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ABSTRACT

Continued increase in the world population increases the demand for food, which requires
active intervention to ensure food security. Furthermore, greenhouse gases have resulted in
global warming which has triggered climate change, with consequence that food
production systems have been negatively affected and this imparts further risk to food
security. The agricultural sector, and thus global food security, therefore is directly affected
by these changing climatic conditions sinceythlesult in an increase of insect outbreaks as
well as related resistant breaking pathogens. The effect of carbon dioxide (CONn cer e al
most economically significant insect pests, the aphid, is not well researched. Due to the
destructive nature of Dnoxi adés feeding behaviour on cr o
devised to control the damages. In South Africa, the first wheat resistant cultivar, Tugela Dn
which contained th®n resistance gene was released in 1992. Initially it was reported that
resistat cultivars reduce aphid population by inhibiting Russian Wheat Aphid (RWA)
growth and reproduction. Recently, the presence of resistance breaking RWA biotypes in
South Africa was confirmed and is thought to be more virulent on existing -Raslétant

whed lines. This study focussed on gaining a greater understanding of the resistance
mechanisms activated by the Russian Wheat Aphid resistanceDge{i2nl) and whether
RWA-SA2 overcomes the resistance response of Tugela Dn with the aim of improving
agronomgal traits of wheat plants. Initial reports showed that RBAR not only bred faster

but also caused more damage to wheat lines than did -BAJIA RWASA2 appeared
unaffected by th®nl resistance gene and posed a serious threat to small grain production in
South Africa. In the first part of this study, we evaluated whether FSM&
damages/compromises the photosynthetic mechanisms of wheat by measuring chlorophyll
fluorescence of infested RWB8A2 susceptible and resistant wheat cultivars as well as
whether here are any changes in stomatal conductance. Results obtained indicate that
although both wheat isolines (Tugela and Tugela Dn) exhibited aphid injury, Tugela as
expected appeared to be affected more and at an earlier stage. It would appear that the
chlorophyll concentration in the uninfested Tugela leaves were significantly higher than
RWA-SA2 infested Tugela leaves from 120 hours onwards. Tugela Dn infested leaves on the

other hand appeared to have thrived quite well with negligible chlorophyll cornteamtoss.



Stomatal conductance was enhanced considerably in Tugela by-$XVRAfeeding
suggesting increased stomatal apertures. However, stomatal conductance dropped after day 7
in Tugela which is a result from damage to the leaf tissues. The secoruf gas study

focussed on identifying exclusive expressed proteins during FBAA infestation on RWA

SAl susceptible and resistant wheat cultivars as well adeatify  possible  signalling

pathways induced in cereals. The Tugela wheat cultivar provided evidentiary support

that during the initial hours of RW&A2 phloem feeding, several proteins were down
regul ated that could possibly indicate an i
of fo the plants metabol i clowmnemutients tostheassieva nd p |
elements for aphids and/or other phloem feeders to benefit. Exclusively identified proteins
were largely involved in photosynthesis, metabolism and stress suggesting that the rate of
incorporation and/or exportation of photaflyetic products decline, becoming restricted by
feedback inhibition. It would appear that the pathways identified function in parallel to
capitalize on more defense efforts rather than resistance against3A%/As these pathways

seem to be interlinked. hls study therefore provides evidence that Tugela Dn, seem to
counteract deleterious effects of aphid (RM8A2) herbivory through upegulation and

faster regeneration of photosynthetic related molecule and does respond in a highly specific
manner to infasition with RWASAZ2 by inducing unigue pathways. It would also appear that

RWA-SAZ2 partially overcomes the resistance response of Tugela Dn againsSRWA
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CHAPTER 1

Literature Review



1.1) Introduction

Research over the past several years has shown that global warrimegigvocal with

evidence being presented by observations seen in the increasing global air temperature and
the melting of snow and ice, which inevitably leads to rising sea levels as well as increases in
ocean temperatures. Furthermore over the past éeades there has been a steady drop in
atmospheric carbon dioxide (GOand greenhouse gases (IPCC, 2007). Increases in
greenhouse gases have also been linked to widespread global changes in rainfall patterns.
This rate of global warming and climate charnigeexpected to continue increasing if no
mitigation factors or interventions are put in place by industries, farmers and private
households in order to alleviate the emission of greenhouse gases (Rauphc2007).
Temperature controls the rate oflagant 6 s met abol i sm which ul tir

yield of agricultural crops (Hay and Walker, 1989).

The agricultural sector, and thus global food security, therefore is directly affected by these
changing climatic conditions since they result inimerease of insect outbreaks as well as
related resistant breaking pathogens. The effect gfd@Qhe most economically significant

insect pests of cereals, the aphid, is not well researched. However, it is well known that
increased C@levels increasehe growth rate of €plants and affect insect metabolism,
therefore it is expected that the interaction between aphids and their host plants will alter
under various C@conditions. Preliminary studies by Jimeat al. (2012) and Mudondo

(2014) have indicad that varying C®levels may result in certain aphids breaking the
resistance of selected wheat cultivars as well as causing increased damage to barley crops,

thereby seriously affecting crop yields and food security.

This study focusses on gaining a afer understanding of the resistance mechanisms
activated by the Russian Wheat Aphid resistance @gnéDnl) and whether RW/ASA2
overcomes the resistance response of Tugela Dn with the aim of improving agronomical traits
of wheat plants. This dissertatiomill then explore the effect of ambient GOn the
behaviour and fecundity of the aphid species and how the wheat proteome is altered. In
chapter two this dissertation will investigate changes on chlorophyll fluorescence induction
kinetics as well as theignificance of photosynthesis and photosynthesis related gene

products (Chapter Four).



Research shows that the world population is currently obtaining more than 50% of its vital
calories from crops such as wheat, maize, Oryza sativa and potato @U6ebh, with wheat

being the most widely produced cereal crop in the world (Curtis, 2002). This is mainly due to
the great versatility of wheat which may be used in the production of dough, making of
alcoholic beverages, as well as being fed to animalsdatef. Plants encounter various biotic

and abiotic challenges, which usually lead to interactions between the plant and the eliciting
agent. Typical abiotic stress factors encountered by wheat producers can include aluminium
toxicity due to acid soils angre-harvest sprouting after wet spells during wheat ripening.
Biotic stresses include plant diseases and a number of insect pests. Of these insect pests, the
Russian Wheat Aphid has been found to be the most economically important pest of wheat in
South Afica (Walters, 1984). This review aims to present an overview on the host plant,
wheat, a detailed and thorough perspective on how plants generally respond to various stress

factors as well as the interaction of the Russian Wheat Aphid with its host plant.

1.2) Wheat

Wheat is an essential crop and arguably the most versatile of all commercial crops. Some of
these versatile products include: making dough, feed for animals, a stabiliser/bulking agent in
processed food as well as the generation of biofuelsttion a few iHogy and Fangmeier,

2008) It originated from the Near East or Western Asia and is reported to have first been
grown in the United States in 1602 on an island off the Massachusetts coast (Gibson and
Benson, 2002). Wheat makes a substantiatrdgmution to the economy of many countries

and its worldwide trade is higher than any other crop. Reports show that the crop provides
approxi mately 35% of the staple food and a
population (FAO, 1998; Gibson and Bens , 2002) . Wheat s rol e a
resulted in many studies on its responses to both abiotic and biotic stresses as well as the

focus of breeding programmes.



1.3) Plant responses to various stress factors

Plant productivity and growth is advelg affected by various stress factors. They are
frequently exposed to a variety of stress signals such as cold, heat, salinity, drought,
pathogens, and herbivores. Stress in its physical term may be defined as the mechanical force
applied to an object. Aglants are sessile, it is quite hard to measure the exact force exerted
by various stress conditions and therefore in biological terms it is difficult to define a stress.

A biological condition which acts as a stress for one plant may serve as an ogbmum
another plant. Therefore, the most practical definition one can give to a biological stress
would be an adverse condition which inhibits the normal functioning andbeielty of a
biological system such as plants. Various stress factors such as abiets factors are the

centre of much research because of their potential impact on the yield and quality of
agriculture products (Liganet al, 2012). Both abiotic and biotic stresses cause major crop
damage and result in significant crop losses amhwedridwide (Rushton and Somssich,

1998). The response of plants to these stresses can either take an active or passive form. An
active defense response involves a suitable and rapid response when a stress is detected while
a passive response is more geth and takes more time to be activated (HammiGoshack

and Jones, 2000). When plants perceive a stress, a response is initiated that activates specific
signal transduction pathways that facilitates the generation of appropriate physical and
physiological responses. Various signalling pathways are involved in different stress
responses with multiple crosslks occurring, resulting in a highly complex myriad of
networks (Maleck and Dietrich, 1999).

1.3.7) Abiotic Stress Responses
1.3.1.] Introduction

Abiotic stress factors are any type of environmental condition that adversely impacts plant
productivity, development and survival and include extreme low or high temperatures,
drought, and variations in soil pH, nutrient supply, extreme light intensdynagchanical
damage (Boscaiat al, 2008). Plants have a unique set of temperature requirements which
are optimal for their proper growth and development. A certain set of optimum conditions for
one plant may be stressful for another plant.



Essential crps such as wheat and Oryza sativa have been found to be sensitive to all the
abiotic stress conditions mentioned earlier, all of which have a negative impact on yield
(Atienzaet al, 2004).

1.3.1.2 Drought

Drought is a serious problem for agricultum®rldwide and may arise as a result of two
conditions, either due to excess or shortage of water. An example of surplus water is flooding
which results in reduced oxygen supply to plant roots. This negatively impacts the uptake of
nutrients from the soilsawell as respiration. Water shortage is usually referred to as drought
stress, leading to reduced vegetative growth and survival. Removal of water from plants also
causes the phospholipid bilayer to shrink and become exceptionally porous. Stress isithin th
bilayer may also result in displacement of membrane proteins, loss of enzyme activity and
disruption of cellular compartmentalization (Liu and Zhu, 1998) leading to tougher foliage.
There have been reports that prolonged or severe drought may also itigggt outbreaks in
forests (Jactett al, 2012). There have also been reports that drought stress causes changes in
the expression levels of LEA/Dehydrin genes and molecular chaperones @tlahjr2011).

This type of stress also activates enzymbgkvare involved in the synthesis and removal of
reactive oxygen species (ROS) (Zhu, 2002; Cc
such as aphids, response to drought is not well understood but work done by Vickers (2011)
has shown that under drougiunditions, sieve elements increase in amino acid concentration
and proportion of small nitrogenous molecules which will ultimately be of benefit to aphids
since they are limited by available nitrogen in their diet. Astaral (2012) investigated the

effect of summer drought on the bird cheaat aphid Rhopalosiphum padi,Lfeeding on

barley. Both the drought and the aphids reduced the barley dry mass by 33% and 39%
respectively as well as leaf area and nitrogen concentration by 13% and 28% regpectivel
The aphid population appeared to be unaffected by drought although the population
demography changed significantly.



1.3.1.3 Temperature

Temperature controls the rate of plant metabolic processes that eventually influence
agricultural production (Haand Walker, 1989). It has been predicted that there will be an
increase in 1.4 5.8°C in the global mean temperature in the next century and this will
impact the biology of each species in various ways (Hougtttah, 2001). The productivity

of important agricultural crops is drastically reduced when they experience short episodes of
high temperatures during the reproductive period. Agricultural production, and thus global
food security, is directly affected by global warming (Fisokteal, 2005; Sbmidhuber and
Tubiello, 2007; Ainsworth and Ort, 2010). It has also been reported that high temperatures
play a detrimental role in the population and development of some aphid species such as the
rose grain aphid/etopolophium dirhodunizhou and Carter,992). High temperatures can

also increase the risk of drought, limit the rate of photosynthesis and reduce light interception
by accelerating phenological development (Tubiedio al, 2007). Continuous higher
temperatures may result in heat stress, sulesgly affecting protein folding, and other
membrane complexes. Chaperone functions may be altered especialbhdaatproteins
(HSPO6s) as they also pl aytala2004bl e i n protein

Cold as a stress factor is associated with natéwalterations in energy metabolism that
cause a decrease in the rate of enzyme catalysed reactions resulting in metabolic imbalances
associated with a reduced water uptake leading to cellular dehydration (Thomashow, 1999;
Ruellandet al, 2009). Cold stss aspects profoundly affect plant responses. The impact of
cold in proteome abundance has been studiedrabidopsis thaliana(Bae et al, 2003;

Amme et al, 2006), Thellungiella halophila(Gao et al, 2009),0ryza sativa(lmin et al,

2004; Leeet al, 2009),Cichorium intybugDegandet al, 2009),Festuca pratensi€Chenet

al., 2012), Pisum sativum(Taylor et al, 2005; Dumontet al, 2011) as well a$opulus
tremula x P. tremuloides(Renautet al, 2004). Cold is known to significantly affect
photesynthesis. Chert al, (2012) reported that two genotypes of meadow feseastiica
pratensi§ differ in their frost tolerance with significant differences observed in protein
abundance in these two genotypes exposed to cold. The differences were oirséneed
thylakoidmembraneassociated photosynthetic apparatus such asHeglvesting complexes,
oxygen evolving complex, oxygesvolving enhancer protein 1 (OEE1) and cytochrome b6/f
complex iron sulphur subunit. An apgulation of RuBiSCO subunits wasported due to

cold stress (Gaet al, 2009, Hashimoto and Komatsu, 2007).



1.3.1.4 Salt/Osmotic

Salinity is a constraint to crop production and other agricultural practices as it serves as one
of the major environmental stresses. This type of stnessdevastating global effects on
arable land and it has been predicted that up to 50% of land will be lost by t#4°mid
century (Wanget al, 2003). High salt concentrations can also alter the texture of soil
resulting in decreased porosity and consedy reduced soil aeration and water
conductance. There has also been ctalksbetween high salt stress and drought stress.
Increased soil salinity generates a low water potential zone, making it even more difficult for
the plant to obtain water and thecessary nutrients for survival (Mahajan and Tuteja, 2005).
Therefore, osmotic stress results in water shortage conditions in the plant and takes the form
of physiological drought. The major ions in salt stress signalling afgtaxa to cell
metabolismand adversely affects some enzymes activity), (lequired for maintaining
osmotic balance, stomatal conductance and-faaor for many enzymes such as pyruvate
kinase) H and C&'(reduces the toxic effects of NaCl by initiating the stress signal
transduction leading to salt adaptation) (Mahajan and Tuteja, 200%t iy 1995), which

brings homeostasis in the cell.

1.3.1.5 Light

Plants produce their own energy and meta®litarough photosynthesis. Although
photosynthesis requires sunlight, it also has a negative effect on photosynthesis. Plants have
therefore evolved protective and response mechanisms to mitigate the negative effects of
light stress. Excess light can be geted not only by intense light but also by a variety of
other factors which limit the capacity of the photosynthetic machinery. Among such factors
are water and nutrient shortages as well as high levels of pollutants. By slowing down the rate
of photosyhesis, these factors reduce the threshold of light intensity perceived as excessive
by the photosynthetic machinery. Plants activate several lines of defense to avoid irreversible
damage due to light stress. The understanding of such-phatective melsanisms is critical

in view of the effects of light stress on plant productivideinmigAdams, 1987; Demmig
Adams and Adams, 1992; Hortehal, 1994).



Various plants vary in their ability to tolerate light stress. These differences sometimes reflect
the use of different defense or adaptation strategies. Photosynthetic organisms displaying
extreme lightstress tolerance offer interesting objects for investigating unique, or widely
conserved photprotective mechanismsDémmigAdams, 1987; Demmigdams and
Adams, 1992).

1.3.1.§ pH of Soil

The acidity or alkalinity of soil is expressed as the total hydrogen ion concentration in the soil
water solution. Neutral soil is represented by a pH of 7, values 7 to 0 are referretitias

and 7 to 14 are increasingly alkaline. In practice, the pH of soil ranges from 3 to 9, with the
majority between the range of 4.5 and 7.5 (Tragaal, 1985). Most soil used for
agricultural practices become gradually more acidic as calciummsisdue to leaching by
rainwater and irrigation. The process is further accelerated by the use of nitrogenous
fertilisers such as ammonium nitrate and ammonium sulphate. Vegetables and other crops
vary in their tolerance to soil acidity. Acidic soil ofteauses yellowing of leaves, stunted
growth and affects the yield of crops as the pH level falls. Furthermore, plants grown in
adverse pH conditions may be more prone to disease and fungal attackgiBalath980).

The availability of plant nutrients isonsiderably affected by soil pH. Calcium, potassium,
magnesium and sodium are alkaline elements, which are lost with increasing acidity whereas
phosphorous is more available in acidic soil conditions. Acidity can also induce deficiencies
of micronutrientssuch as molybdenum, copper and boron, although a deficiency in the latter
is more commonly seen in alkaline soils where dweing has occurred. Other minor
elements which may be deficient due to low solubility in high pH includes manganese and
iron, the deficiency of which produces a chlorotic condition commonly seen in the young
leaves of brassica plants (Barrow, 1984).



1.3.1.7) Summary

STRESS

RECEPTORS

C# and other secondary messengers [ InsP, ROS ]

Cd sensors [ CBLS/CaM ]

Kinases/Phosphatases

CIPKs/SOS2, CDPKs, MAPKs and
various protein phosphatases

Transcription factors

Major stress responsive gene:

Physiological response

Figure 1.1: A general overview of an abiotic stress signalling pathway. Adapted from Mahajan and Tuteja
(2005).



Various studies have reported that there are transcription factors or rather various genes that
are differentially regulated to variations in the plant proteome which can mitigate the effect of
the various stresses through the development of stress talemad resistance (Abet al,

1997; Sakamotet al, 2004, Kiziset al, 2004; Luet al, 2007; Xianget al, 2008; Wanget

al., 2009). Other factors reported during abiotic stress for example include temperature
regulation of genes such ad6Tmlthat codes for receptor proteins found to be involved in

plant defense and adaption responses in Triticum aestivum-Gleiatet al., 2009).

Il n summary (Figure 1.1): the stress is firsi
walls or membraes. A signal is then transduced downstream, eliciting second messengers
including calcium, ROS and inositol phosphates. Intracellular calcium levels become further
modulated by inositol phosphates. Calcium binding proteins senses thus increase in calcium
levels and alter their conformation in a calcium dependent manner, interacting with their
respective partners and thus initiate a phosphorylation cascade. This then targets the major
stress responsive genes or the transcription factors controlling vgenas. The products of
these stress genes ul ti mately |l ead to plan
Consequently, plants respond to stresses as individual cells and synergistically as a whole
organism. The generation of abscisic acid (ABA),csdit acid (SA) and ethylene also

comes into play during stress induced changes in gene expression. These molecules both
amplify the initial signal and initiate a second round of signalling that may follow the same
pathway or use altogether different compnots of other signalling pathways (Mahajan and

Tuteja, 2005).

1.3.2) Biotic Stress Responses

1.3.2.] Introduction

Biotic stress factors on the other hand are usually a result of pathogens such as viruses,
bacteria and fungi, herbivores or insects.ifasace to biotic stress may either be qualitative

or quantitative. Biotic stress is a consequence of the parasitic relationship where the
pathogen, herbivore or insect derives food from its host. The parasitic organism can either
live and multiply in andter living system known as biotrophic or live, feed and multiply on
dead tissue known as necrotrophic. Plants have developed different defense mechanisms to

protect themselves from biotic stresses.
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These lines of different defense mechanisms often overidpone another (Valcet al,
2009). The stress is first perceived by the receptors present on the membrane of the plant

cells.

1.3.2.9 Stress Response to Pathogens

Plants have developed defense mechanisms that protect them from various pathagens (K

et al, 2011) . A plantédés successful def ense aga
recognition of t he-reguatioh of @Eproriate defenseantceghansmsd u p
(Ebel and Cosio, 1994; Jones and Takemoto, 2004) such as phytoalerioscement of

plant cell walls, ROS production as part of the hypersensitive response, pathegsatsis

(PR) proteins and others possessing-amtrobial properties (Bailegt al, 1976, Alvarezt

al.,, 1998; Mittleret al, 2004; Nicholson and Hammszhmidt, 1992; Van Loon and Van

Strien, 1999). Pathogens produce pathemens oci at ed mol ecul ar patte
perceived by plant receptors known as pattern recognition receptors (PRR), leading to PAMP
triggered immunity. To overcome this regge, pathogens produce effector proteins which

then enter into the host cell. The host plant in response produces effector specifteiRs

which are encoded by-Benes to resist pathogen invasion. This gives rise to what is known

as the hypersensitiveaction or effector triggered immunity and thus constitutes qualitative
resistance. Further attack by the pathogen continues, producing enzymes and toxins. Several
other signal transduction pathways, induction of phytohormones are also activated deploying
broad biochemical resistance mechanism in order to minimize or suppress pathogen progress,

thus constituting quantitative resistance (Kushalappa and Gunnaiah, 2013).

Plants use their cell wall to prevent fungal invasion through the deposition of goebgaer

call ed call ols3g.l uCalnl,odae risgs alidBcovered in the
as a soft carbohydrate plug found in intercellular connections (Currie, 1957) predominantly in

the area surrounding the site of pathogen attack (Kwdlekd Brown, 1997). Callose

synt hesi s i s1,3 glucah syathagseds astivaed suldfsequent to the disruption of
plasma membrane integrity (Kauss, 1985). Formation of this soft carbohydrate plug occurs
quite rapidly, mostly within minutes of wad initiation (Radforcet al, 1998; Nakashimat

al., 2003).
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When viewed in electron micrographs, it appears electrolucent (Stone and Clarke, 1992) and
fluoresces under UV light when stained with aniline blue fluorochrome (%toak, 1985).

Initiation of callose formation in response to wounding of plant cells is a result of a
mechanism involving calmodulin (elevated’Cimn levels) (Botha and Cross, 2001). Callose

is largely produced in the sieve elements of the phloem to restpdhsough cells (Currier,
1957) and thus seal the damaged pores to pr e
However, certain fungi have managed to overcome this defense mechanism by possessing
highly developed haustoria that avoid activatidrplant responses. This is accomplished by

the encapsulation of haustorial complexes by callose and proposed to be a mechanism used
by plants to accommodate certain beneficial types of fungi such as mycorrhiza (Maor and
Shirazu, 2005). Once fungal pathogenanage to evade the first line of defense and enter the
plant cell wall, a phytoalexin response is triggered. These molecules such as camalexins,
saponins etc. are produced in response to signals indicating pathogen presence and
subsequent infection (Thamaet al, 1999; Yanget al, 2004). These preformed inhibitors

are glycosylated compounds that possess potential antifungal activity due to their role in
defense against pathogenic microbes (Hammtoshck and Jones 2000; Osbourn, 2003).

1.3.2.3 Stress Responses to Insect Herbivory

Research has shown that insect herbivory is a significant limiting factor in food production
with an estimated loss of up to 20% of crops per annum (Ferry, Edwards, Gatehouse and
Gatehouse, 2004). This type of herbivory aoly results in mechanical damage but may also
result in pathogen transfer to affected plants (Fetrgl, 2004). Unlike pathogemduced
responses, plants responses to insect herbivory are quite dynamic due to the evolution of
insect defenses againdapt protective systems. This interaction between plants and insects
has generated a keen interest amongst scientists and has thus incorporated many fields such
as physiology, ecology and biochemistry to mention a few. Plants undergo various chemical
and norphological changes in their response to herbivory or pathogen attack (Karban and
Baldwin, 1997).
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These responses may either be constitutive or induced, involving various pathways which the
affected plant activates in response to a specific inseattingsin the differential activation

of various signalling molecules (Walling, 2000). Insects feeding on plants may either result in

a physical or a biochemical defense from the plant. Chewing insects induce a wound response

by the plant, resulting in thproduction of antfeedants such as alkaloids and protease
inhibitors (Dangle and Jones, 2001). This wound response pathway is usually mediated by

the oxylipin, Jasmonic Acid (JA) and ethylene which are also thought to act synergistically,
stimulating the@ own respective biosynthesis in the process éxal, 1994; e&o6Donne
al., 1996).
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1.3.2.4 Stress Response to Phloem Feeding Insects

Various approaches have been used to obtain a better understanding of the stress response
mechanisms induced by phloem feeding insects. Aphids are known as phloem feeders and
cause severe plant loss worldwide (Poweelal, 2006). Current literature indicates that plant
responses to aphid feeding are more similar to that induced by bacterial infection as opposed
to regular responses to insect herbivory (Bathal, 1996). They are highly efficient in
colonizing and settlig on plants. Secondly, winged adults colonize new host plants whereas
wingless adults invest more resources in reproduction and tend to probe the plant for much
longer periods (Poweét al, 2006). Phloem feeding insects such as aphids probe a plant for
longer periods, inducing leaf rolling for protection. Their survival is dependent on their
ability to access phloem bundles while evading the plant defense responses (Tjallingii, 2006).
Upon prolonged feeding on the sieve tubes, aphids continuously sglcary secretions

into the plant tissues with their stylets, which are thought to contain substances to counteract
plant defense. Phloem feeders are capable of causing morphological changes, modified
resource allocations and various local as well agsystsymptoms changes within the host

plant (Goggin, 2007). Reports show that plant responses to phytopathogenous insects or
pathogen attack share common events, for example protein phosphorylation, membrane
depolarization, calcium influx and release of R8uch as hydrogen peroxide@4). These

events activate phytohormodependent pathways such as ethylene (ET) and jasmonate (JA)
dependent responses; these being activated normally by necrotrophic pathogens (Thompson
and Goggin, 2006) and grazing inse@#affei et al, 2007). Salicylic acid (SA) dependent
responses are triggered by biotropic pathogens (Thompson and Goggin, 2006). Plants are able
to differentially produce SA, JA and ET signalling molecules to adjust their response to the
type of elicitingagent (De Voset al, 2005; Dickeet al, 1999). Sucking insects such as
aphids usually activate and are more associated with the salicylic acid pathwaye{@hen

2012). Phytohormone accumulation activates both local and systematic plant respasses, th
leading to production and accumulation of defense proteins and secondary metabolites with
antixenotic or antibiotic properties in damaged and undamaged parts of the plant. When it
comes to plant aphid c¢ o mpepdndebtiregmse is dctevateal,ct i o n
while expression of JAlependent genes appears repressed (Walling, 2008; Thompson &
Goggin, 2006).

15



1.3.2.5 Signalling Pathways Induced By Aphids

Aphid feeding induces various defense signalling mechanisms in plants. These mechanisms
are thought to be the initial response of plants to reduce aphid attack. Smith and Boyko
(2007) suggested that two different plant defense processes occur once an elicitor is detected
by a plant. One process involves gdéaegene recognition while the othprocess involves

the activation of various signalling pathways which trigger a defense response (Makunas

al., 2011). Gendor-gene recognition are thought to only occur in resistant plants, followed

by the activation of aphid resistance and deferspanses. The activation of signalling
pathways in response to aphid attack alters gene expression which in turn alters cell
molecular composition. On analysis of th&NA sequencing data, ZRBalzmanet al.

(2004) found that the encoded proteins functiophotosynthesis, cell maintenance, defense
signalling as well as in secondary metabolism. The recognition of aphids feeing by plant
receptors are subsequently followed by the transmission of a cascade of defense events
downstream that involves variougysalling molecules. These plant signalling events are
often driven by phytohormones such as Jasmonic acid (JA), Salicylic acid (SA), Ethylene,
Abscisic acid (ABA), Gibberellic acid (GA), Auxins (IAA) and free radicals (ROS) mainly
Hydrogen peroxide (¥D,) and Nitric oxide (NO) (Gacet al, 2007). These systemic
signalling pathways in plants can mount a multiple layered defense throughout the entire
plant system and may result in leaf or phloem modification, plant cytoskeletal modification,
production of seondary metabolites as well as transformed signalling to neighbouring plants
(MauchMani and Metraux, 1998).

1.3.2.5.) Jasmonic Acid Induced By Aphid feeding

Jasmonic acid (JA) and its methyl esters come from a group of compounds known as
oxylipins that are produced via oxygenation of fatty acids. JA and its related compounds, are
involved in the regulation of plant responses to wounding and necrotrophic @ashegich

have been described in Arabidopsis, tobacco, wheat and sorghum (Devoto and Turner, 2005).
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The JA biosynthesis pathway together with lipoxygenase (LOX) being involved in it is
important in woundingnduced defense responses and has been \alithgt the exogenous
application of JA. LOX, the key enzyme has been studied in many species of plants in
response to aphid feeding. The defense function of JA was first reported by Farmer and Ryan
(1992), in which they provided evidence between woundingeaxzh by insects, JA formation

and protease inhibitor genes that prevent insect feeding. Furthermore, they proposed that
wounding causes the formation of linoleic acid, which is the alleged precursor of JA. Korth
and Thompson (2006) further provided evidernat JA and MeJA are potent inducers of
protease inhibitors (PI) and play a pivotal role in the plants response to herbivore attack.
Monaghanet al. (2009) reported that not only does JA and ethylene (ET) play key roles in
resistance to herbivore attaddut also to necrotrophic pathogens. Recently, it has been
discovered that WRKY transcription factors are key elements of defense in the JA signalling
pathway. A study conducted by Kusniercatkal. (2008) revealed that WRKY transcription
factors play defese roles irArabidopsisto the cabbage aphi@Kevicoryne brassicgeCevl
(constitutive expresser of vegetative storage protein 1) alongside VSP (vegetative storage
protein), PDF (plant defensin), Thi2.1 (thionin 2.1 and chitinase B have also beentdound
display constitutive activation of defense responses against various aphids (see Figure 1.3
(Ellis et al, 2002).

1.3.2.5.2 Salicylic Acid in Plants Response to Aphid feeding

Salicylic acid (SA), a phenolic phytohormone has been found to regukaé gefense
mechani sms against both abiotic and biotic
resistance (SAR) is essential which is seen as a broad spectrum plant immune response and is
also crucial for localized plant tissue hypersensitivearsps (Caet al, 1994; Dempsegt

al., 1999; Viotet al, 2009; Vicente and Plasencia, 2011). SA is a central regulator of cell
fate involved in gene expression, which is a process that engages the activation of plasma
membrane bound NADPH oxidases. NRB oxidases and cell wall peroxidases are
responsible for the oxidative burst that takes place in the apoplast in response to the

perception of abiotic and biotic stresses (Kawano & Muto, 2000).
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The apoplastic oxidative burst and accumulation of resultant R@8using significant
changes in cellular redox levelsn the extracellular space is characteristic of plant cells that
are exposed to physical and chemical shock, insects and herbivomehiots
microorganisms and pathogens. NADPH oxidase activation serves to restrain the spread of
pathogenand SAinduced cell death (Pogaey al, 2009).

SA has long been associated with resistance against biotrophic pathogens, in turn, stimulating
the expression of defense response genes (PR genes) (Moran and Thompson, 2001;
Monagharet al, 20009) . ltds i nvolvement in response
Triticum aestivum, Arabidopsis thalianand barley indicating a possible resistance
mechaism role. Mohase and van der Westhuizen (2002) have reported higher catalase and
peroxidase (markers of resistance response) activities in reSistaegtivumines during SA
induction. Their findings also showed that aphid infestation also inhibitathsatactivity in

both the resistant and susceptible plants, which probably owes to SA binding and inhibiting
catalase activity. Kusnierczykt al. (2008) also revealed that a wide range of defense
response genes which arenggulated due to aphid attaiskdependent on SA. These include
genes involved in SA synthesis (EDS1, EDS5 and PAD4) and stress responsive genes (PR1,
PR2, PR4, PR5, NIMINL, NIMIN-2 and SABP4ike). Sorghum, for example, defends itself

from the greenbug aphi&¢hizaphis graminuytby up-regulating the expression of PR genes

such as BGL2, HEL (heveilike protein) and chitinases which are associated with the SA
defense signalling pathway (Z8alzmaret al, 2004). However, it is worth noting that there

are certain SAlefenserelated gaes such as PR genes which are doggulated during

aphid infestation. This was reported by Patlkal. (2006) who identified genes in sorghum

using ®NA subtraction and Microarray analysis in response to greenbug piféaelimg.

1.3.2.5.3 Ethylene in Plants Response to Aphid feeding

Ethylene (ET), a gaseous plant hormone is synthesized in response to stress or pathogen
attack, but also affects a myriad of developmental processes, plant germination, leaf
abgission, root nodulation and programmed addath (Johnson and Ecker, 1998). ET is
usually perceived by a group of membranous receptors, ETR1/ETR2 and ethylene response
sensor 1 (ERS1/ERS2) (Chang and Stadler, 2001).
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Biochemical and genetic studies revealed that these receptors are negatisonegil
ethylene response and are inactivated by ethylene binding (Guo and Ecker, 2004). On the
other hand ethylene also has positive regulators that are acting downstream of CTR1 such as
EIN2, EIN3, EIN5, and EING6. Studies have showed that ethylenesedntd the activation of
Arabidopsis40-kDa proteins that have MAPK characteristic properties (&ual, 2001).
Reports on aphid infestation on alfalfa, barley and wheat show that higher ET concentrations
were observed in susceptible rather than redistativars. However, several factors such as
plant cultivar, plant age, degree of infestation, type of aphid and length of infestation come
into play (Dillwith et al, 1991; Anderson and Peters, 1994; Miller al, 1994). In
Arabidopsis, Moranet al. (2002) found activation of genes in responseMo persicae
feeding. These genes function in oxidative stress, PR genes and calcium dependent
signalling. Also, during this activation period, induction ofarhinocyclopropand-
carboxylic acid (ACC), a gene encoding an ethylene biosynthesis gene was noted. In a
different study, Divokt al. (2005) observed that in aphid susceptible celeryrdsponsive
EREBR3 and ET responsive elements arereigulated byM. persicae

1.3.2.5.4 Abscisic Acid (ABA) and Gibberellic Acid (GA) in Plants
Responsdo Aphid feeding

Abscisic acid (ABA) is a positive regulator of leaf senescence that accumulates in response to
drought, salt or extreme temperatures, and leads to altered gene expression and adaptive
responses such as stomatal closure and the -lppildbf osmecompatible selutes
(Chandrasekhaet al, 2000). Studies conducted by Jamne¢sal. (2009) and Xiong and

Yang (2003) indicated that ABA synthesis and MAPKSs signalling cascades play vital roles in
stomatal movement under drought stressdi8tuby RoberSeilaniantztal. (2007) reported
interesting and important roles for both ABA and GA in plant defense against biotic stress.
The role of ABA has been implicated in basal and induced resistance against biotic stress
(Florset al, 2009). Milleret al. (1994) reported that ABA and GA have no effects on aphid
feeding, while Florset al. (2009) showed that ABA plays an important role during plant
insect interactions. Part al. (2006) as well as Boyket al. (2006) further investigated and
reported the prregulation of genes such as ASR (ABwater stressipeninginduced

protein) in the biosynthesis of ABA.
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Furthermore, the G#Anduced protein (GIP) and the seed maturation protein were
differentially regulated by greenbug feeditig.addition, ZhuSalzmaret al. (2004) reported

that the drought, salt and low temperature responsive gene (DRT) as well as the aldehyde
oxidase gene (AOX) which are known to be regulated by ABA, were reported in response to

greenbugs.

Previous studies have shown that GA sea&s plasma membrabeund receptor and has
been i mplicated i n pl ant sl63gldcanse frsnecerealegsgip o n s e
(Matsuoka, 2003).

1.3.2.§ ROS and NO involvement in plant response to aphid feeding

Plants naturally produce Rea& oxygen species (ROS) as signalling molecules to control
various processes including pathogen defense, programmed cell death (PCD) and stomatal
behaviour (Apel and Hirt, 2004). The major forms of ROS are superoxige (@drogen
peroxide (HO,) andhydroxyl radicals (HQ which are highly reactive and toxic; therefore
plants maintain them at lowest levels by a protective mechanism involving the production of
superoxide dismutase, peroxidase and catalase (Bolwell and Wojtaszek, 1997). However,
H,0; is relatively stable ROS. The production of®3 is a general response of plants to
general stress conditions and not necessarily specific to plants infested with aphids
(Wojtaszek, 1997). The S, activates defense genes such as peroxidases and higher leve
could have toxic effects on aphids, causing damage. Reports by KusnietcalyK2008)

have shown ROS involvement in early signallingAirmbidopsis thalianafter infestation by
aphids, Brevicoryne brassicae H,O, has also been found to activate tipeotein
phosphorylation cascade, which modulates gene expression in response to external stimuli.
These cascades of events also involve the phosphorylation of events of MAPK.eRalker
(2006) reported the overall dowagulation in resistant and sustibfe sorghum lines of the

CAT, POX and QR genes using microarray analyses. This overall-ceguatation is thought

to be due to intense ROS burst during the early stages of the greenbug aphid feeding.
Therefore the levels of ROS remained significantlyhhig induce defense related genes.
Several mechanisms have also been reported to be associated with the production of ROS in
response to infection with NADPH oxidase being predominant in most cases (&oalgs

2005; Toress, 2010).
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In this NADPHdepenént oxidase system the plasma membrane localised NADH oxidases
(NOX) catalyses the production o,y the reduction of oxygen (Torres and Dangl, 2005).
Thus, HO, seems to be the diffusible signal for the induction of cellular protectant genes in
the surounding cells including the PR proteins and the establishment of SAR (Deetpsey
al., 1999). Activation of the oxidative burst is a central component of a highly amplified and
integrated signalling system involving SA production and perturbation of digtoSe’”,

which underlines the expression of diseesgstant mechanisms (Lamb and Dixon, 1997).

Nitric oxide (NO), together with ROS is recognised to increase levels after pathogen attack.
These molecules have been f diverrebportse stimdatei vat e
SA production as well as induce defense response genes (Walling, 2008). Moloi and van der
West hui zen (2005) repor t-aphid iletabtion as & defdnsee me n t
response against the Russian wheat aphid. In their,dudyoxiainduced early production

of NO in two wheat isolines with higher levels reported in the resistant cultivar than in the
susceptible cultivar. They have also reported that NO activates SA biosynthesis as well as
interacts with ROS radicals. It btiemains unclear whether NO could be a signal molecule in

the resistant responses of wheaDtmoxia
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1.3.3 Resistance responses in plant

Plants are in a continual arms race and constantly being challenged by herbivores and
microorganisms. Plants are sessile and therefore lack systems which will permit them to
shield themselves in a manner similarthat of animals (Both&t al, 2005). For these
reasons, they have developed chemical and physical defense mechanisms to protect
themselves against attack (Slaeeral, 2004). External defensésat the plants have in place

to discourage feeding includes thorns, cuticle, bark or wax layers. Once a pest has
successfully penetrated these external defenses, it encounters a further array of internal
defense responses which may include structur@matal or proteins/ enzymes defenses
(Chisholm et al, 2006). Many proteins, enzymes, defensins and protease inhibitors are
employed to inhibit pathogens and inhibit digestion within the pest. Chitinases, glucanases
and other lysosomal enzymes are produseédaction to infections and infestations (Freeman

and Beattie, 2008).

The mechanisms essential to plaphids interactions still remains a field that needs to be
explored. Nevertheless, plants do display adaptations that limit aphid infestation.sd3efen

that are shared by all genotypes of a plant species and that prevent a species from being a host
for a particular pest constitute nbost resistance. Traits that reduce herbivores from settling

or colonizing (antixenosis) or reduce herbivore survaral production (antibiosis) on a host
species are sources of host plant resistance. A third type of resistant mechanism that occurs is
tolerance which occurs when the plant is able to tolerate the nutrient drain caused by the
aphids (Smith and Boyko, 20D7

Most aphids have been found to inflict minimal damage as opposed to other herbivores
(Walling, 2008). They use their stylets to penetrate the plant, enabling them to feed for
sustained periods so as to obtain enough nutrients while mimicking daméue péant.

Several studies have indicated that plants respond to RWA feeding is a typical Hypersensitive
Response (HR) that i ncl uéde3glucanases ancctitinasésilton o f
has been proposed that the resistance response oftaiagditid feeding is elicited mainly in

the apoplast where several defense related products accumulate (Bowles, 1990). Van der
Westhuizen et al. (1998) found that RWA feeding on resistant wheat cultivars gave rise to

i ncreasedl3gecamseslimaof abal ogous study, n-bticeab
3-glucanases and chitinases were reported in resistant Tugela Dn as opposed to the
susceptible Tugela cultivar (Botlefal, 1995, Van der Westhuizen and Pretorius, 1996).
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In the first phase of the R| activation of the R genes triggers an ion influx which involves
the efflux of hydroxide and potassium out of the cells and an influx of calcium and hydrogen
ions into the cell (Ben, 2007). In the second phase, the cells involved generate an oxidative
burst through the production of reactive oxygen species (ROS, superoxide anions, hydrogen
peroxide, hydroxyl radicals and nitrous oxide) all affecting cellular membrane function by
inducing lipid peroxidation and damage (Laétial, 2004; Ben, 2007). DurinHR, infected

plants induce cell death in those cells surrounding the site of infection thus encircling the
invading pathogen with a layer or a ring of dead cells thereby inhibiting its growth&iColl

al., 2011). An infected plant also strengthens itk walls by the deposition of different
phenolic compounds while synthesising diverse toxic compounds (phytoalexins and PRS)
(Coll et al, 2011). HR also involves the generation of salicylic acid (SA), Jasmonic acid
(JA), ethylene, nitric oxide, oxylipindyenzoic acids which induce overlapping signalling
pathways resulting in the activation of molecules and the expression of defense

enzymes/small molecules (Harasal, 2003).

The Systemic Acquire Resistance (SAR) response follows the initial and r&pidvirich

results in a broadpectrum, londasting protection in neinfected tissues in certain plants

that have suffered infections due to pathogen attack (etuat, 1996). The onset of SAR is
usually characterized by the presence of Salicylic Aci) @d hydrogen peroxide (B,)
molecules, giving rise to pathogenesis related (PR) genes which usually spread throughout
the rest of the plant (Malamst al, 1990; van Loun, 1985; van Loun and Antoniw, 1982).
Chitinases and -1, 3-glucanases are the twoost important hydrolytic enzymes which are
predominant in many plant species after infection by different pathogens. They degrade fungi
cel | w all, 3gtucara and dhitin are the major structural components of cell walls of
many pathogenic fungi. B -1, 3glucanases are awdinately expressed along with
chitinases after fungal infection with their production associated with many plant species
including wheat. PR proteins accumulate at primary infection sites as well as in tissues

showing SAR andnevent infection of plant cells (Stintet al, 1993).

1.3.9 Resistance genes and resistance mechanism

Plants are continuously under threat by a variety of insects and pathogens and have thus
needed to develop defense approaches which are regulatpdytmhormones to ensure

survival (Jankielsohn, 2013; Lazebimdt al, 2014). This has resulted in the evolution of
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insect biotypes which have evolved particular resistance (ugib, 2014). Since the new
biotypes exert a selection pressure on the host plant, those plants which have developed a
new defense strategy will survive thereby resulting in the development of new resistance in
the plant (Sugiet al, 2014; Bruce, 2015). By beding resistant lines, breeders speed up the
natural process in favour of the plant, however, when resistant cultivars are released; counter
resistance of the insect or pathogen still occurs, thereby requiring the constant development
of new resistant ctiVars. RWA resistant cultivars have been bred throughout the world and
therefore numerous commercially resistant cultivars are accessible to farmers (€bkhay

2007). Host plant resistance is the base of cereal insect pest management programs with
several D. noxiaresistanceDn genes introduced in commercial cultivars to manage aphid
infestation (Kharet al, 2013; Puterkat al, 2015). The distribution of genetic resources for
resistance also assists in achieving to produce stability without restotthe use of harmful
chemicals (pesticides and insecticides). Furthermore, it prevents the environment against
degradation and benefits the producers who cannot afford the use of costly chemicals
(Marasas, 1999). In South Africa, host plant resistance&heat has been introduced and
applied successfully as a control measure against RWA (Van Nierkerk, 2001; Tolmay and
Van Deventer, 2005). These resistant cultivars form the basis of an integpatenl
programme which was developed in the country ey $Imall Grain Institute (SGI) of the

South African Agriculture Research Council (ARC) (Hattetgal, 2004). Resistance which

is posed by variouPn genes may be categorised as antibiosis, antixenosis or tolerance,
although some cultivars may display antmnation of these (Smitét al, 1992; Haileet al,
1999) . I n antibiosi s, the plant | imits the
reducing the fecundity rate of the insect and it is@iné gene that is responsible (Waeg

al., 2004; Bthaet al, 2014). In antixenosis, the resistant cultivar prevents aphids from
settling and colonising the plant. TB®2 gene has been characterised to impart tolerance to

RWA whereby the wheat plants survive but are stunted in growth (\ataadg 2004)

In South Africa, currently four Russian wheat aphid biotypes (Table 1.1 have been collected
and identified (Jankielsohn, 2014). The first reported was in 1978 and the biotype was
designated as RW.SAL (Du Toit and Walters, 1984). Later on in 2005, ypet RWASA2,
virulent against th®nl resistant gene was recorded in wheat producing areas, especially in
the Eastern Free State (Tolmay,al, 2007). RWASAS, virulent against th®n4 resistant

gene, was recorded in 2009, also predominantly in therBdstee State (Jankielsohn, 2011).
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Recently, RWA virulent against tHen5 resistant gene designated as R\®A4 has been

reported near Bethlehem in the Eastern Free State (Jankielsohn, 2014).

Table 11: Summary of the genesassociated with RWA resistance (Adapted from Van
Zyl, 2007).

Gene Resistance Mode of Reference
Source Inheritance

Dnl P1127739 SD Du Toit, 1989
Dn2 P1262660 SD Du Toit, 1989
Dn3 T.tauschiiline SQ24 R Nkongolo, 1991
Dn4 P1372129 SD Nkongolo, 1991
Dn5 P1294994 SD Marais and Du Toit, 1991
Dn6 P1243781 SD Dong and Quick, 1995
Dn7 94M370 SD Maraiset al, 1994
Dn8 P1294994 SD Liu et al, 2001
Dn9 P1294994 SD Liu et al, 2001
Dnx P1220127 SD Liu et al, 2001
Dny P1220350 Unknown Tolmayet al, 2012

SD: Single dominant; CD: Cedominant; R: Recessive

These genes were introduced into lines with acceptable agronomical traits through backcross
breeding. The donor parent is crossed with the recurrent parent and the progeny is further
crossed with the rectant parent to establish a line identical to the recurrent parent with the
addition of the gene of interest (Dogimattal, 2010). Backcross breeding was performed to
transfer resistance into well adapted South African cultivars of Tugela, Betta, Mikee,
Kariega, Letaba, Molen and Palmiet at the Small Grain Institute in Bethlehem, South Africa
(Tolmay et al, 2006). During the backcross breeding process, plants were screened for

resistance to Russian Wheat Aphid.

1.3.5 Photosynthesis

Photosynthesis plays a major role and is a fundamental process in the plant kingdom that
ensures survival of plants. The conversion of light energy into chemical energy is key to the
survival of plants. The photosynthetic reaction systems, which playadaprole in the
energy conversion process, are composed of special pobteirophyll complexes in the

core of lightharvesting photosystems (Buttretral, 1992). Photosynthesis takes place as a

major energy harvesting reaction which involves two tpsygstems: the oxygesvolving
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photosystem 1l (PSIl) that originated from purple bacteria and the ferredoxin reducing
photosystem Il (PSI) that originated from the green sulphur bacteria (Bettiagr 1992).
Chlorophyll a and Chlorophyll b which are themary pigments are located in the thylakoid
membrane. These pigments absorb different light and accumulate the energy in excited
electrons in the thylakoid membrane. Secondary pigments, carotenoids (Carotenes and
Xanthophyll) are located in the chloragt membrane and outer membrane to absorb the light

waves not efficiently absorbed by chlorophyll (Nelson and Yocum, 2006).
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Figure 1.4: Photosystem | and Il location. The thylakoid membrane with PSI and PSII
are indicated with the movement of reactiongo produce sugars through the Calvin

cycle. Figure taken from www.ualr.edu/botany/botimages.html

In Photosystem I, the P680 reaction centre captures photons. This reaction centre complex
consists of D1 and D2 polypeptides, five chlorophyll a, two phegtih a, one Bcarotene,

and one or two cytochrome3b9 heme(s) (Nanba and Satoh, 1987). Light energy is used to
carry out the splitting of water molecules. When the electrons are released from the water, the

water molecule is broken into oxygen, whichredeased into the atmosphere, and hydrogen
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ions are used to drive ATP synthesis. The electrons, excited at the antenna molecule P680,
are passed down a chain of electtansport proteins and receive extra electrons from PSI.
More hydrogen ions are pungbacross the membrane as these electrons flow down the chain
providing more protons for ATP synthesis. The electrons are then transported on a NADPH
molecule to enzymes that build sugar from water and carbon dioxide (Nelson and Yocum,
2006). A photosysterhreaction center complex consists of 6 polypeptides containing two of
subunit | that associate with P700, subunit-BSsubunit PSE, quinones and fluorenones.
Twenty chlorophyll a molecules and a cytochrome 522 heme form the complex P700

molecule (Benig and Nelson, 1977).

Photosystem | also uses photons, but at 700 nm wavelength, to excite electrons from its
antenna molecule P700. The electrons produced by PSI are captured by ferredoxin and used
to reduce NADP+ to NADPH. ATP, which is produced viamlesmosis, and NADPH are

then used in the lighhdependent reactions, together with hydrogen atoms extracted from
water by PSII, to convert carbon dioxide to glucose and in the process releaseas<ggan

product (Fromme, 199&elson and Yocum, 2006).

Phloemfeeding insects (PFI) not only significantly reduce photosynthesis in their host plants
(Macedoet al, 2003) by dowsregulating the expression of photosynthesiated genes
(Heidel and Baldwin, 2004; Voelcket al, 2004; ZhuSalzmanet al, 2004; Qubbagt al,

2005; Yuanet al, 2005), but also cause a changed carbohydrate metabolism by resource
allocations from a growth to a defense metabolism (HeiddIBaldwin, 2004). The changes

in metabolism are due to the pathogen that manipulates the carbohydrate metabolism of the
plant for its own advantage. The plant, upon recognition of the aphid, also increases carbon
supply to the areas of need such as rdereactions (Bergest al, 2004). In resistant
cultivars such as Tugela Dn, genes required for Rubisco synthesis are upregulated, which
might be necessary for sustaining energy production for resistance (Van der Westhuizen and
Botha, 1993). Sourtsink relationships and water relations are also modified within the
plant, because PFI must extract large volumes of phloem sap to attain adequate nitrogen
(Douglas, 2006). By inducing genes involved in carbon assimilation and mobilization to
increase sugar uge, the sugars are depleted and thereby localized metabolic sinks are
created (Moran and Thompson, 2001; Moeaal, 2002; ZhuSalzmaret al, 2004). PFI also
modifies nitrogen allocation in their hosts by upregulating genes involved in nitrogen

assimihtion, in particular genes that encode enzymes required for synthesis of tryptophan and
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other essential amino acids (Sandsteiral, 2000; Heidel and Baldwin, 2004; Z8alzman
et al, 2004; Thompson and Goggin, 2006).

1.3.6 The effect of RWA feedingon photosynthesis

The photosynthetic machinery of a plant is significantly reduced by RWA feeding as the
expression of genes involved in chloroplast synthesis and function is inhibited @atha
2006). Photosynthesiglated genes are strongly supgexs by MeJA signaling, and to a
lesser extent by SA (Zkh8alzmaret al, 2004).

RWA feeding destroys the cell membranes, damages the chloroplasts, and thus, effective
photosynthetic capacity declines (Fouatéal, 1984). The decrease of total chlorophgl

and b) and carotenoids (luteins), which play an important role in the PSI, were observed by
HengMoss et al, (2003) in susceptible cultivars after RWA feeding. This suggests that
RWA feeding causes the reduction of the photosynthetic rate in sidedipies and the PSII
complex is suggested to be a target for RWA damage @Nersget al, 2003). Chloroplast
machinery maintenance is one of the determining factors in enabling resistant varieties to
overcome the stress during RWA feeding (Boétaal, 2006). Furthermore, Bothet al.

(2006) obtained 200 neredundant expressed sequence tags (ESTs) from the RWA resistant
wheat transcriptome elucidated in response to RWA. Of these genes, 18.9% were involved in
photosynthesis including chloroplast genes the Rubisco rbcL, red chlorophyll catabolic
reductase, the Photosystem | P700 apoprotein, thioredoxin m and chloroplast ATP synthase.
Upon RWA feeding, ATP synthase and was found to be significantly higher expressed in
resistant Tugela Dn when companedthe susceptible Tugela cultivar. It would therefore
appear that this enzyme/protein is important for maintenance of photosynthetic activity in
resistant wheat during RWA feeding. These genes thus serve as promising candidates to
consider for expressiamanipulation to ultimately find a means of generating RWA resistant
wheat lines (Botlet al, 2006).
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1.3.7 Aphids

The family aphididae comprises more than 4300 species all of which are specialized to feed

on phloem sap (Blackman and Eastop, 1994)Wler d O6aphi dsd is a bro
referring to any member of the aphididae though there are sometime uncertainties about the
families to be included (lharco and Van Harten, 1987). These species are characterized by
different feeding behaviour (Blanlan and Eastop, 1994). Aphids feed from the sieve
elements in which they use specialized stjlet mouthparts to probe intercellularly
(Pollard, 1972) and produce large amounts of honeydew, sugary excreta. Majority of aphids
that lie within the group aptidae, do little perceptible damage to plants (Miles, 1999).
However, exceptions do exist though with the greenlf&chizaphis graminunand the

Russian wheat aphi®juraphis noxia

These have been found to cause significant plant damage for two réBsas 1998):
firstly, due to their role as vectors of va
various affected aphid species feed on it and secondly because they secrete a proteinaceous
salivary sheath that lines the stylets path as veeHl watery based saliva containing enzymes
such as p gluommsidasdsa xidases, pdctinases, cellulases and a number as of yet
uncharacterized enzymes (Mathews, 1991; Miles, 1999). Aphids induce upregulation of PDF
1.2 and Lox 2 genes in plantsethfeed on. These genes encode for defensin (former) and
lipoxygenase (latter) and are involved upon wounding in the JA signalling pathway (Walling,
2000). Their feeding has been reported to cause reduced or altered photosystems, decreased
plant growth andlecreased synthesis of many metabolites (Teddal, 1971). Studies have
proposed that phloem feeding insects such as aphids trigger similar responses in plants to that
of feeding insects despite the aphids probing action on the host plant. This iedlsethe
activation of JA and SAmediated signalling pathways. Furthermore, plant responses to
aphid feeding include the production of ROS, cellular accumulation of SA and subsequent
expression of PR proteins (Morahal, 2002). Studies have also shotihat aphids introduce

foreign substances such as oligosaccharides and glycoproteins occurring in aphid saliva into

their host plant (Moran and Thompson, 2001).
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1.3.7.) The Russian Wheat Aphid (RWA) Diuraphis noxia)

Diuraphis noxiaKurdjumov, also gnerally known as the Russian Wheat Aphid is a small,
yellow-green or greegrey phloem feeding insect that is approximately -L2.3mm in

length.

Figure 1.5: The Russian Wheat Aphid. Adapted from Tolmay, 2006. [Photograph: J.L.
Hatting]

The insect appears to have a host preference that includes cereal grasses, favouring mostly
wheat and barley. This aphid is endemic to central Asia, Southern Russia, countries bordering
the Mediterranean Sea, Iran, Afghanistan and it has also been sdgtedt®. noxia
coevolved with triticale in the Fertile Crescent. It then distributed from Western Asia to
Africa and the USA. The first reports Bt noxiain South Africa was in 1978 and by the fall

of 1979 it had become a serious pest, spreading thootigiie wheat producing areas of the
Western and Eastern Orange Free State as well as Lesotho (Wa#krd980). By the mid
19906s it had successfully spread to al/l w h
2003) with most severe effects om@at production in South Africa and the USA (Snath

al., 1992; Tolmayet al, 2007; Smithet al, 2004). The estimated economic loss caused by

this pest was found to be around $900 million in the USA between the period 1987 and 1993
(Morris and Pears, B8) but further studies have shown that this figure had significantly

increased.
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This was due to the development of nBwnoxiabiotypes (Bothaet al, 2010) and was also
reported to be the case by Tolmatyal. (2007) in South Africa. Sever#&).noxia biotypes

exist in South Africa, namely RWSALl, RWASA2, RWASA3 (Jankielsohn, 2011),
RWA-SA4 (Jankielsohn, 2014) and a laboratory developed strain which is highly virulent,
SAM (Van Zyl et al, 2005). The work developed in this dissertation focuses on
undestanding the resistance mechanism activated by the RWA resistancBrgenering
infestation with RWASA2 on Tugela Dn and whether R\A@A2 overcomes the resistance
response activated by tlm, gene. AlthouglD. noxiahas the ability to produce sexuallydan
asexually, no male species have been identified in South Africa (Petegka 1993). The

ability of a pest to infest a new host has also been found to be variable in magnitude,
otherwise known as virulence. This variation in virulence was noted w#ts from different
geographical regions (Puterled al, 1992; Smithet al, 1992; Burdet al, 2006). Notable
physical symptoms due to virulence by the pest include longitudinal streaking, stunted
growth, leaf rolling and chlorosis. This further leadseduced photosynthetic activity, while

the phytotoxic saliva through aphid stylets causes the breakdown of cellular membranes and
chloroplasts in susceptible plants (Bird and Elliott, 1996; Bethal, 2005). Not only does

aphid saliva function in podse hydrolytic activity but also moistens food, facilitates
mechanical penetration of cells during feeding, assist in dissolution of plant material as well
as protects stylets and prolongs feeding time (Miles, 1959). Aphids contain two types of
salivary ghnds, namely the primary and accessory glands. The primary glands are more
differentiated than the accessory glands. Two types of salivation have been proposed by
Tjallingii (2006): E1 and E2. E1 occurs when the aphid probes into the sieve elements and E2
once the aphid has settled after the phloem has been detected. This saliva is thought to
contain phenolic compounds, amylases, pectinases, cellulases, lipases, amino acids and other
proteolytic enzymes to mention a few (Miles, 1972; Foettdl, 1984; Rbinson, 1992; Ni

and Quinsenberry, 2003).

1.3.7.2 Russian Wheat Aphid Biotypes
Several biotypes exist not only in the South African context but in Russian Wheat Aphid
endemic areas as can be expected as selective pressure has forced the emergence of these

biotypes which can overcome the resistance presented by the resistant cultivars
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The severity of attack of these biotypes varies markedly (see table 1.2 but the biotypes are
quite similar in morphology. This is characterized by their feeding behaviour and

classification was first initiated by Puterktal. (1992).

Table 12: Summary of the South African RWA biotypes; year of identification and the
genes they are virulent against.

Biotype | Year Identified Virulent against Reference
RWA-SA1 1978 Dn3 Jankielsohn, 2011
RWA-SA2 2005 Dn1, Dn2, Dn3 and Dn9 Jankielsohn, 2011
RWA-SA3 2009 Dn1, Dn2, Dn3, Dn4 and Dn9 Jankielsohn, 2011
RWA-SA4 2011 Dn1, Dn2, Dn3, Dn4, Dn5 and Dn  Jankielsohn, 2014

As previously mentioned, several biotypes exist from a South African context with Russian
Wheat Aphid biotype 2 (RWASA2) being the focus point of this study. This biotype
appeared several years ago and appeared more virulent tharSRWAn existing RWA
resistant wheat lines (Tolmay al, 2007). A study conducted by Jimehal.(2011) reported

that RWASA2 breeds faster on resistant and-nesistant barley lines. Physiologically, one

of the most readily apparent symptoms attributed to RWA infestasiahat of callose
deposition (Benhamou, 1992).

Call os e, as ment i on@d) gucae that consstutively ocsursa cdlli ne a
walls of intact tissues such as sieve plates, cell plates of newly dividing cells, plasmodesmata

and in reprodugve organs during sporogenesis and gametogenesis as well as pollen tube
development (Northcotet al, 1989). It is rapidly synthesized and deposited in a localized
manner in response to abiotic stress, wounding, mechanical stress and pathogen attack
(Kauss, 1989; Bolwell, 1997; Benhamou, 1992). Wounding of plant cells and initiation of
wound callose formation are said to be a result of elevated calcium ion levels in a mechanism

involving calmodulin (Botha and Cross, 2001).
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Studies conducted by Van deredthuizen and Pretorius (1996) confirmed that intercellular
proteins are expressed during RWA infestation on wheat and was particular the case in
resistant cultivars. Their study also revealed that the difference in protein expression was
mainly quantitatre rather than qualitative. More recently, a study conducted by Nqumla
(2012) in identifying specific signalling pathways involved in wheat resistance or stress
response to aphid infestation found eight proteins that were identified as beiaguigted

during aphid feeding (RW#SA1) in wheat, and 11 proteins were identified as possibly
involved in the wheat resistance mechanism against aphid infestation. Several proteins were
also identified as constitutively expressed proteins, during normal conditrmhsagzhid
infestation. Most pathways identified with proteinsregulated in the resistance mechanisms

of Tugela Dn plants were related to energy metabolism and located in the chloroplast.
Mudondo (2014) further investigated the effects of elevated catlmxide on RWASA1
resistance of Tugela Dn and found that the quantity of differentially regulated proteins were
more under elevated carbon dioxide levels (450ppm) than at ambient conditions on analysis
of her peptide profiles. This study aims to look véftether RWASA2 overcomes the
resistance response activated by D gene. This study will also further examine and
contribute to existing knowledge in understanding the resistance mechanisms activated by the
RWA resistance genien (Dnl) by comparing resmses following infestation of Tugela Dn

with RWA-SA2 at ambient C@levels. We also aim to look at whether R¥&A2 has an

impact on the photosynthetic activity of the plant. Several findings suggest that there is a
large decrease in total chlorophyll (et al, 1984; Burd and Burton 1992; Heipsset

al., 2003; Wanget al, 2004; Bothaet al, 2005), altered chlorophyll fluorescence induction
kinetics, and reduced photochemical efficiency of photosystem Il (Burd and Elliott 1996)
have been noted witRWA feeding on susceptible hosts, but changes in leaf colour and a
decrease in photosynthetic capacity have not been reported for resistant cereal hosts (Heng
Mosset al, 2003; Wanget al, 2004; Botheet al, 2005). However, it still remains tentative

what impact RWASA2 will have.
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1.3.89 Problem Statement

Millions are spent on herbicides and insecticides by South African wheat farmers to produce
tons of cereal per year. It is believed that aphid feeding on cereal plants can lead to
widespreaddamage and extensive loss of yield. The development of resistant cultivars to

reduce yield losses, however, may be challenged by the outbreak of new Russian Wheat
Aphid biotypes. Thus, the development of new resistant cereal strains is of paramount

importance to the national and international cereal industry.

1.3.9 Hypothesis

RWA-SA2 induces specific responses in Tugela Dn which may cause depletion in the

resistance of Tugela Dn against RY&A2.

1.3.10 Aim

To gain a greater understanding of the resistance mechanism activated by the RWA

resistance gen@nl in response to RWASA2 infestation.

1.3.1) Specific objectives

i To evaluate whether RWAS&A2 damages/compromises the photosynthetic
mechanisms of whedity measuring chlorophyll fluorescence of infested R&A2

susceptible and resistant wheat cultivars.

U To identify exclusive expressed proteins during RAWA2 infestation on RWASA1L

susceptible and resistant wheat cultivars.

U To identify possible signalling gthways induced in cereals by phloem feeding

through profiling the proteome of wheat during RV®A2 infestation.
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CHAPTER 2

Changes in Chlorophyll Fluorescence
Induction Kinetics in Tugela and
Tugela Dn Infested With Russian
Wheat Aphid-SA2
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2.1) Introduction

Plants require Cg H,O and sunlight to provide their energy requirements which are
synthesized in a chemical process called photosynthesis. This process occurs within plant
cells in specialized structures known as chloroplasts. Two setadians occur with this
processthe light dependent reactions and the Calvin cycle (Baker, 2004). Chloroplasts house
small diselike structures called thylakoids, where the conversion of light energy to chemical
energy is initiated. Thylakoids contain ifga of photosystems called photosystem | and
photosystem Il that work in tandem to produce the energy that will be used in the stroma to
manufacture sugars. These photosystems consist of a network of accessory pigment
molecules and chlorophyll, the moleesl that absorb the photons of light. Within the
pigment molecules, the absorbed light energy excites electrons to a higher state.
Photosystems will channel the excitation energy gathered by the pigment molecules to a
reaction centre chlorophyll molecule ieh will then pass the electrons to a series of proteins

located on the thylakoid membrane (Flexas, 2009).

Chlorophyll absorbs light more effectively in the red and blue parts of the visible spectrum.
Chlorophyll fluorescence is the result of light theréemitted at a longer wavelength after
being absorbed by chlorophyll molecules at shorter wavelengths. By measuring the nature
and intensity of variable chlorophyll fluorescericevhich is only observed in chlorophyll a

in photosystem IIi Plant Physiadgyogy can be investigated (Baker, 2004). Variable
chlorophyll fluorescence allows one to investigate the light dependent reactions of plants,
plant photeprotection mechanisms, dissipation of heat, photosynthetic reactions as well as
measurements of masfpes of plant stress (Baker, 2004).

Much greater interest lies in chlorophyll fluorescence since photosystem | only emits
chlorophyll fluorescence at a much lower level than photosystem Il and it is also not variable
(Schreiber, 2004). Variable chlorophftuorescence was first detailed by Kautsky in 1931
and became known thereafter as the Kautsky effect (Kautsky, 1931). Photosystem Il reaction
centres are comprised of two varieties, Quinone A)(@d Quinone B (& which are
involved in energytransfer and affect variable chlorophyll fluorescence (Zhu, 2005).
However, it should first be mentioned thatdhd O pigment protein complexes coordinated

the specialized chlorophyll a photoactive centre structure P680 in the photosystem Il reaction
certre (Papageorgiou, 2004).
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Energy may either be transferred tg 1@ducing reaction centres capable of being used in
photochemistry or to @nonreducing reaction centres that are not capable of transferring
their energy to other reaction centres, andefoee reemit the energy as nerariable
chlorophyll fluorescence at a low level (Zhu, 2005). An increase in the minimum
fluorescence, § is a result of a higher number o Qonreducing reaction centres which
ultimately results in a decrease of/lRy (Zhu, 2005). B/Fy is a normalized ratio which
allows one to compare plant samples and is the most used chlorophyll fluorescence

measuring parameter.
F\//FM = [FM T Fo]/FM

Fw represents the maximum fluorescence from the Kautsky curve (when all PSllreactio
centres are in an oxidized open state) after proper dark adaptation. Once exposed to light, all

available PSII reaction centres close or become chemically reduced.

Fo is the fluorescence emitted before any l@s been chemically reduced. According to
Ppageorgiou (1975), chl orophyl | a fluoresce

useful markers of plant tolerance to unfavourable environmental conditions.

The objective of this section was to ascertain whether chlorophyll fluorescence induction
kinetics measurements would shed light into the physiological mechanisms ofSAZA

damage and how the photosynthetic capacity of the plant becomes compromised over time.
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2.2) Materials and Methods

2.2.]) Plant Material and Insects

Tugela and Tugela Dn seeds were planted according to the method atBlird993) with
modifications, directly into a mixture of potting soil, vermiculite and sandy soil (2:1:2)
approximately 1cm deep. Each 10 x 10cm pot contained three seeds wheajjroven under

set conditions in a controlled chamber at the Botany Department, University of Fort Hare.
The conviron was maintained at a constant temperature of 22°C (x 1°C) at a relative humidity
of 70% with a 16hr photoperiod. Plant nutrient status waisitained with a 1g/L solution of
hygrofert mix which was administered every three days. Test plants were infested with 10
apterousD. noxia (SA2) at the two leaf stage and both infested andini@sted control
plants were housed in separate insect cagfai the conviron. Colonies of RW-SA2 were
maintained on Scheepers using Pwlio (Conviron S10H; Controlled Environments Limited,
Winnipeg, Manitoba Canada; Analytical Scientific Instruments CC South Africa) in aphid
cages (Figure 2.1) until used to strgdants. The Scheepers plants were replaced weekly to
ensure succulent hosts for the aphids. The
CO, (ambient) and humidity of 60% with 46 photoperiod. To maintain nutrient content,
plants were watered twi@week with hygrofert (1g/L).
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Figure 2.1: Aphid cage containing colonies of RWASA2 maintained on Scheepers
wheat plants

2.2.2) Chlorophyll Fluorescent Kinetics

Chl orophyl | Afao kinetics tcPra megrated Fllioromeer e  me
and photosynthesis system from OFSITIENCES (ADC BieScientific Ltd). Triplicate
measurements were taken from the adaxial leaf surface of the main tiller for each of the test
and control plants from day 0 to day 9. The prim#uprescence parametersy on

variable fluorescence), .+ (maximum fluorescence), ,F(variable fluorescence), ,fm
(photochemical efficiency of photosystem IlI) as well as(&omatal conductance) were

measured at 21°C temperature, constant ambieat CO
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2.3) Results and Discussion

2.3.]) Physiological responses of Tugela and Tugela Dn in response to
RWA-SAZ2 feeding

Visible manifestations of RW/ASA2 feeding damage were assessed by examining chlorosis
and leaf roll on each experimental plant for the entire-tow@se study (data not shown).

The population growth rate for RW8A2 was generally exponential on both whadtivars,

Tugela Dn and Tugela (susceptible) but lagged more on the resistant cultivar (Tugela Dn).
Jimoh et al. (2011) reported that RWSA2 breeds faster on resistant and -negistant

barley lines. At day 9, Tugela susceptible plants were more pmifpumfested by RWA

SA2 as compared to the resistant cultivar, Tugela Dn. Tugela Dn appeared healthy with only
a few isolated chlorotic or necrotic spots at day 9 while the susceptible cultivar showed
extensive chlorosis and necrosis with no possiblevexgo This compliments the findings of
Hewitt et al. (1984) who reported that Russian wheat aphid damaging of wheat usually occur
by direct feeding and was noticed when colonies of ten or more aphids invade the plant from
the seedling through the headlifiy stage. As the aphid population continue to build
gradually it causes huge damage to the crop field more especially to the susceptible cultivar.
Van der Westhuizen and Pretorius (1995) reported that Tugela Dn metabolically has a better
ability to survive the stress condition imposed on itbynoxiaprobing than Tugela due to a
higher proline content and subsequent maintenance of chloroplast integrity and
photosynthesis. Furthermore, with the resistant cultivar displaying some chlorosis much later,
it has been reported that effective wheat host responses dgaimstiaoccur via different
modes of resistance including antibiosis, antixenosis, tolerance or a combination of these
(Painter, 1958). These could be mediated by specific genetic pathwaydingckignal
transduction, ethylenmediated responses and systemic resistance known to counteract the
aphid attack (Bothat al, 2010; Smithet al, 2010, Marimuthu and Smith, 2012; L&t al,

2011). In addition, Nkongolet al. (1990) reported that restant strains are better able to

cope with infestation and show less physical damage.
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2.3.2 Changes in Chlorophyll a Fluorescence InductiorKinetics in Tugela
Dn and Tugela infested with RWASA2

Results obtained on the primary chlorophyll fluorescence transients for Tugela and Tugela
Dn hosts infested with RW/SA2 indicate that although both wheat isolines (Tugela and
Tugela Dn) exhibited aphid injury (Figure 2.2). Tugela as expected appearednorb
affected than Tugela Dn and at an earlier stage. It would appear that the chlorophyll
concentration in the uninfested Tugela leaves were significantly higher than-FAVZA
infested Tugela leaves from 120 hours onwards. The initial response of dnfesgela

leaves against aphid attack (1 hour to 120 hours) is most probably due to a defense response
by the plant. Tugela Dn infested leaves on the other hand appeared to have thrived quite well
with negligible chlorophyll concentration loss. Chlorophglcline indicates that aphid
feeding adversely affected the plant. The chlorophyll concentrations in the aphid infested
resistant isoline (Tugela Dn) were similar to levels observed in the respectinéested

Tugela Dn plants. This is confirmed with cht o p hy | | fluorescence tr
having little effect on chlorophyll fluorescence kinetics (Figure 2.2A) of the resistant entry.
The susceptible entry (Figure 2.2B) showed fthahoxiacaused a decrease in maximah)(F

and variable (P fluorexence resulting in a decreased photochemical efficiency of PSII
(F//Fw). Kruger and Hewitt (1984) reported similar findings in whizhnoxia infestation

leads to a drastic reduction in chlorophyll content. This effectively results in reduced
photosynthetic ability (Fouchét al, 1984) and when combined with the characteristic leaf
rolling that occurs, causes a considerable loss of effeatik drea of susceptible plants
(Walterset al, 1980) which was characteristic of the Tugela susceptible plants observed in
this experiment. The results reported herein also appear to be in accordance with the results
of Krauseet al. (1982), Horton (1983and that of Burd and Elliott (1996). However, they
have worked with barley and different wheat germplasms and found that the reduction in the
photochemical efficiency of PSIl was caused primarily by a decrease in the variable
fluorescence. Their findingalso suggest that this reduction in photochemical efficiency is
attributed due to the apparent oveduction of Q. The reduced  (fluorescent intensity)

was also thought to be a result of energy dependent fluorescence quenching related to photo
inducedacidification of the thylakoid space or by structural changes in the PSII complex.
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Figure 2.2: Progress curves of the photochemical efficiency of photosystem Il. Triplicateadings (n=3) wer:
taken at times: O, day 1, day 3, day 5, day 7, and day 9. [AJTugela infested with RWA-SA2 against Tugel
uninfested (control). [B] - Tugela Dn infested with RWASA2 against Tugela Dn uninfested (control). [C}
Tugela infested with RWVA-SA2 against Tugela Dn infested with RWASA2.
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2.3.3 Effect of RWA-SA2 feeding on Stomatal Conductance

In all the test plants, aphid feeding induced significant increase in the stomatal conductance
in Tugela. Stomatal conductance (Figure 2.8yaased from 120% to 400% after 24hrs and
168hrs respectively, compared with that of aphid free plants. In Tugela Dn, stomatal
conductance increased from 111% to 150% after 24hrs and 216hrs respectively, relative to
their controls. It is commonly assumelat stomata have evolved for the purpose of
controlling water loss from plants while allowing photosynthesis to proceed (Jones, 1997).
Stomatal conductance was enhanced considerably in Tugela by-$\VRAfeeding
suggesting increased stomatal apertures. Mewestomatal conductance dropped after
216hrs in Tugela which is a result from damage to the leaf tissues.
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Figure 2.3: Progress curves of the Stomatatonductance. Triplicate readings (n=3) were taken at times: 0, d
1, day 3, day 5, day7, and day9. [A] Tugela infested with RWA-SA2 against Tugela uninfested (control). [B}
Tugela Dn infested with RWASA2 against Tugela Dn uninfested (control). [C} Tugela infested with RWA-
SA2 against Tugela Dn infested with RWASAZ2.
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A study conducted by Van Der Westhuizen and Pretorius (1995) concluded that changes in
the chlorophyll, protein, free amino acid, proline levels and respiration rate in resp@hse to
noxia infestation indicate that a stress condition is induced in batbeptible and resistant
wheat plants byD. noxia feeding. The unique changes in resistant wheat, especially the
marked increase in the total free proline content, seems to contribute to the plants improved
ability to cope withD. noxiainfestation and thefore survive. Proline is known to play a
protective role for membrane systems under stress, thus, membranes in resistant plants
remain intact and photosynthesis can proceed relatively normally as opposed to susceptible
plants where the chloroplasts arendayed.

In concluding, chlorophyll fluorescent transient parameters that were measured appeared to
be consistent with the associated plant resistance status. The results presented herein were
consistent with the findings of Krauss al. (1982), Horton (198) and Burd and Elliot
(1996) in which we have reported a decrease jnaRd R resulting in a decreased
photochemical efficiency of photosystem Il (PSII)/MfF) for Tugela (susceptible), whereas

total chlorophyll concentrations was not significantly eféel in Tugela Dn (resistant
cultivar). However, a study by Radit al. (1996) produced contradictory results, in which
they reported that susceptible plants have similar chlorophyll concentration levels as their
respective uninfested plants after expodor®. noxia,whereas the resistant plants infested
with D. noxia have reduced levels of chlorophyll when compared with uninfested plants.
HengMoss et al. (2003) in a complimentary study compared chlorophyll and carotenoid
concentrations among RWifested wheat lines found that their resistant isoline (Betta
Dn2) showed minimal chlorophyll loss even after 13 days of aphid feeding. This thesis
provides further evidence to support this, despite using a more virulent RWA biotype- (RWA
SA2). This suggests thdtugela Dn can compensate for prolonged aphid feeding damage.
Furthermore, the results of this investigation also suggest that the damage imposed-by RWA
SA2 goes beyond the simple removal of photosynthate from the plant. The substantial drop
in R/Fy suggests that antennal chlorophyll complexes disengages from photosystem I
reaction centres whi ch é@d welacc huh ¢ © ma tcehllyor op
oxidation) (Burd and Elliott, 1996). Physiologically, the quantum vyield of PSII
photochemistry iselative to the §/Fy ratio and highly correlates to the quantum yield of net
photosynthesis (Adamet al, 1990). Observation on the virulence effect indicates that
RWA-SAZ2 inflicted severe and extensive chlorosis and-rethfon the susceptible cultivar.

No visible damage during the annotated time@ne was observed for the resistant entry
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which further povides evidence that the resistant entry can withstand aphid feeding damage
for longer periods. Further investigation was needed (Chapter Four) to determine if changes
in chlorophyll fluorescence transients would be a reliable method for evaluating plant

resistance toD. noxig particularly with respect to different mechanisms of host plant
resistance.
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CHAPTER 3

Optimization of 2-D Gel Electrophoresis
Method
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3.1) Introduction

Two dimensional gel electrophoresis (2D&)R powerful proteomics tool that is used for the
purification and characterization of proteins (Chinnasamy and Rampitch, 2006). It can be
used to visualize and map the proteome of a given tissue or organ sample. The use of such a
technique facilitates he resolution of complex protein mixtures, which allows for
identification of differential protein regulation during various conditions within the life of a
given tissue, organ or plant (Finreeal, 2002). The power of such a technique employs the
ability to separate complex protein mixtures based on their net charge and molecular mass.
First dimension separation occurs on the basis of net charge in which the purified protein
mixture of interest is focused on an immobilised pH gradient, causing protemggrate

towards their respective isoelectric points under an applied voltage. Usually a high voltage
ramp is necessary for proteins to migrate along the IPG strip and resolve at their individual

i soel ectr i etalp2®d0n The isoel€xtia pgt of a protein is a point where the
protein in question possesses an overall net zero charge. Separation in the second dimension
relies on a difference in mass between the different proteins by using sodium dodecyl
sulphate polyacrylamide gel electropésis (SDSPAGE) (Herbetet al, 199 7etal,GEr ¢
2000). The different proteins resolve as spots on the second dimension gel and can
subsequently be identified and analysed by using either mass spectrometry (MS) or N
terminal sequencing coupled witfioinformatics tools and software such as PDQesir
Progenesis PG 200 V 2006 (Sky&sal, 2005).
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3.2) Materials and Methods

Wheat seedsTgiticum aestivumL) cv, Tugela and Tugela Dn were obtained from the
Agricultural Research Council, Small Grain Institute (Bethlehem, South Afiia)genes
confer resistance to the Russian Wheat Apliduraphis noxia Mordvilko) and wheat
cultivars bred to contain any onetbeseDn genes or a number of them are said to be RWA
resistant wheat cultivars (Liet al, 2005; Heynset al, 2006). Potting soil, vermiculite and
hygrofert were purchased from Hygrotech, East London, South Africa and Mandoval
vermiculite (Alrode) respeively. Total protein extraction kits-2 starter kits, 2D clearup

kits, IPG Strips, 11cm criterion gels, Sypro Ruby gel stains as well as protein assay kits were
purchased from BiRad (USA). Bovine Serum Albumin (BSA) fraction V was purchased
from Rache Diagnostics, (Germany) and liquid nitrogen was obtained from the Department
of Chemistry, Rhodes University, (Grahamstown, South Africa).

3.2.]) Russian Wheat Aphid colony maintenance

Colonies of RWASA2 were maintained on Scheepers using Pwlio (€onvS10H,;
Controlled Environments Limited, Winnipeg, Manitoba Canada; Analytical Scientific
Instruments CC South Africa) in aphid cagsseFigure 2.1until used to stress plants. The
Scheepers plants were replaced weekly to ensure succulent hdsesdphids. The chamber
was set at 22U0C, 2, (ambieny) and hunidlity Dfe606 Wih ,46 C O

photoperiod. To maintain nutrient content, plants were watered twice a week with hygrofert
(1g/L).
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Overview of the procedure employed to optimis¢éhe 2DE protocol for the

determination of differential protein expression in wheat leaf tissue

Wheat Tugela

l

Optimization of total protein extraction

Optimization of 2DE procedure

[ ]

Optimal conditions for IEF Optimal stain for maximal Method validation

spot visibility

Figure 3.1: Overview of factors investigated during the optimization of the 2DE method fc
the determination of differentially regulated proteins in wheat leaf tissue in response

aphid feeding.

3.2.2 Cultivation of wheat Tugela and Tugela Dn plants

Wheat seeds were planted directly into a mixture of potting soil, vermiculite and sandy soil

(2:1:2) approximately 1cm deep. Each 10 x 10cm pot contained three seeds which were
grown under set conditions in a controlled chamber at the Botany Department, University of

Fort Hare. The conviron was maintained at a constant temperature of 22°C (£ 1°C) at a
relative humidity of 60% with a 16hr/8hr day/night photoperiod. Plant nutriattisstvas

maintained with a 1g/L solution of hygrofert mix which was administered every three days.

3.2.3 Total Protein Extraction

Leaves were harvested from plants when they reached the two leaf stage (14 days post
germination). The leaves from each pot were pooled into well labelled 15mL sterile falcon

tubes to eliminate any plant to plant variations that may occur.
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The leaves wersnapfrozen in liquid nitrogen and stored in-80°C freezer until further
processing. Leaves were homogenized with a mortar and pestle under liquid nitrogen prior to
extraction of total protein using the ReadyP!protein Extraction Kit (Total Proteir{Bio-

Rad, USA) as per kit manufactureros instruct
determine the optimal leaf weight to extraction volume ratio. Briefly, 0.1g homogenized leaf
tissue was suspended in either 200ul, 300p! or 400! ReadVP@ep rehydration sample

buffer 1 (Iml; 7M Urea, 2M thiourea, 1% w/v amidosulfobetaine (AB detergent,
CHAPS, DTT, ampholyte, 40mM Tris base and 0.001% bromophenol blue) to which 10ul
TBP reducing agent (200mM tributylphosphine iamgthyl2-pyrrolidineg was added.
Samples were then sonicated in four bursts of 30 seconds each prior to centrifugation at
14000xg for 30min. After centrifugation, the pellet was retained, reduced and alkylated using
the ReadyPrelf 2-D Starter kit (BioRad, USA) as perthemauf act ur er 6 s i nstr
the supernatant was discarded. THe 3tarter kit is a great tool to rurl2 electrophoresis. It

is useful for the reproducible of total cellular protein extracts from a given sample. This is
due to the presence of the zwiionic detergent, ASB4 which acts as a powerful
solubilising agent that also permits the extraction of membranous proteins making it
particularly useful for 2DE applications. It contains all the reagents akdcah sample. The

first step is to prepa the sample according to the manufacturers guidelines. Proteins were
reduced and alkylated to disrupt protein disulphide bonds and in order to prevent different
oxidation states in sample proteins (Herbetrial, 2001; Tayloret al, 2000). The optimal
amount of extraction buffer for the purpose of protein extraction was determined by assaying
the protein obtained from each of the three different volumes obtained and determining which
was optimal in terms of maximum amount of protein extracted as #tastin Figure 3.4. A

10 fold serial dilution of the samples was made. The manufacturer recommended a ratio of 2
3ml of sample extraction buffer per gram of plant leaf tissue. However, due to the limitation

of plant biomass, 0.1g of leaf mass was useth®protein extraction.

3.2.4 Determination of protein content of wheat samples

The protein content of all wheat samples, both before and after the reehalkirtation step
was determined by means of the RC/DC protein assay-RBdy USA) which is a
modification of the Folidowry assay (Lowret al, 1951).
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Sample protein content ag determined by interpolation from the standard curve using
Bovine Serum Albumin (BSA) Fraction V as the protein standard (Figure 3.2). The
Microfuge Tube Assay Protocol (1.5mL) was used as described. Briefly, Bovine serum
albumin (BSA) stock (2mg/mL) wagsrepared by dissolving 0.002g of the powder in 1mL of
distilled water and various dilutions made for the standard curve. A 10 fold serial dilution of

the samples was made. Tweffitye microliters of standards and each dilution were pipetted
intoclean,dgy 1. 5mL microcentrifuge tubes. 125¢L o
the tubes vortexed and incubated at room temperature for 1 minute. After the incubation,
125¢L of RC reagent 1 was added to each
centrifugel at 21500 x g for 3 minutes. The supernatant was discarded by inverting the tubes
on clean, absorbent tissue paper and the liquid allowed to drain completely from the tubes.
Reagent Al (127¢lL) prepared by adding 5¢lL
pipetted to each microcentrifuge tube, vortexed and incubated at room temperature for 5
mi nut es. The tubes wer e a-guspended proteintire Xlevds a n d
pipetted into three wells (triplicaeneB) of
added to each well. The absorbance was read at 750nm after 15 minutes of incubation in the
plate reader (Synergy Mix, Biotek). BSA standard curves were created using Microsoft

Excel® and the protein concentration of samples interpolated.
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y = 0.2855x + 0.0879
0.8 - R2=0.9971
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Protein concentration (mg/ml)
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Figure 3.2: Sample standard curve generated using the RC/DC protein assay (Bio Rad)
with Bovine Serum Albumin (Fraction V) stock solution of 2mg/ml. All readings were

taken in triplicate and are shown on the figure.

3.2.5 Protein cleanup

Protein extracts were cleaned using ReadyPrepiM @ean up Kit (BieRad, USA). This

kit serves to prepare low conductivity samples making them suitable for Isoelectric focusing
(IEF) and 2DE. It also concentrates proteins to imprasot detection (BiRad, 2014

manual). Proteins (00 ¢ g) i n a final v-D | stanee Kito f 10
Rehydration/ Sample buffer were transferred
precipitating reagent | was added to the protein sample and mixetyweortexing. The

mi xture was then incubated on ice for 15 mi
precipitating reagent Il. The tubes were mixed thoroughly by vortexing and centrifuged at
maximum speed (21500 xg) for 5 minutes to form tight pell@iubes were removed

promptly to avoid dispersing of pellets and the supernatants discarded by means of a pipette.
The tubes were positioned in the centrifuge as before and centrifuged for 30 seconds to
collect any residual liquid that was eventually discd ed wi th the aid of
wash reagent 1 was added onto the pellet and the tubes positioned in the centrifuge as before,
centrifuged at maximum speed (21500xg) for 5 minutes and wash reagent discarded.
Thereafter, 28 prateonicfgrade evatet wad adelgrl on top of the pellet and

the tubes vortexed for 20 seconds.
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This was followed by the addition of 1mL of wash reagent 2-¢piked at-20°C for at least
lhr), and 5¢L of wash 2 additi vencubdiddiat t ubes
20°C for 30 minutes during which the tubes were vortexed for 30 seconds every 10 minutes.
After the incubation period, the tubes were centrifuged at top speed for 5 minutes to form
tight pellets and the supernatants discarded. The tubes gairecentrifuged briefly for 30
seconds and any remaining wash removed. The pellets which appeared white at this stage
were air dried at room temperature for 5 minutes; when sufficiently dried it looked
translucent. Each pellet was-saspended by addingg2 ¢ L -DiEfsample/rehydration

buffer [8M urea, 2% CHAPS, 50mM dithiothreitol (DTT), 0.2% (w/v) Rigte®, 3/20
ampholyte and bromophenol blue (trace)]. To clarify the protein samples, the tubes were
centrifuged at maximum speed for 3 minutes. The pra@mples were quantified using the

RC DC Protein Assay Kit (BiRad, USA) as described above (Section 3.2.3. The
supernatant was then used immediately to rehydrate IPG strips or steB&iGtfor later

analysis.

3.2.6 Rehydration of IPG strips

IPG stips were rehydrated in Zoom® IPGRunnerO Cassettes prior to performing IEF.
Broadrange pH 310 NL (11cm) ReadyStriy' IPG strips were rehydrated overnight with
200eqg of protein sampl e -D mehydratioh /sanmple buffeo | u me
followingthemanuf acturer és instructions; 185¢L of
each as a line along the back edge of respective channels of the rehydration/equilibration tray.
Using forceps, the coversheet of the strips were peeled off and strips pladgdygeside

down onto protein samples avoiding air bubbles being trapped. The strips were overlaid with
2mL of mineral oil to prevent evaporation during the rehydration process. The tray was
covered and left to rehydrate on a level bench top overnight§hd). Samples were run in

triplicates to eliminate pot to pot variations that may occur.
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3.2.7 Isoelectric focusing (IEF)

A clean, dry PROTEAN IEF focusing tray (same size as the rehydrated IPG strips) was
placed on the bench top and paper witks would fit over the electrodes were placed with

the help of forceps at both ends of the channels covering the wire electrodes. Channels with
same numbers as those used during rehydrati
pipetted onto each wick toewit. With forceps, the rehydrated IPG strips were removed from

the rehydration tray and held vertically for 8 seconds to allow the mineral oil to drain, and

then the IPG strips were transferred to the corresponding channel in the focusing tray with gel

side maintained downward. Each IPG strip was overlaid with 2mL of fresh mineral oil and
checked for air bubbles beneath the strips. The IEF focusing tray was covered with the
positive A+0 side of the | id to ltploggammedf t . Th
as described on Table 3.1 using default temperature of 20°C with a maximum current of
50 Al strip.

Table 31: IEF Program for 11cm (pH 3-10)

1llcm voltage Time/V-hrs Ramp
Step 1 250 20min Rapid
Step 2 8000 1lhr Linear
Step 3 8000 26,000vhr Rapid
Step 4 1500 b Hold

On completion of the electrophoresis run, strips were removed from the focusing tray and
transferred into a clean, dry tray that matches the length of the IPG strips. The strips were
held vertically for 5 seconds with forceps to allow the mineral oil to drain before placing
them in the new tray with gel side facing up. When SDS PAGE was not performed

immediately, the tray was wrapped in parafilm and store80&cC.
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3.2.8 Sodium dodegl sulphate polyacrylamide gel electrophoresis (SDS
PAGE)

Prior to separation of proteins by SIPAGE, the IPG strips were equilibrated in two buffers,
equilibration buffer | [20 mL of 6M urea, 2% SDS, 0.375M TH€I (pH 8.8, 20% glycerol,

and 2% (w/v) OT] and Il [20 mL of 6M urea, 2% SDS, 0.375M THECI| (pH 8.8, 20%
glycerol ]. 4¢L of equilibration buffer I wa
containing an IPG strip with gel side facing upward and the tray placed on an orbital shaker
and ently shaken at a slow shaker speed for 10 minutes. At the end of the 10 minutes
incubation, the used equilibration buffer | was carefully decanted and the trays flicked a
couple of times to remove the last few drops of equilibration buffer I. 4mL ofiletibn

buffer Il (containing iodoacetamide) was added to each strip and the tray returned to the
orbital shaker for 10 minutes with the equilibration buffer Il decanted at the end of the
incubation. A 100mL graduated cylinder or a tube with the samehlesrgonger than the

IPG strip length was filled with 1X Trglycine-SDS running buffer and bubbles on the
surface of the buffer removed with a Pasteur pipette. The precast gels (Chtai@x™, 4-

20%, BioRad, USA) were prepared by removing the deten their packs, the gel tops
rinsed twice with distilled water and excess water remaining in the IPG well blotted out with
Whatman 3mm or similar blotting paper. The gels were placed on the bench with the top of
the gel facing upward and the back (tgllxte on the bottom. The IPG strips were removed
from the disposable rehydration/equilibration tray and dipped briefly into the graduated
cylinder containing 1X TriglycineSDS running buffer. The strips were placed gel side up
onto the back of the platef the Criterion gel above the IPG well. The gels with the IPG
strips resting on the back plate were positioned vertically on a test tube rack with the short
plate facing upward. The overlay agarose solution was pipetted into the IPG well of the gel
and wth the aid of forceps, the strip carefully pushed into the well with care taken not to trap
any air bubbles beneath. The gels were then allowed to stand vertically in the test gel rack for
5 minutes to allow the agarose to solidify before proceeding. &lseangere mounted into the

gel box. The reservoirs were filled with 1X TgéycineSDS running buffer and
electrophoresis carried out in a BRad Mini Protein Il System at a constant voltage of 200V

for 35 minutes. The migration of the bromophenol bluesent in the overlay agarose

solution was used to monitor the progress of the run.
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3.2.9 Determination of optimal staining method to maximise protein spot
visibility

After electrophoresis, the gels were removed from the gel cassette, placed in pladéan
container and fixed for 30 minutes in a mixture of 10% methanol and 7% acetic acid. After
fixation, the gels were washed 3 times in distilled water for 10 minutes each. The wash
solution was removed and the gels covered with 50mL SYPRO Ruby pgatestain and
wrapped in a container covered with aluminium foil. Gels were stained continuously with
gentle agitation on a shaker overnight-@hrs). Destaining was done in the fixing solution

for 60 minutes to decrease background fluorescence. Themgeé again washed in water,
visualised and photographed using Alliance 4.7 Transilluminator (UVITEC Ltd, Cambridge,
UK). The choice of a suitable stain is crucial for the success of 2DE experiments. Ideally a
2DE stain must have a broad linear rangellmaafor quantitative and qualitative analysis
while also being sensitive enough to allow for visualisation of low abundance proteins. In

addition to this, a successful stain should possess a wide linearity and dynamic range while

being affordable to theesearcher (Westermeier and Naven, 2002).
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3.3 Results and Discussion

A 2DE protocol was developed to identify differential protein expression in Tugela and
Tugela Dn wheat cultivars. This methods employed in the pilot study was considered
sufficient to continue with the study on the differential protein expression during-B¥2
infestation on the two wheat isolines, Tugela and Tugela Dn. However, further optimisation
was required to improve the reproducibility of gels. Commercially available kits were

utilized to eliminate most of the variability due to human error dusargple preparation for
the 2DE runs.

3.3.1) Optimisation of protein extraction

In terms of manageability and the highest amount of protein extracted from 0.1g leaf sample,
the 200ul of extraction buffer yielded similar amounts of total protein asGhe 8 | vol ume

and slightly higher than the 400ul volume and was therefore used in all subsequent
experiments (Figure 3.3).

33.7% g/l

35 33.9Z ¢/l

30

25
20
15
10

31.9&g/el

[Protein] (ug/ul)

300

400

Volume of rehydration buffer 1(ul) per 0.1g leaf mass

Figure 3.3: Protein yield from variable protein e

300eL and 4uwifgghe ReadyBrepd Protein Extraction Kit (Total Protein)
from Bio-Rad (USA).
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A protein | oad of 200&eg was consistently ap

previously outlined. After focusing, IPG strips were applied to ReadyPr&po% criteion

gels for second dimension separation. Gels were stained with SyproRuby prior to analysis on
the software. The optimal protein load for each system needs to be optimised according to the
protein sample in question as well as the type of stain to lokinsthe subsequent step
(Bjellgvist et al, 1993). Care must be taken in loading protein samples onto rehydration trays
as manufacturers guidelines stipulate that protein sample should be loaded in an even beat
across the rehydration tray. The 2D clegrkit indeed served as a handy tool kit. However,
2DE cleanup resulted in minute protein loss which was difficult to quantify due to the
interference of the rsuspension buffer with the protein assay in addition to the difficulty of
assaying the pellet tafr clearup. The IPG strips were allowed to absorb most of the sample
for an hour before 2ml to 3ml of mineral oil were added on top of each of the IPG strips to
prevent them from drying out. Once the IPG strips were adequately rehydrated (11 to 16

hours) they were then focused by performing isoelectric focusing (IEF).

3.3.2 Optimisation of Staining

The choice of a suitable stain is crucial for the successDi 2xperiments. Ideally, aRE

stain must allow for qualitative analysis while simultarsdgpbeing sensitive enough for
visualisation of low abundance proteins. Furthermore, a successful stain should possess a
wide linearity and dynamic range while being affordable to the researcher (Westermeier and
Naven, 2002). Although Coomassie stain isagper and widely used protein stain, it was not
sensitive enough for use in this study, as a protein stain for 2DE applications, as shown in
Figure 3.4 (A). Figure 3.4 (A) further provides evidentiary support as only the most abundant
proteins were visiblen the second dimension gel stained with Coomassie. Greater care had
to also been taken in order to destain protein spots corresponding to abundant proteins when
destaining the gel background. The SyproRuby stain yielded markedly good spot
visualisation ad was found to be both cost effective and highly reproducible thus limiting the
variability between gels and lowering the requirement for replicates during the course of the
analysis. Figure 3.4 (B) shows a 2DE gel stained with SyproRuby stain and eanosee,

spot visualisation of both abundant and less abundant proteins are quite prominent.
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() acidic (+) basic (-) acidic (+) basic

Figure 34: Total protein profile of wheat leaf in determining a suitable staining

method to allow for the visualisation of a maximum number of spots on 2DE gels.

Wheat leaf samples at the twaveek growth stage were resolved under optimise
conditions. The wheat leaf protein concentration wasnaintained at ~1.35 mg/ml
priortoclean-up and a fi nal amount of 200¢g
IEF was performed using a Bio Rad PowerPd® HV power supply with a
continuous ramp as outlined in section 3.2.6. The second dimension was resolead
ReadyPrep™ 12% criterion gels for 35min. Gels were stained with Coomassi
brilliant blue [A] and SyproRuby gel stain [B] respectively.

Research on the use of various protein gel stains, show that different stains interact

differently with various proteins and recommend sensitive stains, such as silver or fluorescent

stains, for 2DE (Corthalset al, 2000). However, silver stain is not Mass Spectrometry

compatible and also has a limited linear range, becomingsaterated at low levels of

protein concentrations. Two stains were used in this study, for the optimisation process; they

included Coomase Brilliant Blue (R250) and SYPRO Ruby fluorescent gel stain.
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From the gel picture (Figure 3.4) fewer protein spots were detected with Coomassie, an
indication that Coomassie Brilliant Blue appears to only stain more abundant protein spots,
which has ao been reported by Caret al. (2000).

On the contrary, more protein spots were observed on the gel stained with SYPRO Ruby gel
stain verifying its greater sensitivity than Coomassie. Although Coomassie is a less expensive
staining method, it lacks thgensitivity of fluorescent stains, which was also reported by
Louw (2007) who detected only a few spots on gels stained with Coomassi®-Bhe
Fluorescent dyes, with their high detection sensitivity are therefore particularly useful for
protein analys, thus making SYPRO Ruby currently the most commonly used fluorescent
protein stain in 2DE. It is an endpoint stain with little background staining (high sigmal

noise characteristics) and it is widely used in conjunction with protein digestion isé&xc
protein spots and MS analysis (Lopetzal, 2000). Coomasie Blue-R50 typically has a
detection limit of approximately 40ng while Sypro Ruby, regularly usedDye Zpplication

in studying low proteins, is sensitive tolhng (Patton, 2000; Westeriae and Naven,
2002). SYPRO Ruby gel stain detects low molecular weight proteins, is compatibility with
high-throughput protocols and downstream analysis (MS and Edman sequencing), and
detects glycoproteins, lipoproteins and metallo proteins that aretaioed well by other

stains (Patton, 2000). It also has a large dynamic linear range allowing quantitation of the
protein spots across broad concentration range. Although, Coomassie BrilliaR:-2fileis

a less expensive staining method, it has numeioutations including; some protein spots
destain faster than the gel background during destaining which adds to a loss of protein spots
and the linear range is limited in comparison to SYPRO Ruby (Neahaff 1988).
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CHAPTER 4

|dentificat ion of Exclusive Expressed
Proteins during Russian Wheat
Aphid-SAZ2 Infestation of Tugela and
Tugela Dn Cultivars
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4.1) Introduction

As mentioned previoush). noxiais endemic to central Asia, southern Russia and countries
bordering the Mediterranean Sea, Iran and Afghanistan (Durr, 1983; Hsvatt, 1984) but

now occurs in nearly all the major small grain production regions of the world except north
eastern Chia (Robinson, 1992) and Australia (Hughes and Maywald, 1990). In South Africa,
Walters (1984) first reported thBt noxiawas a serious pest of wheat in 1978. Putetka.

(1992) reported thdd. noxiavaries in its reaction to resistant wheat lines fidifferent parts

of the world. Due to the destructive naturelofnoxidd s f eedi ng behaviour ¢
methods have been devised to control the damages. These include the use of chemicals such
as pesticides, biological methodsintroducing naturakenemies, cultural controls and the
development of wheat resistant cultivars which appeared to be the most sustainable
commercial and environmentally safe method to corxohoxiadamage (Liuet al, 2001;

Tolmay, 2008; Dogimoneét al, 2010). In South Aica, Du Toit (1987) identified resistance

of RWA in wheat and the first wheat resistant cultivar, Tugela Dn, which containé2hthe
resistance gene was released in 1992 (Van Niekerk, 2001). Initially it was reported that
resistant cultivars reduce aphpmbpulation by inhibiting RWA growth and reproduction
(Tol may and Mar ed, 2 0 0 0ét al.(2B0y) canfirraed thadrelsenae f 2 0 (
of a resistance breaking biotype of RWA in South Africa which is now understood to be
resistancebreaking and wulent on existing RWAresistant wheat lines. A population study
conducted by Walton and Botha (2008) indicated that RS2 not only bred faster but also
caused more damage to wheat lines than did R¥A. RWASA2 appeared unaffected by

the Dnl resistane gene and posed a serious threat to small grain production in South Africa.
This was further confirmed in a similar study conducted by Jiet@h. (2011) in which they
investigated the comparative effects of the feeding damage caused by two Russian whea
aphid (RWA,Diuraphis noxia Kurdjumoyvbiotypes, RWASA1 and RWASA2 three RWA

resistant barleyHordeum vulgare 1) lines from the USDAARS, and used a South African
nonresistant cultivar as control. They studied the relationship between aphid breeding
capacity and the structural damage inflicted by the aphids. Both biotypes grew rapidly on all
four barley lines with the population size and density generally lower on the resistant lines.

They also reported that RW8BA2 bred significantly faster thangalRWA-SA1 biotype and
that feeding and water uptakelated damage sustained by phloem and xylem tissues of the
resistant lines suggested that RVBA2 was a more aggressive feeder and caused

considerably more cell damage than RVSAL.
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Liquid chromatograpp mass spec (LCMS) has become extremely popular over the last few
years as the sensitivity and accuracy of the systems have increased (Ong and Mann, 2005;
Wilm, 2009). However, it has its drawbacks and one of the major limiting factors in the
LCMS-based gantification via electrospray is the suppression of ions (Tetngl, 2004).

For this reason, the intensity of peptides is highly dependent on the quality of peptides that
are ionized ionisation efficiency and the property of peptides being eluted ¢Tahg2004;
Schmidtet al, 2003). Knowledge of plant proteins and constituents and a comparison of
these components between the two wheat isolines, would lead to better understanding of how
D. noxia (RWA-SA2) damages wheat and possibly overcomes resestamechanisms.
Herein this section, a detailed 2D gel electrophoresis and LCMS analysis is presented that
compares the wheat proteomes (Tugela vs Tugela Dn) at 3hrs, 6hrs and Day 7 pest RWA
SAZ2 infestation to identify proteins that are exclusively expreéSgure 4.2). The resulting
peptide data and analysis were used to search locally restricted EST wheat databases to arrive

at protein identifications and functions.
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4.2) Materials and Methods

4.2.1) Experimental Approach

Tugela/Tugela Dn

NO RWA RWA

HOURS DAYS HOURS DAYS

01356812 13 579 013568121 3 579

3 plants per timeframe pooled on 1 gel

.

Total protein extraction, 2DE analysis and PDQuest! analysis

¢

Identification of timeframes where uniquechanges occur

-

New timeframes (t=0, 3, 6hrs and day 7)
Protein extraction and 2D (9 plants per timeframe @ 3 plants per gel)

PDQuest analysis

¢

LCMS of spots from 2D gels analysis and matching mass FINGERPRINTS to proteil

sequences in SwissProt/NBI and a locally restricted wheat EST database.

Figure 4.1: schematic representation of the experimental approach undertaken for tl
determination of differential protein expression in Tugela and Tugela Dn wheat
resporse to RWASA2 infestation over various time periods (after feedin

commenced).
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4.2.2) Cultivation of wheat Tugela and Tugela Dn plants

Wheat seeds were planted directly into a mixture of potting soil, vermiculite and sandy soll
(2:1:2) approximatelylcm deep. Each 10 x 10cm pot contained three seeds which were
grown under set conditions in a controlled chamber at the Botany Department, University of
Fort Hare. The conviron was maintained at a constant temperature of 22°C (+ 1°C) at a
relative humidityof 60% with a 16hr/8hr day/night photoperiod. Plant nutrient status was

maintained with a 1g/L solution of hygrofert mix which was administered every three days.

4.2.3 Total Protein Extraction

Total protein extraction was performed as outlined in 88@&i2.3.

4.2.4 Determination of protein content of wheat samples

The protein content of all wheat samples, both before and after the rechlkytation step
was determined by means of the RC/DC protein assayRBdh) USA) as outlined in Section
3.24.

4.2.5 Protein cleanup

Protein extracts were cleaned using ReadyPrebD Cleanup Kit (Bio-Rad, USA) as

outlined in Section 3.2.5.

4.2.69 Rehydration of IPG strips

IPG strips were rehydrated in Zoom® IPGRunnerO Cassettes prior to performing IEF.
Broadrange pH 310 NL (11cm) ReadyStriy IPG strips were rehydrated overnight with
200eg of protein sampl e -D mehydratioh /sangple buffeo | u me

foll owing the manufacturerds instructions as
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4.2.7 Isoelectric focusing (IEF)

Isoelectric focusing was performed as outlined in Section 3.2.7.

4.2.89 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SBS
PAGE)

Prior to separation of proteins by SIPAGE, the IPG strips were equilibrated in two buffers.
The gels were mounted into the gel box. The reservoirs were filled with 1Xydsme-SDS
running buffer and electrophoresis carried out in a-Ba&al Mini Protein Il System at a

constant voltage of 200V for 35 minutes as outlined in Section 3.2.8.

4.2.9 Gel Staining and Destaining

Gels were stained with SYPRO Ruby protein gel stain as outlined in section 3.2.9 and
wrapped in aluminium foil. Gels were stained continuously with gentle agitation on a shaker
overnight (1618hrs). Gels to be analysed weralgeed at CSIR, Pretoria (South Africa).
Consumables used were: trypsin, Ammonium bicarbonate (NH4HCO3), Dithiothreitol
(DTT), lodoacetamide (IAA), Acetonitrile (CAN), Formic acid (FA), M&O0
(Chromasolv), Protein LovBind tubes and Protein LoBind Deepwell plates (DWP). See

the section on general appendices for consumables preparation.

4.2.10Q Excision of protein spots from polyacrylamide gels

Previously stained 2D gels with SypiRuby were restained with colloidal Coomassie stain

for approximately8hrs with gentle agitation. Despite Coomassie being a less sensitive stain,
the previously Sypr&Ruby stain enhanced detection of protein spots. This was necessary in
order to view the protein spots of interest under a white box. After 3hrs of stairengglth

were destained with several volumes of Mjliwater with gentle agitation. Gel spots of
interest were then excised manually with a sterile blade diced into smaller gel pieces and

placed into 0.5ml Protein LoaBind tubes.
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4.2.17) Washing and destaning of gel pieces

The method of Shevchenlat al. (2007) was adopted with minor modifications as follows:
Approximately 200ul of 50mM (Ammonium bicarbonate) MHCO3/50% Methanol
(MeOH) were added to the gel pieces and vortexed in a thermomixer for 20 minutes. The
supernatant was discarded and the step was repeated. 100ul of 75% acetonitrile (ACN) was
added to the gel pieces, vortexed in a thermomixer at 800rpmOfaniButes and the
supernatant discarded. The gel pieces were vadried to complete dryness for 20 minutes.

At this stage, the gel pieces were translucent in appearance.

4.2.12 Reduction and alkylation of peptides in gel pieces

The reduction and kylation step was necessary for kewel proteins (<1pmol). 25ul of
10mM DTT in 25mM NHHCO; was added to the translucent dried gel pieces, briefly
vortexed and centrifuged at 800rpm in a Hermle Z100M centrifuge. The reaction was then
allowed to proceedt®0°C in a water bath for 1 hour. Once the reaction was halted, the tubes
were chilled to room temperature and 500ul of ACN was added. The reaction was incubated
for a further 10min and the supernatant discarded after which 25ul of 55mM IAA in 25mM
NH4HCO; wasadded to the gel pieces. They were then vortexed and centrifuged at 800rpm
and the reaction allowed to proceed in the dark at room temperature for 20 minutes. The
supernatant was removed, discarded and the gel pieces were washed with 100ul of 25mM
NH4HCO; in Milli -Q water. This was once again vortexed for 10 minutes, centrifuged and
the supernatant removed. The gel pieces were then dehydrated with 100ul of 25mM
NHsHCO; in 50% ACN. The step was repeated a second time and the gel pieces were

vacuumdried for 20 minutes. The samples were then ready to proceed with trypsin digestion.

4.2.13 Trypsin digestion of peptides in gel pieces
Several enzymes can be used to cleave proteins including trypsin, LysC endoprotease and

pepsin (Reret al, 2009). Inthis study proteins were digested with trypsin that cleaves on the

C-terminus of the lysine and arginine residues.
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Trypsinbés ability to produce smaller averag

the Gterminus of the digested peptides makehe preferred digestion method for modern
reverse phase liquid chromatography and tandem mass spectrometric analysis. The gel pieces
were rehydrated on ice with freshly prepared trypsin solution &&ul) to barely cover the

gel pieces. They were themonitored after 30 minutes to see whether all trypsin solution was
absorbed or more had to be added. Rehydration was allowed to continue for a further 60
minutes. Once rehydration was completed, the Eppendorf tubes containing the gel pieces
were centrifugd to which an additional 25ul of 25mM NHCO;was added to keep the gel
pieces wet during enzyme cleavage. The reaction was then incubated at 37°C overnight in a

thermomixer.

4.2.14 Extraction of peptides

After overnight ingel trypsin digestion of the protein samples, the aqueous digest solutions
were transferred into clean 0.5ml Protein -Bimd tubes. The remaining gel pieces were
further rehydrated with 30l of 50% ACN / 5% Formic acid to ensure maxueptide
extraction. These were then vortexed for 30 minutes in a thermomixer, spun and sonicated in
a water bath sonicator for 5 minutes. The aqueous extract was then combined with the initial
solution and the steps repeated again. The total digestosolgthmbined aqueous extract)

was then vacuurdried to complete dryness. Digests at this stage were ready to be analysed
on the LCMS system.

4.2.19 ldentification of peptides using the LCMS system

Digests were resuspended in 20 pl, 2% acetonitrilé0f@mic acid andanalysed using a
Dionex Ultimate 3000 RSLC system coupled to an AB Sciex 6600 TripleTOF mass
spectrometer. Peptides were firstsl@a | t ed on an Accl aim PepMap
I 2 cm) for 2 mi%% acetonitrilé/&2 formit acidamd thes sepapted2on

a Acclain PepMap C18 RSLC column (300 em I
was achieved using a flevate of 8m/min with a gradient: 0% B in 15 min (A: 0.1%

formic acid; B: 80%acetonitrilé0.1% formic acid).
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An electrospray voltage of 5.5 kV was applied to the emitter. The 6600 TripleTOF mass
spectrometer was operated in the Data Dependant Acquisition mode. Precursor MS scans
were acquired fromm/z 400-1500 using an accumulation time of(&s followed by 30

MSMS scans, acquired from/z100-1800 at100 ms each, for a total scan time of 3.3 sec.
Multiply charge ions (2- 5", 400-1500m/2 were automatically fragmented in Q2 collision

cells using nitrogen as the collision gas. Collisionrgies were chosen automatically as
function of m/zand chargeProtein pilot v5 using Paragon search engiiB ScieX) was

used for comparison of the obtained MS/MS spectra with a custom database containing
sequences offriticum aestivum(Uniprot TrEMBL) and Russian wheat aphid (Uniprot
TrEMBL) as well as a list of sequences from common contaminating proRrwteins with

at hreshold above O 99.9% confidence were rep
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4.3) Results and Discussion

4.3.1) 2DE gel analysis using PDQue8Y basic software version 8.0

All 2DE gels were studied in triplicate in order to determine the number of visible spots as
well as the spot variance between gels. Gels were grouped and analysed using the spot
detection paraeter wizard with a test settings sensitivity of 10. The faint and large cluster
spots were selected from both the control and test gels to enable spot detection. The Gaussian
model parameter was used while allowance was made for horizontal and veréa#l str
removal as well as a speckle filter set at 50 applied. In each case the gel corresponding to the
control reaction for the given experimental group served as the master gel for the purpose of
the software analysis. This software relies on manual idgattdn of faint spots, large spots

and the largest spot cluster, allowing for user input in terms of parameters. A Gaussian
statistical model was applied to detect and fit spots while a local regression model used by the
software was selected for data maidisation. A spot that occurred in every gel in the analysis

set, both stressed and unstressed, at roughly the same intensity and was neither identified as
2-fold up or down regulated by the softwarewas selected and putatively identified to

compriseay al i dati on for the softwareds analysis
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Figure 42 : PDQuest" Basic Software Version 8.0 (Bio Rad) showing two of the steps tal

during the determination of the reproducibility of the 2DE method developed to determine tt

nature of differential protein expression during aphid infestation on wheat.

[A] i Represents a screeprint of the parameters entered for PDQuest" analysis showing basic
and advanced settings used. [B] Screenprint of the output results obtained for the reproducibility
study including the Master gel in the top left hand corner.
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4.3.2 Experimental Summary

Once the software completed its matching, an experimental output window was displayed
containing an interactive chart (Figure 4.3), showing the number of matched protein spots on
the gels within the analysis set based onuder settings. This report/output also allows one

to change any necessary settings such as matching and normalization to possibly enhance the
correlation coefficient ratio. This parameter (correlation coefficient) provides one with the
level of variabilitywithin the analysis set. It was then decided to compare each test gel with
the control per time frame within a given analysis set in the output results window to

determine spot quantity. This was further enhanced by using the quantity graph report.

‘. @ Experiment Summary for ‘Tugela Dn' : I E

b ember information

Gel Mame | Replicate Group | Spots | Matched | Match Rate 1 | Match Rate 2 | Corr Coeff | Detect paramet
|"DN + 542 OHRS EXP »1 Test 39 39 100% 100% 1.000 DN 3HRS EXP
DM 12HRS EXP +1 Test 100 23 23% 58% 0.554 DN 3HRS EXP
DM 3HRS EXP +1 Test 118 23 19% 58% 0.590 DN 3HRS EXP
DM BHRS EXP +1 Test 122 23 18% 58% 0.393 DN 3HRS EXP
DM BHRS ExP 1 Test 7o 9 12% 23% MNiA DN 3HRS EXP
D BHRS ExP 1 Test 137 21 15% 53% 0.285 DN 3HRS EXP
DM D1 EXP w1 Test a5 20 23% 51% 0.158 DN 3HRS EXP
DM D3 EXF w1 Test 125 23 18% 58% 0.071 DN 3HRS EXP
DM D& EXF w1 Test 95 18 18% 45% 0.224 DN 3HRS EXP
DM D7 EXF w1 Test 135 22 16% 56% MNIA DN 3HRS EXP
DM DA EXF w1 Test 91 12 13% 30% 0.555 DN 3HRS EXP
DM SAZ EXP 1HR «1 | Test a3 23 26% 58% 0.638 DN 3HRS EXP

(5l O
i) Master is marked with * Correlation coefficient based on [DN + SAZ OHRS...

M atchSet infarmation Replicate group and clazses infarmation
Spots matched to every member: 3 Replicate Group/Clazzes | hember | M atched to al | Mean CW

Ovwerall mean coefficient of vaniation: | 45.85 Test 12 3 4565

[g/ Cloze l [ Rematch ”'!::'!: Normalize”ScatterF‘IotHQ Repart l [@ Help l

Figure 4.3: Experimental output window showing the number of matched protein spots
on the gels

Input parameters for spot selection (faint and largest spots) in the PD®sefware aided
in the elimination of background hindrances that could resemble spots as well as the removal
of streaks which resulted in the enhancement of actual protein spots detection. A match set
was created that included all gel images within anegrpent to allow for speto-spot

comparisons across gels.
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This match set served as the master gel. The master gel, created by the software is a virtual
copy of all the gels in the experiment set and contained all the spots detected from all the gels
in that specific experiment (Figure 4.2). Each gel in the experiment was then compared to the
relevant master gel. The experiment summary table (Figure 4.3) showed the number of spots
detected in each gel while the match column indicated how many matchedvepatound

on each gel. The match Rate 1 showed the percentages of matching to the total number of
spots on the gel image. This allowed the review of how the spots and matching parameters
were selected. The match Rate 2 showed the percentage of mabimgedative to spots
included in the master gel. Spots from all gels were added to the master gel that also showed
how well the gels contributed and finally, the correlation coefficient showed that individual

gel images matched within the replicate.

The scatter plots (Figure 4.4) represents fold differences between the protein spot quantities
while the green line was an indication of the linear regression that represents correlation
between the two groups. The correlation showed how similar the twoatepgiroups were to

each other. For all gels, spot quantities (total pixel intensity within spot boundaries,
calculated by image analysis software for Gaussian spots) were normalized to remove
variations in spot intensity caused by rosatment effects. Ais was represented on a
histogram with the spot quantity, based on intensity displayed as a bar. Normalized spot
guantity was equal to raw spot quantity expressed as a percentage of the total pixel quantity
of all spots in a gel (Zheret al, 2007).

All treated gels were compared with their respective controls to see where proteins are
exclusively expressed. The results obtained showed that unique changes occurred at 3hrs,
6hrs and Day 7 post infestation (Figure 4.7). The zero time frame (before inf@staived

as a control to compare the peptide profiles of individual treatments. Peptide profiles of
wheat leaf tissues from each treatment (a resistant andesstiant line) were compared

using the PDQueEY version 8.0 software and exclusively expegsproteins identified by

MS and MS/MS searches of the NCBI/Swia®t and a locally restricted wheat EST

database.
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Figure 44:. Linear regression of reproducibility of 2-DE gels in duplicate after
PDQuest™ analysis. The ble and red lines shows the border for the two fold
differences between protein spot quantities while the green line shows a linear

regression that represents correlation between the two groups.

4.3.3 Quantity Graph Report

The quantity graph report givesgeneral trend to better understand how frequently or seldom
have certain spots occurred, hence detecting unmatched spots or up/down regulated protein
spots. Each bar in the histogrdnwhich is an estimate of the probability distribution of a
guantity vaiable i represents the spots quantity in a member of the matched set drawn in
proportion to the highest bar. As soon as a spot was identified, it was catalogued as a unique
SSP (Standard Spot) number which was displayed beneath each histogram and provides
information on the location of the spot. Figure 4.4 is an example of a quantity graph report
from one of the analysis set. Initially, single gels were run at all 12 time points in order to
identify at which time points the most significant/unique spotsewketected. These time
points would then be used for running additional 6 replicates per timeframe (test and control)

(see Appendix 1 for all quantity graph reports for the entire experiment).
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Figure 45: screenprint of a quantity graph report obtained from one of the matched analysi

sets.

Results obtained from the quantity graph reports were then used to construct a histogram,
representing a summary of protein spots detected on gels of Tugela and Tugela Dn, with and
without RWA-SA2 infestation (Figure 4.5). This data also provides one avifuantitative
analysis of proteins involved in the defense mechanism of a particular wheat isoline. In order
to have determined proteins exclusively expressed that are involved in a possible resistance

mechanism, Tugela Dn (treated) was compared to steptible counterpart (Tugela treated).
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Figure 4.6: Summary of results obtained from the 2DE analysis of Tugela Dn with and witho
RWA-SA2.

Significant and unigue changes were observed at 3hrs, 6hrs and day 7 (168hrs) post
infestation and were selected for the additional replicates (Figure 4.6). Selection of these
times was further supported by previous studies which reported that theiirsbtes of a

pl antdés exposure to a given pest or pathoget
responses such as the hypersensitive response (HR) and systemic acquired resistance (SAR)
tend to come into play (Bothet al, 2006; Moranet al, 2002). The replicates gels from

Tugela Dn infested samples were then compared to their respective Tugela (susceptible)
infested samples at those given timeframes to possibly identify proteins involved in the
resistance mechanism.
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4.3.4 ldentification of exclusively expressed protein spots to be excised

The aim of this study was to understand how wheat cultivars that are resistant t&SRWA
respond to RWASA2 infestation and whether RWBA2 overcomes the resistance
mechanism of Tugela Dn. Theoeé to identify the Tugela Dn proteins differentially
regulated in response to RWSA2, 2D gels of protein extracts from 9 plants (3 plants per
gel) of Tugela Dn infested with RWAA2 were compared to uninfested controls, over
various time frames (3hrs, Bhand 7 days). These results were compared to differentially
regulated proteins in infested and uninfested Tugela plants at 3hrs (Figure 4.7 [B2]), 6hrs
(Figure 4.7 [B3 and B4] and 7days (Figure 4.7 [B5] and [B6]), to identify which of the
differentially regulated proteins from Tugela Dn are related to the resistance mechanism of
Tugela Dn.
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Figure 4.7: Summary of differential protein expression in both Tugela and Tugela Dn in response to RW
SA2 phloem feeding.

Areas of most pronounced differential protein expression are boxed ipink [A1 and A2] in the figures on
the left. Magnification of corresponding areas of RWASA2 stressed gels are inserted on the right [Bil
B6]. Detailed gel images and analysis are recorded in appendix 2 [A1l and A2jwheat in the absence of
aphid phloem feeding (control); [B1] i Tugela stressed with RWASA2 (3hrs post infestation); [B2]1

Tugela Dn stressed with RWASA2 (3hrs post infestation); [B3]i Tugela stressed with RWASA2 (6hrs
post infestation); [B4]T Tugela Dn stressed with RWASA2 (6hrs post ifestation); [B5] T Tugela stressed
with RWA -SA2 (Day 7 post infestation); [B6] Tugela Dn stressed with RWASA2 (Day 7 post infestation).
Exclusively expressed proteins of interest are boxed yellow. A detailed and thorough marking arn

description of theseproteins will be discussed further on in this chapter.
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4.3.4.) Exclusively expressed proteins at 3hrs following RWASA2
infestation

12 spots were identified to be present in the control and in the Tugela Dn proteome at 3hrs
after infestation but not in the infested Tugela proteome, indicating that these proteins were
downregulated in the susceptible cultivar. These protein spots edaarthe pl range (pl &

6) and molecular weight range 8060kDa. These 12 proteins were identified by matching

MS fingerprint to sequences in the SwissProt protein database, NCBI and the wheat EST
database. These putative matches are detailed in BableThese proteins are largely
involved in photosynthesis, metabolism, gene expression and regulation as well as structural
support of the plant including: RuBisCO large subimit ndi ng pr ot ein subur
bisphosphate carboxylase small chain el&@i2, Fructoséd,6-bisphosphatase, Photosystem

Il D2 protein, Photosystem Il protein D1, Dehydrin COR410, Phosphoribulokinase, ATP
synt hase saddmasylmethionibe, synthase, Phosphoglycerate kinase, Ribulose
bisphosphate carboxylase large chaipuise bisphosphate carboxylase small chain PW9,

ATP synthase subunit U, Ri bul ose bisphosph
Sedoheptulosé,7-bisphosphatase. Several proteins were identified telute, albeit at a

much lower abundance.
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2 ; 12%
Figure 48: [B2] i Representative 2D gel of the proteome of Tugela Dn plants infested with RW&A2
(3hrs post infestation). Arrows indicate the spots that were identified as present in the Tugela Dn infes
plants but not infested Tugda plants. The numbers 1i 12 correlate with the numbers in the numbers i
table 4.1 which list the identified proteins
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Table 41: Proteins identified from the wheat leaf proteome (Tugela Dn) 3hrs post aphid infestation.

N Putative protein ID Acc. No. %Cov(95) Theoretical Function References
pl/Molecular
weight (Dalton)
1 RuBisCO large subunit- P08823 32.9 4.03/57520.59 RuBisCO catalyses two reactions: the carboxylation of D Broglie et al, 1983
binding protei Ribulose 1,5bisphosphate, the primary event in carbon Smith et al, 1983
2 Ribulosebisphosphate P07398 20.4 5.84/ 13055.05 dioxide fixation, as well as the oxidative fragmentation of | Terachi et al, 1987
carboxylase small chain clone the pentose subsate. Both reactions occur simultaneously | Houtz et al, 1989
512 and in competition at the same active site (By similarity). Mehta et al.,1992
Ogihara et al, 1991;
2000
Niu, 2003

3 Fructose1,6-bisphosphatase | P09195 7.4 5.14/44218.07 This protein is involved in the pathway Calvin cycle, which | Raineset al, 1988
is part of carbohydrate biosynthesis Lloyd et al, 1991

4 Photosystem Il D2 protein Q36814 46.3 5.34/39470.38 Photosystem Il (PSIl) is a lightdriven water: plastoquinone | Hanley-Bowdoin et

4 Photosystem Il protein D1 P12463 42.9 5.21/ 389D.62 oxidoreductase that uses light energy to abstract electrons | al., 1988
from H,0, generating G and a proton gradient Ogihara et al, 2000
subsequently used for ATP formation. It consists of a core
antenna complex that captures photons, and an electron
transfer chain that converts photonic excitation into a
charge separation. The D1/D2 (PsbA/PsbA) reaction centreg
heterodimer binds P680, the primary electron donor of
PSII as well as several subsequent electron acceptors. D2
needed for assembly of a stable PSIl complex.

4 Dehydrin COR410 P46524 9.1 5.19/28183.26 largely function in plant response and adaptation to abiotic | Hanin et al, 2011
stresses

5 Phosphoribulokinase P26302 16.4 5.72/45141.39 This protein is involved in the pathway Calvin cycle, which | Raineset al, 1989
is part of carbohydrate biosynthesis. Lloyd et al, 1991
Catalytic activity: ATP + D -ribulose 5-phosphate = ADP +
D-ribulose 1, 5bhisphosphate.

6 ATP synt hase s| P20858 20.1 5.06/53857.48 Produces ATP from ADP in the presence of aroton Howeet al, 1985
gradient across the membrane. The catalytic sites are Ogihara et al, 2000
hosted primarily by the beta subunits.

7 S-adenosylmethionine BOLXMO 4 5.55/43179.90 Catalyses the formation of Sadenosylmethioninefrom Wang et al, 2008

synthase

methionine and ATP.
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The overall synthetic reaction is composed of two sequentid
steps, AdoMet formation and the subsequent
tripolyphosphate hydrolysis which occurs prior to release
of AdoMet from the enzyme

bisphosphatase

is part of carbohydrate biosynthesis
Catalytic activity: Sedoheptulose 1,7bisphosphate + HO =
sedoheptulose “phosphate + phosphate

8 Phosphoglycerate knase P12783 4 6.57/49839.53 This protein is involved in the pathway Calvin cycle, which | Longstaff et al, 1989
is part of carbohydrate biosynthesis Joneset al, 19%
Catalytic activity: ATP + 3-phosphaD-glycerate = ADP +
3-phosphoD-glyceroyl phosphate.

8 Ribulose bisphosphate P11383 31 6.22/52851.13 RuBisCO catalyses two reactions: the carboxylation of b Broglie et al, 1983
carboxylase large chain ribulose 1, 5bisphosphate, the primary event in carbon Smith et al, 1983

9 Ribulose bisphosphate P26667 14.2 8.52/19454.45 dioxide fixation, as well as the oxidative fragmentation of | Terachi et al,, 1987
carboxylase small chain PW9 the pentose substrate. Both reactions occur simultaneously| Houtz et al,, 1989

and in competition at the same etive site (By similarity). Mehta et al, 1992
Ogihara et al, 1991,
2000
Niu, 2003
10 ATPsynt hase sul P12112 18 5.70/55264.20 Produces ATP from ADP in the presence of a proton Schulteet al, 1989
gradient across the membrane. The catalytic sites are
hosted primarily by the beta subunits.

11 Ribulose bisphosphate P00871 20.4 8.99/19417.36 RuBisCO catalyzes two reactions: the carboxylation of b Broglie et al, 1983
carboxylase smalichain ribulose 1, 5bisphosphate, the primary event in carbon Smith et al, 1983
PWS4.3 dioxide fixation, as well as the oxidative fragmentation of Terachi et al, 1987

the pentose substrate. Both reactions occuirsultaneously | Houtz et al, 1989
and in competition at the same active site (By similarity). Mehta et al, 1992
Ogihara et al, 1991,
2000
Niu, 2003
12 Sedoheptulosel, 7- P46285 41 6.04/42060.82 This protein is involved in the pathway Calvin cycle, which | Raineset al, 1992

Miles et al, 1993
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4.3.4.9 6-hours Tugela and Tugela Dn wheat responses to RWB8A2
phloem feeding

When the proteomes of Tugela and Tugela Dn were evaluated after 6 hours post infestation,
only 3 proteins were exclusively expressed in either infested auRyel(Figure 4.9 [B3]) or
infested Tugela (Figure 4.10 [B4]), indicating a significant drop in differential expressed
unique proteins compared to the 3 hours post infestation. Two exclusively expressed protein
spots [13 and 14] were seen for Tugela Dnhboti dent i fi ed as ATP syn:
5.06; MW = 53857.48Da] (Table 4.2. It would appear that these are either isoforms of one
another or represent possible different phosphorylated states of the protein.
Phosphoribulokinase and Phosphoglyceratease appeared to have-eoted with this
protein. The effect of RWASA2 phloem feeding on Tugela Dn, 6hrs post infestation also
revealed that the integrity of the Tugela Dn proteome appears to be still intact. The single
unigue protein expressed in Tugela 6hrs post RWASA?2 infestation was identified as
Photosystem Il D1 and D2 protein, possibly indicating the plants response to repair a

damaged photosynthetic system.
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Figure 49: [B3] i Representative 2D gel of the proteome of Tugela Dn plants infested with RW&A2 (6hrs
post infestation). Proteins putatively identified as indicated by the arrows and numbers correlate with t!
numbers in Table 4.2 which lists the identified protas

87



pH. 3.0 4.0 5.5 6.0 7.0 10.0

12%

-

Figure 4.10: [B4] i Representative 2D gel of the proteome ofugela susceptible stressed with RWASA2
(6hrs post infestation). Proteins putatively identified as indicated by the arrows and numbers correlate w

the numbers documented in Table 4.2 which list the identified proteins.
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Table 42: Proteins identified from the wheat leaf proteome of Tugela susceptible and Tugela Dn, 6hrs post aphid infestation.

N Putative protein ID Acc. No. %Cov(95) Theoretical Function References
pl/Molecular
weight (Dalton)
13 |ATPsynt hase s ulf P20858 11.5 5.06/53857.48 Produces ATP from ADP in the presence of a proton Howeet al, 1985
14 |ATP synthase s| P20858 16.5 5.06/53857.48 gradient across the membrane. The catalytic sites are Ogihara et al, 2000
hosted primarily by the beta subunits.
15 Photosystem Il D2 protein Q36814 30.6 5.34/39470.38 Photosystem Il (PSI) is a lightdriven water: plastoquinone | Hanley-Bowdoin et
15 Photosystem Il protein D1 P12463 34.4 5.21/38920.62 oxidoreductase that uses light energy to abstract electrons | g|., 1988

from H,0, generating G and a proton gradient
subsequently used for ATP formation. It consists of a core
antenna complex that captures photons, and an electron
transfer chain that converts photonic excitation into a
charge separation. The D1/D2 (PsbA/PsbA) reaction centrg
heterodimer binds P680, the primary electron donor of
PSII as well as several subsequent electron acceptors. D2
needed for assembly of a stable PSII complex.

Ogihara et al, 2000
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4.3.4.3 7 - Days Tugela and Tugela Dn wheat responses to RW3A2
phloem feeding

At the 7" day post RWASA? infestation, both proteomes of Tugela and Tugela Dn clearly
showed signs that their proteomes were compromised (Figure 4.11T{BBla Dn and
Figure 4.12 [B6{Tugela) with several proteins in the pl range of 4 and 351 55kDa
clearlyabsent in both the Tugela Dn infested and Tugela infested proteome. When compared
to the proteomes at 3hrs and 6hrs, proteins that were identified as being exclusively expressed
after day 7 post infestation were indicated as protein spot number 16 &jl8gRi.11 BS

Tugela Dni infested] and spots 17 & 19 [Figure 4.12 B ugelai infested]. These proteins
appeared to be low molecular weight proteins and were identified as photosynthesis related,
structural support and kinases. The proteins in Tugelad®n 7 post infestation were
identified as Ribulose bisphosphate carboxylase small chain clone 512 (pl=5.84; MW=
13055.05Da) (spot 16) and ChlorophyHbabinding protein (pl=5.67, MW=28264.35Da)
(spot 18). In Tugela, the exclusively expressed proteinse weentified as Zys
peroxiredoxin BAS1 (pl= 5.7; MW=23326Da) (spots 17 and 19) with two other proteins
(ProteinL-isoaspartate @nethyltransferase and Chlorophytbabinding protein) appearing

to have ceeluted with it.

90



Figure 411 Representative 2D gel of the proteome of Tugela Dn infested with RW8A2 (Day 7 pos
infestation). Proteins putatively identified as indicated by the arrows and numbers are clearly document
in Table 4.3
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Figure 412 [B6] T Representative 2D gel of the proteome of Tugela susceptible stressed with RVBA2 (Day
7 post infestation). Proteins putatively identified as indicated by the arrows and numbers are clea

documented in Table 4.3.
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Table 4.3: Proteins identified from the wheat leaf proteome of Tugela susceptible and Tugela Dn, Day 7 post aphid infestation.

N Putative protein ID Acc. No. %Cov(95) Theoretical Function References
pl/Molecular
weight (Dalton)
16 Ribulose bisphosphate P07398 89.4 5.84/ 13055.05 RuBisCO catalyzeswo reactions: the carboxylation of D Broglie et al, 1983
carboxylase small chain clone ribulose 1, 5bisphosphate, the primary event in carbon Smith et al, 1983
512 dioxide fixation, as well as the oxidative fragmentation of Terachi et al, 1987
the pentose substrate. Both reactions occur simultaneously Houtz et al. 1989
and in competition at the same active sitéBy similarity). Mehta et aI' 1992
- . . —— - Ogihara et al,
17 Ribulose bisphosphate P07398 56 5.84/ 13055.05 RuBisCO catalyzes two reactions: the carboxylation of b 1991 2000
carboxylase small chain clone ribulose 1, 5bisphosphate, the primary event in carbon o
512 dioxide fixation, as well as the oxidative fragmentation of Niu, 2003
the pentose substrate. Both reactions occur simultaneously
and in competition at the same aive site (By similarity).
17 2-Cys peroxiredoxin BAS1 P80602 46.7 5.71/23326.68 May be an antioxidant enzyme particularly in the Tsunoyamaet al,
developing shoot and photosynthesizing leaf 1996
Tsunoyama &
Toyoshima, 1997
18 | Chlorophyll a-b binding P04784 16.2 5.67/28264.35 The light-harvesting complex (LHC) functions as a light Lamppa et al,
protein receptor, it captures and delivers excitation energy to 1985
photosystems with which it is closely associated.
19 | 2-Cys peroxiredoxin BAS1 P80602 4.3 5.71/23326.68 May be an antioxidant enzyme particularly in the Tsunoyamaet al,
developing shoot and photosynthesizing leaf 1996
Tsunoyama &
Toyoshima, 1997
19 | Chlorophyll a-b binding P04784 12.8 5.67/28264.35 The light-harvesting complex (LHC)functions as a light Lamppa et al,
protein receptor, it captures and delivers excitation energy to 1985
photosystems with which it is closely associated.
19 | Protein-L-isoaspartate O Q43209 4.3 4.90/24708.02 Recognizes and catalyzebe repair of damaged L- Johnsonet al, 1993
methyltransferase isoaspartyl and D-aspartatyl groups in proteins
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The function of the various unique expressed proteins were analysed for the three timeframes,
3hrs, 6hrs and 7 days and proteins with similarcfions totalled up to provide a possible
indication of functional differences between the response of Tugela Dn and Tugela after
infestation with RWASAZ2 (Figure 4.13).

Number of protein spots

Day 7 Tugela

1 Day 7 Tugela Dn
6hr Tugela
0 6hr Tugela Dn
o 3hr Tugela
,;o‘?:’ 3hr Tugela Dn
2N ¥ P

o‘_o X2 <

> ) N3
R \ Q¥

fo“’\

5

Figure 4.13: Distribution and assignment of putatively identified proteins after RWA-
SAZ2 infestation on infested Tugela Dn and Tugela at the three indicated harvest times.
Exclusively expressed proteins per timeframe were taken as the total number for each
stress condition in order to construct the histogramDifferent classes of proteins were
grouped according to function as represented by the different colours.
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The most significant differences between the response of Tugela Dn and Tugela to RWA
SA2 was observed at 3hrs post infestation, with 66% of thesxely expressed proteins in
Tugela Dn being related to photosynthesis while 33% were related to metabolism. At 6hrs
and 7 days, proteins related to photosynthesis were still expressed at a higher level in Tugela
Dn than in Tugela, while additional deor stress signalling proteins were upregulated in
Tugela Dn at 6hrs and 7 days but not in Tugela.
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4.3.5 Identification of pathways involved in the resistance response to RWA&A2 phloem feeding

4.3.5.] Proteins/enzymes involved in photosynthesis related pathways

photosystem Il (Cr)
photosystem Il (Se)
photosystem Il (At)
photosystem Il (Ss)
110389

hv

Se-petG Se-petN Se-petB Se-peth

plastoquinol-plastocyanin
reductase (Cr):
Cr-petA Cr-petB Cr-petD
Cr-petG Cr-petL Cr-petN
Cr-petM Cr-petC
plastoquinol-plastocyanin
reductase (Se):
Se-petC Se-petM Se-petD

photosystem | (Se):
Se-psal Se-psaK Se-psal
Se-psal Se-psaF Se-psaE Se-psaD
Se-psaC Se-psaf Se-psaB
photosystem | (Ss)
photosystem I (At)

fervedoxin MADP reductase (Sc): Sc-ARH1
yeast adrenodoxin homolog (Sc): Sc-VAH1
ferredoxin-NADP
oxidoreductase (Se): Se-petH
ferredoxin-NADP+ reductase (Se): Se-fpr
photosystem I (Cr) NADPH-ferredoxin
ferredoxin oxidoreductase (Cr): Cr-psaC oxidoreductase (Ca)
1.1091 197112 1.181.2

4 hv
4 an oxidized

ferredoxin [iron-

4 areduced ferredoxin
j [iron-sulfur] cluster L

4 an oxidized

ferredoxin [iron-l

sulfur] cluster sulfur] cluster

| 4H* 4H*
chloroplast stroma 1 . —
‘—...2 a plastoguinol ek J -
chloroplast thylakoid membrane —a! ) - de de
s ——2 a plastoquinone --—1 da
f—
. I 3 S BN
chloroplast thylakoid lumen 1 sH'
2Hx0 4H* + oxygen 4 an oxidized 4 a reduced plastocyanin 4 an oxidized 2 NaDP* + 2 H? 2 NADPH

plastocyanin plastocyanin
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Antenna LHCII D1

Loosely bound CP47

D2
CP47
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Antenna LHCII
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Figure 4.14: Model of the electron transport chain taken fromhttp://www.metacyc.org/.

Proteins/enzymes identified in the response in Tugela Dn to RWASA2 and their
i nvol vment in the electron trasport

Chlorophyll a-b binding protein, Photosystem Il D2 protein and Photosystem Il protei
D1.

Left (Insert): Constructed image of a photosystem H LHCII supercomplex adapted from
van Grodell, 2004 and Boekema, 1999. ;Dand D, coordinate the photoactive reaction
centre P680. This is where charge separation ags.
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http://www.metacyc.org/

The ability to photosynthesize is a distinctive characteristic that is unique to algae, plants as
well as photoautotrophic bacteria. Photosynthessmomposed of the light reactions and the
dark reactions. The light reactions take place in both photosystem | and photosystem II,
where energy from the light is captured by Chlorophyll a and b pigriemisch are located

in the thylakoid membrane of thahloroplast- is used to energize the transfer of electrons
from water, through a series of electron donors and acceptors, to the final acceptor NADP+,
which is reduced to NADPH (Blackenship, 1992). The NADPH generated by the light
reactions is used fougar synthesis in the dark reactions. The light reactions also generate a
proton motive force across the thylakoid membrane, and the proton gradient is used to

synthesize ATP through the ATP synthase complex.

4.3.5.1.) Chlorophyll a-b binding protein

Chlorophyll ab binding protein has been implicated in the kghtvesting complex (LHC)

and functions as a light receptor in capturing and delivering excitation energy to
photosystems with which it is closely associated (Lamgipal, 1985). Upregulaton of
chlorophyll ab binding protein in Tugela Dn 7days after phloem feeding could possibly
signal that this delayed response by the plant is a possible indication thatSR?/Aas
imposed on the photosynthetic apparatus of the plant so that the pldmegapace of its

metabolism.

4.3.5.1.2 Photosystem Il protein D1 and Photosystem Il D2 protein

According to Nanba and Satoh (198Photosystem Il protein D1 and Photosystem Il D2
protein are crucial proteins that constitute the photosystem Il reaction centre complex
together with other proteins. This reaction centre plays a pivotal role in capturing photons of
light. Plastoquinone adoreductase uses the light energy to abstract electrons fs@n H
generating @and a proton gradient subsequently used for ATP formation. It consists of a
core antenna complex that captures photons, and an electron transfer chain that converts
photonic ecitation into a charge separation. The D1/D2 (PsbA/PsbA) reaction centre
heterodimer binds P680, the primary electron donor of PSIl as well as several subsequent

electron acceptors.
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Photosystem Il D1 and D2 proteins are needed for assembly of a stélbderR8ex (Figure
4.14 [Insert]) (Ogiharaet al., 2000). Photosystem Il protein D1 and Photosystem Il D2
protein was dowategulated in Tugela 3hrs post RS2 infestation and then tnegulated

in Tugela 6hrs post infestation which possibly indicatespthets attempt to restore normal

photosynthetic function.

4.3.5.1.3 ATP Synthase

Figure 4.15: Structure of ATP synthase taken from (http://www.metacyc.org/). ATP is

generated as F moves down its concentration gradient through ATP synthase

ATP synthase catalyses the synthesis of ATP from ADP and inorganic phosphate (Pi) in the
presence of a proton gradient across the membrane. This enzyme has two sub complexes
known as FFand k. The hydrophilickc ompl ex consists of five
occurring in the ratio of 3:3:1:1:1 with 3
(Howeet al, 1985 and Ogiharat al, 2000) .
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The K complex is membranembedded and forms the proton channel through the
membrane with 3 subunits (a,b and c) in the ratio of 1:2:10. Studies have also shown that
ATP is known to induce the expression of genes involved in the biosynthesis of Jasmonic
acid am ethylene which important pathways in plant defense (€hal, 2014). JA and ET

have been proposed to activate specific genes that promote wound healing (Asathina
2011). ATP synthase has also been found to be essential and an integral congfonent
photosynthesis in which it plays a key role in the channelling of proteins across the
membrane (Maiwale@t al, 2003)Upregulation of ATP synthase in Tugela Dn 3hrs and 6hrs
post RWASA?Z2 infestation is indicative of the plant counteracting RWA aphidhipgpand

maintaining normal cellular functioning and photosynthetic activity to proceed.

4.3.5.1.4 2-Cys peroxiredoxin

2-Cys peroxiredoxirBAS1 has been found to be a possible antioxidant enzyme particularly

in the photosynthesizing machinery of the plant. Its upregulation in Tugela 7 days post RWA
SA2 infestation could suggest that the enzyme serves as an antioxidant as the plants
photosynihetic machinery has already succumbed to RWA feeding. This could possible lead
to irreversible photanhibition (Kyle, 1987), resulting in PSIl D1 and D2 proteins being a
possible site oD. noxiadamage. Ohadt al. (1990) further emphasize that phatdibition

caused by overeduction on the photon acceptor side will in turn lead to an impaired donor
side. With this electron flow being hampered, electrons may follow an alternative route that
might increase Reactive Oxygen Species (ROS) production dials 1992) which could

lead to chloroplast dilapidation and peroxidation of thylakoid lipids if these ROS molecules
react with chloroplast macromolecules (Mishra and Singhal, 1992). ROS production together
with the combined action of nitrous oxide (NOjgters the HR. Studies conducted by
Mohase and Van der Westhuizen (2002) shows that the HR can also cause salicylic acid (SA)
and benzoic acid (BA) production which travels from the infection site to nearby tissues as a
secondary defense mechanism. SAdsoaiated with triggering the expression of a set of
defense gene families encoding certain pathogenesis related (PR) proteins. PR proteins
include lytic enzymes i.e. chitinases, glucanases that degrade fungal and bacterial cell walls
and lectinlike, thionin-like and proteinaseinhibitdike antifungal proteins (Van Weet al,

2000).
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SA can also trigger systemic expression of PR proteins in the other parts of the plant. This
trigger leads to a lontasting and broadpectrum resistance response calleel $ystemic

acquired resistance (SAR) that is repecific (Metrauwet al, 1990).
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4.3.5.9 Proteins/enzymes involved in metabolism related pathways

bisphosphade carbomytase |
A-RBCS-28 M-RBCL
tesphorsphiate carbomyiase Moroe beosyrithess | (from pholosyrithess |
A-RBCS-38 A-RBCL

bisphonphate carbomytase
AL-RBCL A-RBCS-1A

D-xylubese S-phosphate*—

D-frctone 6-phosorate O-
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.
GhrootisshyOetransterase (S) Se-BtA
D-erythrose B2z

aldelase So-eal mrose biooyrithes | {from photosymthesis)
X 41213

Figure 4.16: Shows the involvement of the putativelyidentified proteins/enzymes and the reactions the
catalyse in the Calvin cycle. Figure taken from http://www.metacyc.org/

- RuBisCO large subunitb i ndi ng pr ot e-phosplsoD-glugcer Bt e 2ribBoBe-1Hb6+ 2
bisphosphate + CQ + H,O

Phosphoglycerate kinase: ®hosphoD-g| ycer at e -bispAcBpgheDzglycerate 8 ADP

Sedoheptulosel, 7-bisphosphatase: Bsedoheptulosel, 7-bisphosphate + HO Y -sé@loheptulose 7
phosphate + phosphate

Fructose-1, 6-bisphosphatase: Fructose 1,-Bisphosphate + HO Y -Dffructofuranose 6-phosphate +
phosphate

- Phosphoribulokinase: Dribulose 5p h o s p h at e -sbuldsd R 5hisphBsphate + ADP + H+

The Calvin cycle is the major CQ fixation pathway, found in all in green plants and many autotrophic
bacteria. During this cycle, one CQ molecule at a time is added to the acceptor molecule-fibulose-1, 5
bisphosphate, producing two molecules of-BhosphaD-glycerate this is then passed through a cascadé
reactions, regenerating the molecule Bibulose-1, 5-bisphosphate.
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The Calvin cycle is divided into three stages: fixation, reduction and regeneration.
Proteins/enzymes identified in this pathway in response to aphid feeding include
Phosphabulose kinase, phosphoglycerate kinase, sedoheptljdsesphophatase and
ribulose bisphosphate carboxylase. In the first stage of the Calvin cycle the reduction
carboxylation of Dribulosel,5-bisphosphate (RuBP) is catalysed by the enzyme ribulose
bisphosphate carboxylase (RuBiSCO) forming two moleculesmid&peD-glycerate. The
second step involves these two molecules that are phosphorylated-isph@spheD-
glycerate and then again dephosphorylated-gyDeraldehyde -phosphate. In three cyd

of this cycle 3 molecules of GQre fixed and 6 molecules offlyceraldehyde -phosphate

are formed of which one is diverted to biosynthetic pathways while the other 5 are used up in
the next stage. The third stage involves regenerating Re&fe of the EBpylyceraldehyde 3
phosphate are converted to glycerone phosphatglyd@raldehyde -phosphate and
glycerone phosphate are then condensed into fructose -bispliospate which is
dephos phor Pifrectose déphaspiate.b The latter combem with another b
glyceraldehyde -phosphate molecule and cleaved intaylulose 5phosphate (X5P) and-D
erythrose 4phosphate. Eerythrose 4hosphate combines with glycerine phosphate to form
D-sedoheptulosé,7-bisphosphate, which then becomes dephogpdted to D
sedoheptulose -@hosphate. This combines with-dbyceraldehyde -phosphate and is
cleaved into a second-Kylulose 5phosphate and a-Bbose 5phosphate (R5P). Both of
these are converted into-fibulose 5phosphate that is finally phosphtated to Dribulose
1,5bisphosphate, restoring the key £&&ceptor molecule (Caspet al, 2014).
Phosphoribulose kinase, phosphoglycerate kinase, sedohegtyidssphophatase and
ribulose bisphosphate carboxylase were doggulated in Tugela 3hrs gb RWA-SA2
infestation possibly indicating that the
feeding and led to possible leakage/loss of metabolites. These proteins/ enzymes were
constitutively upregulated in Tugela Dn in response to RVBA?2 infesation indicating that

the resistant cultivar is able to cope better with the feeding/probing damage caused by RWA.
However, plants also have to take care in controlling the carbon flux between this and
competing pathways to make sure that the Calvin @areproceed due to rate limiting steps
that do exist (Caspet al, 2014). To achieve this, the catalytic activities of certain enzymes
within the cycle are highly regulated including sedoheptuligs&bisphosphatase and
fructosel,6-bisphosphatase byedhedox potential via the ferredoxin/thioredoxin system that
modulates the enzyme activities in response to light/dark conditions (Scheibe, 1990;
Buchanan, 1991).
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Also, fructosel,6-bisphosphatase functions at the branch point between the regenerative
phase of the Calvin cycle and starch biosynthesis, and sedoheplylds®ésphosphatase and
fructosel,6-bisphosphatase catalyse irreversible reactions (KoBraaah 1994). Lefebvre

et al. (2005) reported that increase in sedoheptulgsé-bisphosphatasestimulates

photosynthesis and growth rate in Arabidopsis.

4.3.5.3 Proteins/enzymes involved in stress related pathways

4.3.5.3.) Dehydrins

- jai3-1
2% J_ |_ (dominant mutation)

DHN-5
overexpression

pathogen-responsive wound-responsive
genes genes

Figure 4.17: possible involvement of Dehydrin in biotic stress tolerance. Figure taken fro
Hanin et al, 2011.

Dehydrins (DHNSs) belong to a group of proteins called the Late Embryogenesis Abundant or
(group 2 LEA proteins) and they largely function in plant response and adaptation to abiotic
stressesHowever, it has been reported that wounding induced the exgmestispecific

Dehydrins.
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Wounding is a common biotic stress which is usually exerted by insects or other herbivorous
species and is also regarded as dehydration stress because of its association with cellular
damage that leads to water loss. Furthermam@inding is also known to increase the
expression of sucrose transporters (Satkal, 1993; Sakret al, 1997; Meyeret al, 2004;
Kempemaet al, 2007). Plants need to compensate for this osmotic stress and nutritive loss
exerted on them in responsedghid feeding. To this effect, they use sucrose in the presence
of sucrose transporters to drive it (Sauer, 2007) and to replenish any nutritive loss that may
have occurred. In spite of its contribution in enhancing osmotic stress tolerance, it has
recenly been reported that Dehydrins affects the expression of not only genes involved in
abiotic stress but also implicated in defense responses. Interestingly, the authors also found
that Dehydrins interferes with Jasmonic Acid (JA) signalling. JA is an emipersignalling

molecule in defense mechanisms against pathogens.

4.3.5.3.2 Protein-L -isoaspartate Omethyltransferase

Protein L-isoaspartyl methyltransferase (PIMT) has been found to combat protein misfolding
resulting from Lisoaspartyl formationby catalyzing the conversion of abnormat L
isoaspartyl residues to their normabkpartyl forms (Johnsagt al, 1993). In this way, the
enzyme <contributes to |l ongevity and surviva
during plant stress still remms undefined. A study conducted on Arabidopsis thaliana lines
exhibiting altered expression of PIMT1, one of the two genes encoding the PIMT enzyme in
Arabidopsis has shown that overaccumulation of PIMT1 reduced the-upuilof L-

isoaspartyl residues iseed proteins and increased both seed longevity and germination
vigour. On the contrary, reduced PIMT1 accumulation was associated with an increase in the
accumulation of Lisoaspartyl residues in the proteome of freshly harvested dry mature seeds,

thus leading to amplified sensitivity to aging treatments and loss of seed vigour under
stressful germination conditions. Thus the PIMT enzyme is likely to work as a unit with other
antraging pathways to actively eradicate deleterious protein products, enabtogssful
seedling establishment and strengthenetng pl a
al., 2008). One may therefore argue that the upregulation of the PIMT enzyme in Tugela day

7 post RWASA?2 infestation is an attempt by the plant toaie@mino acid residues for

normal cellular functioning and other metabolic processes such as protein synthesis to

proceed even though the plant has already succumbed to RWA probing.
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4.4) Discussion and conclusions

The differences in the temporal and composition of differentially expressed proteins clearly
indicate that Tugela and Tugela Dn wheat cultivars activate a range of different responses to
RWA-SA2 phloem feeding. Bilgiet al. (2010) has also provided evidenthat regardless of

the type of biotic stress on a plant, the response appears to be generallyragldaton of
photosynthetic related genes more so in susceptible plants. Their study has also shown that
certain host plants tend to dowegulate thes photosynthetic related genes as an adaptive
response to biotic attack but does not nec

normally.

The findings presented here appear to be in accordance with the findings ofeBatha
(2006) indicatingthat the wheat cultivar that contains tbe resistance gene, Tugela Dn,
experiences a potential delayed defense response in response teSARANFeeding.
Furthermore, RWASA2 has caused more physical damage to Tugela plants than Tugela Dn
plants which app's to be in line with the findings of Tolmay al. (2007) and Walton and
Botha (2008) who reported that R\W3A2 not only bred faster but also caused more damage
to wheat lines than did RWSAL and appeared to be unaffected byDhé resistance gene.

Results obtained from this study also indicate that majority of the putatively identified
proteins are involved in photosynthesis and metabolism. Beithel. (2006) have found
similar findings with their DNA microarray data in which they have identifiedsttepts

which encode for proteins functioning in cell wall degradation, cell maintenance, defense,
oxidative burst, photosynthesis and energy metabolism. Their study also confirmed that
majority of these protein encoding genes were observed within tte 2dr hours after
infestation. Van der Westhuizen and Botha (1993) also reported that the protein profile of
cereal plants begin to change within 48 hours, when they are infested with the RWA. In their
study, they compared responses of Tugela (suscep#ibte)TugelaDN (resistant) infested
with RWA (South African Biotype one). Their results showed an increase in the number of
proteins in the resistant cultivar and a decrease in the susceptible cultivar. Although the
aphids prefer to feed at the bases ofldaves, the profiles of all the different parts of the

resistant | eaf were similar, indicating a gl

The putative resistance proteins identified in this study, are involved in photosynthetic

electron transport @in and proteins belonging or associated to photosystem | & I
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complexes and the Calvin cycle metabolic pathway. Bethal. (2006) also investigated

whether photosynthetic transcriptional regulation is a contributing factor for toleramte to
noxiaandfound that the chloroplast machinery maintenance is one of the determining factors

in permitting resistant plants to overcome the stress imposed by RWA feeding. They found

that ATRsynthase plays a significant role in this regard through the provisionewf\ye
during cell mai ntenance and may intensify ¢t
photosynthetic apparatus intact. The dewgulation of RuBisCO (RuBP) in Tugela
susceptible could possibly suggest that the rate of incorporation angiortagdon of
photosynthetic products decl i ne, as a result
i nhi bi ti oetal, 1098aleathre tosmodifications of soursimk feedback signals

(Peterson and Higley, 1993). In comparison, Tugela Dnihagased RuBP rates which

suggest faster regeneration of RuBP. The data in this study also indicates that before the
appearance of visible signs of aphid attack, the progression of phloem feeding mostly

represses photosynthesis related proteins in teafkedl as those involved in metabolism.

It would appear that the pathways identified function in parallel to capitalize on more defense
efforts rather than resistance against R&A2 as these pathways seem to be interlinked.
This is in line with the findigs of Bothaet al. (2006), in which they propose that the-up
regulation of PSIl components involved in increased photosynthetic activity could potentially
provide a mechanism of passive resistance againsoxiafeeding. HengMosset al. (2003)
proposedthat a suggested site for RWA feeding damage would be the Light Harvesting
Complex II (LHC II). The results from this study support this proposal, as the proteins
identified here play a pivotal role in the LHC Il. This study therefore provides evideaice th
Tugela Dn, to an extent, counteracts deleterious effects of aphid {BA2A herbivory
through upregulation and faster regeneration of photosynthetic related molecule and does
respond in a highly specific manner to infestation with R®A2 by inducing unique
pathways. It would also appear that RV8A2 overcomes the resistance response of Tugela
Dn against RWASA1 at a much later stage. Feeding by R\®/A2 triggers an onset of a
defense response in Tugela Dn and hypothesize that susceptible plantdyareiikapable

of maintaining energy production systems that rely on efficient photosynthetic activity due to
chlorophyll breakdown. Further research is therefore needed to investigate the potential use
of photosynthetic proteins and pathways identifiedhis study as potential markers for

identifying D. noxiaresistant germplasms.
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CHAPTER 5

General Discussion, Conclusion and
Future Work
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The need to investigate resistance mechanisms could possibly lead to a better understanding
of wheat stresgsesponses to aphids in general, facilitating the development of improved
cultivars possessing resistance to the effects of RWA infestation (Moloi and Van der
Westhuizen, 2005). It has previously been reported that Tugela Dn has a better chance of
surviving the stress condition imposed by RWAA1 than Tugela due to a higher proline
content and subsequent maintenance of chloroplast integrity and photosynthesis (Van der
West huizen and Pretorius, 1995) . Il n additio
Tugda Dn, Ni and Quisenberry (1997) reported that RWAs prefer wheat lines with shorter
trichomes. Lines with longer trichomes positioned along the leaf veins were less preferred
although the trichome density was less. The leaf veins are the preferred @edofgRWA

and the trichomes hinder their probing. The discovery was supported by the finding of
Bahlmannet al, (2003) that the resistant wheat line Tugela Dn has more trichomes on the

leaf veins than other namesistant lines.

An increase in intercellar chitinase and peroxidase activity was reported within 48hr of
RWA-SAL1 infestation of Tugela Dn (Van der Westhuistral, 1998b). However, this study
showed that the pathway of RWSA1 probing appeared to be unaffected by the induction of
these enzyns In an analogous study, Van der Westhuegeal. (1998a) reported that RWA

SALl infestation on Tugela Dn induced a substantial increasd @dlucanase activity while
Bothaet.al (1998) reported a large induction of chitinase activity intercellulairipyfested
Tugela Dn. Infestation of Tugela Dn with RW&A1 also induced the accumulation of
salicylic acid and increases peroxidase activity while catalase activity was inhibited (Mohase
and Van der Westhuizen, 2002). This study was therefore undettakee whether RWA

SA2 overcomes the resistance of Tugela Dn against fSAA by identifying exclusively

expressed proteins.

Extensive research efforts have been undertaken to characterize the mechanisms of resistance
of the Russian Wheat Aphid as theye adentified as a serious pest that has negatively
impacted wheat as well as other cereal crops, (Burd and Elliott, 1996tRéfi1996; Rafi

et al, 1997; Van der Westhuizen and Pretorius, 1995; Hdilal, 1999). This study was
undertaken to assefise effect the aphid feeding on the chlorophyll content in Tugela and
Tugela Dn, by measuring variable chlorophyll fluorescence of the plants, a chlorosis is often
seen in RWA infested plants. This was achieved through the use of the innovative ldtegrate
Fluorometer and Photosynthesis system, which allows one to investigate photosynthetic

reactions, light dependent reaction of a plant and plant girotection mechanisms (Baker,
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2004). Chlorophyll a fluorescence has been found to have close correklatioright
reactions in the photosynthetic tissues. Measuring chlorophyll a fluorescence is thus a non
invasive technique to study the light induced electron transfer in the-pnodéin pigment
complexes of photosynthesis (Schreiber, 2002). The reswlts this study indicated a
decrease in fand F resulting in a decreased photochemical efficiency of photosystem Il
(PSIl) (R/Fy) for Tugela (susceptible) whereas total chlorophyll concentrations was not
significantly affected in Tugela Dn (resistanttoedr), are in line with those presented by
Krauseet al.(1982), Horton (1983) and Burd and Elliot (1996). It can therefore be concluded
that Tugela Dnés resistance mechanism prevert
the chloroplasts and the indimt of expression of specific proteins in the chloroplast. The
recognition of RWA specific proteins cause signal transduction to the nucleus of the plant
cells and the induction of photosynthetic and metabolic related proteins. The photosynthesis
machinerywas thus maintained but the chlorophyll kinetic analysis indicates that the
photosynthesis is compromised. The photosynthesis even had a greater decrease than
observed in the susceptible Tugela plants. The reason for restricting photosynthesis might be
to direct the energy to the formation of ROS rather than producing glucose for plant growth.
By quickly producing ROS the plants stimulate the HR as an effective defense mechanism.
Essential differences in the response to RWA feeding are thus observed dla Tuy
compared to Tugela on a biological, physiological and protein level. This supports the
hypothesis that photosynthesis does play a significant role in RWA resistance.

This study revealed that there appears to be commonality with some of the pFosimes
identified in response to stress imposed by R&A1 f eeding (Louw, 2007
and b s ubuni tbsbhinding lploteim and RYBISICO),aNqumla, 2013 [ATP
Synt hase U and -H6bisphosphatase, RuBiSGOL, and Njons, &JATP

Synt hase U and b g ubinding i ptotein, RUBISCW®, rFaugodes | | a
bisphosphatase, Phosphoribulokinase, Phosphoglycerate kinase, Ribulose bisphosphate
carboxylase large chain, Ribulose bisphosphate carboxylase small chain PW9, eRibulos
bisphosphate carboxylase small chain PWS4.3 and Sedohegtuldssphosphatase])
indicating that RWASA2 partially overcomes the resistance activated byDingene. The
photosynthetic proteins are involved in maintaining the integrity of the chlstspénd
photosynthetic systems, suggesting that the maintenance of photosynthesis is a key step in the

moderate resistance of Tugela Dn in response to FBARA.
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Proteins/enzymes that were identified that are unique to this study which have not been
previowsly reported to be implicated in the R\Watheat interaction are, Photosystem Il D2
protein, Photosystem Il protein D1, Dehydrin COR41@&d8nosylmethionine synthase, 2

Cys peroxiredoxin BAS1, Chlorophyll-la binding protein and Protein-isoaspartate O

metyltransferase.

Based on the proteomic data which is further supported by the photochemical data, we
propose a model to depict the main components involved in A2 response to Tugela

and Tugela Dn. In this model it is hypothesized that RWA probeslame @nd once it has
established a feeding site, it releases its phytotoxic compounds and binds to receptor proteins
embedded in the cell membrane. The Tugela Dn line appears to have a more successful
resistance mechanism against the R®A2 biotype. Uporrecognition of the aphid in the
resistant Tugela Dn linghis activates a cascade of events downstream resulting in the onset
of defense response. The photosynthetic machinery of the plant appears to be less unharmed
compared to the decline reached in thesceptible cultivar. It would appear that the
susceptible plants displays no recognition and therefore has no time to activate the suitable
machinery for cell maintenance, leading to energy production loss and eventually cell death.
These are a result ohlorophyll breakdown and severe compromised photosynthetic activity.

It is proposed that in an incompatible interaction the plant deliberately decrease its
photosynthetic capacity and other assimilatory metabolism processes in order to initiate
respiraton and other processes needed for defense (Sddtasle 2005). The purpose of

doing this might seem like suicide but it could be a desperate attempt on survival. However,
the susceptible does not appear to show any form of regeneration, thus, surgetodapihid

attack. It has been previously reported that there are no specific proteins that convert a signal
about an increase in the intracellular ROS levels to a biochemical response in the cells.
However, herein we report that it would appear that rdsstant cultivar, Tugela Dn,
scavenges ROS by upgulating 2Cys peroxiredoxin for use in the hypersensitive response.
ROS have regulatory properties in stress conditions and is produced at various sources
including NADPHoxidase receiving electronshrough ferredoxin. It still remains
guestionable which particular ROS plays a signalling role in the chloroplast and how
different signalling pathways respond to an increase in the level of different types of ROS.
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Future Work

The findings from this study suggest that the 2DE method employed was suitable for the
identification of proteins exclusively expre
However, in order to improve reproducibility and gel resolution in futtudiss, IPG strips

of narrow pH ranges should be used to improve resolution of spots in the second dimension
especially putting more emphasis on protein spots in the acidic region. Broad range IPG
strips provide one with a general impression of the digioh of proteins with regards to

their pl values but the use of narrow pH range strips will allow for improved spot resolution
(Gorg, 1991). Another area that would also assist with improved protein spot resolution is to
increase the IPG strip as well e size of the second dimension gel from 11cm to a 17cm

gel. A further aspect of the work that must be addressed on the involvement of specific

proteins in the resistance mechanism is to use the following complementary techniques:
Western blotting/ELISA

The upregulating of the specific key regulating proteins in the identified resistance
mechanism will be confirmed at a protein level using antibodies generated against these
specific proteins using Western blots or ELISA of plant extracts infested WhiA Rt
different time intervals. These will then serve as potential protein markers to develop resistant

wheat strains to counteract the aphid attack on wheat plants.
gPCR

The upregulation of transcription of specific key gene regulating the pathwaysfielnn
this study will be monitored using qPCR. An induction of any of these genes would be a
strategy to overcome pest attack to keep the photosystem | stable and energy production

going and a reduction might be to force energy flow in a differenttcire
Adding elicitors

A resistant and susceptible wheat cultivar will be taken and treated with various elicitors such
as JA, SA or ABA and resistance to RWA will be scored. This will give an idea if the
pathway was common to both. If the protein was @xgressed in RWA infested plants, it
should become RWA resistant. The deposition of callose will also be evaluated using

fluorescent microscopy.
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Measuring particular enzyme activity

Enzymes within the unique pathways identified in this study will be tseleand the
enzymatic activity will be monitored in resistant cultivars to RWA at different time frames.
For example, Fructosk,6-bisphosphatase catalyzes the reaction converthigiddose 1,6
bisphosphate to fiructose 6phosphate in carbohydrate bioflyesis. It would be interesting

to see whether the induction of FBP would overcome the step inhibited by thioredoxin.
Measuring role of Ca2+ in the response mechanism

Confocal microscopy will be used to monitor Ca2+ fluxes in resistant and susceptible
cultivars at various time frames, in response to RWA infestation. The role of Ca2+ signalling
proteins as a potential defense strategy of Ajtedistant Wheat plants have also been
recently studied. It would be interesting to see whether virulent Diurapiig Mphids
causes oveexpression of calcium signaling proteins and may give useful insights into this

relationship.
Identification of kinases or phosphorylated proteins

Antibodies to specific kinases will be generated to identify them and their i@stimieasured
or phosphorylated proteins will be identified and quantitated by liquid chromatography mass
spectrometry (LC/MS).

Phytoalexin production

The presence or absence of phytoalexins will be monitored at different timeframes to confirm

what role thg play in the resistance mechanism.
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