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Abstract

Food security is of major importance due to the increasing world population with 8.9 billion
peope expeted by 2050 (Cohen, 20pDiuraphis noxia(RWA), have causedggravating,
massive losses wwheatfarmers inmany areas of the world. If uncheck&@IWVA are able to
destroyplants resulting in major economic impacts (Botha, 2013). Due to ineffectivaf use
other control methodsthe Small Grainsnistitute in Bethlehem, South Africa, have therefore
developed resistant cultivars to the known RWA subtypes over the past decades through
intensive breedig programmes (Tolmagt al, 200§. Climate change hasowever become

a major factor threatening food security especially with the observed inene@€& from

less than 300 ppm in piadustrial period to the current 385 ppm and is predicted to reach
550 ppm by 2050 (IPCC, 2007; Mesddtl al., 2007).Elevatel CO, concentratiomrmay dfect

individual species of a communitgence the need understanthe wheataphid interactions.

In this study, ppulation growth rates and virulence of RV&A1 at ambient (38ppm) and
elevated (45@pm) CO, concentratiorwere evaluated on two wheat cultivars: Tugela Dn
(resistant) and Scheepers (susceptible). Fluorescence microscopy techniques using aniline
blue were used to investigate feeding related damage caused by RWA SA1 through an
examination of callose deposition @te two CO, concentration A two-dimensional gel
electrophoresis method was developed in order to determine the effect of RWA SA1 on the
wheat cultivars proteome at the tW@, concentrationDifferentially expressed proteins that

were up or down regulatetiore than two fold were identified using PDQU¥sBasic 2D

Gel analysis software.

Populationsof RWA SA1 increased significantly on the two wheat cultivars at I&th
concentration Although the population growth rate for RW®AL1 on both cultivars was
generally exponential at all treatments, growth at elev@@gdconcentratiorwas noticeably
faster with populations increiag 3 fold in 14 days as compared to the 2 times at ambient
CO, concentrationHence both cultivars provided a better quality hést RWA SA1 at 450

ppm than 38%pm. There was no significant difference between RWA SA1 population on
Tugela Dn and on Scheepers at elev&€d concentratioron day 14 after infestation which
means there was a changetire resistance mechanism in Twgddn at this condition.
Approximately70% of the total leaf showed chlorosis by 21 days of aphid infestation for

both cultivars althoughht susceptible cultivar was more vulneeablfhere was low callose



deposition in the controls (uninfested plants) tedvy callose in infested plants due to aphid

feeding.

A proteomics approacivas used as a pilot studly investigate whether it would be possible
to identify the changem the resistancenechanism during aphid infestationderelevated
CQO; levels.The major change# the proteome of theontrol group (uninfested Tugela Dn
at ambient versus elevat&@D, concentratiopoccurred in the early events (dayr/Lin the
molecular weight range of approximately BBa to 55kDa are mainly within the basic to
neural pH range.This was suggested to l@eresult of mechanisms to adjusttte CO,
concentrationElevated CQ results in instant higher photosynthetic raaesl C:N ratios as
well as changes in expression levels of@pendant defense geném@roth 195; Hughes
and Bazzaz, 200Bunet al, 2013) Because most of these changesdarectly regulated by
proteins, it is expected that the mafferential proteinexpression will occur immediately

after the atmospheric changes (early eveadsyas showim the study

Infested plants under elevated and ambient condisbhogedthat the stress conditions gave
rise to differentially regulated proteins within the wheat proteokhest changes occurred
elevated CQ levels It can besuggested that the chamsgeere a result ofdifferentidly
regulaed plant defence proteins which fall in this range (@Ba - 80 kDa) such as
per oxi dases, -l8dlucandses asveels as arateln kinases,-bleatk proteins

and photosynthetic proteinghese results indicate that there has been changes in the

resistance due to elevated gé@cause of the evident changes i pnoteome

If so, then the results will be similar to thodecumented by Louw (2007) where-up
regulation was due to putative storage proteins, proteins involved in photosynthesis, heat
shock proteins and defense proteins. Of course, the pl value dedulao mass of the
proteins and the identification of the proteins in these spots, must be determined in future
work to specifically identify whether theseggestionareauthentic However, Louw (2007)

also reports that the susceptible Betta wheatveultdisplayed a defence response similar to
the HR although itwas unable to upegulate specific defensive proteins against RWA
infestation but proteins for broad resistance. Although the changes in the proteins in infested
Tugela Dn under elevate@O, concentrationwere not accurately identified, the defense
mechanism is similar to that portrayed by the susceptible Betta wheat cultivar which shows

that the resistance mechanism had been overc8®eause thisvas a pilot studyand



preliminary results wer obtained due témited fundingand time constraints, suggestions

were made on howo furtherdevelopthe method to obtain statistically significant results.
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1 CHAPTER ONE

1.1 Literature Review

1.1.1 General Introduction

Plants are naturally sessile, and subject to diverse stresses. Plant stress is very complex and
highly dynamic. Ittends to inhibit normal systems from functioning optimally thus affecting
growth, development and productivity (Atkinson and Urwin, 2012). Biotic and abiotic stress

is the negative impact of living and ntming organisms respectively in a specific
environment. Abiotic plant stress includes the climatic or environmental, physical or
chemical insults such as light, temperature, salt and pollution. Whereas, biotic stress includes
pests and pathogens such as insects, nematodes, bacteria and fungi. Maon losse
productivity worldwide occur as a result of abiotic and biotic stresses. The frequent exposure
of plants to these disturbing external pressures usually leads to the activation of complex

response mechanisms within the plants.

The study of planinsect interactions has been extensively studied by scientists for a while
now with the integration of many fields which include: biochemistry, botany, physiology,
ecology and evolutiofiMoran et al, 2002).Insects are a very diverse group and normally
exist in large populations. This is due to their small size, high rates of reproduction,
abundance of food supplieend adaptatiorto every land and freshwater habitat (Insect,
2014). Insect plant feeders are of a major threat to commercial agriculture.caingye
classified depending on the way in which they cause harm to the plant eguckam
insects such as aphids, gnawing insects such as locusts, tunnelling insects such as ants and
pathogenic vector agents such as cockroaches. They are respansitdedt injury through

their feeding as well as indirectly by transmittance of bacteria, viruses or fungi. For example
the viral diseases of potatoes carried from plant to plant by aphids (Metcalf and Metcalf,
1993).

It has been discovered that plantgpe&rience changes in their chemical composition and
morphological seup in response to attack by pathogens and herbivores (Karban and
Baldwin, 1997).Plants can perceive insect attacks either through metabolic changes in
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injured tissues or binding of malelar compounds to certain receptors in the plant to initiate
an opposing response (Sahexdl, 2008). To overcome this, insects have in turn evolved
specialised mechanisms to evade sensitivity, deegulate plant defence responses and gain
maximum nutition from its host. Hence, the interaction between plants and insects such as

aphids are complex and dynamic.

1.1.2 Wheat

Wheat is of the genuEriticum Land belongs to the grass family GraminkEaaestivun{also

known as common or bread wheat) is a vienportant crop with abundant uses. For that
reason, it is among the AbOrngasativiraadecornZea r e a l
may$g (Shrewrey, 2009).

1.1.2.1 Origin and Evolution of Wheat

According to Shewrey (2009), wheat was first cultivated ah0@00 years ago. Its origin is
debatable although most authors suggest that its cultivation originated in the middle east
citing as evidence that the earliest remains of the crop were found in Turkey, Jordan and
Syria (Gibson and Benson, 2002). Archaealagproof has drawn the conclusion that the
domestication of wheat originated from Southern Levant spreading quickly into the rest of
the Fertile Crescent dating back to 9, 600BC (Badal, 2000). The Fertile crescent was an
area that ran through Mesmtpmia (now Iraq) and Syria. The domestication of wheat brought
enormous changes where people began growing their own food transitioning from hunting
and gathering referred to as the Neolithic Revolution (Shewrey, 2009). Soon as production
increased, tradieetween various cultures developed.

Modern day cultivated wheat evolved from the earliest wild forms. The genomic affinities of
a large number of members of thetecia family where studied to try and determine the
evolutionary steps of wheat. The @éast cultivated forms were diploid (genome AA i.e.
2n=2x=14 e.g. einkom) and tetraploid (AABB: 2n=4x=28 e.g. emmer) (Dubcovsky and
Dvorak, 2007). There were a number of crossings with these wild species to the hexaploid
(2n= 6x=42) bread wheal. aestivum(AABBDD) appeared wherT. turgidum (AABB)
crossed withT. tauschii(DD), a weed within the crops or around the margins of cultivation
(Feldman, 2001).



The final major step in the evolution of bread wheat was the selection from the hulled forms
where theenveloping glumes adhere tightly to the grain seed, to thetHreshing naked
mutants (Dubkovsky and Dvorak, 2007). The early domesticated emmer, einkom and spelt
forms were all hulled compared to the recent bread wheat which is nothfesaing. In

these later plants, the grain can easily be separated from the glumes thus improving the
texture of the flour. As early farmers probably set aside the best wheat plants to use as seeds

for the coming years, the best wheat qualities were passed to new igeserat

1.1.2.2 Overview of wheat production

Wheat is an annual grass which grows at areas from sea levels to altitudes over 300m. It
prefers a habitat with wetlrained, clayjloam soils of little rainfall and extreme temperatures
(Gibson and Benson, 2002). It cka grown throughout temperate, mediterrargae and
subtropical regions of the world. It is well adapted to harsh environments and mostly grown
on windswept, dry and cold areas as compared to rice and corn which are grown in warm

regions with high rairdll as they require ample water.

More than 600 million tonnes of wheat are harvested annually worldwide (FAOSTAT, 2012).
For example, approximately 671 million tonnes of wheat where produced worldwide in 2012
compared to 720 million tonnes of rice an®8iiillion tonnes of maize (FAOSTAT, 2012).

The world leader of wheat production is China followed by the United States of America. In
South Africa, there has been a general decrease in wheat production and area it is harvested
during the period 2008 to 28 Table 1.1). There is a need therefore, to find ways in which

wheat production can be enhanced.

1.1.2.3 Uses of Wheat

Wheat is mainly used as a human food source as well as a livestock feed. It is nutritious and
can easily be stored, transporgatl processenhto various foods. It is the major ingredient

in most foods such as bread, biscuits, cakes, baby foods, and pasta. Wheat has become a
maj or staple food and provides about 20% of
and Benson, 2002). Wheat ashigh carbohydrate food with additional valuable minerals,

vitamins and proteins.



Wheat is the only plant derived food that contains gluten protein which forms minute gas
cells that hold carbon dioxide during fermentation, enabling dough to rise. Theghieas

also used for fermentation to make alcoholic beverages such as beer. Wheat is therefore of a
major economic importance. In 2012, the total world wheat production was worth over $79
Billion (FAOSTAT, 2012).

Table 1.1 - Overview of Wheat Production and the Area Harvested in South Africa fromi 20082
( Adapted from FAOSTAT, 2012).

Year Area Harvested Production
(Ha) (Tonnes)
2008 748000,00 2130000,00
2009 642500,00 1 958000,00
2010 558100,00 1430000,00
2011 604700,00 2005000,00
2012 511 000,00 1 915 000,00

1.1.2.4 General Anatomy Of Wheat

The plant is generally made up of a root system, stem, leaves and a flower spike or head (Fig
1.1). Most grow to approximately 1 metre in heigftte wheat plant has twgges of roots,

the seminal/seedling roots and the clonal/adventitious roots (daiti, 2012). The seminal

roots are the primary roots belonging to the embryo at germination. The clonal roots form the
permanent root system replacing the seminal, arifiogn the basal nodes forming the
vegetative crown. Roots function in gathering nutrients for sustenance from the soil and

providing anchorage for the plant.

The stem is erect, cylindrical, hollow and jointed from which the leaves emerge at opposite

sides Bold joints called nodes separate plant into sections of repeating units called

internodes. Each unit potentially comprises of a node, an elongated internode and a leaf with
a bud on its axial (Kirby, 2002). The stem supports the head of the Phettead of a wheat

plant consists of kernels covered with bridike spikes called beards. The kernel is the

seed/grain from which a wheat plant graiMaiti et al, 2012).



The leaves of a wheat plant are long, thin, simple and alternate. The stem coatailes
venation arranged into rows. The leaf consists of two parts which form from different
meristems: the leaf sheath which encircles the stem and the leaf blade (lamina) which bends
away from the stem. The lamina has a visible midrib along whicm#jer vascular bundles

(primary site of aphid feeding) run.

head

stem

leaves

root system

Fig.1.1: The General Structure of a Wheat Plant. (Taken fromp:/www.bakeinfo.co.nEacts/Wheat
Milling/Wheat)

Further, comprehensive analysis of the anatomy of wheat leaves is crucial to understand the
mechanisms of aphid feeding on the vascular bundles. Wheat plants grow several side shoots
or lateral branches called tillers whichve a basic structure similar to the main shoot (Kirby,

2002). These arise from the axils of the basal leaves and may grow a long stem which bears a

flowering head at the top.

1.1.3 The Russian Wheat Aphid ( Diuraphis noxia, Mordvilko)

The family Aphididae cosists of aphid colonies specialized to feed on phloem sap.
According to Blackman and Eastop (1994), this family comprises of more than 4300 species.

The Russian Wheat aphid (RWA)juraphis noxia(Mordvilko) is a phloenfeeding pest of


http://www.bakeinfo.co.nz/Facts/Wheat-Milling/Wheat
http://www.bakeinfo.co.nz/Facts/Wheat-Milling/Wheat

wheat and barleyauising large crop losses that lead to major economic I0gaadenberget
al., 2001).

1.1.3.1 Morphology
It has a small limgreen spindleshaped body, less than 2mm in size with very short

cornicles, antennae and legs. Viewed from the side, its appendagethbmauda appears
as a second tail (Michaud and Sloderbeck, 2005).

short antennae

spindleshaped body

pigmented legs

Afdoubl e

Fig. 1.2: The Russian Wheat Aphid: Wingless Female. (Taken friottp://iwheat.org/bookirssianwheat
aphid)

1.1.3.2 The Life Cycle of RWA

RWA reproduces asexually with females giving birth to daughters that are living at the same
time carrying embryonic granddaughters (Michaud and Slonderbeck, 2005). Although there
are male forms, they have notedn reported locally because they reproduce
parthenogenetically without fertilisation (Schotzko and Smith, 1991). Hence, there are two
forms of RWA: a winged or wingless female (alate and apterous respectively) (Saheed,
2007). The winged form is responglbr relocating in search of a suitable host and initiating

a new colony. Thus it usually develops when the conditions of the hosts become an
unfavourable habitat likely due to stress. After settling in more favourable conditions, they
start to reproduceew nymphs within a period of 14 days (Waltetsal, 1980). These are
relatively sedentary maturing from 9 days under favourable conditions and in turn produce up

to 4 nymphs each day and live for a mean period of up to 70 days. Dense colonies form as
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offspring infest new leaves of the host (inside the rolled up leaves). This mechanism to
develop and reproduce fast, asexually gives rise to the bursting population growths achieved

by this aphid, reducing the risk of individual attacks by natural enemies.

1.1.3.3 History and Distribution

RWA is native to Russia, from where its name is derived, and countries bordering the
Mediterranean Sea such as Iran and Afghanistan (Hetwitl, 1984) where it has been
regarded as a cereal pest from 1912. It was first repade pest in the USA in 1986 (Burd

and Burton, 1992) and in all wheatoducing countries by 1990, with Australia being the
exception (Basky, 2003). The first sightings of RWA in South Africa were in 1978 in the
Orange Free State (Walteet al, 1980). RWA caused up to 90% crop loss in field
experiments especially in the summer rainfall production region of South Africa (Du Toit and
Walters, 1984). Increasing economic losses of approximately $1 billion due to RWA were
estimated in the US from the peria®872000 (Websteet al, 2000). It continues to be a
persistent serious pest on wheat production thus has been depicted as a major pest in many

countries of the world.

1.1.3.4 Host choice

Wheat {riticum aestivurpand barleylordeum vulgargare the most pferred hosts. There

are a number of different host plants that play a major role of providing a food source
between summer grain harvest and emergence of fall (the wheat producing seasons) (Karen,
1989). These include wild oats, namd volunteewheat inroad reserves, false barley, wild
grasses around field margins, maize and at times sorghum. This study focuses on wheat as the
host for RWA.

1.1.35 Feeding Habits

RWA has a narrow mouthpart called stylet, that enables it to pierce through leaves and suck
phloan sap from its hosts. During feeding, it probes its stylet between cells (intercellular)
until it reaches the phloem (Fouat al 1984) from which it gets its nutrient supply. RWA

colonies aggregate on plant parts where food is of high quality andtgspecifically from



sieve tubes of the vascular bundles and preferentially from thewdlied sieve tubes
(Matsiliza and Botha, 2002).

1.1.3.6 Symptoms of infestation

RWA visible feeding damage includes distinct white or yellowish longitudinal streaks and
sevee leaf rolling. RWA induces two types of leaf rolling in cereals by inhibiting proper
unfolding in newly developed immature leaves and inducing leaf folding in fully expanded
mature leaves (Walteet al, 1980). This encloses the developing aphid colarg tubular

protective shelter making it difficult to use insecticides or parasitic insects against the aphids.

During probing and feeding activities, the aphid injects its saliva containing a toxin (Fouché
et al, 1984) that causes the longitudinal woteyellowish streaks on the leaf. After several
days of feeding, the chloroplast and cell membranes become disrupted leading to extensive
chlorosis and necrosis (Marasas, 1999). During feeding, aphids can acquire viruses from
infected plants and in turmelease and inoculate these into healthy plants. Damsteegt and
colleagues (1992) reported the transmit ion of plant pathogenic viruses, such as the barley
yellow dwarf virus, by RWA which results in stunting and loss of the green colour in leaves
to usualy bright yellow.

RWA feeding and associated symptoms therefore affects yield and quality of the wheat as
reported by Girmaet al (1993), where they showed that plant height, shoot weight and
number of spikes were significantly reduced as a result oetdirfg ofD. noxia Botha and

Matsiliza (2004), summarised that:

i f e e d D.Mgxiafesuylts in redirection of the assimilate flow through the formation of
local sinks and also causes massive, possibly-temg, damage to cells and tissues, due
to feedngrelated pressure loss, through enhanced callose deposition in the damaged

functional phloeminnom esi st ant wheat . 0

Hence, this reduction in carbohydrate translocation capacity of the phloem brings stress on

plant development.

1.1.4 Aphid Primary Feeding Sites: The Vascular Bundles

Grasses of the Gramineae family have a common anatomy which can be extended amongst

the family members (Saheed, 2007). The leaf blade of whéike barley, has parallel
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longitudinal vascular bundles which are located in ridged separated by the mesophyll.

Abundant transverse veins interconnect the vascular strands (Blackman, 1971).

1.1.4.1 Longitudinal Veins Of Wheat Vascular Bundles

Three orders of the vascular bundles can be distinguished in the longitudinal veins of the
wheatleaf blade. They are classified according to bundle size, presence or absence of large
metaxylem vessels as well as protoxylem elements (Martre and Durand, 2001; Botha, 2013).
The first order, known as the large bundles, are characterised by the pretdrath
protoxylem and protophloem (first formed primary xylem and phloem respectively). They
have a distinct metaphloem with two large metaxylem vessels which are distributed on either
sides of the protoxylem lacuna (air space) (Cuderal, 2008). Thesecond order-
intermediate bundledack a protoxylem and clear metaxylem (Matsiliza, 2003). Large and
intermediate bundles are associated with strands of hypodermal sclerenchyma (supporting or
protective tissue) (Cutleat al, 2008). They always have taphloem and often protophloem
(Evert et al, 1996). The third orderthe small bundles, typically consists of only of
metaxylem and metaphloem which are present in all the other orders. As noted by Cutler,
Botha and Stevenson (2008), these bundles lagkotophloem and are not normally
associated with either hypodermal strands or girders. They make up the marginal strands for
most of the length of the leaf blade (Dannenhadteal., 1990).

Vascular bundles are usually surrounded by two sheaths, anpawgnchymatous bundle

sheath and an inner mestome sheath (between the metaxylem vessel and bundle of sheath)
(Matsiliza, 2003). In gand G grasses, these orders also have been found to have different
roles (Fritz et al., 1989). The small as well agimediate bundles are mainly the loading
bundles (Everet al, 1996) whilst large bundles are involved in longitudinal transport. These
orders have been found to have different roles in water conductances €Alls1985).
According to Martre and Dunal (2001), the small and intermediate bundles distribute water
across the leaf by forming a distributing network connected by the transverse bundles. Large
bundles dominaten the longitudinal direction of water conductance from the base to the tip

of theleaf, distributing also to the mesophyll in their vicinity.



Phloem is the living tissue thas concerned mainly with the transport of soluble organic
products of photosynthesis from the source to all parts of the plant where needed (sinks)
(Cutler et al, 2008). Protophloem is momentary and is replaced by metaphloem (Botha,
2013). The longitudinal veins contains two types of metaphloem sieve tubes namely thin
walled (early) and thickvalled (late) sieve tubes basing on the times of differentiation and
position within the phloem. According to Dannenhofer and colleagues (1990)wdafird

sieve tubes have a thin cell wall and are associated with companion cells and vascular
parenchyma cells whilst thiekalled sieve tubes have a thicker cell wall and lemkpanion

cell associations. They are in close proximity to metaxylem and connected to vascular
parenchyma cells adjacent to metaxylem by means ofglasenodesma units (Botha, 2013).
There is no proof of any plasmodesmal interconnections of the twghhstan but are
isolated from each other symplasmically.

1.1.4.2 The Function of the thick and thin-walled sieve tubes

The functions of both sieve tube elements in the Poaceae family memberalbaveeen
critically reviewed. There is evidence tH&E-assimihtes are almost exclusively translocated
through the thirwalled not thickwalled sieve tubes. Fritst al, (1983) reported collective
results from experimentsith Z. maysfed on 14Csucrose which supported that thimalled

sieve tubes where more furaral in translocation and phloem loading than their
correspondence. In addition, Matsiliza and Botha (2002) reported that the Sap¥akini

feeds preferentially on the thumalled sieve tubes of the small longitudinal vascular bundles

as 96% stylets amstylet tracks terminated in those particular sieves tubes. Under normal and
stress conditions, the data suggested that this aphid is more attracted to-ted|¢irsieve

tubes and are most likely more functional in terms of phloem loading and trari3pitra
(2013) suggests that though 1 tds diwhlked cul t
sieve tubes by aphids could probably be due carbohydrate levels. These sieve tubes have a
higher sucrose content which attracts the aphids. Accordingthie fact that aphids can
infiltrate the lignified xylem vessels often and feed on watery solutesutag the rational

that thickwalled sieve tubes have a tough wall structure for aphid stylets to penetrate.
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1.1.5 Emergence of wheat resistance and RWA btypes

Due to the destructive nature of the aphiddq
devised to try and control the damages. The primary means of controlling crop pests included
using chemical controls e.g. pesticides, biological controls iteoducing natural enemies

and cultural controls which involve the use of agronomic practices such as early maturing
cultivars and crop rotation. Chemical controls are extremely expensive, damage the
ecosystem and do not differentiate rtargeted beneficlainsects. The secure shelter of

rolled leaves also make biological controls less effective. Plant resistance is a defensive
strategy e.g. against herbivores, which results in reduction of the amount of herbivore damage
(Leimu and Korichera, 2006; Dogimost al, 2010). There are resistant and {mesistant
(susceptible) wheat varieties. The development of wheat resistant cultivars is the most
sustainable, commercial and environmentally safe method generally acceptable to control
RWA damage (Liet al, 2001; Tolmay, 2008; Dogimordt al, 2010). Furthermore, natural
enemies can also be utilised in support of host resistance as the cultivars have leaves that defy
rolling taking away the ability of the aphids to nest inside them (Tokhay, 2007).

1.1.5.1 The Development of Resistant Wheat

The spread of RWA to the USA and Mexico dur
search for resistance genes in wheat. Resistant cultivars dramatically reduce aphid population

in a field as it inhibits their growth arréproduction (Tolmay and Maré, 2000). Resistance to

RWA in T. aestivunwas first identified by Du Toit (1987). The first resistant wheat cultivar,

Tugela DN which containthe Dnlresistance gene, was released in 1992 (Van Niekerk,
2001). The resistance mf@rred byDnl and Dn2 resistance genes decrease the amount of

tillers infested with aphids and minimizes the populations of RWA per infested tiller. Since

then, several resistant cultivars, up to 27 (Jimor, 2011), have been released into the market
which include Betta DN, Gariep, Limpopo and SST 333. A quick acceptance of the RWA
resistant cultivars in South Africa occurred as their release brought a yield advantage over the

nonresistant varieties grown by the farmers (Tolmay, 2008).
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1.1.5.1.1 Backcross Breedp:

Different sources of plant resistance against RWA have been reported in bread wheat. In
studies of resistance, Du Toit (1989) reported the identification the single dominant resistance
genesDnl andDn2 in wheat germplasms accessions Pl 137739 abE860 respectively.
Examples of cultivars containing tignl gene are Tugel®n, BettaDn and MalopoDn.
Another,Dn4 was discovered in Pl 372129 (Nkongetbal, 1991).Dn5 resistance gene was

found in Pl 224994 (Zhanet al, 1998). Three types of intimnce were discovered in this
accession: a single dominant independent gene, two dominant independent genes or one
dominant and one recessive gene carrying resistance to EBWen resistant genes have

been found in wheat and its relatives denoiut to Dn9, DnxandDny (Bothaet al., 2006).
Tablel.2 showsheir source and mode of inheritance.

Table 1.2 Summary of the genes associated with RWA resistance, their resistance source and
mode of inheritance (Adapted froAmdrews Van Zyl, 2007)

Gene Resistance Source Mode of Reference
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 andDu Toit, 193
Dn6 P1243781 SD Dong andQuick, 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: Gdominant; DI: dominanindependentR: Recessive

These genes where introduced into lines with more acceptable agronomic characteristics
through backcross breeding. The donor parent is crossed with the recurrent parent and the

progeny is further crossed Witrecurrent parent to create a line identical to the recurrent
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parent with the addition of the gene of interest (Doginedral, 2010). At the Small Grain
Institute (Bethlehem, South Africa), backcross breeding was used to transfer this resistance
into 8 well adapted South African cultivars namely: Tugela, Betta, Malopo, Karee, Kariega,
Letaba, Molen and Palmiet (Tolma&y al, 2006). During the process, plants were screened
for resistance to RWA in a greenhouse bioassay. Live aphids were used in a restiood

to identify resistant plants until a reliable genetic marker became available to assist selection

of plants containing the resistance genes.

1.1.5.1.2 Marker-assisted Breeding:

A genetic marker is a DNA fragment associated with a certain location withigethome
andhence identifies that particular sequence in a pool of unknown DNA. Microsatellites are
loci where short sequences are repeated in tandem arraySARGQACA-. Newly developed
microsatellite markers are becoming widely used as a rapid anchgcBINA marker system
(Plaschkeet al, 1995). The development of such markers in wheat is however extremely
expensive and timeonsuming because of its large genome size (Retdalr, 1998). Several
microsatellite maps of wheat have been constructeatdegss, with microsatellite maps loci
evenly distributed along the chromosome lengths to provide excellent coverage of the wheat

genome (Liwet al, 2001).

Liu and colleagues (2001) reported an experiment where they used microsatellite markers to
link 6 RWA resistance genes. DNA of wheat from nisagenic lines and segregating F
populations were amplified with microsatellite primers of known chromosome location via
PCR. The results showed that the locus for wheat microsatlits1111(located on wheat
chromosome& DS short arm) was tightly linked tBnl, Dn2andDn5 as well aDnxin Pl

220127. Genetic linkage maps and markers of these genes have now been constructed for
wheat chromosomekD and 7D and will prove to be useful in markassisted breedg for
RWA-resistant wheat (Liet al, 2001).

1.1.5.2 RWA Biotypes

A biotype is a population within an insect species that has been able to overcome plant

resistance thereby causing damage (Setithl, 1992). The emergence of new RWA biotypes
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forced by selette pressures, poses an increased threat to the wheat industry as RWA
resistant cultivars which offered a letgym solution to RWA control may no longer be
effective. Furthermore, crops that are resistant to one biotype might be susceptible to another
and vice versa. There are currently four RWA biotypes in South Africa: RWA SAl
identified in 1978, RWA SAZ2 identified in 2005 and RWA SA3 identified in 2009
(Jankielson, 2011) and RWA SA4 identified in 2011 (Jankielson, 2014). These biotypes are
very similarin morphology but differ on the basis of which resistance gene of the wheat

cultivar the biotype can overcome (see Table 1.3) and the severity of their attacks.

Table 1.3 Summary of the South African RWA biotypes, when theye first identified and
the genes they are virulent against.

Biotype | Year Identified Virulent Against Reference
RWA SA1 1978 Dn3 Jankielson, 2011
RWA SA2 2005 Dn1, Dn2, Dn3 and Dn9 Jankielson, 2011
RWA SA3 2009 Dnl, Dn2, Dn3, Dn4 and Dn9 Jankielson2011
RWA SA4 2011 Dn1, Dn2, Dn3, Dn4,Dn5 and Dng  Jankielson, 2014

A practical method to determine the difference between biotypes is to collect samples of
RWA in the field and grow them in a greenhouse. When colonies are mature, they are then
screened @ainst a differential set of wheat cultivars containing the resistance genes from
Dn1-Dn9(Tolmayet al., 2012). Jankielson (2011) screened 96 RWA clones and reported that
infestations of RWA SA1l caused susceptible damage symptoms only in wheat cultivars
containing theDn3 gene as compared to RWA2 which damaged wheat entries containing
Dn1, Dn2, Dn3 andDn9 resistant genes but not those contairidmgl. RWA SA3 was found

to be virulent to the same resistance sources as BWA in addition toDn4. In a stuly
comparing the feeding related damages caused by BWKAand RWASA2 (Jimor, 2011),

the results revealed that RW&A2 was a more virulent and fast breeder than RS
Further work must be done therefore to successfully set up RWA resistance in véiestt ag

these four biotypes and any that emerge in future.
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1.1.6 Mechanisms Of Plant Resistance:

As mentioned earlier, plants are constantly being threatened by abiotic and biotic stress.
Plants are not able to move away from any alerted danger and are vatlooeulatory

system as in animals for defence, and have therefore evolved varied physical barriers and
sophisticated chemical mechanisms to which their success depends upon. They are able to
perceive an insect attack either through metabolic changesunedntissues or binding of
molecular compounds of attack to certain receptors in the plant to initiate an opposing
response (Saheed al., 2008).

Plants can employ two general strategies to defend themselves against herbivory. They can
either reduce # amount of damage they experience known as resistance or tolerate the
damage. Resistance is a heritable trait contained by a plant species and reduces insect
populations in the field. To overcome this, insects have in turn evolved specialised
mechanismsa evade sensitivity, dowregulate plant defence responses and gain maximum
nutrition from its host. Hence, the interaction between plants and insects such as aphids are
complex and dynamic. Studies to understand these interactions have gained magir intere
among scientists for decades and its research integrated into many fields of study such as

biochemistry, ecology and physiology (Morenal., 2002).

1.1.6.1 Tolerance, Antibiosis and Antixenosis Resistance

Painter (1951) categorised three host responsésotitar after RWA infestation namely
tolerance, antibiosis and antixenosis. Tolerance occurs when the plant survives under levels
of infestation (nutrient drain) that will kill susceptible plants. Tolerance mechanisms for
example; increased photosynthedittivity, utilization of stored resources and compensatory
re-growth, leave the plant healthy with good yield despite the damage by herbivores.
Antibiosis occurs when the resistant plant is able to affect the biology of the aphid. It causes
injury, death,reduced longevity or reproduction of the aphids. Antixenosis occurs when the
resistant plant affects the way an aphid perceives the host thus prevents it from settling on or
colonizing it. The plant either provides stimuli that are unattractive to the apii odour or

texture or simply fail to provide stimuli that attract it thus affects the behaviour of the pest.
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1.1.6.2 Plant Responses to Feeding Insects

Plant responses to aphid infestation are caused by agents known as elicitors defined as
molecules ableat induce a physiological and/or biochemical response associated with the
expression of resistance. The signals which expose these plant responses are suggested to be
derived from aphid saliva secreted during stylet penetration, probing and feedingeactiviti

(Gill and Metcalfe, 1997). During probing, aphid stylets puncture epidermal mesophyll and
parenchyma cells causing a mechanical damage that influence plant responses (Tjallingii and
Esch 1993. Aphids secrete a proteinaceous salivary sheath thattheestylet path as well

as watery saliva that contains enzymes such as oxidases, pectinases and cellulases which have
been suggested as eliciting agents (Miles, 1999). Elicitors from the wound and herbivore
combined with abiotic stresses differentially ieate various signalling pathways. These
cascades intermingle to either directly produce volatile signals which serve as indirect
defences or effect the expression of deferetated genes. This gives rise to eithegrewth

in tolerance or production @ompounds that directly affect the herbivores or attracts natural

enemies.

It is hypothesised that compounds from the deposited salivary sheath in the apoplastic fluid
bind to receptor proteins on the cell membrane in resistant plants leading to atioactif/a

the signalling cascade and onset of defence responses (@&o#ila 2005) which occurs

within 1-2 hours after infestation. Plants have evolved mechanisms to detect this attack which
includes the deposition of coagulating proteins onto and catlobars around the pores
connecting sieve elements to plug and stop nutrient flow. In turn, aphids have also evolved
mechanisms to suppress this plugging response. Its saliva contains daluilimg proteins

that reverses phloem occlusion triggered byioah flux in response to wounding (Wit

al., 2007) thus is able to prevent sieve tube plugging and aphid can remain at a single feeding

site for hours.

1.1.6.3 Activation of resistant genes

Resistant genesR{gene$ allow certain plant genotypes to recognispecific pathogen
effectors and prevent pests that can overcomehogh resistance by producifyproteins.
The physiological changes as a result of aphid feeding can activate or suppress- defence

response genes (Thompson and Goggin, 2006). Rigehes onsist of a nucleotidbinding
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domain (NB) and leucirdch repeat (LRR) domains which provide resistance by direct
interaction with specific Avr factors (Chisholet al, 2006). NB binds either ATP/ADP or
GTP/GDP whereas the LRR domain usually is involiregroteinprotein interactions and
ligand binding. An example is the RPS2 gene frrabidopsiswhich confers resistance to
Pseudomonas syringae protein 2 (Betnal.,1994). Other classes ofd@enes are the Ser/Thr
protein kinases forexample Pto showto exhibit protein kinase catalytic activity in vitro
(Loh and Matrtin, 1995 ) and the exoplasmic LLRs (eLLR) .

R-gene mediated resistance occurs through different methodsR-ph&teins can directly
interact with the pat hooigcamduad anotherrproteie whice ( Av
detects degradation by an Avr gene or it may detect a PatiAsgeciated Molecular Pattern
(PAMP) otherwise th&-protein encodes an enzyme that degrades toxins from the pathogen.
The identification of Avifactors set off the signalling cascades that rapidly activate a strong
plant defence. In a previous study, tRgeneVat was activated irMelon by the cotton

melon aphid,A. Gossypii(Dogimont et al, 2003). It confers resistance by reducing the
aphids feeding andirus transmission. Becausegenes confer resistance against specific
pathogens, they can be isolated and transferred from one plant to another making it resistant
to a particular pathogen. The discovery of the structuregéries as well as their locught

to give rise to new strategies for disease control (Hamrk@sack and Jones, 1997) as well

as insect control.

1.1.6.4 The Hypersensitive Response

The hypersensitive response (HR) which is seen as necrotic lesions on leaves of resistant
plants (Fouche’et d., 1984), is activated in response to, amongst others, pathogen
infestation, whilst susceptible plants lack recognition and the response onset. The HR results
in rapid, localised cell death at the site of infection with a release ofmarobial
compounds and induction of intense metabolic alterations in the cells surrounding the
necrotic lesions. It mainly occurs in pathogeduced defence responses while herbivores
normally induce wounding responses. Although the HR is an effective defence, tbe siici

cells has large disadvantages and requires complicated recognition systems to avoid un

programmed apoptosis (Kessler and Baldwin, 2002).
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Most genefor-gene interactions are characterised by the activation of a hypersensitive
response (HR) (Jones abéhngl, 1996 aspart of the overall defense responsbe HR is
further characterisedby cell wall modifications through callose deposition, cellular ion
influxes leading to invasions of calcium into the cytosol, oxidative mfrstactiveoxygen
species(ROS), generation of salycylic acid (SA), jasmonic acid (JA), ethylene (ET), nitric
oxide, oxylipins, benzoic acids and induction of enzymes that participate in the overlapping
signalling pathways and synthesis of signal molecules (Hetra$, 2003). t must be noted

that in the absence of-gkne mediated resistance, many of these biochemical responses can

also be induced during interactions where disease devéeps (1996).

1.1.6.5 Callose Deposition

Cal | os e ils3glacan piam podysacclbaridehich functions in dividing cell walls

and is also found in pollen mother cell wall and pollen tubes. Deposition occurs between the
plasma membrane and cell wall mostly within minutes of wounding (Nakaghiaia 2003)

as a response to pathogen attapkid infestation, abiotic stress and metal toxicity. It serves

as a matrix in which antimicrobial compounds can be deposited thus providing focused
delivery of chemical defences at cellular sites of attacks (learal, 2010). It has been
shown that thdormation of callose leads to a reduced rate of transport in phloem tissues of
wheat leaves (Botha and Matsiliza, 2004). Studies have shown that some aphid species,
including RWA can cause callose formation (De Wet and Botha, 2007). However, it has been
swggested that aphids can prevent wounding reactions such as callose formation and protein
plugging due to their salivary sheath which seals the stylet puncture site and its watery saliva
which is believed to interact with sap constituents (Willal, 2007. Callose is easily
detected under UV light after staining with aniline blue fluorochrome forming an intense

yellow fluorescence (Stone and Clarke, 1992).

Callose deposition is usually activated by conserved pathaggotiated molecular patterns
(PAMPS such as the potent calleselucing PAMPs from fungal cell walls: chitin and
chitosan (Gomegomez and Boller, 2000). Endogenous elicitors from pathogen
herbivore damaged plant tissue also trigger callose deposittxamples of damage
associated peerns (DAMPs) areoligogalacturonides (Lunaet al, 2010). Callose is
synt hesi sed b-Y 3gluoam (rillese) synthasef (Flaks al, 2005) which are
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activated when there is plasma membrane disruption. Each complex contains one of the
t we |I-Y, &gluban synthaseGSL) - related genes fromrabidopsiswhose sequences are
similar to that ofFKSI, a GSL (genes involved in callose formation) identified in yeast
(Richmond and Somerville, 2000; Verma and Hong, 2001). The role foG8legene
products have been confirmed by transformation withbtiestranded RNA interference
(dsRNAI) constructs which silend8LS5which inhibited formation of wound callose and
papillary callose (Jacobst al, 2003). Aphid species cause callose formation in different
places as was supported by Sahetedl. (2007),using RWA and BCA aphid species. RWA
caused formation of callose in sieve pores, plasmodesmata and plasmodesmata pores between
companion cells and sieve tubes, whereas only sieve pores appeared to contain callose in the
case of BCA.

These callose plugsbstruct mass flow and prevents nutrition flow to the aphids hence they

must inturn suppress the mechanisms triggering the plugging. The functions of sieve plate
plugging are therefore to maintain the pressure conditions in the plant or a defence against
phytopathogens. Ca ll] ®gtueanasess whidhi ltae beere showt yo D
accumulate in higher levels in resistant cultivars when compared with susceptibMarsulti

during aphid infestation (& der Westhuizeat al, 2002). It has been reportecatiwound

callose disappears over the course of (@gheecet al,208)due t o degl,ddati on
glucanase¢Saheeckt al, 2008) Not much work has been done on these degrading enzymes.
Considering all the importance of callose, it can easily beladad that knowledge of its
functioning is crucial for understanding of varied processes that occur in plants especially

resistance mechanisms.

1.1.6.6 Reactive Oxygen Species (ROS)

ROSare chemically reactive molecules that contain oxygen. They are fornaeclaaisral by
product of normal metabolism of oxygen functioning as signalling molecules (Apel and Hurt,
2004) and involved in homeostasis (Sen, 2003). However under abiotic and biotic stress,
ROS levels can increase dramatically, known as oxidative stesssting in significant cell
structural damages (Sen, 2003). The major forms of ROS are superoxigenydrogen
peroxide (HO,) and hydroxyl radicals (Ol and they are highly reactive and tosthigh

levels leading to the widative destruction of @ls. The oxidative burst is when there is a
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rapid accumulation of ROS following pathogen recognition (Mehdy, 1994). It is directly
toxic to pathogens (Lamb and Dixon, 1997) and can trigger a HR resulting in host cell death
preventing the spreading of patiens and additionally involved in the activation of distinct
signalling pathways and other defense mechanisms.

ROS production has been attributed to several mechanisms in plants. However, much
attention has been given to the NADfEpendant oxidase sgst in which the plasma
membrane localised NADPH oxidases (NOX) catalyses the productiogi loy €@duction of
oxygen with NADPH as the electron donor (Mafé&ial, 2007). Because of this role, the
level of NADPHdependant oxidase is usually used asdrcator of oxidative defense. In a
study, the concentration of NADPR#tpendant oxidases and®3 increased after infestation

with RWA (D. Noxig suggesting that these oxidades are involved in ROS generation as a
plant response tmsect infestation (Moloand Van der Westhuizen, 2006). A study where

two Arabidopsis NADPHlependant oxidase subunit gen@ssbohD and AtrbohF, were
mutated, resulted in largely reduced ROS production during disease resistance reactions to
avirulent pathogens (Torres al, 2002). Other groups of oxidases which may be involved in
ROS produtton such aggerminlike oxalate oxidases (Het al, 2003) and amine oxidases
(Walters, 2003).

Elevated levels of ROS indudbe biosynthesis of antioxidant molecules involved in ROS
scaven@g increase to limit its damage to host cells. They are thought to detoxify the
cytotoxic effects of ROS. These include ascorbates, catalase, superoxide dismutase,
polyamines and glutathione reductase (ketwal., 2010) many of which have been used to
engneer plants that are tolerant of abiotic stresses (Umeeaaik, 2006). The biological

roles of ROS in plant defense against insectyetréo be understood.

1.1.6.7 System Acquired Resistance (SAR)

Apart from gendo-gene resistance, plants have also @l mechanisms of systemic
immunity where local defenceonfer resistancagainst subsequent pathogen attacks for an
extended period of time. This is known as systemic acquired resistance (BWBdm
feeding insects such RWA have been shown to modtiaée signalling compounds that
have major roles in plant defense regulation: jasmonic acid (JA), salicylic acid (SA) and
ethylene (ET) (Thompson and Goggin, 2006). Many studies usiabidopsishave been
crucial in trying to understand the pathways aow lthey interplay. SARoffers resistance
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against a broad spectrum of pathogens @wpiires the phenolic signalling molecule SA
(Durrant and Dong, 2004).

1.1.6.8 Defense Signalling Pathways

It has been revealed that SA is a signalling molecule that plays algeidran both local
defense reactions and in SAR (Durner, 1997; Durrant and Dong, 2004). In higher plants, this
molecule is produced from the shikimgtieenylpropanoid pathway (Métraux, 2002). SA
levels increase dramatically after a pathogen infectioalgMy et al, 1990; Ryalset al,

1996). Studies on the genetic level have showed that SA regulates many pathogitedis

(PR) genes (Glazebrook, 2001) including those encddiRl, PR2andPR5and is required

for the rapid activation of defense respes and the establishment of SAR. In wheat, SA was
produced in incompatible in contrast to compatible interactions with RWA (Mohase and van
der Westhuizen, 2002).

JA is a 12carbon fatty acidlerivative synthesised from linoleic acid {¢&rbon substrate)
(Phillipe and Edwards, 1998). Synthesis of JA elicits the expression of wound inducible
genes such as the protease inhibitofl(Pyene (Muller and Chua, 1999). JA is involved in
many aspects of plant biology including defense, seed and pollen devetofimeas shown

to be important for defence of tomato against tobacco hornworm larvae as well as that for
Arabidopsisagainst the fungal pathogén brassicicolalHowe et al, 1996; Thommaet al.,

1998). The SA and JA signalling pathways are mutuallygamigtic.

ET has different roles in regulation of plant processes. Its role in plant defense has been
evaluated with mutants in the ethylene signal transduction pathway. It has been shown to
contribute to resistance but in some cases (Thoetrah, 1999) promote disease production
(Lund et al, 1998). JA and ET work together to regulate expression of many genes. Some
JA-inducible genes are not inducible in plants that cannot produce or sense ET. For instance,
expression of the J8ependent defenggenesPDF1.2 and THI2.1 requireEIN2 (Norman
Setterblacet al,, 2000).

1.1.7 Climate Change

According to Intergovernmental Panel on Climate Change (IPCC, 2001), climate change is

defined as fichange in c¢limate over tanme,
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activityo. 't brings about higher frequenci
by the increase in global average temperature, changes in rainfall patterns, increase in
atmospheric Ceroncentration and extreme climatic events. Thésages affect all trophic

levels and potentially alter the interactions in food webs (Steretedh, 2002). They can

result in reduced plant growth, survival or productiveness, being the major threats in
agriculture that lead to poor yield. Environmensttesgs such asdrought, extreme
temperatures and high salt concentrations in plants trigger molecular and biochemical
responses. Signalling pathways are expressed after the detection of an external change to

convert a physical stress into a biochemieaponse.

Change in the environment severely affects the pest population dynamics either directly or
indirectly by altering the host physiology. Population dynamics is the part of population
ecology that deals with factors affecting changes in populadensities (Karuppaiah and
Sujayanad, 2012). Because of their short generation time and low developmental threshold
temperatures, aphids have been shown to be sensitive to climatic conditions (Haetngton
al., 1995). The effects of climate change omawunities can be shet¢rm or longterm (van
Baarenet al, 2010). The shottierm effects include the direct effects of temperature on life
history traits such as development time, metabolic rate and sex allocation whiernong

effects involve genetichanges in populations associated with climatic adaptations.

11.71 Temperature

Climatic models predict an increase in the global mean temperature fresn8’C4in the

next century (Houghtoet al, 2001). This change in the temperature will affect the biplo

of each of the component species of a system in various ways and specifically alters the
relationship between plants and insects. Positive direct responses of insects to increasing
temperature conditions such as enhanced reproductive potential mayasciaurg as the
optima for development of the species is not exceeded. Temperatures above the specific
optimum range lead to negative direct responses. It directly affects developmental rates,
survival range, voltinism, population genetic composition, arz abundance of insects and
indirectly via the effects on plant physiology and chemistry. The development time of the
aphid Aphis gossypiranged from 4.8 days at %D to 3.2 days at 3C (Vansteenis and
Elkhawass, 1995). High temperature is reporteflay a detrimental role in the population
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development of the rose grain aphMetopolophium dirhodurmfor example constant
temperature of 30°C reduced the survival of aphids to zero (Zhou and Carter, 1992).

Heat stress is associated with a greater riskadrrect protein folding and denaturation of
several intracellular proteins and membrane complexes. Several proteins are expressed in
response to heat stress. Heat leads to enhanced accumulation of several proteins with
chaperone functions, chiefly thedtshock proteinsHSP9 e.g.HSP10@, HSP9®&, HSP7G,

and HSPS(HSPs ' 40kDa) (Trend, 1996). Upegulation ofHSPs plays a central role in
abiotic stress responses in plants. Transgenic plants over exprei&fhgenes exhibited

improved tolerance to higtemperature (Sanmiy al.,, 2004).

1.1.7.2 Drought

Drought is a serious problem for agriculture worldwide. The need to improve drought
tolerance in plant cultivars has become an important aim in scientific research. Plants may
avoid drought stress by tryiig maintain tissue water potentials, or alternatively, tolerate the
water stress by decreasing their vulnerability. The mechanism of tolerance adapted by a plant
can have effects to the herbivores that feed on it for example, changes in cell or phloem
composition to compensate against water stress could affect phloem feeding insects like
aphids. Under water stress, turgor pressure and water content of plant tissue decreases leading
to tougher foliageMany studies demonstrate that severe or prolonged kirawy only has

direct adverse effects on tree growth and survival, but on the other hand may also trigger

more frequent or severe outbreaks of forest insects (&etk!2012).

The response to drought of phloem feeders such as aphids remains vegueling to

Vickers (2011), drought stress in plants can likely have a good or bad consequence on aphid
feeding. AUnder drought conditions, host p |
hence increases in available amino acid concentrations andrjpsopaf small nitrogenous

molecules will potentially benefit aphids since they are frequently limited by available
nitrogen in their diet. However, the increased need for aphid osmoregulation under drought,

to deal with the osmotically challenging dietamg be detri ment al t o afy
(Vickers, 2011).
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Favourable changes have not always been found in experimental studies comparing aphid
numbers and plant growth characteristics under drought stress and well watered conditions.
Aslam et al., (2012investigated how simulated summer drought affected the bird tloatry
aphid, Rhopalosiphum padi.Lwhich feeds on barley, and its natural enemy the parasitoid
waspAphidius ervi Both drought and aphids reduced barldgrdeum vulgaredry mass by

33% and 39%, respectively. Drought reduced leaf and root nitrogen concentrations by 13%
and 28%, respectively. Aphid numbers were unaffected by draaigimugh population
demography changed significantly.

1.1.7.3 Increased atmospheric C{Concentration

Over the pask00 years, atmospheric GConcentration has increased. IPCC (2007) reported
that increases in GO methane and nitrous oxides are a consequencéossil fuel
combustion and areesponsible for most of the increase in global temperature levels that
wereobserved since the middle of*26entury.lt is predicted that the atmospheric £@ill

most likely rise from the current 385 ppm to 550 ppm by 2050 (IPCC, 2007; Metah]
2007)and isanticipatedo have doubledver the next centurfVatsonet al, 1996). CQis a
substrate and a fundamentak@urce for photosynthesis in plants, where other biomolecules
originate (Drakeet al, 1997).Due to CQ enrichment, manylants will increase in dry
weight/ biomass (Idset al, 2014).It hasadirectii f & rztiinlg 0 imdortaet & ttrops, n
such as wheat and rice, by stimulating photosynthesis and inhibiting photorespiration
(Ainsworth and Rogers, 20Q7)

Many G plantsgrown under C@ enriched atmospheres have instant higher photosynthetic
rates, grow fster, increased yield and C:N ratios thus increasing the biomass of plant
material available to herbivorous insects (Kimlglbal, 2002; Idso and Idso, 1994; Drage

al., 1996). Increased CGQevels can also alter the water content of a plant resuhingugh

leaves and concentrated defensive chemicals (Lincto#h., 1995). Rising C@levels may

affect herbivorous insects as they generally grow more slowly, take longer to mature, suffer
great mortality and have higher consumption rates due to eel@clthe nutritional quality

of the host plant.
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Phloem feeders may be less responsive to changes in the quality of the plant as they can
avoid most of the plarderived secondary metabolites that cause a reduction in the
performance of herbivores. Invéd different studies, the populations of the apHullgzus
persicaeand Aphis rumicisincreased due to elevat€D, concentrationBezemerbet al,

1999 and Whittaker 1999 respectively). Writing on the findings of their work, Awraadk
colleagues(1996)sa y tShtabibn avenaéed on winter wheat grown under elevate@,
concentratiors howed a s mall but significant increas
have not found any effect of G@n the performance of phloem feeding insects (Butler,

1985)

In anotherstudy, Pleijelet al, (2000) report that they grew spring wheat in opgm

chambers maintained at atmosphé&2i®, concentratiorof 340 ppm and 680 ppm for three
consecutive years. In addition, they exposed some plants in eactie@tnentto ambient,

1.5 x ambient and 2 ambientO3 concentrationAccordingtot hei r f i ndi ngs, A t
O3 concentratiomegatively influenced wheat yield at both atmosph@@2 concentration

However, grain yield was always higher for the plants growrtham CQ-enriched air,

averaging 13% greater ovéne periodo f studyo. Thus, they concl

effect of elevated O, concentratiorcould compensate for the yield losses duedd O

In another experiment, the effect of chang®@, concetration on resistant and susceptible
barley cultivars to feeding by the two RWA biotypes (SA1 and SA2) was investigated (Jimor
et al, 2013). Uninfested plants grew vigorously under elev&€d concentratiorwhilst
infested plants significantly experiemtbiomass loss. The elevated £&hrichment was of
benefit to the aphids resulting in faster breeding rates with feeding depleting leaf nitrogen
content. Sun and colleagues (Satral, 2013) determined using gPCR that elevated @®
regulated the express of SA-dependant defense genes but deegulated the expression

of JA/ET- dependant defense genes in wiifge Arabidopsisinfested by the green peach
aphidMyzus persicaeElevated C@enhanced the ineffective deferSA signalling pathway

and reducedhe effective defens@A signalling pathway against the aphids resulting in their

numbers increasing.
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1.2 Problem Statement

Aphid feeding on cereal plants leads to extensive damage and serious loss of yield. South
African wheat farmers spend millions oegticides and herbicides to produce two million
tons of cereals per yedrhe discovery of new RWA biotypes poses an increased threat to the
Triticum aestivurm{wheat) industry as RWA resistance which offered a-@mm solution to

RWA control may no longebe effectiveThe new and fastvolving biotypes largely shorten
effective periods of the existing resistance of cultivars in the-eagpaomic system. Climate
change affects all trophic levels and potentially alters the interactions in food webs for
exanple affect the resistance of wheat to aphid infestation. This situation further emphasises
the importance of understanding the RWA biology and wheat defence responses leading to
resistance. There is a need to extensively understand aphid and host ggiéantiats during
predicted climate changes. Poor understanding of this interaction hampers progress in the
development of solutions and management strategies that will lessen the problem.

1.3 Hypothesis

Climate change consequences, specifically elevated dd@centrations, will affect the
resistance mechanisof the wheat cultivar Tugela Dduring RWA SA1 infestation

1.4 Aim

To identify the effects of elevated GEbncentrations on the resistance of Tugela Dn to RWA
SA1 infestation.

1.5 Objectives

1 To evaluate populain growth rates of RWA SA1l under ambient and elevated CO

concentrations.

1 To assess the relative virulence of RWA SAL1 on resistant and susceptible wheat under

ambient and elevated G€@oncentrations.
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To examine callose deposition as a response to RWA f8eding on resistant and

susceptiblavheat undeambient and elevated GConcentrations.

To identify any possible changes in the resistance of Tugela Dn to RWA SALl infestation

under elevated C{zoncentrations.

To identify any differentially regutad (up or downregulated) proteins in Tugela Dn as

a result of RWA SA1 infestation under elevated,€@nhcentrations.
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2 CHAPTER TWO

THE EFFECT OF ELEVATED CO2 concentrationLEVELS

ON POPULATION GROWTH RATE AND VIRULENCE OF

RWASA1 ON RESISTANT AND NON-RESISTANT WHEAT
CULTIVARS

2.1 Introduction

The Russian Wheat Aphid (RWA)iuraphis noxia(Mordvilko) has been an insect pest to

small grain farmers in South Africa since 1978, when it was dietected inthe eastern

Orange Free State (Du Toit, 1987). It lsasce spread and resulted in major yield losses
especially in wheat production. RWA is a phle@ading insect that draws plant sap
through its stylets and causes major plant damage during feeding. The aphids disrupt the
phloem tissue, triggering the degpiion of ab-1, 3-glucan carbohydrate compound known as
callose (Saheed, 2009; Botha and Matsiliza, 2004). In response to wounding, callose is
deposited in sieve pores and plasmodesmata, sealing the pores to reduce assimilate loss from

the phloem.

The symptoms oRWA feeding include longitudinal whitish, yellowish or purplish streaking
known as chlorosis, leaf rolling and stunted growth. It injects a phytotoxin, dgding

that resultin the breakdown of chloroplast and cellular membrane in susceptible plants,
which results inchlorophyll deficiency that can be fatal to the plants (Bahal, 2006).
RWA also causes leablling, which reduces the surface area where photosynthesis takes
place. Feeding on the flag leaf results in entrapment of the developatgthus interferes
with selfpollination and graifilling (Louw, 2007). RWA has also been reportedramsmit
viruses, such as the Barley yellow Dwarf Virus (Damsteegt, 1992).

RWA feeds in dense colonies. The increase in population sizegrandh rate of these
insects is attributable to its biology. Females give birth to live young ones which develop
inside their bodies and are thus viviparous. These nymphs are able to produce embryos. Each
female can produce up to 4 nymphs per day thatimaapproximately after 2 weeks (Dixon,
1998). This asexual reproduction allows for the explosive population growth achieved by the

aphid. The development of wheat cultivars that are resistant to RWA feeding has been the
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most practical, cost effective arslistainable method of reducing yield loss due to RWA
(Budak, 1999). Resistant wheat cultivars are obtained by means of selective breeding of
plants with the desired resistance and with plants which have the desired commercial traits
such as high grain yig. Aphids can develop countegsistance to resistant crops, thereby
giving rise to various biotypes such as RWA SAl, SA2, SA3 and SA4, which are currently
found in South Africa. The emergence of new RWA biotypes further magnifies the threat to
wheat prodction. Poor understanding of the wheat resistance mechanism responses to RWA
infestation hampers the development of effective resistant cultivars.

Adaptability of aphids to stress is species and ecotype specific (Vickers, 2011). Many studies
have been nue to try and understand the effects of environmental stresses such as drought,
heat and cold on aphids (Kuo, 2006; Vickers, 2011). Global atmosphekide@ has
increased since the pnedustrial times fron280 ppm to370 ppm today (Rosenzweig and
Hillel, 1998) and is predicted to double by the end of tic@mtury (IPCC, 2007). In future,
elevated CQ@ environments are likely to have an effect on chewing insects. Many
experimental studies have been published on the effects of elév@edoncentratioron
plantinsect interaction (Coviella and Trumble, 1998; Hughes and Fakhri, 2001; Newman,
2003; Zhanget al, 2003, Ryan, 2012; Swet al, 2013).

Evidence regarding the responses of cereal aphids to elevated level,ofaS(been
contradictory, with som suggesting increased populations, while others suggest decreased
levels. Although many do suggest an alteration of the nutritional quality of plants for insect
herbivores, little is known about the responses of the aphids to the altered plants. \éhile the
have been a number of studies to measure the impact of elevatexh @ghid performance,

there is no published work to assess its effects on the feeding of RWA SAL1 on resistant or

susceptible wheat cultivars, such as Tugela Dn and Scheepers.
The following questions are addressed in this chapter:

(1) What are the effects of elevated £@ population growth rates of RWA SA1 feeding on

the wheat cultivars Tugela Dn and Scheepers?

(2) What are the effects of elevated 8D the relative virulence of RWAAL on these

cultivars?

(3) How will callose deposition in the plant change, as a response to RWA SAl feeding

under elevate@€O, concentration
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2.2 Materials and Methods

2.2.1 Host Plant Material and Aphid Colony Maintenance

Susceptible (Scheepers) and resis{diugela Dn) wheat seed3r{ticum aestivurhto the

RWA [Diuraphis noxia(Mordvilko)] cv. SA1, were sterilized in 1% bleach for 30mins then
washed in distilled water. They were then placed on moist sterile filter paper in a Petri dish,
covered by a lid md allowed to germinate in the conviron at 25°C day/23°C night and
14hr/10hr day/night cycle for one week with watering. Seedlings were then sown in plastic
pots containing sterile soil mixture (river soil:vermiculite:compost in the ratio 2:1:1). Plants
were watered twice a week with Lo#ghton nutrient solution (Hewitt, 1996) and every
other day with tap water. They were grown to 3 leaf stage under a controlled environment in
growth cabinets (Conviron S10H, Controlled Environments Limited, Winnipeg,tten
Canada) set at a 14hr/10hr day/night cycle, 25°C day/23°C night temperature and 60%
relative humidity (RH).

Colonies of RWA SA1 Diuraphis noxiaMordvilko), obtained from the ARC (Small Grain
Institute, Bethlehem, South Africa), were maintaineplasately on young feeder susceptible
wheat plants (Scheepers) and kept in cylindrical insect cages in a separate growth cabinet
under the same condition. New feeder plants were infested at 2 weekly intervals to maintain

the colony, by removing heavily irdeed leaves and placing them on the plant.

2.2.2 Aphid Infestation and Experimental Setup

Susceptible and resistant wheat plants were infested with adult apterae RWA SAl-at the 3
leaf stage above coleoptiles. Ten aphids were introduced to each experplanttaising a

fine paint brush to carefully pick up each aphid individually from the growing colonies and
placing them onto the nelw o sléa@ies. A cylindrical cage was used to cover each plant to
prevent aphid escape as shown in Figure 2.1. Both expeah@nd control plants (aphid
infested and uninfested respectively) were covered with insect cages and allowed to grow in
the conviron under controlled environments, as described above, and varigusvelS,

ambientCO, concentratior{385ppm) and eleatedCO, concentratior{450 ppm).
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Fig. 2.1 Depiction of plants in the conviron covered with insect cagesassingle plant covered with a
cylindrical cage and B:both control and experimental plants covered with insages.

2.2.3 Population Growth and Virulence Studies

Ten adult RWA SAl, from the feeder plant, were transferred onto each uninfested
experimental plant as explained in Section 2.2.2. In this experiment, 10 replicates with an
additional two plants as contro(fo ensure that there was no transfer of aphids between
plants through the cages) were-gptper treatment. Two wheat cultivars were used, Tugela
DN (resistant) and Scheepers (susceptible), undeCoconcentrationambient (385ppm)

and elevated (450pm). Aphids were allowed to settle on the plant for 24hrs. They were
allowed to feed and reproduce on the leaves of the experimental plants for 21 days. During
this time, population increases from the original (10 aphids) were determined per plant. This
was done by physically counting the total number of aphids on the abaxial and adaxial
surfaces of each leaf (per plant), carefully with the aid of a hand lens on days 2, 4, 6, 8, 10, 12

and 14 days after infestation (DAI).

Visible manifestation of aphid fdeng related damage was simultaneously assessed by
examining chlorosis and leaf roll on each experimental plant under each treatment. The

scoring system in Table 2.1 was used to give a rating for chlorosis and leaf roll per plant at 2,
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7, 14 and 21 DAI. Raulation data obtained were statistically analysed using STATISTICA
and ANOVA (Analysis of Variance) was used to determine significant differences between
the means of each group (Jinetral , 2 0 1 1) . -Hdcuektevygs@erforiea sntgroups
where themeans were significantly different, to confirm significant difference between the

groups.
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Table 2.1 Virulence rating (chlorosis and leaf rolling) scales for assessing the effect of aphids
on test plah

Scale Description

A. Chlorosis

0 Plant appears healthy, no chlorotic or necrotic spot(s) on any leaf.

1 Plant appears healthy, may have few isolated chlorotic or necrotic (spof
2 Chlorotic spots become more noticeable, up to 5% of total leaf ar

3 Chlorotic spots are larger and more numerous, up to 15% of total leaf a
4 Chlorosis covers up to 25% of the total leaf area. Some streaking

become apparent, especially along the midrib.

5 Chlorotic spots may begin to coalesce or definiieaking may occur
Chlorosis covers up to 40% of the total leaf area.

6 Larger chlorotic areas form coalesced spots, leaves start to die bac
tips. Chlorosis covers up to 55% of the total leaf area.

7 Further symptom development; chlorosis covgysai 70% of the total leg
area.

8 Extensive chlorosis and necrosis; up to 85% of the total leaf area affect

9 Plant death or no recovery possible.

B. Leaf rolf

1 Leaves are flat, no apparent rolling.

2 Leaves are folded and/or loosely rolledre margins

3 Tightly or completely rolled leaves.

NBZChlorosis scale adapted from Webstral, (1987). Leaf rofl scale adapted from Buet al, (1993).

2.2.4 Fluorescence Microscopy

Tugela Dnand Scheepers plants, aledf stage, where infested wittD RWA SAl as
described in Section 2.2.2. and together with the uninfested controls, allowed to grow under
two different levels of C®, ambient (3850pm) and elevated (45ppm).. Leaves from

infested plants and their respective controls were harvestéd &t and 21 DAI and
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examined for callose distribution using the method described by &tnak, (2011), as

described in section 2.2.4.1. All experiments were performed in triplicate.

2.2.4.1 Preparation of Aniline Blue Fluorochrome

Fresh aniline blue fluarc hr o me  ¢[carBdayl bistbéndenediyl) bis (imino)] bis
benzensulphonic acid (Biosupplies Australia Pty Ltd) stock solutions were made up in 2ml
microcentrifuge tubes by diluting 0.1mg aniline blue in 1.0ml distilled water. The vials were
wrappedn tin foil. The stock dilution was immediately diluted (1:3 v/v) using distilled water
to produce the working strength. The stock solution was kept at 4°C until required.

2.2.4.2 Preparation of Leaf Material for Wound Callose Distribution Study

An infested leafrom each treatment was severed at the base and immediately placéd in Ca
free MES buffer (Imorpholino] ethanesulfonic acid, pH 7.2) at each time frame. The
abaxial surface of the leaf was gently scraped on a glass plate uriddére€aVIES buffer

using a sharp single edged titanium razor blade. Caution was taken to remove the cuticle and
epidermis to expose the mesophyll and shorten the pathway to the phloem. Immediately after
scraping, the leaf was mounted on a glass slide, stained with drops ed dihiline blue and
covered with a cover slip. The slide was incubated in the dark for 30 minutes, after which the

tissue was washed in fresh’*Cee MES buffer.

Under white light, aniline blue stained callose appears blue but fluorescegrédreundr

UV light. The leaf specimens were viewed under UV light, using an Olympus BX61 wide
field fluorescence microscope (Olympus Tokyo Japan, Wirsam Scientific, Johannesburg,
South Africa), fitted with an aniline blue specific filter cube (excitation rangé:444nm,
emission: 475nm). Images were saved in a database using the program analySIS (Soft
Imaging System GmHb, Germany). Images representing the feeding damage under each

treatment were selected for presentation.
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2.3 Results

2.3.1 Aphid population growth rates on host plants:

RWA SA1 population growth increased on Scheepers and Tugela Dn from day days

after infestation (Fig 2.2 A and B}he population growth rate for RWA SAL1 on all cultivars
was generally exponential under ambient and eleva@®@g concentration Under ambient

CO, concentratiorconditions, RWA SA1 population growth on both cultivars lagged initially
from DAI=0 to DAI=2. This was probably due to the aphids trying to adapt and settle on the

new host.

The greatest population numbedsjring the 14 days of infestation, were obtained under
450ppm CQ for both cultivars as compared to 3pm. A rapid and sharp increase was
observed in aphid numbers from 6 to 14 days after infestation, with RWA SAL1 reproducing
faster at elevated (450ppmas compared to the ambient (38dm) CO, concentratiorfor

both wheat cultivars. More than double the number of RWA SA1 were recorded on Tugela
Dn at450 ppm as compared to Tugela-B85 ppm, 168 vs. 70 aphids, respectively. Aphid
population also doubte3 times within the 14 day period at 450m as compared to 2 times

at 385ppm for both Tugela Dn and Scheepers cultivars. However, the susceptible cultivar
Scheepers was more heavily infested by RWA SA1 during the 14 day period as compared to
the resistat cultivar, Tugela Dn, with almost double the aphid population on Scheepers as

compared to Tugela Dn (218 vs. 168 respectively).
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Fig.2.2 Population growth of RWA SA1 under ambient (385 ppm) and elevated (450 ppntpo@@ntrations
feeding on A Scheepers and-B'ugela Dn over 14lays. Arrows on graphs show the average time (days) it took
for the aphid population tfold (denoted % primary doubling time; 2 secondary doubling time and-3riple
doubling time) The error bars represent the variability of the 10 records of population made per day. Number of
aphids were the averages of the 10 recordings per day.
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Fig. 2.3 Graphical results of ANOVA analysis for populations of RWA SA1 recorded under different
conditions A: DAI=8 and B: DAI=14

The results of the ANOVA for populations recorded on DAI=8 and DAIlstidwed that the
population of RWA SA1l after 8 days of infestation at eleval€d concentrationwere
significantly (P<0.05) higher than the numbers at amb@®4 concentratiorfor both the
susceptible and resistant wheat cultivars. However, the papuladimbers of the aphids on
the resistant (Tugela Dn) were not significantly (P>0.05) different from those on the
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susceptible (Scheepers) cultivars at bdli©, concentration (Figure 2.3 A and B

respectively.
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Fig. 2.4 Relative growth rate of the aphid populations over time (DAI=1, 8 and 14)uagela Dn at ambient
and elevatedCO, concentration (Tug Dn 385ppm and Tug Dn 45@pm respectively) and Scheepers at

ambient and elevate@O, concentrationSch 385ppm and Sch 45ppm). Bars with different letters and
numbers indicate significantly different homogenous groups using Tubkestshoctest (p<0.05), same letters
indicate no significant difference.

At 14 days after infestation, significantly (P<0.05) lower number of aphids were recorded

on Tugela DA385 ppm compared to the Tugela 380 ppm and the susceptible cultivar at

both CO, concentration RWA SA1l also showed significantly (P<0.05) higher population
numbers at elevated thambientCO, concentratiorfor both wheat cultivars. On the other

hand, the populations of the aphids on the resistant (Tugela Dn) and susceptible (Scheepers)
cultivars were significantly (P<0.05) different at ambigDdO, concentrationbut not
significanty (P>0.05) different at elevate@O, concentration Although populations on
Scheeper885 ppm and Scheepedb0 ppm were significantly (P<0.05) different from each
other, neither were significantly (P>0.05) different from Tugeladb@ppm (Figure 2.3 and

2.4).
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2.3.2 Visible symptoms of aphid virulence on host plants

Chlorosis, leaf rolling and necrosis associated with RWA SA1 feeding on the resistant and
susceptible wheat cultivars are shown in Table 2.3 below. It can be seen that the treatments
i.e. wheatcultivar and theCO, concentratiorhad an effect on the aphids resulting on evident
differences in leaf rolling and necrosis during infestation. The table shows the average

damages caused by the aphid at each treatment during 21days of feeding.

Table 2.2 Chlorosis and leaf roll average ratings of Tugela Dn (Tug Dn) and Scheepers (Sch)
infested with RWA SA1 under ambient and eleva@€P concentratioat 2, 7, 14 and 21
days after infestation.

Treatment 2 Days 7 Days 14 Days 21 Days
(Cultivar + CO»,
concentration)
Tug Dn 385pm AOB1 AlB1 A3B1 A5B2
Tug Dn 450ppm AOB1 AlB1 A4B2 A6B2
Sch 385pm AOB1 AlB1 A4B2 A7B3
Sch 450ppm AOB1 A2B1 A4B2 A8B3

A= Chlorosis B= Leaf Roll.

After 2 days of infestation, WA SA1 had the same effects on all treatments. No chlorotic
spots were visible and leaves appeared healthy and flat. By 7 days of infestation, all
treatments showed some level of symptoms of chlorosis but no leaf rolling. The susceptible
cultivar (Sch) a¥50 ppm had more noticeable spots as compared to the other 3 treatments.
After 14 days of aphid infestation, all treatments were more adversely affected at both
ambient and elevate@O, concentration Streaking became more apparent with larger and
more nunerous chlorotic spots as well as loosely folded leaves. Tugela Dn ap88Bad

fewer chlorotic spots and flatter leaves as compared to the other treatments.

After longterm infestation, 21 days, by RWA SA1, extensive chlorosis and leaf rolling was
visible for all treatments. Damage was more developed in the susceptible Scheepers cultivar
as compared to the resistant Tugela cultivar, at 8@ concentrationFor most, chlorosis
covered up to 70% of the total leaf area and leaves were dying back frdipsthEhirty
percentof the susceptible plants at elevate®, concentrationwere dead with no possible

recovery as compared to 10% of the same cultivar at amBi@®ntoncentrationdata not
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shown in the table). Whereas, at elevai%d concentratioronly 10% of the resistant plants

died It is clear from the results that leaf rolling, chlorosis symptoms and necrosis were more
noticeable and extensive in the susceptible cultivar as compared to the resistant cultivar,
which seems to be able to tolerateidghfestation much better at both ambient and elevated

CO, concentration

2.3.3 Aphid feeding damage to host

The fluorescence images for callose deposition indicate that there was a progressive increase
in wound callose synthesis from DAI=0 to DAI=21 i.eorfr the shorterm to longterm
infestation by RWA SAl, for both the resistant and susceptible wheat cultivars. Callose
deposition in the control leaves (uninfested) of both cultivars (Tugela Dn and Scheepers) at
each treatment was very low as can be sedfig 2.5. Minimal wound callose deposition
appeared within the 7 days of feeding by RWA SA1 for both the resistant and the susceptible
wheat varieties (Fig 2.6). There is a visible difference in callose deposition for the controls
and the plants infestddr 7 days. The susceptible (Scheepers) cultivar had moderately higher
callose deposition as compared to the resistant cultivar (Tugela Dn). In this case, Tugela Dn
at ambient conditions had a greater amount of callose as compared to that of Tugela Dn at
elevated conditions. This was the reverse for the Scheepers cultivar where the plants grown at
elevated CQtreatment had more callose deposition as compared to the ambient CO
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Fig. 2.5 Fluorescence images to show the level of callose in longitudinal sections of control leaves (uninfested
plants) stained with aniline blue.-A&n intermediate vein (IV) with a cross vein (CV) from Tugela Dn under
elevatedCO, concentration Callose is present mostly in sieve plates (SP) onlya Bmall vein (SV) from
Tugela Dn under ambie@O, concentrationC- an intermediate vein (IV) from Scheepers under elevaegd
concentrationwith little callose (Cal)deposition. B A large vein (IV) from Scheepers under ambi€®,
concentration(Bars: AC = 200um and D=10Qum).

41



Fig. 2.6 Sections of wheat leaves after feeding by RWA SA1 for 7 days at ambient and ele@ted
concentrationSections of scrapped leaves stained with aniline blue for wound callose distribution. A= Tug Dn
at 450ppm showing pd of an intermediate vein (V). B= Tug Dn at 3pm also part of an intermediate vein
with callose (Cal) associated with RWA SA1 feeding. C= Sch atpfs0 and D= Sch at 383m showing a
cross vein. All the images show moderate callose distributiomadasafter the 7 days of feeding. (Bars: A and

C=100pm, B and D= 20Qum).
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Wound callose becomes more evidently visible by day 14 and abundant by day 21 ( Fig 2.7
and Fig 2.8 respectively) of infestation by RWA SA1. At day 14, RWA SA1l iedugeater
wound callose in Tugela Dn at elevat€®, concentrationas compared to the ambient
treatment (Fig 2.7 A and B respectively). There seemed to be not much of a difference in
callose deposition in the Sch cultivar at b6, concentratiodevelsduring this period (Fig

2.7-C and D).

Fig. 2.7 Sections of wheat leaves after feeding with RWA SA1 for 14 days at elevated and a@®jent
concentrationstained with aniline blue for callose deposition. A= Tugat 450ppm showing intense callose in
the vein. B= Tugdn at 385ppm showing moderately lower callose (Cal) as compared to A. C= Sch ppAb0
with numerous clusters of callose in the vein. D= Sch atg@@8s showing callose deposition in the vein which
obviously interferes with transportationxteénsive regios of wound callose can be seen as the bright
fluorescence in the vein@ars: AC= 100um and D= 20Qum).
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By day 21, the damage to the vascular tissues of the host plants was more extensive due to
long-term feeding by the aphid and may have tbsir functionality. Where aphids probed

and fed on the leaf, higher callose formation occurred. As expébbéaay, 2008), wound

callose was more evident in the veins of the susceptible as compared to the resistant cultivar.
There is massive callose deposition in thiopm of longitudinal intermediate veins resulting

in blockage of transport in the susceptible cultivar (Sch) (Fig@.8nd D). Transport in the

cross vein in Fig 28D is blocked. Tugela Dn at elevated conditions sustained much more
probing due to thenany spots of callose deposition as compared to the ambient treatment
(Fig 2.8 A and B respectively). Overall, there was greater damage due to RWA SALl in the

susceptible as compared to the resistant wheat cultivar.
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Fig. 2.8 Sections of wheat leaves after infestation by RWA SA1 for 21 days at elevated and dient
concentratiorthen stained with aniline blue for callose deposition. A= Dugat 450ppm. B= TugDn at 385

ppm showing two veins next to eacther, connected by cross veins. C= Sch with three adjacent intermediate
veins at 45(ppm. D= Sch at 38ppm showing two adjacent intermediate veins connected by a cross vein. The
images show extensive, intense callose distribution (IC) in the veles.high amounts of callose present
indicate a high disruption of transport and damage as a result efdongaphid feeding.
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2.4 Discussion and Conclusion

Diuraphis noxia(RWA) has been considered a major agricultural threat to the South African
wheat irdustry. With food security being under pressure due to the increasing growth in
population in South Africa, understanding the efffen insect pesin grain production and
yields under changing climate condition is vitally important. Small grain farmertg in
significant losses annually as a result of insect p€sistrol by conventional methods, such

as insecticides, hgwoved to be ineffective and damaging to the environment. Since 1992
researchers and plant breeders have been developing new aplaahtesisivars of wheat in

a quest to improve the yield of wheat farmers especially in the Free State. Although the
resistant cultivars managed to keep RWA SALl infestation levels on tillers to a minimum, new

aphid biotypes were detected that had overcaimedsistance of these cultivars.

A new biotype (RWA SA2) was reported in 2007 from wheat farms in the Free State
(Tolmayet al, 2007). Four biotypes (RWS8AL, SA2, SA3 and SA4) have emerged to date

in South Africa (reference of Vicki and others at Bdtll®m). The new biotypes are more
aggressive feeders and reproduce faster than the RWA SALl biotype. This poses a serious
threat to the wheat industry and therefore it is necessary touidlgrstand thansecthost
interactions, mechanisms of plant defenegponses and titp identify potential sources of
resistance against the new RWA biotypes. For this reason many researchers have been
working in this field for several years and published results which when brought together can

greatly affect the succes$the new RWA biotypes.

Food production is also being affected by the changing climatic conditions. An increase in
global average temperatures, changes in precipitation patterns and extreme climatic events.
These climatic changes will affect the biodivgr®n the earth, causing changes in plant and
animal stress response and defence mechanisms and the ecosystems. The evidence of the
rising atmospheric levels of GQve are experiencing leads to issues that need to be dealt
with by researchers and consdiwaists to maintain life on any area that might be affected
(Bradley et al., 2012).

2.4.1 Population growth rate and development of aphid on host

In this study, the effect of RWA SA1 on a resistant and susceptible cultivar (Tugela Dn and

Scheepers respectivglgt elevated and ambie@O, concentration450 ppm and 38%pm)
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was studied. Data from this study showed positive growth for RWA SA1l at ambient and
elevatedCO, concentratioron both wheat cultivars (Fig 2.2). As can be elucidated from the
results, elevied CQ showed some impact on the aphid population dynamics. RWA SA1
excelled under elevatgdO, concentratioras compared to the ambigd®, concentratiorfor

both the resistant and susceptible cultivars. This is deduced from the populations recorded at
450 ppm which were approximately double that at 385ppm after the 14 day period of
infestation. This could be attributable to the fact that RWA SA1 was reproducing faster at
450 ppm with populations doubling 3 times in the period but was much slower atr885pp
thereby appearing to have overcome some of the resistance of the plant resistance of Tugela

Dn under growth at elevated G@vels.

Although the population growth rate for RWA SAL1 on all cultivars was generally exponential
at all treatments, growtht @levatedCO, concentratiorwas noticeably faster as can be seen
with the sharp rising curves (Fig 2.2 A and B). The aphids adapted to the environment much
fasterand easier at the elevat€®, concentratiorfor both cultivars whereas a lag phase of
growth was seen for the aphid populations under amléi€htconcentration This makes it
mucheasierand faster for aphids to infest, spread and surmount on new hosts in the predicted

CO, concentrationncreases in the future.

It is widely accepted and well domented that plants grown under elevate@O,
concentration have enhanced productivity due to the direct fertilizing effect on
photosynthesis (Lindrotkt al, 1993), increased total biomass, carbohydrates and C:N ratio
(Pritchard et al., 2007). The effeof elevated C@ on growth and yield depends on the
photosynthetic pathway.s;(®lants have increased photosynthesis and growth under elevated
CO, concentratioras compared to [plants that respond modestly due to a mechanism that
increases leaCO, cona@ntrationresulting in CQ saturation of photosynthesis at ambient
concentrations (Sage, 2002). Commog plants include small grain cereals (wheat, rice,
barley, oats and rye), various beans, peanuts, potato and yams. In contrast, carplaots C

includemaize, sugarcane, sorghum and millet.

The success in insect herbivore development also indirectly depends on climate as
environmental changes have an impact on the plant host. Because elevated atm@§pheric
concentrationis unlikely to alter all plantissues in the same manner, the indirect effects on
herbivores will vary among insects. Therefore, this would result in altered insect population

dynamics. As a result of elevat&D, concentrationchewing insects develop slower, suffer
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increased death tes and increased consumption. On the other hand, pitssting insects
have a more complex response to the changes in quantity and quality of the plasttglSun
2013). Their responses are spedpscific and thus can be a positive or negative otraleu
effect. These where the findings by Hughes and Bazzaz (2001), where el&@ed
concentrationresulted in speciespecific reactions when the abundances of five aphid types
were tested on their hosts. One spedspersicag increased in populatip one decreased

(A. pisum and the last three were unaffectéd fferii , A. oestlundndA. solan).

This can explain the increase in performance and abundance of RWA SAl at 450ppm
observed in these experiments. This clearly shows that Tugela Dn agep8chare a better
guality host for RWA SA1 at 450pm than 38%pm. The fact that in this study the resistant
cultivar Tugela Dn showed much resistance to RWA SA1 can be comforting to the small
grain industry although it must be noted that a weaker,dggsessive biotype was studied.
Although not beneficial for all insects, many researches with aphids at ele@&ed
concentratiorhave shown similar results. In one such experiment, the populations of RWA
SAland RWA SA2 increased significantly on theifdarley lines (STARS9301B, STARS
-9577B, STARS0502B and PUMA) at 45ppm as compared to 3&@m (Jimor, 2011). In
another, the aphid. Solaniincreased its daily rate of production of nymphs by 16% at
elevatedCO, concentration(700 ppm) as compacketo the ambient (35ppm) (Awmacket

al., 1997). In another recently published work, eleva®@ concentration(750 ppm)
increased the abundance of the peach aphidpersicaeon four isogenicA. thaliana
genotypes (a wild type and three -8aficient muants) (Suret al, 2013).

According to Hughes and Bazzaz (2001), a possible reason why most aphid species are not
negatively affected at higl€O, concentrationis that they may be able to compensate
sufficiently for changes in nutritional quality inducky changing the feeding positions, rate

of uptake or posingestive metabolism. Thus they can easily adapt to the changes predicted
for the future. In summary, this study showed that there is a difference in performance of
RWA SA1 on both resistant andsaeptible wheat cultivars when grown at elevai®o
concentrationThe reproductive rate and virulence of the aphid was greater at el€&@ied
concentratioras compared to ambie@0, concentratioron both cultivars. This may indicate

a change in behawwal response of RWA SAL1 to host plant interactions under ele@ied
concentrationthereby partly overcoming the resistance of Tugela Dn conferred [inthe

gene.
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2.4.2 Wound callose deposition

Cal | o s-g3glusan polyséccharide existing in cell walls of plants. It has roles in plant
development and in response to stress (biotic and abiotic). In the later, it is deposited in sieve
pores, plasmodesmata and between the plasma membrane aetl el as a response to
wounding or infection. This occurs within minutes of wound initiation (Nakashatral.,

2003). Wounding during aphid feeding results in a decreased rate of assimilate movement in
the phloem and loss of turgor due to penetras@nchymatic cells and elements (Botha and
Matsiliza, 2004). The fast response is hence useful as a response against these effects by
sealing damaged pores in the phloem. On the other hand, callose deposition slows down
transport of solutes in the phlodhereby preventing leakage of nutritious solutes from the

symplast into the apoplast.

This study demonstrates that RWA SA1l feeding resulted in the development of wound
callose seen as the intense yellow deposits under UV light. Seeing as wound callose
formation is associated with damage to the phloem cells, it is expected that greater amounts
of wound callose would be deposited when the plant has been more actively probed and fed
upon. This explains the build up of callose in the vascular tissue cddhenlthe longerm

with very extensivecallose deposition at day 21 after infestation as compared to day 7 and
day 14. As can be seen, blockage of sieve plates, plasmodesmata pore units and cross veins
by callose in infested plants from day 14 to 21 pofgtstation, can result in a huge decrease

in transport of assimilates. This can be effective to discourage aphids from feeding from that
site and forces them to move off and seek a new favourable succulent host. On the contrary,
the continuous reductioaf solutes vital for survival can have serious implications on the
plant. This can explain plant deaths that occurred during thetédonginfestation by RWA

SALl. The results obtained in this study are supported by previous studies.

RWA has been fountb rapidly induce the synthesis and hence deposition of wound callose
by plants in response to infestation in many experiments (Matsiliza, 2003; Saheed, 2007 and
Jimoret al.,2013). For example, in a study, Jimor (2011) demonstrated that RWA SA1 and
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RWA SA2 feeding induced wound callose formation within 24hrs of infestation and
progressed through the 14 days on both resistant and susceptible barley. It was also revealed
that the level and distribution of callose induced was dependant on whether thewltnsat

tested was susceptible or resistant. Assimilates in plants are driven through a classical source
to-sink pathway. Data from a study demonstrated thathids rerouted assimilateto
themselves resulting 1in the ifnokrsnbatada na ot omit:
nutrient supply (Botha and Matsiliza, 2004). The large areas of wound callose examined were

an indication of this.

The results of the study reported in this section shows that callose formation and distribution
varied with feeding dration, wheat cultivar (resistant or susceptible) and as well®s
concentrationa similar finding to that by De wet and Botha (2007). Although there seems to

be a bit of variations in the amount and intensity of wound callose formation among the
different days and treatments, it must be noted that different resolutions and colours were
used to try and access the best image at each treatment. Generally wound callose became
more evident and extensive the longer the plant was infested by the aphitedt idhat there

was more callose deposition at day 21 after infestation as compared to day 7 for all treatments
(Fig 2.6 and 2.8).

As expected, continuous RWA SA1l feeding showed evidence of more callose deposition in
the susceptible cultivar especialipder elevatedCO, concentratiorthan at ambient levels.

This could be because tlmn1 resistance gene in Tug Dn reduced callose deposition due to
RWA SA1 feeding. It cannot be clearly supported that callose production and distribution
was proportional tehe number of aphids feeding from the test plants. For example at day 14
(Fig 2.7), Tug Dn at ambien€O, concentrationhad more extensive, intense callose
deposition as compared to Scheepers at the same conditions although the later was heavily
infestedby almost a two timedarger colony of RWA SA1 than the resistant cultivar (Fig
2.2). At elevatedCO, concentrationcallose deposition in the two cultivars is almost similar
despite the major difference in total populations at day 14. It can be conthadezhce a

plant is damaged, wound callose is rapidly produced and deposited mainly in sieve elements

irrespective of the aphid population or duration of infestation.
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3 CHAPTER THREE

IDENTIFICATION OF DIFFERENTIALLY REGULATED
PROTEINS INRWA SA1INFESTED WHEAT UNDER AMBIENT
AND ELEVATEDCOZ2 concentration

3.1 Introduction

Cereal grains are of major importance in the world as a source of food both for people and
their livestock. Wheat is asource of many nutrients such as minerals, vitamins,
carbohydratesfats and of major interest: proteins. These proteins have both functional and
nutritional roles. Gluten in wheat forms a continuous network of protein matrices which link
cells together, giving bread dough their unique characteristic and sti@&tgtivry 2009)

Cereal proteins also play a major role in cereal stress response have therefore been studied for
a long time (Shewry and Halford, 2001).

Proteomics is the comprehensive study of quantitative changes of the protein complement of
a given cell or gganism under weltlefined conditiongChen and Kim, 2006 According to
Wilkins et al (1996), it determines the relative abundance and posttranslational modification
state of proteins in a sample. The results can be applied in fields such as drugrgiscov
diagnostics, therapy and genetic engineering. Structural proteomics determines the protein
constitution of a cell. Proteomics therefore provides a more accurate picture of the state of a
living cell under specific conditions, than genomics or trapsmmics do (Lubeet al,1999).

It is difficult to reproducibly separate complex protein mixtures and many combinations of

techniques have been used in proteomics (Cetlat.,1999).

Proteome analysis consists of two steps: the separation of proigtores by 2D
electrophoresis followed by the identification of these separated proteins by analytical
techniques. One of the most reproducible, accurate and proficient methods to separate
complex proteins is Tw®imensional Electrophoresis-@E). It isa powerful tool employed

in proteomics for purification and characterization of proteins (Chinnasamy and Rampitsch,
2006). 2DE can be used to map the proteome of a given sample, as it effectively resolves
complex mixtures. This allows for the identifiaati of differential protein regulation in a

given tissue or organ under different conditions (Fimtial, 2002).
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The efficacy of 2-DE as a separating methdds in its ability todo soin two dimensions.

The first step in 2DE is Isoelectric FocusinEF) whereby proteins are separated on the
basis of differences in net charge. A current is applied across an immobilized pH gradient
strip (IPG) containing a mixture of proteins, thereby forcing them to migrate down the strip
until they reach their inglidual isoelectric points (when it has a zero charge) (@brgl,

2000). In the second step also known as the second dimension, these proteins are further
separated on the basis of differences in molecular masses. The addition of the anionic
detergent SB gives all proteins a negative charge with a constant charge to mass ratio,
causing them to migrate through the porous polyacrylamide gel under an electric field

according to size.

The identification of the separated proteins resolved as spots orctimel skmension can be
identified by analytical techniquesuch as mass spectrometry (MS) aachino acid
composition analysis as well as software such as PDOuéSkylas et al, 2005) for
advanced image analysis that yields high reproducibility. The @dtplof protein sample
preparation is a major challenge prior tE. This is due to differences among tissues (both
plants and animals). For more accurate resolution of the proteins dubbig &n efficient
protein extraction method has to be emploged usually, requires extensive optimization
prior to 2DE (Louw, 2007)

Non-protein contaminants such as organic acids, polyphenolpigntents in plant extracts
makeit generally difficultto resolve proteins. Extraction processes usually begin \Wwih t
precipitation of the protein which is thensaespended in an appropriate buffer. Protein loss
occurs when there is incomplete precipitation or resolubilization. Mainly two extraction
methods have been employed in plants protein extraction: phasetland acetonebased
(TCA) methods (Chen and Harmon, 2006). TCA method minimises degradation of proteins
by instantly eliminating enzymactivity. Both methods recover proteins that are difficult to
resolubilize (Chen and Harmon, 2008he high resolutiorof 2-DE makes it an efficient
technique to study protein expression in response to various stress factors (Gorg, 2000). This
study reports the use of2E with PDQuest” analysis softwaréo identify differentially
expressed proteins ifugela Dninfestedby RWA SAl under elevated and ambiedO,

concentratiorms a result possibly of changes in the
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3.2 Experimental Overview

3.2.1 Materials

Host plant material and aphid colonies were grown and maintained as explained in Section
2.2.1.A total of 48 plant (24 Tugela Dn and 24 Scheepers) were grown half of each as tests
(infested with RWA SA1) and the other half as controls (uninfested ). Tugela Dn and
Scheepers tests were then infested with RWA SA1 and allowed to grow in the cassiron
outlinedin Section 2.2.2.

WHEAT
CULTIVARS
Y Y
RESISTANT SUSCEPTIBLE
Tug Dn (24) Tug Dn (24)
385ppm 450ppm 385ppm 450ppm
T=6.C=06 T=6,C=6 T=6, C=6 T=6, C=6

Fig. 33.1 Overview of wheat cultivars used (total number in brackets) as well as the number of plants used for
tests (T) and control (C) at elevated (450n) and ambient (38%m) CO, concentrationsA total of 48 plants
were used

Aphids were allowed to feed on leaves for 14 days with leaves harvested at different
intervals: Day O (before infestation) then 1, 5, 7, 9 andldys after infestation. At each
interval, 3 leaves wercollected froneach test plant and its corresponding control. Aphids on
test plants were brushed off prior to harvesting. Leaves were immediately frozen in liquid
nitrogen (Department of Chemistry, Rhodes University, Grahamstown) in 15ml Eppendorf

tubesand stored in a80°C freezer until further procesd

3.2.2 Total Protein Extraction
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All equipment used for this extraction was autoclaved to ensure sterility before the process.
Total protein was extracted using the ReadyPteprotein Extraction Kit (TotaProtein)

from Bio-Rad (US). The kit was chosen as the protocol is simple, rapid and reproducible
method for preparing total protein extracts feD el analysis. Harvested leaf samples were
homogenized in liquid nitrogen using a mortar and pestle infmea powder, quickly
transferred into a 2ml microcentrifuge tubes and weigtbd. homogenized leaf tissue was
immediately suspended in -B Rehydration/Sample Buffer {contains 7 M urea, 2 M
thiourea, 1% (w/v) ASBL4 detergent, 40mM Tris base and 0.008Bé6mophenol Blue)for

cell lysis and complete solubilization proteinsa volume of 3ml buffer per 1 g plant tissue
Samples were sonicated (4 bu3@sec each) to disrupt cells prior to centrifugation (16, 000 x
g, 30mins, room temperature) to pellebds. The supernatant wasored at80 °C while an
aliquot was retained for protein quantification.

3.2.3 Determination of Protein Concentration of Samples

The RC DCProtein Assay kit from BiRad (US) was used. It is a colorimetric assay for

protein quantitation based on the Lowry assay (Lowey al, 1951) but modified to be

reducing agent compatibl®C) as well as detergent compatib[2Q). The Microcentrifuge

Tube Assay Protocol (1.5ml) wdsllowed as per thenanuf act ur eridte i nstr
manual Bovine serum albumen (BSA) protein standards were prepared (from 0.2mg/ml to
1.5mg/ml). After precipitating the proteins from samples following the protocol, absorbencies
were read at 750nnBSA standard curves were created using Microsoft Exaetl samfe

protein concentrationdetermined by interpolation from the curve.

3.24 2-D Cleanup of Sample Proteins

Protein extracts (from section 3.2.2) were cleaned up using the ReadyPi®pCleanup

Kit from Bio-Rad. This kit serves to prepare low conductigigynples suitable for Isoelectric

focusing (IEF) and -D gel electrophoresis as well as concentrate proteins from sample to
improve spot detection (BiRad, 2014c). Precipitation of proteins leaves behind substances

that can interfere with IEF such as iomietergents, salts and nucleic acids. Following the
manufacturerds i nstruct i-sugpsnded mMOMmW af the BO t he
Rehydration/ Sample buffer (containing 8M urea, 2% CHAPS, 50mM dithiothreitol (DTT),

54



0.2 (w/v) BioLyte® 3/10 amphlytes and a trace of Bromophenol Blue). Any unused protein

sample was stored in clean microcentrifuge tubeS8BC.

3.25 Determination of Protein Concentration of Samples After 2D Cleanup

TheRC DCProtein Assay kit from BidRad (US) was used again to gtinthe protein after

2-D Cleanup. This was done to determine the actual protein concentrations in the samples so

that the correct amount of protein could be loaded onto IPG strip for IEF assuming that

protein concentrations might change during the ctepprocess.

3.26

Isoelectric Focusing

A ReadyPrep” 2-D Starter Kit from BieRad (US) was used and it enables the protocol and

reagents to successfully performD2 polyacrylamide gel electrophoresis-2 PAGE).

Broadrange pH 310 NL (11cm) ReadyStrily IPG strips (BioRad, U.S.A) were rehydrated
overnight in 185ul resuspendedorotein sample (containin@50ug wheat leaf protein)

sufficient to easily visualize protein spots whefD 2SDSPAGE gel is stained. After

rehydration, the IPG strips were then transdd into a clean, dry PROTEAN IEF focusing

tray (11cm) and IEF ran at default PROTEAN IEF cell temperature following the program in

Table 3.1.

Table 3.1 PROTEAN IEF cell program for IEF run

STEP VOLTAGE TIME (min) Volt-Hours RAMP
1 250 20 ---- Rapid
2 8000 60 Linear
3 8000 26 000 Rapid
4 1500 b ---- Hold

3.27 SDS PAGE

Criterion™ TGX™ precast polyacrylamide geld-20%) where used to run SDS PAGE. IPG

strips from IEF were equilibrated usingilh f er s

from

t he

kit
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instructions. After laying the strip on a SIPAGE gel and overlaying with molten agarose,
they were vertically placed in a gel box (Criterion systeornected to a Power Station 200
(Labnet International, Inc., Edison, NJ, USA). Reservoirs were filled with 1X
Tris/glycine/SDS running buffeand electrophoresisegan undethe set program in Table
3.2.

Table 3.2 Mini-PROTEAN program for SD®AGE run

Strip length 1llcm
Electrophoresis Cell Power Station 200
Conditions 200V (constant)
Approximate Run Time 35min

3.2.8 Staining

SYPRC Ruby protein gel stain was used for the rapided#on of proteins on the-R

PAGE gels. The gels were initially fixed for 30mins in a 50% methanol and7% acetic acid
solution then washed in @B. This was followed by staining with SYPR®uby overnight

on a gentle shaker, gels covered with aluminiurh f8els were then dstained in a 10%
methanol and 7% acetic acid solution for 30mins then viewed and photographed using an
Alliance 4.7 Transilluminator (UVITEC Ltd, Cambridge, UK).

3.2.9 Determination of differential protein expression in wheat in response taphid
herbivory under different CO2 concentration

Analysis of protein spots across different gels (infested and control groups) was performed
using PDQuesY Basic 2D Gel Analysisoftware(Bio-Rad Labs, USAVersion 8.0 Gels

were analysed using tlieSopt Det e c t to setuph@/inatchimggarametas follows,

Manual identification of faint, small and large clustered spots was done allowing for some
user i nput in terms of parameters. Spots wer

paramete

The difference in each spot between the gelswasresblved m t he A Quantity G

whichis a collection of histogram graphs which can be used to quickly compare and identify
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any absence of g or changes in spot quantifyrotein quantity from gel to gelChanges in

the proteomedue to CQ elevation were determined in both the uninfested and infested
resigant cultivas. Finally, the effect of C@on the resistance mechanism was evaluated by
comparing the difference in the proteome of ihiested and uninfested resistant cultivar,
under elevated CO It must be noted thattaough 2DE was done from both Tugela Dn and
Scheepers sampleprotein spot analysis was done oryg gels of the resistant cultivar
because at this point, the praotgiof interest were only those reflecting a change in the
resistance mechanism and not those reflecting the occurrence of the resistance mechanism.
Therefore, the resistance mechanism only takes place in the resistant cultivar and not the

susceptible.
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3.3 Results

3.3.1 Determination of Protein Concentration of Samples

0.4 -
0.35
03
0.25
02

0.15 -

Absorbance at 750nm

0.1

y = 0.1815x + 0.0194
R2 = 0.9902

0.6

0.8 1 1.2 14
Protein concentration (mg/ml)

1.6 1.8 2

Fig. 3.2 Proteinstandard curve generated using the RC / DC protein assayRésip with bovine serum
albumen protein standds from 0.125mg/ml to 2mg/ml. All readings were taken in triplicate.
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3.3.2 Tugela Dn wheat total protein samples on 2DE gels stained with Sypro RubY

(+) ) () (+) _ (-)

Fig. 3.3 2-DE gel samples showing @&fential protein expression in Tugela Dn wheat in response to different
CO, concentratioronly. A: Tugela Dn grown under 450 ppm at day B4Tugela Dn grown under 385 ppm at

day 14.

Fig. 3.4 DE gel samples showing differential protein expression in Tugela Dn wheat in response to RWA SA1
infestation under elevated and ambi€@, concentrationA: Tugela Dn infested with RWA SAl &0,
concentratios 450 ppm, DAI= 14B: Tugela Dn infested ith RWA SA1 atCO, concentration 385 ppm,

DAI=14.
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333 Analysisof2DE gel s using PDQuestE Basic Softwa

A} PDQuest Basic - 80.1 o8] X
[File Edit View Analyze Report Window Help |
I 1
4} Spot Detection Parameter Wizard o @8] %
Basic | [Advanced|
N Step 1 - Give Manual Guidance
&[ Click on a faint spot.
\ Ciick on a smal spot,
g = | i different from the faint spot.
a Box the lar
gest spot cluster. -
& L] [t ]
B Step 2- Test Settings
_@‘J (R4Find Spot Centers| Spot Count [112
B [Tty o find the same number of spots in ather gels
B (e ]
B
[
.
]
Faint® Fa—
- -
-
Image [sz&Tug Dn DAK14 ele Cont v1 (Fitered) LJ [X]Show Fitered Image
Parameter Set | v | Load..
[ Poceed | (X _aut (@ Heb |
e - = — — -
Bl A l=lwl i e~ el li-iliml PR
47} PDQuest Basic - 8.0.1 =)
File Edit View Analyze Report Window Help
Dede | rd@on | TEEESTTWEE | owm
4 Tugela Dn Uninfested Amb vs Ele DAI 14 (Experiment, Modified) | ) S
BOMOQR[B-%-» 2o R-% (W &F 7
H
- $
‘=¢==s:.. ‘
s -
g
- - = -
Tugela Dn Uninfested Amb vs Ele DAT 14 (Master, Modified) $38- Tug Dn DAI=14 ele Cont (Raw 2-D Image) $42-Tug Dn amb DAI=14 cont (Raw 2-D Image)
(< »
]l Al =l=lilelsi«&l;aGlizliEl S e

Fig. 3.5 PDQuest" Basic Software (BicRad) showing two steps taken during the analysis of P& 2jel
samples showing differential protein expressio Tugela Dn wheat in response to RWA SALl infestation and
differentCO2 concentration

A- Screen print of inputted parameters for small, faint and large clusteredBp8tseen print of the results
the image analysisbtained when comparing twolggTugelaDn DAI= 14 Uninfested: Ambient vs. Elevated
CO2 concentratioh with the master gel at the far left and the yellow crosses representing the matched spots.
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334 PDQuestE Basic Software gel mat ching resu

3.34.1 Experiment Summary

After running the software, the Experiment Summamydow is displayed (Fig 3)6 Thisis

an interactive chart that shows the number of matched protein spots on the gels within the
entire eyeriment based on the user settings. It also allows for changes to be made on some
experimental settings such as matching and normalization. The spots column gives the
number of spots detected per gel whilst the matched is the total of those matchirg. Matc
Rate 1 is the percentage of matched spots relative to total number on gel whilst Match Rate 2
is relative to those on the master gihe summary in Fig 3.6 shows that 114 spots were
detected in the gel for the uninfested Tugela Dn plant under elev@gte@ls at day 14
(DAI=14) with 78% of the matching spots relative to those on the master gel. 84 spots were
detected on the gel containing the uninfested plants under ambieneve® with 57%

matching spots relative to the master gel. Overall, 5&spere matched to every member.

i} PDQuest Basic - 8.0.1 =] — 5|
File Edit View Analyze Report Window Help
Degde hfdaon EEEGSTRER |
117 Experiment Summary for Tugela Dn Uninfested Amb vs Ele DAL 14': |
Member information

Gel Name \ Replicate Group Spots Matched Match Rate 1 | MatchRate 2 | Cor Coeff Detect paramets

“539' Tug On DAl=14 ele Cont w1 not assigned 114 114 100% 78% 1.000 536- Tug Dn DA

542-Tug Dn amb DAI=14 cont +1 | not assigned 24 B84 100% 57% 0777 538 Tug Dn D&

. 2l
&) Master is marked with * Correlation coefficient based on |$33- Tug Dn DA
MatchS et information Replicate gioup and classes information

B D EEPIEr = Replicate Group/Classes | Membrer | Matched toall | Mean Cv |
Overall mean coefficient of variation: ‘ a“an all not assigned 2 52 4471

[/ Cose | (&8 Rematch (B Nomaize | ([ Scater ot (& Repon | (@ Hel |
R ——————————

Fig.36Screen print of the fAExperi ment Summaryo window f
showing 52 protein spots matched to every member.

3.3.4.2 Quantity Graph Report

Histogram graphs give a sense of the general trendsoingsiantity.They are a quick and
useful tools in detecting unmatched spotdifierentially expressed spotEach bar in the

hi stogram represents the spotds quantity 1in
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the highest bar. The quantitatiohtbe maximum bar in the graph is shown on the upper right
of the histogramEach spot isautomaticallygiven a numberStandard Spohumber SSP)
whichis shown below each graph. Fig 3.7 is an example of a quantity graph tefobars
represent th@rotein quantitiedor the uninfested Tugela Dander elevated CQvhist right

bars are for ambient GOA single bar on the left side represents a protein that is expressed
only in plants grown at elevated @nd a single bar on the right side represersotein
expressed only under ambient £0p- regulation at kevatedCO, levelis detected when the

left bar is longer than the right bar and dewegulation when the left bar is shorter than the
one on the right. When the bars had approximateklxacly the same heighthe quantity of

the proteinacross the gelswould be the same hence no change occurred.

4 PDQuest Basic - 8.0.1 = | B ||
‘Fi\e Edit View Analyze Report Window Help ‘
‘.j‘-_‘lﬁ kd&lom FRESS T WE D |06 | BIORAD )
4, Quantity Graph Report - Tugela Dn Uninfested Amb vs Ele DAI 14 Eﬂg
726“18 741345 352361 866931 11 4670 72| 7753808 71129 641 4711 8899520 4475197
Norm Norm Nerm Norm Norm Norm
\NT A INT*Area INT*Area INT*Area \NT F« INT*Area INT Ia \NT A INT*Area INT*Area
SSP 0001 SSP 0002 SSP 0003 SSP 0004 SSP 0401 SSP 1001 SSP 1002 SSP 1101 SSP 1201 SSP 1301
2562 59| 31364 8 2 1 BTB 730351 GBBZS 422161 114 4514 121 74“32 GBBH 92 BB?WG
Narm
\NT A \NT F« \NT A INT*Area \NT F« \NT A INT Ia \NT A \NT F« \NT A
SSP 1302 SSP 1303 SSP 2001 SSP 2002 SSP 2003 SSP 2004 SSP 2101 S8P 2201 SSP 2202 SSP 2301
11940003 10070826 | 3271083 4180847 376803 2284589 11818522 [21816338| 4238951 8384381
Norm Norm Norm Norm [Norm Norm INorm Norm Norm Norm
INT*Area INT*Area INT*Area INT*Area [INT*Area INT*Area INT*Area INT*Area INT*Area INT*Area
SS8P 2302 SSP 2303 SSP 2304 SSP2401 SSP 3001 SSP3101 SSP 3201 SSP 3202 SSP 3203 SSP 3301
1“&21578 8352584 |2858630 15845584 763824 855124 7181568 4279758 7538963 11610752
Norm Norm Norm [Norm Norm INorm Norm Norm Norm
WT A INT*Area INT*Area INT*Area [INT*Area INT*Area INT*Area INT*Area | INT*Area INT*Area
SSP 3302 SSP 3401 SSP 3402 SSP 3403 SSP 4001 SSP 4002 SSP4101 SSP 4102 SSP 4201 SSP 4202
E IGZA 5507324 3 73336 96ﬂ54 52 | 5425467 IEDAZZ 431 92 45‘775 332543 949“022
Norm
WT A INT*Area \NT A \NT A \NT A \NT A INT A WT A \NT A | \NT A
SSP 4301 SSP 4302 SSP 4401 SSP 4402 SSP 4403 S5P 5001 S5P 5002 SSP 5003 SSP 5101 S5P 5201
o Rzl 8 wx| 4| Page or2 > | o B

Ty A =l e T e Ta | e [ e T el =31 P aee I

Fig. 3.7 Screen print of the Quantity Graph Report obtained after analysing the-sedtdug D Uninfested
Ambient vs. Elevate@€O, concentration DAI=14 (only page 1 of 2 is shown).
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3.35 Effect of CO2 concentrationon the Proteome

The numbers of differentially regulated proteins (spots) weakeulatedas fractions of the
total number of spotshtained for each mateet in order to construct pie charts. Changes in
spot quantity were identified as either-ugw downregulation Furthermore the presence or
absence of spots in either gel of a matehwas also noted as well as spots that sdow

changes between the two magt gels.

Key:  Up-regulated atelevated [COz] —I Down-regulated at elevated [C02]-
Present only underelevated [COz] B Present only under ambient [CO:2] .
No change in quantity atboth [COz]-

Fig. 3.8 Summary of results obtained frorfl2E  anal y s i -AmbefitCd concegntrabasyni nf est ed o
v s . A -Elewted®,concentratiodJni nf e st e[d]o DAIRVHh[B]r- BAI=5; [C]-DAI=7; [D] -
DAI=9; [E]- DAI=14.
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3.3.6 Effect of CO, on the Resistance Mechanism

A
C
E
Key: Up-regulatedat elevated [CO:] HEE Down-regulated at elevated [CO;] HIl
Present only under elevated [CO;] I Present only under ambient [CO:] Il
No change in quantity at both [CO:] [l

Fig. 3.9 Summary of results obtained frorfl2E  anal y s i -AmbeftCd concentatdml nf est ed o v s.
A T u g-EldvatedCO, concentratior| nf e st e d A].- DAMA;e[B] e DAI=5; [[C] - DAI=7; [D] -
DAI=9; [E] - DAI=14.
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Key:  Up-regulated during infestation e Down-regulated during infestation [
Present only during infestation (] Present only during un-infestation [ |
No change in quantity at both conditions =

Fig. 3.10 Summary of results obtained frorDE analysis ofi T u g-EldyatedCO, concentration
Uni nf est ed élevawdCO,fohaergratibnl nf e st e dA] - DAWL Bt -®©AI=5[[C] -
DAI=7; [D] - DAI=9; [E] - DAI=14.
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3.4 Discussion

3.4.1 Sample Protein Concentrations

The ReadyPrdfl' Protein Extraction K (Bio-Rad, US.A) contains agents that allofer
extraction of maximum total cellular protein extracts from a given sample making it useful
for 2-DE applications. Thenanufacturer instructthat 2-3 ml of buffer must be added to

every 1 g ofplant tissudor maximum protein extractiodue to plant biomass constraints as
young wheat plants do not yield large leaf masses, smaller leaf masses were used although
the ratio of 3 ml of buffer for everyg of leaf materialvas maintained throughowRrotease

inhibitors were not required with the extraction kit used.

The protein concentrations ranged fr&ab8 mg/mlto 10.83 mg/mlafter protein extraction.

2-DE cleanup resulted ifiprotein loss with concentrations ranging betwe&r® mg/ml to

3.3 mg/ml The perceived loss of protein can however be accounted for as a oédhié
removal of substances thean interfere with reagents of the protein quantitation assays,
thereby giving false high readisdpefore the cleanp stage This was further confirmed
during the sample preparation optimization study, where the perceived protein loss was

consistent, indicating that the cleap stage consistently removed the interfering substances.

3.4.2 2-DE Gels for the Tugela Dn Wheat Proteome

Wheat has a large genomeesiand is about 35 times larger than that of dices. difficult to

analyse the wheat proteoras the wheat genome project has not been fini€blearShanet

al., 2012) Sample preparation is very crucial for the success-DE2 Sample preparation

and IEF were optimised to obtain gels with maximum, highly resolved pratpots with
minimum streakingEach IPG strip for IERvas loaded withHl85ul of 250 pg proteinThe

choice of stain is also very crucial to visualize a maximum number of spotD&nhgés.

SYPRO Ruby Protein Gel Stain was desirable as it is easier to use and highly sensitive
fluorescent stain and rapidly detects proteins on gels. Although cheaper, also easier to use and
commonly used, CoomasSiBrilliant Blue Stain is not comparablyrsstive as Sypro Ruby.

There are also possibilities of ov&mainingas well as destaining progin spots when using

Coomassie.
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The gel pictures indicate that the leaf proseimeresuccessfully isolateds can be seen by

the presence of protein spotscan be generalised that negatively charged proteins (at the
positive end) were osly resolvedon the gelsAlthough a protein molecular weight marker
was not used,tican however be genera#id that most of the proteins resolvied the
relatively low moecular weight regiofirom approximately 25kDa to 55kD&his is in line

with the reviews of 2DE analysis by Malet al. (2006) that stated that relatively few high
molecular proteins (greater than 100 kDa) are present in wHeatSwissProt database also
shows the majority of wheat proteins to be smaller than 5@kbBaw, 2007) In all gels,

there was an outstanding band that was large in size and highly fluoresced. It occupies the
same position in the gels and is thought to b8iRDo (ribulose bisphospte carboxylase
oxygenase)the most prominent protein in plants. Thislso in line with the findings of

Louw (2007) in whose gels were a very prominent band occurring at approximately 55 kDa

and was thought to be one highly abundant protein.

The distibution of most gel spots were similar in mosDE images indicating that the
protein content in wheat leaves are similar as was suggested by Zhenhu and Jiangyan (2013).
As can be observed from the gel pictures (B.3; 3.4 and appendix there was a bh
similarity of protein profiles btween the gels. This is consistarith the observations made

by ShanShan and colleagues (2012), during the proteomic analysis of dnasglunsive
proteinsin the grain development stagé two wheat varietiesThis dbes not necessarily

mean that the gxession patterns were the same as shall be seenAkerin line with
observations by Zhenhu and Jiangyan (2013), only a few proteins existed at the extreme pH
regions of 24 or 310, the majority of the spots werachted within the narrow pH range of

5-7.

3.4.3 2-DE gels analysis using PDQuebY Basic Software(Version 8.0)

Theselectionof the faint, small and largest spots on thedyglng the setting up phase of the
analysis(Fig 3.5 A), established thimput paametergo beusedby thePDQuest" software
These were used temovebackgroundgarticles that resemble spdtsm the gel andhereby
enhance the detection of tlagtual protein spotsA master gel image was created by the
PDQuest" softwarewhich is avirtual copy ofall of the gels in the experimeand contains

all the spots detected from all the gels in #pecificexperimentsee Fig 3.8). Therefore,
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all the identified spots on all gels are included in the masteiEgeh gel in the experiment

was then compared to the relevant master gel.

Analysis on how wi the spots on each individual gel match the towainberof identified
spots in the entire experimewas determined (i.e. Match Rate 2apd results given as an
Experiment Summary (Fig 3.8nd a Quantity Graph Report (Fig 3.A)spot that occurred
in every gel in the analysisetcan also be quantifiethrough the density of the spots) and
then classified agither up or down regulated. The parameteiiar this studywere set to
identify only thosespotsthat had a twdold difference in the protein quatyt The software
also identifiedspots that were present on one bat missing on the other A spot that
occurred in every gel in the analysis set at approximately the same inteasiigemtified as
being neither upnor down regulatedFigures 3.8, 3.9 and 3.10)

3.4.4 The Effect of CO2 concentrationon the Roteome

It was necessary to determine theofile of the differentially epressed proteins during
growth under elevate@0O, conentrationand to establisithe changes due to G@hanges
only and not aphid infestatiofig 3.8 is a summary of results obtained frofDER analysis
of t he s aefapOn-@Ambient @OF eancentratiodJni nf est e cla Dnv s .
ElevatedCO, concentratiodldni nf e sl & 709 aad 14lays which provided the
baseline proteome information, for the effect of elevatedf@Quninfested plants

The resultsof the analysis revealed that when ®lgDn was grown under differer@0O,
concentration the expession levels of proteins were differentially regulated on each
sampling day. Theyreatest differential protein expression was obsenmdiays 5and 7

(DAI=5 and 7) where 61% of the proteins were expressed only in the plants grown at ambient
CO; levels DAI=5) and 86% of the proteins expressed were found only in the plants exposed
to elevated C@levels (DAI=7). This could be a result of the plant trying to adjust to the new
conditions in the presence of eleva&@®, concentrationAt day 1 (DAI=1), 22% b the
proteins were upegulated under elevated g€bnditions, 20% found only in plants grown at
elevated CQ 20% found only in plants grown at ambient £&hd 20% undergoing no
changes. This is very similar to the results obtained on day 9, inditladéihgt this stage the

plants had adapted to the elevated,@&vels. The results obtained @y 14 cannot be

68



explained and appear to be marean anomaly than a true reflemi of the state of the
proteomeafter 14 dayfiencemust be investigated fimer. The proteins that are tnegulated
only in the plants at ambient GQevels were observed in thaolecular weight range of
approximately 25kDa t65kDaare mainly within the basko neutral pH range

3.45 The Effect of CO, concentration on the Resistane Mechanisms

Aphids are seriously plaittamaging pests and the methods in which it can be controlled has
been of major intere§iolmay and MaFe, 2000; Jankielsohn2014). In addition, the changes

in climate also have an effect on the plaphid interactionNot much is known about plant
responsg induced by aphid attacks especially under elev@®@gconcentratiormaking it
crucial for further studies to be done. Previous studies have showapthidtinfestatioomay
induce metabolic changes of the same nature as defeastons(Karin et al., 2000), for
example the production of PBoteins and proteinase inhibitors (Casaretto and Corcuera,
1998).

According to Van der Westhuizen and Pretorius (1996), RWA feeding induces the build up
of specific proteins such as chitinase and some relat&Rt@roteins in the intercellular
fluids of resistant wheat cultivars. Van der Westhuieeal. (1998) report that a resistance
response was induced by RWA infestation on susceptible and resistant wheat. It rapidly
induced the activities of the enzymesrgedase and chitinase. Immunologic studies

confirmed that the stimulation of peroxidase was a result-ofagulated proteins.

This analysis was done to determine the nature of the differentially expressed proteins due to

the change in the resistanogechanism under elevatg@iO, concentrationFig 3.9 is a

summary of the results obtained fro’rlDE anal ysi s of t hAmbiena mpl e s
CO, concentratiodd nf est ed 0 vEvatedCO,waneehtratiorDnf est edo at 1
9 and 14 days, whicprovided the baseline proteome information, for the effect of elevated

CO; for infested plants. The infested plants under ambienggB@s the normal resistance

response of the plant to infestation. The infested plants under elevaigiv€the changes

in the normal resistance response as a result oélthatedCO, This then identifies the

aphid resistance proteins that are changed.
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Like the summary on Fig 3.8, the results on Fig 3.9 (infested plants under elevated and
ambient conditions) also shatvat the stress conditions gave rise to differentially regulated
proteins within the wheat proteoniEhe greatest differential protein expression was observed
on days 7and 14(DAI=7 and 14) wher&2% (DAI=7) and 8% (DAI=14) of the proteins
expressed weround only in the plants exposed to elevated, GWels. At day 1 (DAI=1),

55% of the proteinsvere foundonly in the plants exposed to ambi€®, conditions. At day

2 (DAI=2), 41% of the proteins weréound only in plants grown at elevated £&ahd53%

found only in plants grown at ambient €®Because most of the proteins are seen only under
elevated CQ levels, analysis of these proteins will elucidate on the chatiuss are
occurring in the resistance mechanisrhese results indicate that there hasrbchanges in

the resistance due to elevated ®®@cause of the evident changes in the proteome.

As was established from the earlier results (Section 3.4.4), aphid infestation and@@ered
concentrationinduces changes in the proteome. Hence, canggrlants grown under
identical conditions with the only difference in infestation gives results attributable to the
changes in the proteome induced by the resistance mechdmsmummary on Fig 3.1i0e
analysis results when infested plants grown umlievated C@are compared to uninfested
plants under the same conditionfieTuninfesteglants under elevated G@evels givethe
baselingoroteome informatiof the plants normal state under high Q€vels. The infested
plants under the san@0O, levels give the plant response to infestation under elevated CO

This identifies aphid stress response proteins.

From the summary, the plant is adapting to the elevategda@@® infestatiorduring day 1
(DAI=1) and 5 (DAI=5). Most proteins were found only time infested plants at elevated

CQO, i.e. 50% at day 1 and 51% at day 5. After dathBre seems to be a massive response
where you se@roteins only appearing under the infested plants this shohange in the
resistance mechanisit day 9 (DAI=9), 92%of the proteins were found only in the infested
plants. The changes in the protein expressions after aplfedtation and altereCO,
concentrationcould be due these defenmdated events as documented by Louw (2007)
where upregulation was due to pubat storage proteins, proteins involved in
photosynthesis, heat shock proteins and defense proteins. Of course, the pl value and
molecular mass of the proteins and the identification of the proteins in these spots, must be
determined in future work to spécally identify whether these results are valid for these

conditions.
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4 CHAPTER FOUR

GENERAL DISCUSSION AND CONCLUSION

Food security is of major importance due to the increasing world populatio8 ®itiillion
peopleexpected by 20® (Cohen, 2050)Cereal proteins are ¢hbasis of human dién the

world. The three major cereals that serve as a staple food for humans are wheat, rice and
maize (Botha, 2013¥-or this reason, there has been an increased intgressearchers to

study their proteomicamposition to enhance growth, development and yield cap&Giyts

cannot escape from abiotic and biotic stresses but have to rely on proteomic modifications
and sophisticated mechanisms in response to stress conditions for endurance and adaptation
(Abu et al, 2010, Ahujaet al,2 0L Pl an't stress responses have
structure at di fferent ,preoted esmen aanred y me thab otl
(K1 8et @, 2013) which can be qualitatively and quantitatively scrutinizeck Bro ns hav e
i mportant roles in plant stress response as
met abol i oKI c8hketeeat, g2618). Because the proteome is not a static entity,
comparative proteomic studies of plants before and after spstifisses have become a

potent tool for understanding biochemical pathways and intricate responseset(Athu

2010).

Aphids and in particular th®iuraphis noxia(RWA), have causedaggravating, massive
losses to farmers imany areas of the world. dihcheckedRWA are able to destroy 680%
(reference) of a croplts economic impact froml9871993 was estimated to be
approximately $800 million in the United States alone (Botha, 201®.insect feeds from

the phloem sieve elements of wheat plants atang cell membranes resulting in impaired
functioning of cells (Both&t al, 2005). Many methods of control have been tried including
the use of pesticideshich have had limitationdue to the fact that RWA causes leaf rolling
which protects the aphid¥he most competent and efficient method of control is the use of
resistant cultivarsThe Small Grains institute in Bethlehem, South Africa, have therefore
developed resistant cultivars to the known RWA subtypes over the past decades through

intensive breding programmes (Tolmast al, 2009.
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Climate change has however become a major factor threatening food security especially with
the observednhcrease from less than 300 ppm in-préustrial period to the curreB85 ppm

and is predictedo reach550 ppm by 2050 IPCC, 2007;Meehl et al, 2007) Despite the

great emphasis on stimulated photosynthesis that enhances growth anih yielglants

which is an advantage dlevated CQ it is therefore essential to understand how this

increase will affect Wweat growth and resistance to pests such as the RWA (Van Zyl, 2007).

ElevatedCO, concentrationmay affect individual species of a comnity. In the current
investigation, he population growth studies showed that populations of RWA SA1 increased
substanlly on the two wheat cultivars at bo@0O, concentrationAlthough the population
growth rate for RWASAL on all cultivars was generally exponential at all treatments, growth
at elevatedCO, concentratiorwas noticeably faster with populations doubliBgimes in 14
days as compared to the 2 times at amb@dt concentration This suggests thatoth
cultivars provided a better quality host for RVBA1 at 45Qpm than 38ppm. As expected,

the susceptible cultivar (Sch) was more vulnerable to infestatidbothCO, concentration

due to the higher populatiorss a result of heavy infestation throughout the experiment

period (14 days).

Theresults of this study are in line with Jim@ s  ( 2 Owhérg thewpapuldtions of RWA
SAland RWA SA2 increasedgsiificantly on four barley line$STARS 9301B, STARS

9577B, STARS0502B and PUMAXJt elevatedCO, concentration(450 ppm) compared to
ambientCO, concentration(380 ppm).In another study by Cheet al (2004), aphid %.

avena@ population also increadewith elevated atmospherfCO, concentrationon spring

wheat. They suggested that the increased plant productivity at elév@edoncentration

could compensate for the aphid damage acting as a natural control mechanism. In another
recently published wér elevatedCO, concentratior(750 ppm) increased the abundance of

the peach aphidil. persicaeon four isogenicA. thalianagenotypes (a wild type and three
SA-deficient mutants) (Suet al, 2013).

The results of the virulence studies show tR&/A SAl inflicted severe and extensive
chlorosis and leafoll on the susceptible cultivar at elevae®, concentrationn contrast to
the resistant cultivawhich seemed to tolerate aphid infestation much better than the

susceptible cultivar. RWA SA1 also becamere virulent under elevatedO, concentration
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on both wheat cultivars as evidenced by larger chlorotic spots as compared to those on plants
under ambienCO, concentrationlt canbe concluded that there is a more rapid damage to

wheat under elevatgdlO, concentration

Although the aphid population on both cultivars generally increased at elev&i€d
concentration the statistical analysishows that onday 14 there was no significant
difference between RWA SA1 population on Tugela Dn and Scheep@&isvaitedCO,
concentrationlt is evident that RWA SA1 was able to ovaremthe resistance mechanism in
Tugela Dn andeproduced just as it didn the susceptible cultivar. Because there was a
significant difference in populations for Tugela Dn and Sceeepnder ambientCO,
concentrationat day 14 it means elevate@O, concentratiorresulted in a change in the
resistance mechanism to RWA SAl. This contrasts the earlier findings by Jimor (2011)
where the populations of the twphads RWA SA1 and RWA SA®n resistantbarley lines
where signifcantly different to those osusceptible barley lines at boB0O, concentration

This shows thatlevatedCO, concentratiordid not changehe resistancef the barley lines
which is why he concluded that the uselsge lines had a potential to decrease the expected

negative effects of aphid infestation under 3, concentration

The physical damage to wheat plants caused by RWA feeding was confirméslstudy.
RWA SA1 feeding onssceptible wheat plantsnderelevatedCO, concentratiorresulted in
more noticeablesigns of chlorosisand leaf rollwithin sevendaysof phloemfeedingand
maintained the highest level of aphitlulence susceptibility in the 21 days. Adlants
exhibitedextensivesigns of chloros and leafoll after21 days ofaphid feedingTo sustain
growth under aphid infestation, the plant basecognize the attack and initiate a defensive
response (Bothat al, 2005). Failure to do so under harsh infestations results in increased
stress Wich triggers prematarplant aging (senescence) thaéntually leads to death (Botha
et al., 2014). This may be the reason why thecspsible cultivar deterioratedquicker
resulting in plant deaths during the 21 days of infestation. It must be noteat #lavated
CO2 concentratignthe resistant cultivar however showed similar vulnerabditgl most
plants were at risk of not ecevering after infestation showirgpme level of change to the

resistance of Tugela Dn at these conditions.

The resistance ethanism is a complex response and still needs to be resolved. According to

Bothaet al. (2014), it is proposed that the resistance agdnstoxiaconferred by the Dn
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genes (currently eleven) works in a géaegene manner similar to pathogen resistance
genes. A defence response occurs when encoded proteins recognizepaptiid effectors

that activate signalling cascades as the onset of defence responsee{Bbil2005). Most
genefor-gene interactions are characterised by the hypersensitpenses (HR) as part of

the overall defense response (Jones and Dangl, 1996; Moloi and van der Westhuizen, 2006)
which is localised, programmed cell and tissue death that occurs as a response to RWA

infestation.

An effective defence response is mediated doy array of events (Moloi and van der
Westhuizen, 2006). These incluthe oxidative burst of reactive oxygen species (ROS) such

as HO, O, and HO, (Moloi and van der Westhuizen, 2006); cell modifications due to
callose depsition (Matsiliza, 2003;Sahed et al, 2007)and synthesis of signal molecules

SA, JA and ET (Kunkel and Brookes, 2002; Mohase and van der Westhuizen, 2002;
Thompson and Goggin, 2006). Much research interest has been on the downstream defence
responses in aphidgheat interactions tayt and understand the resistance mechanism. Van

der Westhuizeret al (1998a), reports of an apoplastic rapid increase in activity of the
oxidative enzymes; peroxidase and chitinase, due to aphid infestation. Infestation induced
more activity in resistards compared to susceptible wheat indicating that these two enzymes
are part of the resistance response. In similar studies of the protein composition of wheat
apoplastic fluid, RWA infestation also induced increase of pathogerssied (PR) proteins
inresi stant wheat cul tivar s -53gucanases (Vanhdert i nas
Westhuizen and Pretorius, 1996; Van der Westhueteal., 1 9 9 8 HL)3-.gluchnases is
associated with the systemic acquired resistance hence ensures sustaitetnoagistance
(Bothaet al, 2014).

Deposition of callose and sealing off of sieve elements interferes with aphid fe€dang.
inductionof callose depositiors usually activated by conserved PAMPs (Gor@Gemmez and
Boller, 2002).Some aphid species duas RWA have been shown to induce rapid callose
formation (De Wet and Botha, 2001).has been suggested that callose deposition differs
according to aphid species (Saheed, 200g increase in callose deposition blocks sieve
plates and plasmodesmatare units which results ia marked decrease and eventually
termination of assimilate transport via the phloem and this is fatal to the PR
infestationinduced callose deposition which led to a reduced rate of transport in the phloem
(Botha andMatsiliza, 20@). Callose is degradednd/or regulated y  t-h3gyluclnase
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which have been reported Byan der Westhuizeret al. (2002) to have an increased

accumulation in susceptible wheat cultivars than resistant cultivars.

The results of the curremvestgationshowlow levelscallose in contra (uninfested plants)

but heavycallose in infested plants. Hence, it can be elucidatedRiA&A SA1 infestation
induced callose formation. This itis line with earlierfindings by Matsiliza(2003 whereby

D. noxia infestation caused heavy callose deposition not only in the phloem but also in
neighbouring vascular parenchyma célphid feedingalso induced more callose formation

in susceptible wheat as compared to the resistant culDeaiet and Botha2007). From

the results of the structural studies thfis research, itan be concluded that once a plant is
damaged, wound callose is rapidly produced and deposited mainly in sieve elements

irrespective of the aphid population or duration of infestation.

Although there was not a clear trend in the amounts of callose deposited at the different
conditions, it has been shown that there was more callose deposition in the susceptible
cultivar as compared to its resistant countergdecause higher levels @ 1,3-glucanase

have been found to accumulate in resistant cultivars (Van der Westlatizén2002; De

wet and Botha, 2007), it would be expected that wound callss@itars over the course of

time in these plants. The resulBow that in contrast, @und callose actually increased with

time in the resistant cultivar under elevat@@., concentratiorwhich supports the results of

the populations studies at day 14 i.e. the aphids overcame the resistance conferr&hby the

gene in Tugela DnBecause ithas beerconcluded that differences in callose deposition is
probably caused by di fl3gucanasdeweeniplants{Saheeti nduct

al., 2008), further studies will be needed to confirm this suggestion.

Despite the increased interest in theld, the molecular basis of plaaphid interactions
remains poorly understood (Botlk& al, 2006). Genes and proteins involved in the defense
mechanism have been reported to be expressed as a result of aphid feedinge{Mibran
2002; Van der Westhuen and Pretorius, 1996). &iefore, goroteomics approacivas used

as a pilot studyo investigate whether it would be possible to identify the chatoyésese
various resistanceechanisms during aphid infestation and elevated|@@ls.The analysis

of the control group i.e. unfestedTugela Dn at ambient versus eleva@@, concentration
gave the baseline of the effect@®, concentratioron the proteome of the resistant cultivar.

The major changes occurred in the early events (day This may hag been a result of
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mechanisms to try and adjust to the new conditiongh@a presence of elevatedO,

concentration

It has been reported that elevated,C€>ults in instant higher photosynthetic raaesl C:N
ratios as well as changes in expressionl$eESA-dependant defense genésfroth 1995;
Hughes and Bazzaz, 2003%un et al, 2013) Because most of these changes directly
regulated by proteins, it is expected that the ndd&trential proteinexpression will occur
immediately after the ataspheric changes (early even#s) was shown in the studylost
changesvere observed in the molecular weight range of approximatekpa3o 55kDa are
mainly within the basic to neutral pH randdis is a good range considering that most wheat
proteinshave been reported to be of lower molecular weights (less 100kDa) €Malk
2006; Louw, 2007).

Infested plants under elevated and ambient condibawedthat the stress conditions gave

rise to differentially regulated proteins within the wheattgome.Most changes occurred
elevated CQ@levels These results indicate that thaverechanges in the resistance due to
elevated CQ because of the evident changes in the protedimieas been reported that
resistant wheat cultivars undergo an initiaR#ype response and a systemic acquired
resistance type response (SAR) over time in response to RWA phloem feeding but that
susceptible cultivars do not (Bothet al, 2006).It can besuggested that the changes
occurring are a result dfifferential reguition of plant defence proteinghich fall in this

range (25kD&80kDa)suchap er o x i d a s e s, -1.&@dlucahases assvellspsot@in d b

kinases, heaghock proteins anghotosynthetic proteins.

If so, then the results will be similar to thodecumented by Louw (2007) where-up
regulation was due to putative storage proteprsteins involved in photosynthesis, heat
shock proteins and defense proteins. Of course, the pl value and molecular mass of the
proteinshence the name of eaghotein, must be determined in future work to specifically
identify wheher these results analid for these conditionsHowever, Louw (2007) also
reports that the susceptible Betta wheat cultivar, displayed a defence response similar to the
HR but was unable to upegulate specific defensive proteins against RWA infestation but
proteins for broadesistance. Although the changes in the proteins in infested Tugela Dn
under elevated O, concentrationwere not accurately identified, tliefense mechanisins
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similar to that portrayed by the susceptible Betta wheat cultdch shows that the

resisance mechanism had been overcome.

Because the present study was a pilot study to develop, tryout and establish an experimental
procedure that can be used for further analysis in the future to minimize costs, errors and
time; many things need to be coresied.Due to limited funding available, it was not possible

to do multiple gels hence no statistics to evaluate whether the differences in protein quantities
were significant. Also, protein spots on 2D gels were not identified hence could not make
clear vsualisations of the resistance mechanism but mere assumptions that are not backed by
factual resultsin further studiesit is suggested teepeat the population and virulence studies

at least twiceo obtaindetailed, statistically significamesults.

Examination of the formation and distribution of callose in response to aphid feeding can be
made more detailed by also incorporating Transmission Electron Microscopy (TEM).
Transmission electron micrographs give a detailed and clear image with regdrel®xoent

of the actual damage on functional vascular tissue as a result of aphid feeding (Matsiliza and
Botha, 2003; Matsiliza, 2003; Saheed, 2007; Jimor, 2011). Wound callose can also be
guantitatively analysed to automatically measure the area it somerelation to aphid
feeding using phase analysis as described by Jimor (2011). Depending on time and resources,
the experiment can be enhanced further by assessing the effects on transport in the phloem
following the movement of the phloem mobile fluphmre, 5,6carboxyfluoresein (5;6

CFDA) in a method described by Matsiliza (2003).

The outlined 2DE method explained in this investigation must be improved in future studies
to obtain improved results and to confirm the current ones. To begin wit;DEemethod

for the determination of differentially expressed proteins in wheat leaf tissue induced by
aphidfeedingmust be optimised. Total protein extraction must be optimised using different
masses of leaf tissue to determine the optimal amount fom#rémum protein to be
obtained. The most accurate method of protein quantity must be identified by comparing the
accurateness of a test using standards of known concentration. To improve the resolution of
spots, different IPG strips can be employed. Carestart with a broad range IPG strip to get

an outline of the distribution gdroteins andnakes it easier to make out the specific narrow
range strip to use for an-ohepth overview (Gorget al, 2000). This then leads to the
optimisation of the IEF coriions and the suitable staio use.
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Once the ZDE method has been optimised to obtain improved spot resautlosn next
essential step is the identification and mapping of proteins separateDbByThere is need

for a protein molecular weight mark® identify the actual sizes of the resolved proteins.

mass spectrometer can be employed to analydedentify proteins using suitable proteases
in-gel digestion Protein analysis softwarsuch asPDQuest” can also be uset analyse
proteins thatre differentially expressedProtein databases such as SwissProt dataizasbe

used to identify the proteins after analy€iptimization of the 2DE method in conjunction

with a perfect method of identifying the differentially regulated proteins wiligle more

reliable explanations concerning the resistance mechanism. Methods such as real time PCR,
DNA microarray analysis and Northern and Western blots can be employed to confirm the

connection of the identified proteins in the resistance mechanism.
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6 APPENDIX 1: RESULTS AND REAGANTS FOR CHAPTER TWO

Table 5.1Population growth of RW SA1 on Tugela Dn at elevat€D2 concentratiofd50

ppm)

Days

After Replication

Infesting Number Mean | Standard

1 2 3 5 6 7 8 9 | 10 Deviation

2 23 1 10| 11 | 20| 12| 13 | 9 | 19| 19| 18| 154 4.9
4 43 (19| 17 | 47 | 28| 18 | 16 | 55| 56 | 39 | 33.8 16.1
6 65 | 34| 36 | 58| 38| 35 | 32| 68| 63 | 54 | 48.3 14.6
8 93 | 48| 43 | 87 | 55| 45 | 50| 82| 87| 92| 68.2 21.5
10 131 79 | 62 |108| 73| 77 | 86 | 98 | 106| 123| 94.3 22.6
12 189 | 93 | 87 |152|122| 105 | 120| 118|146|162| 129.4 32.3
14 249 | 152| 114 | 204|148 | 127 | 142| 140| 188| 215| 167.9 43.7

Table 5.2Population Growth of RWA SA1 on Scheepers under eleva€? concentration

450 ppm)

Days

After Replication

Infesting Number Mean | Standard

1 2 3 4 5 6 7 8 9 10 Deviation

2 21 (19| 19 | 21| 33 19 29 35 23 | 18 | 23.7 6.3
4 48 | 30 | 25 | 49 | 65 32 62 68 46 | 28 | 45.3 16.1
6 51 | 38| 36 | 65| 71 50 72 74 81 | 49 | 58.7 15.9
8 80| 52| 58 | 98 | 132 | 76 110 | 137 | 91 | 70 | 904 29.4
10 123| 79 | 96 |154| 145 | 156 | 148 | 188 | 132 | 93 | 131.4 33.9
12 147 | 118 | 122 | 208 | 187 | 232 | 192 | 226 | 156 | 124 | 171.2 43.5
14 180 | 135| 156 | 269 | 214 | 304 | 254 | 332 | 182 | 154 | 218 68.2
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Table 5.3Population growth of RWA SA1 on Tugela Dn at ambiéft2 concentratio(i385

ppm)

Days

After Replication

Infesting Number Mean | Standard

1 2 3 4 5 6 7 8 9 10 Deviation

2 15 8 | 11| 9 7 7 6 7 14| 9 9.3 3.1
4 20 | 11 | 15|14 | 12| 9 | 10 | 13 | 17 | 12 | 133 3.3
6 20 | 20 | 24 | 15 | 17 | 28 | 23 | 26 | 22 | 21 | 216 3.9
8 33| 25| 27| 20| 21| 45| 30| 38| 28 | 30 | 29.7 7.6
10 35| 27 | 55| 18 | 24 | 47 | 42 | 46 | 36 | 40 37 11.4
12 38| 32| 83| 26| 30| 60| 53| 65| 46 | 52 | 485 17.8
14 49 | 46 | 115| 38 | 42 | 81 | 71 | 116| 66 | 76 70 28.1

Table 5.4Population Growth of RWA SA1 on Scheepers under amki€&# concentration

385 ppm)

Days

After Replication Standard

Infesting Number Mean | Deviation

1 2 3 4 5| 6 7 8 9 | 10

2 8 | 10| 13| 7 | 10| 12 8 9 | 13| 11 | 101 2.1
4 28 | 14 | 13 | 12 | 15| 16| 10 | 13 | 14 | 13 | 148 4.9
6 32 | 43| 15| 20 | 19| 20| 18 | 38 | 24 | 16 | 245 9.8
8 42 | 84 | 25 | 28 | 30| 34| 38 | 50| 35| 32| 39.8 17.1
10 57 | 93| 26 | 32 | 35|36 | 50 | 72 | 49 | 25 | 475 21.8
12 116|122 | 48 | 54 | 52 | 50| 77 |142| 85 | 46 | 79.2 35.7
14 204|208 | 80 | 105| 89| 94 | 136 | 281 | 146| 78 | 142.1 68.3
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Table 5.5Virulence Ratings of RWA SA1 on Tugela Dn enémbient and elevat&iD?2
concentration

Replication No. CO2 Day2| Day7 Day 14 | Day 21
concentration
ppm
1 385 AO;B1| Al;Bl A3;B1 A4;B1
2 385 AO;B1| Al;B1 Al;B1 A5;B1
3 385 AO;B1| Al;Bl A2;B1 A7;B2
4 385 AO;B1| Al;B1 Al;B1 A4;B1
5 385 AO;B1| Al;Bl A3;B1 A4;B2
6 385 AO;B1| Al;Bl A3;B1 A5;B2
7 385 AO;B1| A2;B1 A4;B2 A7;B3
8 385 AO;B1| Al;Bl A4;B2 A5;B2
9 385 AO;B1| Al;B1 A4;B2 A6;B1
10 385 AO;B1| Al;Bl A2;B1 A6;B2
1 450 AO;B1| A2;B2 A4;B2 A8;B2
2 450 AO;B1| A3;B2 A4;B2 A6;B2
3 450 AO;B1| A2;B1 A3;B2 A6;B3
4 450 AO;B1| Al;B2 A3;B2 A5;B2
5 450 AO;B1| Al;B1 A4;B1 A6;B2
6 450 AO;B1| Al;Bl A2;B1 A5;B2
7 450 AO;B1| Al;B1 A2;B1 A4;B1
8 450 AO;B1| A2;Bl A5;B1 A7;B2
9 450 AO;B1| Al;B1 A3;B2 A6;B3
10 450 AO;B1| A4;B2 A6;B2 A8;B3

Table 5.6Virulence Ratings oRWA SA1 on Scheepers under ambient and eleva€?
concentration

Replication No. CO2 Day 2 Day 7 | Day 14| Day 21
concentration
ppm
1 385 AO;B1 Al;B1 A4;B2 | A9;B3
2 385 AO;B1 A2;B1 A4;B2 | A7;B2
3 385 A0;B1 Al;B1 | A2;B2 | A7;B3
4 385 AO;B1 Al;B1 A3;B2 | A7;B3
5 385 A0;B1 Al;B1 | A2;B1 | A5;B1
6 385 AO;B1 Al;B1 A2;B1 | A5;B2
7 385 A0;B1 Al;B1 | A3;B2 | A6;B2
8 385 A0;B1 A2;B1 | A5;B2 | A8;B3
9 385 AO;B1 A2;B1 A3;B1 | A7;B2




10 385 AO;B1 Al;B1 A2;B1 | A5;B1
1 450 AO;B1 Al;B1 A4:B2 | A6;B2
2 450 AO;B1 Al;B1 A3;B1 | A5;B2
3 450 AO;B1 Al;B1 A3;B2 | A5;B2
4 450 AO;B1 A2;B1 A5;B2 | A7;B3
5 450 AO;B1 Al;B1 A4;B2 | A6;B2
6 450 AO;B1 Al;B1 A5;B2 | A7;B2
7 450 AO;B1 A2;B2 A6;B2 | A9;B3
8 450 AO;B1 A3;B1 A5;B2 | A9;B3
9 450 AO;B1 A2;B2 A4;:B2 | A8;B3
10 450 AO;B1 Al;B1 A3;B1 | A6;B2

Long-Ashton nutrient solution

Table 5.7The complete Lond\shton nutrient solution composition as adapted from Hewitt

(1966)

SALT WEIGHT | VOLUME OF VOLUME OF CONCENTRATION
USED (g) STOCK STOCK IN FINAL
SOLUTION SOLUTION VOLUME OF 25L
(ml) DILUTED IN (ml)
25L (ml)
Macronutrients
KNO;3 101 500 25 2
K>SOy 43 500 25 1
Ca(NGy), 164 500 25 4
CaCb 111 500 25 4
MgSQO,7H,0 92 500 25 1.5
NaH,PO,.2H,0 104 500 25 4
Micronutrients
MnSO,.4H,0O 11.20 500 2.5 0.02
CuSQ.5H,0 1.25 500 2.5 0.002
ZnSQ.7H0 1.45 500 2.5 0.002
H3BOs 15.50 500 2.5 0.05
NaMO,.2H,0 0.605 500 2.5 0.0005
NacCl 29.30 500 2.5 0.1
Fe-Citrate (3HO) 29.30 500 2.5 0.6

Ca’' - Free MES buffer solution (per Litre)

MES: 1.952 g/L
Mannitol: 22.775 g/L

KCI: 10 ml stock solution (Stock Solution: 03@/100ml)
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MgCl2: 10ml stock solution (Stock Solution: 1.017 g/100ml)
CacCl2: 10ml stock solution (Stock Solution: 0.735 g/100ml)

Li CI: 12.717 g/100ml (3 Molar).

7 APPENDIX 2: RESULTS AND REAGANTS FOR CHAPTER
THREE

Preparation of 1X SDSPAGE gel running buffer

3.03 g Tris Base
14.40 g Glycine
1.00g SDS

Dissolve and bring to total volume up to 1 L with deionised water.
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Differential protein expression profiles inTugela Dnunder different conditions over a
14-day period

Fig 5.1Differential proteinexpressiomprofiles ofuninfestedrugela Dnwheat undeambientCO2
concentratior{385 ppm).Samples were obtained at the followiperiods A- Day 1 B-Day5 C-Day
7 D- Day 9 E- Day 14

95




Fig 5.2 Differential proteinexpressiomprofilesof Tugela Dn wheaih response tRWA SA1 infesation under
ambientCO2 concentratio(385 ppm). Samples were taken at the following days after infestafiebay 1
B-Day5 C-Day7 D-Day9 E-Day14




Fig 5.3 Differential proteinexpression profiles ofuninfestedlugela Dn wheat at elevatedO2 concentration
(450 ppm)Where: A Day 1 B- Day 5 C-Day7 D- Day 9 E- Day 14
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Fig 5.4 Differential proteinexpression pifies of Tugela Dnin response tRWA SAlinfesttion urder
elevatedCO2 concentratio(d50 ppm).Samples taken at the following days after infestationDay 1 B-
Day5 C-Day7 D- Day 9 E- Day 14
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Differential protein expression profiles in Scheepers under different conditionswer a

14-day period

Fig 55 Differential proteinexpressionprofilesof uninfested Scheepenheat at ambien£O2 concentration
(385 ppm).Samples wereollected onA-Day 1 B-Day5 C-Day7 D- Day 9 EDay 14
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Fig 5.6 Differential protein expression profiles &cheepersvheatin response to RWA SA1 infestation under
ambientCO2 concentratio(385 ppm). Samples were taken at the following days after infestatieDay 1
B-Day5 C-Day7 D-Day9 E-Dayl4d
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Fig 5.7 Differential proteinexpression profiles ofuninfestedScheepergheat at elevatedCO2 concentration
(450 ppm)Where: A Day 1 B- Day 5 C-Day7 D- Day 9 E- Day 14
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Fig 5.8 Differential proteinexpression ptiles of Scheeperg respose to RWA SAlinfesttion under
elevatedCO2 concentratiofd50 ppm)Where : A Day 1 B- Day 5 C-Day7 D- Day 9
E- Day 14
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elevatedCO2 concentrationfugela Dn CO2 concentratiomfested vs. UninfestedDay 9 (DAI=9)
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Fig 7.1 Quantity graph report from analysis of the gels: Uninfested Tugela Dn at ar@i@@ntoncentratiors.
Uninfested Tugela Dn at elevat€D?2 concentratioat Day=1
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Fig 7.2 Quantity graph report from analysis of the gels: Uninfested Tugela Dn at arG@@ntoncentratioms.

Uninfested Tugela Dn at elevat€®2 concentratioat Day=5
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Fig 7.3 Quantity gaph report from analysis of the gels: Uninfested Tugela Dn at an®@2tconcentratiors.

Uninfested Tugela Dn at elevat€®2 concentratioat Day=7
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Fig 7.4 Quantity graph report from analysis of the gels: Uninfested Tugela Dn at ar@i@@noncentrations.
Uninfested Tugela Dn at elevat€®2 concentratioat Day=9
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Fig 7.5 Quantity graph report from analysis of the gels: Uninfested Tugela Dn at arG@@ntoncentratioms.
Uninfested Tugela Dn at elevat€®2 concentratioat Day=14
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Fig 7.6 Quantity graph report from analysis of tHRWA SAl- infested Tugela Dn at ambier@02
concentratiorvs. RWA- SA1 - infested Tugela Dn at elevat&@D2 concenttionat Dayl (DAI=1)
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Fig 7.7 Quantity graph report from analysis of the RWA SAihfested Tugela Dn at ambier@O2
concentratiorvs. RWA: SA1 - infested Tugela Dn at elevat&€D2 concentratioat Day5 (DAI=5)
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Fig 7.8 Quantity graph report &m analysis of the RWA SAlinfested Tugela Dn at ambier@O2
concentratiorvs. RWA:- SA1 - infested Tugela Dn at elevat&€®D2 concentratioat Day7 (DAI=7)
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4T Quantity Graph Report - Tug Dn Ambient vs Elev Infested DAL 9.
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Fig 7.9 Quantity graph report from analysis
concentratiorvs. RWA: SA1 - infested Tugela Dn at elevat@D2 concentratioat Day9 (DAI=9)

of the RWA SAhfested Tugela Dn at ambie@O2
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i Quantity Graph Report - Tug Dn Amb vs Ele Infested DAL 14
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Fig 7.10 Quantity graph report from analysis of the RWA SAhfested Tugela Dn at ambier@O2
concentratiorvs. RWA:- SAL - infested Tugela Dn at elevat€02 concentratioat Dayl4 (DAI=14)
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RWA SA17 Infested Tugela Dn at Hevated CO?2 concentrationvs. Uninfested Tugela
Dn at ElevatedCO2 concentration

Fig 7.11 Quantity graph report from analysis of the RWA SAhfested Tugela Dn atlevated CO2
concentratiorvs. Uninfested Tugela Dn at elevae®2 concentratioat Day 1
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