutes one of South Africa’s major staple srgmd, at present, accounts for 21 % of
crops on national arable land increases the needhé development of crops displaying

effective resistance to RWA infestation (Maras&89).
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The development of resistant wheat cultivars ippsed to be the most effective form of crop
protection due to the failure of conventional pasttrol methods, such as insecticides, in the
control of RWA infestation on valuable crops (Budilal., 1999). Resistant wheat cultivars
are obtained by means of selective breeding oftplaith the desired traits (RWA resistance
in the present case). The different types of DNegehave been found to confer resistance to
RWA infestation in wheat in a variety of ways. Th#&l4 gene is known to confer tolerance
to RWA feeding in plants that contain it (Quiekal., 1991). In contrast, the DN1 gene is
known to confer antibiosis resistance towards RWf&stations in plants that contain it (Ni
and Quisenberry, 2000). At present, a poor undedgig of the mechanism of wheat
resistance responses to RWA infestation is hamgeha development of effective resistant
cultivars, as aphids are able to develop resistamecesistant crops containing only one type
of DN gene (Quiclet al., 1996).

More recent studies by Botha and colleagues (20@&k offered a more comprehensive
outlook on the effect of RWA infestation on resmtaand susceptible wheat cultivars.
Expressed sequence tags (ESTs) and microarray diegyn were used to determine
differential gene regulation in Tugela (suscepjileled Tugela DN (resistant) wheat stressed
by RWA feeding at the 4-leaf stage and their figdimre summarised in Figure 1.5. Genes
involved in cell maintenance, growth and regulatigslant defence and signalling,
photosynthesis, energy production as well as tlddsenknown function, were found to be
differentially regulated in response to RWA feedomg Tugela and Tugela DN wheat (Botha
et al., 2006). Further studies involving Northern Blanalysis revealed that 29 wheat
transcripts were directly involved with the aphégdling response. These included transcripts
for genes encoding proteins involved in direct de&and signalling, oxidative burst (ROS),
cell wall degradation, cell maintenance, photosgsitias well as energy production (Botha
al., 2006). A study to determine the nature of th@seeins would be useful in elucidating
the mechanism of wheat resistance responses ta apfastation. One of the biggest
challenges involved in combating the effect of ddieieding in wheat and barley plants is the
fact that aphids shelter in the abnormally foldeaves and often manage to escape the effects
of any pesticides that may be applied to affectieashtp. Chemical control is thus largely
ineffective against aphid predation and the develm of resistant plants is viewed as an
attractive alternative, both in terms of cost angimnmental impact. Due to the complex

and often poorly understood nature of plant stresponses, it has been found that an
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individual R gene occurring in a crop monoculture has little effentlong term resistance in

such crops due to the corresponding mutations addpt plant pathogens.

Cell structure and

27% maintenance

Photosynthesis
41% m Nitrogen fixation

m Reactive oxygen
species (ROS)

W Putatively involved in

10% signalling or defence
(1]

No known or described
1% function

1%

Figure 1.5. Profile of differential gene regulatio in Tugela and Tugela DN wheat
subjected to RWA feeding. Differential regulationwas determined using expressed
sequence tags (ESTs) and a combination of suppressisubtractive and microarray

technologies. ESTs were classified into groups leson their sequence homologies with
known sequences from GenBank. Information taken fom Bothaet al. (2006).

It is thus essential to develop resistant cropsainimg a number of differem® genes that will
allow for a more general resistance to a wider eapfgpests and facilitating a more enduring
remedy for crop losses (Tat al., 1999). Despite contributing only a small pereget of
wheat production in South Africa, the first wheatitivars that have been bred to have
resistance to RWA feeding display a significant éoivg in economic losses (Du Toit,
1989b). While certain wheat cultivars such as Taig@N and Betta DN are known to be
resistant to the effects of RWA feeding, the depeient of new improved wheat cultivars is
hampered by a poor understanding of the biochgmidtplant resistance to aphid feeding.
A detailed investigation of this plant defence sysicould lead to an enhanced understanding
of plant stress responses in general while enaliiegdevelopment of improved cultivars
possessing resistance to the effects of RWA iniesta Moloi and van der Westhuizen,
2005).
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1.6.3. The Bird Cherry — Oat aphid Rhopal osiphum padi)

The Bird Cherry-Oat aphid (BCA) occurs in nearlyprts of the world and is a pest of small
grains such as wheat and barley (Blackman and Eag@00). BCAs often occur as the
dominant species on plants when they infest alolegsiher species such as the RWA (Elliott
et al., 1994). Wheat, barley and other small grainestégd with BCA incur a yield loss due
to the reduction of yield components such as threlbar of spikelets and seeds (Kieckheter
al., 1995). In addition to this, the BCA is a vector barley yellow dwarf virus, thus causing
further damage to the plants it feeds on (Chapat., 2001).

® Dennis J. Schotzko

of Californie

Figure 1.6. The Bird Cherry-Oat aphid (Rhopalosiphum padi L.) while feeding on the
phloem sap of small grain leaves. Images taken frointernet 3 and Internet 4. See
Appendix Five for full webpages.
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BCA phloem feeding is not as damaging to cropssaRWA feeding. One of the most
significant differences between the damage caugd®\VBA feeding and BCA feeding is that
RWA feeding causes a chlorotic reaction in affegiahts, which results in compromised
photosynthesis, while BCA feeding does not éNal., 2001).

1.6.4. Resistance responses to aphid feeding

The resistance response of wheat to aphid feedinthpaught to be elicited mainly in the
apoplast where several defence-related productsradate (Bowles, 1990). At present, the
plant response to RWA feeding has been found ta typical HR response that includes the
induction of intercellulaf-1,3-glucanase (a PR protein), peroxidases anihabés. This
closely resembles the typical plant response tbqogn attack (van der Westhuizenal.,
1998b). It has been proposed that the apoplastignaulation of3-1,3-glucanases is part of
the wheat defence response against RWA infestatiB®WA feeding on resistant wheat
cultivars results in a marked increase in the EwéB-1,3-glucanase which appears to form
part of a general HR-type response conferring taasie to affected plants. This could serve
as a useful marker to determine whether or notva cdtivar is resistant to the effects of
RWA infestation prior to large-scale agriculturaleu (van der Westhuizest al., 1998a). In
addition tof3-1-3-glucanases, chitinases are also thought iovmdved in the wheat defence
response against RWA feeding, as substantiallyeniginounts of the enzyme’s isoforms are
known to be present in resistant Tugela DN wheab@sosed to the susceptible Tugela
cultivar (Bothaet al., 1995; van der Westhuizen and Pretorius, 199%%heat resistance to
RWA infestation is constitutively expressed, ané #xtent of resistance varies between
different cultivars (van der Westhuizenal., 1998b). Resistance proteins are known to be
induced within 6 days of the initial aphid infesbat while alterations in the affected plant’s
ethylene concentrations were observed within 24$10Changes in the transcript expression
(corresponding to the HR) in wheat stressed withARiétermined by means of microarray
technology, have been found to occur within 24 hoaifter the aphids have commenced
feeding (Bothaet al., 1998). A study on induced protein alteratiomsvheat (Tugela and
Tugela DN) by Bahlmann in 2002 revealed that a P@ band on sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) asialpf wheat stressed by RWA feeding

separated into three protein spots during two dsweral gel electrophoresis (2DE). These
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spots corresponded to as yet unidentified proteitis isoelectric points (pl) of 5.0, 5.2 and
5.8 (Bahlmann, 2002).

Despite developments in this area of researchsigralling events that lead to the induction
of secondary defence reactions during a RWA infestan wheat are poorly understood at
present (Moloi and van der Westhuizen, 2005). dnificant point in the study of wheat
responses to aphid feeding is that plant respaisasgiven stress condition differ based on
their age and developmental stage of the affectadt gAcreman and Dixon, 1985). It is
therefore important to do an analysis of the eftd@phid feeding at different stages of wheat
growth in order to gain a more complete understamddf the biochemistry of RWA
resistance in wheat. Due to the lack of effectiwetrol of aphids on valuable crops by means
of conventional methods, it has been proposed ttreatdevelopment of improved resistant
cultivars could prove a more effective and econaflycsound approach. However, the
development of such cultivars cannot be achievedoag as the mechanism of aphid

resistance in plants is not fully elucidated andarstood (Panda and Kush, 1995).

1.7. Plant stress response pathways

Plant stress response pathways are multifunctamélhighly complex systems that are either
basally transcribed or activated in response &sstconditions. The following section aims
to give a brief overview of the current literature the most significant plant stress response
pathways known. Figure 1.7. illustrates the maithgyvays involved in plant stress responses
to biotic stress (induced by either pathogens obitieres) as well as the cross talk involved

between the different pathways.

1.7.1 The Salicylic acid pathway

Salicylic acid (SA) is a key-signalling componentsystemic acquired resistance (SAR), the
plant defence that confers broad-spectrum resistémwarious pathogens (viruses, bacteria
and fungi) throughout the whole plant (Durneral., 1997). SA is derived from the
shikimate-phenylpropanoid pathway in higher plgiMg&traux, 2002). SAR is proposed to

confer resistance to plants in which it is actidaby either interfering with virus replication
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and / or inhibiting the systemic movement of visighroughout the plant (Naylat al.,
1998).

&

INHIBITION

WOUNDING BY INSECT > PATHOGEN INFECTION
HERBIVORY <
Production of JA and ET Production of salicylic
Induction of proteinase Localised necrosis
inhibitor genes (PIN) l
SYNTHESIS OF PROTEINASE INDUCTION OF
INHIBITORS & SECONDARY PATHOGENESIS
METABOLITES RELATED PROTEINS

Figure 1.7. Plant stress response pathways in regme to pathogen attack or insect
herbivory. Note the antagonistic interaction betwen the salicylic acid and jasmonic
acid pathways. JA = jasmonic acid and ET = ethylem Adapted from Felton and Korth
(2000) and Maleck and Dietrich (1999).

SAR usually follows after the initial and rapid HBsponse that is characterised by responses
such as the formation of necrotic lesions arouredphthogen and sustained bursts of ROS
(Lamb and Dixon, 1997). SAR results in “broad-gpeun, long-lasting immunity in non-
infected tissues” in certain plants that have saffenecrogenic pathogen infections (Hent

al., 1996).
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The HR response follows immediately after pathogéack when elicitors recognise the
pathogen at the site of infection, resulting irfeténtial ion fluxes and production of reactive
oxygen species (ROS) prior to the induction ofgmnalling cascade that causes transcription
factors for defence genes to be transcribed andated (Métraux, 2002). SAR can also
occur subsequent to necrosis resulting from a ctibipainteraction between the pathogen
and the host plant (van Loon, 1985). The ons&AR is characterised by an early increase
in the levels of salicylic acid throughout the affsd plant, resulting in the subsequent
expression of pathogenesis related (PR) genes Ibo#ily (at the site of infection) and
throughout the rest of the plant (Malansy al., 1990; van Loon, 1985; van Loon and
Antoniw, 1982). This facilitates the establishmarit SAR, which aids in triggering a
response on repeated encounters between the ohiglei® and further pathogens of the same
kind, conferring broad-spectrum and enduring imryuim uninfected tissues (Muet al.,
1997; Huntet al., 1996). This immunity extends to the pathodeat taused the original
infection in addition to a range of pathogens thalude viruses, bacteria and fungi (Ryetls
al., 1995). Exogenous SA is able to induce a resistéhat is characterized by reduced virus
yields and delays in the onset of symptoms in gléatking the required genes for resistance
to a given pathogen (Whigt al., 1983).

1.7.1.1. Systemic acquired resistance (SAR) resp@ss

Like many other aspects of plant defence, the Sédpanse is not very well understood. It
has long been observed that plants that surviieogan infections often manage to acquire
an increased resistance to any subsequent typdeaaftion (Ryalset al., 1995). SAR is a
common plant response to necrogenic pathogen iafeeind results in a more long-term
immune response than that provided by the HR, whaha broad-spectrum mode of action.
This mode of action enables the host plant to dkf@ninfected tissue against a range of
pathogens including viruses and bacteria (Rgal., 1995). Salicylic acid and hydrogen
peroxide have been reported to play an essenti@limothis signalling response pathway,
although their precise roles remain unknown. It leeen proposed that salicylic acid
accumulation is crucial to SAR due to the fact thiahcts as a catalase inhibitor. The
inhibition of catalase is implicated in elevateddls of hydrogen peroxide, which is proposed
to act as a secondary messenger of salicylic aci8AR signal transduction (Ches al.,

1993a,b). This was questioned by Hunt and colleagtho proposed that hydrogen peroxide
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does not play such a role (Hwattal., 1996). According to Ryals and coworkers, SAR ba

conceptually divided into two phases, namely thigaition and the maintenance phase
(Figure 1.8.). The initiation phase is transient allows for all the effectors required for
SAR to be activated, while the maintenance phasmase enduring and is involved in

maintaining the acquired resistance (Rylal., 1996).

PATHOGEN INFECTION

INITIATION l

Generation of long distance acting signal

— !

Accumulation of salicylic acid

!

Expression of SAR gene

!

— Long-term resistance to a variety of pests and pathogens

MAINTENANCE

Figure 1.8. Model of the current understanding of he SAR response in plants exposed to
pathogen attack. Adapted from Ryalst al. (1996).

In order for SAR to be initiated, a plant musttfirscognise that pathogen infection has taken
place. The reaction triggered by pathogens leadsé& production of signals in tissues both
adjacent to, and distant from, the site of pathaagéack resulting in some form of resistance.
Compatible interactions between plants and pattogéso lead to the induction of the SAR
response. It is important to note that not akiiattions between plants and pathogens lead to
the induction of SAR (Ké& 1982).
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Cell death that is associated with pathogen-attagiroposed to be a requirement for the
activation of the SAR response as it is often olesin plants after the initial HR response
ends with cell death (Hecht and Bateman, 1964)s therefore proposed that salicylic acid
stimulates the SAR pathway downstream from celttd@duntet al., 1996).

1.7.2. The Jasmonic acid pathway

Jasmonic acid (JA) is involved in plant signal sdinction and is synthesized in a seven step
enzymatic pathway originating from linolenic aciéa\an inducible octadecanoid pathway
(Schaller and Ryan, 1995). The principle of oetahoid signalling using JA is conserved in
plant stress responses although there are certaiapgons notably those of 12-oxo-
phytodienoic acids and 15,16-dihydro-12-oxo-phy¢odic acid (Kochet al., 1999). While
occurring ubiquitously in plant tissue, the higheshcentration of jasmonates are found in
growing tissues such as the shoot apex, rootitipsature fruits and young leaves. They are
responsible for a variety of pleitropic effects acause leaf senescence. The responses
attributed to the JA pathway are purported to besed by alterations in gene expression
(Sembdner and Parthier, 1993).

Studies on the differential protein expression laihts displaying JA-induced gene products
revealed several significant differences in termsatuble proteins. Levels of important pre-
existing proteins such as Rubisco decreased wlaheral unique polypeptides were
synthesizedde novo, including vegetative storage proteins, cell wailbteins, proteinase
inhibitors and enzymes involved in phytoalexin $asis (Weidhaseet al., 1987; Staswick,
1990; Creelmaret al., 1992; Schaller and Ryan, 1995; Blechertal., 1995). The JA
pathway is implicated in a variety of stress capnds including wounding, pathogen and
fungal attack, desiccation, osmotic stress, sedisstand nitrogen deficiency, resulting in an
appropriate response to the type of stress expmerieby the plant. For instance wounding by
insect herbivory results in the expression of pnatee inhibitors which interfere with insect
digestion and discourage further feeding Pathagtck and fungal elicitation result in the
production of pathogenesis-related proteins (PRJ phyoalexin-synthesizing enzymes,
respectively (Wasternack and Parthier, 1997).s limportant to note that many jasmonate-
induced proteins are highly species specific (Hatiske, 1996).

28

Literature Review



Chapter 1

Damage from insect herbivory LOCAL SIGNALS

Oligogalacturonides

Chitosan

Burning

Prosystemin processing Ultra violet light

i

Systemin translocation in phloem

i
i

Abscissic acid

PLANT CELL MEMBRANE

OCTADECANOID PATHWAY <+

DEFENCE GENES

Figure 1.9. The octadecanoid signalling pathway fodefence gene expression showing
the formation of Jasmonic acid that was proposed &r studies of wound responses in
Tomato plants. Adapted from Wasternack and Parthie (1997).

JA acts as a mediator between stress perceptiostess$ response by facilitating Jasmonate-
induced protein (JIP) synthesis. Experiments uslAg inhibitors have shown that the
expression of stress proteins is dependent odelnevo formation of endogenous jasmonates
in sufficient quantity to facilitate the inducti@f specific polypeptides that are important in
various developmentally and environmentally regdgtrocesses (Lehmamnal., 1995; Xu

et al., 1994). Despite the fact that JA plays a cemtld in plant defense responses against
diverse sources of stress that result in membramade, such as wounding by insect
herbivory, ultraviolet damage and osmotic stresgplays no significant role in damage
incurred by means of light, heavy metals or temipeeastress (Blechest al., 1995). The

regulators of both salicylic acid and jasmonic aare present at very low concentrations
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under physiological conditions. These regulatars aften masked by a wide range of

primary and secondary metabolites that occur imiginer quantities (Chiwocha al., 2003).

1.7.3. Ethylene and other volatiles

Ethylene is a phytohormone that acts in concerh WA as a systemic signal of wound-
induced gene activation and is found to accumulaten plant wounding (O’Donneét al.,
1996; Chunget al., 2001). It is known to induce the accumulatidrpathogenesis-related
proteins and induces the synthesis of PR-1,3-glucanase, chitinase, Phe ammonia-lyase,
Hyp-rich glycoproteins, osmotin and other defenelated proteins (Boller, 1991; Deikman,
1997). Interestingly, ethylene has also been itapdid as a causative agent in increasing the
severity of disease symptoms in plants. Correlatizave been detected in levels of ethylene
production and the development of chlorotic and otz symptoms (Ben-Daviet al., 1986).

In addition to its role in plant defence, ethyleregjulates a variety of plant processes
including growth and development. These inclugeming and senescence (Matoo and
Suttle, 1991). Despite the fact that elicitor-inddgroduction of some secondary metabolites
requires ethylene as an integral signal, it isa@ommon signal for the induction of plant
secondary metabolites in general (Chehal., 2001; Paret al., 2000).

1.7.4. The role of abscisic acid in plant protectio

In contrast to JA, SA and ethylene, which playgmsicant role in plant defence systems, the
role of abscisic acid (ABA) in plant defence is mabscure. Unlike the other plant defence
hormones, ABA occupies an important role in sevasglects of plant development (Thomma
etal., 2001; Turneet al., 2002). These developmental aspects includelaggn of stomatal
opening and closing and the initiation of procedbes allow the plant to adapt to various
changes in its environment (Shinozaki al., 2003). In spite of this, ABA-controlled
signalling appears to have several features in comwith various biotic-stress signalling
elements that are regulated by JA, SA and ethylensummarised in Figure 1.10 (Thomma
etal., 2001; Turneet al., 2002).

Various studies that investigated the effect ofgexmusly applied ABA, inhibition of ABA

biosynthesis and the use of ABA-deficient mutamtgenled that decreased levels of ABA
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below wild type levels resulted in increased resiseé to several pathogens. Increased levels
of ABA in plants have been linked to a heightenexkel of susceptibility to pathogen attack
(Henfling et al., 1980; Li and Heath, 1990). For example, ABAuwanalation increases the
susceptibility of rice plants tMagnaporthe grisea after a period of cold stress (Koggal.,
2004). Increased levels of ABA have, however, disen linked to disease resistance in
plants such as tobacco (Whenhetral., 1986).

Current research suggests that ABA acts as aretdinterfering agent in disease resistance.
Several reactions have been proposed as a resoliasdtigation into ABA levels in stressed
plants, although the mechanism whereby ABA levelkiénce disease progression in plants
is obscure. Reduced synthesis of phytoalexinsatteimplicated in plant disease resistance
is one of the factors that could result in decrdassistance on the part of plants that contain
high levels of ABA (Henflinget al., 1980). It has been proposed that elevatedertrations

of ABA exert an antagonistic effect on signallingtipvays that are mediated by means of SA
action and therefore high ABA concentrations inhiigisistance against pathogens that are
controlled by SA signalling pathways (Leon and $h&®03). ABA has also been shown to
interact with the ethylene-signalling pathway byhibiting the production of ethylene
(LeNobleet al., 2004).

In relation to the JA signalling pathway, ABA diaps both synergistic and antagonistic
effects as elevated ABA concentrations have beewsto lower transcript levels of JA (and
ethylene) responsive defence genes, whereas ABiBiatgf mutants showed an increase in
these genes (Andersahal., 2004). Despite the fact that ABA largely apgetar act in an
antagonistic fashion to plant stress response @gthvseveral factors are held in common by
plant stress response pathways and ABA signallifgy. instance, both the ABA pathway and
the HR pathways generate ROS by means of the sakb¥’N-dependent respiratory burst
oxidase homologs (Torres al., 2002; Kwaket al., 2003). The highly reactive nitric oxide
(NO) molecule has also been found to play a roleoth signalling pathways (Wedeherate
al., 2004). At present, the ABA pathway is underdtdo mainly interfere with common
plant defence systems against biotic stress. Heky@vsome cases, ABA can also appear to
play a defensive role in plant stress responsesam$e seen in the formation of a protective

callose during certain stress conditions (Mauch-iNaa Mauch, 2005).
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Figure 1.10. The role of abscisic acid in plant dence responses. Adapted from Mauch-
Mani and Mauch (2005).

1.8. Advances in the cultivation of genetically matied wheat

1.8.1. Current strategies employed in crop proteabin

In the year 2000, the global population was esthadb have exceeded 6 billion. If the
population growth increases at the same rate, tdi® population is estimated to reach
approximately 8.5 billion by 2025. This rapid pégiton growth is placing an increased
burden on commercial farmers to supply adequateuatsoof food for consumers. At
present, there is a high demand for crop varietias possess an increased yield while being
resistant to various stress factors in a stablecangdistent manner (Khush, 2001). Pests and
pathogens cause significant losses in valuablecadgrial crops. At present, chemical

pesticides comprise the most commonly used methadop protection used by commercial
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farmers. Chemical methods of pest management fiem costly and ineffective. An
estimated $ 10 billion was spent on chemical insecttrol methods in 1994. Despite this
global crop losses amounted to between 20 — 30 #heoamount produced (Estruehal.,
1996). Increasing pressure from concerned grouptdwide is encouraging researchers to
look at developing novel methods of crop protectoue to the long-term damage that
chemical pesticides exert on both the environmer sometimes, on the wellbeing of
humans and animals. In order for a plant deferystes to be compatible with modern
requirements and standards, it must be benefitigdrims of sustained agriculture in addition

to being environmentally friendly (Boulter, 1993).

In modern agriculture, pest control in plants isiieced by means of chemical pesticides,
natural biocontrol factors, preventative pest aanstrategies or transgenic insect-resistant

crops, or a combination of these factors (ldg., 2004).

1.8.2. Alternative methods of crop protection: therole of transgenic plants in modern
agriculture

Traditional farming practices have relied on selecbreeding to develop improved crops by
means of a crossing program between differentvauki which subsequently allows for the
systematic selection of plants bearing new anduldedits (Sahrawat, 2003). While being
moderately effective, this method does not suppings with sufficient immunity to fully
withstand a variety of pests and pathogens. Asgire selective breeding of crops is no
longer considered useful due to the inability a$ technique to produce plants with effective
resistance to various pests whilst maintainingitably high yield (Huanget al., 2004). The
recent advances in molecular biology have opened aenues to scientists attempting to
produce improved crops. These new techniques bagbled the cultivation of transgenic
crops containing foreign resistance genes. Sucpscare known as genetically modified
(GM) crops and are thought to be a promising sofuto global food shortages due to insect
and pathogen stress (Babual., 2003). At present, several methods of genestearinto
agriculturally valuable crops are being explore@ihese include the use of a modified Ti
plasmid system irAgrobacterium tumefaciens (Agt), direct gene transfer including PEG-
induced DNA uptake, microinjection of DNA into celin culture or electroporation and
microprojectile bombardment (De Leo and Galler&@i02). These techniques have been

utilized to produce and cultivate transgenic crdpsm a number of different species,
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including maize, wheat, tomatoes and potatoes, gnathers (Khush and Brar, 1998).
Because insects are able to develop resistandarnbgefence mechanisms, the development
of resistant crops that contain a multiplicity afeince genes has been emphasised (Batta
al., 2002).

1.8.2.1.Bt crops and plant resistance

In the development of alternative methods of croggztion, the use of transgenic crops that
express foreign insecticidal genes is gaining pamtyl Current methods of transgenic crop
production rely heavily on the use of transgeBacillus thuringiensis (Bt) crops that contain

a Bt gene for resistance against several insectsachy foughly 98 % of all biopesticides have
a Bt basis (Benedict and Ring, 2004). The fiB#t expressing plant was developed
approximately 20 years ago. It was developed lpducing an entomotoxic protein from
the bacteriunBacillus thuringiensis into tobacco plants (Andrewes al., 1987). TheBt crops
that are available at present express Cry proteieg) (crystal proteins) and are able to target
certain important pests including those that asdstant to conventional pesticides. The
advantages of Cry proteins include their high dpstyi, rapid toxic activity and a short life in
the environment. In general, the advantages ol sasistant crops are quite numerous,
especially in terms of environmental impact. Thiesdude the absence of pesticide drift and
/ or pesticide remnants in the soil in additiorack of effect observed in non-target species.
Possibly the main advantage of transgaBticrops is the fact that thgt toxin is expressed
throughout the plant, and subsequently providedeption to roots, shoots and stems
(Benedict and Ring, 2004).

Despite a growing number 8t-containing products on the market, both in thetéthiStates
and several other countries, some concerns haverb&ed over the safety Bt proteins for
mammals in addition to a number of unanswered @resabout the environmental impact of
this type of bioinsecticide. Many consumers, sis¢s and interest groups have expressed
concerns about the safety of introducing foreignegeinto plants that are meant for human
consumption (Vazquez-Padra al., 1999). In addition to this, the use Bf toxin to
develop resistant plants is not without its demseriDne of these is the fact that the toxin
remains in the plant throughout the growing seasioms selecting for the development of

insect resistance (Moat al., 1995). A further limitation dBt crops is the fact that they are
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known to effectively control relatively few insegpecies. For instance, b toxin has yet
been discovered with aphid toxicity, leaving muchlte desired in areas of agriculture
focussing on crops that regularly experience aptiebtations (Oppest al., 1997).

An alternative strategy to the use of foreign geneke development of resistant plants is to
utilize the plants endogenous defence systems aadipoiating these systems by
upregulating the production of defence proteinghe Tntroduction of insect control genes
from other plants into a commercial crop of intéresorder to facilitate the development of

resistance to a given pest is an alternative tecienio the use dt toxins (Peferoen, 1997).

1.8.2.2. Advances in the development of resistantweat (Triticum aestivum L.)

Wheat is a member of the Triticeae cereal familg snone of the most valuable food crops
in the world. It is arguably the most significasdurce of plant protein in the modern diet
(Sahrawat, 2003). Biotic pests, such as aphid@stesponsible for significant losses in wheat
production every year. This loss, both in termg&adnomic and social impact, increases the
urgency to develop suitable cultivars that arestast to biotic pests such as RWA and which
are able to maintain this resistance in subseqgenerations. Traditional methods of crop
improvement and engineering for resistance relyihean an extensive crossing programme,
which requires a lengthy screening process to ifyeatltivars with the desired traits (Bedd
et al., 1998; Mcintosh, 1998). While some success e lachieved with this method in
wheat, the efforts of plant breeders are currerghching their limit as some aspects of the
plants, especially yield are not improved even veittensive breeding (Huarey al., 2002).

It is in light of this that new methods are beingpdoyed in the development of resistant

wheat crops.

Weeks and colleagues reported the introductioreagég into immature bread wheatiticum
aestivum L.) embryos (Weekst al., 1993). This was accomplished by means of partic
bombardment. While this process was effectivayas by no means highly efficient, and
current research focuses on optimizing this tramsétion process to increase its efficiency
(Beckeret al., 1994; Alpeteet al., 1996). Transferring foreign DNA into wheat byams of
Agrobacterium tumefaciens (Agt) is an attractive alternative to particle dmardment. This

technique has several advantages, the most impdsing that it allows for the stable
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integration of long DNA molecules with defined endsAnother attractive feature of
transformation with Agt is that its use allows tbe generation of lines that are free from
selectable marker genes, thus minimizing concerargf possible harmful effects if such

crops are used for human consumption (Sandstt@m, 1989; Jonest al., 2005).

Resistance genes against RWA infestation are ldaatenly on the D-genome of wheat and
are introduced into various cultivars in order &velop resistance (Liet al., 2001). Wheat
resistance or tolerance to RWA infestation compgresetibiosis and / or antixenosis although
the mechanism whereby this is achieved is unknavpmesent (Du Toit, 1989b). Betta DN is
an isogenic cultivar of Betta wheat that is resistsoa RWA phloem feeding due to the
presence of a DN gene. It has a moderate yieldnpat (10 % higher than the RWA
susceptible cultivar Betta) and a very good millargl baking quality. The Wheat Technical
Committee in South Africa uses Betta DN as a quadiandard when new cultivars are
released and is marketed in South Africa by Senghliternet 5). An understanding of the
mechanism of resistance in this cultivar and thiéedince in response to RWA feeding
between Betta and Betta DN at the proteomic legeldtplay an important role in facilitating

the development of new improved resistant cultivars

The design of resistant cultivars of valuable acahemically significant crops should ideally
be supported by a sound knowledge and understandfinglant stress responses and
resistance mechanisms. This is largely due tdabethat insects rapidly develop resistance
to the foreign genes that have been inserted iivengolant and the insertion of multiple

resistance genes can be used to overcome thissprdBiharma and Ortiz, 2000).

1.9. Conclusions

Plant stress responses are highly complex andyponderstood systems that enable plants to
overcome stresses from biotic and abiotic sourddse great annual losses of valuable crops
to insect pests and abiotic stresses, and theidaeyf of current methods of insect pest
control, necessitate the development of plants ges&3g resistance to a variety of stress
factors. Wheat is one of the most important andnecocally valuable crops produced

globally. RWA and BCA infestation results in hug®p losses every year and it has been
proposed that the cultivation of wheat cultivarattlare resistant to the effects of aphid

feeding may be a viable alternative to the use neffféctive, expensive and damaging
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pesticides. At present, the mechanism of wheatraef responses against aphid infestation
have not been well characterised. A study sudheasne outlined in this thesis will serve as
a foundation to enhance the present understandisgch defence responses, and subsequent

development of aphid resistant wheat cultivars.
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RESEARCH MOTIVATION AND HYPOTHESIS

Problem statement

Plants possess physical and biochemical defenchanens to prevent damage induced by
abiotic and biotic stress. Insect pests such asRilesian Wheat Aphid cause significant
damage to commercially valuable crops such asyparld wheat. Despite the identification
of ten different genes as agents of resistance/Né khfestation and damage, the mechanism
of the defence reaction as well as the identiftcatdf proteins involved is unknown. In
addition, the molecular basis of plant resistanezmanisms to phloem-feeding insects has
not been well characterized.

Hypothesis

Russian wheat aphid infestation Bnticum aestivum L. plants results in a stress response that
causes the differential regulation of various pretevithin the plant. Bird Cherry-Oat aphid
infestation results in less significant damage theat structure than Russian wheat
infestation, but also results in the differentiapeession of proteins. The identification and
determination of the function of differentially exgssed proteins in response to stress
imposed by phloem-feeding insects would enhancainderstanding of plant stress response
pathways and thereby facilitate the developmened crop species possessing resistance

genes.

Aim

The identification of differentially expressed proeins in susceptible and resistant wheat
(Triticum aestivum L. cv Betta and Betta-Dn) plants in response to stresaduced by
Russian wheat aphid Diuraphis noxia, Mordvilko) and Bird Cherry-Oat aphid
(Rhopalosiphum padi) feeding.
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Objectives

1. Cultivation of Triticum aestivum L. cultivar that is susceptible to feeding damage by
the Russian wheat aphid in addition to a resistantivar that can withstand the
damage caused by aphid feeding

2. Establishment of a homogenous and viable Russiaaindphid colony

3. Optimization of protein extraction from wheat pkant

4. Optimization of 2DE gel electrophoresis on proteoistained from stressed and
unstressed susceptible and resistant wheat clt{iamtta and Betta DN)

5. Comparative 2DE gel electrophoresis on total proteamples from stressed and
unstressed resistant and susceptible wheat c@t{Batta and Betta DN)

6. Hypothetical identification of differentially expgsed proteins in stressed and
unstressed wheat cultivars (both susceptible amsistamt) in response to stress
induced by Russian wheat aphid and Bird Cherryapatd feeding
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2.1. Introduction

Two-dimensional gel electrophoresis (2DE) is a pdweéool employed in proteomics for the
purification and characterization of proteins (Gtasamy and Rampitsch, 2006). 2DE can be
used to visualise and map the proteome of a giissud or organ sample. A maximum
number of protein spots and a high level of resmtutharacterize optimal gels. The use of
2DE facilitates the resolution of complex mixture$ protein which allows for the
identification of differential protein regulatiorudng various conditions within the life of a
given tissue, organ or plant (Finrgeal., 2002). The power of this technique lies iraibdlity

to separate protein mixtures on the basis of bodir net charge and their molecular mass.
Separation in the first dimension occurs on theisba$ net charge; the purified protein
mixture of interest is rehydrated onto an immoleitizoH gradient strip (IPG strip) containing
an immobilised pH gradient in which proteins migrabd their isoelectric points under an
applied electrical potential difference. A highltage ramp is applied and proteins migrate
down the strip and resolve at their individual isotric points (Goérget al., 2000). The
isoelectric point of a protein is a point at whitle protein in question possesses an overall
zero net charge. This value is unique for eachieprpand thus forms a useful basis for
separation of proteins in a complex mixture. Safan in the second dimension relies on a
difference in mass between the different protemsaicomplex mixture by using sodium
dodecyl sulphate polyacrylamide gel electrophor€&Si3S-PAGE) (Gorgt al., 2000; Herbert

et al., 1997). The different proteins resolve as spotshe second dimension gel and can
subsequently be identified and analysed by usitigeeimass spectrometry (MS) or N-
terminal sequencing coupled with bioinformatic ®eaind software such as PDQuest™ or
Progenesis PG 200 v2006 (Skyéasl., 2005).

2DE has previously been employed for various aeslysf the wheat proteome. This
technique has been employed to study wheat enduospesteins (Hurkman and Tanaka,
2004; Maket al., 2006), the differential expression of wheat rpadteins in response to
different levels of nitrogen in feeding solutioBaprmanet al., 2005), mitochondrial proteins
from different wheat tissues (Riogt al, 1991) as well as aspects of wheat genetics
(Thiellementet al., 1987). A qualitative and quantitative analysfsdifferential protein

expression in wheat in response to heat shock #isawecold and drought has also been
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undertaken (Bahrmaet al., 2004). Most of the studies above have beemnecbout on milled
wheat grain (flour) and few, if any, have made ofe&heat leaf tissue. This is due to the fact
that protein content is closely related to the yaif flour for bread making, which is of

considerable interest to commercial farmers (Dotglet al., 1989).

Certain factors such as the method employed taextotal proteins from the sample of
interest and solubilization buffers used to resndpbese proteins, are crucial to the success
of any 2DE analysis (Chinnasamy and Rampitsch, RO@ample preparation is often the
most important step and must be optimized in otdeobtain efficient extraction of the
maximum number of proteins in a given sample, whéeining the fewest number of
contaminating compounds possible. Traditional aotion methods rely on acetone and
trichloroacetic acid precipitation (Skylas al., 2000).  Successful 2DE analysis is highly
dependent on reproducible methods leading to loviabidity between gels in the same
experiment. Minimisation of variability in samppgeparation can be facilitated by using
protein extraction and 2DE clean-up kits from sugpl dealing in products specifically
designed for proteomics research applications. 28Rk useful technique to study the
differential protein expression in response to ausi stress factors because of its high
resolution, (Thiellemendt al., 1987). For the purposes of the present stwdyised 2DE to
identify the differential protein expression thaicars when susceptible and resistant wheat
plants {Triticum aestivum L.) cv. Betta and Betta DN are exposed to phloemirigedy the
Russian wheat aphid (RWAiuraphis noxia, Mordvilko) and the Bird Cherry-Oat aphid
(BCA; Rhopalosiphum padi). This chapter outlines the development and dpétion of a
2DE method used to determine the differential pnotxpression obtained in response to

aphid feeding on resistant and susceptible wheat.

2.2. Materials and Methods

2.2.1. Materials

Wheat seedsT¢itcum aestivum L.) cv. Betta and Betta DN were obtained from the
Agricultural Research Council of South Africa (Bletiem, South Africa). One of several

DN genes DN1-DN6 and a number of uncharacterisell genes) confer resistance to the
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Russian wheat aphid{uraphis noxia; Mordvilko) and wheat cultivars bred to contain any
one of theséDN genes or a number of them are said to be RWAtaggisvheat cultivars
(Heynset al., 2006; Liuet al., 2005). Betta DN is an RWA- resistant wheaticaitbecause

it has been bred to contairDaN gene, while Betta is an RWA-susceptible cultivae do the
absence of DN gene. Potting soil was purchased from Green Fngirsery in Port
Elizabeth. The total protein extraction, reductakylation, 2D clean up and protein assay
kits were purchased from Bio-Rad (U.S.A.). Liqgumittrogen was obtained from the Rhodes
University Department of Chemistry (Grahamstownut8dAfrica). Bovine Serum Albumen
Fraction V was purchased from Roche (SwitzerlangageBlue™ protein staining solution
was a free sample from Fermentas (Canada) whilSithkerSnap® Stain kit Il silver staining
kit was purchased from Pierce (U.S.A.). Isolectocussing equipment was from Invitrogen
(France) while immobilized pH gradient strips werem Bio-Rad (U.S.A.). Protein
molecular mass markers were purchased from PEQGab(any). All other reagents for

buffers and gel reactions were purchased from SigmadaBio-Rad (U.S.A.).

2.2.2. Overview of the procedure employed to optireé a 2DE protocol for
the determination of differential protein expressim in wheat leaf
tissue

Wheat ¢y. Betta and Betta DN plants

l

Optimisation of total protein
extraction

l

Analysis of wheat Optimisation of 2DE
protein method
Protem 1D gel Optimal Optimal stain for Method
tificati electrophoresis conditions for maximal spot validation
quantiication ]:EF V'lSl],I]]it‘V

Figure 2.1. Overview of factors investigated durig the optimisation of a 2DE method
for the determination of differentially expressed poteins in wheat leaf tissue in respons
to aphid feeding.

11
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2.2.3. Cultivation of wheat cv. Betta and Betta DNlants

Wheat seeds were germinated overnight in a peth dn filter paper prior to planting in a
70:30 mix of potting soil (Green Fingers NursergytFElizabeth) and vermiculite. Each pot
contained roughly 20 wheat seeds and plants wengrgunder set conditions in a controlled
environment chamber (Conviron S10H; Controlled Emvinents Limited, Winnipeg,
Manitoba Canada; Analytical Scientific Instrumer®C South Africa) at the Rhodes
University Botany Department. The Conviron wasmtaned at a constant temperature of 24
+ 1°C at a relative humidity of 70 % with a 16 hour fgperiod. Plant nutrient status was
maintained with a 75 % solution of Long Ashton rert mix (Appendix 3, Table 8.1.),

which was administered every two days.

2.2.4.0ptimization of total protein extraction from wheat

Two-leaf stage wheat (14 day old wheat plants) sesnwere homogenized in liquid nitrogen
prior to extraction of total protein from differentasses of leaf tissue (0.1g, 0.25¢g, 0.5 g and
0.75 g) using the ReadyPrepProtein Extraction Kit (Total Protein) (Bio-Rad,3&JA.) as per

kit manufacturer’s instructions. Briefly, homogeed leaf tissue was suspended in 1 ml
ReadyPrep 2-D Rehydration / Sample buffer 1 (14 urea, 2 M thiourea, 1 % (w / v)
amidosulfobetaine-14 (ASB-14) detergent, 40 mM base and 0.001 % Bromophenol blue)
to which 10ul TBP reducing agent (200 mM tributylphosphine #iméthyl-2-pyrrolidinone)
was added. Samples were sonicated in four buf€8 seconds each prior to centrifugation
at 14 000 g for 30 minutes. After centrifugatidime supernatant was retained and reduced
and alkylated using the ReadyPrefReduction-Alkylation Kit (Bio-Rad, U.S.A.), whilthe
pellet was discarded. Proteins were reduced dythédd to disrupt protein disulphide bonds
and in order to prevent different oxidation statesample proteins (Herbeet al., 2001;
Taylor et al., 2000). Protease inhibitors were not added ag #re not required with the
protein extraction kit used in this experiment. To@imal amount of leaf tissue for the
purpose of protein extraction was determined bgyarg the protein obtained from each leaf
mass and determining which was optimal in termsthaf maximum amount of protein

extracted in terms of sample manageability, astilaied in Figure 2.2. In terms of sample
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size, manageability and the highest amount of praetracted, 0.1g leaf sample yielded the
best results and was used in all subsequent expetsm Higher amounts of wheat leaf tissue
did yield higher amounts of protein but were difficto manage and obtain in terms of the

plant size used during the course of the preseesiigation.

Protein concentration
obtained from extraction
(mg / ml)

0.1 0.25 0.5 0.75

Wheat leaf mass (g)

Figure 2.2. Protein yield from variable wheat leafmass using the ReadyPrep™ Protein
Extraction Kit (Total Protein) from Bio-Rad (U.S.A.)

2.2.5.Determination of protein content of wheat samples

The protein content of all wheat samples, both fgeénd after the reduction-alkylation step
was determined by means of the RC / DC proteinyagB@o-Rad, U.S.A.), which is a

modification of the Folin-Lowry assay (Lowrst al., 1951). Sample protein content was
determined by interpolation from a standard cursi@gibovine serum albumen Fraction V as

a standard.

2.2.6.Sodium dodecyl sulphate polyacrylamide gel electrdmresis (SDS-
PAGE) analysis of total protein from wheat leaves

Wheat protein samples were resolved using SDS-PA&#rding to the method outlined in
the Mini-Protean® 3 Cell Instruction Manual (Bio-®RdJ.S.A.) which is a modification of
the method outlined by Laemmli (Laemmli, 1970). SPAGE and second dimension 2DE
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gels were resolved using the Bio-Rad Mini-Protead®el electrophoresis system. Total
protein from wheat leaf extract was added in aorafi 1:2.5 to SDS-PAGE sample buffer
(0.0625 M Tris, pH 6.8, 10 % (v/v) glycerol, 2 % SD5 % p-mercaptoethanol, 0.05 %

bromophenol blue) prior to resolving on 12 % aamjilde separating gels (0.375 M Tris, pH
8.8, 0.1 % SDS, 12 % acrylamide) prepared as adtlim Appendix 2 (Chapter 7). Gel

polymerisation was induced upon addition of 0.0a®monium persulphate (APS) and 0.005
% N,N,N’N’-tetramethylethylenediamine (TEMED). Gelvere resolved for 45 minutes at
200 V using a Bio-Rad PowerRacHV power supply in running buffer (25 mM Tris, 192
mM glycine and 1 % SDS) prior to staining with Caassie (0.1 % Coomassie Brilliant Blue
G 250 in 45 % methanol and 10 % acetic acid) arslageng (25 % methanol and 10 %
acetic acid). Duplicate gels were resolved anthathwith the SilverSNAP® Stain Kit Il

(Pierce, U.S.A.). Gels were scanned on an HP 8ca8p0 and dried prior to analysis.

2.2.7.Two dimensional gel electrophoresis optimization

2.2.7.1. Sample preparation for 2DE

Wheat samples were prepared as described in 2r2d4cleaned up using the ReadyPrep

D Cleanup Kit (Bio-Rad, U.S.A.). Subsequently, tb&al protein pellet obtained from the
2DE clean up reaction, containing 4.416 mg of tethkat protein, was resuspended in 2-D
rehydration buffer (25@l; 9 M Urea, 2 % Triton-X 100, 2 % Bio-Lyte 3-10 fier, 0.1%
Bromophenol Blue and 0.02 g dithiothreitol) and laggp to the chambers of a Zoom®
IPGRunnell Cassette prior to careful insertion of an immakedi pH gradient (IPG) strip,
with the gel side up, into the protein and buffeluton in the chamber. The broad-range (7
cm; pH 3-10 NL) ReadyStrip IPG strips were rehydrated overnight in 1g0of 2-D
rehydration buffer containing the wheat total pmotsample after clean-up (containing
between 124 — 15@g protein), as per manufacturer’s instructions. c®radequately
rehydrated, the IPG strips were focussed by peifagnsoelectric focussing (IEF) in distilled
water under variable electrical potential differermonditions as outlined in 2.2.7.2. The
amount of protein loaded onto the IPG strips wainaped in order to avoid overloading of

gels and poor spot resolution. All optimised 2Ddtsgvere resolved containing 124 — 180
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protein (0.124 — 0.150 mg) of protein, which wasrfd to be an optimal protein load for the
silver stain used during the course of the 2DE erpnts. The addition of the Bio-Lyte 3-10
(ampholyte) buffer to the 2DE sample rehydratioffdyufacilitated to compensate for a lack
of salt in the sample which might cause certairtging to precipitate at their given pl value.
Ampholytes added to the first dimension sample drufireatly improve the resolution of the
second dimension gel by allowing for the formatadneproducible, linear pH gradients. The
wide-range Bio-Lyte 3-10 employed during the couws¢his work has a working pH range
of 3.5-9.5 and is useful for determining the ovédwtribution of proteins in terms of their pl

values between these pH values although optimisatiould require the use of a narrow-

range buffer for improved resolution and spot ideation.

2.2.7.2. Determination of optimal conditions and power souce for isoelectric
focussing

Rehydrated broad-range ReadyStrip™ 7 cm, pH 3-1(Bib-Rad, U.S.A.) IPG strips were
subjected to IEF under different conditions to deiae the optimal focussing parameters for
maximal protein spot resolution. Initially, sampleom 21-day old wheat (4-leaf stage) were
prepared as outlined above in section 2.2.7.1 aokip content was determined as outlined
in section 2.2.5. IEF was performed using a Cdris815 power supply with a step voltage.
The applied electric potential (V) was increased istep-wise fashion as follows: 200 V (10
minutes), 450 V (10 minutes), 750 V (10 minutesj 4000 V (480 minutes). A second IEF
method utilized a Bio-Rad PowerPaddV power supply, and featured a reduced focussing
time. The applied electric potential (V) was irased in a continuous ramp fashion as
follows: 200 V (20 minutes), 450 V (15 minutes),07Y (15 minutes) and 2000 V (60
minutes). The current was maintained at 5mA thhoug the procedure. The detailed

conditions for the above procedures are listedppehdix 6.

2.2.7.3. Determination of optimal staining method to maximse protein spot visibility

The choice of a suitable stain is crucial for thecess of 2DE experiments. Ideally, a 2DE
stain must allow for qualitative analysis while sitaneously being sensitive enough to allow
for the visualisation of low abundance proteina.adldition to this, a successful stain should

possess a wide linearity and dynamic range whilengoaffordable to the researcher
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(Westermeier and Naven, 2002). A number of staiare used to visualise the 2DE gels in
order to determine which stain would allow for thetection of a maximum of spots under the
given running conditions. The following stains wenvestigated: Coomassie Brilliant Blue
(40 % methanol, 0.7 % glacial acetic acid, 0.075CHomassie brilliant blue R250),
PageBlue™ Protein Staining solution (Fermentas,aGan and SilverSnap® Stain Kit Il
(Pierce, U.S.A.). The detailed method for thesénstg procedures is outlined in Appendix
two in Chapter 8. Coomassie is an inexpensivaisigimethod but lacks the sensitivity of
silver stain and is considered an unreliable stgimhethod for 2DE applications due to the
fact that some protein spots destain faster thamgéh background during the destaining step,
which adds to a loss of protein spots prior to ysial (Neuhoffet al., 1988). PageBlue™
Protein Staining solution (Fermentas, Canada) amntaoomassie Brilliant Blue but does not
contain hazardous substances such as methanas ampid as gels do not require destaining.
It is also more sensitive than Coomassie staiveSitaining is much more sensitive than
Coomassie Brilliant Blue, but does present somédicdifies due to its limited linear
quantification range in addition to the formatidnaatefacts on certain gels (Rabilloud, 1992).
The stain thus yielded the highest spot visib#itythe lowest cost was used for all subsequent

analyses.

2.2.7.4. Determination of the reproducibility of he 2DE protocol used in this study

Unstressed two-week-old Betta wheat was treateduti;ied in 2.2.7.1. The total protein
extracts were reduced and alkylated and cleaneaksugescribed prior to performing IEF in
triplicate on a Bio-Rad PowerRacHV power supply. The protein load on each strgsw
between 1.38-1.5 mg protein. The applied elecpatential (V) was increased in a
continuous ramp fashion as follows: 200 V (20 masjit 450 V (15 minutes), 750 V (15
minutes) and 2000 V (60 minutes). The second dsmenwas resolved on 12 % SDS-PAGE
gels at 200 V for 45 minutes as outlined in 2.2@®els were stained using the SilverSnap®
Stain Kit Il (Pierce, U.S.A.) prior to imaging on @hemiDoc ™ EQ gel documentation
system (Bio-Rad, U.S.A.). The reproducibility sdes were performed in triplicate to
ensure that the 2DE protocol utilized yielded stabhd reproducible results. The images
obtained were analysed using PDQuest™ Basic Sdaftwarsion 8.0 (Bio-Rad, U.S.A.).
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2.2.7.5. 2DE gels analysis using PDQuest™ Basaft®%are Version 8.0 (Bio-Rad)

Triplicate gels were studied in order to deterntime number of visible spots as well as the
spot variance between gels. Gels were groupedaaatysed using the Spot Detection
Parameter Wizard with a sensitivity of 0.49 whilowance was made for horizontal and
vertical streak removal. The gel software analpsiskage relied on manual identification of
faint spots, large spots and the largest spoteruatiowing for some user input in terms of
parameters. A speckle filter set at 50 was apphiearder to remove speckles from the gel.
This was considered necessary despite the facstima¢ small and faint spots may have been
lost in the process. A Gaussian statistical mege used to detect and fit spots while a local
regression model was selected for data normalisatid spot that was not up or down
regulated in either the control or stress gelsgt@oint during the procedure was selected as
a loading control in order to verify the validity the assignation of up or down regulation by

the PDQuest™ software.
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2.3. Results

2.3.1. Wheat plants

2.3.1.1. Plant growth

Figure 2.3. Wheat {riticum aestivum L.) cv. Betta (A) and Betta DN (B) plants at the
two-leaf stage (14 days after planting).

Plants were maintained at 24t 1 °C in a Conviron S10H growth cabinet with a light / dark cycle of 16 / 8
hours and a relative humidity of 70 %. Plant nutrient status was maintained with 75 % Long Ashton
nutrient mix on a 48-hr basis. Betta plants (A) hadan average length of 34 cm, while their resistant
counterparts, Betta DN (B) had an average length &f6.3 cm from root to tip.

According to the South African Agricultural ResdaxCouncil (ARC), Betta DN is a cultivar

that is suited to low to medium potential condisorit is resistant to RWA infestation and has
an average grain yield that is 10 % higher thahdahés susceptible counterpart under regular
field conditions (Internet 1). The wheat planthibited stable growth, although the resistant
plants were slightly smaller in size than the spb& ones, as shown in Figure 2.3. above.

Since Betta and Betta DN are isogenic cultivaris $ize difference could be attributed to
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resistance costs due to the incorporation ofliNeresistance gene in Betta DN as discussed

in the materials section (section 2.2.1).

41+
40+
39+
38+
37+
36+
35+
34+
33+
32+
31+
30+

Plant length (cm)

1 2 3 4 5 6 7 8 9 10
Plant sample number

Figure 2.4. Length variability in susceptible Beta wheat plants taken from the same pot
and grown under identical conditions at the 4-leaf(30 day) growth stage. Resistan
Betta DN plants showed similar variance in height bt were shorter on average (data not
shown.

—

In order to study the variability of the wheat gkrnvestigated, the length of all plants
occurring in the same pot after a 30-day periocevdatermined by measuring the plants from
root to tip. Due to time constraints, and the seéleoy nature of this investigation in terms of
the project, this was only performed once and hewcstatistical data is available. A large
variation in height was found (Figure 2.4.) indingtthat not all plants grown under the same
conditions would reach the same size. It was, ewebserved that all wheat plants at the
4-leaf growth stage would have a height of no tees 33.5 cm and of no more than 40 cm
indicating that a maximum discrepancy of arounccdOcan be anticipated under optimized
growing conditions. It is important to note thack wheat seed planted was unique and that
the difference in height with time could be theutef various genetic factors. These
differences result during breeding of the wheativals (Sharmat al., 2005). A high density

of plants in each pot was maintained in order taximse wheat production for the
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optimization of protein extraction that was perfednprior to the commencement of 2DE
analysis. Short leaves were observed to contaighly the same amount of total protein as
long leaves did when equivalent leaf masses weaalysed for their total protein content. The
protein content of the wheat leaf tissue did, haavevary with time. Both Betta and Betta
DN cultivars had higher protein content after 4 kgegrowth than they did at 2 weeks, as
shown in Table 2.1. below, although it was noteal tBetta DN had a higher extractible

protein content throughout the duration of the entiprocedure.

Table 2.1. The relationship between wheat age dmehtveaf protein content for Betta and
Betta DN wheat at two different growth stages

Wheat cultivar | Days after planting Length (root to tip | Mass used for total| Protein
[cm]) protein extraction (g)* | concentration
(mg / ml)
Betta 15 31 0.104 30.77
Betta 29 475 0.122 45.16
Betta DN 15 29.5 0.104 39.19
Betta DN 29 35 0.121 49.87

a- Refers to wet leaf weight

2.3.2. Optimization of total protein extraction from wheat

The ReadyPrep™ Protein Extraction kit (Bio-Rad, B.p is useful for the reproducible
extraction of total cellular protein extracts frengiven sample. This is due to the presence of
the zwitterionic detergent, ASB-14, which acts gowerful solubilising agent that allows for
the extraction of membrane proteins in additiorcédiular proteins, making it particularly
useful for 2DE applications. The manufacturer mgwends a ratio of 2-3 ml of sample
extraction buffer per gram of plant leaf tissueowgver, due to financial and plant biomass
constraints, a smaller leaf mass was desirablprfiiein extraction purposes. The amount of
wheat leaf sample required in order to extract aimam amount of protein was optimized.
The results are summarised in Figure 2.2. Therogdition procedure attempted to obtain a
maximum protein content per 1 ml ReadyPrep™ sarbpféer with the lowest wheat leaf
mass possible due to the fact that young wheattplda not yield a high leaf mass and

individual plants were being sampled.
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The highest protein content was obtained with O(prgtein yield of 62.2 mg / ml) of wheat

leaf tissue, but this mass was not adopted forptirposes of this study due to fact that it
resulted in a very large and unstable pellet duthmeg latter parts of the protein extraction
procedure which complicated the subsequent reduetioylation and 2DE clean up steps.
Leaf masses higher than 0.5 g (e.g. 0.75 g) appegender the protein extraction solution
incapable of performing its function and were sgjosaitly not investigated any further.

These findings were confirmed by means of analysiformed using denaturing SDS- PAGE
(results not shown). It is clear that the effiogrof protein extraction and the manageability
of the sample itself for further treatment dependada smaller amount of leaf mass in the
initial sample. A leaf mass of 0.1 g was subsetiyamsed for the duration of the 2DE

analysis outlined in this work.

2.3.3. Optimization of 2DE method for analysis of ifferential protein
expression in Betta and Betta DN wheat

2.3.3.1. Determination of optimal conditions for ieelectric focussing

Wheat protein samples obtained after extractiontotdl proteins from leaf tissue were
analysed using SDS-PAGE in order to determine wdrethe wheat leaf protein had been
successfully isolated in addition to the relatibeiadance of various major proteins as well as
their relative molecular masses. The gel analysis performed in duplicate and stained with
Coomassie or the SilverSnap® Stain Kit Il (Pietde5.A.) in order to visualise proteins after
2DE clean up which resulted in a significant, ypparently consistent, protein loss. The

results are shown in Figure 2.5 on page 54.
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Figure 2.5. Protein profile of wheat leaf total potein obtained for Betta and Betta DN
wheat at the two-leaf growth stage

Wheat proteins were resolved using SDS-PAGE gels dluplicate and stained with Coomassie [A] and the
SilverSnap® Stain Kit Il (Pierce, U.S.A.) [B] to viswalise faint bands. Lane 1 — peqGold Protein-Marker|
IV (PEQLab, Germany); Lane 2 — Betta total protein extact; Lane 3 — Betta DN total protein extract;
Lane 4 — Betta afterreduction alkylation; Lane 5 — Betta DN after reduction alkylation; Lanes 6 — 9 —
Betta after reduction alkylation and 2DE clean up vith ReadyPrep™ 2-D Cleanup Kit (Bio-Rad, U.S.A.).

The results indicate that wheat leaf protein wasasssfully isolated and that a relatively even
distribution of proteins in terms of their moleautaasses occur in the wheat leaf proteome,
although the very prominent band occurring at apipnately 55 kDa was of special interest
as it was thought to be either one highly abungatein or several proteins of the same
molecular mass but different pl values that wowdotve into discrete spots on a 2DE gel.
Further analysis with 2DE confirmed the latter hyyasis to be correct. The amount of
protein that was lost during 2DE clean-up (lanési-Figure 2.5. A) was a matter of concern
but numerous attempts to prevent this protein Vese unsuccessful (data not shown). This
was overcome for the purposes of 2DE analysis ynigng the concentration of protein
loaded onto the IPG strip during rehydration uatg8uitable amount of protein for maximum
spot visibility was obtained. As the amount oftpio in the pellet after 2DE clean-up could
not be quantified accurately due to experimentalstaints in terms of sample size and
potential interference of the 2DE rehydration buffeth the protein assay, the total protein
remaining in the sample after reduction alkylatiwas quantified and the loss due to 2DE
clean up was considered to be consistent enougthdopurposes of this study. The amount

of protein was thus optimised in terms of lossratte reduction alkylation step.
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As mentioned previously, sample preparation is iatuo the success of 2DE applications.
To this end, all samples were reduced and alkylatdg the ReadyPrép Reduction-
Alkylation Kit (Bio-Rad, U.S.A.) in order to disraprotein disulphide bonds so that proteins
could be analysed as single subunits (Bio-Rad manusample preparation and IEF were
optimised in order to obtain gels that displayechaximum of spots with a minimum of
streaking. IPG strips were rehydrated overnightgaul of rehydration buffer containing the
protein sample of interest. This was to facilittte absorption of high molecular weight
proteins onto the IPG strip as this is known touregymore time than the absorption of low
molecular weight and high abundance proteins (Wester and Naven, 2002).

Because the present study was a pilot study insteothe aphid-stressed wheat leaf

proteome, broad-range (pH 3-10 NL) IPG strips wesed in order to display most proteins in

a single gel. Broad-range 2DE gives an indicatibthe overall proteome of a given tissue,

which allows for further analysis of specific prioi of interest using narrow-range IPG strips
once the method is established and optimised. IMear strips were used which condense
protein spots on the outer pH extremes (pH 3 anith 1@is instance) and extends the spots in
the median pH range (pH 5-8 in this instance). séheere selected as most proteins are
found to occur in the non-extreme pH range and thisualisation was considered significant

to this study (Bio-Rad Manual).

Attempts at IEF optimisation relied on optimisati@mi applied current and potential
difference, as the ZodMPGRunner™ system used in this study does nourfeat device to
control temperature. Initial IEF was performed gsan Consort E815 power supply with a
total accumulated V-hr of 8 233 V-hr over an 8 hpariod. This did not yield satisfactory
focussing, as indicated in Figure 2.6. (A) by esoes amounts of streaking and poor spot
resolution. A number of different power suppliéscussing times and focussing voltage
gradients were attempted (data not shown) but tb& successful IEF obtained was when the
Zoon® IPGRunner™ system was connected to a Bio-Rad FRawdY power supply with a
total accumulated V-hr of 2 366.6 V-hr over a 9Gve period as shown in Figure 2.6. (B).
This was achieved by means of a continuous rantparapplied potential difference (V) as
follows: 200 V (20 minutes), 450 V (15 minutes),07Y (15 minutes) and 2000 V (60

minutes). Although the V-hr mentioned here areyvlw for IEF purposes (average
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focussing occurs between 10 000 and 50 000 V-hwag found to be sufficient for the

available system, as focussing times exceedingrtbisased temperatures beyond acceptable

levels and resulted in damage to the IPG stripitgatb very poor focussing. The second

dimension gel pore size selected for optimal spgialisation was 12 %, as both higher and

lower percentage gels had reduced spot visibidigtg not shown).
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Figure 2.6. Optimization of isoelectric focussingf 2DE gels under different running
conditions using alternate power supplies.

[A]: Isoelectric focussing and second dimension of avb-week old Betta total protein extraction was run
on a Consort E815 power supply with a total accumulad V-hr of 8 233 V-hr. [B]: Isoelectric focussing
and second dimension of a two-week old Betta totafgiein extraction was run on a Bio-Rad PowerPac™

B
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power supply with a total accumulated V-hr of 2 366 V-hr.
Protein Staining Solution (Fermentas, Canada).

Both gels were stained with PageBlue™

2.3.3.2. Optimisation of conditions to visualise eat leaf protein spots

The choice of stain is crucial to the success gf 2DE application. Several different stains

were used to visualise a maximum number of spotthersecond dimension 2DE gels, as

shown in Figure 2.7. on page 57.
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Figure 2.7. Determination of a suitable staining rathod to allow for the visualisation of
a maximum number of spots on 2DE gels

Betta wheat samples at the two-week growth stage weresolved under optimized conditions. The whea
leaf protein concentration was maintained between 38-1.5 mg / ml prior to 2DE clean up and a final
amount of 124 — 150pg protein was loaded on each gel. The IEF was perfoed using a Bio-Rad
PowerPac™ HV power supply with a continuous ramp: 200/ (20 minutes), 450 V (15 minutes), 750 V (1
minutes) and 2000 V (60 minutes). The second dimensiavas resolved on 12 % gels at 200 V for 4
minutes. Gels were stained with Coomassie brilliant bk [A], PageBlue™ Protein Staining Solution

(G242

(Fermentas, Canada) [B] and SilverSnap® Stain Kit ll(Pierce, U.S.A.) [C] respectively.

Because Coomassie stain is cheap, easy to useiadelg available, its usefulness as a protein

stain for 2DE applications using wheat leaf proteias investigated.

It proved to be

reasonably ineffective, as shown in Figure 2.7. é8)only the most abundant proteins were

visible on the second dimension gel stained witbr@assie, and great care had to be taken in
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order to avoid destaining protein spots correspandd abundant proteins when destaining
the gel background. The PageBlue™ Protein StaiSioigtion (Fermentas, Canada) was not
much more effective than Coomassie in aiding teealisation of low abundance proteins, as
indicated in Figure 2.7. (B) and a more sensittanswas subsequently sought for analytical
purposes. PageBlue™ Protein Staining Solution Wwasjever, deemed to give sufficient
levels of staining for the purposes of method ojs#@tion and validation and was used
extensively during the 2DE method optimisation stege to its rapid staining ability and cost
effectiveness. The SilverSnap® Stain Kit Il (Peer€anada) yielded good spot visualisation
and was found to be both cost effective and higielyroducible thus limiting variability

between gels and lowering the requirement for cepdis during the course of the analysis.
Figure 2.7. (C) shows a 2DE gel stained with theeSsnap® Stain Kit Il. The improvement

in spot visualisation as compared to Coomassie 8haePageBlue™ is readily apparent.

2.3.3.3.Optimization of protein loading on 2DE gels

IPG strips can tolerate a protein load ranging franfew micrograms to more than a
milligram. The optimal protein load for each ®mtneeds to be optimised according to the
protein sample in question and the type of staibaaised (Bjellqviset al., 1993). Protein
overloading results in streaking and poor spotalisation as illustrated in Figure 2.8. (A) in
which a protein concentration of approximately 4 lmgl was employed prior to 2DE clean-
up. As mentioned previously, 2DE clean-up resuited significant protein loss which was
difficult to quantify due to the interference okthesuspension buffer with the protein assay in
addition to the difficulty of assaying the pellditained after clean-up. Thus all protein loads
mentioned refer to the amounts that were in satupinor to 2DE clean-up, after reduction-
alkylation. The best gels in terms of maximal spsibility and minimal streaking were
obtained when the protein concentration was maiathiaround 1.38-1.5 mg / ml prior to
2DE clean-up as indicated in Figure 2.8. (B) whiesulted in a final protein load of 124-150
ug in each 2DE gel. It was proposed that the amotiptrotein lost during clean-up would
remain constant as the method remained identicatigfnout the course of the experimental
procedure due to the use of a clean-up kit as @uptes precipitation with trichloracetic acid

(TCA) which could lead to variable results. Thetpin concentration of all samples was
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subsequently maintained at around 124-1§0or all 2DE gels that were resolved during the

course of this study.
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Figure 2.8. Determination of optimal protein concatration for 2DE gels using total
protein from Betta wheat at the two-week stage ofrgwth.

Betta wheat samples at the two-week growth stage weresolved under optimized conditions. The IEF
was performed using a Bio-Rad PowerPac™ HV power supplwith a continuous ramp: 200 V (20
minutes), 450 V (15 minutes), 750 V (15 minutes) and@0 V (60 minutes). The second dimension was
resolved on 12 % gels at 200 V for 45 minutes. Theifial protein load applied to the IPG strip after 2DE
clean up was 4.416 mg [A] while improved protein lads of 124-150ug [B] were used for all subsequen
experiments. Gels were stained with the SilverSn&pStain Kit Il (Pierce, U.S.A.)

2.3.3.4. Determination of reproducibility of 2DE @l electrophoresis protocol

In spite of the wealth of data that can be obtamgidg 2DE, the technique is prone to high
levels of variability, which must be determined aadcounted for in order to obtain
meaningful results from any given experiment. Vhgability can result from differences in

technique, spot detection capability and spot veluneasurements (Choe and Lee, 2003).

The reproducibility of the 2DE method outlined imetcurrent chapter was determined by
resolving wheat total protein samples on 2DE gets staining with SilverSnap® Stain Kit Il
(Pierce, U.S.A.). After the second dimension gekye stained and imaged, they were
analysed using PDQuest™ Basic Software VersiorfE@®Rad, U.S.A.).
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Figure 2.9. Determination of reproducibility of 2DE method used in the determination
of differential protein expression in wheat.

Unstressed Betta wheat (2 week old) samples after tofalotein extraction and reduction alkylation were
run under identical first and second dimension condittns and visualised using the SilverSnap® Stain Kit
Il (Pierce, U.S.A.). Sample protein amounts were matained between 124-15@g per gel. The IEF was
performed using a Bio-Rad PowerPac™ HV power supply ith a continuous ramp: 200 V (20 minutes),
450 V (15 minutes), 750 V (15 minutes) and 2000 8Q minutes). The second dimension was resolved on
12 % gels at 200 V for 45 minutes. Gels were cropp@rior to analysis in order to minimise errors due to
molecular weight markers. Figures A, B and C represnt wheat protein extracts that were produced in
triplicate and that were focussed and resolved on 1% SDS-PAGE gels prior to staining and imaging with
a ChemiDoc™ EQ gel documentation system. The reprodibility analysis was performed using
PDQuest™ Basic Software Version 8.0 (Bio-Rad, U.S.A.).
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Figure 2.10. PDQuest™ Basic Software Version 8.8ip-Rad) showing two of the steps
taken during the determination of the reproducibility of the 2DE method developed to
determine the nature of differential protein expresion in wheat in response to aphid

herbivory.

[A] — Screen-print of parameters entered for PDQuest™analysis including the settings used for
sensitivity, minimum peak size and the spot count[B] — Screen-print of the results obtained for the

Clasestto: spot 26 ssp 1403

reproducibility study including the master gel in thetop left hand corner.
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2DE can be used for both quantitative and qualgasipplications (Choe and Lee, 2003). In
order to develop a method for the determinationddferential protein expression in
susceptible and resistant wheat in response taldpkding, only qualitative changes were
taken into account. This is due to the fact thresent study is a pilot study in order to develop
a method that can be used for further analysisturé and it was aimed to minimise time and
cost during the development of the method itseélhe screen-print results obtained from
triplicate gel analysis on independent protein dampsing PDQuest™ Basic Software
Version 8.0 (Bio-Rad) are shown in Figure 2.10.. (Bhe results obtained indicate that the
2DE system used in our laboratory is prone to Highacceptable levels of variability, as
shown by the correlation coefficient of 0.83 in lHig 2.11. and the spot matching results in
Table 2.2.

Table 2.2. Results obtained from triplicate gelcehatg performed using PDQuest™ Basic
Software Version 8.0 (Bio-Rad)

Gel replicate | Number of Number of spots Match rate 12 | Match rate 2° Correlation
number spots detected| matched to master gel coefficient

1.1 141 141 100 100 1.000

1.2 135 60 44 42 0.836

1.3 90 57 63 40 0.764

a- Match rate 1 = total number of spots matched tatenagel / total number of spots on actual gel x 100
b-  Match rate 2 = total number of spots matched tatenagel / total number of spots on master gel x 100

—| Corr coeff = 0.633623

Slope = 0520404, Intercept = 0532723
Spot court = 60
Marm units = Morm

55

a0

45
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Figure 2.11. Linear regression of reproducibilityof 2DE gels in triplicate after analysis
with PDQuest™ Basic Software Version 8.0 (Bio-Rad).
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2.4. Discussion and Conclusions

A 2DE method for the determination of the differahprotein expression in Betta and Betta
DN wheat cultivars was developed. This method degaire further optimization to improve
the reproducibility of the gels in addition to mamsing spot visibility and minimise streaking
and variability, but as a pilot study the resultsained for this section were considered
sufficient in order to continue with the study & tifferential expression of proteins during
Russian wheat aphid and Bird Cherry-Oat aphid feedn wheat. Commercially available
kits have been utilised in order to remove soméhefvariability that is a problem in many
2DE applications. Sample preparation for the ogédi 2DE method made use of 0.1 g
homogenised wheat leaf tissue from which proteires extracted using the ReadyFrep
Protein Extraction Kit (Total Protein) (Bio-Rad,2JA.) prior to reduction and alkylation with
the ReadyPrép Reduction-Alkylation Kit (Bio-Rad, U.S.A.). Contanating compounds
were removed from samples using the ReadyPr2gD Cleanup Kit (Bio-Rad, U.S.A.) prior
to performing isoelectric focussing on a Zoom® IRBRer system that was powered by a
Bio-Rad PowerPdé¢ HV power supply with an applied electric potent{&l) which was
increased in a continuous ramp fashion as foll@@€: V (20 minutes), 450 V (15 minutes),
750 V (15 minutes) and 2000 V (60 minutes). A eimotoad of 124-15Qg per IPG strip was
used. The current was maintained at 5mA throughimaitprocedure. After focussing, the
IPG strips were applied to 12 % second dimensiofs geior to staining with the
SilverSNAP® Stain Kit Il (Pierce, U.S.A.). Gels meanalysed using PDQuest™ Basic
Version 8.0 software from Bio-Rad. While the proesed outlined in this chapter was
sufficient in terms of forming part of a pilot sfu@f differences in the wheat proteome in
response to biotic stress, it must be stressedhtsatmethod still requires further optimisation

in terms of future work.

The one-dimensional gel analysis (SDS-PAGE) indigahat total wheat leaf proteins had
been successfully isolated as the one dimensionétip profile obtained for wheat revealed
that a range of proteins from all molecular massas obtained. The most abundant protein
in the unstressed wheat protein profile appearedparoximately 53 kDa and was also

observed in stressed wheat, although the interdditthe band on SDS-PAGE gels was
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considerably diminished in stressed wheat samptsulfs not shown). Further prominent
bands were observed in the molecular weight rarfggd5eb5 kDa, which is where many
proteins implicated in plant stress responses ateipated to be found. This was an
encouraging finding as an analysis of all the whaateins characterised to date on the
SwissProt database revealed that an overwhelmingrityaof characterised wheat proteins
deposited in the SwissProt database were smadar3 kDa. Relatively few high molecular
weight proteins, i.e. those greater than 100 kDeevebserved, indicating that there are not
many such proteins present in unstressed BettaBatih DN wheat or that the protein
extraction method of choice did not successfultyate them from the plant leaf matrix. Once
again, however, this corresponds to what is expefte wheat proteins based on the
SwissProt database. Literature indicates that taereaelatively few high molecular proteins
(molecular mass greater than 100 kDa) present eatvhReviews of 2DE analysis published
by Doughertyet al. (1989) and Malet al. (2006) indicate that very few protein spots odour
regions of the gel corresponding to high molecufasses. Thus it appears that the one

dimensional protein profile obtained correspondh&t expected from literature.

The optimization of IEF conditions presented seivenallenges. Optimal IEF conditions rely
on very high voltages for a relatively short perioidtime, which necessitates temperature
regulation in order to prevent the gel on the IR@ $rom melting (Westermeier and Naven,
2002). The Zooffi IPGRunner™ system (Invitrogen, France) poweredabyBio-Rad
PowerPatl HV power supply used in this study did not allaw &ither high voltages (above
5000 V) or controlled temperature therefore condsihad to be optimised in order to obtain
the best possible gels on this system. The The 2de@@Runner™ system was used due to
budget constraints. However, in future, the useaahore costly temperature-controlled
system must be investigated in order to improveqiaity of gels in terms of the efficiency
and reproducibility of the IEF procedure, as weallalequate spot resolution. The second
dimension 2DE gels displayed high levels of stnegkivhich could be eliminated by using

increased focussing times and a higher potentifdrdnce during focussing.

Literature pertaining to 2DE analysis recommendst #nalytical gels be stained with a
sensitive stain such as silver or fluorescent sté@orhalset al., 2000). It is significant to

note that all available stains interact differemtligh different proteins, which necessitates the

64

Optimization of a two-dimensional gel electrophoresis (2 DE) method to determine the
differential protein expression in wheat



Chapter 2

optimisation of staining for proteins from a givessue like wheat leaf tissue in the present
case (Carrokt al., 2000). Coomassie Blue appears to stain thedestapectrum of proteins
according to the available literature and was afiitiemployed to visualise protein spots in
the second dimension gels in our present (Catral, 2000). Despite its ease of use and cost
effectiveness, one of the major drawbacks in u§logmassie Blue is its lack of sensitivity
relative to other stains such as SYPRO Ruby (contynased in 2DE applications) and Silver
Stain. Coomassie Blue R-250 typically has a dietedimit of approximately 40 ng (100 ng
for BSA) while stains regularly used in 2DE applioas studying low abundance proteins
require a detection limit around 1 ng (Westermeied Naven, 2002). PageBlue™ Protein
Staining Solution (Fermentas, Canada) is a relgtiveexpensive and rapid staining solution
that is reported to have a detection limit of Swbijch is higher than that of Coomassie Blue.
However, for the purposes of this study, it was s@nificantly more effective than
Coomassie. The use of a fluorescent stain for éuvork would result in the visualisation of
a greater number of spots, as would the use of d®iBs with different pH ranges which
would facilitate the enhanced visualisation of molescure spots, particularly for acidic
proteins which occur as very dark and poorly defispots under the present conditions.
Silver staining with the SilverSnap® Stain kit liver staining kit from Pierce (U.S.A.) was
found to be the most sensitive, reliable and ctistgve method of staining for the purposes
of this experiment, despite the fact that silverirshg is known to have certain drawbacks

such as a limited dynamic range despite its redbtiliigh sensitivity (Lopeet al., 2000).

In terms of the method validation and reprodudiiliiterature pertaining to the variation in

2DE analyses reveals that errors as high as 32%uate common and standard deviations of
28 % have been reported (Choe and Lee, 2003). Téthoch outlined here is prone to

variation but this has been found to be within délceeptable limits that are anticipated for a
technique such as 2DE. The match rate betweemgdlseand the master gel used for the
reproducibility study was not very high (44 and%3respectively) but this was found to be
acceptable in terms of the fact that the curremtlystwas a pilot study and that 2DE is a
technique that is prone to high levels of variatidhe correlation coefficient of 0.83 obtained
from the scatter plot for the triplicate gel an@&ysvas encouraging in terms of method
reproducibility as the coefficient value is a measaf the quantitative similarity between

gels. A value of 1.00 indicates a perfect matcliendn value of 0.40 or less suggests that the
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replicate gels are not very similar. As the vablained was closer to 1.00 than to 0.40, it
can be indicated that the method outlined is adetyuaeproducible (PDQuest Instruction

manual).

In order to further optimise the method outlinetbtighout this chapter, the effect of several
interfering factors in 2DE analysis will have to imnimised or eliminated. One of the most
important factors to be considered would be to @tarally increase the V-hr used during the
IEF stage. This could be accomplished by purchasisgstem that has a built-in temperature
control feature, which will allow for increased tasing with a constant temperature, which
eliminates overheating and subsequent meltingefjti on the IPG strip. This will increase
the efficiency with which IEF is performed and, apom improved spot resolution will

greatly diminish the appearance of streaking onseémeond dimension gels. Other factors
such as choice of stain would also have to be tigaged in order to develop a better method.
Several fluorescent stains of high sensitivity (s@s Flamingo fluorescent gel stain from
Bio-Rad) are available commercially but a methoohgighese would have to be carefully
investigated in terms of feasibility due to theighh cost and the fact that they require
excitation at specific wavelengths that would reguhe purchasing of additional imaging

equipment.

The 2DE method outlined in this Chapter is adeqiatehe determination of the type and
distribution of differential protein expression wheat plants subjected to aphid phloem
feeding. It shows great promise in future proteomstudies of wheat provided that it is
developed and extended to include supplementarpinigges such as tandem mass
spectroscopy (MS / MS) and N-terminal sequencingtie positive identification of protein

spots of interest.
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3.1. Introduction

Aphids are phloem-feeding insects that cause sogmf damage to valuable crops. They
feed from phloem tissue at a rapid rate by prohireythin-walled sieve tubes of the plant
with specialised mouthparts (Matsiliza and Both@Q2 Evertet al., 1973). Prior to the
commencement of feeding, aphids inject watery aalto the plant, which is believed to be a
medium for the transmission of viruses in additionbeing the eliciting agent for plant
defence responses (Moran and Thompson, 2001; Kismaid Tjallingii, 1985). Plants
respond to aphid feeding by producing pathogerst@ste proteins such as glucanases,
which are linked to the deposition of callose. sThihenomenon is particularly noted in wheat
cultivars that are resistant to aphid feeding; sp8ble cultivars do not produce glucanases in

response to aphid feeding (Moran and Thompson,)2001

The Russian wheat aphid (RWAMBjiuraphis noxia) and the Bird Cherry-Oat aphid (BCA;
Rhopal osiphum padi) are pests of small grains, most notably whedte RWA originated in
Southern Russia and was initially identified abreat to wheat and barley in South Africa in
1978 in the northern Free State, where significaop losses occurred due to subsequent
infestation during 1979 and 1980 (Du Toit and Walted984; Kovalewt al., 1991). This
aphid is small (less than 2 mm in length) and ligsieten in colour and is distinguishable by its
short antennae and ‘forked-tail' appearance dug poojection above the caudal segment
(Walters et al., 1980). The RWA is consideredb® a serious pest of wheat causing
devastating crop losses every year (Lukaszewtski., 2001; Bothaet al., 2006). RWA
feeding causes extensive structural damage to teffeglants, including chlorosis,
longitudinal streaking in new leaves as well aseagygal failure of new leaves to unroll
(Miller et al., 1994). Wheat seedlings infested with RWA ceagresvth and affected plants
eventually die as a result of infestation unleds ithecked in time (Burd and Burton, 1992).
The stunting in plant growth in response to RWZAestétion is largely due to the stunting of
leaves / leaves not unfolding which causes a sagmt reduction in the photosynthetic leaf
area (Burd and Burton, 1992). The double membairnthe affected plant's chloroplast is
typically degraded within 10 days of the commenaeaineé aphid feeding, which causes the
characteristic streaking on the leaves of RWA-itgdplants (Fouché al., 1984).
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Despite being a pest of great economic importandeurope, the BCA is considered a much
lesser threat to wheat than the RWA (Nielsen arebr@ierg, 2004). It does not cause
significant structural damage and its effects aoé seen on affected plants (Internet 7).
Recent research, however, indicates that the BCy lmeaa more serious pest than had been
previously suggested and ongoing research aimstarmdine the effects of BCA feeding on
winter wheat. BCAs are larger than RWAs and areegjreen in colour, with more mature
aphids appearing almost black (Internet 7). B@Ading on host plants does not result in
any visible macroscopic changes, which is unlike giysical response observed during
RWA feeding. At the physiological and moleculavde the host plant’s response to BCA
feeding also differs from that experienced duringy/R feeding. The phloem sap of plants
subjected to RWA infestation displays an increasmttentration of amino acids while that of
plants subjected to BCA infestation displays no kedrdifference (Sandstrost al., 1999).

It is important to note that plants infested witEA do exhibit a stress response, in spite of
the differences between the aphid species aboves dccurs by means of the induction of

defensive chemicals against aphid feeding (Giaaradi Niemeyer, 1998).

It is known that plants are not equally susceptibléhe effect of insect pests at every stage in
their development. Younger wheat plants are meséstant to the effects of certain aphid
types than are the older plants (Acreman and DiX®&85). In light of this, a study was
performed to determine the differential proteinregsion in Betta and Betta DN wheat at two
different growth stages in response to infestatiyn Diuraphis noxia (Mordvilko) and

Rhopal osiphum padi (L.).

3.2. Materials and Methods

3.2.1. Materials

Wheat seedsT¢iticum aestivum L. cv. Betta and Betta DN) and Russian wheat aphids
(Diuraphis noxia) were obtained from the Agricultural Research Qiluaf South Africa
(Bethlehem, South Africa) while potting soil wasrghased from Green Fingers Nursery in
Port Elizabeth. The Bird Cherry-Oat aphidhdpal osiphum padi) were obtained from an
existing colony at the Rhodes University DepartmehtBotany (Grahamstown, South

Africa). The total protein extraction, reductialkylation, 2D clean up and protein assay kits
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were purchased from Bio-Rad (U.S.A.). Liquid nifem was obtained from the Rhodes
University Department of Chemistry (GrahamstownutB8dAfrica). Bovine Serum Albumen
Fraction V was purchased from Roche (SwitzerlanBageBlue™ protein staining solution
was a free sample from Fermentas (Canada) whilSitherSnap® Stain kit Il silver staining
kit was purchased from Pierce (U.S.A.). Isolectoicussing equipment was from Invitrogen
(France) while immobilized pH gradient strips wefrem Bio-Rad (U.S.A.). Protein
molecular mass markers were purchased from PEQGab{any). All other reagents for
buffers and gel reactions were purchased from SgmiaBio-Rad (U.S.A.).

3.2.2. Wheat plants

Wheat seedsT¢iticum aestivum L.) cv. Betta and Betta DN were germinated overnighd
petri dish on filter paper prior to planting in 8:30 mix of potting soil (Green Fingers
Nursery, Port Elizabeth) and vermiculite. Each pomtained roughly 20 wheat seeds and
plants were grown under controlled conditions i€@nviron S10H growth cabinet at the
Rhodes University Department of Botany. The Camviwas maintained at a constant
temperature of 2& 1°C at a relative humidity of approximately 70 % wehplant nutrient
status was maintained with a 75 % solution of L&stton nutrient mix which was prepared
as outlined in Appendix 1 (Chapter 8) and was adstared every two days. All plants were
subjected to a 16-hour photoperiod. Stressed plamd their unstressed controls were kept
separate in order to eliminate the possibility @hid contamination of control plants.
Furthermore, the RWA and the BCA colonies were taamed in separate growth cabinets in

order to prevent cross-contamination of plants ive in the study.

3.2.3. Development oDiuraphis noxia (Mordvilko; Russian wheat aphid)
and Rhopalosiphum padi (Bird Cherry-Oat aphid) colonies

Russian wheat aphids were obtained from the Adticall Research Council’'s Small Grain
Institute in Bethlehem, South Africa where the p&ak aphid colony had been allowed to
develop while feeding on susceptible wheat cultvaAphids were received on wheat leaves
in glass containers and were immediately trangfetoe two-week-old susceptible wheat
(Triticum aestivum cv. Betta) plants in a Conviron S10H at the Rhddeiersity Department
of Botany. The plants and aphids were maintaimateucontrolled conditions that included a

temperature of 26 + 1°C, 70 % relative humidity @ntl6-hour light: dark cycle. The wheat
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nutrient status was maintained by application of&hong-Ashton solution every two days.
The Bird Cherry-Oat aphid colony was cultivatednfran existing colony in the Department
of Botany, Rhodes University (South Africa). Tharge procedure as for the cultivation of
the Russian wheat aphid colony was followed. Qeae taken not to damage aphids when
transferring them between plants by moving one ¢eataining a sufficient amount of either
type of aphid from each wheat plant and placinghia pot containing between 10 — 20
previously uninfested Betta wheat plants at thed?-ktage (two weeks old). This process
was repeated until the study commenced, with apbéiisg placed on fresh plants every two

weeks.

Figure 3.1. Cages used to restrict aphid movemertetween different experimental
plants.

Experimental plants subjected to BCA feeding were k& in a separate controlled-temperature growth
chamber to those subjected to RWA feeding. Aphid gges (seen in the left hand figure) consisting @
plastic and gauze restricted aphid movement betweedifferent experimental plants. Pots containing
aphids restricted by aphid cages were kept in woodenoles as seen in the figure on the right in order to
further restrict movement.

=N

Plants infested with Russian wheat aphids and Bineérry-Oat aphids were placed inside

aphid ‘cages’ as shown in Figure 3.1. on the Idfichv were then placed inside wooden
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containers (Figure 3.1. right) in separate conwram order to prevent the co-existence of

different aphids on any of the experimental or éxexystems.

3.2.4. Total protein extraction from stressed and mistressed wheat leaves
(Betta and BettaDN)

Betta and Betta DN wheat plants were maintainethé absence of aphids (controls) or
subjected to aphid feeding (experiment). Plantseweept in a Conviron S10H growth

cabinet at 26 = 1°C and 70 % relative humidity. t&viag plants with 75 % solution of Long

Ashton solution every two days maintained adequateent status. In order to develop a
profile of the wheat proteome response to aphidifegat different stages of development,
RWA or BCA (10-12 aphids per plant) were placedndreat plants at 7, 14 and 21 days after
planting. The RWA and BCA were then allowed todfesm plants at the given growth stage
for 1 week prior to extraction of total protein finostressed wheat leaves which took place
after all aphids were removed from the leaves witaintbrush. The control samples were

maintained under identical conditions in the absesfdRWA and BCA.

Total protein extraction proceeded as outlined he tmethod development section in
Chapter 2. Briefly, plant samples were collectidraall aphids were carefully removed with
a paintbrush and immediately frozen in liquid rgeea prior to homogenizing them in the
same. The extraction was performed using the R&agy Protein Extraction Kit (Total
Protein) from Bio-Rad (U.S.A.) as per manufactwgenstructions. Homogenized leaf tissue
was suspended in 1 ml ReadyPrep 2-D Rehydratioanip&® buffer 1 (7 M urea, 2 M
thiourea, 1 % (w/v) ASB-14 detergent, 40 mM Trisdand 0.001 % bromophenol blue)
containing TBP reducing agent (200 mM tributylphase in 1-methyl-2-pyrrolidinone).
Samples were sonicated in four bursts of 30 seceads prior to centrifugation at 14 000 g
for 30 minutes at room temperature. After cengdiion, the supernatant was retained and
reduced and alkylated using the ReadyPreReduction-Alkylation Kit from Bio-Rad
(U.S.A)), while the pellet was discarded. The girotcontent of all samples was determined
using the RC / DC assay (Bio-Rad, U.S.A.) whicla iswodification of the method of Lowry
etal. (1951). The experimental layout is shown in Feg8rl.
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Betta DN

2 weeks after planting | 3 weeksafter planting 2 weeks after planting | 3 weeksafter planting

No aphid RWA BCA Noaphid  RWA BCA Noaphid RWA BCA No aphid RWA BCA

Extraction of total wheat leaf protein

!

2DE ANALYSIS

}

Matching of putative proteins from 2DE gels to whe@oteins on the SwissProt
protein database

Figure 3.2. Schematic representation of experimentapproach for the determination of
the differential protein expression in Betta and B&a DN wheat in response to RWA and
BCA phloem-feeding.

3.2.5.Two dimensional gel electrophoresis of stressed amhstressed wheat
(Betta and Betta DN) at different growth stages

Wheat leaf samples were prepared as described 2r8.3and cleaned up using the
ReadyPrep 2-D Cleanup Kit (Bio-Rad, U.S.A.). Subsequentiye total protein pellet
obtained was resuspended in 2-D rehydration b#8@ pl; 9 M Urea, 2 % Triton-X 100, 2
% Bio-Lyte 3-10 buffer, 0.1% Bromophenol Blue an@2g dithiothreitol). Protein pellets
that dissolved with difficulty were sonicated fds 4econds. Broad-range pH 3-10 NL (7 cm)
ReadyStrift] IPG strips (Bio-Rad, U.S.A.) were rehydrated oiginhin 160pl resuspended

protein sample (containing 124-1%@ wheat leaf total protein) in a Zoom® IPGRuriner
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Cassette (Invitrogen, France) prior to performisgeiectric focussing (IEF) using a Zo®m
IPGRunner™ system (Invitrogen, France) powered Wgic@Rad PowerPac HV power
supply (Bio-Rad, U.S.A.) in water. The appliedotlie potential (V) was increased in a
continuous ramp as follows: 200 V (20 minutes), ¥55 minutes), 750 V (15 minutes) and
2000 V (60 minutes). The current was maintain€sl mtA throughout the duration of the IEF
procedure. The second dimension was resolved o BDS-PAGE gels at 200 V for 45
minutes, using the same power supply as was usedddEF step.

3.2.6.Staining, visualisation and analysis of 2DE gels

Gels were stained with the SilverSNAP® Stain Ki{Plierce, U.S.A.) as per manufacturer’s
instructions prior to imaging with a ChemiDoc ™ K@l documentation system (Bio-Rad,
U.S.A)). Stained gels were analysed using PDQud3a8ic Software Version 8.0 (Bio-Rad)
as described in Chapter 2. Gels were grouped aatysed using the Spot Detection
Parameter Wizard with a sensitivity of 0.49 whillowance was made for horizontal and
vertical streak removal. In each case, the gelesponding to the control reaction for the
given experimental group served as the masterogeh& purposes of the software analysis.
PDQuest™ Basic Software Version 8.0 (Bio-Rad) selm manual identification of faint
spots, large spots and the largest spot clustknviag for some user input in terms of
parameters. A speckle filter set at 50 was apphiearder to remove speckles from the gel.
This was considered necessary despite the facstima¢ small and faint spots may have been
lost in the process. A Gaussian statistical mede used to detect and fit spots while a local
regression model used by the software was seldoredata normalisation. A spot that
occurred in every gel in the analysis set, bothssed and unstressed, at roughly the same
intensity and was identified as being neither teiol fup or down regulated by the software -
was selected and putatively identified to compasealidation for the software’s analysis of

up or down regulated proteins.

Once the 2DE gels were analysed using the gel sisapftware, the relative molecular mass
and pl of spots identified as being potentially arpdown regulated, was determined. The
molecular mass of proteins corresponding to spbtsiterest was assigned based on the
molecular weight markers that were resolved alaleggshe sample in each gel. The pl of

proteins corresponding to spots of interest wasrdehed by using a standard graph of pl
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values for a pH 3-10NL IPG strip as given in Westeler and Naven (2002) and reading off
the appropriate pl value corresponding to the desamigrated along the IPG strip. The
putative molecular mass and pl value obtained facheprotein spot of interest was
subsequently compared to a list of the known andragdterised wheat proteins on the

SwissProt databasat{p://expasy.org/sprgtand an attempt to match the unique pl value and

molecular mass of the protein spots of interestafpeely up or down regulated proteins) to
known wheat proteins was made in order to determfieaenature of wheat stress responses to

aphid infestation at the protein level.

3.3. Results

3.3.1 Physical responses of Betta and Betta DN wheda stress caused by
RWA and BCA phloem feeding

Although both the RWA and the BCA are classifieddemthe division of Homoptera:
Aphididae, their effect on the plants that theydfem is markedly different. The RWA is
considered one of the most damaging cereal pesteimworld (Labuschagne and Maartens,
1999). Despite being a pest of great economic rmpoe in Europe, the BCA is not
considered as serious a pest as the RWA (NielsérSseenberg, 2004). This is largely due
to the effect RWA feeding has on it's host plaiihe physical damage to wheat plants caused
by RWA feeding was confirmed in the current stuSusceptible wheat plants subjected to
RWA phloem-feeding exhibited signs of chlorosishitfive days after feeding commenced,
and plants displayed advanced signs of chlorosis laeaf-curl after two weeks of aphid
feeding, as shown in Figure 3.3. (A), relative émirol plants of the same age, as shown in
Figure 3.3.(C). After four weeks of continuous fimgdby the RWA, the susceptible wheat
plants were yellowed and desiccated, as showngor€&i3.3.(B). Resistant plants sustained
fewer aphids but did exhibit some chlorosis aftéow-week period (results not shown). It
appears that the effect of RWA feeding is somevemag¢liorated in younger plants (1 week
old) but that plants past the two-week growth stagenot as well equipped to counter the
damage incurred from RWA herbivory.
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Figure 3.3. Damage to Betta wheat infested with RWAat the 2-leaf stage of
development.

[A] — Betta wheat (susceptible) after a 2-week infation with RWA. Note the appearance of leaf curl;
[B] - Betta wheat (susceptible) four weeks after infgation with RWA; [C] — Betta wheat (susceptible)
plant from the control group at two weeks in the absece of any RWA infestation.

In contrast to plants subjected to RWA feedingnidaexposed to BCA phloem-feeding did
not display any symptoms of chlorosis, even afbeir fveeks of constant feeding and despite
the fact that BCA density on the plants was rougthisee times that of RWA on the
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susceptible wheat plants, as they appear to muitipich faster than the RWA (Figure 3.4.A
and B). An interesting observation made duringdbrse of this study was that BCA appear
to prefer feeding on Betta plants, which are susiglepto RWA feeding and did not feed as
well on Betta DN plants which are resistant to R&/A. However, after a period of

approximately two weeks, the BCA appeared to setilé¢he resistant plants and feed in the

same manner as they did on the susceptible plants.

Figure 3.4. Damage to Betta wheat infested with B&at the 2-leaf stage of development

Betta (susceptible wheat) shows no physical symptoms bkuas chlorosis upon BCA infestation.
[A] — Betta wheat (susceptible) after a 2-week infeation with BCA. Note the lack of leaf curl and
chlorosis; [B] - Betta wheat (susceptible) four weekafter infestation with RWA.

A protein spot occurring on all gels irrespectifeage or stress condition was sought in order
to normalise gels and serve as a basis of compaigs@roteins that were thought to be up or
down regulated in further analysis of the dataspét corresponding to a molecular mass of
20 kDa and a pl of approximately 5.4 was selectsishown by the small black arrow in

Figures 3.5 and 3.6) as it appeared in all gelssjrective of stress or non-stress conditions
and appeared to be regulated at the same leveddn ease, according to the PDQuest™
analysis (results shown in the Appendix 1). A ekaosf the protein databases for a wheat
protein matching the criteria outlined above initidd to being necessary to the plant during
all stages of growth and not only under stress itiomd revealed the eukaryotic translation

initiation factor 4E-1 (IF4E1) as a possible matcihe protein spot of interest had a
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molecular mass of 20-25 kDa and a pl of 5.0-5.5evi#4E1 has a molecular mass of 23.9
kDa and a pl of 5.39.

3.3.2. Two-week old Betta wheat responses to RWA @anBCA phloem
feeding

The 2DE analysis performed revealed that unstreBsgid wheat controls yielded a higher
number of spots than the RWA stressed experimsataples. The controls for the current
experiment were unstressed Betta and Betta DN vdidato and three week growth stage. It
was necessary to determine the nature of protgirne wlown regulated during normal wheat
growth from two weeks to three weeks in order ttedaine whether or not the upregulated
proteins in stressed plants could be attributedstiness condition or proteins upregulated

during normal growth. Detailed results and analy$i2DE gels are recorded in Appendix 1.

Figure 3.5.(A). (1 and 2) shows the 2DE gel analgdiBetta wheat at the two-week growth
stage. Figure 3.5.(A). shows the control gel igpeziment, which is unstressed Betta wheat
at the two-week growth stage. The magnified gekits on the right (Figure 3.5.A.1 and
3.5.A.2.) are sections of interest taken from 2B @f two-week old Betta wheat exposed to
RWA phloem feeding and BCA phloem feeding, respetyi The gel sections in this case
show areas of the highest differential protein espion that may be valuable in future
studies. The complete gel images that these sscti@re taken from are shown in Figures
6.1.(C) and 6.3.(C). in Appendix 1. Two-week olet wheat that is stressed with the RWA
exhibits the expression of 16 proteins in the sectf interest circled in black (shown by 16
spots on the 2DE gel) as opposed to only 8 spadiseircontrol gel. The greatest differential
protein expression from control conditions was obse in areas of the gel corresponding to a
neutral to basic (pl of 7.0-9.0) in spots corregping to proteins in the 38-55 kDa range.
Several putative matches for these proteins, asaselthers on the gel that were identified as
being upregulated proteins by the PDQuest™ softwasre obtained on the SwissProt
protein database. These putative matches ardedktai Table 6.1. in Appendix 1. These
proteins include putative storage proteins, pratemvolved in photosynthesis, heat shock

proteins and defence proteins.
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Figure 3.5. Summary of differential protein expressn in Betta wheat in response tg
RWA and BCA phloem feeding

Areas of most pronounced differential protein expressin are circled in black in the figures on the left.
Magnification of corresponding areas of RWA and BCA stessed gels are inserted on the right. Detaile
gel images and analysis are recorded in Appendix 1.Black arrows indicate the spot used for ge
normalisation. [A] — Betta wheat at the 2 week (3daf) growth stage in the absence of aphid phloen
feeding (control); [B] - Betta wheat at the 3 week4-leaf) growth stage in the absence of a phloem-fiieg
(control); [1] — Two-week old-Betta wheat stressed wit RWA; [2] — Two-week old Betta wheat stressed
with BCA; [3] — Three-week-old Betta wheat stressed ith RWA; [4] — Three-week-old Betta wheat
stressed with BCA. Upregulated proteins of interest a marked with letters.

O
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The protein corresponding to spot n in Figure 2)p1(. is proposed to be a low molecular
weight glutenin storage protein with a moleculaismaf 41.307 kDa and a pl of 8.69. When
two-week old Betta wheat is stressed with the BEAy\re 3.5.A.2), the number of protein
spots observed in the area of interest increasds342 spots and the increased levels of
streaking and smearing on the gel could alludagbdr protein concentrations being found in
this region of the gel. Once again, the most fmetef interest were found in the neutral to
basic (pl of 7.0-9.0) range, in spots correspondmgroteins in the 38-55 kDa molecular
weight region. The putative matches of proteintsgo proteins in the SwissProt protein
database include proteins that are involved in ¢gnamd development. The spots e, | and r in
Figure 3.5.(A).2. are proposed to be NADH dehydnage subunit 2 (MW: 53 kDa; pl: 8.98),
a leucine zipper protein (MW: 47.913, pl: 8.88) andysteine proteinase (MW: 40.807; pl:
6.8). It is important to note that no proteinattare specifically involved in plant stress or

defence responses were matched to any of the Uptedyprotein spots in this case.

3.3.3. Three-week old Betta wheat responses to RWA and BCAhloem
feeding

When three-week old Betta wheat is exposed to RWkem feeding (Figure 3.5.B.3.), a
greater number of proteins are differentially esgexl than was done in the two-week old
cultivar. The greatest level of differential priotexpression is observed in the same region of
the gel as was observed in two-week old Betta whedtthe putative upregulated proteins
from the SwissProt database include kinases antkipsoinvolved in normal growth and
development. The effect of BCA phloem feeding bre¢-week old Betta wheat showed a
lesser extent of differential protein expressioigyFe 3.5.B.2.) than did BCA phloem feeding
on two-week old wheat. The putative protein mascfrom SwissProt include proteins
involved in growth and development, proteins inealvin photosynthesis as well a few

proteins of unknown function as shown in Table G@Appendix 1.

3.3.4.Two-week old Betta DN wheat responses to RWA and BCphloem
feeding

In Betta DN wheat exposed to the RWA and the BCAljfeerent region of the proteome
experiences marked differential regulation in reseoto stress, as shown in Figure 3.6.A and

3.6.B. In this case, the low molecular weight phog appear to be more active in response to
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both RWA and BCA phloem-feeding at both growth sggalthough three-week old Betta
DN wheat appears to express a greater number tgipsan response to feeding from both
aphid types than two-week old Betta DN does, asvahn Figure 3.6.3 and 3.6.4.
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Figure 3.6. Differential protein expression in Beth DN wheat in response to RWA and
BCA phloem feeding

Areas of most pronounced differential protein expressin are circled in black in the figures on the left.
Magnification of corresponding areas of RWA and BCA gstessed gels are inserted on the right. Detaile
gel images and analysis are recorded in Appendix 1.Black arrows indicate the spot used for ge
normalisation. [A] — Betta DN wheat at the 2 wde(3-leaf) growth stage in the absence of RWA phloem
feeding (control); [B] — Betta DN wheat at the 3 wek (4-leaf) growth stage in the absence of RWA
phloem-feeding (control); [1] — Two-week old-BettaDN wheat stressed with RWA; [2] — Two-week old
Betta DN wheat stressed with BCA; [3] — Three-week-dlBetta DN wheat stressed with RWA; [4] -
Three-week-old Betta DN wheat stressed with BCA. Upgulated proteins of interest are marked with
letters.

O
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The Betta DN response to RWA and BCA phloem feedipgears to involve low molecular
weight (below 20 kDa) and acidic (pl values lowkan 6) proteins. Putative proteins
upregulated in two-week old Betta DN wheat in res@to RWA feeding included heat
shock proteins and some defence related proteish@sn in more detail in Table 6.1. BCA
phloem feeding results in the upregulation of pgrteputatively involved in heat shock
responses, defence, kinases and storage as shovablm 6.2. in Appendix 1. None of the
upregulated proteins occur in the highlighted aoéanterest in Figure 3.6.A.1. These
proteins (indicated by spots n, f and s) are prego® include a putative ubiquitin-
conjugating enzyme (MW: 17.301; pl: 5.67), a 16.Dakclass | heat shock protein
(MW: 16.878 kDa; pl: 5.83) and an alpha-2-purotimoprecursor fragment (MW: 14.558; pl:
5.13).

3.3.5. Three-week old Betta DN wheat responses t0VRA and BCA phloem
feeding

At the three-week growth stage, Betta DN wheat shavhigher level of differential protein
expression characterised by a greater number @ spothe 2DE gels (Figures 3.6.B.3 and
3.6.B.4). Despite this, a similar amount of prnogseare upregulated in three-week old Betta
DN as was found in two-week old Betta DN in respobs RWA feeding (Table 6.1 in
Appendix 1). The upregulated proteins in respotssdRWA phloem feeding putatively
include proteins involved in heat shock responselsptosynthesis and growth and
development. These proteins, identified by spote,bf, and q are thought to include a
putative chlorophyll a-b binding protein (MW: 284£6pl: 5.67), ubiquitin conjugating
enzyme (MW: 21.126; pl: 4.40), heat shock proté&nldW: 16.882; pl: 4.67) and a putative
translationally-controlled tumour protein homoldgW: 18.806; pl: 4.55). All the proteins
that were upregulated in response to BCA phloerdifgeat the three-week growth stage in
Betta DN wheat were not putatively identified, asyt did not have any close matches in

terms of molecular mass and pl on the SwissPrdepraatabase.

3.3.6. Comparison of Betta and Betta DN responses tRWA and BCA
phloem feeding

Spots which corresponded to proteins that wereddarbe up or downregulated by a value of

at least twice the spot intensity obtained fromadbmetrol sample (master gel) were matched to
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the specifications (pl value and molecular masn@iwn wheat proteins from the SwissProt

protein databasehftp://expasy.org/sprgt/where possible, in order to determine putative

protein matches to spots from the 2DE gel analy$isis was only performed for proteins of
interest that were found to be up or downregulasdopposed to for all differentially
expressed proteins in the 2DE analysis. Figure @ortrays a summary of the findings
obtained from this study (detailed results are giveTable 6.1. and 6.2. in Appendix 1.

When two-week old Betta wheat was exposed to RWhegrh feeding, 5 proteins were
putatively upregulated, as represented in Figurel3and detailed in Figures 6.5. and 6.7. in
Appendix 1. These were putatively identified ast@ins involved in photosynthesis, storage,
signalling and defence / stress in addition to onelentified protein (Figure 3.7.1). At the
three-week growth stage, the response of Betta wtne®® WA feeding changes (Figure
3.7.2.), with only 2 proteins being upregulatedne3e were putatively identified as a stress
protein and a defence protein (Figure 3.7.2.)tetms of the response of Betta wheat to BCA
phloem feeding (Figures 3.7.3 and 3.7.4 as weligares 6.5. and 6.7. in Appendix 1), the
response between two and three week old Betta whkesitnilar to that found for RWA
feeding, although the types of proteins upregulatex different. When the BCA feeds on
two-week-old Betta wheat, 3 proteins were upregdafhese were putatively identified to
be a photosynthesis-related protein, a signallir@demm and an unidentified protein (Figure
3.7.3.). Similar results were found for the thvesek-old Betta wheat exposed to the BCA
(Figure 3.7.4.).

The response of the resistant Betta DN wheat eultic RWA and BCA phloem feeding
appears to rely on a greater diversity of protdlmsn does that of the susceptible Betta
cultivar. Two proteins were upregulated in resgoltsRWA feeding on two-week-old Betta
DN wheat. These were putatively identified asgmalling protein and a protein involved in
plant growth and development (Figure 3.7.5 and eigii6. in Appendix 1). When three-
week-old Betta DN wheat is subjected to RWA feedimrgone week (Figure 3.7.6 and Figure
6.6. in Appendix 1), three proteins appear to beegylated. These have been putatively
identified as proteins involved in heat shock resep photosynthesis and one protein that
plays a role in normal plant growth and developmeht contrast to this, three-week-old
Betta DN wheat exposed to the BCA putatively digethupregulation of only one type of

type protein, which remained provisionally unidéat.
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Figure 3.7. Summary of results obtained from 2DE malysis of Betta and Betta DN
wheat subjected to RWA and BCA phloem feeding

Putatively upregulated spots were taken as fractionfahe total number of spots obtained for each stress
condition in order to construct pie charts. Different classes of protein, grouped according to interestre
represented by the following colours: Photosynthesiselated protein -[I] ; Heat shock protein / Stresg
protein - [ll ; Unidentified protein (no match aists in SwissProt database) fll ; Kinaselll ;rdeease
Inhibitor - [] ; Defence protein -l ; Stmge protein - [] ; Other (proteins not relatedo stress / plant
defence responses) [ ; Proteins not found to beregulated by PDQuest™ software (remainder of
protein spots on gel)

[1] — Two-week-old Betta wheat stressed with RWA; [2} Three-week-old Betta wheat stressed with
RWA; [3] - Two-week-old Betta wheat stressedvith BCA; [4] - Three-week-old Betta wheat stressed
with BCA; [5] - Two-week-old Betta DN wheat stresseavith RWA,; [6] - Three-week-old Betta DN wheat
stressed with RWA,; [7] - Two-week-old Betta DN wheastressed with BCA; [8] - Three-week-old Betta
DN wheat stressed with BCA
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The largest number of upregulated proteins werermvkes when two-week old Betta DN was
exposed to BCA phloem feeding for one week (Figbu& in Appendix 1). These were
putatively identified as proteins involved in sBesplant defence responses, storage,

signalling, plant growth and development in additio some unidentified proteins.

3.4. Discussion and Conclusions

The 2DE analysis of Betta and Betta DN wheat stéssith RWA and BCA yielded
interesting and somewhat unexpected results. Bdtgat, like all known cultivars lacking
the DN gene, is susceptible to RWA infestationhds been proposed that resistance against
RWA phloem feeding is obtained when plants upredguthe synthesis of proteins that are
involved in defence responses to bacterial anddupathogens (Bothet al., 2006; Reymond

et al., 2000). DNA microarray studies performed on dfiects of RWA feeding on wheat
indicate that several genes are up and down regliatresponse to aphid feeding. These
include genes encoding proteins that are involvedeafence and signalling, oxidative burst
(relating to the hypersensitive response), cell |waégradation, cell maintenance,
photosynthesis and energy production (Bo#haal., 2006). Although DNA microarray
studies are useful in identifying genes that areegplated during stress responses, they do
not identify actual changes occurring in the prateo A proteomic approach was therefore
followed in this study to investigate whether sfieaivheat proteins could be identified that
are differentially regulated during aphid stresspmnses and to potentially validate the results
observed in the published DNA microarray studi#isSs important to note that this is only a
pilot study to investigate the efficacy of a prateo approach in identifying these
differentially expressed wheat proteins during dpinifestation and therefore only putative

identification of differentially expressed protewwas attempted.

The present study investigated potential differsrniceproteins that were upregulated in the
susceptible and resistant wheat cultivars Betta Betfa DN during aphid infestation in

addition to determining what effect, if any, plamge and aphid type may have on the
observed stress response. Unstressed Betta witkaipt upregulate any stress proteins
during its normal growth. Physical observationglaints subjected to aphid herbivory in our

laboratory indicated that the plants withstood tregative effects of aphid feeding for a
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longer period if the plants were infested when thegre younger. The plants used to
maintain the developing RWA colony were grown te three weeks stage prior to transferral
of the RWA and showed the damaging effects of aghiting much sooner than the

experimental two-week old plants.

The control protein IF4E1L, is crucial during thelgatages of protein synthesis and serves to
facilitate ribosome binding to mMRNA sequences bgislisig in the unwinding of mRNA
secondary structures (Metzal., 1992). As this protein putatively occurs in gvgel in the
current experiment and despite tHact that slight differences in the intensity oethpot
thought to correspond to it do not indicate up owd regulation according to PDQuest™
analysis, it can be proposed to serve as a formtefnal control to verify that differences in
spot intensity detected by the software and idiedtibs up or down regulated proteins was

indeed such.

The response at the two growth stages appears tuibe different. Two-week old Betta
wheat stressed with RWA for a week-long period ldigp upregulation of proteins involved

in photosynthesis, storage, signalling and strespanses. These proteins are proposed to
play a role in countering the initial symptoms phal herbivory. For instance, aphid feeding
is known to disrupt normal photosynthesis that Wiawgcessitate the upregulation of proteins
involved in photosynthesis such as the Photosy#tét680 chlorophyll A apoprotein, which
would attempt to compensate for a shortage ofenisiin the plant (Bothet al., 2006). This
would also explain the upregulation of the putatijetenin storage protein and Hsp90; the
latter is thought to play a role in plant stresadibons by regulating the activities of various
proteins with which it comes into contact and cquidentially be involved in as yet unknown
pathways of plant defence (Krisheaal., 1997). Three-week old Betta wheat displays the
upregulation of only two stress proteins, viz.)@ai heat shock protein and a thaumatin-like
protein as shown Table 6.1 in Appendix 1. Thaumblte proteins play an important role in
plant defences, most notably in plant antifungéiviag. They are pathogenesis proteins (PR-
5) that occur in monocotyledonous and dicotyledengpecies and have been shown to act as
protease and reverse-transcriptase inhibitors I{Vet al., 2006). The upregulation of
thaumatins in response to increased concentrabbrsslicylic acid (SA) within the plant,
indicate the possibility that some form of systeraiquired resistance (SAR) has been

acquired by means of the SA-mediated pathway. SARcammon in plant-pathogen
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interactions and confers broad-spectrum diseasstarse to the affected plant, which
protects it from future pathogen encounters (Jayerraal., 2004). The upregulation of
thaumatin and possible development of SAR has aeh Ipreviously reported during RWA
feeding on susceptible wheat cultivars and theeefall require further investigation in future
studies in order to elucidate the possible role amtttion of thaumatin in wheat stress
responses during plant and aphid interactions. prasence of SAR in plants in response to
RWA infestation has been confirmed from the literatbut this is thought to largely belong
to resistant plant cultivars, so further work wotlave to be performed in order to confirm

the possibility of such a response in susceptilgigeByheat (Bothet al., 2005).

During normal growth and development from the twdhe three-week growth stage, Betta
wheat displays the upregulation of a storage pndfeutatively identified as a low molecular
mass glutenin of 41 kDa with a pl of 8.69) and salsignalling proteins as shown in Table
6.1. in Appendix 1. The absence of any upregulatexss / defence proteins in the unstressed
Betta wheat indicates that it was not experienainmg form of stress during its normal growth
process and could also indicate that proteins petatinvolved in plant defence responses
are not constitutively expressed in the suscepBleitta wheat. The expression of genes that
are involved in plant defence responses againgjaluand bacterial pathogens has been
reported in wheat that has been exposed to RWAephi@eding (Botha&t al., 2006). This
type of response is not associated with plant resgm®to chewing insects and is considered
more similar to the type of response obtained anppathogen interactions, which may be
due to an elicitor that behaves like a pathogen ithaontained in the watery saliva that
aphids inject into plants prior to feeding (van Wéesthuizeret al., 1998 a,b). The literature
appears to indicate that defence responses sutheaproduction of glucanases and PR
proteins only occurs in resistant wheat cultivarshsas Betta DN (van der Westhuiztral .,

a).

When the resistant cultivar, Betta DN was subjet¢tedRWA feeding, a larger number of
plant defence proteins were upregulated. As wighBetta cultivar two-week old Betta DN
displayed a higher number (7 proteins) of upregalgtroteins than three-week old Betta DN.
In the case of Betta DN, the thaumatin protein yrsar was upregulated at the two-week
growth stage but not at three weeks. This is mtrest to what would be expected if the Betta
DN plants had developed SAR. When the BCA is alibwe feed on Betta wheat various
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proteins that are implicated in plant growth andali@pment are thought to be upregulated. It
would appear that the observation that BCA is soh@amful to Betta wheat is confirmed by

the nature of the proteins that are upregulatedoaputative stress proteins were found to
have been upregulated. This could indicate thetddimage caused by BCA phloem feeding
is not sufficient to trigger a defence responsaffacted plants. When the BCA feeds on the
RWA resistant Betta DN cultivar, a great diversity other proteins are putatively

upregulated, including a number of heat shock prstand one resistance protein of uncertain

function.

It appears that differences do exist in plant respe to aphid phloem feeding at different
growth stages. Both resistant and susceptible wbelivars show greater diversity of
protein upregulation when stressed at the two-walopposed to the three-week growth
stage. A clear mechanism of RWA or BCA resistantewvheat plants could not be
determined from the present findings. Howeveresglvpossible candidate proteins have
been identified and their possible function in RV#Ad BCA resistance will need to be
investigated in future studies. A general obséowais that infestation with the BCA results
in the upregulation of a greater number of proté¢iva does RWA infestation, in both Betta
and Betta DN wheat. However, these proteins appeato be involved in known stress
responses. This could serve to explain why thecefif BCA feeding is not as detrimental to
plants as RWA feeding. It also serves to confin@ tindings in literature which state that
BCA phloem-feeding is asymptomatic and nonchloresigting and that the main damage
resulting from BCA phloem-feeding is due to it agtias a vector of barley yellow dwarf
virus as opposed to causing significant structdeahage of itself (Hestler and Tharp, 2005;
Xinzhi and Quisenberry, 2006). In closing, it da@ stated that these preliminary results
suggest that RWA feeding on susceptible and redistaeat results in a possible common
upregulation of thaumatin protein which is indigatiof the development of a salicylic acid-
dependent SAR type response. However, the resistdreat cultivars showed an
upregulation of several other proteins involvedlant stress / defence responses, including
heat shock proteins and defence proteins. Thisatek that the development of resistance to
RWA involves several other pathways in additioth® SAR response for the BCA. The role
of plant defence proteins in Betta and Betta wireaesponse to RWA phloem feeding will

be discussed in greater depth in Chapter 4.
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4.1. Introduction

Diuraphis noxia (Russia wheat aphid, RWA) is a very serious pésobth wheat and barley,
which causes significant losses to farmers, mosabhy in the United States, Canada and
South Africa, each year (Buda&kal., 1999). Itis currently regarded as the mostrdetve
pest of wheat in South Africa (van der Westhuieeal., 1998a). Symptoms of RWA feeding
on susceptible wheat cultivars include longitudilealf chlorosis, leaf curl / rolling, prostrate
growth habit caused by a rolled flag leaf (Cabetral., 1995; Messina and Sorenson, 2000).
In addition, RWA feeding on the flag leaf of wheatuses the developing grain head to
become trapped, which interferes with self-poliimatand grain-filling, while the reduction in
effective leaf area that subsequently interfereth whotosynthesis (van der Westhuizén
al., 1998b). RWA are also known to inject a phytatathrough their stylets, which causes
the breakdown of the chloroplast and cellular membrin susceptible plants. RWA feeding
also results in a chlorophyll deficiency, which aaften be fatal in affected plants (Botda
al., 2006; Burd and Elliot, 1996).

Studies have revealed that the wheat apoplast playgnificant role in defence against both
pathogens and aphids (van der Westhuaeah., 1998a). In fact, the plant response to aphid
infestation is proposed to be more similar to #dtibited in response to pathogen infection
than to that displayed upon insect herbivory (Bewl&990; van der Westhuizest al.,
1998b). Resistant wheat cultivars appear to cosgierfor RWA infestation and feeding by
means of the accumulation of certain proteins @irtimtercellular fluid. Defence proteins are
also found to accumulated in the apoplast, amonghware the pathogenesis-related (PR)
proteins and peroxidases (Bowles, 1990). Studies haggested that the defence response of
resistant wheat cultivars is induced upon RWA fegdas opposed to being constitutively
expressed (van der Westhuizen al., 1998a). Analyses using one dimensional protein
electrophoresis (SDS-PAGE) have indicated that RiMastation of wheat results in the
differential expression of proteins in resistantiears only. These proteins were found to be
of predominantly low molecular weight, ranging frdid — 28 kDa, and at least some are
proposed to be serologically related to PR proténas der Westhuizen, 1996). Due to the
limitations of SDS-PAGE, it was not possible to éieyp a comprehensive understanding of

the wheat proteome upon RWA infestation in the wtmentioned above as some proteins of
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similar molecular mass may have migrated as aesihghd, thus effectively obscuring one

another.

No detailed proteomic analysis of wheat subjectedphid stress has been performed to date.
Bahimann conducted a study on Russian wheat ajibiigrdphis noxia) induced protein
alterations in Tugela and Tugela DN wheat. Sonféeréintial protein expression was
identified, but no detailed analyses of these weseducted (Bahlmann, 2002). Two
dimensional gel electrophoresis studies (2DE) otathhave focussed largely, but by no
means exclusively, on the quality of grain to bedus bread making as well as aiding in the
identification of potential allergens prior to humeonsumption of grain (Kitta, 2005; Skylas
et al., 2000). Other factors such as the characterizatb protein expression during
development in mature grains and the effect of B@ats in tolerant and susceptible wheat
have been investigated using a proteomics appr@ehke et al., 2000; Majoul et al., 2004).
Most proteomic studies of wheat have focussed erditfierential analysis of proteins within
wheat grain. Little is known about the wheat lpaiteome and wheat developmental studies.
The present work aimed to determine the natur@@RWA-induced stress response in both
resistant and susceptible wheat cultivars over,tihgesampling the wheat leaf proteome at set
periods of time during an RWA infestation. It wasped that this would give a clearer

indication of the nature of wheat defence respoagasmst RWA phloem feeding.

4.2. Materials and Methods

4.2.1. Materials

Wheat seeds and aphids were obtained from the #grel Research Council of South
Africa (Bethlehem, South Africa) while potting saias purchased from Green Fingers
Nursery in Port Elizabeth. The total protein egti@n, reduction alkylation, 2D clean up and
protein assay kits were purchased from Bio-Rad .@Al)S Liquid nitrogen was obtained from
the Rhodes University Department of Chemistry (@nastown, South Africa). Bovine
Serum Albumen Fraction V was purchased from Ro8witzerland). PageBlue™ protein
staining solution was a free sample from Fermef{@amada) while the SilverSnap® Stain kit

Il silver staining kit was purchased from Pierce§lA.). Isolectric focussing equipment was
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from Invitrogen (France) while immobilized pH gradt strips were from Bio-Rad (U.S.A.).
Protein molecular mass markers were purchased frEi@Lab (Germany). All other

reagents for buffers and gel reactions were puszth&tem Sigma and Bio-Rad (U.S.A).

4.2.2. Cultivation of wheat plants

Wheat seedsT¢iticum aestivum L.) cv. Betta and Betta DN were germinated overnighd
petri dish on filter paper prior to planting in &:30 mix of potting soil (Green Fingers
Nursery, Port Elizabeth) and vermiculite as desdibn Chapters 2 and 3. Each pot
contained roughly 20 wheat seeds and plants werergunder controlled conditions in a
Conviron S10H growth cabinet at the Rhodes UniwerSlepartment of Botany. The
Conviron was maintained at a constant temperatti26a 1°C at a relative humidity of
approximately 70 % while plant nutrient status wasntained with a 75 % solution of Long
Ashton nutrient mix which was prepared as outlimedAppendix 1 and was administered

every two days. All plants were subjected to &b photoperiod.

4.2.3. Subjection of Triticum aestivum L. plants atthe 3-leaf growth stage
to stress byDiuraphis noxia (Mordvilko) feeding for predetermined
time periods

Aphids were obtained from the Agricultural Reseaf@buncil’'s Small Grain Institute in
Bethlehem, South Africa. The parental colony wismaeed to develop on susceptible wheat
(Triticum aestivum cv. Betta) plants and plants were stressed withidapafter they had
adjusted sufficiently to the growth conditions hetcontrolled environment. Wheat plants
(Betta and Betta DN) were grown in a Conviron S18tkhe Rhodes University Department
of Botany at a temperature of 26x1°C and a relativenidity of 70 % in the absence of
aphids. Adequate nutrient status was maintaineddigring plants with 75 % Long Ashton
nutrient solution every two days. Plants that healched the 3-leaf stage of development
(two weeks old) were stressed with RWA over a ise¢ fperiod of 9 days. Ten aphids were
placed on each plant in the study for the duratibthe study and were carefully removed
with a paintbrush prior to harvesting. Susceptidnhel resistant wheat plants were stressed
with RWA for periods of 2, 3, 5, 7 and 9 days in@rto determine the differential protein

expression over the first week in response to stirgsurred due to aphid feeding as outlined
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in Figure 4.1. Control plants were grown under shene conditions as the test plants, but
were kept isolated from any contact with aphidee Tontrol plants were sampled at the same
time intervals as the test plants in order to dgvel protein profile of wheat plants at the 3-
leaf growth stage. Stressed plants and their esstd controls were kept separate in order to
eliminate the possibility of aphid contaminationaaintrol plants. The possibility of RWA
contamination of control plants was eliminated kBeping aphid-infested plants in aphid
cages (as shown in Chapter 3) and keeping contrdl experimental plants in separate
convirons. The aphid cages allowed for sufficieentilation of aphids and plants but
restricted aphid movement. Plants for each timdystvere harvested and placed directly into

liquid nitrogen prior to the extraction of totalgbeins from the frozen leaf tissue.

Betta DN

No RWA RWA No RWA RWA
| T |
2 3 5 7 9 2 3 5 7 9 2 3 5 7 9 2 3 5 7 9
Days Days Days Days

Total protein extraction and 2DE analysis

|

Matching of putative proteins from gel to protein in SwissProt database

Figure 4.1. Schematic representation of the experiemtal approach undertaken for the
determination of the differential protein expressia in Betta and Betta DN wheat in
response to RWA phloem feeding over various time peds (in days after feeding
commenced)
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4.2.4. Total protein extraction from stressed and mstressed wheat leaves
(Betta and BettaDN)

Control and experimental plants were harvested Isameously, with care being taken not to
bring any uninfested wheat samples into contadt tié RWA. The controls were harvested
and immediately placed into sterile falcon tubest tiere snap-frozen in liquid nitrogen. In
the case of infested plants, aphids were gentlyovexh with the aid of a paintbrush prior to
total protein extraction as outlined in Chapter Zhe extraction of total protein was
performed using the ReadyPrépProtein Extraction Kit (Total Protein) from BioRad
(Catalogue, U.S.A.) as per kit manufacturer’s imsions. Total protein extraction proceeded
as outlined in Chapter 2. The extraction was paréal using the ReadyPrfépProtein
Extraction Kit (Total Protein) from Bio-Rad (U.S)Aas per manufacturer’s instructions.
Homogenized leaf tissue was suspended in 1 ml RRragy2-D Rehydration / Sample buffer
1 (7 M urea, 2 M thiourea, 1 % (w/v) ASB-14 deterged0 mM Tris base and 0.001 %
bromophenol blue) containing TBP reducing agen@ (@M tributylphosphine in 1-methyl-2-
pyrrolidinone). Samples were sonicated in fourskurof 30 seconds each prior to
centrifugation at 14 000 g for 30 minutes at ro@mperature. After centrifugation, the
supernatant was retained and reduced and alkylasety the ReadyPrép Reduction-
Alkylation Kit from Bio-Rad (U.S.A.), while the plelt was discarded. The protein content of
all samples was determined using the RC / DC a&ayRad, U.S.A.).

4.2.4. Two dimensional gel electrophoresis of stresd Betta and Betta DN
wheat at different stages after aphid infestation & well as of
unstressed controls (Betta and Betta DN)

Wheat samples were prepared as described in 4#3cleaned up using the ReadyPred

D Cleanup Kit (Bio-Rad, U.S.A.). Subsequently, ttotal protein pellet obtained was
resuspended in 2-D rehydration buffer (2809 M Urea, 2 % Triton-X 100, 2 % Bio-Lyte 3-
10 buffer, 0.1% Bromophenol Blue and 0.02 g ditmieitol). Broad-range pH 3-10 NL (7
cm) ReadyStripl IPG strips were rehydrated overnight in 380f 2-D rehydration buffer.
The IPG strips were rehydrated in Zoom® IPGRuhheCassettes prior to performing
isoelectric focussing (IEF) using a Bio-Rad PowefPaHV power supply. The applied

electric potential (V) was increased in a contirmigamp fashion as follows: 200 V (20
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minutes), 450 V (15 minutes), 750 V (15 minutesj @000 V (60 minutes). The current was
maintained at 5 mA throughout the duration of t8E procedure and the IEF was resolved in

water.

4.2.5.Staining, visualisation and analysis of 2DE gels

Gels were stained with the SilverSNAP® Stain Ki{fierce, U.S.A.) as per manufacturer’s
instructions prior to imaging with a ChemiDoc ™ K@l documentation system (Bio-Rad,
U.S.A.). Stained gels were analysed using PDQudsaBic Software Version 8.0 (Bio-Rad)
as described in Chapter 2. Gels were grouped aatysed using the Spot Detection
Parameter Wizard with a sensitivity of 0.49 whilowance was made for horizontal and
vertical streak removal. In each case, the galesponding to the control reaction for the
given experimental group served as the masterogeh& purposes of the software analysis.
PDQuest™ Basic Software Version 8.0 (Bio-Rad) eelom manual identification of faint
spots, large spots and the largest spot clustlEwialy for some user input in terms of
parameters. A speckle filter set at 50 was apphiearder to remove speckles from the gel.
This was considered necessary despite the facstima¢ small and faint spots may have been
lost in the process. A Gaussian statistical meded used to detect and fit spots while a local

regression model was selected for data normalisatio

Once the 2DE gels were analysed using the gel sisapftware, the relative molecular mass
and pl of spots identified as being potentially arpdown regulated, was determined. The
molecular mass of proteins corresponding to spbtsterest was assigned based on the
molecular weight markers that were resolved alaiegyshe sample in each gel. The pl of
proteins corresponding to spots of interest wasrdehed by using a graph of pl values from
a pH 3-10NL IPG strip as given in Westermeier anavéd (2002) and plotting the

appropriate distances corresponding to a giverapievalong the gel. The putative molecular
mass and pl value obtained for each protein spaitefest was subsequently compared to a
list of the known and characterised wheat proteims the SwissProt database

(http://expasy.org/sprgtand an attempt to match the unique pl value aakkenlar mass of

the protein spots of interest (putatively up or dovegulated proteins) to known wheat
proteins was made in order to determine the natdrevheat stress responses to aphid

infestation at the protein level.
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4.3. Results

4.3.1 Differential protein expression in Betta wheat (RWAsusceptible) in
response to RWA infestation over set time periods

Select 2DE gels of Betta and Betta DN wheat expts&J/VNA phloem feeding over different
time periods are shown in Figures 4.2 and 4.3.ail@et results and analysis of all 2DE gels
are shown in Appendix 2. An average of 70 spots olzserved on each gel in the analysis,
although some stress conditions (such as Betta Xjj¢sed to RWA feeding) appeared to
result in the production of more proteins than ogtheThe spot corresponding to IEF4 was
again selected as an internal control and servedlasis of relative comparison for proteins
that were thought to be up or down regulated ith&mranalysis of each gel. Once again, a
spot proposed to correspond to the eukaryotic fxdon initiation factor 4E-1 (IF4E1) as a
possible match (shown by the white arrows in Figwte. and 4.3.). IF4E1 has a molecular
mass of 23.9 kDa and a pl of 5.39. This proteioriial during the early stages of protein
synthesis and serves to facilitate ribosome bindchgdRNA sequences by assisting in the
unwinding of mMRNA secondary structures (Metzal., 1992). As this protein putatively
occurs in every gel in the current experiment agspde the fact that slight differences in the
intensity of the spot thought to correspond to at mbt indicate up or down regulation
according to PDQuest™ analysis, it can be proptsegrve as a form of internal control to
verify that differences in spot intensity detectgdthe software and identified as up or down

regulated proteins was indeed such.

As outlined in Chapter 3, spots corresponding to oupdown regulated proteins were
putatively identified by matching their moleculaass and pl to known wheat proteins found
in the SwissProt protein database in an attemgéito a knowledge of the possible changes in
the wheat proteome in response to RWA feeding ab ag an understanding of the
mechanism of plant stress responses to aphid phileeding. Only proteins that were up or
down regulated with a two-fold or higher value wareestigated, as a manual investigation
of all differentially expressed protein spots was feasible in terms of the time available to
complete this work. These detailed results arergin Figures 7.1-7.4 and Tables 7.1-7.4 in

Appendix 2 and summarised in Figure 4.2. and R8/A-stressed Betta wheat displayed the
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highest level of differentially expressed proteindow molecular weight and acidic regions
of the 2DE gels.

A marked difference in the Betta wheat proteome wlaserved after only 2 days of RWA
phloem feeding (Figures 7.1.E and 4.2.A). Fivetgins were detected by the PDQuest
software to have been up or down regulated atdfisige as shown in Table 7.1 and by the
yellow triangles in Figure 7.3.B.1. The upreguiaferoteins putatively include proteins
involved in photosynthesis and an unidentified @irat A downregulated stress protein found
at this stage is proposed to bg-&,3-endoglucanase. After 3 days of RWA phloendifeg
(Figure 4.2.B), the putativgé-1,3-endoglucanase was found to be upregulatedewthib
unidentified proteins (proteins with no matcheserms of molecular mass and pl to proteins
deposited in the SwissProt database) were foulbeé wownregulated. The upregulation of a
putative B-1,3-endoglucanase is also seen after 5 days of RMAem feeding on Betta
wheat (Figures 7.3.A.3. and 4.2.C). Two putatieatrshock proteins were also found to be
upregulated at this point. An interesting findiag this point, is that there is a marked
upregulation of higher molecular mass (greater #aukDa) and basic proteins (indicated by
the dotted box in Figures 4.2.C — 4.2.E). It appdhat the Betta wheat leaf proteome
undergoes greater changes after 5 days of RWAJ@gbihan during the initial stages of
phloem feeding (2 days — 3 days). A further twgsdaf RWA phloem feeding on Betta
wheat (Figure 4.2.D) resulted in the proposed ugdegpn of a number of unidentified
proteins and a number of proteins that were pudbtiassigned as heat shock proteins,
storage proteins and proteins involved in photdsssis. After 9 days of continuous RWA
phloem feeding, the Betta wheat was already showsiogpe of the damaging physical
symptoms of RWA phloem feeding, including chlorcaml leaf curl as outlined in Chapter 3.
At this stage, 13 proteins were found to be up @~ regulated, and include putative heat
shock proteins, defence proteing-1(,3-endoglucanase and a type-5 thionin precursor),

storage proteins and several proteins that coulh@@rovisionally identified.
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Figure 4.2. Summary of 2DE gel electrophoresis relta representing differential protein
expression in Betta wheat in response to RWA phloenfieeding observed at fixed
intervals over a 9 day period

The experimental control (master gel) of unstressed twweek-old Betta wheat is the annotated gel at th
top of the figure. Figure A — Betta wheat after Zays of RWA feeding; Figure B — Betta wheat afteB

days of RWA feeding; Figure C — Betta wheat after Slays of RWA feeding; Figure D — Betta wheat after
7 days of RWA feeding; Figure E — Betta wheat afte® days of RWA feeding. Gels were cropped t
include the area of interest highlighted on the mastegel. The internal control protein, IF4E1 is indicated

by the white arrows and key up or downregulated progins are circled in white and identified by their
lettering as given in Figure 7.3. in Appendix 1
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4.3.2 Differential protein expression in Betta DN (RWA-resistant) wheat in
response to RWA infestation over set time periods

Betta DN is the isogenic RWA-resistant cultivar Bétta. Due to its resistance to RWA
phloem feeding, it was anticipated that the resparfsBetta DN to RWA phloem feeding
would differ from that of Betta at the proteomiwée After 2 days of RWA phloem feeding
(Figures 7.4.E and 4.3.A) the Betta DN wheat leabtgpme already displayed the
upregulation of putative defence proteins, inclgdinputative endo-beta-1,3-glucanase and a
thaumatin-like protein. The other upregulated @rg at this stage of infestation are
suspected to be kinases, proteins involved in @yothesis and a number of unidentified
proteins. After exposure to the RWA for 3 daygg(fFes 7.4.F and 4.3.B), it would appear
that the defence response undergoes a change d€Fig6rB.3). Fewer proteins are
upregulated than at 2 days after RWA feeding conueénincluding fewer putative defence
proteins (Table 7.4. in Appendix 2). However, alefence protein, the putative endo-beta-

1,3-glucanase is still found to be upregulatedhiatpoint.

At 5 days of RWA feeding, the number of upregulapedteins is even lower than in the
previous two stages of feeding (2 days and 3 dayshawn in Table 3.4.), but it is interesting
to note that of the five proteins that were obsert@ be upregulated, three are defence
proteins, including the putative endo-beta-1,3-ghase seen in the previous two sampling
stages. The additional two defence proteins wetatpely identified as an alpha amylase
trypsin inhibitor. The putative alpha amylase #iyp inhibitor is even more markedly
upregulated after 7 days of RWA phloem feedingheswvs in Figures 7.6.5. and 4.3.D.

It is interesting to note that the same marked ghahat took place in the Betta wheat leaf
proteome after 7 days of RWA feeding also occurthénresistant Betta DN cultivar (Table
7.2. and 7.4. At this stage, like in Betta wheatmarked upregulation of proteins with
molecular weights above 40 kDa and with basic glT®und (Figure 4.3.C).
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MW (-) basic (+) acidi

100 kDa __|

55 kDa__|

Figure 4.3. Summary of 2DE gel electrophoresis relta representing differential protein
expression in Betta DN wheat in response to RWA pbém feeding observed at fixec
intervals over a 9 day period

The experimental control (master gel) of unstressed twaveek-old Betta DN wheat is the annotated gel g
the top of the figure. Figure A — Betta DN wheatfter 2 days of RWA feeding; Figure B — Betta DN
wheat after 3 days of RWA feeding; Figure C — Bett®N wheat after 5 days of RWA feeding; Figure D
Betta DN wheat after 7 days of RWA feeding; Figure E- Betta DN wheat after 9 days of RWA feeding
Gels were cropped to include the area of interest hidighted on the master gel. The internal control
protein, IF4EL1 is indicated by the white arrows and ley up or downregulated proteins are circled in white
and identified by their lettering as given in Figure7.3. in Appendix 1
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Figure 4.4. Summary of results obtained from 2DE aalysis of Betta and Betta DN
wheat subjected to RWA phloem feeding

Putatively upregulated spots were taken as fractiowf the total number of spots obtained for each stres
condition in order to construct pie charts. Different classes of protein, grouped according to interest ar
represented by the following colours: Photosynthesislated protein -] ; Heat shock protein / Stress
protein - [l] ; Unidentified protein (no match &ists in SwissProt database) B ; Kinaselll rdtease
Inhibitor - [] ; Defence protein -l ; Stmge protein - [] ; Other (proteins not relatedo stress / plant
defence responses) [1 : Proteins not found to bpregulated by PDQuest™ software (remainder of
protein spots on gel)

Putatively upregulated spots were taken as fractionfahe total number of spots obtained for each stres
condition in order to construct pie charts. In orderto simplify the analysis, the results over the entire
stress period were taken into account, to give an omgew of protein upregulation in response to RWA
feeding. Figure A — Unstressed Betta wheat; Figure B Betta wheat stressed with RWA; Figure C -
Unstressed Betta DN wheat; Figure D — Betta DN wheatressed with RWA

A large number of proteins are up or downregulatidr 7 days of RWA feeding on Betta

DN wheat, making it appear that the plant has edtarsecond phase of its defence response,

potentially catalysed by the upregulation of théagive alpha amylase trypsin inhibitor after

5 days of RWA feeding. Many of the proteins asthtage were found to be unidentified

proteins, however the two putative defence prstdfdl,3-endoglucanase and the alpha

amylase trypsin inhibitor) were found to still bpregulated in addition to several signalling
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intermediates (e.g. protein kinases). After 9 dafyRWA feeding (Figure 4.3.D), the Betta
DN wheat leaf proteome appears to reach a plategarms of its defence responses. At this
stage, a putativ@-1,3-endoglucanase and ethylene responsive elebneding protein are
proposed to be upregulated, but no upregulatioputétive protease inhibitors were found.
Several putative stress proteins, including twa Bhack proteins were upregulated as well as
a number of proteins that appear to be involvegrowth and photosynthesis (Table 7.4. and
Figure 7.6.6.). The results obtained are sumnaiis€igure 4.4.

4.4. Discussion and Conclusions

The results obtained indicate differences betwéenBetta and Betta DN wheat cultivars in
response to RWA phloem feeding at different timeenvals. The first week of a plant's
exposure to a given pest or pathogen is the maosiadr as this is time during which plant
defence responses such as the hypersensitive sesfldR) and systemic acquired resistance
(SAR) come into play (Bothat al., 2006; Moranet al., 2002). Previous studies have
indicated that resistant wheat cultivars underganéral HR-type response and a systemic
acquired resistance type response (SAR) over tmresponse to RWA phloem feeding but
that susceptible cultivars do not (Boteaal., 2006). From the results obtained however, it
would appear that the susceptible Betta cultiveo aihdergoes an HR type response to RWA
phloem feeding as suggested by the putative upmégnl of a calcium-dependent protein
kinase ang-1,3-endoglucanase after 2 days of plant expasuaphids. This is confirmed
by the literature which indicates that barley uigdes an HR response upon RWA phloem
feeding (Mohase and van der Westhuizen, 2002). plitativep-1,3-endoglucanase remains
upregulated after 3 and 5 days of aphid feeding iarttiought to form part of the plant's
general disease resistance mechanism (Maueh, 1988). p-1,3-endoglucanases are anti-
microbial compounds that function to degrade patinogell walls and are PR proteins that
have no clear role in insect attack but are indugedesponse to pathogen infection
(Slusarenko, 1996; Collinge et al., 1993 and VarMdesthuizen, 1998).

The proteins that are upregulated after 3 daysWhAReeding on Betta wheat do not appear
to indicate the presence of systemic acquiredtessie (SAR), which is a form of induced

resistance that has a broad mode of action, iscetlly increased levels of salicylic and
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jasmonic acids and follows the HR response in mtzsits (Jayaragt al., 2004; Ryalst al.,
1994). Most of the proteins putatively upregulaggtbr this point are proteins involved in
photosynthesis, heat shock proteins and proteeisviere not provisionally identified. The
Betta leaf proteome changes markedly after 5 d&y®/A infestation, but due to factors of
time and cost, tandem mass spectroscopy (MS / M&) mot performed to identify these
proteins, which may well be the key to the Bettgpmnse to RWA stress responses. After 9
days of RWA feeding an ethylene-responsive elenenipregulated, indicating that the
ethylene defence pathway may come into play at qooim@. In general, however, it would
appear that the defence responses displayed bg ®é#at after RWA phloem feeding are
relatively few and non-specific. This finding wasticipated based on the current literature
on the subject. The finding that Betta wheat nayyever, undergo an HR-type response
upon RWA herbivory is in contrast with current tagure and warrants a further investigation
in terms of future work on this project as this Ilcowserve to enhance the current

understanding of plant-aphid interactions as welbfathe HR mechanism itself.

The resistant Betta DN cultivar, on the other hamekponds to RWA herbivory by
upregulating putative glucanases, thaumatin-liketggns and plant proteinase inhibitors,
which are proposed to discourage aphid feeding @ossibly restrict aphid movement to
resistant plants. This finding supports the obaston that aphids probe more but feed less on
resistant plants, opting to spending more time anfeeding activities instead (Kindleral.,
1992). This could be the key to understanding ptiience responses to RWA feeding as
well as serving as a basis for the design of msistultivars in the future. Unstressed Betta
DN wheat displays upregulation of a number of pnsténvolved in normal plant growth and
regulation, a great number of which remained urtiled. After 2 days of RWA phloem-
feeding, the RWA-resistant Betta DN cultivar disgd the upregulation of proteins
putatively involved in photosynthesis, a putativel@f-1,3-glucanase and a thaumatin-like
protein precursor, indicating that it underwent l4R response like Betta. The putative
thaumatin-like protein’s upregulation indicatesrgased levels of salicylic and / or jasmonic
acid within the affected plant, as these compowardsknown to upregulate thaumatins that
are also proposed to be PR proteins (Gaeidalt, 2003; Jayaragt al., 2004). This indicates
the possibility of an SAR response in Betta DN pgaopon exposure to RWA phloem
feeding and could also suggest the involvementhef $A and JA pathways in Betta DN

defence responses against RWA feeding.
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A great diversity of proteins is upregulated inp@sse to RWA feeding in Betta DN wheat,
which was not the case in Betta wheat. Once agaibieins such as a putatiiel,3-
glucanase that are associated with plant respdogesthogen infection, were found to have
been upregulated in addition to various putativeakes and unidentified proteins. The most
interesting result obtained from this study wag #iféer 5 and 7 days of exposure to RWA
phloem-feeding, Betta DN wheat displays upreguhatid a putative alpha amylase trypsin
inhibitor, which is directly involved in plant regpses to chewing insects. It has previously
been suggested by Tran and colleagues (€taal., 1997) that plant proteinase inhibitors
could serve as useful compounds in deterring aféédling on valuable crops, but the
upregulation of proteinase inhibitors in respores®WA phloem feeding in Betta wheat has
not yet been shown. This finding has exciting eggpions in the development of improved

resistant cultivars for commercial use.

Figure 4.4. portrays a summary of the results abthfor this study. From the pie charts, it is
apparent that unstressed Betta wheat (Figure 4@bA3 not display the upregulation of any
defence proteins, but in contrast displays the gidegion of proteins that are putatively
involved in plant growth and development such astgins involved in photosynthesis and
storage, as well as putative kinases and proteimehied in normal cellular signalling
pathways and functions. Once Betta wheat is expaseRWA phloem feeding (Figure
4.4.B) the upregulation of putative defence prates observed while the upregulation of
proteins thought to be involved in photosynthesid heat shock responses appears to remain
constant. The number of putative kinases and imotavolved in other functions is
somewhat lowered, indicating that the plant magcaite more resources to the production of
defence proteins in response to the aphid infestaind that regular cellular functions may
take second place in light of the perceived emargaeiflicting the plant while the RWA feed

on it.

Unstressed Betta DN wheat appears to upregulaterfpmteins putatively involved in heat

shock and photosynthesis. It is interesting terbat some putative defence proteins were
found in unstressed Betta DN wheat, indicating gaat of the defence response to aphids and
other pests / pathogens might be constitutivelyresged as opposed to being inducible.

When the RWA commences phloem-feeding on Betta Dty the number of putative
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defence proteins upregulated increases markedaddition to the putative upregulation of
protease inhibitors known to be involved in theethele against herbivorous insects and pests.
The number of putatively unidentified proteins ihaases is high. It is interesting to note
that Betta DN wheat did not appear to upregulaieage proteins (Figure 4.4.C. and 4.4.D.)
as was observed for Betta wheat (Figure 4.4.A.4a4B.) and that the putative upregulation
of heat shock proteins in Betta DN wheat was otilgenved after 9 days, indicating that the
RWA feeding on Betta DN wheat does not elicit seesdr response as observed for the
susceptible Betta wheat, but rather a defence nsgptinat allows it to counteract the effects
of RWA feeding. The Betta stress response to RW@éding also appears to favour the
upregulation of proteins involved in plant defenagainst fungal infestation, such as
glucanases rather than protease inhibitors (Metah., 2002). The resistance of Betta DN
cultivars would therefore appear to be dependenthenconstitutive expression @f1,3-

glucanases and the inducible expression of speutditt protease inhibitors.

This preliminary investigation appears to indictitat Betta wheat does display an HR-type
response to RWA phloem feeding but is renderedeguiae to the effects of aphid feeding
due to its inability to upregulate suitable defgrsproteins in response to RWA herbivory.
As outlined in literature, the proteins upregulateé largely proteins that are involved in
plant stress responses to pathogen infection. aB2i undergoes upregulation of proteins
that are involved in pathogen resistance in addittoproteins (proteinase inhibitors) that are
involved in plant defence against insect herbivofis double-barrelled approach appears to
be necessary for plant defence against aphidss dppears to form the basis of its resistance
to RWA phloem feeding and paves the way for futsiiedies in this area, as well as plant
stress responses in general. The results obtaoregspond to what was anticipated from the
literature, namely that RWA feeding causes the gyletion of proteins involved in cell
maintenance, growth and regulation, defence andaBigg as well as photosynthesis and
energy production (Bothet al., 2006). These findings thus confirm what is kndnom the

literature and serve as a basis for future studiésis field.
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General discussion

The Russian wheat aphid (RWA), Diuraphis noxiaa serious pest of important agricultural
crops such as barley and wheat (Du Toit, 1990; Maiw van der Westhuizen, 2005). In
South Africa it is currently regarded as the mosstdictive insect pest in wheat (van der
Westhuizeret al., 1998a). While certain wheat cultivars such ag€ela DN and Betta DN
are known to be resistant to the effects of RWAlieg, the development of new improved
wheat cultivars is hampered by a poor understanafitige biochemistry of plant resistance to
aphid feeding (Budakt al., 1999; van der Westhuizenal., 1998a). A detailed investigation
of these resistance mechanisms could thereforettead enhanced understanding of wheat
stress responses to aphids in general, therebyimmdbe development of improved cultivars
possessing resistance to the effects of RWA iniesta Moloi and van der Westhuizen,
2005).

This study was therefore undertaken to developesaduate a proteomic method to identify
differentially expressed proteins in susceptibld assistant wheafT(iticum aestivum L. cv
Betta and Betta DN) plants in response to stredisced by RWA and Bird Cherry-Oat aphid
(BCA), Rhopalosiphum padi feeding, and thereby attempt to identify possitdsistance

mechanisms.

Initial studies on the effect of plant growth steayed subsequent response to aphid feeding
revealed that a higher number of proteins weregysated in the two week old wheat plants
as compared to three week old plants when subjdoteghhid feeding. However, the two
week old plants displayed a typical stress respatsle the three week old plants displayed a
resistance response. Two week old plants howeagpeared to withstand the aphid
infestation for a longer period before showing sigih chlorosis and physical damage, which
is why two week old plants were used in all subsegstudies. RWA phloem feeding on
Betta wheat resulted in a systemic acquired regist§SAR) type of response that is typically
seen in plant responses to pathogen attack. WigeR\WA fed on Betta DN wheat it resulted
in the upregulation of a number of defence proteilmsthe case of BCA phloem feeding, the
proteins that were found to be upregulated werelired in normal plant growth responses
and this could indicate that the damage plantsasusiue to BCA feeding is not enough to

trigger a defence response. In addition to thispuld also indicate that BCA phloem feeding
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differs from that of RWA phloem feeding in that watery saliva containing defence elicitors
is present. An alternative hypothesis to this ddu that the BCA has developed certain
mechanisms to prevent triggering of plant defemsponses. The RWA was therefore used
in all subsequent studies on the effect of aphibgrh feeding on the composition of the
proteome of Betta and Betta DN wheat cultivars.e RWA was also of greater interest due
to the extensive damage it causes to importantagrral crops such as barley and wheat,

which is much greater than the effect of the BCA.

Unstressed Betta wheat displayed upregulationmafraber of proteins putatively involved in
normal plant growth and development. No putativess proteins were found in the absence
of RWA feeding on Betta plants. A few putativeess proteins in Betta DN wheat in the
absence of stress responses indicate that the BBlteesistance response could be due to
constitutively expressed proteins. The detectibrdifferences in the putative identity of
proteins expressed in unstressed and stressed whegiles together with the putative
identification of several stress or defence-relgisateins in the proteome of stressed wheat
indicated that the proteomic method described hetdd be used to identify possible wheat
resistance mechanisms. However, it is recognisatithe results are very preliminary and

that further studies are required to validate thesalts.

RWA feeding on the susceptible Betta wheat cultresulted in the upregulation of proteins
involved in plant stress responses as well as pksponses to fungal pathogens, including
putative heat shock proteins afd,3-glucanases. RWA feeding on the resistantaBett
wheat cultivar resulted in the upregulation of pivtea defence proteins, including putative
thaumatins, alpha amylase trypsin inhibitors antcghases. It appears that RWA phloem
feeding elicits a defence response in both theepidde and resistant wheat cultivars. A
typical pathogen defence response was observethéoBetta wheat (Mohase and van der
Westhuizen, 2002). However, the resistant BettadDNvar displays both insect herbivory
and pathogen like defence responses incorporatitgtipe protease inhibitors and defence
proteins which helps it to prevent damage from RyHoem feeding and, possibly also, to
discourage aphid feeding on the resistant plamtss finding supported the observation that
aphids probe more but feed less on resistant playgsng to spending more time on
nonfeeding activities instead (Kindlet al., 1992). This could be the key to understanding
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plant defence responses to RWA feeding as welleaging) as a basis for the design of

resistant cultivars in the future.

Preliminary results obtained from this pilot stuslyggest that Betta wheat is susceptible to
RWA feeding because it does not upregulate suffictgpes and quantities of defence
proteins, except for glucanases, which on their @ppear to be an inadequate defence
against the effects of RWA phloem-feeding. The gplation of a number of proteins relating
to the plant’s photosynthetic processes indicat¢ Betta wheat tries to respond to RWA-
incurred damage by repairing rather than prevenitnga strategy that proves largely
ineffective as evidenced by the devastating dantaatethe plants incur in response to RWA
feeding. It has been suggested that the wheabmesgo RWA herbivory is one that is more
characteristic to that found in cases of pathogéection rather than the feeding of chewing
insects. This is based on the observation thaitplsubjected to RWA feeding display the
expression of genes that are known to be involrgquant defence responses against bacterial
and fungal pathogens (Morahal., 2002). The first stage in the initiation of piadefence
responses against pathogen infection is the hypstse response (HR) that is thought to be
initiated by the influx of cytosolic calcium and ¢haracterised by a rapid response that
includes the generation of reactive oxygen spe(@®3S) (Ebel and Scheel, 1997). It is
proposed that the calcium signals are translatethégns of protein phosphorylation events
and that the HR comprises a vital front line deéeagainst fungal and bacterial pathogens
(Pikeet al., 1998; Moraret al., 2002). The ROS produced in the HR cause celgahcylic
acid (SA) to accumulate, giving rise to the expas®f a number of pathogenesis related
(PR) proteins such g%1,3-glucanases, chitinases and peroxidases (VahVesthuizenet

al., 1998). Previous studies have indicated thsist@nt wheat cultivars undergo an initial
HR-type response and a systemic acquired resisteypee response (SAR) over time in
response to RWA phloem-feeding but that suscepthblévars do not (Bothat al., 2006).
From the results obtained however, it would appleair Betta wheat does undergo an HR type
response to RWA phloem-feeding as suggested byphegulation of a putative calcium-

dependent protein kinase afxd,3-endoglucanase after 2 days of plant exposuapltids.

The putative thaumatin-like protein’s upregulation Betta DN wheat is indicative of
increased levels of salicylic (SA) and / or jasneoacid (JA) within the affected plant, as

these compounds are known to upregulate thauntatimsire also proposed to be PR proteins
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(Gaudetet al., 2003; Jayaragt al., 2004). It is uncertain at this stage, howewdrether or
not Betta DN wheat undergoes a SAR response aWéh Rhloem-feeding. Further studies
would have to be performed in order to determine tit can be proposed, however, from the
putative protein identification performed in theepent study that Betta DN wheat's defence
response relies on the combined action of protedskitors and defence pathways. Due to
the upregulation of SA and JA indicated by the pwtapresence of upregulated thaumatins,
it can be proposed that the plant defence pathwaat are involved in wheat defence
responses to RWA phloem feeding include the JASAdathways as the plant response to
RWA feeding is indicative of plant responses tohbpathogens and insect herbivory. This
hypothesis is confirmed by literature (Bottaal., 2005). It has previously been suggested by
Tran and colleagues (Trast al., 1997) that plant protease inhibitors could seaseuseful
compounds in deterring aphid feeding on valuabtpsr but the upregulation of protease
inhibitors in response to RWA phloem feeding intBavheat has not yet been shown. This
finding has exciting applications in the developmef improved resistant cultivars for

commercial use.

It appears that Betta wheat does display an HR-tgpponse to RWA phloem feeding but is
rendered susceptible to the effects of aphid fepdure to its inability to upregulate suitable
defensive proteins in response to RWA herbivorys dutlined in literature, the proteins
upregulated are largely proteins that are involwedplant stress responses to pathogen
infection. Betta DN undergoes upregulation of eimwd that are involved in pathogen
resistance in addition to proteins (protease imdibiand thaumatins) that are involved in
plant defence against insect herbivory. This deddarrelled approach appears to be the basis
of the aphid resistance mechanisms of the BettaMbdit cultivar. This appears to form the
basis of its resistance to RWA phloem feeding aadep the way for future studies in this

area, as well as plant stress responses in general.

Futurework

The 2DE method outlined in this work was adequaterder to form part of a pilot study.

However, in terms of future studies, improved rejmmbility and gel resolution must be
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achieved in order to confirm the current findingsveell as to serve as a platform for future

studies in wheat proteomics.

A continued optimisation of the method developethia work would focus on the use of IPG
strips with different pH ranges (3-6; 5-8 and 7-kOprder to improve the resolution of spots
in the second dimension gel, particularly in thaiacregion. Broad range IPG strips give a
good overview of the overall distribution of prateiin terms of their unique pl values but
more detailed studies require the use of narrogeatrips that allow for the study of proteins
in a certain range and improved spot resolutionrgG&991). Another method that could
improve spot resolution is to increase the lendtthe IPG strip and the size of the second

dimension gel from the regular 7 cm gel to a 16gain(Langeret al., 1997).

A further aspect of the work that must be addregsextder to improve the 2DE method and
protein spot resolution is the length of focusdiimges of the IPG strips. The length of the
IEF stage and the extent of the potential diffeeeexperienced by the IPG strip are crucial to
the success of the 2DE experiment. In order t@mapliish this, a focussing system that
utilises a temperature control function would h&vée utilised in order to eliminate damage
to IPG strips from increased temperatures whengheni potential difference is applied
(Westermeier and Naven, 2002). In order to imprbwevisualisation of protein spots in the
second dimension gels, a number of different stapesticularly the more sensitive
fluorescent stains, should be investigated. Thauld/ also overcome the problems of
saturation observed from silver staining in thisdgt Once the 2DE method is sufficiently
optimised to give high quality, reproducible gedsmethod to confirm protein spot identity
should be employed. The identity of protein smtgterest that are provisionally identified
by matching their molecular weight and pl from ®wissProt database could be confirmed
by excising spots of interest and performing tanaeass spectroscopy (MS/MS) and / or N-
terminal sequencing on them. This will allow favsftive identification of protein spots of
interest that are up or down regulated. The inmwlgnt of specific proteins in the resistance
mechanism will need to be further confirmed by gsiomplementary techniques such as the
real time polymerase chain reaction (real time RTRYA microarray analysis and Northern

and Western blots.
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6.1. Images of original 2DE gels analysed in Chapt8

Figure 6.1. Differential protein expression profies in Betta wheat (susceptible) in
response to stress resulting from RWA phloem-feedgover a seven-day period.

[A] — Betta wheat at 2 weeks (3-leaf) growth stagenithe absence of RWA phloem-feeding; [B] — Betta
wheat at 3 weeks (4-leaf) growth stage in the absenoé RWA phloem-feeding; [C] - Betta wheat at 2
weeks (3-leaf) growth stage that was subjected to RWighloem-feeding for one week; [D] - Betta wheat a|
3 weeks (4-leaf) growth stage that was subjected to RWghloem-feeding for one week.
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Figure 6.2. Differential protein expression profies in Betta DN (resistant) wheat in
response to stress resulting from RWA phloem-feedgover a seven-day period.

[A] — Betta DN wheat at 2 weeks (3-leaf) growth stagin the absence of RWA phloem-feeding; [B] — Bett
DN wheat at 3 weeks (4-leaf) growth stage in the absenof RWA phloem-feeding; [C] - Betta DN wheat
at 2 weeks (3-leaf) growth stage that was subjected RWA phloem-feeding for one week; [D] — Betta DN
wheat at 3 weeks (4-leaf) growth stage that was subjedtto RWA phloem-feeding for one week.
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Figure 6.3. Differential protein expression profies in Betta wheat in response to stress
resulting from BCA phloem-feeding over a seven-dageriod.

[A] — Betta wheat at 2 weeks (3-leaf) growth stage ithe absence of BCA phloem-feeding; [B] — Bett
wheat at 3 weeks (4-leaf) growth stage in the abseno€ BCA phloem-feeding; [C] - Betta wheat at 2
weeks (3-leaf) growth stage that was subjected to BO#hloem-feeding for one week; [D] - Betta wheat at
3 weeks (4-leaf) growth stage that was subjected to BG#loem-feeding for one week.
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Figure 6.4. Differential protein expression profiles in Betta DN wheat in response to
stress resulting from BCA phloem-feeding over a sew-day period.
[A] — Betta DN wheat at 2 weeks (3-leaf) growth stage the absence of BCA phloem-feeding; [B] — Betta
DN wheat at 3 weeks (4-leaf) growth stage in the absm of BCA phloem-feeding; [C] - Betta DN whea
at 2 weeks (3-leaf) growth stage that was subjected BCA phloem-feeding for one week; [D] — Betta DN
wheat at 3 weeks (4-leaf) growth stage that was subjectto BCA phloem-feeding for one week.

6.2. PDQuest™ Basic Software Version 8.0 analysiE2DE gels

Upregulated proteins are indicated by yellow circles, mismatched / differentially expressed
proteins by red circles and matched proteins by green symbols. Each set of gels shows the
control (left) alongside the stress condition (right).
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Figure 6.5. Analysis of differential protein expresion profiles in Betta wheat subjected
to RWA phloem feeding with PDQuest™ Basic Softwar¥ersion 8.0 (Bio-Rad).

Each set of gels represents a control condition (lefgnd a test condition (right). The control gels we
used as master gels for the purposes of software analysi&reen letters indicate matched proteins, red
circles indicate differentially expressed proteins andellow circles indicate proteins that are 2-fold up o
down regulated under the test conditions. [A] (left)— Betta wheat at the two-week growth stage
(unstressed); [A] (right) — Betta wheat at the three-wek growth stage (unstressed); [B] (left) — Bett
wheat at the two-week growth stage (unstressed); [Biight) — Betta wheat at the two-week growth stage
stressed with RWA,; [C] (left) - Betta wheat at the liree-week growth stage (unstressed); [C] (right)
Betta wheat at the three-week growth stage stressedtiviRWA.

&
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Figure 6.6. Analysis of differential protein expresion profiles in Betta DN wheat
subjected to RWA phloem feeding with PDQuest™ Basi&oftware Version 8.0 (Bio-
Rad).

Each set of gels represents a control condition (lefgnd a test condition (right). The control gels we
used as master gels for the purposes of software analysi&reen letters indicate matched proteins, red
circles indicate differentially expressed proteins andellow circles indicate proteins that are 2-fold up o
down regulated under the test conditions. [A] (left — Betta DN wheat at the two-week growth stag
(unstressed); [A] (right) — Betta DN wheat at the thre-week growth stage (unstressed); [B] (left) — Bett
DN wheat at the two-week growth stage (unstressed);B] (right) — Betta DN wheat at the two-week
growth stage stressed with RWA; [C] (left) — Betta DNwheat at the three-week growth stage
(unstressed); [C] (right) — Betta DN wheat at the thee-week growth stage stressed with RWA.
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Table 6.1. Proteins putatively upregulated in response to RWA feeding in Betta and Betta
DN wheat

Wheat cultivar® Aphid Figure Spot Putative protein match from SwissProt MW (kDa) pl
type number symbol databasé
Betta (2) Noné® 6.1.A [ Low molecular weight glutenin storage protein | 41.307 8.69
Betta (2) None 6.1.A g Gibberellin 20 oxidase 1-D 40.293 6.07
Betta (2) None 6.1.A s Cyclin dependent protein kinase 48.174 9.10
Betta (2) None 6.1.A | Cyclin dependent protein kinase 25.934 6.5
Betta (2) None 6.1.A z Chlorophyll a-b binding protein 28.267 5.67
Betta (2) None 6.1.A C Unidentified - -
Betta (2) RWA 6.1.C t Low molecular weight glutenin storage protein | 41.307 8.69
Betta (2) RWA 6.1.C v Photosystem |1 P680 chlorophyll A apoprotein | 56.092 6.06
Betta (2) RWA 6.1.C g Heat shock protein 90 80.460 4.96
Betta (2) RWA 6.1.C w Unidentified
Betta (2) RWA 6.1.C s Calcium-dependent protein kinase 56.788 5.34
Betta (2) RWA 6.1.C j Gibberellin 20 oxidase 1-D 40.293 6.07
Betta (3) RWA 6.1.D r 16.9 kDaclass | heat shock protein 16.878 5.83
Betta (3) RWA 6.1.D p Thaumatin-like protein PWIR2 (precursor) 17.605 4.64
Betta DN (2) None 6.2.A ki Unidentified
BettaDN (2) None 6.2.A v Heat shock protein 90 (fragment) 75.674 5.09
Betta DN (2) None 6.2.A f NADH dehydrogenase subunit 2 53.704 8.98
BettaDN (2) None 6.2.A Kz Proline-rich protein 42.119 9.01
BettaDN (2) None 6.2.A g Low molecular weight glutenin storage protein | 41.307 8.69
Betta DN (2) None 6.2.A a Unidentified - -
BettaDN (2) None 6.2.A u Unidentified - -
BettaDN (2) None 6.2.A m Abscicic acid inducible protein kinase 37.516 5.68
(fragment)
Betta DN (2) None 6.2.A = Unidentified - -
Betta DN (2) None 6.2.A & Alpha-amylase trypsin inhibitor 15.460 6.86
Betta DN (2) None 6.2.A p 16.9 kDaclass | heat shock protein 16.878 5.83
Betta DN (2) None 6.2.A r Thaumatin-like protein PWIR2 precursor 17.605 4.64
Betta DN (2) None 6.2.A y Alpha-1-purothionin precursor (fragment) 13.526 4.76
Betta DN (2) None 6.2.A g Unidentified - -
Betta DN (2) None 6.2.A X Unidentified - -
Betta DN (2) RWA 6.2.C k Protein kinase 60.974 9.14
Betta DN (2) RWA 6.2.C v Mitogen-activated protein kinase 65.214 6.87
Betta DN (2) RWA 6.2.C z Gibberellin 20 oxidase 1-D 40.293 6.07
Betta DN (2) RWA 6.2.C f Serine-threonine protein kinase 44,191 5.97
Betta DN (2) RWA 6.2.C q Leucine zipper protein zip 1 47.193 8.88
Betta DN (3) RWA 6.2.D g Heat shock protein 90 80.460 4.96
Betta DN (3) RWA 6.2.D z Cysteine proteinase 40.807 6.80
Betta DN (3) RWA 6.2.D h Chlorophyll ab binding protein 28.264 5.67
Betta DN (3) RWA 6.2.D q Ubiquitin conjugating enzyme 21.126 4.40
Betta DN (3) RWA 6.2.D f Heat shock protein 20 16.882 4.67
Betta DN (3) RWA 6.2.D e Translationally-controlled tumor protein 18.806 4,55
homolog

1- Thenumber in brackets refers to the age of the wheat in weeks after planting

2- The protein from the SwissProt database that matched a given spot of interest most closely in terms of
its molecular mass and pl

3-  The contral reaction in which no aphids were present
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Figure 6.7. Analysis of differential protein expresion profiles in Betta wheat subjected
to BCA phloem feeding with PDQuest™ Basic Softwar¥ersion 8.0 (Bio-Rad).

Each set of gels represents a control condition (lefgnd a test condition (right). The control gels we
used as master gels for the purposes of software analysi&reen letters indicate matched proteins, red
circles indicate differentially expressed proteins angellow circles indicate proteins that are 2-fold up o
down regulated under the test conditions. [A] (left)— Betta wheat at the two-week growth stage
(unstressed); [A] (right) — Betta wheat at the three-wek growth stage (unstressed); [B] (left) — Bett
wheat at the two-week growth stage (unstressed); [Biight) — Betta wheat at the two-week growth stage
stressed with BCA; [C] (left) - Betta wheat at the iree-week growth stage (unstressed); [C] (right)
Betta wheat at the three-week growth stage stressedtiviBCA.

&

121

Results for Chapter 3



Appendix 1

Figure 6.8. Analysis of differential protein expresion profiles in Betta DN wheat
subjected to BCA phloem feeding with PDQuest™ Basi&oftware Version 8.0 (Bio-
Rad).

Each set of gels represents a control condition (lefgnd a test condition (right). The control gels we
used as master gels for the purposes of software analysi&reen letters indicate matched proteins, red
circles indicate differentially expressed proteins andellow circles indicate proteins that are 2-fold up o
down regulated under the test conditions. [A] (left — Betta DN wheat at the two-week growth stag
(unstressed); [A] (right) — Betta DN wheat at the thre-week growth stage (unstressed); [B] (left) — Bett
DN wheat at the two-week growth stage (unstressed);B] (right) — Betta DN wheat at the two-week
growth stage stressed with BCA; [C] (left) — Betta DNvheat at the three-week growth stage (unstressed);
[C] (right) — Betta DN wheat at the three-week growh stage stressed with BCA. ’)
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Table 6.2. Protein putatively uprequlated in response to BCA feeding in Betta and Betta DN

wheat

Wheat cultivar* Aphid Figure Spot Putative protein match from SwissProt MW (kDa) pl
type number symbol databasé
Betta (2) BCA 6.3.C r Unidentified - -
Betta (2) BCA 6.3.C e NADH dehydrogenase subunit 2 53.704 8.98
Betta (2) BCA 6.3.C | L eucine zipper protein 47.913 8.88
Betta (2) BCA 6.3.C n Unidentified - -
Betta (2) BCA 6.3.C c Cysteine proteinase 40.807 6.8
Betta (2) BCA 6.3.C y Serine-threonine protein kinase 44.191 5.97
Betta (3) BCA 6.3.D k NADH dehydrogenase subunit 2 53.704 8.98
Betta (3) BCA 6.3.D y Cysteine proteinase 40.807 6.8
Betta (3) BCA 6.3.D j Unidentified - -
Betta (3) BCA 6.3.D Kz Chlorophyll ab binding protein 28.264 5.67
Betta (3) BCA 6.3.D u Gibberellin 20 oxidase 1-D 40.293 6.07
Betta (3) BCA 6.3.D m Vesicle associated membrane protein 49.282 6.41
Betta (3) BCA 6.3.D q Unidentified - -
BettaDN (2) BCA 6.4.C m Heat shock protein 90 80.680 4.96
BettaDN (2) BCA 6.4.C P Calcium-dependent protein kinase 56.788 534
BettaDN (2) BCA 6.4.C u Low-molecular weight glutenin storage 41.307 8.69
protein
Betta DN (2) BCA 6.4.C P2 Cyclin-dependent protein kinase 48.174 9.10
Betta DN (2) BCA 6.4.C t Leucine zipper protein 47.913 8.88
Betta DN (2) BCA 6.4.C h Gibberellin 20 oxidase 1-D 40.293 6.07
Betta DN (2) BCA 6.4.C w Ethylene-responsive element binding protein 39.157 4.65
Betta DN (2) BCA 6.4.C ny Chlorophyll ab binding protein 28.224 5.30
Betta DN (2) BCA 6.4.C j Unidentified - -
Betta DN (2) BCA 6.4.C e Protein-L -isoaspartate O-methyltransferase 24.708 4.90
Betta DN (2) BCA 6.4.C m Ubiquitin-conjugating enzyme E2 17.301 5.67
Betta DN (2) BCA 6.4.C h, Small heat shock protein (chloroplast) 26.596 9.64
Betta DN (2) BCA 6.4.C q Resistance protein 20.518 8.98
Betta DN (2) BCA 6.4.C f 16.9 kDaclass | heat shock protein 16.878 5.83
Betta DN (2) BCA 6.4.C s Alpha-2-purothionin precursor (fragment) 14.558 5.13
Betta DN (2) BCA 6.4.C p Unidentified - -
BettaDN (2) BCA 6.4.C N, Unidentified - -
Betta DN (2) BCA 6.4.C fa Unidentified, potentialy akinase - -
Betta DN (3) BCA 6.4.D e Unidentified - -
Betta DN (3) BCA 6.4.D c Unidentified - -
Betta DN (3) BCA 6.4.D a Unidentified - -
Betta DN (3) BCA 6.4.D h Unidentified - -

1- Thenumber in brackets refers to the age of the wheat in weeks after planting
2- The protein from the SwissProt database that matched a given spot of interest most closely in terms of
its molecular mass and pl
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7.1. Differential protein expression in Betta what in response to
RWA infestation over set time periods

Figure 7.1. Differential expression of proteins irBetta wheat after 2 or 3 days of RWA|
infestation

All wheat samples were two weeks old at the start of ¢hstudy. Time periods given refer to the duration
of the experimental period. [A] — Unstressed Betta wdat; [B] — Unstressed Betta wheat at 2 days; [C]
Unstressed Betta wheat at 3 days; [D] — Betta wheatlgected to aphid feeding at two-weeks; [E] — Betta
wheat subjected to aphid feeding for 2 days; [F] — &ta wheat subjected to aphid feeding for 3 days.
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Figure 7.2. Differential expression of protein in Btta wheat after RWA infestation over
different time periods.

All wheat samples were two weeks old at the start of ¢hstudy. Time periods given refer to the duration
of the experimental period. [A] — Unstressed Bettavheat at 5 days; [B] — Unstressed Betta wheat at |7
days; [C] — Unstressed Betta wheat at 9 days; [D] — Be wheat subjected to aphid feeding for 5 days; [E
— Betta wheat subjected to aphid feeding for 7 daygF] — Betta wheat subjected to aphid feeding for 9
days.
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Match symibols (matehed: 19 mumatehed 61)
Timestudy_Betta_stressed with KWA (Master)

Figure 7.3. Analysis 2DE gels of Betta wheat (susceptible) exged to RWA phloem-
feeding over different time periods using PDQuest™Basic Software Version 8.0 (Bio-

Rad).

Figure A shows unstressed controls and Figure B shows te&perimental 2DE gels. Green letters indicate
matched proteins, red circles indicate differentialy expressed proteins and yellow triangles indicate u
and down regulated proteins. [A] — (1) - Two-weekld Betta wheat (control and master gel); (2)- Betta at

i - i : gt - . =
Match hed 50 unmatched 0)
a ]

Bett ) I

R
Match syabols (matched:4% unmatehed 390

B ) Image])

Mateh symbols (matched:32 numatched:43)
Betta 2wd v3 (Raw 2

) Irmage)

three days; (3) — Betta at five days; (4)- Betta andeven days; (5) — Betta at nine days. [B] — (1) wb-
week old Betta wheat (control and master gel); (2} Betta wheat 2 days after RWA infestation; (3) - Béa

three days after infestation; (4) - Betta at five day after infestation; (5) - Betta seven days after RWA

infestation; (6) - Betta at nine days after RWA infesition.

D

127

Results for Chapter 4



Appendix 2

Table 7.1. Putative identification of proteins updownregulated in unstressed two-week-old
Betta wheat (RWA-susceptible) over a 9 day grovahqul

Wheat DALY Figure Spot Putative protein Mw pl
cultivar number symbol (kDa)
Betta 2w3d u 7.1.C 1S Unidentified - -
Betta 2w3d u 7.1.C d Della protein RHT-1 65.337 94.9
Betta 2w3d u 7.1.C WU Unidentified - -
Betta 2w3d u 7.1.C n Cyclin dependent protein lkenas 48.174 9.10
Betta 2w3d u 7.1.C q Leucine zipper protein zip 1 7.1893 8.88
Betta 2w3d u 7.1.C b Ribosomal protein S2 40.892 4309.
Betta 2w3d u 7.1.C m Low molecular weight glutestorage 41.307 8.69
protein
Betta 2w3d u 7.1.C U Serine-threonine protein kinase 44,191 5.917
Betta 2w3d u 7.1.C Kk Unidentified - -
Betta 2w3d u 7.1.C 2S Unidentified - -
Betta 2w3d u 7.1.C h Ethylene-responsive elemertibg 31.791 4.53
protein
Betta 2w3d u 7.1.C U Unidentified - -
Betta 2w3d u 7.1.C a Small heat shock protein ciplast 26.596 9.64
(precursor)
Betta 2w3d u 7.1.C t Cyclin dependent protein kénas 25.934 6.5
Betta 2w3d u 7.1.C i Translationally-controlled toum protein | 18.806 4.55
homolog
Betta 2w3d u 7.1.C r Unidentified - -
Betta 2wsd u 7.2.A z Photosystem Il P680 chlorophyl 56.092 6.06
apoprotein
Betta 2w5d u 7.2.A n NADH dehydrogenase subunit 2 3.7%4 8.98
Betta 2w5d u 7.2.A q Unidentified - -
Betta 2w5d u 7.2.A u Gibberellin 20 oxidase 1-D 40.293 6.07
Betta 2w5d u 7.2.A g Serine-threonine protein kinas 44.191 5.97
Betta 2w5sd u 7.2.A Vv Endo-beta-1,3-glucanase 35.005 4.86
Betta 2w5d u 7.2.A A Unidentified - -
Betta 2w5sd u 7.2.A 4l Heat shock protein 20 16.882 4.67
Betta 2w7d u 7.2.B b Unidentified - -
Betta 2w7d u 7.2.B d Unidentified - -
Betta 2w7d u 7.2.B u Unidentified - -
Betta 2w7d u 7.2.B z Photosystem Il 44 kDa reaatiemntre 52.001 6.93
protein
Betta 2w7d u 7.2.B y Photosystem Il P680 chlorophyl 56.092 6.06
apoprotein
Betta 2w7d u 7.2.B f Unidentified - -
Betta 2w7d u 7.2.B i ATPsynthase a chain 42.992 96.
Betta 2w7d u 7.2.B m Gibberellin 20 oxidase 1-D 40.293 6.07|
Betta 2w7d u 7.2.B m DNA binding protein EMBP-1 36.193 9.08
Betta 2w7d u 7.2.B r Chlorophyll a-b binding protei 28.264 5.67
Betta 2w7d u 7.2.B h Protein-L-isoaspartate O- 24.708 4.90
methyltransferase
Betta 2w9d u 7.2.C b Unidentified - -
Betta 2w9d u 7.2.C d Heat shock protein 90 80.460 4.96
Betta 2w9d u 7.2.C p Photosystem Il P680 chlordphyl 56.092 6.06
apoprotein
Betta 2w9d u 7.2.C v Unidentified - -
Betta 2w9d u 7.2.C j Unidentified - —
Betta 2w9d u 7.2.C y Heat shock protein 20 16.882 .674

1- Age of the wheat used in the control study, fetance 2w3d is two weeks and three days. This wasidone
order to have controls of the same age as the expetal plants.
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Table 7.2. Putative identification of proteins up downreqgulated in two-week-old Betta
wheat (RWA-susceptible) over a 9 day growth period

Wheat D.A.LY Figure Spot Putative protein Mw pl
cultivar number symboP (kDa)
Betta 2w2dRWA 7.1E | Photosystem Il P680 chlorophyll A 56.092 6.06
apoprotein
Betta 2w2dRWA 7.1E s Calcium-dependent proteimgin 56.788 5.34
Betta 2w2dRWA 7.1.E u Unidentified - -
Betta 2w2dRWA 7.1.E b B-1,3-endoglucanase 48.873 5.88
Betta 2w2dRWA 7.1E g Chlorophyll a-b binding piiate 28.267 5.67
Betta 2w3d RWA 7.1.F o B-1,3-endoglucanase 48.873 5.88
Betta 2w3d RWA 7.1.F q Unidentified - -
Betta 2w3d RWA 7.1.F i Unidentified - -
Betta 2w5d RWA 7.2.D Z Low molecular weight glutenin storage | 41.307 8.69
protein
Betta 2w5d RWA 7.2.D g Gibberellin 20 oxidase 1-D 0.203 6.07
Betta 2w5d RWA 7.2.D [ Endo-beta-1,3-glucanase 1B6.1 | 4.54
Betta 2w5d RWA 7.2.D Z Unidentified - -
Betta 2w5d RWA 7.2.D r 16.9 kDa class | heat sharakein 16.878 5.83
Betta 2w5d RWA 7.2.D a Heat shock protein 20 16.882 4.67
Betta 2w7d RWA 7.2.E m Unidentified - -
Betta 2w7d RWA 7.2.E m Heat shock protein 90 80.460 4.96
Betta 2w7d RWA 7.2.E 1S Photosystem Il P680 chlorophyll A 56.092 6.06
apoprotein
Betta 2w7d RWA 7.2.E u Proline-rich protein 42.119| 9.01
Betta 2w7d RWA 7.2.E 2S Leucine zipper protein 47.913 8.88
Betta 2w7d RWA 7.2.E y Unidentified - -
Betta 2w7d RWA 7.2.E a Unidentified - -
Betta 2w7d RWA 7.2.E n Low molecular weight glutestorage 41.307 8.69
protein
Betta 2w7d RWA 7.2.E 1z Unidentified — .
Betta 2w7d RWA 7.2.E e Unidentified - -
Betta 2w7d RWA 7.2.E o} Gibberellin 20 oxidase 1-D 40.293 6.07
Betta 2w7d RWA 7.2.E 2Z Unidentified - -
Betta 2w7d RWA 7.2.E 2a Heat shock protein 20 16.882 4.67
Betta 2w7d RWA 7.2.E o] Unidentified - -
Betta 2w9d RWA 7.2.F s Heat shock protein 90 80.460 4.96
Betta 2w9d RWA 7.2.F h Unidentified - -
Betta 2w9d RWA 7.2.F .1 Unidentified - -
Betta 2w9d RWA 7.2.F f Vesicle associate membran&emn 49.282 6.41
Betta 2w9d RWA 7.2.F g Cyclin dependent proteirakia 48.174 9.10
Betta 2w9d RWA 7.2.F r Low molecular weight glutesiorage 41.307 8.69
protein
Betta 2w9d RWA 7.2.F n Unidentified - -
Betta 2w9d RWA 7.2.F Al B-1,3-endoglucanase 35.356 8.50
Betta 2w9d RWA 7.2.F q Gibberellin 20 oxidase 1-D 0.293 6.07
Betta 2w9d RWA 7.2.F z Ethylene-responsive elerbérding 39.157 4.65
protein
Betta 2w9d RWA 7.2.F w Chlorophyll a-b binding piot 28.267 5.67
Betta 2w9d RWA 7.2.F p 2-cys Periredoxin Bas1 abtast 23.327 5.71
precursor
Betta 2w9d RWA 7.2.F of 16.9 kDa class | heat shock protein 16.878 5.3
Betta 2w9d RWA 7.2.F 5l Type =5 thionin precursor 13.748 4.41]
Betta 2w9d RWA 7.2.F i Unidentified - -

1- D.A.l refers to the days after RWA feeding commehiteaddition to the age of the wheat plants. For
example, 2w3d refers to RWA feeding for 3 days on-iveek-old wheat and 2w5d refers to RWA
feeding for 5 days on two-week-old wheat

2- Spot symbol refers to the reference symbol assigneshth spot by the PDQuest™ 2DE analysis
software in Figure 7.3.
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7.2. Differential protein expression in Betta DN wheatm response
to RWA infestation over set time periods

E pH 9.0 7.0 5.0 3.0

100 kDa

55 kDa.

Figure 7.4. Differential expression of proteins irBetta DN wheat after RWA infestation
over 9 days.

All wheat samples were two weeks old at the start of ¢hstudy. Time periods given refer to the duration
of the experimental period. [A] — Unstressed Betta B wheat; [B] — Unstressed Betta DN wheat at !
days; [C] — Unstressed Betta DN wheat at 3 days; [D] Betta DN wheat subjected to aphid feeding al
two-weeks; [E] — Betta DN wheat subjected to aphicekding for 2 days; [F] — Betta DN wheat subjected t
aphid feeding for 3 days.

OO
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Figure 7.5. Differential expression of proteins irBetta DN wheat after RWA infestation
over 9 days.

All wheat samples were two weeks old at the start of ¢hstudy. Time periods given refer to the duration
of the experimental period. [A] — Unstressed Betta B wheat at 5 days; [B] — Unstressed Betta DN whea
at 7 days; [C] — Unstressed Betta wheat DN at 9 daysD] — Betta DN wheat subjected to aphid feeding

it

for 5 days; [E] — Betta DN wheat subjected to aphifeeding for 7 days; [F] — Betta DN wheat subjected tT

aphid feeding for 9 days.
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I* Match symbols (matched 46 unmatched:48)
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Match symbols (matched:21 nnmatched:59) Match symbols (matched 80 unmatched:0) Mateh symhals (mateched 27 mmatehed:51) Mateh symhals (matched 21 mmatehed 43)
Timestody_BettaDN_FWA (Master) Betta DI 2w v3 (Raw 2-D Image) Betta 48 hr 2 (Raw 2-D Imaze) Betta 2w3d v2 (Fawr 2-D Image)
/] O
Match symbols (matched:11 ummatched:28) Match symbols (matched:37 unmatched:53) Match symhols (matched 25 ummmatched 68)
Betta 2w3d v2 (Raw 2-D Image) Betta DN 2w7d v3 (Rawr 2-D Image) Betta D 2w3d real v4 (Raw 2-I Image)

Figure 7.6. Analysis 2DE gels of Betta DN wheat €sistant) exposed to RWA phloem
feeding over different time periods using PDQuest™Basic Software Version 8.0 (Bio-
Rad).

Figure A shows unstressed controls and Figure B showse experimental 2DE gels. [A] — (1) - Two-weel
old Betta DN wheat (control and master gel); (2)- Betta DN at two weeks and three days; (3) — BettaND
at two weeks and five days; (4)- Betta DN wheat at wveeks and seven days; (5) — Betta DN at two weeks
and nine days. [B] — (1) - Two-week old Betta DN leat (control and master gel); (2) — Betta DN whe&

days after RWA infestation; (3) — Betta DN at two weles and three days after infestation; (4) — Betta DN
at two weeks and five days; (5) — Betta DN wheat atvb weeks and seven days after RWA infestation; (6
— Betta DN at two weeks and nine days after RWA infation. Green letters indicate matched proteins
red circles indicate differentially expressed protais and yellow triangles indicate up and down regulaté

proteins.
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Table 7.3. Putative identification of proteins updownregulated in unstressed two-week-old

Betta DN wheat (RWA-resistant) over a 9 days

D.AI?

Wheat Figure Spot Putative protein Mw pl
cultivar number symboF (kDa)
Betta DN 2w3d u 7.4.C a Heat shock protein 90 80.460 4,96
Betta DN 2w3d u 7.4.C 2a Photosystem Il P680 chlorophyll A 56.092 6.06
apoprotein
Betta DN 2w3d u 74.C e Unidentified - -
Betta DN 2w3d u 7.4.C \ Cyclin-dependent proteimaisie 48.174 9.10
Betta DN 2w3d u 74.C b Gibberellin oxidase 20 1-D 40.293 6.07
Betta DN 2w3d u 7.4.C z Ethylene-responsive elerbarding 39.157 4.65
protein
Betta DN 2w3d u 74.C m Unidentified - -
Betta DN 2w3d u 7.4.C k Leucine zipper protein AB. 8.88
Betta DN 2w5d u 7.5.A | NADH dehydrogenase sub@nit 53.704 8.98
Betta DN 2w5d u 75.A a Photosystem Il 44kDa resctientre 52.001 6.93
protein
Betta DN 2w5d u 75.A b ATP synthase a chain 42.992 6.19
Betta DN 2w5d u 75.A c Gibberellin 20 oxidase 1-D 40.293 6.07
Betta DN 2w5d u 75.A k B-1,3-glucanase 34.882 5.70
Betta DN 2w5d u 75.A g Unidentified - -
Betta DN 2w5d u 7.5.A q Unidentified - —
BettaDN | 2w7du | 758B | - | None - -
Betta DN 2wod u 75.C 1 Unidentified - -
Betta DN 2wod u 7.5.C d Unidentified - .
Betta DN 2wod u 7.5.C m NADH dehydrogenase sulinit 53.704 8.98
Betta DN 2w9d u 75.C \ Cyclin dependent proteimakie 48.174 9.10
Betta DN 2w9d u 75.C e DRP6 protein (fragment) 608. 8.54
Betta DN 2w9d u 75.C a Unidentified - -
Betta DN 2wod u 7.5.C b Gibberellin 20 oxidase 1-D 40.293 6.07
Betta DN 2w9d u 7.5.C 1C Ethylene-responsive element binding 39.157 4.65
protein
Betta DN 2wod u 75.C 2] Unidentified - -
Betta DN 2wod u 7.5.C | Unidentified - =
Betta DN 2w9d u 7.5.C t Protein disulphide isomeras 56.533 4.99
Betta DN 2wod u 75.C 2C Serine threonine protein kinase 44,191 5.917
Betta DN 2w9d u 75.C w Unidentified - -
Betta DN 2w9d u 75.C e Unidentified - -
Betta DN 2w9d u 75.C S Unidentified - -
Betta DN 2w9d u 7.5.C Kk Chlorophyll a-b binding t@io 28.264 5.67
Betta DN 2w9d u 75.C d Unidentified - -
Betta DN 2w9d u 75.C f Unidentified - -
Betta DN 2w9d u 7.5.C q Unidentified - -
Betta DN 2w9d u 75.C a Unidentified - -
Betta DN 2w9d u 75.C t Unidentified - -
Betta DN 2w9d u 75.C e Unidentified - -

1- Age of the wheat used in the control study, foranse 2w3d is two weeks and three days.

done in order to have wheat of the same age as flegieental plants
2- Spot symbol refers to the symbol assigned to each sgbel8DE analysis software
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Table 7.4. Putative identification of proteins updownregulated in two-week-old RWA
stressed Betta DN wheat (RWA-resistant) over avweek growth period

Wheat DAIL"* Figure Spot Putative protein Mw pl
cultivar number symbol (kDa)
Betta DN 2w2dRWA 7.4.E k Unidentified - -
Betta DN 2w2dRWA 7.4.E e Protein kinase 61.700 9.12
Betta DN 2w2dRWA 7.4.E £ Protein kinase 60.974 9.14
Betta DN 2w2dRWA 7.4.E 4l NADH dehydrogenase subunit 2 53.704 8.99
Betta DN 2w2dRWA 7.4.E Al Unidentified - -
Betta DN 2w2dRWA 7.4.E 1j Photosystem Il 44 kDa reaction centre | 52.001 6.93
protein
Betta DN 2w2dRWA 74E a Putative vesicle assodiatembrane 49.282 6.41
protein
Betta DN 2w2dRWA 7.4.E v Serine-threonine protein kinase 44,191 5.97
Betta DN 2w2dRWA 74E f Unidentified - -
Betta DN 2w2dRWA 7.4.E h Endo-beta-1,3-glucanase 36.117 4.54
Betta DN 2w2dRWA 74E 2 Chlorophyll a-b binding protein 28.264 5.67
Betta DN 2w2dRWA 74E z Unidentified - -
Betta DN 2w2dRWA 7.4.E Po) Thaumatin-like protein PWIR2 17.605 4.64
(precursor)
Betta DN 2w3dRWA 74F | Photosystem Il 44 kDa te&accentre 52.001 6.93
protein
Betta DN 2w3dRWA 7.4.F d Unidentified — -
Betta DN 2w3dRWA 7.4.F sl Gibberellin 20 oxidase 1-D 40.293 6.07
Betta DN 2w3dRWA 74.F q ATP synthase a chain 42.99| 6.19
Betta DN 2w3dRWA 74.F v Endo-beta-1,3-glucanase .1BB 4.54
Betta DN 2w3dRWA 7.4.F S Unidentified - -
Betta DN 2w3dRWA 7.4.F a Cyclin dependent proteirake 25.934 6.50
Betta DN 2w3dRWA 7.4.F u Serine threonine proteirtake 44.191 5.97
Betta DN 2w5dRWA 7.5.D r Abscisic acid inducibleéise (fragment)| 37.516 5.68
Betta DN 2w5dRWA 7.5.D e Unidentified - -
Betta DN 2w5dRWA 7.5.D g Endo-beta-1,3-glucanase 5.0@5 4.86
Betta DN 2w5dRWA 7.5.D Kk Unidentified - -
Betta DN 2w5dRWA 7.5.D y Alpha amylase trypsin initor 15.460 6.86
Betta DN 2w7dRWA 7.5.E g Unidentified - -
Betta DN 2w7dRWA 75.E S Unidentified - -
Betta DN 2w7dRWA 75.E e Protein kinase 61.700 9.12
Betta DN 2w7dRWA 75.E £ Protein kinase 60.974 9.14
Betta DN 2w7dRWA 75.E n NADH dehydrogenase sub®nit 53.704 8.98
Betta DN 2w7dRWA 7.5.E q Photosystem Il P680 chlorophyll A 56.092 6.06
apoprotein
Betta DN 2w7dRWA 75.E u Photosystem Il 44 kDa reaction centre | 52.001 6.93
protein
Betta DN 2w7dRWA 7.5.E A RuBisCo large subunit 57.521 4.83
Betta DN 2w7dRWA 75.E 1j Unidentified - -
Betta DN 2w7dRWA 75.E 2 B-1,3-endoglucanase 48.873 6.32
Betta DN 2w7dRWA 75.E h Putative vesicle assoaia¢enbrane 49.282 6.32
protein
Betta DN 2w7dRWA 75.E A B-1,3-endoglucanase 48.873 6.32
Betta DN 2w7dRWA 75.E v Serine threonine protditake 44.191 5.97
Betta DN 2w7dRWA 75.E d Gibberellin 20 oxidase 1-D 40.293 6.07
Betta DN 2w7dRWA 75.E a Unidentified - -
Betta DN 2w7dRWA 75.E p Unidentified - -
Betta DN 2w7dRWA 75.E z Alpha amylase trypsin bitor CM2 15.460 6.86
precursor
Betta DN 2w7dRWA 7.5.E ES) Unidentified — -
Betta DN 2w9dRWA 75.F s} Heat shock protein 90 80.4 | 4.96
Betta DN 2w9dRWA 75.F n Photosystem Il P680 chbbrdl A 56.092 6.06
apoprotein
Betta DN 2w9dRWA 7.5.F m Calcium-dependent protein kinase 56.788] 5.34
Betta DN 2w9dRWA 7.5.F h Unidentified - -
Betta DN 2w9dRWA 4.33.B6 7.5.F Beta-1,3-endoghasze 48.873 5.66
Betta DN 2w9dRWA 4.3.3B6 75.F Gibberellin 20aese 1-D 40.293 6.07
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Betta DN 2w9dRWA 43.3.B6 7.5.F Ethylene respoasiement binding 39.157 4.65
protein

Betta DN 2w9dRWA 43.3B6 75.F Beta-1,3-glucanas 34.660 4.352

Betta DN 2w9dRWA 433B6 7.5.F 2-cys periredoBilS 1 chloroplast 23.327 571
precursor

Betta DN 2w9dRWA 4.3.3.B6 7.5.F 16.9 kDa clasgdatrshock protein 16.878 5.83

Betta DN 2w9dRWA 4.3.3B6 75.F Unidentified - -

1- D.A.l refers to the days after RWA feeding commeniceaiddition to the age of the wheat plants. For
instance, 2w3d refers to RWA feeding for 3 days on-tveek-old wheat and 2w5d refers to RWA
feeding for 5 days on two-week-old wheat

2- Spot symbol refers to the symbol assigned to each sgbel3DE analysis software
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Appendix 3: Long Ashton nutrient solution

Table 8.1. The full Long-Ashton nutrient solution & taken from Hewitt (1966).

Weight used | Volume of Volume of Concentration in
Type of Salt (9) stock stock solution | final volume of
solution (ml) | Dilute in 25 L (ml)
25 L (ml)
Macronutrients
KNO3 101 500 25 2
K,S04 43 500 25 1
Ca(NG). 164 500 25 4
CaCj 111 500 25 4
MgSO,7H,0 92 500 25 15
NaH,PO4.2HO | 104 500 25 4
Micronutrients
MnSQO,.4H,0 11.20 500 2.5 0.02
CuS04.5H0O 1.25 500 2.5 0.002
ZnSQ,.7H,0 1.45 500 2.5 0.002
H3;BOs 15.50 500 2.5 0.05
NaMO,.2H,O | 0.605 500 2.5 0.0005
NaCl 29.30 500 2.5 0.1
Fe-Citrate 29.30 500 2.5 0.6
(3H0)
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Appendix 4: Reagents and protocols used

8.2.1. Determination of protein concentration

Sample protein standard curve generated with thé RC protein assay (Bio-Rad; Catalogue
# 500-0120) using bovine serum albumin fraction Rb¢he; Catalogue # 735 078) as a
standard. All samples were diluted 100 x prioragsaying and dilutions were taken into

account in all subsequent calculations of protemtent.

The scaled-down assay for microtitre plates wasl.ugestandard curve was generated using
a bovine serum albumin fraction V (Roche; Catalogu@&35 078) stock solution with a
concentration of 1 mg / ml that was diluted to gogncentrations ranging from 0.2 — 1.0
mg / ml. The assay was performed according to rfanufacturer’'s instructions and
absorbencies were read on a Power Wave x micropatger from Bio-Tek Instruments on

Kcjunior software. Standard curves were creatéuguslicrosoft Excel®.

0.120

0.100 |
y = 0.0988x

2 _
0.080 R” = 0.9965

0.060

0.040

Absorbance at 750 nm

0.020

0.000 \ \ \
0.0 0.2 0.4 0.6 0.8 1.0 12

Concentration (mg / ml)

Figure 8.1. Sample standard curve generated usintpe RC / DC protein assay (Bio-
Rad) with a bovine serum albumen (Fraction V) stocksolution of 1 mg / ml. All
readings were taken in triplicate and standard dewtions are shown by the vertical
black lines on the figure.
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8.2.2. Sodium docecyl sulphate polyacrylamide geleetrophoresis (SDS-
PAGE) method according to the Mini-Protean® 3 Cellinstruction
manual (modified protocol of the method according @ Laemmli,
1970).

10 x Running buffer (pH 8.3)
30.3 g Tris Base

144.0 g Glycine
10.0 g SDS

Make up to 1 L with distilled water and do not aljpH. Store at°4€, if precipitation occurs
warm up to room temperature prior to use. Dilu@en stock in 450 ml distilled water prior
to use.

Sample buffer (SDS reducing buffer)

7.10 ml deionized water

2.50 ml Tris-HCI buffer (0.5 M, pH 6.8)

5.0 ml glycerol

4.0 ml SDS solution (10 % w / v)

0.4 ml bromophenol blue (0.5 % w / v)

Store at room temperature. Add BDB-mercaptoethanol to 950 sample buffer prior to
use. Dilute protein samples at least 1:2 with danoiffer and boil for 4 minutes prior to
loading onto SDS-PAGE gel.

10 % Ammonium persulphate (APS)

Add 100 mg (0.1 g) APS to 1 ml deionised waterepre fresh daily.

Stacking gel buffer (0.5M Tris-HCI, pH 6.8)

Dissolve 6 g Tris(Hydroxymethyl)Aminomethane (Meyrak 100 ml distilled water. Adjust
the pH to 6.8 with Hydrochloric acid (HCI).

Resolving gel buffer (1.5 M Tris-HCI, pH 8.8)

Dissolve 18.15 g Tris(Hydroxymethyl)Aminomethaneli®0 ml distilled water. Adjust the
pH to 8.8 with Hydrochloric acid (HCI).
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Gel formulations

SDS-PAGE stacking gel (4 %)

Reagent Volume (ml)
Distilled water 6.1

30 % Degassed Acrylamide / Bis 1.3

0.5 M Tris-HCI, pH 6.8 2.5

10 % w /v SDS 0.1

10 % APS 0.05
TEMED 0.01
SDS-PAGE resolving gel (12 %)

Reagent Volume (ml)
Distilled water 3.4

30 % Degassed Acrylamide / Bis 4.0

0.5 M Tris-HCI, pH 6.8 2.5

10 % w /v SDS 0.1

10 % APS 0.05
TEMED 0.005

Gel stains

Coomassie Stain

Add 0.075 % Coomassie brilliant blue R250 to 40 &thmanol and 0.7 % glacial acetic acid

and store in a dark container. Stain gels fortome or overnight while shaking.

Coomassie Destain

Add 40 % methanol and 0.7 % glacial acetic acieéstBin gels stained with Coomassie stain

until destaining solution is no longer dark purpled a clear background is observable on the

gel.

PageBlue™ Protein staining solution (Fermentas)

Add approximately 25 ml of solution to each gellshfor one hour or overnight and destain

with water.

139

General Appendices



Appendix 5: Two-dimensional gel electrophoresis regents

2 D samplerehydration buffer

Add 13.5 g Urea (9 M) (Merck; Catalogue # 1.08480@), 2 % PlusOne Triton-X 100 (0.5
ml) (Amersham; Catalogue # 17-1315-01), 2 % Amptedyin the form of Bio-Lyte 3-10
buffer (0.5 ml) (Bio-Rad; Catalogue # 163-2094) &l ml of a 1 % solution of Bromphenol
Blue before making up to 25 ml. Aliquot 1 ml volamand store at — 2Z@. Add 0.02 g
DTT (Roche; Catalogue # 708 984) to 1 ml buffeopto use.

SDS equilibration buffer

Add 6 M Urea (90.09 g), 0.375 M Tris-HCI (62.5 rpi 8.8), 2 % SDS (50 ml of a 10 %
stock solution) and 20 % glycerol (50 ml) in 250 diktilled water. Add a pinch of
bromophenol blue and store &G4 Add 2 % w /v DTT prior to use. Use approxiatats

ml per IPG strip and incubate for 30 minutes befarening second dimension on 12 % SDS-
PAGE gels.

Second dimension gels (12 % SDS-PAGE)

Makes 2 x mini gels

Reagent Volume (ml)
Distilled water 5.1
30 % Degassed Acrylamide / Bis Acrylamide 6.0
1.5 M Tris-HCI (pH 8.8) 3.75
10 % w / v SDS solution 0.15
10 % APS 0.210
TEMED 0.03
140

General Appendices



Appendix 6: Isoelectric focussing protocols for twedimensional
gel electrophoresis

Protocol A

Protocol A utilized a Consort E815 power supplyeTRG strips were subject to a total of 8

233 V-hr. The number of V-hr were calculated ugimgformula given below:

V-hr on IPG strips = Applied electric potential (V) x [time (mins)] / 60

Table 8.2. Isoelectric focussing conditions foodm-range IPG strips rehydrated with total
protein from 14-day old wheat leaves on a Cons8itSEpower supply

Program Duration (mins) | Current (mA) | Voltage V-hr

P1 10 0.5 200 33

P2 10 0.9 450 75

P3 10 0.4 750 125
P4 480 0.4 1000 8 000
Total duration | 510 (8.5 hours) -- -- 8 233
Protocol B

Protocol A utilized a Bio-Rad PowerRaddV power supply. The IPG strips were subject to a

total of 2 366.6 V-hr. The current was maintaine@.& mA throughout the focussing period.

Table 8.3. Isoelectric focussing conditions foodm-range IPG strips rehydrated with total
protein from 14-day old wheat leaves on a Bio-Rad/@&Pa€&l power supply

Voltage (V) Duration (mins) V-hr
200 20 66.6
450 15 112.5
750 15 187.5
2000 60 2 000

Total V-hr 2 366.6
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Appendix 7: Copies of Internet references used inl@pter 1
Internet 1 http://www.invasive.org/images/3072x2048/1357013.jp

R http: Iiwww.invasive.org/images/3072x204 811 357013.jpg - Microsoft Internet Explorer

Fls Edt Vew Favortes Tools Help ]
O - ©- RN @GP Fom- @3- BEUS 3
Adrese | €] buaps fowne. nvasive. orgiimages/3072:2048/ 135701 3.0 v Be k™
Google - | v| [Cl search ~ | 58 Spobiocked | 4 check v X autolink v (] Auter B options
Y- 2-| [Search ~ [+ 4~ & Hiohight | (3 savetoryweb ~ (0 vimal = G Answers = 5" Personals ~ & vimabie -+ [ sonin
UGA1357013
& Internet
%, 02:02PM

Internet 2
http://www.ipm.ucdavis.edu/TOOLS/KEYAPHIDGRAIN/KEXIAGES/250russianwheatno

win

-2 hittp: Hwww.ipm. ucdavis.edu/TOOLS/KEYAPHIDGRAIN/KEY IMAGES /250 ussianwheatnowing, jpg - Microsoft Internet Explorer

File Edit View Favortes Tools Help h
o ar Al o S - B = n 48

@Back O \ﬂ @ kh S seath 7 ravortes €8 (- v G4 \_J @ b S

Acidress | ] bitp: o ipr.ucdavis.edul TOOLSKEYAPHIDGR AIMKEY IMAGE /250 Ussianwheatrowing. jpg ¥ B s

Google - | v [C] search - | g5 Epsbiscked | M check - N autelink ~ || e options 2

7 - £v| |search ~ F5~ i &7 Highlight | (3 SavetoMyweb + G¥!Mal - B Answers ~ S Personals + 3 Yitabie ~ [ Signin

&] Done @ Intermet

© 4 Internet
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Internet 3
http://www.agls.uidaho.edu/ento/SixleggedWondesglots of idaho/images/BCOaphidl.JP

G

A http:Iiwww.agls. uidaho. edufentofSixleggedWandersfinsects_of_idahofimages/BCOaphid1. JPG - Microsoft Internet Explorer

Fls Edt Vew Favortes Tools Help e

eﬁack ) @ @ \/h /'j‘ Search '\'J:{Favunles e L:_;v 5 ; = \_UJ @ 3
Address @] hup Js.uidah - of Oaphid1, PG v Be k™
Google - | v| [C] search - | g5 Dpobiocked | A check = IR Autalink + || [ options

Y- 2-| Search = [~ |- o Highlight | [ SavetoMyweb + 9 viMal - B3 Answers = 8 Personals » &3 v Mabie = [T Signin

® Dennis J. Schotzko

] Done & Inbsrret

= 4ntemet ., - WM & % o

3 hitp: iwww.ipm. uiuc.edu/bulletin/photos/bird_cherry_oat_aphid.jpg - Microsoft Internet Explorer

File Edt View Favortes Took Help 7]
Ou-O HNEG Lo @ 3 BEUE@ B

Address @ hitp: s jprn. i edufbulletingphotos bird_cherry_ock_sphid. jpg Y Be ink >
Google - | | [C] search - | 5 Spobiocked | 4F check - 7N autolink = ]t [ options &

7 - 2| Search  [)x @1r 4 Highlght | (3 SavetoMyweb « G viMal v EJ Answers + 57 Personsls ~ 4 1 toble ~ [ Sianin
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Internet 5: http://www.arc.agric.za/lhome.asp?pid=371&toolid=6@&nid=1628#Betta

ultural Research Coun mall Grain Institute - Microsoft Internet Explorer

File Edt Vew Favortes Teok Help

Q- O HEG S
Address | €] hit aric. zajh
Cﬂugl:’ ClvbettaDwhest v |Go & G2 B% » 9% Bookmarksw ¥ 13blocked " Check vy Autslink v 7l s Sendtos 0 [E betts [E 0N > () Settings~
NP - 2-| [sewdi v @upgsdeteriow - [ @i 7 Hohight | 3 SavetaMyWeb v G VIMsl v ) Answers v S Personals »

~

e 8

¥ B e ?

Betta DIl is suitable for low to medium potential conditions in the Central and Eastern Free State.
This cultivar is marketed in South Africa by Sensako.

Agronomic traits:

Growth period - 141 days {0 anthesis
Stravw strength - Good

Strave lsnath - Tal (87 — 85

Kernel sitachmert - Sood

Cold reuiremert - Motlerats to sliaht

Coleogtile length - 8 cm

Alumirium tolerance - None

Preharvest sprouting toleranes - Excellent resistance
Hectoltre mass - Excelent

il potertial - Medium (10% higher han Betts)

Disease reaction:
Stem rust - Moderately susceptible
Lesaf rust - Motisratsly susceptiole
Yellow rust - Susceptible

Pest reaction:
Russian wheat aphid - Resistart

Quatity:
Befta DN has very good millng and baking qualty and i Used by the Whest Technical Commitee as ouaity
standard when releasing new cubivars. The cultivar has good hectoitre mass and high faling number even with

excessive rain during harvesting

Optimum planting date:

Eastern Free State 1 June to 20 uly v

& Done B Inkernet
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Appendix 8: Copies of Internet references used inl@pter 2

Internet 1 http://www.arc.agric.za/lhome.asp?pid=371&toolid=G8&nid=1628#Betta

File Edt ¥ew Favortes Teok Help
Qus - © 1 [& 6 P Frruene @ ‘e 8
Address @] hitp: aric zajh =37 > [T
Google |G andbetta D wheat v G0 ¢ 53 [ v+ ¥ Bookmarksw Bhablocked | 0 Check » 4 Autalink v |- A |sb sendtow 4 [E] betta [E berta 2 () settings~
Nz Search - [+ @i~ 7 Highlght | (3 Savetayweb v [0 viMal - J Answers - S Personals = 3 ¥iMoble ~ [ Sianin
Al
ARC * LN, b
Home | Ahoulus | Shop@ARC | FAGS | Usefulks | Cortactus:
*ou are here: Home... Research Institutes... ARC-SGI
Care business divisions % 1 "
ARC-Small Grain Institute
Research insttites
Winter wheat cultivars
Commodity category: Small grains: Cultivars
Commodity type: ‘Winter wheat
\Witer wheat eutivars: Elands, Caledon, Geriep, Betta DN and Limpopo
Wiitter Wheat Cultivars
o Hants
o Caledon
© Gariep
© Betta D
o Limpopo
~
] Done Internet
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Appendix 9: Copies of Internet references used in [@apter 3

Internet 1 http://www.ento.okstate.edu/ddd/insects/birdcheatgphid.htm

A Bird Cherry-oat Aphid - Microsoft Internet Explorer
an

File Edit Wew Favortes Tools Help s
Qe - O - ¥ [B @ P Soraenes £ (2 2 L@ 25

Adiress | ] bty to. ckstats dcher: i v Be ink >
Google (G~ bird cherry nstaphid % | G0 o G2 [ + 9% Bookmarksv & 9blocked | 5 Check + 4§ Autolink + ol (e Sendtow 4 [EL bird [E] cherry % () Settings~
7 - 2- Search - @ Upgrade 1E7 Now! =~ [T~ - 7 Highicht | [3) SavetoMyWeb ~ 31 Mail ~ B Answers - 59" Personals ~ ted

~
Bird Chary-oat Aphid, Riiopalosiplaim
podi

Hosts: Wheat, They are very efficient wectors of
barley yellow dwarf virus

Symptoms: This aphid is not considered to be an
ecotomically important pest of winter wheat,
however, research in the northern plains suggests that
1t causes mere yield loss i spring wheat than was
originally believed. Researchis currently being
conducted to examine its pest status more closely. Tt
does not cause wsible mjury symptoms. Heavy
infestations will cause plants to become sticky with
‘honeydew, the liquid waste that is excreted by aphids
a3 they feed.

Deseription Olive-green with a red-orange patch
surrounding the base of each cornicle. Old, wingless,
overwintering adult aphids may appear black in
color.

Control: Please contact your local county extension.
office for current information

Return to Main page

(E3

@ Irternet

© Window... £ 3 Iner y 2 Miera 3 o 100% &)W D304PM

/A Search in UniProt Knowledgebase (Swiss-Prot and TrEMBL) for: wheat protein - Microsoft Internet Explorer

File Edt ‘View Favorites Tools Help "
Q- © REB P drrewn @ - L B-JO 3B
adcress @] htrp:jww, expasy,orgicarbinisprot-search-dezwheat,2uproten v B ks ?
Google [Clv swissprot v e ma B - o9 cockmarksw @ 13blocked P check vy Autolink v Lol ek sendtor A [E] swissprot () settings+
Yr - 2- search = @ Upgrads IE7 Mow! = Ej» @~ 7 Hiohlight | () savetomy web = (31 Mal » B3 Answers - 597 Personals « »
Al
| 4t ExPASy Home page | siemap | Search ExPASy | Contact us [ Swiss-Prot | =

| Hosted by E2 SIE Switzerland | Miror sites: | Australia | Brazil | Canada | China | Korea |
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