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This is a study of transcriptional gene regulation in wheat (Triticum aestivum, L.) in response 

to Russian wheat aphid (RWA) (Diuraphis noxia, Kurdjumov) infestation. The Russian 

wheat aphid feeds on the phloem sap in the leaves of wheat plants, and causes the leaves of 

susceptible wheat plants to curl. This forms a protective barrier for the RWA from 

insecticides and natural enemies. Chlorosis also results from the RWA feeding. In cases of 

high infestation, death of susceptible plants can also occur. Eleven wheat genes that confer 

resistance to the Russian wheat aphid have been identified, but their mechanism at molecular 

level is still not clearly understood. 

Wheat near-isogenic lines (NILs) were used in a genome-wide, transcriptome analysis using 

cDNA-AFLP technology. RWA-resistant cultivar ‘Tugela DN’ and RWA-susceptible 

cultivar ‘Tugela’ were infested with the RWA and leaves were collected from the infested 

plants at different (0-, 1-, 2-, 6-, 12-, 24-, 48- and 120-) hours post infestation. cDNA samples 

derived from these leaves was then analyzed by cDNA-AFLP which revealed 18 clusters of 

differential gene regulation between the two NILs. The results of this experiment show that 

differential regulation of transcripts occur even within the first hour of infestation. All types 

of regulation were observed within the clusters. Differentially expressed transcript derived 
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fragments (TDFs) that were randomly isolated from PAGE gels and sequenced (41 TDFs) 

included sequences in the functional groups similar to those observed in the microarray 

analysis. The functional categories are cell structure and maintenance [protein synthesis 

(14%), chaperone (2%), protein degradation (2%), transcription factor (5%)]; photosynthesis 

[sugar metabolism (5%), carbohydrate metabolism (2%), energy related (7%)]; defense-

related [signaling (7%), defense-related (10%)] while the rest did not have any significant 

homology to any known or characterized proteins.  

Previous suppressive subtractive hybridization experiments identified transcripts that are 

differentially expressed in wheat in response to RWA feeding. More transcripts were 

identified by PCR from cDNA pools derived from RWA-infested plants as having conserved 

motifs common in pathenogenesis related proteins. The isolated transcripts were used to 

generate a defense response-biased microarray chip that was used to investigate the 

regulation of these transcripts during infestation of RWA resistant wheat plants (‘Tugela 

DN’) in a time trial. Dual hybridization of CyDye labeled probes derived from the induced 

‘Tugela DN’ plants to the microarray chips revealed differential regulation of the 

immobilized transcripts in wheat, at different time points post infestation with the RWA. 

Statistical analysis of the CyDye intensities on the 380 spots mounted on the cDNA 

microarray slides showed 29 transcripts to be significantly regulated (P≤0.05) during the time 

of the experiment. These included ESTs that were grouped into four functional categories, 

namely cell structure and maintenance (9 ESTs); photosynthesis (8 ESTs); defense-related (4 

ESTs) and those with no significant homology found or proteins with unknown function (8 

ESTs). Patterns of regulation of these transcripts in all of the functional categories included 

all types of regulation e.g. mainly down-regulation, mainly up-regulation, and a combination 

of up-/down-regulation in response to RWA feeding. 
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In conclusion, data obtained utilizing cDNA microarray and cDNA-AFLP analyses in 

infested wheat suggest that the ability to maintain structures involved in photosynthesis by 

regulating the relevant transcripts through-out infestation is an important determinant in plant 

survival during RWA feeding. The timing of regulation is also important as some of the 

transcripts are also regulated in RWA susceptible ‘Tugela’ plants but not in a timely manner 

which leads to loss of energy and subsequent death of susceptible plants. 
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PREFACE 

 

The Russian wheat aphid is a serious pest of wheat in almost all the countries that cultivate 

wheat except for Australia. It is said to have originated from the southern parts of Russia 

where it then spread to other countries like South Africa. The Russian wheat aphid has been a 

serious pest of wheat in South Africa since its introduction in the late 1970s. The Russian 

wheat aphid being an introduced pest has been challenging to successfully control. 

Conventional breeding programmes to produce wheat cultivars that are resistant or tolerant to 

the Russian wheat aphid have been only partially successful as new biotypes of the aphid 

develop that overcome the resistance of the plants and induce the same symptoms on resistant 

cultivars as in the susceptible lines. New Russian wheat aphid biotypes have been reported in 

the USA in 2003 and in 2006 the development of Biotype SA2 was reported in South Africa. 

More recently a third Russian wheat aphid biotype was reported, known as Biotype SA3. 

A possible solution to control this crippling pest in wheat cultivation, is (i) to identify and 

introduce sources of resistance into susceptible wheat lines through normal breeding as well 

as biotechnological methods; and (ii) to study the underlying genetic mechanisms confering 

resistance to allow for the introduction of multiple sources of resistance which may lead to 

durable resistance against the Russian wheat aphid.  

The dissertation comprises the following: Chapter 1 provides a  review of what is already 

known about the interactions of wheat with the RWA, the general interactions of plants and 

their insect pests and pathogens, the result of these interactions at molecular level and 

methods of improving how the wheat and other plants respond to attack. Chapter 2 gives a 

description of how cDNA-AFLP and microarray technologies were employed in EST 

expression analysis in RWA induced ‘Tugela DN’ (RWA resistant) and ‘Tugela’ (RWA 
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susceptible) which is followed by a presentation of the data generated from the experiments 

conducted (Chapter 3) and a discussion on the significance of these results to the elucidation 

of the Russian wheat aphid resistance in wheat (Chapter 4). Seven novel sequences that were 

obtained during this study were submitted to GenBank EST database (www.ncbi.nih.gov) 

with the following accession numbers: ES697585; ES697586; ES697587; ES697588; 

ES697589; ES697590; ES697591 (Appendix A). The microarray hybridizations conducted 

in this study contributed to the preparation of the manuscript presented in Appendix B. 

This dissertation represents outcomes of a study conducted in the Department of Genetics, 

University of Pretoria, under the supervision of Professor A.-M. Botha-Oberholster and 

Professor A. A. Myburg from March 2002 to September 2010. The following manuscript and 

conference presentations (oral and posters) were generated based on the results produced 

during this study:  

Matsioloko MT and Botha A-M  (2003). cDNA-AFLP Profiling in wheat upon Russian 

wheat aphid feeding. Proceedings of the 10th International Wheat Genetics 

Symposium, Paestum, Italy, (1-6 September 2003). Volume 3 pp. 1275-1277. 

Botha A-M, Lacock L, van Niekerk C, Matsioloko MT, du Preez FB, Myburg AA, 

Kunert K and Cullis CA (2003). Gene expression profiling during Diuraphis noxia 

infestation of Triticum aestivum cv. ‘Tugela Dn’ using microarrays. Proceedings of 

the 10th International Wheat Genetics Symposium, Paestum, Italy, (1-6 September 

2003). Volume 1 pp. 334-338. 

Botha-Oberholster A-M, Matsioloko MT, du Preez FB, van Eck L and Walters RSG 

(2004). Russian wheat aphid mediated elicitation of the wheat defense-transcriptome. 

International Plant Resistance to Insects (IPRI) – 16th Biennial Workshop, Baton 

Rouge, Louisiana, USA, March 21-24. 
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1.1 Introduction and background 

Much focus has been on the development of better plant disease control strategies, which has led 

to substantial advances in this area. The global food supply is, however, still threatened by pests 

and pathogens in great amounts (De Maagd et al., 1999). Grain crops like wheat, maize and rice 

are staple foods for many nations of the world, but diseases constantly threaten their production. 

Wheat was the first crop to be domesticated and has a high trade value compared to other 

cereals. Seventeen percent of all crop area is occupied by wheat plantation (Gill et al., 2004). 

Wheat is a very important crop and yet an annual loss of about 25% occurs due to biotic 

(pathogens and pests) and abiotic stresses (heat, frost, drought etc.). This is one of the reasons 

why significant advances in the development of disease control strategies are required – to 

protect the crops from stresses and increase crop yield (Gill et al., 2004). 

 

1.1.1 Origins of hexaploid wheat and its genome structure 

Polyploidy played a major role in the evolution of the plant kingdom. This includes most 

flowering plants and crops like wheat, oat, cotton, coffee, sugarcane and potato. The present 

polyploids resulted from sexual chromosome hybridisation of autopolyploids or allopolyploids 

(Naranjo and Corredor, 2004). The major driving force behind cereal genome expansion was 

chromosome segment and transposable element duplication, the effects of which were 

exacerbated by polyploidisation in wheat. Grasses originated 70-55 million years ago. The 

common ancestor of wheat, maize and rice diverged 15-30 million years later. Compared to rice 

and maize, wheat has the largest genome with a size of 16 000 MB (Arumuganathan and Earle, 

1991). Wheat (Triticum aestivum L.) is an allopolyploid with three genomes, the A-, B- and D-

genome, each with seven chromosomes (2n = 6x = 42) adding up to a 42 chromosome hexaploid 

species (AABBDD). About three million years ago, the A, B, and D diploid wheat progenitor 

species diverged from a common ancestor. Triticum uratu (AA) and Aegilops speltoides (BB) 
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hybridized about 200 000 years ago to form Triticum turgidum (AABB) in the Middle East. 

Wheat is estimated to have only been domesticated 15 000 years ago marking the start of 

civilization. The hexaploid wheat (AABBDD) was then formed when the tetraploid wheat 

hybridised to a diploid species Aegilops tauschii (DD) about 8 000 years ago (Gill et al., 2004). 

The chromosomes of the genomes A, B and D are homoeologous, but are, however, prevented 

from pairing by a gene situated on the long arm of chromosome 5B, the Ph1 (pairing 

homoeologous) gene, causing wheat to behave or function like a diploid organism (Gill et al., 

1993; Griffiths et al., 2006). Kimber and Riley (1963) showed in their research that strict 

bivalent formation occurs in hexaploid wheat and is genetically controlled. They showed that 

when the A-, B- and D-genomes of wheat were combined in the presence of chromosome 5B, 

there was no homology, but, when chromosome 5B was removed, chromosome pairing occurred 

among genomes. 

The structure of the wheat genome is very complex due to its origins. About 90% of the wheat 

genome constitutes repeated sequences, 70% of these are known to be transposable elements 

(TEs). The genome consists of some gene-rich regions (gene clusters) which are separated by 

long stretches of transposable elements as opposed to rice whose genes are fairly evenly 

distributed along the chromosomes. These stretches can either be gene-poor or gene-free. Low-

copy and miniature inverted TEs are most often associated with active genes, while the high 

copy number TEs mainly insert in the intergenic regions (reviewed by Gill et al., 2004). 

 

1.1.2 The Russian wheat aphid as a pest of wheat 

Description 

The Russian wheat aphid [RWA; Diuraphis noxia (Kurdjumov)] is a threat to the production of 

wheat in almost all countries where wheat is grown except for Australia (Webster et al., 1987; 
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Nkongolo et al., 1991; Rafi et al., 1996; Dong et al., 1997; Anderson et al., 2003). Its body is 

only about 2 mm in length, spindle shaped, with short antennae and a double tail above its cauda 

(Walters et al., 1980; Robinson, 1992; Figure. 1.1E). 

Origins and distribution 

D. noxia is thought to have originated in southern Russia and then spread from its native 

countries to South Africa in 1978, where its pest status was underestimated, leading to 

devastating effects on wheat production in this country (Walters et al., 1980; Du Toit, 1989; 

Basky, 2003). The RWA is estimated to cause 21-92% loss in crop yield following infestation 

(Du Toit, 1986; Basky, 2003). The RWA also spread to South America and Mexico where it was 

detected in 1980 (Smith et al., 1991; Basky, 2003; Anderson et al., 2003). More recently (in 

2003), new RWA biotypes were reported in the USA (Hayley et al., 2004; Puterka et al., 2006) 

and South Africa (Boshoff and Du Toit, 2006; Tolmay et al., 2007). The development of these 

new RWA biotypes lead to the complete breakdown of previously known RWA resistant 

cultivars (e.g. all Dn4-carrying lines in the USA and Dn1-containing lines in South Africa) 

(Hayley et al., 2004; Puterka et al., 2006; Tolmay et al., 2007).  

 

Feeding and symptoms 

Diuraphis noxia is a phloem sucking aphid. It feeds by randomly probing host leaves with a 

stylet to establish the potential feeding sites. It is thought that the aphid injects a toxin-like 

substance into the host plant (Miles, 1999). This injection of toxin then results in the formation 

of longitudinal chlorotic streaks that are yellow, white or purple on the leaves of the plant. This 

chlorosis develops eventually into necrosis and plant death follows if the plants are highly 

susceptible. Aphid feeding also results in the curling of the leaves. In heavily infested plants, leaf 

curling traps the kernels and prevents them from protruding properly (Walters et al., 1980; Rafi 
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et al., 1997; Basky, 2003; Anderson et al., 2003; Figure 1.1C). The feeding also results in 

reduced photosynthetic capacity of the host due to the destruction of the chloroplasts (Fouché et 

al., 1984; Rafi et al., 1997; Botha et al., 2006). It has been observed that the aphids move 

upwards as the plant grows and continues to colonise new emerging leaves, especially at the base 

of the leaves, while they desert the previously infested leaves (Aalberg et al., 1989). The aphids 

also prefer to colonize the flag leaves during senescence and anthesis, leading to high yield 

losses. This loss is due to the fact that flag leaves produce most of the carbohydrates necessary 

for grain development (Gray et al., 1990). 

Sources of resistance and biotypic variation 

Resistance genes were identified in the relatives of wheat where the Russian wheat aphid 

originated. These were then crossed with hexaploid wheat through conventional breading to 

introduce the RWA resistance into hexaploid wheat. The wheat lines that resulted from the 

breeding programmes were then labelled as plant introduction (PI) lines, and were numbered 

accordingly. The PI lines therefore possess a specific Diuraphis noxia (Dn) resistance gene 

introgressed into their genome. The different Dn genes offer the wheat plants resistance to the 

Russian wheat aphids (Budak et al., 1999). 

Biotypic variation between different RWA populations is measured by the degree of damage that 

is caused by the aphids on the plants. Puterka and colleagues (1992) tested virulence patterns of 

eight different RWA isolates from different countries on barley, triticale and wheat cultivars and 

found that they yielded seven unique patterns. The USA, Jordan and USSR 2 isolates were found 

to be moderately virulent on PI 149898 wheat, but they exhibited very low virulence on PI 

372129 cultivar [donor of the Dn4 resistance gene to most of the resistant cultivars in Canada 

(Haley et al., 2004)]. The USSR 1 isolate was highly virulent to PI 372129 and TAM W-101 

while it was moderately virulent on PI 149898.  
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A Turkish isolate was very poorly virulent to all three wheat cultivars while a Syrian isolate was 

moderately virulent in all cases (Puterka et al., 1992). Other isolates of Russian wheat aphid that 

have been reported include: (1) A Hungarian isolate virulent to wheat lines carrying Dn1, Dn2 

and Dn4 resistance genes (Basky, 2003), (2) A Chilean isolate virulent to wheat lines carrying 

the Dn4 resistance gene, but not virulent to those carrying Dn2, Dn5, Dn6, and Dny (Smith et al., 

2004). 

Haley et al. (2004) confirmed the occurrence of a new aphid biotype (Biotype 2), different to the 

one reported by Smith and colleagues in 2004, in south-eastern Colorado that was virulent to 

Dn1, Dn2, Dn3, Dn4, Dn5 and Dn6 carrying genotypes but not to the accession 94M370 

carrying the Dn7 resistance gene. 

 

The use of biological control is not very effective against the Russian wheat aphid although its 

use would help in protecting resistance genes incorporated into wheat cultivars from the 

development of a new aphid biotype (Basky, 2003). The presence of other pests also limits the 

predation on the Russian wheat aphid, as the biological control insects will also feed on the other 

pests. The leaf curling pose an additional problem as it protects the aphids from their natural 

enemies (Walters et al., 1980; Robinson, 1992; Basky, 2003). Another problem with the use of 

biological control agents is that they are also killed by the use of insecticides (Robinson, 1992). 

Aphelinus asychis and A. albipodus are examples of parasitoids with a potential for controlling 

the RWA populations because they are able to penetrate into the rolled wheat leaves and attack 

the RWA. Populations of these species have been established in some wheat producing areas, but 

their effectiveness in controlling the RWA has still to be observed over an extended period 

(reviewed by Lee et al., 2005). Biological control of the Russian wheat aphid is also considered 

to require a multilateral approach, whereby all the potential host plants for the RWA, all 

potential parasitoids, alternate host aphids and their host plants, should be considered as there is 
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no single species expected to offer complete control for the Russian wheat aphid (Tanigoshi et 

al., 1995).  

A more environmental-friendly and economical approach is the development of resistant wheat 

cultivars (Dong and Quick, 1995; Saidi and Quick, 1996; Basky, 2003). Resistance to the 

Russian wheat aphid is searched for in wheat cultivars that originate from countries where the 

RWA originated from, i.e. the Middle East (Nkongolo et al., 1991; Du Toit, 1989). To date, 

several lines have been identified. The introgression of this resistance sources into susceptible 

wheat cultivars involves conventional breeding methods, which are time-consuming, but 

eventually gives rise to resistant cultivars that can be used in breeding programs, whereafter less 

chemical spraying is required (Webster et al., 1987; Du Toit, 1992; Anderson et al., 2003).  

A potential solution lies with the development of Marker-assisted selection (MAS) tools that 

accelerate breeding efforts and thus, will help to reduce the amount of time spent in trying to 

identify resistant cultivars based on phenotype. Several molecular markers have been identified 

thus far that are used to identify resistant wheat lines and all known Dn genes have been mapped 

to specific chromosome regions (Liu et al., 2001; Myburg et al., 1998; Table 1.1). Genetic 

markers are found in areas flanking a gene of interest, upstream and downstream of a gene. The 

identified markers therefore indicate areas in the wheat genome where the resistance genes are 

located. These markers can be used as sites to amplify genes of interest from cDNA and clone 

these into susceptible wheat lines and evaluate their effect instead of relying on conventional 

breeding programmes. 

1.2 Wheat as host to the Russian wheat aphid 

1.2.1 Host plant resistance 

Eleven genes that offer resistance against the Russian wheat aphid have been identified in wheat 

and its relatives. Table 1.1 provides a list of the identified D. noxia resistance genes (Dn genes) 

and information regarding their inheritance and locations in the wheat genome. The resistant 
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gene Dn1 was identified in the wheat germplasm accession PI 137739 from Iran, while the Dn2 

gene was identified from the wheat accession PI 262660 from Russia (Du Toit, 1987, 1989; Ma 

et al., 1998). These two genes were identified in South Africa (Liu et al., 2001). A recessive gene 

dn3 was identified in the Aegilops tauschii line SQ24 (Nkongolo et al., 1991). 

Dn4 was identified in the Russian bread wheat accession PI 372129 and is located on 

chromosome 1DS (short arm of chromosome 1D) (Nkongolo et al., 1991). The Dn5 gene was 

identified from the Bulgarian wheat accession PI 294994 (Du Toit, 1987; Marais and Du Toit, 

1993). Dn6 was identified from the Iranian wheat accession PI 243781 and the Dn7 gene was 

derived from a rye accession and transferred to wheat via a IRS.IBL translocation (Liu et al., 

2001; Marais et al., 1994; Anderson et al., 2003). The Dn1, Dn2, Dn5 and Dn6 genes are all 

located on chromosome 7DS (short arm), near the centromeric region and seem to form a linkage 

group (Liu et al., 2001). Dn8 was identified in PI 294994 (located near the distal end of 7DS). 

Dn9 was identified and located to a defense gene-rich region on wheat chromosome 1DL in PI 

294994. The tenth gene, Dnx was identified in PI 220127 and was also shown to be located on 

wheat chromosome 7DS (Liu et al., 2001). 

All of the South African wheat cultivars were found to be susceptible to the Russian wheat aphid 

and therefore it became necessary to use some of the exotic wheat lines to develop new cultivars 

for South Africa. Four D. noxia (Dn) resistant wheat lines have been developed and used in 

breeding programs in South Africa for the development of RWA resistant lines (Du Toit, 1989, 

Marais and Du Toit, 1993; Marais et al., 1994; Labuschagne and Maartens, 1998; Liu et al., 

2001). 

It has been shown that the mode of inheritance of the resistance genes in these lines, except for 

the PI 294994 accession (Dn5), was single gene dominance (Du Toit, 1989; Nkongolo et al., 

1991). There has been controversy over the mode of inheritance of the Dn5 gene (Anderson et 

al., 2003). Three modes of inheritance have been suggested by different authors. These are that 
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the mode of inheritance for the Dn5 gene is (1) single dominance, (2) one recessive and one 

dominant genes are involved and (3) that two dominant genes are involved (Marais and Du Toit 

1993; Dong and Quick, 1995; Saidi and Quick, 1996).  

The modes of resistance of the Dn genes are antibiosis, antixenosis and tolerance or a combined 

effect thereof (Basky, 2003). The introduction of these genes into susceptible cultivars reduces 

the formation of chlorotic streaks, lowers the production of nymphs and prevents the curling of 

the leaves (Du Toit, 1992; Formosoh et al., 1994). 

When the fecundity of the aphids is lowered after feeding on the resistant plant, the mode of 

resistance is referred to as antibiosis. Antixenosis results in the resistant plant being less edible to 

the aphids and they therefore leave the plant to search for more edible plants. Tolerance is the 

mode of resistance whereby plants are able to tolerate the feeding of the aphids without showing 

severe symptoms of infestation (Smith, 1989; Webster et al., 1987; Du Toit, 1989, Formosoh et 

al., 1994; Kindler et al., 1995; Rafi et al., 1996; Basky, 2003). Although the actions of the genes 

have been documented, the gene sequences themselves still have to be identified on a molecular 

level. For this to happen, the genes have to be cloned and characterized. 

1.3 Plant-insect and plant-pathogen interactions 

Plants and insects existed together for many millions of years and have been interacting 

throughout. Over this period, beneficial and unfortunate deleterious interactions evolved between 

the two, but, in most cases it has been the plants that suffer damage by herbivorous insects, 

which might lead to the plant being killed, depending on the intensity of infestation (Stotz et al., 

1999; Mello and Silva-Filho, 2002). 
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Table 1.1. Dn genes currently identified, the source from which they come and their 

chromosome positions in wheat. 

Gene Source Position Inheritance Authors 

Dn1 PI 137739 from Iran 7D  SD Du Toit, 1989 

Dn2 PI 262660 from Russia 7D SD Du Toit, 1989 

Dn3 Aegilops tauschii line 

SQ24 

Unknown SR Nkongolo et al., 1991 

Dn4 PI 372129 from Russia  1DS SD Nkongolo et al., 1991 

Dn5 PI 294994 from Bulgaria 7D SD; 2DR; 2D Marais and du Toit, 1993; 

Dong and Quick, 1995; Saidi 

and Quick, 1996 

Dn6 PI 243781 from Iran  1DS SD Saidi and Quick, 1996 

Dn7 Rye accession 1RS·1BL 

translocation 

SD Marais et al., 1994 

Dn8 PI 294994 7DS Unknown Liu et al., 2001 

Dn9 PI 294994 Unknown Unknown Liu et al., 2001 

Dnx Unknown Unknown Unknown Liu et al., 2001 

Dny Unknown  Unknown  Unknown  Liu et al., 2005 

S = single; D = dominant; R = recessive; 2DR = two genes, one dominant the other recessive; 2D = two dominant genesPlants benefit 

from having associations with insects through pollination, while they provide shelter, oviposition 

sites and food to the insects (reviewed by Mello and Silva-Filho, 2002). As a result of the 

damage caused by herbivorous insects, plants have evolved their own defense mechanisms 

against these pests for millions of years and there is a sharing or similar defense mechanisms 
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across many plant families. At the same time insects also have evolved over millions of years to 

overcome the plant defenses in order to survive. Not all defense mechanisms are therefore able 

to protect the plants fully (De Maagd et al., 1999; Mello and Silva-Filho, 2002). 

The damage caused by insects in the agricultural sector is very costly. Trying to combat these 

pests also has a negative impact on the economy and the environment (De Maagd et al., 1999). 

Plant diseases reduce crop yields dramatically and this effect is particularly acute in developing 

countries where the use of pesticide (chemical) control is beyond the means of farmers 

(McDowell and Woffenden, 2003). Estimates on crop yield losses due to RWA infestations 

amounts to $ 900 million from 1987 to 1993 in the USA alone (Webster and Amosson, 1994; 

reviewed by Botha et al., 2005). It is for these reasons that breeders started to look at host-plant 

resistance to generate crops that are able to withstand insect attack and, at the same time, are still 

able to give better crop yields. It is therefore important to study and get a better understanding of 

plant defenses against insect attack (Stotz et al., 1999). 

Plants are able to activate defense responses via the hypersensitive response (HR) and this can, 

in turn, switch on a longterm systemic acquired resistance (SAR), providing resistance against a 

wide range of pathogens (McDowell and Woffenden, 2003; Stotz et al., 1999). Although this 

resistance is reasonably well understood when it comes to plant-pathogen interactions, much less 

is known about plant-insect interactions. The situation changed with the first isolation and 

identification of a resistance/recognition gene (Mi gene of tomato). Knowledge about plant-

pathogen interactions is used as the basis to understand the interaction between plants and their 

insect pests, e.g. the Mi gene was shown to be effective against the root knot nematode and a 

potato aphid species Macrosiphum euphorbiae (Stotz et al., 1999; Martin, 1999).  

Downstream defenses or secondary responses to RWA attack have been extensively studied by a 

number of authors (Botha et al., 2005). The response has been indicated to be a typical HR [very 

specific to reactive oxygen species (ROS), outburst] that occurs during pathogenesis and is 
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characterized by the activation of intercellular β-1,3-glucanases (Van der Westhuizen et al., 

1998a) (implicated in fungal cell wall destruction), peroxidases (Van der Westhuizen et al., 

1998b; Moloi and Van der Westhuizen, 2006) (functioning to strengthen plant cell walls by 

lignification and cross linking) and chitinases (Botha et al., 1998; Van der Westhuizen et al., 

1998b). 

Plants maintain their ability to recognize invading pathogens by expressing a wide spectrum of 

R-genes. In many of cases, R-genes have been shown to provide susceptible plants with complete 

resistance to one or more strains of some pathogens, thus R-genes have been used in many 

breeding programs (McDowell and Woffenden, 2003). The function of the R-genes is to 

recognize specific pathogen expressed avirulence products in a gene-for-gene interaction (Flor, 

1942). There is, however, a problem with this approach in that the genes are quite often 

overcome by the co-evolving pathogens/ pests, which develop new biotypes to overcome the 

resistance by escaping early detection by the host. One example of this is the recent development 

of several Russian wheat aphid biotypes in the USA, which resulted in yield losses in already 

established RWA resistant wheat cultivars. It was found that all of the commercial lines carrying 

the Dn4 gene are susceptible to these new biotypes (Haley et al., 2004; Botha et al., 2005). 

Another good example of biotype evolution is seen in the Hessian fly – wheat interaction where 

the Hessian fly larvae are believed to inject some proteins into wheat that are recognized as 

avirulent factors in a classical gene-for-gene interaction (reviewed by Sardesai et al., 2005). 

Studies on Hessian fly resistance in wheat have revealed about thirty-two genes conferring 

resistance to the Hessian fly (genes H1-H32; reviewed by Sardesai et al., 2005). Only a few of 

these have been individually introgressed into commercial cultivars (Williams et al., 2003). This 

only renders the wheat resistant against specific biotypes for about 8 – 10 years before a new, 

more virulent biotype develops (Sardesai et al., 2005).  
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Recently, studies have been undertaken to obtain better insight into the molecular action of R-

genes and downstream signal transduction pathways and much effort has been put into mapping 

R-genes to enable resistance gene-pyramiding. This strategy promises to improve the durability 

of pest resistance in wheat cultivars (Sardesai et al., 2005). 

 

1.3.1 The Hypersensitive response 

Rapid development of cell death at and around the site of infection is a common feature in 

pathogenesis of plants (Lam, 2004). This process is termed the hypersensitive response. The HR 

is triggered by an interaction (either direct or indirect) of a product of the invading pathogen 

avirulence (avr) gene and a corresponding plant resistance (R) gene product. Compatible 

reactions result in the development of disease symptoms because the pathogen overcomes the 

defense response of the plant, while incompatible reactions result in the plant being able to halt 

pathogen growth, and therefore no disease symptoms develop (reviewed by Botha et al., 2005). 

Programmed cell death (PCD) resulting from the onset of HR usually follows changes in ion 

fluxes (Ca2+ and H+ intake; Cl- and K+ efflux), generation of ROS, superoxide (O2-) and 

hydrogen peroxide (H2O2) accumulation, cell wall strengthening and activation of various 

defense genes (reviewed by Morel and Dangl, 1997; Figure 1.2) The ROS are usually directly 

protective in that they initiate the collapse of challenged cells thereby containing and killing the 

pathogen in the process, stopping it from spreading in the plant (Moloi and Van der Westhuizen, 

2006; McDowell and Dangl, 2000). 

ROS directly induce the expression of cellular protectant and defense genes. The expression of 

the NADPH oxidase gene has been shown to be induced by tissue damage and wounding as well 

as pathogen infection. The generation of ROS is directly linked to the activation of the NADPH 

oxidase enzyme (Figure 1.2). The NADPH oxidase complex mediates the formation of 

superoxide from oxygen at the plasma membrane or at the apoplast and the superoxide is in turn 
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transformed to hydrogen peroxide with the aid of the superoxide dismutase enzyme (reviewed by 

Del Río et al., 2002). 

ROS are normally produced within cells as byproducts of metabolic reactions. They are able to 

cause unrestricted oxidation of various cellular components, and as a result, plants have 

developed mechanisms to detoxify the ROS. O2
- are scavenged by the enzyme superoxide 

dismutase while H2O2 scavenging is catalysed by ascorbate peroxidase (APX) and catalase 

(reviewed by Mittler et al., 1999). 

Stresses and interactions of plants with pathogens normally disrupt normal homeostasis of the 

plant cell and this results in an increased ROS production and hence an increased APX 

expression (Mittler et al., 1999). A study by Mittler and colleagues (1999) suggests that a 

cytosolic APX (cAPX) expression in tobacco is controlled by an HR signal transduction 

pathway. cAPX expression was activated only after changes in ion fluxes and protein 

phosphorylation following inoculation of tobacco plants with tobacco mosaic virus (TMV). 

Programmed cell death 

Plant cell death often results when plants interact with pathogens, irrespective of whether the 

interaction is compatible or not. Hypersensitive cell death (a localized cell collapse rapidly 

induced at the site of infection), is genetically programmed. PCD serves to limit the spread of 

disease to uninfected areas in the plant following HR induction (Morel and Dangl, 1997). 

Characteristic morphological markers of PCD include systematic DNA degradation and 

formation of apoptotic-like bodies, which are similar to animal apoptosis (reviewed by Lam, 

2004). The key difference between plant PCD and animal apoptosis is the absence of engulfment 

by neighboring cells in plants. 
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Signals: Volatiles from 
attacked plants, wounding 
and insect elicitors, 
pathogen signals 

Recognition of signals 

Ion fluxes: K+ and Cl- 
efflux; H+ and Ca2+ 
influx 

ROS production:  

O2 + NADPHoxidase         O2
- +  H2O2 

ROS perception and 
lipid peroxidation 

Intracellular signalling 

 

Gene activation: 
transcriptional activation Direct responses: 

Physical barriers 
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Nutritional hurdle 
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Cell 
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superoxide dismutase; APX 

Membrane 
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Figure 1.2: A simple model of plant responses to insect and pathogen attack. Upon receiving and 
recognition of signals, an oxidative burst and ion fluxes occur. It is these two processes that 
result in intracellular signalling and eventually expression of defenses. The defense responses 
activated are PR-proteins and programmed cell death. Cellular protectant mechanisms including 
superoxide dismutase are also induced to control the extent of cell death. (Modified from Morel 
and Dangl, 1997) 

HR 
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Recent advances in molecular techniques are revealing some interesting regulators of 

plant PCD which have similar and also some unique properties compared to their 

animal counterparts (Lam, 2004). 

The cytological process of PCD involves chromatin aggregation and DNA cleavage 

before the disruption of the vacuole which only occurs during the late stages of cell 

death, blebbing of the vacuole and plasma membranes, and late destruction of 

organelles. Finally, the plasma membrane collapses and separates from the cell wall, 

ending with the leakage of the dead cell's content into the apoplast (Lam, 2004). One 

example of the cytological events is that of the interaction between cowpea and the 

biotrophic fungus Uromyces vignae during an incompatible interaction. Chen and 

Heath (1991) observed that the nucleus starts migrating to the site of penetration and 

there is cytoplasmic streaming at 15 hours following inoculation. Halting of the 

cytoplasmic streaming and the Brownian motion of organelles then follows. The 

nucleus then condenses, granules accumulate at the edge of the cytoplasm and the 

protoplast shrinks. Eventually the cytoplasm collapses and the infected cell dies 

(reviewed by Morel and Dangl, 1997).  

Recent molecular studies have identified regulators and signalling molecules of PCD 

(Lam, 2004). Two steps are necessary for the induction of HR-PCD; 1) recognition of 

pathogen or stress signal and 2) transduction of the perceived signals to the effectors 

of PCD (Morel and Dangl, 1997). Some of the components of the defense response 

are potentially toxic for the plant cell and they could participate directly in PCD. ROS 

for example have elevated reactivity towards membrane lipids, proteins and the 

nucleic acids, which can cause loss of cell integrity and viability (Lam, 2004; Morel 

and Dangl, 1997; Figure 1.2). 
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Uncontrolled cell death would lead to highly deleterious effects at the tissue level. 

The plant has thus evolved some protectant mechanisms (Figure 1.2) and anti-cell 

death pathways. Plant-specific PCD regulators have been identified. The A. thaliana 

LSD1 gene and barley MLO gene (reviewed by Lam, 2004) are both conserved in 

monocots and dicots. LSD1 is a repressor of cell death-progression during plant 

defense, while MLO mediates downstream signalling of calcium channels to suppress 

HR PCD (Lam, 2004; Morel and Dangl, 1997). 

HR PCD induction involves several signals generated in the plasma membrane which 

then diverge into genetically and biochemically separable pathways that eventually 

induce expression of defense genes, ROS protectant mechanisms and ultimately cell 

death (Figure 1.2). 

 

Signalling 

The most important factor that ensures an effective defense against pathogens and 

pests is having efficient signal transduction events (Sessa and Martin, 2000). The 

signal event includes specific receptors on the plasma membrane or in the cytosol of 

the cells and proteins responsible for transferring the signal to the nucleus for 

induction of gene expression. Signaling molecules like salicylic acid (SA), jasmonic 

acid (JA), systemin and ethylene (Et) are also known to play a role in this signaling 

event and they have been shown to activate pathogenesis related (PR) proteins like β-

1,3-glucanases and chitinases, protease inhibitors and phytoalexins (Keen, 1990; 

Dangl, 1998; Lamb et al., 1989). 

 

- Receptor proteins 
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R-genes are classified into five groups based on the structure of their protein products. 

These proteins are receptors involved in binding specific elicitors (avr proteins). They 

are: 1) the largest class that encodes the coiled coil (CC) or Toll, interleukine-1 

receptor like (TIR) domain fused to a central nucleotide binding site (NBS) domain 

and a carboxy terminal region containing Leucine rich repeats (LRR), CC-NBS-LRR 

or TIR-NBS-LRR; 2) receptor-like protein kinases with an extracellular LRR motif; 

3) intracellular NBS-LRR proteins with a region similar to TIR proteins; 4) 

extracellular LRR proteins that are membrane bound and 5) a probable membrane 

bound protein with a probable intracellular coiled-coil domain (e.g. an Arabidopsis 

RPW8 gene, Rathjen and Moffetty, 2003; McDowell and Woffenden, 2003; Stotz et 

al., 1999; Dangl and Jones, 2001). 

 

- Recognition specificity 

Much is still to be discovered on how the R proteins recognise avr proteins and 

transfer this information in the plant cell to induce/initiate defense. Most plant 

pathogens live in the extracellular environment and it was for this reason that R 

proteins were expected to encode extracellular receptor-like proteins. This is true for 

only a few proteins (like Xa21 and Cf proteins; Martin, 1999) while the majority of R-

genes encode for intracellular proteins. A suggestion that recognition might actually 

be occurring inside the cell was brought about by a discovery in bacteria whereby a 

type III phytopathogenic secretion system allowed injection of the pathogen products 

directly into plant cells and this was confirmed by the transient expression of many 

avr proteins inside plant cells (Martin, 1999). 
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It has been proposed that the LRRs are involved in the recognition of avr proteins 

since they have been shown to be involved in other protein-protein interactions (Kobe 

and Deisenhofer, 1995). This was also supported by the fact that the LRRs vary 

greatly among members in family clusters and, in a few cases, this variation has been 

directly correlated to new recognition specificities. Furthermore, the rice blast R-gene 

Pi-ta was shown to interact with the AVR-Pi-ta protein in a yeast two-hybrid system 

(reviewed by Martin, 1999). This is, however, still not clear evidence of the general 

direct involvement of the LRRs in recognition. Domain swap experiments show the 

involvement of LRRs in pathogen recognition (reviewed by Martin, 1999). There has 

been evidence of R-avr protein interaction in the Pto-avr system, where Pto encodes a 

serine-threonine kinase that lacks a receptor-like domain, but confers resistance to 

Pseudomonas syringae strains and mutations that lead to the disruption of this 

interaction lead to loss of recognition in the plant cell. This mutation is said to occur 

at a threonine at position 204 which is conserved in a large number of protein kinases 

(reviewed by Martin, 1999).  

 

- Localization in the plant cell 

Very little is known about the localization of R proteins in the plant cell, although it 

would be expected that the majority be localised to the cell membrane to intercept 

incoming pathogen proteins. In one case, an LZ-NBS-LRR protein, RPM1, was found 

to be enriched in the plasma membrane fraction (Boyes et al., 1998). This supports its 

direct role in recognition. RPM1 mediates recognition of a type III effector protein 

from Pseudomonas syringae AvrB (Asfield et al., 2004). 
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Additional evidence of R protein localization is given by the Pto kinase with an amino 

terminal sequence MGSKYSK. This is similar to a myristoylation motif consensus 

sequence. Myristoylation plays an important role in mammals in the localization of 

various kinases and phosphatases to cellular membranes. There was a report that the 

myristoylation motif of the Fen kinase (related to Pto) was required for its function 

but this was later disputed by a site directed mutagenesis study that showed that 

mutations in the critical glycine residue in this motif did not affect the Pto kinase 

function (reviewed by Martin, 1999). 

 

- Role in signal transduction  

NBS-like R-proteins have been noted to be very similar in structure to the mammalian 

CED-4 and APAF-1 proteins (reviewed by Martin, 1999). These two proteins activate 

proteases involved in apoptosis. CED-4 and APAF-1 proteins form heterodimers with 

their respective proteases (CED-3 and caspase-9) through interactions at homologous 

domains in their amino terminal portions. It has therefore been proposed that by 

similarity, the NBS-LRR proteins form heterodimers through their LZ/TIR motifs 

with downstream proteins, and that the NBS would serve as an activation signal of the 

downstream signalling events. In support of this, studies of the R-gene RPS5 showed 

that mutations in the third LRR suppressed resistance conferred by multiple R-genes 

(Warren et al., 1998; Martin, 1999), and that overexpression of the wild-type RPS5 

gene in mutants did not completely restore resistance by these genes. These results led 

to a proposal that the mutation in the LRR increased binding to a pathway component 

shared by several R-genes and interfered with essential signaling (Martin, 1999). 
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Receptor-like protein kinases 

Disease resistance signaling in plants has some common elements to the signaling 

leading to innate immunity in animals, for example, the NPR1 protein shares 

homology with the components of the innate-immunity pathways in Drosophilla 

malanogaster (reviewed by Menke et al., 2004). Protein kinases, including those 

linked to mitogen-activated protein kinase (MAPK) cascades, have been shown to be 

involved in signaling pathways in both plants and animals (Sessa and Martin, 2000). 

MAPK transduces extracellular signals into a wide range of intracellular responses. 

This generally involves three functionally linked protein kinases: a MAPK kinase 

kinase (MAPKKK), a MAPK kinase (MAPKK) and a MAPK. MAPKKK activates 

MAPKK upon recognition of external stimuli. Activation occurs via phosphorylation 

of serine and serine/threonine residues within the SXXXS/T motif (X = any amino 

acid). MAPKK then phosphorylates the threonine and tyrosine residues in the TXY 

motif of MAPK, thereby activating it. Then MAPK in turn phosphorylates specific 

effector proteins leading to the activation of cellular responses (reviewed by Menke et 

al., 2004). 

Plant homologs for all three components of this cascade have been identified and 

reported by various authors (reviewed by Menke et al., 2004). A number of these 

MAPKs have been found to play a role in plant defense response. Menke et al. (2004) 

reported that MPK6 plays a role in resistance gene-mediated and basal resistance in 

Arabidopsis thaliana, by showing that plants with silenced MPK6 had enhanced 

disease susceptibility to virulent and avirulent stains of Pseudomonas syringae. A 

membrane bound calcium-dependent protein kinase (CDPK) was identified by 

Romies et al. (2000) in Cf9 transgenic tobacco cells. The accumulation of superoxide 
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and hydrogen peroxide require a Ca2+ influx and protein kinase activity (Romies et al., 

2000). 

Other MAPKs identified in plants shown to be involved with signal transduction 

during defense include: wound-induced protein kinase (WIPK) from tobacco, 

OsBIMK1 in rice and SIMK and MMK3 in Arabidopsis (Seo et al., 1995; Song and 

Goodman, 2002). 

  

Signaling molecules 

- Salicylic acid 

SA plays an essential role in the establishment of SAR and the development of HR 

induced by pathogens and their elicitors (Xie et al., 1998). One example of the role of 

SA in defense signaling was shown by Ryals and colleaques (1995) where tobacco 

transformants over-expressing the NahG gene of Pseudomonas putida, which codes 

for salisylate hydrolase (enzyme responsible for converting SA to catecol), failed to 

accumulate SA following TMV infection and also failed to induce SAR. The 

Arabidopsis mutants, sid1, sid2 (salicyclic acid induction-deficient 1 and 2) and pad4 

(phytoalexin deficient 4), are defective in SA accumulation upon attack by P. 

syringae pv. tomato and Peronospora parasitica resulting in increased susceptibility 

to these pathogens (Pieterse et al., 2001), providing further evidence that SA is 

important in basal resistance against pathogens. 

 

- Jasmonic acid and Ethylene 

Evidence that JA signaling is involved in plant defense and basal resistance against 

several pathogens came about when JA-response mutants of Arabidopsis, coi1 and 
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jar1, showed increased susceptibility to Alternaria brassicicola, Botrytis cinerea, 

Erwinia carotovora and P. syringae pv. tomato (reviewed by Pieterse et al., 2001). 

Another study by McConn et al. (1997) on the fad3-2, fad7-2, and fad8 mutants, 

deficient in the jasmonate precursor, linolic acid, showed exaggerated susceptibility 

(high mortality) to attack by larvae of Bradysia impatiens (Diptera: Sciridae) as 

compared to the wild-type plants that showed very little effect. When methyl 

jasmonate was applied exogenously on the mutants, they were protected and their 

mortality rate reduced to approximately 12%. This is evidence that JA plays an 

important role in resistance against insect herbivory (McConn et al., 1997). 

The evidence for the involvement of Et in defense has been contradictory. Some 

studies have shown that Et-dependant signaling is required for increased resistance to 

some pathogens (reviewed by Pieterse et al., 2001) while, in other cases, Et was 

shown to be involved in disease symptom development (Hoffman et al., 1999). In 

their study, Hoffman and his colleagues used soybean mutants with reduced 

sensitivity to ethylene to show that the mutants (Etr1 and Etr2) developed similar or 

less severe disease symptoms when challenged with virulent Pseudomonas syringae 

pv glycinea and Phytophthora sojae, when compared to the wild-type parents. When 

some of the mutants were challenged with Septoria glycines and Rhizoctonia solani, 

they developed similar, or more severe symptoms, in comparison to the wild-type 

plants. This suggests that reduced Et sensitivity in plants can be both beneficial and 

deleterious against different pathogens. 

- Systemin 

Plants respond to wounding by herbivory insects by expressing proteinase inhibitors 

to interfere with the digestive processes of the insects. In tomato leaves, systemin, a 
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polypeptide that is 18-amino acids long, activates the synthesis of proteinase inhibitor 

I and II proteins in response to injury by chewing insects (McGurl et al., 1994). This 

polypeptide is cleaved by proteolysis from a protein called prosystemin before or 

during the injury. Studies on polypeptides that may function in the activation of plant 

defense genes were initiated by the finding that systemin was capable of inducing 

expression of protease inhibitors in tomato leaves even without wounding (McGurl et 

al., 1994). Expression of systemin is normally found throughout the tomato plant 

(except in the roots) and is wound inducible in the leaves. When systemin was 

overexpressed in tomato plants, proteinase inhibitor I and II accumulated in the 

leaves, which is in contrast to wild-type plants that only show production of these 

proteins in response to chemical inducers or wounding. This study therefore 

implicates systemin in wound signaling (McGurl et al., 1994). 

 

Pathogenesis related proteins 

Plants lack chitin and β-1,3-glucan is not a major component in the plant cell wall. 

Evidence has however shown that the expression of chitinases and β-1,3-glucanases is 

upregulated by pathogen invasion and insect attack (Van der Westhuizen and 

Pretorius, 1996; Van der Westhuizen et al., 1998a, b; Van der Westhuizen et al., 2002; 

Zhou and Thornburg, 1999). Chitin and β-1,3-glucan are, however, components of 

fungal cell walls which means that these enzymes are directed against fungal 

pathogens and therefore the expression of chitinases and β-1,3-glucanases limits 

growth of their targets (Zhou and Thornburg, 1999). A study by Botha et al. (1998) 

showed that chitinase activity increased following infestation of wheat plants with the 

RWA which suggests that chitinase may be involved in the defense against the aphid. 
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Protease inhibitors 

Many studies have focused on the potential use of protease inhibitors against insect 

pests (Lecardonnel et al., 1998; Stotz et al., 1999). Plant proteases mediate the 

degradation of storage proteins for the assimilation of nitrogen into biosynthesis 

pathways during germination. These proteins however, have been implicated in 

developmental processes such as programmed cell death during the formation of  

tracheary elements and interaction between plants and other organisms for example 

pathogen infection and digestion of plant proteins by herbivores (Michaud et al., 

1995). Plant protease inhibitors contribute to defense against insects by targeting the 

digestive proteases in the guts of insects resulting in reduced fitness of the insects and 

mortality from starvation (Stotz et al., 1999).  

Plant proteases are classified into four classes according to their catalytic 

mechanisms: 1) serine proteases, those with an active serine or histidine in the active 

centre; 2) cysteine proteases, with a cysteine in the active centre; 3) aspartic proteases, 

with an acidic amino acid in the active centre and 4) metalloproteases which possess 

an essential metal involved in the catalytic reaction (Thie and Houseman, 1990). 

Insects employ different proteases to hydrolyse ingested proteins. Among these are 

catheptic cysteine and aspartate proteases in Hemiptera, pepsin-like enzymes in some 

Diptera, and trypsin-like enzymes in Lepidoptera (Thie and Houseman, 1990). It is 

due to the fact that protease inhibitors specifically inhibit insect proteases that much 

effort is directed to the genetic manipulation of protease inhibitor genes to enhance 

insect resistance (Stotz et al., 1999). It is therefore important that the products of these 

genes are studied for each target insect’s the digestive protease system. The gene 
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products should also be screened to find the most effective inhibitors before plants are 

transformed with the candidate genes (Girard et al., 1998). 

Jongsman (2004) reported two new types of genes to fight sucking insects. The one 

type is protease inhibitors and the other mono- and sesquiterpene synthase genes. A 

chymotrypsin inhibitor (Chy8) was found to be five times more effective against the 

pea and peach aphid (Myzus persicae) than the parent trypsin inhibitor, MTI-2 

(Jongsman, 2004). Another protease inhibitor tested was a dual inhibitor from sea 

anemone, equistatin. This protease inhibitor was found to be very effective at 

inhibiting both the cysteine and aspartic gut proteases of many insects, including 

western flower thrips (Frankliniella occidentalis). 

Shortcomings to this approach are that some insects are able to overcome this line of 

defense by inducing different proteolytic enzymes insensitive to the corresponding 

plant PIs, increasing the proteolytic activity, or by degrading the plant protease 

inhibitors with their proteases (Girard et al., 1998; Stotz et al., 1999). Another 

problem is that the insects can, or may, rapidly evolve a tolerance to the transgenic 

protease inhibitor, even when it is from sources they have never encountered before. 

 

1.3.2 The systemic acquired resistance (SAR)  

Invasion by one pathogen can result in increased defense against another. This is 

brought about by a signal produced by the first pathogen at the site of infection which 

then systematically spreads throughout the plant. The spreading signal results in 

expression of a broad-spectrum, long-lasting immunity in the infected and uninfected 

areas (Heil, 1999). This resistance is termed systemic acquired resistance. SAR is 

activated by a variety of compounds like JA, SA, Et and systemin. Induced defenses 
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during SAR do not depend directly on the type of inducing pathogen. The systemic 

reaction leads to production of PR proteins like chitinases, β-1,3-glucanases, which 

protect the cells against further infection (reviewed by Heil, 1999). 

Genes whose induction is tightly linked to the onset of SAR have been termed SAR 

marker genes. A protein can therefore be classified as an SAR protein if its activity 

directly affects the systemic acquired resistance of plants (reviewed by Ryals et al., 

1996). Many of these proteins belong to the class of PR proteins. In tobacco, the SAR 

marker proteins are: acidic forms of PR1 (PR-1a, PR-1b and PR-1c); the basic 

isoform of PR-1; β-1,3-glucanase (PR-2a, PR-2b and PR-2c); an extracellular β-1,3-

glucanase (PR-1Q’); Class II chitinase (PR-3a and PR-3b); acidic and basic forms of 

class III chitinase; hevein-like protein (PR-4a and PR-4b); thaumatin-like protein (PR-

5a and PR-5b) and a basic protein family (SAR-8.2). In Arabidopsis, the SAR 

markers are PR-1, PR-2 and PR-5. In wheat, chemically induced (WCI) genes 

encoding a cysteine proteinase, lipoxygenase, and three other genes were identified as 

markers for chemically induced SAR (reviewed by Ryals et al., 1996).  

Lignification is regarded to be an important part of plant resistance to pathogens. 

Lignification has been shown to occur in plants shortly after attack by a pathogen. 

Lignification strengthens plant cell walls mechanically making them more resistant to 

degradation by pathogen secreted enzymes. Lignified cell walls are also expected to 

act as barriers to nutrient flow, causing the pathogen to starve. All these changes to 

the structure of the cell wall allow the plant to stop or slow down the invasion by a 

pathogen and allow the plant more time to switch-on further defensive mechanisms 

(reviewed by Sticher et al., 1997). 
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Salicylic acid is a very important signalling compound in the induction of SAR. SA 

and other chemicals can be applied to plants exogenously to induce SAR. For a 

chemical to be considered a SAR inducer, it must meet the following criteria: (1) the 

chemical or its metabolites must not exhibit direct anti-microbial activity; (2) the 

induced SAR must show resistance against the same spectrum of pathogens as the one 

activated biologically; (3) it should lead to the expression of the same marker genes as 

in SAR activated by a pathogen (Kessman et al., 1994). The chemicals 2,6-

dichloroisonicotinic acid (INA) and benzo(1,2,3)thiadiazole-7-carbothioic acid S-

methyl ester (BTH) were shown to activate SAR with a broad spectrum disease 

resistance (reviewed by Ryals et al., 1996). 

Cao and colleagues reported in 1994 that an Arabidopsis mutant, npr1 (nonexpressor 

of PR genes), which lacks the expression of SA-, INA-, and pathogen-induced 

chimeric reporter genes is unable to express other PR genes as well. Wild-type plants 

and the npr1 mutants were pre-treated with SA, INA or an avirulent pathogen and 

then later challenged with Pseudomonas syringae. They discovered that in the 

mutants, the lesion was less confined and PR gene induction was disrupted whereas 

the wild-type plants were protected by the pre-treatment in all three cases. 

Further evidence that SA is important for SAR induction is provided by the study 

reported on transgenic tobacco expressing the bacterial gene nahG. These transgenic 

plants were unable to accumulate SA in their leaves and, as a result, could not induce 

SAR and were therefore not protected against the tobacco mosaic virus. The nahG 

protein (salicylate hydroxylase) is a catalyst for the reaction to change SA to catecol 

which is inactive (Gaffney at al., 1993). Delaney et al. (1994) reported that nahG 
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plants are susceptible to many pathogens and are unable to express some R-gene 

defense pathways. 

 

1.3.3 Tritrophic interactions 

Induction of plant responses can affect herbivores either directly or indirectly. 

Herbivore development can be negatively affected or the performance of natural 

enemies greatly enhanced (Havill and Raffa, 2000). In a study using clonal poplar 

trees (Populus nigra), the gypsy moth, Lymantria dispar (L.) and the gregarious 

parasitoid, Glyptapanteles flavicoxis (Marsh), Harvil and Raffa (2000) observed that 

the parasitoid was three times more attracted to leaf odours from herbivore damaged 

leaves than those from undamaged leaves. The parasitoids were also more attracted to 

moth larvae fed on leaves than when they were fed on an artificial diet. Another 

interesting observation from this study was that induction of a systemic response 

resulted in a reduced developmental success of both the herbivore and the parasitoid. 

This study indicates the importance of induced responses on the performance of 

parasitoids and the effect thereof on the use of parasitoids as biological control agents. 

 

1.4 Genomics and gene discovery 

Invasion of plants by a pathogen results in the activation of a hypersensitive response 

and a signal for acquired resistance is systematically spread throughout the plant. This 

renders the plant resistant to a wide range of pathogens. The response has been 

extensively studied and great advances have been made to date with respect to 

elucidating pathways involved in the interaction of plants and disease causing 

pathogens. This holds at least for some model plant species like Arabidopsis thaliana, 
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Nicotiana tabacum, Oryza sativa etc. With evidence presented to date, it seems that 

the resistance of wheat to the Russian wheat aphid follows the path of HR induction 

which is followed by PCD and SAR. 

In the “omics” era, scientists are looking more at integrative biology approaches to 

solve challenges they face in terms of improving living standards by providing food 

security, health and nutrition. The omics include genomics (the quantitative study of 

genes, regulatory and noncoding sequences), transcriptomics (RNA and gene 

expression), proteomics (protein expression), metabolomics (metabolites and 

metabolic networks) and glycobolomics (glycobiology-focused proteomics). The 

integration of different “omics” is important if we are to fully understand what drives 

the plant’s ability to withstand, tolerate or defend itself against biotic and abiotic 

stresses. This would make the production of ‘super-plants’ for the future possible. 

Gill et al., (2004) proposed in a workshop that the hexaploid wheat genome be 

sequenced for use as a model for all the wheat genomes, including the progenitors of 

common wheat. This will particularly be advantageous over using rice as model plant 

for cereals since its genome is very small. For example the genome structures of 

wheat and rice are very different as a result of how hexaploid wheat evolved. This 

makes positional cloning of wheat genes with agricultural importance using 

microlinearity based on rice, an impossible task. Having a fully sequenced wheat 

genome will make the task of identifying markers for important agricultural traits less 

complex.  

1.4.1 Technologies for gene discovery 

Screening for differentially expressed genes is one of the most direct approaches to 

elucidate the molecular basis of a biological pathway (Lievens et al., 2001). For a 
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typical eukaryotic cell, a mass of approximately 100 000 mRNAs contains 

approximately 15 000 to 30 000 unique mRNAs. Numbers of these unique mRNAs 

range from 1 to several thousands. Abundant transcripts make approximately 50% of 

the transcript population (a few hundreds). The abundant transcripts represent 1% of 

the distinct mRNA species in a cell. Rare mRNAs fall within the other 50% of the 

transcript population (Wan et al., 1996). Trying to isolate a gene responsible for a 

specialized function, thus becomes a very daunting task because of the fact that it is 

expressed at low levels, while the rest of the transcriptome is composed of highly 

abundant mRNAs (Lievens et al., 2001). 

With the availability of PCR, it became possible to amplify rare transcripts by 

increasing the probability of isolation. Differential Display of mRNA by Reverse 

Transcriptase PCR (DDRT-PCR) was one of the first differentiating methods to take 

advantage of this (Liang and Pardee, 1992). DDRT-PCR amplifies subsets of mRNA 

which has been reverse transcribed with anchored oligo dT primers. The oligo dT 

primer consist of 11 or 12 T’s plus two additional 3’ bases which provide specificity 

(Liang et al., 1993). These are then used in conjunction with a 5’ arbitrary decamer 

oligodeoxynucleotide for the subsequent PCR amplification. The resulting cDNA 

fragments are then separated on denaturing PAGE gels and visualized by 

autoradiographically (Liang et al., 1993).  

Advantages of this procedure are that the method is fast, based on simple and well-

established techniques, has increased sensitivity, can be used to compare many 

samples at a time, and only a small amount of starting material is required. Moreover, 

it results in an increase in the total number of differential (rare) transcripts leading to 

the increase in the probability of detecting some of the low abundant ones (Lievens et 
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al., 2001). There are however drawbacks/ limitations to differential display. These are 

that the frequency of cloning false positives is high, the frequency of redundancy is 

also very high leading to a reduced screening efficiency (Lievens et al., 2001). 

Because of the amount of false positives and the redundancy obtained, DDRT-PCR 

seemed less attractive than when it was originally presented. Furthermore the 

downstream verification processes not only become labour intensive, but also require 

significant amounts of RNA (Lievens et al., 2001). 

Many methods using PCR were introduced following the introduction of differential 

display. Most of these relied on generating an image profile on a gel of the expression 

patterns of different mRNA samples. These methods avoided the use of arbitrary 

primers and relied on the presence of restriction enzyme sites on the cDNAs (Lievens 

et al., 2001). cDNA amplified fragment length polymorphism (cDNA-AFLP) is one 

such method (Bachem et al., 1996) as it utilized restriction enzyme sites to generate a 

subset of fragments differing in size which are then amplified with primers specific to 

previously ligated primers. Eventually one or more nucleotides are added to the 3’ 

ends of the primers to further reduce the cDNA subset that will be displayed. The 

cDNA-AFLP analysis is suitable for genome-wide expression analysis (Breyne et al., 

2003). This method is advantageous over the differential display method in that, it is 

very efficient, no prior sequence information is required and the results are highly 

reproducible. Also, it enables the identification of novel genes and amplification is 

highly specific. The cDNA-AFLP method is an efficient tool for quantitative 

transcript profiling and a valid alternative to microarrays. The sensitivity and 

specificity of this method allows for detection of poorly (rarely) expressed genes. 

Here, expression profiles can be accurately analyzed quantitatively based on banding 

intensities (Breyne et al., 2003; Yang et al., 2003).  
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cDNA-AFLP has been successfully used in the past to study differential expression 

and identify genes involved in developmental processes such as potato tuber 

development (Bachem et al., 1996), Arabidopsis thaliana seed germination (De Diego 

et al., 2006), seminal root elongation during water deficit (Yang et al., 2003), fruit 

ripening (Jones et al., 2000), as well as abiotic stresses like salt tolerance (Chen et al., 

2003). More interestingly, the cDNA-AFLP technology has been a very useful tool in 

the quest to study the molecular basis of interactions between plants and disease 

causing pathogens, including the interaction with environment (Borrás-Hidalgo et al., 

2005; Chen et al., 2003; Nyamsuren et al., 2003).  

Different approaches have been employed to identify wheat genes that show alteration 

in their expression patterns during infestation with the RWA. Microarray technology 

has been widely used to profile transcripts in disease resistance in other plant species. 

Although thousands of transcripts can be analyzed simultaneously by microarray 

application, this technique requires prior knowledge and identification of the analyzed 

transcripts (reviewed by Thompson and Goggin, 2006). Transcripts can be first be 

identified through methods like suppressive subtractive hybridization and different 

PCR techniques like DDRT-PCR and cDNA-AFLP (Liang and Pardee, 1992), then 

used in microarray assays. 

The identified cDNA fragments are then amplified and spotted at high densities onto a 

microarray glass slide. The cDNAs are able to bind to the glass slides because of the 

presence of some special surface chemistry on the glass slide. Following the 

immobilization of the transcripts onto the glass slides, the target organism is treated or 

exposed to certain conditions to induce transcriptional responses. Two different total 

RNA or mRNA samples are then isolated from the organism and used in the synthesis 
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of two cDNA probes that have been labeled with the green Cy3- and red Cy5- 

flourescent dyes, independently. These probes are then hybridized to the cDNA 

microarray slides. Probes that have not hybridized to the spots on the slides are then 

washed off and the slides subsequently scanned using lasers that excite the fluorescent 

dyes on the hybridized probes. The ratio of the Cy3:Cy5-induced fluorescence 

computed for each of the spots on the array corresponds to the relative amount of that 

particular transcript in the cDNA preparation (Naidoo et al., 2005). 

cDNA microarrays have been successfully employed to profile expression of rice 

(Oryza sativa) transcripts during cold, drought and high salinity stress and also 

following abscisic acid (ABA) application (Rabbanni et al., 2003). Several studies 

have employed this technology to profile the expression in wheat following 

infestation with the RWA (Smith et al., 2010) as well as in the development of wheat 

caryopsis (Laudencia-Chinguango et al., 2007). The caryposis is the fruit of grasses in 

which the pericarp is fused to the seed coat at maturity and is also commonly referred 

to as the grain in cereals (Laudencia-Chinguango et al., 2007).  

 

1.5 Study objectives 

The objective of this study is to elucidate how early defense response in wheat is 

regulated during Russian wheat aphid infestation. To do this, we used high throughput 

gene expression technologies to study responses in near-isogenic wheat lines, to 

identify and characterise transcripts involved in the defense against RWA. 
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1.5.1. Scientific question 

Which genes are differentially expressed in tolerant and susceptible near-isogenic 

wheat lines grown in South Africa during early response to attack by Diuraphis 

noxia? Are the expression patterns temporal and/or spatial? 

In order to answer the question above, the following technical objectives were 

pursued: 

A. To identify differentially expressed transcripts by cDNA-AFLP and 

microarray in RWA infested ‘Tugela DN’ and ‘Tugela’ plants at different time 

points post infestation. 

B. To characterise the differentially expressed transcripts identified in response to 

the RWA attack by cloning, sequencing and BLAST searches 

C. To generate expression clusters of differentially expressed genes in near-

isogenic wheat lines using cDNA-AFLP generated data. 
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MATERIALS AND METHODS 
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2.1 General 

2.1.1 Plant material and RWA infestation 

‘Tugela DN’ (SA1684/ *5 Tugela, Dn1, RWA resistant) and ‘Tugela’ (RWA susceptible) seeds 

were planted in the green house in a 1:1 mix of peat and sand and grown at 22 ± 2 °C. The plants 

were left to grow until the third to fourth leaf stage, while watering regularly (once daily). Wheat 

plants were infested with the RWAs. Approximately ten aphids were applied on each plant with 

a soft paint brush (Botha et al., 1998). Second, third and fourth leaves were then collected from 

infested and uninfested plants at 0, 1, 2, 6, 12, 24, 48 and 120 hours post infestation (hpi). The 

leaves were rinsed with water and wiped to remove the aphids and prevent contamination with 

aphid nucleic acid molecules as described by Zaayman et al. (2009). 

 

2.1.2 Aphid population 

RWA (Diuraphis noxia, Kurdjumov) population SAM1 (Van Zyl, 2007) was maintained in net 

cages on the RWA resistant wheat line, ‘Tugela DN’ to manage the aphid population size. Prior 

to infestation the RWAs were starved for six hours to force immediate probing. 

 

2.1.3 mRNA preparation 

Total RNA extraction: 

All glassware, plastic ware and mortars and pistils were treated with 0.1% (v/v) diethyl 

pyrocarbonate (DEPC) solution overnight and autoclaved for 30 minutes at 121 °C. The mortars 

and pistils were then baked at 200 °C for at least 4 hours before use (Sambrook et al., 1989). 

Distilled water was treated with 0.1% (v/v) DEPC overnight and autoclaved to deactivate the 
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DEPC. All buffers and solutions were then prepared with RNase free water and autoclaved for 

30 minutes. 

A modified total RNA extraction method of Chomczynski and Sacchi (1987) was used. One 

gram of leaf material was collected. After wiping the plant leaf material with tissue paper to 

remove all RWAs, the leaves were frozen in liquid nitrogen, and then ground to powder ensuring 

that it remained frozen at all times. One ml of GITC buffer [4 M GuanidineIsoThioCyanate, 100 

mM Tris-HCl (pH 8), 25 mM Sodium Citrate (pH 8), 100 mM β-mercaptoethanol and 0.5% 

(w/v) N-Lauroyl Sarcosine] per 100-200 mg of leave tissue was then added to the powdered leaf 

material. After proper mixing of ground tissue with the extraction buffer, the mixture was 

incubated for 10 minutes at room temperature and centrifuged for 20 minutes at 10 000 x g. The 

supernatant was then transferred to a new tube where after 0.05 ml 2 M Sodium Acetate (pH 4) 

and 0.50 ml H2O-buffered Phenol/ Chloroform (1:1) per 1 ml of 4 M GITC buffer were added. 

Vigorous shaking by vortex for 15 seconds ensured proper mixing of the mixture. The sample 

was then incubated at room temperature for 10 minutes and then centrifuged at 10 000 x g for 10 

minutes. The supernatant was carefully transferred to a new tube for RNA precipitation by the 

addition of 1 volume isopropanol to 1 volume supernatant. Complete mixing by a gentle 

inversion followed. The nucleic acids were then precipitated by incubation at -20 °C for 1 hr and 

collected by centrifugation at 13 000 x g for 30 minutes. The pellet was washed three times with 

500 µl RNase free 75% (v/v) ethanol and centrifuged at 10 000 x g for 15 minutes. The pellet 

was finally air-dried for ten minutes and resuspended in 100 µl RNase free 0.1% (v/v) DEPC-

treated water.  

An aliquot of the total RNA sample was analysed on 1% (w/v) TAE (0.04 M Tris-acetate, 0.001 

M EDTA electrophoresis buffer) agarose gel containing ethidium bromide (agarose/EtBr) at 90 

V for 20 minutes to verify the integrity of the extracted RNA. The samples were visualized under 

UV light following separation. The concentrations of the extracts were determined 
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spectrophotometrically using the NanoDrop® ND-1000 spectrophotometer (V3.0.1). All samples 

were then stored at -80 °C in the freezer until further use. 

 

Poly (A+) mRNA purification: 

Before isolating mRNA from total RNA, contaminating DNA was removed by the addition of 

RNase free DNase enzyme (10 U/ 20 µl reaction) in the presence of a 5 X reverse transcriptase 

buffer containing Mg2+ ions and incubation at 37 °C for 30 minutes. Digested DNA was 

removed from total RNA samples using the RNeasy Plant Mini kit (Qiagen, USA) according to 

manufacturer’s instructions. Cleaned RNA samples were eluted from the RNeasy columns in 50 

µl RNase free water. Total RNA integrity then was verified by agarose gel electrophoresis as 

described above. Poly(A+) mRNA was purified from total RNA using the Oligotex mRNA 

purification Kit by Qiagen (USA) following the manufacture’s instruction and eluted in 25 µl 

RNase free water. A small sample was quantified using the NanoDrop® ND-1000 

spectrophotometer (V3.0.1). 
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2.2 Complimentary DNA (cDNA)-amplified fragment length polymorphysms (AFLPs) 

2.2.1 Double stranded cDNA synthesis 

Double stranded (ds) cDNA was synthesized from each of the mRNA (500 ng) samples using a 

cDNA synthesis system (Roche Molecular Biochemicals, Germany). Following the second 

strand synthesis reaction, the cDNA was purified by a MinElute reaction cleanup kit (Qiagen, 

USA). The cDNA was analyzed by 1% (w/v) agarose/EtBr gel and the concentration of the 

cDNA was determined spectrophotometericaly using the NanoDrop® ND-1000 

spectrophotometer (V3.0.1). 

 

2.2.2 cDNA-AFLP analysis 

The cDNA-AFLP procedure was performed using the LI-COR Expression Analysis kit (LI-COR 

Biosciences, USA) following the supplier’s instructions for the template preparation and the 

selective amplification. TaqІ +2 and MseІ +2 primers (represented by T-NN and M-NN 

respectively; where T or M are TaqІ or MseІ primers and N represents either of the four bases, T, 

C, A or G) were supplied in the kit for the selective amplification. Ten primer combinations (M-

AC/T-GA; M-AC/T-GT; M-AC/T-TC; M-AC/T-TG; M-AC/T-CT; M-AC/T-CA; M-AC/T-AG; 

M-AC/T-AC) were used in the selective amplification reactions. All PCR reactions were done on 

a Perkin-Elmer GeneAmp PCR System 9700 DNA thermal cycler (Applied Biosystems, USA). 

Selective amplification products were then separated on 8% (w/v) LongRanger polyacrylamide 

gels [7.0 M Urea, 0.8 X TBE (0.072 M Tris borate and 0.0016 M EDTA, pH 8), 8% (w/v) 

acrylamide/bisacrylamide, 0.075% (w/v) ammonium persulphate (APS) and 0.075% (v/v) 

N,N,N',N'-Tetramethylethylenediamine (TEMED)] at 1500 V for 4 hours using the LI-COR 

Global edition IR2 Automated DNA analyzers (Model 4200 LI-COR Biosciences, USA), which 

generated and captured the cDNA-AFLP images.  
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2.2.3 Image analysis and TDF quantification 

Image analysis was done with the AFLP QuantarPro software (KeyGene products B. V., 

Wageningen, The Netherlands). Band sizes and intensities on the images were determined using 

this software. The instructions provided in the AFLP-QuantarPro user manual were followed to 

find lanes, bands, and size the bands. All TDFs visualized were quantified in AFLP-QuantarPro 

and band intensities were exported to Microsoft Excel spreadsheets for further analysis.  

 

2.2.4 Fragment recovery, cloning and sequencing 

Following analysis of the cDNA-AFLP images, TDFs with differential expression between 

Tugela and ‘Tugela DN’ and across the time trial were identified and targeted for recovery.  The 

selective amplification products were re-run on 8% LongRanger acrylamide gels for a shorter 

time (2 hours). The gels were then scanned on the Odyssey Infrared Imager (LiCor) to generate 

an image on which the gels could be aligned and the target fragments excised. These were then 

placed in separate tubes containing 20 µl of low TE-buffer [10 mM Tris-HCl (pH 8.0), 0.1 mM 

EDTA], freeze-thawed four times by freezing them in liquid nitrogen and placing at room 

temperature to thaw and mixing by pipetting up and down. The recovered fragments (3 µl) were 

then reamplified by PCR to enrich abundance of the excised fragment. TaqІ + 0 and MseІ + 0 

primers (see Table 2.1 for sequences) were employed in this step. The amplification program 

performed included 30 cycles of a denaturing step at 94 °C for 30 seconds, primer annealing at 

56 °C for 30 seconds and elongation at 72 °C for a minute. A hold at 72 °C for 2 minutes was 

included at the end of the 30 cycles and was followed by a hold at 4 °C. Reamplification of the 

TDFs was verified on a 3% (w/v) agarose gel before cloning. 

The re-amplified fragments were then cleaned by a Qiagen MinElute Reaction Cleanup Kit 

(USA) and ligated to pTZ57R vector provided in InsT/Aclone PCR Product Cloning kit 
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(Fermentas Life Sciences, USA). Ligation was performed overnight using half reaction volumes 

as was recommended in the cloning kit. JM109 high efficiency competent cells (>108 cfu/µg; 

Promega, UK) were transformed with the ligation mix following the manufacturer’s instructions 

(Promega, UK). Blue-white colour screening for recombinants was done on LB plates (10 g 

bacto-tryptone, 5 g bacto-yeast extract, 10g NaCl, 15 g agar and water to 1 000 ml) containing 

100 µg/ml ampicillin, 0.5 mM isopropylthio-β-D-galactoside (IPTG) and 40 µg/ml 5-bromo-4-

chloro-3-indolyl-β-D-galactoside (X-gal), where white colonies contained the insert. White 

colonies were picked and send to InqabaBiotech (South Africa) for sequencing. Sequencing 

reactions were done using the BigDye version 3.1 dye terminator cycle sequencing kit from 

Applied Biosystems. The cycling products were then analysed on Spectrumedix SCE2410 

genetic analysis system with 24 capillaries (SpectruMedix LLC in Pennsylvania, USA). 

Sequence outputs were analysed using Chromas program (Version 1.45, Australia) where the 

sequences were edited based on the chromatogram peaks. Edited text sequences were assigned 

putative identities by nucleotide-nucleotide BLAST (BLASTn) and translating BLAST 

(BLASTx) analysis (Altschul et al., 1990). The threshold for significant homology was 1e-10. 

Table 2.1 List of primers used for reamplification of excised fragments.  

Primer name Sequence (5’-3’) Tm (°C) 

MseІ +0 GATGAGTCCTGAGTAA 46.0 

TaqІ +0 TGTAGACTGCGTACCGA 52.0 

 

2.3 cDNA microarray analysis 

2.3.1 Fluorescent probe preparation 

Cy3- and Cy5-fluorescently labeled cDNA probes were synthesized using the Cyscribe Post-

Labelling Kit (Amersham Biosciences, Little Chalfont, UK). The cDNA probes were 

synthesized from the purified mRNA samples. The mRNA samples were thawed and 
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concentrated by drying of the samples in a SpeedyVac centrifuge and then resuspending in 5 µl 

RNase-free water and the entire sample used for probe synthesis. Depending on the 

concentration of the mRNA that was available 100 ng to 500 ng mRNA was used for the 

synthesis of the cDNA probes. For each of the mRNA samples of the different time points post 

infestation (day 0, -2, -5 and -8 p.i.), both Cy3- and Cy5-labeled cDNA probes were synthesized 

following the protocol supplied with the kit. The synthesized probes were protected from light. 

Following the probe synthesis, unincorporated dye molecules and nucleotides were removed 

using the Minelute cleanup kit (Qiagen Inc., USA) as per manufacturer’s instructions. The 

concentration of the synthesized cDNA probe was determined using the NanoDrop® ND-1000 

spectrophotometer (V3.0.1) spectrophotometer.  

 

2.3.2 Microarray hybridization 

Microarray slides were prepared by Botha and colleaques in 2006 as reported in appendix B. the 

target DNA printed onto the slide included 256 wheat ESTs, 50 flax and banana genomic clones 

and control genes. These microarray slides were used in the hybridization experiments. 

For prehybridization, 35 µl of prehybridization solution [3.5x SSC (1× SSC is 0.15 M NaCl plus 

0.015 M sodium citrate) 0.2% (w/v) sodium dodecyl sulfate (SDS), 1% (w/v) bovine serum 

albumin (BSA)] was added to the microarray slides and the slides were placed into a humidified 

hybridization cassette and incubated at 60 °C for 20 minutes in a waterbath. The slides were then 

washed in double distilled water (ddH2O) for 1 minute and air dried using nitrogen gas. Dual 

colour hybridizations were performed whereby the two labeled probes were combined into one 

tube for all the different probe combinations. Table 2.2 lists the probe combinations that were 

performed. 
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Table 2.2 Probe combinations for dual dye microarray hybridizations. 

Mi croarray slide number 
Probe Combinations 

Cy3 probe  Cy5 probe 
01 [13445] Control 0-d.p.i. (C0) Induced 2-d.p.i. (I2) 
02 [13446] Induced 2-d.p.i. (I2) Control 0-d.p.i. (C0) 
03 [13447] Control 0-d.p.i. (C0) Induced 5-d.p.i. (I5) 
04 [13448] Induced 5-d.p.i. (I5) Control 0-d.p.i. (C0) 
05 [13451] Induced 2-d.p.i. (I2) Induced 5-d.p.i. (I5) 
06 [13452] Induced 5-d.p.i. (I5) Induced 2-d.p.i. (I2) 
07 [13453] Induced 2-d.p.i. (I2) Induced 8-d.p.i. (I8) 
08 [13454] Induced 8-d.p.i. (I8) Induced 2-d.p.i. (I2) 

The handling of all the probes were performed at very low light conditions to minimize exposure 

of the probes to light. For each probe combination, equal quantities of each probe (30 pmol each) 

were combined into a single 0.5 ml tube and dried in a SpeedyVac centrifuge for 30 minutes at 

40 °C. The mixture of probes was then resuspended in 35 µl of hybridization solution [50% (v/v) 

formamide, 25% (v/v) hybridization buffer, 25% (v/v) deionised water]. The probes were then 

denatured at 98 °C for 2 minutes and cooled down on ice for 30 sec. The entire hybridization 

mixture (~ 35 µl) was pipetted onto the part of the microarray slide where no clones were 

immobilized and then carefully covered with a coverslip ensuring no air bubbles get trapped 

beneath the coverslip, and that all the target clones on the slide are covered with the 

hybridization mix. The slides were then placed into a hybridization cassette and subsequently 

incubated at 42 °C for 12 – 18 hrs in a waterbath (creating a humid hybridization chamber).  

Following hybridization, the slides were washed as follows: once in 1x SSC, 0.2% (w/v) SDS 

solution for 4 minutes at 37 °C; twice in 0.1x SSC, 0.2% (w/v) SDS solution at 37 °C for 4 

minutes; twice in 0.1x SSC for 1 minute at room temperature. The washes were followed by 

rinsing the slides in deionized water for 2 sec. The slides were then dried using nitrogen gas. 

Two slides were hybridized per probe combination.  
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2.3.3 Microarray scanning and data analysis 

Microarray slides were scanned using an Axon GenePix 4000 Microarray scanner and GenePix 

acquisition software (Axon Instruments, Inc., USA) according to the manufacturer’s instructions.  

The level of the photomultiplier gains were adjusted in order to normalize between Cy3- and 

Cy5- fluorescent dye emission intensities (‘global normalization’). Following the scanning and 

capturing of data, raw data was imported into Microsoft Excel for further analysis. Background 

intensities that were automatically calculated by the GenePix programme 

(http://www.moleculardevices.com) were subtracted from all fluorescent dye intensities 

obtained for the microarray spots before using them in any calculations. Transcripts of interest 

were then identified by computational analysis using ANOVA (Dudoit et al., 2001), the mixed 

model approach (Wolfinger et al., 2001; Chu et al., 2002) as well as SAS/STAT software version 

8.0 (SAS Intitute Inc. 1999). 
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3.1 Optimization of RNA isolation from wheat leaf tissue 

Different RNA extraction methods were performed in order to determine which one would yield 

best quality total RNA in higher quantities for our study. The different extraction protocols were 

all based on modifications to the total RNA isolation method by Chomczynski and Sacchi (1987) 

that uses guanidinium thiocyanate and phenol-chloroform to isolate RNA. This method however 

cannot distinguish the RNA from the DNA and yields total RNA that is contaminated with 

genomic DNA (Figure 3.1). The different methods are listed in Table 3.1. 

All the tested methods yielded fairly high amounts of total RNA. The high DNA contamination 

in the first three methods listed in the Table 3.1 skewed the initial concentration of the total RNA 

extracted. The contaminating DNA molecules were removed by RNAse free DNase treatment 

(Promega) and the concentrations re-determined.  Total RNA extracted using the Trizol and the 

TriPure reagents was of good quality, with little or no DNA contamination and the RNA was 

visually assessed and seemingly not degraded. The total RNA extraction method 3 yielded the 

highest amount of total RNA (Figure 3.1) and was therefore selected as the method of choice for 

total RNA extraction for further use in the study.  

Intact RNA samples are indicated by a smear ranging from 100 to about 10 000 base pairs (bp) 

with the bulk of it lying between 2 000 and 4 000 bp (Figure 3.2). The presence of two intense 

bands within the smear at position 3 000 and 2 000 bp which represents the most abundant rRNA 

molecules (25S and 18S, respectively) is an indication of good quality total RNA (Figure 3.2). 

Impurities in the total RNA interfere with the binding of the poly(A+) mRNA to the oligo dT 

Qiagen oligotex mRNA purification kit, resulting in the reduced amount of mRNA purified. It 

was therefore important to ensure that the total RNA samples are pure. The ratio of the 

absorbencies at 260:280 nm wavelengths as determined spectrophotometrically indicate the 

purity the total RNA samples. Ratios indicative of pure samples are  between the range 1.8-2.1 

for the A260:A280.  
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Table 3.1 Different total RNA extraction methods tested for best total RNA yields.  
Method Extraction buffer Phenol Chlorofom PVPP Starting material Total RNA quality 
1  4 M GITC 

25 mM sodium citrate 
 0.5% N-lauroylsarcosine 
100 mM 2-Mecarptoethanol 
sodium acetate 

Tris-EDTA 
(pH 8) 
equilibrated 

Chloroform: acetic 
acid (49:1) 

No  1 g wheat leaves ground in 
liquid nitrogen to a powder 

DNA contamination, 
High salt/ carbohydrate 
contamination, 
100-200 µg total RNA, slight 
degradation 

2. 5M GITC 
25 mM sodium citrate 
 0.5% N-lauroylsarcosine 
100 mM 2-Mecarptoethanol 
sodium acetate 

H2O-buffered 
(1 ml DEPC-
H2O for every 
5 g of phenol) 

100% chloroform Yes (1-2% 
(w/v) 
extraction 
buffer) 

1 g wheat leaves ground in 
liquid nitrogen to a powder 

DNA contamination, 
moderate salt/ carbohydrate 
contamination, 
150-200 µg total RNA, slight 
degradation 

3 4 M GITC 
25 mM sodium citrate 
 0.5% N-lauroylsarcosine 
100 mM 2-Mecarptoethanol 
sodium acetate 

H2O-buffered 
(1 ml DEPC-
H2O for every 
5 g of phenol) 

100% chloroform No  1 g wheat leaves ground in 
liquid nitrogen to a powder 

DNA contamination, 
moderate salt/ carbohydrate 
contamination, 
150-250 µg total RNA, intact 

4. Trizol reagent (Invitrogen) Included in the 
extraction 
buffer 

100% chloroform No 1 g wheat leaves ground in 
liquid nitrogen to a powder 

Little/ no contaminating DNA, 
Less salt/ carbohydrate 
contamination, 
100-150 µg total RNA/ g leaf 
material, intact 

5. TriPure reagent (Roche) Included in the 
extraction 
buffer 

100% chloroform No  1 g wheat leaves ground in 
liquid nitrogen to a powder 

Little or no contaminating 
DNA, 
Less salt/ carbohydrate 
contamination, 
100-150 µg total RNA/ g leaf 
material on average, intact. 
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Figure 3.1 TAE agarose gel (1%) analysis (90 V, 20 minutes) of total RNA extracted from 

‘Tugela DN’ and ‘Tugela’ leaves at different time points post infestation with the RWA. Lanes 

marked M represent molecular weight marker λIII. The total RNA extracts from ‘Tugela’ leaves 

are represented as follows: lanes 1 and 2 (0-hpi), lanes 5, 7, 9 11, 14, 16, & 18, represent leaf 

material collected at 1-, 2-, 6-, 12-, 24-, 48- (2 days), 120- (5 days) and 192-hpi (8 days), 

respectively. Total RNA extracts from ‘Tugela DN’ leaves are represented in lanes 3 and 4 (0-

hpi), in lanes 6, 8, 10, 12, 13, 15 and 17 are from leaves collected at 1-, 2-, 6-, 12-, 24-, 48- (2 

days), 120-hpi (5 days), respectively and lanes 19, 20, and 21 represent total RNA extracted from 

‘Tugela DN’ leaves collected at 192-hpi (8 days). The arrows in the figure indicate the presence 

of genomic DNA molecules in all the samples (size ~20 kbp). 

 

The quantities and the ratios A260:A280 and A260:A230 of the initial total RNA extracts, the 

clean total RNA samples and mRNA samples are given in Table 3.2. All the total RNA samples 

had salt contamination indicated by a low A260:A280 ratio of approximately 1.6 in all the 

extracts. 

13 

M   1        2 M      3        4       5   6      7      8      9     10    11    12 

M     14     15     16      17    18      19     M          20      21 
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Figure 3.2 TAE agarose gel (1%) analysis of Total RNA following DNase treatment and 

purification through the RNeasy cleanup columns (Qiagen Inc., USA). Lane M is molecular 

weight marker λIII and the other lanes represent the cleaned total RNA samples from ‘Tugela’ 

and ‘Tugela DN’ and leaves collected at different time points post infestation with the RWA. 

The arrows in the figure indicate the presence of 25S and 18S rRNA bands that are 2.9 and 1.9 

kb in size, respectively. 

 

The total RNA clean-up with the Qiagen RNeasy cleanup columns (Qiagen Inc., USA) was 

successful in removing these salt contaminants. This is indicated by the improvement in the 

A260:A280 ratio ranging from 1.8-1.9 (Table 3.2). This falls within the desired range indicative 

of pure RNA samples. 
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Table 3.2 Concentrations (ng/µl) and the A260:A280 ratios of extracts obtained following total RNA extraction, total RNA clean up and mRNA 
purification, as determined spectrophotometrically. ‘Tugena DN’ extracts in the table are indicated as dn1, while ‘Tugela’ extracts are labeled as tu. 
The number of hours post infestation of the samples are provided after the sample names.  

Total RNA 
extract (hpi) 

Concentration 
(ng/µl) A 260/280 

Total RNA 
cleanup 

Concentration 
(ng/µl) A 260/280 

Poly (A+) 
mRNA 

Concentration 
(ng/µl) A 260/280 

dn1-0 1752.46 1.61 dn1-0 1464 1.92 dn1-0 73.74 1.98 

dn1-1 1607.03 1.61 dn1-1 1037 1.89 dn1-1 64.16 1.88 

dn1-2 1756.45 1.68 dn1-2 1536 1.92 dn1-2 124.48 1.88 

dn1-6 1612.47 1.61 dn1-6 1312 1.92 dn1-6 54.86 1.88 

dn1-12  1743.44 1.63 dn1-12 1535 1.94 dn1-12 56.38 1.59 

dn1-24 1665.42 1.64 dn1-24 1050 1.94 dn1-24 84.71 1.89 

dn1-48 1599.02 1.62 dn1-48 1384 1.76 dn1-48 50.06 1.89 

dn1-120 1764.42 1.62 dn1-120 1324 1.81 dn1-120 70.76 1.8 

dn1-192 1291.05 1.69 dn1-192 989 1.84 dn1-192 49.45 1.85 

tu-0 1775.16 1.65 tu-0 1521 1.97 tu-0 78.71 1.87 

tu-1 1520.31 1.64 tu-1 1380 1.96 tu-1 103.36 1.96 

tu-2 1506.03 1.62 tu-2 1291 1.81 tu-2 70.02 1.87 

tu-6 2850.91 1.69 tu-6 1977 1.91 tu-6 103.86 2.06 

tu-12  1727.06 1.64 tu-12 1678 1.88 tu-12 110.42 1.82 

tu-24 1944.67 1.61 tu-24 1613 1.88 tu-24 62.86 1.86 

tu-48 1856.34 1.63 tu-48 1343 1.68 tu-48 55.55 1.83 

tu-120  1841.04 1.68 tu-120 1298 1.81 tu-120 67.12 1.81 

tu-192 1237.45 1.64 tu-192 980 1.82 tu-192 37.05 1.8 
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Recovery of the total RNA following total RNA purification ranged from 60 to 80%, including 

that there was contamination with genomic DNA in the initial samples, which skewed the initial 

spectrophotometric readings (Table 3.2). The total RNA samples were eluted in 50 µl RNase free 

water and overall, the total quantities of the total RNA before mRNA purification ranged from 

49 µg to 100 µg. For both the ‘Tugela DN’ and ‘Tugela’ leaf material, the least amount of RNA 

was obtained from leaf material collected eight days post infestation (192 hpi) with the Russian 

wheat aphid. The efficiency of mRNA purification from purified total RNA ranged from 3% to 

5% of the total RNA samples (Table 3.2). 

3.2 Optimization of cDNA-AFLP analysis 

Double stranded cDNA synthesis and preparation of template for the cDNA-APLP procedure:  

Five hundred nanogram of each mRNA sample was used for the synthesis of ds-cDNA. Analysis 

of the cDNA synthesized by 1% (w/v) agarose gel indicated cDNA with size ranges from 100 bp 

to above 1 500 bp (Figure 3.3). The results were indicative of a good cDNA pool. 

Synthesized cDNA samples were purified of all unbound dNTPs and very short fragments before 

use in the cDNA-AFLP experiments. Analysis of the preamplification products on 1% (w/v) 

agarose gels revealed TDF pools ranging from 100-500 bp with the bulk of it around the 250 bp 

mark (Figure 3.4). 

Selective amplification 

Selective primer combinations were screened using the ‘Tugela DN’ derived cDNA samples of 

leaves collected at 0, 48 and 120 hours post infestation with the RWA. Figure 3.5 represents 8 

primer combinations. The profiles revealed the presence of several bands throughout the time 

course at similar intensities. These are representative of constitutively expressed genes (red 

arrows, Figure 3.5). 
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Figure 3.3 TAE agarose gel (1% w/v) analysis of ds-cDNA derived from leaf material collected 

from ‘Tugela DN’ and Tugela plants at 0-, 1-, 2-, 6-, 12-, and 24-hpi. The lane marked M 

represents a 100 bp ladder molecular weight marker. The sizes are indicated on the left of the 

image. Lanes 1, 3, 5, 7, 9 and 11 represent ‘Tugela DN’ derived cDNA samples while the 

‘Tugela’derived cDNA samples are represented in lanes 2, 4, 6, 8, 10 and 12. 

 

 

 

 

 

 

 

Results also revealed some TDFs that were up-regulated at 48 hpi and down-regulated by 120 

hpi and vice versa (black arrows, Figure 3.5). 

Primer combinations were screened and selected according to the number of TDFs that resulted 

in clear and repeatable TDFs with differential regulation (Figure 3.5). The numbers of TDFs 

were counted for the primer combinations indicated in Figure 3.5, and they are listed in Table 3.3 
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Figure 3.4 EtBr/Agarose gel (1.2% w/v) analysis of preamplification PCR products. Lane M = 

the molecular weight marker λIII, Lanes 1-6 preamplification product of ‘Tugela DN’ cDNA at 

0, 1, 2, 6, 12, and 24 hpi, respectively. 
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Table 3.3 Expression profiles generated for selective amplification screening.  

Primer 
pair 

M-AC/ 
T-GA 

M-AC/ 
T-GT 

M-AC/ 
T-TC 

M-AC/ 
T-TG 

M-AC/ 
T-CT 

M-AC/ 
T-CA 

M-AC/ 
T-AG 

M-AC/ 
T-AC 

# TDFs 93 104 103 130 129 130 121 132 

 
Primer combination M-AC/T-AC had the largest number of clear repeatable differentially 

expressed TDFs, whereas primer combinations M-AC/T-GA and M-AC/T-TC had the least 

number of clear TDFs. Transcript derived fragments from ‘Tugela’ and ‘Tugela DN’ obtained at 

eight different time points post infestation of the wheat leaves with the RWA were selectively 

amplified to generate expression profiles with 10 selected primer combinations (images not 

shown) for large scale screening purposes.  

In order to ensure that the cDNA-AFLP experiment conducted was reliable and repeatable, the 

pre-amplification product at each time point was halved, and two separate selective 

amplifications were performed. The two selective amplification products were run alongside 

each other and compared. Similar profiles were obtained indicating the reliability of the selective 

amplification (Figure 3.6 A and B). This is an indication of the reliability of the selective 

amplification. Band intensities obtained from the AFLP QuantarPro software (KeyGene 

products B. V., Wageningen, The Netherlands) analysis of the cDNA-AFLP images were used to 

draw bar graphs depicting expression of individual TDFs as shown in Figure 3.6 C. Figure 3.6 C 

further shows that the selected TDFs were expressed differentially in wheat at different time 

points post infestation with RWA. A biological replicate (i.e., RNA extracted from another set of 

infested plants over time) was also done. There was 97% repeatability between the experimental 

replicates and 84% repeatability between the biological replicates (data not shown). The obtained 

results indicate high reliability between technical and biological repeats. 
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Figure 3.5 LongRanger polyacrylamide gel (8% w/v) image of selective primer combination screening. 

cDNA derived from ‘Tugela DN’ leaves collected at 0, 48 and 120-hpi was used to screen different 

selective primer combinations. Each block (A – H) of eight lanes represents a set of a specific primer 

combination, where A= M-AC/T-CA, B= M-AC/T-GT, C= M-AC/T-TC, D= M-AC/T-TG, E= M-AC/T-

CT, F= M-AC/T-CA, and G= M-AC/T-AG and H= M-AC/T-AC. In each block lanes 1 and 2= 0 hpi, 3 and 

4= 48 hpi, 5 and 6= 120 hpi, 7= maize gDNA (positive control), and 8= no DNA (negative control). Lanes 

M= IRDye700 molecular weight marker. Black arrows point at differentially expressed transcripts and the 

red arrows show the constitutively expressed transcripts. 
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3.3 cDNA-AFLP mediated minisequencing 

Transcripts that showed differential expression over the time trial were targeted for excision and 

sequence characterization. For most of the primer combinations selected, there were on average 

80 and above TDFs generated, resulting in fragments that were very compacted and not properly 

resolved in the gels. To resolve this problem, cDNA-AFLP mediated minisequencing (Brugmans 

et al., 2003) with MSe1+3 and MSe1+4 primers was done. The AFLP-mediated minisequencing 

 

 

Figure 3.6 LongRanger polyacrylamide gel (8% w/v) image of selective amplification of 

wheat cDNA fragments with the M-AC/T-CA primer combination. Lanes 1, 3, 5, 7, 9, 11, 13, 

and 15 (in both A and B) represent ‘Tugela’ (susceptible) samples and 2, 4, 6, 8, 10, 12, 14, 

and 16 ‘Tugela DN’ (resistant) samples in these images. The infestation time trial runs from 

left to right, as outlined below the image (A). Figure B is an image enlargement of fragments 

indicated in A by the red and black arrow. These are examples of differentially expressed 

TDFs. Figure C is a representation of the band intensities of the fragments indicated in B. 
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relies on the principle that after the first round of selective amplification with a primer 

combination (TaqІ+2/ MseІ+2), a secondary selective amplification to this initial one with 

TaqІ+2/ MseІ+3 is done. In theory, the secondary selection will generate fewer bands per lane, 

as only a subset from the already selected pool of fragments will be amplified. This is then 

followed by a tertiary amplification with TaqІ+2/ MseІ+4 primer combinations targeted to 

reduce the number of TDFs even further. For this purpose, M-NNA, M-NNC, M-NNNA and M-

NNNC degenerate primers were designed (where N= A/C/G/T). A primary selective 

amplification with the T-CA/M-AG primer combination was done and the product of this 

amplification was used as template for the secondary and tertiaty amplification with T-AC/M-

NNA, T-AC/M-NNC, T-AC/M-NNNA and T-AC/M-NNNC primer combinations. The products 

of both the primary, secondary and tertiary selections were run on an 8% LongRanger 

polyacrylamide for analysis (Figure 3.7). 

The numbers of fragments per lane were not reduced to a significant degree following the 

minisequencing procedure. This was due to the fact that the minisequencing selection was done 

only from one end of the fragments (Figure 3.7). It was therefore decided that since the most 

fragment compacting in the images was with the fragments below 200 bases, the TDF isolation 

will be done from the +2/+2 gels, and only fragments from 200 bp or more will be selected. 

An important observation in Figure 3.7 is that the amplified TDFs in the secondary and tertiary 

reactions were more intense than those after the primary reaction. This is most probably due to 

the fact that there are less fragments, even though not highly significant, amplified per reaction 

resulting in less competition for PCR reagents, and therefore an improved yield in the final PCR 

product. 
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Figure 3.7 cDNA-AFLP mediated minisequencing of TDFs. The selective amplification product of 

the primer combination T-CA/M-AG was used in secondary and tertiary selections with the primer 

combinations T-CA/M-NNA and T-CA/M-NNNA. Odd numbered lanes represent ‘Tugela DN’ 

TDFs collected at 0, 1, 2, 6, 12, 24, 48 and 120 hpi while the even numbered lanes represent 

‘Tugela’ TDFs at similar intervals. Lanes M= LiCor IRDye700 MW marker. 
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3.4 Optimization of TDF recovery 

For the recovery of target TDFs from the PAGE gels it was necessary to have a system that 

allowed for an accurate alignment of the gel with the specific image printout.  The alignment is 

important because the fragments on the gel are not visible to the naked eye and therefore a 

scanned gel image provides the platform to target fragments of interest. The selective products 

were separated on PAGE gels to allow good separation of the fragments larger than or equal to 

200 bp and scanned. The scanned printout was aligned to the gel with the help of markings for 

accurate alignment that allowed the excision of the targets. Gels were re-scanned following band 

excision to verify that the correct targets were obtained. Excised fragments were then re-

amplified after removal from the cut gel fragments with Taq1+0 and Mse1+0 primers (Figure 

3.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 EtBr/Agarose gel (3% w/v) analysis of recovered TDFs amplified with Taq1+0 and 

Mse1+0 primers. Lane M= Promega 100 bp ladder, lane 1= TDF 31, lane 2= TDF 44, Lane 3= TDF 

46, lane 4= TDF 64, lane 5= TDF 95, Lane 6= TDF 102. TDFs 31 and 102 failed to reamplify. The 

re-amplified TDFs correspond to clones AMOMTM1 (TDF 44), AMOMTM18 (TDF 46), 

AMOMTM2 (TDF 64) and AMOMTM15 (TDF 95). 
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3.5 TDF recovery and assignment of putative functions 

One hundred and sixty (160) TDFs were excised from the gels and only 132 of these were 

successfully re-amplified. Of these, only 50 fragments were randomly selected for cloning and 

sequencing. Nine of the 50 fragments did not give readable sequences and were therefore 

discarded. After analysis of DNA sequence data, they were grouped into functional categories 

based on the highest similarity to characterized proteins or genes listed in GenBank (Table 3.4). 

The putative identities were determined by performing BLASTx and BLASTn searches with the 

obtained sequences (Altschul et al., 1990). 

The functional groups identified were: protein synthesis (18%), charperone (2%), protein 

degradation (2%), sugar metabolism (5%), carbohydrate metabolism (2%), energy related (7%), 

signalling (7%), defense related (9%) and uncharacterized or unknown (48%, Figure 3.9). The 

defense related/ signaling functional group contained TDFs homologous to a Triticum aestivum 

GDP-fucose protein-O-fucosyltransferase 1, a kinase related protein, a serine/threonine protein 

kinase, a seven transmembrane protein Mlo8 and three senescence-associated proteins (Table 

3.4).  

 

 

 

 

 

 

 
Figure 3.9 Exploded pie chart representation of the TDF functional groups identified 

following sequencing of 41 isolated and cloned TDFs excised from the cDNA-AFLP gels. 
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Genes such as acetyl CoA and O-acetylserine (thiol) lyases were identified and classified under 

the energy functional group. Genes for protein synthesis, folding and degradation were also 

identified. These included the 26S and 18S rRNA genes, a putative peptidyl-prolyl cys-trans 

isomerase and polyubiquitin. The functional groups sugar and carbohydrate metabolism included 

the Rubisco and fructan 1-exohydrolase w1 genes, respectively. The majority of the identified 

TDFs however showed no significant similarity to any described genes and were classified in the 

uncharacterized functional group. These TDFs were similar to plant genes that have not been 

assigned any function or associated to any function. Seven TDFs with no significant similarity to 

any sequence in Genbank following BLASTn and BLASTx searches were also obtained. These 

were deposited to Genbank and were assigned the accession numbers ES697585; ES697586; 

ES697587; ES697588; ES697589; ES697590; ES697591 (Appendix A).  

3.6 Transcript profiling 

Hierarchical clustering of TDF expression profiles 

In this study, fragments ranging from 50 bp to about 750 bp were visualized and scored. One 

thousand four hundred and eighty nine (1489) TDFs were scored for all ten primer combinations 

employed across eight time intervals. Bands were scored for absence and presence as well as 

changes in relative abundance within and between the two test lines. The expression data for all 

the primer combinations (data in band intensities) were combined and were imported into the 

Cluster program for the generation of a hierarchical cluster of the TDFs. This cluster was then 

viewed in the TreeView program. Figure 3.10 shows the hierarchical cluster that was generated. 

The results indicate eighteen clusters of regulation. In order to obtain a better view of the 

expression pattern that occurs in each of the clusters, the band intensities of the TDFs of the two 

test wheat lines were separated from each cluster. Average expression values (band intensities) 

were obtained and these were plotted to represent the average expression patterns for each of the 

clusters (Appendix C Figure 1 A - Q, showing the enlarged images of the 18 expression clusters  
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Category TDF Clone BLASTn E-
Value* 

BLASTx E-value* 

Protein 
synthesis 

M-AC/T-
CA 

AMOMTM1 H. vulgare mRNA for elongation factor 1-alpha  E= 2e-84 Elongation factor 1-alpha (ef-1-alpha) E= 3e-27 

 M-AG/T-
GT 

AMOMTM41 H. vulgare mRNA for elongation factor 1-alpha  E= 1e-91 elongation factor 1-alpha [Hordeum vulgare 
subsp. vulgare] 

E= 7e-32 

 M-AG/T-
CT 

AMOMTM5 Rye 26S rRNA 3' end and 18S rRNA 5' end  E= e-118 putative senescence-associated protein [Pyrus 
communis] 

E= 1e-33 

M-AC/T-
AC 

AMOMTM7 Wheat rDNA 25S-18S intergenic region EcoRI-BamHI 
fragment   

E= 0.0 No significant homology found  

M-AC/T-
GT 

AMOMTM26 Rye 26S rRNA 3' end and 18S rRNA 5' end  E= e-101 putative senescence-associated protein [Pyrus 
communis]  

E= 1e-27 

M-AC/T-
AC 

AMOMTM2 Triticum aestivum (L.) partial chloroplast 16S rRNA 
gene  

E= 0.0 Orf122 [Chlorobium tepidum] E= 1e-27 

M-AC/T-
CT 

AMOMTM32 Rye 26S rRNA 3' end and 18S rRNA 5' end   E= e-119 putative senescence-associated protein [Pyrus 
communis]  

E= 2e-31 

M-AC/T-
GT 

AMOMTM31 Oryza sativa (japonica cultivar-group) cDNA 
clone:002-101-F08 full insert sequence  

E= 9e-39 30S ribosomal protein S16-like [Oryza sativa 
(japonica cultivar-group)] 

E= 1e-24 

Chaperone M-AG/T-
CA 

AMOMTM27 Oryza sativa putative peptidyl-prolyl cis-trans 
isomerase, chloroplast precursor  

E= 5e-62 putative peptidyl-prolyl cis-trans isomerase, 
chloroplast precursor [Oryza sativa]  

E= 2e-30 

Protein 
degradation 

M-AC/T-
CA 

AMOMTM18 O. sativa rub1 mRNA for polyubiquitin  E= e-127 polyubiquitin [Sporobolus stapfianus]  E=2e-60 

Sugar 
metabolism 

M-AG/T-
CT 

AMOMTM13 Triticum aestivum ribulose-1,5-bisphosphate 
carboxylase/oxygenase large subunit (rbcl) mRNA 
complete cds; chloroplast gene  

E= 0.0 ribulose-1,5-bisphosphate carboxylase/oxygenase 
large subunit  

E= 2e-70 

M-AC/T-
AC 

AMOMTM20 Triticum aestivum Rubisco  E= e-176 ribulose-1,5-bisphosphate carboxylase/oxygenase 
large subunit,  

E= 3e-46 

Carbohydrate 
metabolism 

M-AC/T-
AC 

AMOMTM19 Triticum aestivum mRNA for fructan 1-exohydrolase 
w1 precursor (1-FEH w1 gene)  

E= 8e-40 fructan 1-exohydrolase w1 precursor [Triticum 
aestivum]  

E= 5e-10 

Energy M-AG/T-
TG 

AMOMTM17 Triticum aestivum mRNA for O-acetylserine (thiol) 
lyase  

E= e-170 Cysteine synthase (O-acetylserine sulfhydrylase) 
(O-acetylserine (Thiol)-lyase) (CSase A) (OAS-
TL A),  

E= 5e-43 

M-AC/T-
AG 

AMOMTM38 Triticum aestivum mRNA for O-acetylserine (thiol) 
lyase  

E= 2e-43 No significant homology found  

Table 3.4 BlastN and BlastX results of sequenced differentially expressed TDFs identified by cDNA-AFLP.  

* The cut-off for significant homology is e-10. 
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M-AG/T-
TG 

AMOMTM6 Oryza sativa  cDNA clone:J013116F19, full insert 
sequence 

E= 1e-69 acetyl-CoA synthetase [Solanum tuberosum] E= 1e-39 

Signalling M-AG/T-
TG 

AMOMTM22 Triticum aestivum partial mRNA for GDP-fucose 
protein-O-fucosyltransferase 1 (fut12) gene  

E= 8e-52 GDP-fucose protein-O-fucosyltransferase 1 
[Triticum aestivum]  

E= 7e-16 

M-AG/T-
GT 

AMOMTM9 Oryza sativa P0671D01.27 (P0671D01.27), mRNA  E= 6e-41 kinase-related [Arabidopsis thaliana] E= 3e-13 

M-AG/T-
GT 

AMOMTM33 S. oleracea mRNA for protein kinase  

Oryza sativa cDNA clone: J013098G17, full insert 
sequence  

E= 3e-25 
 
E= e-142 

serine/threonine protein kinase (EC 2.7.1.-), 
nonphototropic hypocotyl protein 1-like 
[similarity] - spinach  

E= 9e-69 

Defense 
related 

M-AC/T-
GT 

AMOMTM30 Triticum aestivum clone wlm96.pk046.j8:fis, full insert 
mRNA sequence 

E= 4e-90 seven transmembrane protein Mlo8 [Zea mays]  E= 2e-15 

M-AC/T-
CT 

AMOMTM32 Rye 26S rRNA 3' end and 18S rRNA, 5' end   E= e-119 putative senescence-associated protein [Pyrus 
communis] 

E= 2e-31 

M-AG/T-
CT 

AMOMTM5 Rye 26S rRNA 3' end and 18S rRNA, 5' end  E= e-118 putative senescence-associated protein [Pyrus 
communis] 

E= 1e-33 

M-AC/T-
GT 

AMOMTM26 Rye 26S rRNA 3' end and 18S rRNA, 5' end  E= e-101 putative senescence-associated protein [Pyrus 
communis] 

E= 1e-27 

Unspecified  M-AC/T-
AC 

AMOMTM3 Hordeum vulgare partial mRNA; clone cMWG0645  E= 1e-63 No significant homology found  

M-AG-T-
CT 

AMOMTM4 Oryza sativa  cDNA clone: J013102K12, full insert 
sequence  

E= 2e-56 unknown protein [Oryza sativa (japonica cultivar-
group)]  

E= 2e-37 

M-AG/T-
GT 

AMOMTM8 Oryza sativa cDNA clone: J013107E18, full insert 
sequence  

E= 9e-77 unknown [Arabidopsis thaliana]  E= 7e-35 

M-AC/T-
AG 

AMOMTM10 Oryza sativa  hypothetical protein   E= 7e-15 hypothetical protein [Oryza sativa]  E= 2e-11 

M-AG/T-
AC 

AMOMTM11 Oryza sativa chromosome 10, section 68 of 77 of the 
complete sequence.  

E= e-170 hypothetical protein Avar020175 [Anabaena 
variabilis ATCC 29413]  

E= 2e-11 

M-AG/T-
AC 

AMOMTM12 Oryza sativa genomic DNA, chromosome 4, BAC 
clone: OSJNBa0042F21  

E= e-169 hypothetical protein Avar020175 [Anabaena 
variabilis ATCC 29413] 

E= 2e-11 

M-AC/T-
AC 

AMOMTM14 No significant homology found  No significant homology found  

M-AC/T-
AG 

AMOMTM15 Oryza sativa chromosome 3 clone OSJNBa0039F10, 
complete sequence  

E= 5e-29 small nuclear ribonucleoprotein U2B'' - potato  E= 1e-11 

* The cut-off for significant homology is e-10. 

Table 3.4 (Cont.) 
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M-AG/T-
GT 

AMOMTM16 Oryza sativa chromosome 3 clone OSJNBa0016I15, 
complete sequence   

E= 3e-17 Expressed protein [Arabidopsis thaliana]  E= 2e-16 

M-AC/T-
AC 

AMOMTM21 Triticum aestivum (L.) partial chloroplast 16S rRNA 
gene  

E= 0.0 Orf122 [Chlorobium tepidum],  E= 2e-25 

M-AG/T-
CT 

AMOMTM23 No significant homology found  No significant homology found  

M-AG/T-
CT 

AMOMTM24 No significant homology found  No significant homology found  

M-AC/T-
GT 

AMOMTM25 No significant homology found  No significant homology found  

M-AG/T-
CT 

AMOMTM28 Zea mays PCO148683 mRNA sequence  E= 4e-10 Nosignificant homology found  

M-AC/T-
AG 

AMOMTM29 No significant homology  found  No significant homology found  

M-AG/T-
GT 

AMOMTM34 Triticum aestivum clone wlm1.pk0018.b5:fis, full insert 
mRNA sequence  

E= 2e-89 No significant homology found  

M-AG/T-
GT 

AMOMTM35 Triticum aestivum clone wlm1.pk0018.b5:fis, full insert 
mRNA sequence  

E= 4e-97 No significant homology found  

 M-AC/T-
CT 

AMOMTM36 Haynaldia villosa clone kong32 mRNA  E= 2e-99 No significant homology found  

M-AG/T-
CT 

AMOMTM37 No significant homology found  No significant homology found  

M-AC/T-
AC 

AMOMTM39 No significant homology found  No significant homology found  

M-AG/T-
GT 

AMOMTM40 Oryza sativa genomic DNA, chromosome 4, BAC 
clone: OSJNBa0042F21  

E= 2e-30 No significant homology found  

 

Table 3.4 (cont.) 

* The cut-off for significant homology is e-10. 
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in Figure 3.10 along with the line graphs representing average expression in each cluster of 

‘Tugela DN’ wheat line vs ‘Tugela’ wheat line).  

Cluster 1 showed down regulation of the TDFs within the first hour of infestation with the RWA 

in ‘Tugela DN’ (Appendix C Figure 1 A). The low expression was then maintained throughout 

the time course of the experiment. In ‘Tugela’ however, there was no significant regulation of 

expression. An example of a TDF belonging to this cluster is TDF #124 (AMOMTM32). 

In cluster 2, the TDFs in ‘Tugela DN’ showed an initial decrease in expression within the first 

hour of infestation that was followed by an increase in the expression to the initial level 

(Appendix C Figure 1 B). Expression of the TDFs was then maintained at this level until 48 hpi 

but had dropped drastically by 120 hpi. The similar pattern was observed in Tugela with the 

exception that the initial decrease was less and at 48 hpi, the genes were down regulated and this 

continued even at 120 hpi. 

In cluster 3 (Appendix C Figure 1 C), TDFs in ‘Tugela DN’ showed little regulation upon 

infestation until 24 hpi, where after TDFs were up regulated. In ‘Tugela’ TDFs were up 

regulated between 6 and 24 hpi. Expression then returned to the initial levels at 48 and 120 hpi. 

TDFs 46 (AMOMTM18), 138 (AMOMTM16) and 144 (AMOMTM8) belong to this cluster. 

Cluster 4 (Appendix C Figure 1 D) showed TDFs that have no regulation from 0 to 24 hpi and 

were highly up regulated at 48 hpi but by 120 hpi expression had returned to normal in ‘Tugela 

DN’. There was no regulation of TDFs in ‘Tugela’ during the time trial. Examples of TDFs 

belonging to this cluster are TDF 141a and 141b (AMOMTM34 and AMOMTM35, 

respectively). 

TDFs in cluster 5 (Appendix C Figure 1 E) were up regulated between 2 and 6 hours post 

infestation with the RWA and there was no regulation for the rest of the time trial in ‘Tugela 

DN’. 
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Figure 3.10 Gene expression clusters generated by Cluster and TreeView programmes. Band intensities were 
exported from AFLP QuantarPro programme and were used to generate a hierarchal cluster of the different TDFs 
generated by cDNA-AFLP. Right braces mark the borders of each of the clusters labelled 1 – 18. Red = up 
regulation/ high expression, green = down regulation/ low expression and black = no expression/ switched off. 
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A similar pattern was observed for TDFs from ‘Tugela’ however, the up regulation was only 

observed at 2 hpi. Examples of TDFs in cluster 5 are TDFs 56 (AMOMTM19) and 64 

(AMOMTM2). ‘Tugela DN’ TDFs in Cluster 6 (Appendix C Figure 1 F) did not show any 

regulation during infestation with the RWA except for a very slight increase in expression levels 

at 48 hpi. ‘Tugela’ TDFs on the other hand showed no regulation until 24 hpi and a very strong 

up regulation by 48 hpi. This was followed by down regulation to expression levels below the 

initial expression value by 120 hpi. 

‘Tugela DN’ TDFs in cluster 7 (Appendix C Figure 1 G) showed no regulation from 0 – 48 hpi 

and a significant up regulation at 120 hpi. ‘Tugela’ TDFs in cluster 7 showed little regulation 

throughout the time trial of infestation. TDFs 74 (AMOMTM23), 90 (AMOMTM10) and 93 

(AMOMTM38) belong to this cluster. TDFs in cluster 8 (Appendix C Figure 1 H) showed no 

regulation in ‘Tugela DN’ during infestation with the RWA. In ‘Tugela’ however there was a 

significant up regulation only at 12 hpi and no regulation at all the other intervals. An example of 

a TDF in cluster 8 is TDF 119 (AMOMTM26). 

The ‘Tugela DN’ TDFs in cluster 9 (Appendix C Figure 1 I) showed a slight down regulation 

following infestation but by 120 hpi the level of expression had returned to normal. In ‘Tugela’ 

however, there was major down regulation of expression of the TDFs within the first hour of 

infestation followed by an increase in expression to a peak at 12 hpi. Expression of these TDFs 

was then slightly decreased and maintained at the same level for the rest of the time trial. TDF 77 

(AMOMTM5) was included in this cluster. In cluster 10 (Appendix C Figure 1 J) there was no 

significant regulation in both ‘Tugela’ and ‘Tugela DN’. 

‘Tugela DN’ TDFs in cluster 11 (Appendix C Figure 1 K) showed no regulation from the time of 

infestation until 24 hpi from where there was a slight increase in expression at 48 and 120 hpi. 

TDFs in ‘Tugela’ were highly up regulated in the first hour of infestation but then expression 

was maintained at lower levels throughout the remainder of the time trial.  
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In cluster 12 (Appendix C Figure 1 K), there was up and down regulation of TDF expression in 

‘Tugela DN’ within the same boundary during infestation, though the initial expression value 

was lower that the final value. ‘Tugela’ TDFs on the other hand showed down regulation 

between the 2nd and 6th hour of infestation from where on the expression was maintained at the 

low level. 

The expression of TDFs from ‘Tugela DN’ in cluster 13 (Appendix C Figure 1 L) showed little 

variation during infestation with down regulation of the TDFs at 12 hpi. In ‘Tugela’ there was an 

initial increase of TDF expression which was followed by a drop to the initial level where after it 

was maintained throughout. Expression of TDFs in cluster 14 (Appendix C Figure 1 M) show a 

major up regulation in ‘Tugela DN’ within the first hour of infestation which was followed by a 

drop to the initial level that was maintained at this level until 120 hpi. ‘Tugela’ genes were kept 

at low levels throughout the infestation trial. TDFs 27 (AMOMTM22), 131a and 131b 

(AMOMTM40 and AMOMTM41, respectively) were grouped into this cluster. 

In cluster 15 (Appendix C Figure 1 N), there was very little regulation of expression with the 

levels of TDF expression remaining very low in ‘Tugela DN’ throughout the infestation period. 

‘Tugela’ TDFs in this cluster showed a high initial expression value that is significantly down 

regulated to similar levels as in ‘Tugela DN’ within the first hour of infestation and were 

maintained at these low levels throughout. An example of a TDF in this cluster is TDF 81 

(AMOMTM13). 

In cluster 16 (Appendix C Figure 1 O), TDFs in ‘Tugela DN’ showed a slight increase in 

expression following infestion within the first two hours followed by a drop at 6 hpi. At 12 hpi 

TDF expression peaked to very high levels but decreased again at 24 hpi through to 120 hpi. 

‘Tugela’ TDF expression in cluster 16 showed a slight reduction in the expression levels and this 

was maintained throughout. 
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Expression in cluster 17 (Appendix C Figure 1 P) was very low and there is no regulation in both 

‘Tugela DN’ and ‘Tugela’ genes with the exception that at 120 hpi the genes in ‘Tugela’ were 

highly up regulated. Examples of TDFs belonging to this cluster are TDFs 59 (AMOMTM15) 

and 106 (AMOMTM30). In cluster 18 (Appendix C Figure 1 Q) very little regulation was 

observed in ‘Tugela DN’ TDFs but a slight increase in TDF expression between 6 and 120 hpi 

was observed. ‘Tugela’ TDFs showed significant down regulation during the first hour of 

infestation, but TDF expression returned to the initial value by the second hour. This was then 

followed by a slight reduction at 6 hpi succeeded by a slight increase during the rest of the 

infestation. 

 

3.7 Microarray hybridizations 

Images that were scanned from the hybridized microarray slides (Figure 3.11) as well as the data 

of CyDye intensities that was captured from the Axon GenePix 4000 Microarray scanner and 

GenePix acquisition software (Axon Instruments, Inc., USA), respectively, were analyzed as 

described in Appendix B. Images like the one in Figure 3.11 show how immobilized ESTs are 

regulated in the materials used. Green spots represent the immobilized transcripts on the 

microarray slide that hybridized to transcripts in the Cy3-labeled probe, showing that the target 

was expressed in the probe sample. The red spots show the target ESTs that hybridized to the 

Cy5-labelled probe and the yellow spots are ones where transcripts in both the Cy3- and Cy5-

labelled probes hybridized equally to the immobilized clones. Yellow spots indicate that the 

target EST on the microarray was being equally expressed in the two samples contrasted (Naidoo 

et al., 2005). CyDye intensities obtained from the microarray slides were used to determine the 

expression (log2 fold change and net logP) of spotted clones using a general analysis of variance 

(ANOVA) (Dudoit et al., 2001). The expression of target ESTs in RWA induced leaves are 

given in Appendix C Table 1.  
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Figure 3.11 Image of a scanned microarray slide following dual hybridization of CyDye RWA 
induced cDNA probes. The green spots are where only the Cy3-labeled probe hybridized to the 
particular immobilized EST. The red spots indicate ESTs where only the Cy5-labled probe 
hybridized, and the yellow spots indicate that both the Cy3- and Cy5- labeled probes hybridized 
equally.  

 

Figure 3.12 Significance plot for wheat EST clones dataset. Volcano plot was generated from 

CyDye intensities obtained following dual hybridizations of CyDye-labelled cDNA probes 

derived from RWA induced and control wheat leaves. The y-axis reprents NetLogP for contrast 

between treatments while the x-axis indicates log2-fold change in the CyDye intensities of 

individual clones. Negative log2 fold changes indicate down regulation while positive values 

show up- regulation of transcripts. 

 

Log2 fold change values (Appendix C, Table 1) were used to classify the expression of spotted 

cDNAs as being highly abundant (log2 fold change ≥ 0.1), less abundant (log2 fold change ≤ -

0.1) and equal abundant in control and treated material (-0.1>log2 fold change < 0.1). Under 

these criteria, 28.5% of cDNA clones were less abundant, 31% were equally abundant and 

40.5% were more abundant in RWA induced wheat. A volcano plot was also constructed (Figure 
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3.12) to indicate the distribution of the clones following ANOVA statistical analysis (Dudoit et 

al., 2001). 

CyDye intensities were further analysed for the significance of expression regulation using the 

mixed model approach for statistical analysis by Wolfinger and colleagues (2001). Spotted 

clones (reduced to 29) that showed significant regulation (see Appendix B Figure 1 and Table 2) 

–i.e. had a threshold log2 expression ratio of 1.5 and P ≤ 0.05 - were classified into the following 

functional categories: cell structure and maintenance, photosynthesis related, defense related and 

clones of unknown function. Figure 3.13 shows an exploded chart representation of these clones.  

 

 

Figure 3.13 Exploded pie chart representing the functional categories of clones that showed 

significant regulation (log2 ratio ≤ 1.5 and P ≤ 0.05) following statistical analysis of the spot 

intensities using the mixed model by Wolfinger et al., (2001).  
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4.1 Discussion 

Identification and characterization of novel genes involved in defensive responses is a priority 

for wheat and other important cereal crops. Accordingly, we focused on studying the patterns of 

gene regulation in wheat during infestation with the RWA using cDNA-AFLP and microarray 

technology. Genes that showed differential expression within and between wheat near-isogenic 

lines ‘Tugela DN’ and ‘Tugela’ during infestation were identified and characterized. 

 

cDNA-AFLP analysis 

This study was preceded by the optimization of the cDNA-AFLP procedure for the display of 

expression patterns in wheat. Ensuring that the extracted RNA is of good quality, free all 

contaminating DNA, is the first crucial step before performing a cDNA-AFLP experiment. 

Enriching for poly A mRNA reduces the amount of false positives in the results. High quality 

mRNA also results in a good cDNA preparation, which also adds an advantage of yielding 

reliable and repeatable expression profiles. Bachem and his colleagues also stressed the 

importance of a high quality mRNA extract in their report (Bachem et al., 1998).  

cDNA-AFLP has been previously employed in rapid identification of differentially expressed 

genes in plant developmental stages as well as in the defensive responses against biotic and 

abiotic stresses (Bachem et al., 1996; Durrant et al., 2000). This technique allows expression to 

be studied in a high-throughput manner. Using the LI-COR DNA analyzers and the Odyssey flat-

based scanner allowed us to excise bands without having to stain the gels following 

electrophoresis. The LI-COR systems also generated images that could be imported into the 

AFLP-QuantarPro software for a highly accurate and rapid quantification of the TDFs (Myburg 

et al., 2001). 
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A potential problem with cDNA-AFLP expression profiling is that it is based on PCR, and 

conventional PCR is not quantitative, however, this is easily overcome by the employment of the 

quantitative real time PCR on the identified differentially expressed TDFs (Zaayman et al., 

2009). 

Plants require well-evolved defense responses in order to survive in a world full of pathogen and 

pest threats. The RWA-resistant wheat cultivar ‘Tugela DN’ has been found to express antibiotic 

resistance towards the Russian wheat aphid. This implies that the fecundity of the aphids gets 

reduced following feeding on these plants (Du Toit, 1989; van Eck, 2007).  

HR is a good example of such a defense where cells around the point of infection rapidly die and 

are also filled by antimicrobial substances (Dangl and Jones, 2001). Because HR is a very 

expensive method in terms of energy requirements, it is necessary for the plant to be able to 

recognize when an invasion has occurred. The plant uses R-gene products that bind various 

elicitors from the invading pathogen (Avr) as surveillance (Dangl and Jones, 2001). Upon 

recognition of a pathogen, a burst of ROS that eventually results in PCD occurs. This form of 

HR is effective against secondary herbivores (Dangle and Jones, 2001) such as the Russian 

wheat aphid, which is a phloem-sucking insect. 

Previous studies suggest that the response to the RWA resembles ROS dependent HR (Van der 

Westhuizen et al., 1998b; Botha et al., 2006) and we focused on looking at gene regulation in 

wheat within the first 24 hours of infestation. The hypersensitive response usually elicits a more 

long-term general response that is spread throughout the entire plant. This resistance is called the 

SAR (Botha et al., 2005). We therefore included leaf collection at 48 and 120 hours post 

infestation to identify genes differentially expressed at the onset of SAR.  

TDF expression level quantification by cDNA-AFLP indicated the number of genes to be 

differentially expressed within and between the two wheat NILs during infestation with the 

RWA. Differential expression is indicated to occur even within the first hour of infestation. 
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Aphids feed by firstly probing the leaf several times with a stylet in search of best feeding sites 

(Walters et al., 1980) and this probing induces some defenses in the plants. 

Hierarchical clustering of the quantified TDFs resulted in 18 clusters, of which, seven exhibited 

similarity in regulation between the resistant and the susceptible line. This observation is not 

very surprising since the two wheat lines possess similar genomes that only differ by a small 

percentage that carries the resistance gene Dn1 (Myburg et al., 1998). Another interesting 

observation that in the clusters with similar regulation modes, the TDFs in the resistant line seem 

to have higher band intensities than in the susceptible line. Perhaps these are what allow the 

resistance in ‘Tugela DN’. This could mean that there is better surveillance in ‘Tugela DN’, that 

allows an improved signaling to other genes involved in the defense response (Botha et al., 

2006). This is however very speculative since we are only referring to PCR results which are not 

quantitative. 

Sequenced TDFs were classified according to protein function based on sequence homology to 

characterized protein sequences in the database. The bulk of the clones hybridized to 

uncharacterized proteins or had no significant homology any sequences in GenBank (Table 3.4). 

This is due to the fact that the whole wheat genome has not been sequenced. These might have a 

potential of being novel transcripts involved in the response of wheat against RWA attack (or 

general defense). The involvement of these transcripts in RWA defense will have to be 

researched further. 

The signal perception and signaling functional class had two representatives, a seven-

transmembrane protein Mlo8 of Zea mays and Triticum aestivum GDP-fucose protein-O-fucosyl 

transferase 1. MLO is found in the plasma membrane. It consists of seven membrane-spanning 

domains, with the N-terminus to the extracellular side of the membrane and the C-terminus to 

the intracellular side (Devoto et al., 1999). The MLO8 protein has been implicated in increased 

resistance to fungal pathogens (Bushchges et al., 1997). This protein is probably first in the line 
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of defense when looking at the gene-for-gene interaction model, as was suggested by Botha et 

al., in 2006 whereby a pathogen avr gene product interacts with the host R-gene product and 

elicits a defense response (Dangl and Jones, 2001). In our study however, the protein was 

elicited in Tugela at 120 hpi and this could indicate its involvement in late respose signals as 

well. In human cells, O-fucose glycans play a significant role in ligand-induced receptor 

signaling and the fut1 gene product works on adding O-fucose to glycans (Wang et al., 2001), 

perhaps the enzyme GDP-fucose protein-O-fucosyl transferase 1 plays a similar role in wheat. 

Protein phosphorylation has been shown to be an important role in the response of plants to 

attack. The role of these proteins is well known, e.g. Pto, which codes for a serine/threonine 

protein kinase that has proven effective against P. syringae attack in tomato (Zhou et al., 1997). 

The protein phosphorylation in this case is triggered by a direct interaction of AvrPto and Pto 

(reviewed by Dangl and Jones, 2001). Mitogen activated protein kinases have also been 

implicated to be activated by R-gene pathways (reviewed by Martin, 1999) 

One of the effects of aphid feeding on the wheat plants is the reduction in effective leaf area for 

photosynthesis to occur (Fouché et al., 1984). It is therefore not surprising that Rubisco (key 

enzyme in carbon fixation) is one of the genes that show differential expression in this study. 

Van der Westhuizen and Botha (1993) found a major induction of Rubisco protein expression in 

‘Tugela DN’ following RWA infestation. The expression profile of this gene shows a decrease 

over the 24 hour post infestation period and the response in the resistant line is slower than in the 

susceptible line. This can be seen as evidence of a decrease in photosynthetic capacity of the 

wheat leaves and also an indication that ‘Tugela DN’ is able to tolerate the aphids better because 

it does not lose it effective leaf area as fast as the susceptible line. Botha and colleagues (2006) 

suggested that maintance of photosynthetic capacity was important for plants to be able to 

survive the stress associated with RWA feeding. Rubisco activase enzyme has been shown to act 

as a heat shock protein in spinach leaves, protecting thylakoid-bound ribosomes and thereby 

indirectly protecting thylakoid associated protein synthesis systems from being degraded (Rokka 
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et al., 2001). Perhaps Rubisco activase plays some protective role in infested wheat leaves as 

well. 

Inorganic sulphur (S) plays a major role in the resistance of crops to diseases and pests. It is 

firstly incorporated into cysteine, which can then subsequently be transformed into other S-

containing compounds such as glutathione (GSH). GSH acts as an antioxidant in stress responses 

and is also an important storage and transport form of reduced S (Noctor et al., 1998). O-acetyl-

L-serine(thiol)lyase (OAS-TL) is the enzyme responsible for incorporating inorganic S into 

cysteine. The sulphur reduction pathway in plants starts with the assimilation of sulphate 

followed by the reduction to sulphite and then to sulphide and ends with the coupling of sulphide 

to O-acetyl-resine (OAS) by OAS-TL (reviewed by Youssefian et al., 2001). Cysteine 

concentrations may actively control the rate of GSH synthesis as well as modify plant responses 

to oxidative stresses. On the other hand, the rate of cysteine  synthesis may be regulated by the 

demand for it to synthesise GSH (Bloem et al., 2004; Noctor et al., 1998; Youssefian et al., 

2001).  

The fact that OAS-TL A was detected (Table 3.4) as a differentially expressed gene in this study 

may be further evidence in support of the suggestion that the response of wheat to RWA attack is 

a ROS dependent HR (Van der Westhuizen et al., 1998b; Botha et al., 2006). Oxidative burst 

would result in the demand for GSH to counter the effect of ROS, which in turn would mean that 

more cysteine would be required to meet the demand for GSH, and thus the activation of OAS-

TL expression. 

Fructans are one of the main carbohydrate reserves in higher plants. They are classified into 

different forms based on the glycosidic bonds they possess. In monocots, gramminan type 

fructans are found. These are levan type fractans with β-(2,6) linked fructofuranosyl units and 

the mixed-levan type fructans with both β-(2,1) and β-(2,6) linked fructofuranosyl units (Van 

den Ende et al., 2005). A large amount of this gramminan-type fructan has been found to 
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accumulate in the vegetative wheat tissues during winter and is associated with the ability to 

tolerate freezing conditions in wheat (Yukawa et al., 1994). Breakdown of gramminan-type 

fructans is mainly by two types of fructan exohydrolase (FEH) enzymes, 1-FEHs and 6-FEHs.  

FEH activity has been shown to be regulated during second phase cold hardening of winter oat 

(Livingston and Henson, 1998). FEHs were also reported to be induced following defoliation in 

witloof chicory roots by Van den Ende and his colleagues in 2001. In 2004, Van Ende and his 

colleagues suggested that the discovery of FEHs in non-fructan plants, could indicate the role of 

these enzymes in the defense against fructan producing pathogens. During infestation of wheat 

by the RWA, the wheat leaf loses its photosynthetic capacity (Fouche et al., 1984), and this 

might therefore mean that in order to tolerate the attack, then the plant expresses the FEHs to tap 

into the energy reserves. Perhaps fructan is one of the constituents of the saliva that is deposited 

by the Russian wheat aphid into the wheat leaves during feeding, and the 1-FEH w1 precursor is 

expressed as a defense against the RWA.  

Elongation factor 1-alpha is an essential component of protein elongation. It functions to carry an 

aminoacyl-tRNA to the A-site of the ribosome-mRNA-peptidyl complex (van’t Klooster et al., 

2000). During stress, a number of genes are induced, and as a result a lot of energy goes into 

synthesizing new proteins, and therefore the expression of EF1-α will be regulated according to 

the need. Some proteins are expected to be degraded as part of switching off some gene 

functions to reserve energy for the defense response. Polyubiquitin becomes important to tag 

proteins that are destined for degradation (reviewed by Chen, 2005). 

 

cDNA-microarray analysis 

Fluorescently labeled cDNA probes were successfully synthesized and employed in 

hybridization experiments. The microarray slides that were prepared for these studies were 

biased to resistance response because the spotted cDNA fragments were obtained from RWA 
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induced wheat material using SSH technology (Lacock and Botha, 2003; van Niekerk and Botha, 

2003) (256 wheat ESTs), as well as from other treated plants (50 flax and banana clones) via 

RDA analysis (Appendix C Table 1). Initial log2 fold change values (obtained using a general 

analysis of variance, ANOVA) indicated that 28.5% of the spotted clones were down regulated, 

31% of the clones were not regulated while 40.5% of the clones were upregulated. Further 

statistical analysis of spot intensities using the mixed model approach by Wolfinger et al., 

(2001), reduced the number of significantly regulated clones to 29 as explained in Appendix B. 

A small number of clones classified as defense-related which included clones similar to Triticum 

monococcum putative resistance protein (RGA-2) and Aegilops tauschii leucine-rich-like protein 

gene were also shown to be regulated during infestation (Appendix C, Table 1). The RGA-2 

homologs were mainly upregulated, while some of the leucine-rich-like protein cDNA clones 

were up- regulated as well as down regulated as determined by ANOVA. Additional to the 

microarray results, research by Swanepoel and colleagues (2003) provided evidence that NBS-

LRR as well as RGA-2 like proteins are involved in RWA induced defense response. 

It has been reported previously that RWA feeding on susceptible wheat plants results in the 

reduction of photosynthetic capacity by the destruction of cell membranes and chloroplasts 

(Fouche et al., 1984). In this study, a number of clones that showed homology to known 

photosynthesis related proteins were differentially expressed following the ANOVA analysis of 

fluorescent intensities (Appendix C, Table 1 and Figure 3.14). These included clones that were 

similar to wheat chloroplast ATP synthase, clones similar to genes encoding chloroplast proteins 

as well as for photosystem I P700 apoprotein A1. These genes were mainly upregulated during 

the infestation of wheat with RWA. Eight of the photosynthesis-related clones were also shown 

to be significantly regulated using the mixed model approach. The isolation of cDNA clones 

similar to photosynthesis related proteins suggests the importance of maintaining the 

photosynthesis machinery during stress, in order to supply enough energy for the plant to tolerate 

the stress. 
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cDNA-AFLP technology has been shown in this study as a very useful tool for rapid 

identification of transcript that are potentially involved in the response in wheat to the RWA 

attack. The involvement of these transcripts could further be analysed through other technologies 

like microarrays and revervese transcriptase quantitave PCR to elucidate the pathways through 

which they effect resistance. 
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GenBank: ES697585 

LOCUS       ES697585                 193 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_038 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM14 5', mRNA sequence. 
ACCESSION   ES697585 
VERSION     ES697585.1  GI:149118151 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 193) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: TaqI+0 
            BACKWARD: MseI+0 
            Insert Length: 193   Std Error: 0.00 
            Seq primer: T7 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..193 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM14" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 actgtctgta gcctatgtta ctgacgggtg tcatatgact ggtaatttga actgtgaaag 
       61 ggtcagttat caggtaggtt tattcaaagg catcatgatt ttctaggtag atgagcctgt 
      121 ggtatacttc tctattttca gaactgcatt tatgatggtt tcctagaatg tactcatttt 
      181 ttgtgttgtg tgt 
// 
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GenBank: ES697586 

LOCUS       ES697586                 220 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_039 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM23 5', mRNA sequence. 
ACCESSION   ES697586 
VERSION     ES697586.1  GI:149118153 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 220) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: Taq1+0 
            BACKWARD: Mse1+0 
            Insert Length: 220   Std Error: 0.00 
            Seq primer: T7 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..220 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM23" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 agaatgcaaa tatacaaaca aagatgagga acatggacaa cagacacgag ttcagatttg 
       61 tctccatcgt cgcaaaattt tccgagaatt tacaggtacg accatatcca gtacaaagcc 
      121 acccaattct cctcttgttt tgttttgttt ttgttttgcc cctataaatg tacacatcta 
      181 acaccaccgg aaagcaccct aattcatctt tccccgccag 
//  
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GenBank: ES697587 
LOCUS       ES697587                 229 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_040 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM24 5', mRNA sequence. 
ACCESSION   ES697587 
VERSION     ES697587.1  GI:149118154 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 229) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: Taq1+0 
            BACKWARD: Mse1+0 
            Insert Length: 229   Std Error: 0.00 
            Seq primer: T7 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..229 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM24" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 agagcatgct gacctgtatg ccagttgaag cactccacta cgtgtacctt tttccttcgg 
       61 cttggtacac ctctggacca agtttcagta gtgaagcaaa gggctgctta gcatttccca 
      121 aaatattgtg ccaggagact ttatttgagt gaagagagat gcggcattat ggtttattat 
      181 cactgccgtg tttagattca gggttttgca aagtaacttc cctatgaag 
//  
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GenBank: ES697588 
LOCUS       ES697588                 200 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_041 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM25 5', mRNA sequence. 
ACCESSION   ES697588 
VERSION     ES697588.1  GI:149118155 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 200) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: Taq1+0 
            BACKWARD: Mse1+0 
            Insert Length: 200   Std Error: 0.00 
            Seq primer: T7 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..200 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM25" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 acgccagaag aagcctggca gctctttgcc gctgccaaaa atcatatcgg tgctgtttca 
       61 gtgatgcttt ggtatactac aacataagaa gaaatcacgt gatctacgcc gtcaggatcc 
      121 gtatgccttc atcgctggct tgcatgctag cacttggtga ggatctctgc gccggtcctg 
      181 gtgatgagtc ctgagtaaac 
// 
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GenBank: ES697589 

LOCUS       ES697589                 172 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_042 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM29 5', mRNA sequence. 
ACCESSION   ES697589 
VERSION     ES697589.1  GI:149118156 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 172) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: Taq1+0 
            BACKWARD: Mse1+0 
            Insert Length: 172   Std Error: 0.00 
            Seq primer: T7 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..172 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM29" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 aagtactgca gcgaagtttc tgccaagatg ctactaacaa aaatggaaac aaagggcatt 
       61 agctgtgatc aaggtggaac gtcgtccttg agtacctggc ttcagtattc aatacaagtc 
      121 atgtgcttat tgtagtgatc agtactccct ccgtaaagaa atataagagc gt 
// 
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GenBank: ES697590 
LOCUS       ES697590                 274 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_043 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM37 5', mRNA sequence. 
ACCESSION   ES697590 
VERSION     ES697590.1  GI:149118157 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 274) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: Taq1+0 
            BACKWARD: Mse1+0 
            Insert Length: 274   Std Error: 0.00 
            Seq primer: M13 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..274 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM37" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 agaaatgaac tgcccttgcg gattgggtta ttgttcaagc acttagtaga caaatagagg 
       61 gtttatacta gaactttaca acaactgaat ttctgaatgc tctgccaagg ttgcgtgatc 
      121 tcttattaca gactgtgtaa acctatagaa gtggtcaatt gatcaatctg gcgtgtcagc 
      181 ggcagctaca ataccttcca gcccgtatat ctatatgtgt acaagtatag ctattttact 
      241 gtatgtataa cggcgtggct atctgcttct ctcc 
// 
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GenBank: ES697591 
LOCUS       ES697591                 222 bp    mRNA    linear   EST 19-JUN-2007 
DEFINITION  CG2007_044 cDNA-AFLP of wheat response to Diuraphis noxia in 
            pTZ57R/T Triticum aestivum cDNA clone AMOMTM39 5', mRNA sequence. 
ACCESSION   ES697591 
VERSION     ES697591.1  GI:149118158 
KEYWORDS    EST. 
SOURCE      Triticum aestivum (bread wheat) 
  ORGANISM  Triticum aestivum  
            Eukaryota; Viridiplantae; Streptophyta; Embryophyta; Tracheophyta; 
            Spermatophyta; Magnoliophyta; Liliopsida; Poales; Poaceae; BEP 
            clade; Pooideae; Triticeae; Triticum. 
REFERENCE   1  (bases 1 to 222) 
  AUTHORS   Matsioloko,M.T., Myburg,A.A. and Botha-Oberholster,A.M. 
  TITLE     Profiling Diuraphis noxia induced expression in Triticum aestivum 
            near-isogenic lines using cDNA microarray and cDNA-AFLP technology 
  JOURNAL   Unpublished (2007) 
COMMENT     Contact: Botha-Oberholster AM 
            Department of Genetics and Forestry and Agricultural Biotechnology 
            Institute 
            Faculty of Agriculture and Natural Science, University of Pretoria 
            74 Lunnon Str. Hillcrest, Pretoria, Gauteng, ZA0002, South Africa 
            Tel: 27 12 420 3984 
            Fax: 27 12 420 3947 
            Email: anna.oberholster@up.ac.za  
            Transcript-derived fragments generated via cDNA-AFLP of wheat leaf 
            mRNA after induction of resistance response to the Russian wheat 
            aphid, Diuraphis noxia. 
            PCR PRimers 
            FORWARD: Taq1+0 
            BACKWARD: Mse1+0 
            Insert Length: 222   Std Error: 0.00 
            Seq primer: T7 
            POLYA=No. 
FEATURES             Location/Qualifiers 
     source          1..222 
                     /organism="Triticum aestivum" 
                     /mol_type="mRNA" 
                     /cultivar="Tugela" 
                     /db_xref=" taxon:4565 " 
                     /clone="AMOMTM39" 
                     /dev_stage="2-3 leaf stage" 
                     /lab_host="Escherichia coli (JM 109)" 
                     /clone_lib="cDNA-AFLP of wheat response to Diuraphis noxia 
                     in pTZ57R/T" 
                     /note="Organ: leaf; Vector: pTZ57R/T; Site_1: EcoRI; 
                     Site_2: HindIII; Transcript-derived fragments generated 
                     via cDNA-AFLP of wheat leaf mRNA after induction of 
                     resistance response to the Russian wheat aphid, Diuraphis 
                     noxia." 
ORIGIN       
        1 gttcgcaacg gacctccgga aaccgaattg tatgagtcct gagtaaacac gcacaaatgt 
       61 ctggtttgca tatttttgcc tagccctatt actagcagtg tattttttgc cgtaagaaag 
      121 acaacaatgc tttatttctt tgactttttg accgtgtcta atttctggta aaagagagga 
      181 atttcggaga gatagacaac ctggagagct ttgaatggtt gt 
// 

 

 

 

 

 

 

 
 
 



 

110 

 

 

 

 

 

APPENDIX B 

IS PHOTOSYNTHETIC TRANSCRIPTIONAL REGULATION IN 

TRITICUM AESTIVUM L. CV. ‘TUGELA DN’ A CONTRIBUTING 

FACTOR FOR TOLERANCE TO DIURAPHIS NOXIA 

(HOMOPTERA: APHIDIDAE) ? 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

111 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

112 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

113 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

114 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

115 

 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

116 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

117 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

118 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

119 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

120 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

121 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

122 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

123 

 

 

 
 
 



APPENDIX B: 

Is photosynthetic transcriptional regulation in Triticum aestivum L. cv. ‘Tugela DN’ a contributing factor for 
tolerance to Diuraphis noxia (Homoptera: Aphididae) ? 

124 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



 

125 

 

 

 

 

 

 

APPENDIX C 

RESULTS – SUPPORTING DATA 

 
 
 



APPENDIX C 
Results – Supporting data 

126 

                                                

 

 

 

 

 

 

 

 

 

 

 

                                      

 

 

 

 

Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels A and B represent clusters 1 and 2, respectively. Each panel is composed of an 
enlarged section of the respective cluster, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in each 
cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels C and D represent clusters 3 and 4, respectively. Each panel is composed 
of an enlarged section of the respective cluster, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and 
‘Tugela’ in each cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels E and F represent clusters 5 and 6, respectively. Each panel is composed of an 
enlarged section of the respective cluster, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in each 
cluster. Red = high expression and green = low expression. 

 

F. 

Tugela DN Cluster 6

0

50000

100000

150000

200000

0 1 2 6 12 24 48 120

HPI

B
an

d
 i

n
te

n
si

ti
es

Tugela Cluster 6

0

50000

100000

150000

200000

0 1 2 6 12 24 48 120

HPI

B
an

d
 i

n
te

n
si

ti
es

Series1

E. 

Tugela DN Cluster 5

0

20000

40000

60000

80000

100000

120000

140000

0 1 2 6 12 24 48 120

HPI

B
an

d
 I

n
te

n
si

ti
es

Tugela Cluster 5

0

20000

40000

60000

80000

100000

120000

140000

0 1 2 6 12 24 48 120

HPI

B
an

d
 i

n
te

n
si

ti
es

Tugela DN Cluster 5

0

20000

40000

60000

80000

100000

120000

140000

0 1 2 6 12 24 48 120

HPI

B
an

d
 I

n
te

n
si

ti
es

Tugela Cluster 5

0

20000

40000

60000

80000

100000

120000

140000

0 1 2 6 12 24 48 120

HPI

B
an

d
 i

n
te

n
si

ti
es

 
 
 



APPENDIX C 
Results – Supporting data 

129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels G and H represent clusters 7 and 8, respectively. Each panel is composed of an 
enlarged section of the respective cluster, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in each 
cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels I and J represent clusters 9 and 10, respectively. Each panel is composed of an 
enlarged section of the respective cluster, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in each 
cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panel K Represents clusters 11 and 12 as indicated by the left braces. The panel is 
composed of an enlarged section of the respective clusters, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and 
‘Tugela’ in each cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels L and M Represent clusters 13 and 14, respectively. The panels are composed 
of an enlarged section of the respective clusters, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in 
each cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels N and O Represent clusters 15 and 16, respectively. The panels are composed 
of an enlarged section of the respective clusters, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in 
each cluster. Red = high expression and green = low expression. 
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Figure 1 Enlargement of the hierarchical clusters in Figure 3.10. Panels P and Q Represent clusters 17 and 18, respectively. The panels are composed 
of an enlarged section of the respective clusters, followed by line graphs representing the general trends of expression in ‘Tugela DN’ and ‘Tugela’ in 
each cluster. Red = high expression and green = low expression. 
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Table 1 Clone IDs of ESTs spotted on the cDNA microarray slides along with the Log2-fold 
change and net logP for significance. 

Wheat clones (SSH) (van Niekerk and Botha, 2003) 
Sequence ID Log2FoldChange NetLogP 
Putative TNP-like transposable element [Sorghum bicolour] 0.040996052 0.146299454 
Aegilops tauschii leucine-rich-like protein gene  0.103247471 0.371891062 
Unknown protein 0.148718387 0.371628994 
Wheat chloroplast ATP synthase CF-1 gene (M16843.1, e-value = 0) 0.106065242 0.326238798 
Triticum aestivum chloroplast (AB042240.3, e-value = 0) 0.242273897 1.429580626 
Unknown 0.045303961 0.101809568 
Unknown 0.249410741 0.585781704 
Unknown 0.246497169 1.037206847 
Beta-1,4-endoglucanase 1 precurser [Heterodera schachtii] 0.282316322 0.467502971 
Unknown 0.21466944 0.676734117 
Unknown 0.02854643 0.070811972 
Unknown 0.364226182 1.361602451 
Triticum monococcum putative resistance protein (RGA-2) (AF326781, e-value = e-35) 0.502323164 3.826242227 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.291690011 1.374355056 
Unknown 0.105827507 0.29014216 
Unknown 0.193432031 0.503924195 
Putative TN-like transposable element [Sorghum bicolour] 0.206293783 0.451065081 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 1e-89) -0.05834846 0.107513402 
Unknown 0.1663231 0.353221114 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.062619367 0.122615676 
Wheat chloroplast ATP synthase CF-1 gene (M16843.1, e-value = 0) 0.158533075 0.524714987 
Unknown -0.012660781 0.025418899 
Unknown 0.06114007 0.15038422 
Unknown 0.157603454 0.469878114 
Unknown -0.06800017 0.140768298 
Unknown 0.095002138 0.162798689 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) -0.018776284 0.034520188 
Unknown 0.532301553 1.282857438 
Triticum monococcum putative resistance protein (RGA-2) (AF326781, e-value = e-105)/Triticum 0.62820682 2.482189652 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 9e-33) 0.124060574 0.231764955 
Unknown protein 0.06907342 0.109932848 
Unknown protein 0.012094301 0.026220291 
Wheat chloroplast ATP synthase 0.378594668 2.566512173 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 2e-57) 0.12449775 0.209569888 
Wheat mitochondrial small subunit rRNA gene (K01229.1 e-value = 0) -0.041795694 0.188736023 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 2e-57)/Triticum 0.035094628 0.08380429 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 2e-44) 0.053272888 0.281490557 
Unknown 0.135735308 0.392983817 
Unknown 0.197112665 0.834971018 
Unknown 0.236123865 0.498930514 
Unnamed protein product [Oryza sativa (japonica cultivar group) e-value = 3e-14] 0.058782272 0.136078932 
Unknown 0.062731988 0.165601611 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.27352437 2.49044641 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) -0.138749307 0.206302309 
Aegilops crassa chloroplast genes – ATP synthase (AEGATPS2, e-value = 0) 0.153707078 0.485623962 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 3e-47)/Aegilops -0.116372793 0.264150244 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.158864146 0.695962433 
Unknown 0.327922482 1.421861738 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.228531544 1.22642995 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 1e-89) 0.044514636 0.097555413 
Unknown 0.016570778 0.084282656 
Not sequenced 0.205887787 0.313236501 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 9e-33) -0.135286115 0.421241439 
Unknown protein; protein id: At3g29760.1 [Arabidopsis thaliana] -0.305938329 1.140860103 
Unknown -0.057499071 0.03079136 
Unknown 0.551557513 1.615399917 
Unknown 0.020140211 0.030165958 
Beta nana Ty1-copia-like retrotransposon (AF48917.1 e-value = 4e-25) 0.028295894 0.063397278 
Wheat chloroplast ATP syanthase CF-1 gene (M16843.1, e-value = 0) 0.1051727 0.213000727 
Triticum aestivum chloroplast (AB042240.3, e-value = 0) 0.377731864 0.971760244 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.375149669 0.97597103 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 2e-44) -0.19417401 0.495537834 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.283177752 1.935861907 
Unknown -0.05733526 0.123338105 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.086640568 0.303295596 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 2e-44) -0.18092888 0.79790412 
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Wheat mitochondrial small subunit 0.004740368 0.021142831 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 1e-89) -0.032046123 0.051836079 
Triticum monococcum putative resistance protein (RGA-2) (AF326781, e-value = 1e-36) -0.055455427 0.146985886 
Envelope protein [Bovine immunodeficiency virus] -0.217331115 0.632657133 
Unknown -0.011231142 0.031025722 
Unknown (e-value = >0.004) 0.308966555 0.824818184 
Unknown 0.492292512 1.210085299 
Unknown 0.086769836 0.141192063 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.129770579 0.177571442 
Unknown 0.242261562 0.604144666 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) -0.011188844 0.011181443 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) -0.052973438 0.049667716 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.088068228 0.148816442 
Unknown 0.21849785 0.479520049 
Putative TNP-like transposable element [Sorghum bicolour] 0.201172672 0.321878641 
Aegilops tauschii leucine-rich-like protein gene (AF947474.1, e-value = 1e-89) 0.050413401 0.086460201 
Unknown -0.128668451 0.125720996 
Wheat chloroplast ATP syanthase CF-1 gene (M16843.1, e-value = 0) 0.304571156 0.412198645 
Wheat chloroplast - ATP synthase (M16843.1, e-value = 0) 0.875457447 2.474465512 
Putative TNP-like transposable element [Sorghum bicolour] 0.339622387 0.548637517 
Beta-1,4-endoglucanase 1 precurser [Heterodera schachtii] 0.395500924 1.5098769 
Unknown 0.493265144 1.635733672 
Unknown 0.167337166 0.267579214 
Unknown 0.254484353 0.333182994 
Unknown -0.186677717 0.205295916 
Unknown 0.076285774 0.108545457 
Triticum monococcum putative resistance protein (RGA-2) (AF326781, e-value = 4e-93) 0.493167396 3.032344665 
Unknown 0.526125878 1.338408199 
Hypothetical protein [Nostoc punctiforme] 0.234045234 0.514155443 
Unknown 0.29949561 0.501548706 
   

Wheat clones (SSH) (Lacock and Botha, 2003) 
Sequence ID Log2FoldChange NetLogP 
Not sequenced 0.780540179 7.737908921 
Not sequenced 0.861213869 7.240683761 
Oryza sativa T-DNA intergration target genomic sequence (U40814.1, e-value = 1e-09) -0.95368986 3.986967579 
Unknown -0.391600306 3.379494072 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) 0.538690469 3.066169252 
Hordeum vulgare BARE-1 long terminal repeat (Z84562.1, e- value = 8e-19) -0.471076359 2.191202418 
Not sequenced 0.966802113 2.181668418 
Hordeum vulgare BARE-1 long terminal repeat (Z84562.1, e- value = 1e-19) -0.808891099 2.17127553 
Beta nana Ty1-copia-like retrotransposon (AF48917.1) -0.818966105 1.941483197 
Not sequenced 1.015234427 1.872016035 
Beta nana Ty1-copia-like retrotransposon (AF48917.1) -0.414904894 1.848813922 
Oryza sativa T-DNA intergration factor (U40814.1, e-value = 2e-23) -0.449690598 1.780630835 
Not sequenced -0.688737812 1.666318229 
Cocos nucifera microsa (AJ458311.1, e-value = 3e-29) 0.855305696 1.665563063 
Homo sapiens BAC clone (AC016773.8 e-value = 0.002) -0.312107437 1.663820006 
Oryza sativa T-DNA intergration factor (U40814.1, e-value = 3e-23) 0.371937356 1.558699268 
Not sequenced -0.242035278 1.457140391 
Oryza sativa T-DNA intergration factor (U40814.1, e-value = 2e-23) -0.455978815 1.439920798 
Oryza sativa T-DNA intergration factor (U40814.1, e-value = 6e-23) 0.209389305 1.347873116 
Anthoceros punctatus chloroplast (AB013664.1 e-value = 5e-22) -0.335418209 1.332297661 
Atropa belladonna partial mRNA 3’URT (AJ309392.1 e-value = 1e-19) -0.810919069 1.327770732 
Anthoceros punctatus chloroplast gene for photosystem I P700 apoprotein A1 (AB013664.1) -0.271568414 1.212436153 
Not sequenced -0.843058801 1.168214077 
Beta nana Ty1-copia-like retrotransposon (AJ489200.1, e-value = 4e-13) -0.220396449 1.07597185 
Hordeum vulgare BARE-1 long terminal repeat (Z84569.1, e- value = 4e-10) -0.413197773 0.948394568 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AB086192.1) -0.477510831 0.919152763 
Unknown -0.226198663 0.890738016 
Hordeum vulgare BARE-1 long terminal repeat (Z84562.1, e- value = 9e-25) -0.386128267 0.877713938 
Not sequenced -0.672875721 0.700953497 
Not sequenced -0.643557743 0.700568985 
Human DNA sequence (AL121906.18, e-value = 0.081) 0.640119849 0.684349076 
Oryza sativa T-DNA intergration factor (U40814.1, e-value = 3e-28) -0.204335727 0.67029239 
Not sequenced  0.33810053 0.655530276 
Atropa belladonna partial mRNA 3’URT (AJ309392.1 e-value = 1e-16) -0.172947963 0.639379389 
Not sequenced -0.436610125 0.634588458 
Atropa belladonna partial mRNA 3’URT (AJ309392.1 e-value = 3e-17) -0.154600444 0.605279361 
Not sequenced -0.667204774 0.603972121 
Not sequenced -0.186702366 0.59002135 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489202.1) 0.2247125 0.589170915 
Atropa belladonna partial mRNA 3’URT (U30932.1, e-value = 7e-05) -0.132589025 0.540077928 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489202.1) -0.379544669 0.537625221 

Table 1 (cont.) 

Table 1 (cont.) 
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Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489202.1) -0.123104808 0.532647044 
Maize chloroplast DNA for 4.5S rRNA (X01365.1, e-value = 8e-08) 0.132546253 0.500051863 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489197.1) 0.208002615 0.441426601 
Not sequenced 0.309391793 0.435554482 
Not sequenced -0.222873322 0.432008374 
Homo sapiens BAC clone (AC125238.5, e-value = 0.64) 0.13275774 0.398815451 
Not sequenced -0.349438178 0.387939756 
Nicotiana tabacum DNA topoisomerase (AY169238.1, e-value = 7e-05) 0.079523071 0.386265539 
Oryza sativa T-DNA intergration factor (U40841.1, e-value = 2e-23) -0.212688495 0.373065435 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) 0.346439951 0.372422348 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489197.1) -0.177153782 0.335719091 
Not sequenced -0.222795582 0.331637485 
Hordeum vulgare BARE-1 long terminal repeat (Z84562.1, e- value = 2e-14) -0.05530943 0.322225189 
Not sequenced -0.224690144 0.295062307 
Not sequenced -0.239384831 0.281556845 
Unknown -0.333196288 0.260110031 
Not sequenced 0.363810262 0.256837266 
Anthoceros punctatus chloroplast gene for photosystem I P700 apoprotein A1 (AB013664.1) 0.23304003 0.250959114 
Not sequenced 0.26412877 0.235438737 
Unknown -0.181529677 0.234753835 
Not sequenced 0.139652106 0.223858653 
Zea mays serine hydroxymethyl-transferase mRNA (AF439728.1, e-value = 6e-52) -0.072109819 0.216331508 
Oryza sativa T-DNA intergration factor (U40841.1, e-value = 2e-23) 0.064226889 0.195055714 
Not sequenced -0.283964188 0.181482007 
Not sequenced -0.099855746 0.166458259 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) -0.090255203 0.165907057 
Triticum aestivum chloroplast DNA (AB042240.3, e-value = 0) 0.114117828 0.161039155 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489202.1) -0.04538102 0.156621168 
Hordeum vulgare BARE-1 long terminal repeat (Z84562.1, e- value = 3e-14) -0.141963961 0.138806002 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AF489197.1) 0.050124961 0.134201782 
Homo sapiens chromosome 3 clone (AC098647.2, e-value = 0.94) 0.139812853 0.126882114 
Not sequenced 0.153536358 0.125201101 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) -0.069446648 0.110906213 
Atropa belladonna partial mRNA 3’URT (AJ30932.1, e-value = 7e-20) -0.100493792 0.095142957 
Not sequenced 0.081654494 0.092129855 
Beta nana Ty1-copia-like retrotransposon for putative reverse transcriptase(AJ489197.1) 0.037519737 0.081714342 
Unknown -0.106876997 0.065724299 
Oryza sativa T-DNA intergration factor (U40841.1, e-value = 1e-22) 0.024978414 0.06221645 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) -0.030458016 0.05874713 
Not sequenced -0.071932168 0.049621097 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) 0.011425254 0.04262893 
Not sequenced -0.05535448 0.042066948 
Homo sapiens chromosome 18 (AC015954.9, e-value = 0.02) -0.027922187 0.038554614 
Hordeum vulgare BARE-1 long terminal repeat (Z84562.1, e- value = 5e-09) -0.020629152 0.032907049 
Oryza sativa T-DNA intergration factor (U40841.1, e-value = 2e-23) 0.013468011 0.023429054 
Cicer arietinumTy1-copia retrotransposon for putative reverse transcriptase (AJ535884.1) -0.010022476 0.023084828 
Unknown 0.013827758 0.021035344 
Homo sapiens BAC clone (AC019340, e-value = 0.044) 0.001831106 0.009035751 
Oryza sativa T-DNA intergration factor (U40841.1, e-value = 7e-23) -0.002672653 0.005118973 
Denrobium chrysotoxum trnK, matK pseudogene, chloroplast genes (AF448862.1) 0.002720096 0.005078128 
Not sequenced -0.003523468 0.004006278 
Not sequenced -0.001115546 0.000889195 
Oryza sativa T-DNA intergration factor (U40841.1, e-value = 6e-21) 6.1595E-05 9.994E-05 
   

Flax and Banana clones (RDA) (Cullis Chris) 
Sequence ID Log2FoldChange NetLogP 
Allium grayi 5S ribosomal RNA gene (AF101256.1, e-value = 5e-32) -0.17768198 0.542898282 
Unknown -0.37930738 0.564230265 
Cloning vector pCMVTAG2b, complete sequence (e-value = 4e-21) 0.116983903 0.634123986 
Unknown 0.142016493 0.149906414 
Unknown 0.060646414 0.124678285 
Unknown -0.6457807 0.871253383 
Unknown -0.01855742 0.046504981 
Unknown -0.82226765 1.173782853 
Linum usitatissimum clone 13 (AF074885, e-value = 1e-105) 0.579654972 0.569585728 
Unknown 0.088182819 0.278384101 
Linum usitatissimum LIS-1 insrtion sequence (AF104351, e-value = 0) -0.11249723 0.534900609 
Unknown -0.071913 0.217254314 
Unknown 0.428516238 0.543069578 
Linum usitatissimum LIS-1 insrtion sequence (AJ131994.1) 0.058645708 0.19152195 
Unknown -0.35598755 0.548035168 
Linum usitatissimum LIS-1 insrtion sequence (AJ131994.1, e-value = 0) 0.111438913 0.334335479 
Unknown -0.20256924 0.378669309 
Unknown 0.259129186 1.785500303 
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Linum usitatissimum LIS-1 insrtion sequence (AJ131994.1, e-value = 0) 0.179011875 0.696415286 
Gossipium nirsutum clone D1F08 unknown chloroplast sequence 0.524604725 3.446214638 
Unknown 0.151473179 0.146449444 
Linum usitatissimum LIS-1 insrtion sequence (AJ131994.1, e-value = 0) 0.005852952 0.012245197 
Gossipium nirsutum clone D1F08 unknown chloroplast sequence 0.547345678 3.467313523 
Unknown -0.3026328 0.219766704 
Linum usitatissimum LIS-1 insrtion sequence (AJ131994.1) 0.230301458 1.406532124 
Unknown -0.15198015 0.145523367 
Unknown -0.5590012 1.324353712 
Unknown 0.16778236 0.451439359 
Unknown -0.69463165 1.367466859 
Unknown -0.73099492 1.026630795 
Unknown -0.3817393 0.93361799 
Unknown -0.55045942 0.689917301 
APC/C ubiquitin-protein ligase (cell cycle regulation) 0.034363126 0.048707377 
Unknown 0.010447854 0.019131142 
Physcomitrella patens mRNA for calmodulin(X90560.1, e-value = 2e-07) 0.267643914 0.489638056 
Unknown 0.02532663 0.028296174 
Unknown -0.22550356 0.631048559 
Unknown 0.836927028 1.161517864 
Unknown -0.17032777 0.225894612 
Unknown -0.25904172 0.226395155 
Unknown -0.19370031 0.23924183 
Misgurnus anguillicaudatus DNA, microsatellite Mac2 (AB060172.1) -0.78745854 1.926920625 
Cloning vector pCRSCRIPT Cam, complete sequence (U46018.1) -0.24370939 1.310981089 
Uncultured bacterium partial 16S rRNA gene, clone B5.2 ((AJ517906.1) 0.644605512 1.019552745 
Unknown 0.10023002 0.067836186 
Unknown 0.78984632 1.272856249 
Unknown -0.2559091 0.313773512 
Linum usitatissimum LIS-1 insrtion sequence (AF104351, e-value = 0) 0.055778438 0.204894799 
Xenopus laevis mRNA for KREMEN, complete cds (e-value = 9e-24) 0.052099797 0.140461489 
Unknown 0.722820227 0.432006597 
Misgurnus anguillicaudatus DNA, microsatellite Mac2 (AB060172.1) -0.31755812 2.698674358 
Linum usitatissimum regulatory protein (AF074883, e-value = 1e-121) 0.073062612 0.248876761 
Cloning vector pCMVTAG4a, complete sequence (AF073000.1) -0.1498283 0.690153311 
Linum usitatissimum LIS-1 insrtion sequence (AF104351, e-value = 0) 0.512780036 1.507335061 
Unknown 0.215874016 0.904899772 
Linum usitatissimum clone 5-2 (AF074884.1, e-value = 1e-177) 0.053396268 0.294510415 
Linum usitatissimum LIS-1 insrtion sequence in genotrophs induced by 0.197948885 0.58463936 
Unknown -0.01984079 0.055071627 
Unknown 0.055435616 0.104952274 
Uncultured bacterium partial 16S rRNA gene (AF327894, e-value = 4e-24) 0.093959752 0.475514808 
Hordeum californicum clone HCAL016 5S ribosomal RNA gene 1.356140377 1.365613283 
Unknown 0.104769223 0.07729084 
Linum usitatissimum LIS-1 insrtion sequence (AF104351, e-value = 0) 0.148208436 0.568691632 
Linum usitatissimum LIS-1 insrtion sequence (AF104351, e-value = 0) -0.0787657 0.30729176 
Unknown 0.001307404 0.00389972 
Unknown 0.159221917 0.185048682 
Unknown -0.15575562 0.105013113 
Oryza sativa chromosome 10 BAC OSJNBb0005J14genomic sequence 0.057981494 0.284053338 
Unknown 0.262658142 0.225440765 
Unknown -0.77894684 0.953577858 
Unknown 0.654383306 4.42370322 
Linum usitatissimum LIS-1 insrtion sequence (AF104351, e-value = 0) 0.097462806 0.258028904 
Unknown 0.470446417 0.449602881 
Cloning vector pCMVTAC5c, complete sequence (AF073000.1) 0.161376174 0.134782801 
Unknown 0.185057046 2.332585053 
Cloning vector pCMVTAC2a, complete sequence (AF073000.1) 0.253401851 1.129831709 
Cloning vector pCRSCRIPT Cam, complete sequence (e-value = 4e-26) -0.09447968 0.185974167 
Cloning vector pCMVTAC2a, complete sequence (AF073000.1) 0.055176119 0.18484116 
Unknown 0.078391636 0.370851359 
Gossipium nirsutum clone D1F08 unknown chloroplast sequence 0.549904679 3.193121512 
Unknown 0.127251402 0.445526821 
Cloning vector pCMVTAC2a, complete sequence (e-value = 5e-26) 0.179573628 0.456617258 
Branchiostoma belcheri  Amphi-nCalponin mRNA for calponin -0.15380583 0.279616656 
Cloning vector pCMVTAC4a, complete sequence (AF073000.1) 0.505739043 2.172996032 
Uncultured bacterium partial 16S rRNA gene (clone group A54n) (X91477) 0.004388723 0.015313348 
Uncultured bacterium partial 16S rRNA gene (clone group A54n) (X91477) 0.087457909 0.397600923 
Cloning vector pCRSCRIPT Cam, complete sequence (U46018.1) 0.006203718 0.011763491 

 

 

Table 1 (cont.) 

 
 
 




