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Chapter 1 

General Introduction 

 
Wheat is one of the most important cereal crops to the human race and rust 

diseases continually pose a threat to global wheat production (Khan et al., 

2005). Wheat is grown over large areas in South Africa and globally, primarily 

for human consumption (Bajaj, 1990; Curtis et al., 2002). 

 

Like all plants, wheat endures injury and are exposed to stress during all stages 

of development. This naturally will affect normal plant functioning and optimal 

development (Wiese, 1977). Wheat production globally and locally suffers large 

yield losses due to diseases (Scott, 1990). Fortunately man’s battle against 

disease has been, for many years, fought relatively successfully through 

targeted wheat improvement. 

 

There are numerous wheat diseases, caused by various pathogens. Of these, 

rust diseases have, for years, been a major concern and problem for breeders, 

farmers and commercial seed companies (Wiese, 1977; Marsalis and Goldberg, 

2006). Rust diseases of wheat are the oldest known to man (Marsalis and 

Goldberg, 2006) and are important worldwide (Singh et al., 2005; Kuraparthy et 

al., 2007).  Wheat rusts have been reported as devastating, having the ability to 

destroy entire susceptible wheat crops, in a matter of weeks, resulting in large 

economical losses (Haung and Röder, 2004; Marsalis and Goldberg, 2006).  

 

Generally a resistance response against air-borne wheat pathogens could be 

caused by specific and non-specific resistance genes in the host plant 

(Khlestkina et al., 2007). Fungal rusts are obligate parasites (Kolmer, 2005) that 

interact in a gene-for-gene relationship between the resistance gene(s) of the 

wheat plant and the virulence gene(s) of the pathogen (Kolmer, 2005; 

Khlestkina et al., 2007; Kuraparthy et al., 2007). Specific resistance genes 

within the host wheat plant triggers a protection mechanism against disease, 

normally with a hypersensitive response reaction and are usually expressed 
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during all plant developmental stages (Singh et al., 2005; Khlestkina et al., 

2007; Kuraparthy et al., 2007). Random mutational events and selection for 

virulence against rust resistance genes cause the development of new 

pathogen races (Kolmer, 2005). This ability of pathogens to mutate rapidly and 

multiply, and the use of air-borne dispersal mechanisms for long distance travel, 

pose a continual global threat (Singh et al., 2005).  A change in pathogen 

virulence results in previously developed resistant cultivars becoming ineffective 

and susceptible (Kolmer, 2005). 

 

Breakdown of cultivar resistance is further complicated by the fact that rust 

spores can be spread thousands of kilometres by wind. Kolmer (2005) reported 

that pathogen races have been traced and followed across continents. 

Generally breeders try to develop resistant cultivars in their breeding 

programmes ahead of the potential of new pathogen races to ensure durable 

resistance (Singh et al., 2005). Lately, epidemic losses due to rust diseases are 

rare, although diseases can occur at significant levels in particular production 

regions (Marsalis and Goldberg, 2006). In more recent years the spread of new 

rust races across continents has complicated the development of new resistant 

cultivars with durable rust resistance (Kolmer, 2005). These new virulent races, 

together with breeding objectives of high-yielding, pure and uniform varieties 

worldwide, have reduced the genetic base for disease resistance, affecting the 

number of potentially effective rust genes available for new cultivar 

development (Kolmer, 2005; Kuraparthy et al., 2007). 

 

Over the years, resistance genes have been incorporated throughout breeding 

programmes and depending on the gene, remained effective for a number of 

years. Experience has shown that some resistant cultivars containing single 

resistance genes were not effective for long periods; thus the need arose to 

pyramid genes against particular rusts into a single cultivar (Schnurbusch et al., 

2004). 

 

Application of molecular techniques and marker-assisted selection (MAS) in a 

breeding programme can assist to reach a breeding objective in a shorter 

period of time. Extensive research has gone into many of the economically 
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important crops, including wheat. Results, developments and breakthroughs 

opened up new application frontiers for crops of interest (Röder et al., 1998; 

Francia et al., 2005).  

 

New technologies can not replace the progress that traditional breeding 

programmes make, but MAS can help breeders to reach objectives more 

effectively and rapidly. With this merging of traditional breeding and new 

technologies in mind, the aim of the current study was conceptualised.  

 

The main aim of this study was to pyramid several wheat rust resistance genes 

into a single genotype. The study focused on wheat genes and markers used 

and/or developed in South African breeding programmes. Gene pyramiding was 

accomplished by using four cultivars containing seven different rust resistance 

genes/quantitative trait loci (QTL) (five genes and two QTL) and selection was 

done using microsatellite or simple sequence repeat (SSR), sequence-tagged 

site (STS) and amplified fragment length polymorphism (AFLP) markers.   
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Chapter 2 

Wheat rusts: an ancient and continual threat  

 
2.4 Wheat  

Wheat is a widely adapted crop, which is grown from temperate, irrigated dry, 

high rainfall, warm humid to dry cold climates. As a C3 plant wheat is capable of 

thriving in cool environments. Optimal growth of wheat occurs at an average 

temperature of 25°C, with minimums at times as low as 3°C to 4°C and 

maximums of 30°C to 32°C. Cultivation of wheat in c limatic regions where 

annual rainfall averages from 250 mm up to 1 750 mm have been reported 

(Curtis et al., 2002).   

  

2.5 History of wheat production in South Africa 

Wheat was first planted in South Africa (SA) shortly after the arrival of Jan van 

Riebeeck in the Cape in 1652. One hundred years later wheat was propagated 

across other areas of South Africa (http://www.Wintercrops.co.za). 

 
Wheat in SA is planted mainly between middle of April and middle of June in the 

winter rainfall areas (Western Cape) and between middle May and the end of 

July in the summer rainfall areas. Wheat is harvested in SA between November 

and December (USDA, 2006). Most of the wheat produced in South Africa is 

bread wheat, with a little durum wheat produced in certain areas. 

Geographically wheat is currently grown in the Western Cape, Northern Cape, 

Free State, North West, Mpumalanga, KwaZulu-Natal and Limpopo provinces. 

The two main regions responsible for three quarters of the production are in the 

Free State and Western Cape. Approximately 85% of the crop planted is under 

rainfall dependent climatic conditions while the rest is irrigated   

(http://www.fas.usda.gov/pecad/highlights/2004/10/RSA_wheat/index.htm, 

2004). 

 

Wheat production generally averages around 2 million tons (Curtis et al., 2002).  

Some recent reports state production may have dropped below the 2 million ton 

mark. During the 2005 and 2006 wheat season the price of wheat fluctuated 
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between R1 600 per ton in June 2005 and R1 652 in June 2006, an increase of 

3.1% for the period. This price increase of wheat contributed to a 38% increase 

in revenue generated by wheat farmers (Van Wyk, 2006). During 2007 the 

wheat price in South Africa fluctuated between R1 900 to over R2 000 per ton. 

The wheat price reached a high of R2 005 per ton in July 2007 and levelled to 

R1 900 at the end of the year (http://www.sagis.org.za, 2007).   

 

2.3  Global wheat production  

Wheat is widely cultivated over large areas and is an important food crop 

worldwide (Bajaj, 1990; Curtis et al., 2002; Gupta et al., 2002; Haung and 

Röder, 2004). Cultivation of wheat (Triticum spp.) dates back in history for 8 000 

years. Wheat was one of the first domesticated food crops and has been a 

basic staple food for many civilisations (Curtis et al., 2002). Harlan (1995) 

reported that wheat contributes 23.4% to the total world food production (based 

on dry matter yield). More recently Haung and Röder (2004) stated that wheat is 

a staple food for 35% of the human population.  Wheat production worldwide 

increased exponentially during the period 1951-1990, accompanied by an 

expansion in the area used in wheat cultivation. Since 1986, when production 

reached 529 million tonnes, global wheat production has constantly been above 

the 500 million ton mark. The increase in global wheat production was attributed 

to an increase in yield per hectare as a result of variety improvement (Curtis et 

al., 2002). Rajaram (2001) reported that global wheat production averaged 

around 600 million tonnes a year in 2001 and is expected to be one billion 

tonnes by the year 2020 in order to meet human consumption. Curtis et al. 

(2002) similarly reported that in future global wheat production is expected to 

reach 850 million tonnes a year by 2030 to keep up with human population 

growth.  

 

Van Wyk (2006) reported that global wheat production declined by 1.1% in the 

2005/2006 season and is expected to decline by 3.5% in the 2006/2007 

season. In June 2005 the world wheat price was R807 per ton and by June 

2006 it increased substantially to R1 020 per ton. The fact still remains that the 

world wheat price is much lower than the wheat price in South Africa, making it 

more cost-effective to import wheat from international markets (Van Wyk, 2006).  
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2.4  Utilisation of wheat 

Worldwide wheat is used extensively during the production of many different 

types of foods. Approximately 90 to 95% of the globally grown wheat is common 

wheat (Triticum aestivum L.).  It is the staple food of millions of people and 

forms an important part of many people’s daily diet (Curtis et al., 2002). Wheat 

is mainly utilised as flour for the production of products such as different types 

of bread, cakes and other baked products (Dendy and Dobraszczyk, 2001; 

Curtis et al., 2002). Wheat is less extensively grown for and used as a source of 

animal feed (Dendy and Dobraszczyk, 2001). There are different wheat variety 

classes according to various grain characteristics such as hardness, protein 

content, starch content, etc. which are selected depending on the required end 

product and utilisation. The rest of the globally grown wheat is mainly durum 

wheat (T. durum Desf. Husn.), used in the production of semolina (coarse flour). 

Semolina is the main raw ingredient used to make biscuits and pasta products 

(noodles, spaghetti) (Curtis et al., 2002).  

    

2.5  Wheat taxonomy 

Wheat is classified within the genus Triticum which is part the Poaceae family. 

The genus Triticum is further subdivided into a number of species which are 

classified according to the number of chromosome pairs they contain; diploid 

(2n=2x=14) (7 pairs e.g. einkorn wheat), tetraploid (2n=4x=28) (14 pairs e.g. 

durum wheat) and hexaploid (2n=6x=42) (21 pairs e.g. “common” bread wheat) 

(Dendy and Dobraszczyk, 2001; Curtis et al., 2002).  

  

2.6  Wheat genomics 

Bread wheat or common wheat is an allohexaploid, with three closely related 

genomes (A, B and D), each consisting of seven chromosomes (Gupta et al., 

2002; Gill et al., 2004; Dieguez et al., 2006; Zaharieva and Monneveux, 2006). 

The three genomes of bread wheat originated from different species and 

combined during the evolution of wheat (Zaharieva and Monneveux, 2006). 

Wheat has a genome size of 16 x 109 bp, which is considered large (Curtis et 

al., 2002; Gupta et al., 2002). The bread wheat genome (AABBDD) is eight 

times larger than the maize genome and 40 times larger than the rice genome 
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(Gill et al., 2004). Eighty percent of the genome consists of repetitive DNA 

sequences (Gupta et al., 2002). 

      

2.7  History of wheat domestication 

2.7.1  Ancient wheat 

Based on archaeological evidence, the history of wheat dates back to 17 000 

BC, with the finding of emmer wheat seeds at a site on the shores of Israel. 

Carbonised evidence of thinner wild varieties of einkorn wheat in archaeological 

sites in Northern Syria dated back to around 10 000 BC, indicating that ancient 

man had been gathering and eating this wheat. Further archaeological evidence 

indicated that around 7 800 BC, near Damascus in Israel, hulled emmer wheat 

had gone through a domestication process through human intervention. Man 

probably selected plants with plumper grain that was non-brittle and stayed on 

the plant till harvest. The earliest evidence of ancient humans making use of 

bread wheat is dated back to 4 700 BC, in the region between the Black and 

Caspian seas. The wild grass Aegilops squarrosa grew in the same region, 

leading to hybridisation and creation of bread wheat. Soon after this, before 4 

000 BC, free-threshing naked bread wheat was developed (Hopf and Zohary, 

1993; Sauer, 1993).   

 

2.7.2  Evolution of bread wheat 

The three main cereal crops of today, wheat, maize and rice, all co-evolved 

from a single common grass ancestor some 40 million years ago (Gill et al., 

2004). Hybridisation and introgression of closely related species occur naturally. 

Furthermore, hybridisation between cultivated crops and their wild relatives has 

been well documented (Zaharieva and Monneveux, 2006). Gill et al. (2004) 

stated that “Humans and wheat have a remarkably parallel evolutionary history”. 

It is believed that the common grass ancestor of wheat that existed 3 million 

years ago diverged further into different diploid wheat species. Around 30 000 

years ago two wild diploid wheat species hybridised to form a polyploid 

(tetraploid) wheat. Wheat was the first crop cultivated by man and is the 

youngest polyploid species compared to the other agriculturally important crops 

such as rice and maize (Gill et al., 2004).  
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Figure 2.1 illustrates the hybridisation events between wild species in the past 

to produce new polyploid species during domestication and cultivation of wheat 

through the centuries by human civilisations. Triticum urartu (AA) hybridised 

with Aegilops speltoides (Tausch) Gren (BB) to create a new polyploid species, 

T. turgidum (AABB). Triticum turgidum (AABB) then crossed with A. tauschii 

Cross (DD) to form T. aestivum (AABBDD) or common wheat (Akhunov et al., 

2003; Gill et al., 2004; Dieguez et al., 2006; Zaharieva and Monneveux, 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  Diagrammatic representation of hybridis ation events that 

occurred during the evolution of wheat  (Gill et al., 2004). 

 

2.7.3  Wheat species 

Triticum monococcum (Link) Thell. (einkorn) wheat is a diploid species with two 

sets of chromosomes (2n=7x=14) (Hopf and Zohary, 1993; Sauer, 1993).  

Triticum monococcum contains the A genome which consists of 5 billion base 

pairs (bp) grouped into seven pairs of chromosomes (Curtis et al., 2002). Most 

varieties of this species produce one grain per spikelet, resulting in its common 

and Latin names. Einkorn wheat was initially domesticated from wild grass 

types 9 000 years ago and this resulted in plants that produced fuller grain that 

will remain on the plant till harvest. According to history, einkorn wheat was 

grown during the Neolithic period. Its use gradually dwindled as man moved into 
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the Bronze Age and other wheat species and varieties took preference (Hopf 

and Zohary, 1993; Sauer, 1993).   

 

Triticum turgidum (Desf). Husn. (durum and emmer wheat) is a tetraploid 

(2n=4x=28) species (Hopf and Zohary, 1993). Durum wheat has a genome 

(AABB) size of roughly 10 billion bp organised into 14 pairs of chromosomes. 

The structure of the A and B chromosomes are essentially identical to the A and 

B genomes of common wheat (Curtis et al., 2002). Wild durum wheat varieties’ 

seeds are covered by a tusk. The tusk stays around the grain after threshing 

which requires a more labour intensive process of breaking and pounding the 

tusk in some manner to release the seed within. This tusk around the seeds is 

commonly referred to as the hulled variety. Emmer wheat is a hulled variety 

while durum wheat is a free-threshing grain. Durum wheat was selected from 

emmer wheat (Hopf and Zohary, 1993). 

 

Triticum timopheevii (Zhuk). Zhuk is a tetraploid wheat with no great importance 

to world agriculture, due to it not being involved in polyploidisation events or 

further wheat cultivation. Timopheevi wheat was grown between the Black and 

Caspian seas (Sauer, 1993). However, T. timopheevii has contributed indirectly 

to the wheat industry by being the source of two stem rust resistance genes 

(Sr36 and Sr37) which have been used extensively around the world in 

breeding programmes. Additionally T. timopheevii has contributed Lr18 and 

Sr40 resistance genes to the wheat breeding industry (Friebe et al., 1996). 

 

Bread wheat, T. aestivum, is a hexaploid (2n=6x=42) wheat. Today, there are a 

number of bread wheat types, classed according to growing period (winter, 

spring and intermediate), kernel colour (white and red) and end use in mind 

[bread (hard), biscuit (soft) and animal feed]. True winter wheat types need a 

cold period in order to produce a high yield. Winter wheat is normally planted 

during autumn in summer rainfall regions which tend to have a cold winter. 

Winter wheat grows slowly through winter and develops many tillers per plant 

(Trench et al., 1992).   
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Intermediate wheat types tend to be grown in warmer parts of summer rainfall 

climates around the middle of winter. Most wheat grown under dryland 

conditions in summer rainfall climates are winter wheat types or intermediate 

types (Trench et al., 1992).  

 

Spring wheat types do not need a cold period in order to produce good grain. 

Spring wheat is planted under irrigation in summer rainfall climates, in the early 

spring or winter. Some of these varieties are planted before winter in winter 

rainfall regions of the Western Cape. This type of wheat grows faster than 

winter wheat and produces ears more quickly (Trench et al., 1992).  

 

2.8  Plant diseases 

Plant diseases are as ancient as agriculture itself and are important to man due 

to damage caused to plants and products. Annually plant diseases cause huge 

economic losses and millions are spent in combating diseases on economically 

important crops (Jones and Clifford, 1978; Singh et al., 1992). Losses caused 

by plant disease affect commercial farmers, subsistence farmers growing food 

for survival, food markets, wholesalers and the final consumer (Trench et al., 

1992). Plant disease is often differently interpreted, with many defining 

sentences or statements (Murray et al., 1998). Murray et al. (1998) stated that 

“a plant disease is a harmful alteration of what is normally considered 

physiological and biological development of the plant concerned, resulting in 

abnormal morphological and physiological changes, displaying unique 

symptoms”. Trench et al. (1992) gave a similar definition. The plant disease 

definition by Murray et al. (1998) is vital in understanding why diseases of 

agriculturally important crops are such a concern to breeders and scientists. If 

no alteration and/or harm occurred during normal plant development it would be 

of no interest or importance (Murray et al., 1998).  

 

Plant diseases can be caused by a variety of biotic organisms including fungi, 

bacteria, phytoplasmas, viruses, viroids, nematodes and parasitic plants (Jones 

and Clifford, 1978; Trench et al., 1992; Murray et al., 1998). Furthermore, 

abiotic causes such as mineral deficiency can lead to substantial harmful 

changes in a plant’s physiology. A key factor is that abiotic diseases do not 
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spread from an infected plant to a healthy plant, the same way biotic organisms 

can (Trench et al., 1992; Murray et al., 1998). 

Trench et al. (1992) stated that an infectious disease results from a pathogen 

infecting a plant. The severity of a disease depends on three factors; the 

susceptibility of the plant or crop, the pathogen and the environment. The 

severity of the disease depends on the degree to which these factors overlap 

(Murray et al., 1998).  

 

2.8.1  Disease cycle 

The understanding of a disease cycle or commonly referred to as life cycle, is 

necessary to effectively manage and control disease. A typical disease cycle 

caused by a transmissible pathogen is divided into several stages. Most plant 

diseases have the following stages: production of inoculum, dissemination, 

penetration, infection, colonisation and survival (Murray et al., 1998).    

 

The first stage of the disease cycle involves the production of inoculum. 

Inoculum is any part of a pathogen or the entire pathogen that is able to infect 

plants. There are different types of inoculum produced by specific pathogens, 

e.g. urediniospores and teliospores in rust fungi (Trench et al., 1992; Murray et 

al., 1998). The second stage is dissemination, which is the transportation or 

spread of inoculum from the location of production to the plant. Vectors that aid 

the spread of inoculum include wind, water, insects and human activities 

(Murray et al., 1998). Due to modern agriculture and goals set for economic 

viability, farmers plant a single cultivar over a large area that reduces cultivar 

diversity and increases disease incidence. In SA, farmers employ poor crop 

rotation systems by planting the same crop year after year, which favours 

disease.  Crops grown under irrigation, which is a necessity in certain areas, 

favour the spread of disease caused by bacteria and fungi due to constant free 

water flow (Trench et al., 1992).  

 

The next stage is penetration, which is the primary entry of the pathogen into 

the plant. Penetration is followed by infection when the pathogen contacts the 

internal tissues and creates a parasitic relationship with the host plant. 

Colonisation is the second last stage in the cycle and is the active growth and 
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development of the pathogen within the plant. The last stage of the disease 

cycle is survival, a mechanism of the pathogen to survive during unfavourable 

environmental conditions when susceptible host plants are unavailable (Murray 

et al., 1998). Normally the pathogen will survive on a secondary wild relative of 

the host plant, or residue in the soil from the previous crop, until the next growth 

season (Trench et al., 1992; Murray et al., 1998; Eckardt, 2006).   

 

2.9  Important diseases of wheat 

2.9.1  Karnal bunt 

Karnal bunt, alternatively known as partial bunt is caused by Tilletia indica Mitra 

(Singh et al., 1992; Murray et al., 1998). Karnal bunt is a floral infecting 

organism that infects seed of bread wheat, durum wheat and triticale (Singh et 

al., 1992). It is stated by Singh et al. (1992) that Karnal bunt may have been 

sighted as early as 1909 by Howard at Faizalabad, Pakistan. Karnal bunt was 

first identified in 1930/1931 near the north Indian city of Karnal and named 

accordingly. Since its identification it has spread to northwest India, northern 

Pakistan, parts of Nepal, Iraq and Mexico. An epidemic in northern India in 1970 

elevated the status of the disease from minor to noteworthy (Singh et al., 1992; 

Murray et al., 1998).  During 1996, this disease was discovered in the south-

western parts of the United States (Murray et al., 1998). Karnal bunt was 

identified in SA in 2000. Karnal bunt is important due to the strict international 

quarantine status of the disease (www.nda.agric.za/publications, 2001). Losses 

in terms of this disease are relatively minor regarding grain yield but significant 

in reduction of flower quality (Singh et al., 1992; Murray et al., 1998).   

 

2.9.2  Loose smut 

Loose smut is one of the most distinct and obvious wheat diseases. It occurs 

throughout areas of the world were wheat is grown. Loose smut is a seed borne 

fungal wheat disease caused by Ustilago tritici (Pers.) Rostr. This disease 

converts the flowering spikes of wheat into a dense black mass of spores. Yield 

losses from loose smut are normally proportional to incidence of infected spikes 

(Knox et al., 2002). Complete yield loss does not occur and is commonly about 

15%, although severe cases of yield loss of 27% have been reported. The loose 

smut fungus survives winters as a dormant fungal thread inside the embryo of 
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wheat seed. When infected seed germinate, the dormant pathogen is activated 

and extends toward the growing point of the plant (Trench et al., 1992; Curtis et 

al., 2002). Loose smut is visible from flowering onwards when the plant begins 

to form the head. The fungus infects all of the young spike tissue except for that 

of the rachis (backbone) (Trench et al., 1992; Curtis et al., 2002). The fungus 

produces plant growth hormones which results in infected plant heads flowering 

earlier than healthy heads. An infected head contains black spore masses in 

place of the seeds. The spores which are loosely held together are spread by 

wind onto neighbouring healthy plants. Due to infected heads flowering earlier 

than healthy heads, production and release of spores occur at the opportune 

moment when the rest of the crop is flowering. Spores are blown by wind into 

flowers of the healthy plants and enter the ovaries and become part of the 

developing grain. This is how a new cycle of infected seed is produced for the 

following year (Curtis et al., 2002).   

 

2.9.3  Common bunt 

Common bunt is caused by the two closely related fungi namely Tilletia tritici 

(Berk.) Wint (Dromph and Borgen, 2001) and Tilletia laevis Kühn (Curtis et al., 

2002). Common bunt is alternatively known as stinking smut (Trench et al., 

1992; Curtis et al., 2002) or hill bunt in different areas of the world. There are no 

obvious symptoms of infection until the grain heads fully emerge; a common 

symptom is stunted growth of an infected plant (Trench et al., 1992; Curtis et 

al., 2002). The kernels of the infected heads are replaced with smut balls filled 

with dark spores. At maturity, infected spikes may appear lighter in colour than 

normal. Glumes on the infected heads are spread wide which exposes the 

plump smut balls. When the smut ball is crushed in some manner, it has a 

distinct foul, fishy odour. Infection occurs in two ways, either from teliospores on 

the seed surface or from teliospores within the soil close to the vicinity of seed 

(Curtis et al., 2002). Teliospores in the soil of the field remains viable for 

approximately two years but teliospores on or within infected seed can be viable 

for many years (Dromph and Borgen, 2001; Curtis et al., 2002). Yield losses as 

a result of common bunt infection can be high under high inoculum pressure 

and ideal infection conditions. Reduction in grain quality results in high yield 
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losses, due to grain after infection not being of the correct standard for certain 

products (Curtis et al., 2002). 

 

2.9.4  Fusarium head blight  

Fusarium head blight (FHB) is a major disease of wheat that is a deterrent to 

wheat production worldwide. FHB is caused mainly by Fusarium graminearum 

Schwabe. in North America and in cooler areas of Europe, by F. culmorum 

(Wm. G. Sm.) Sacc. (Murray et al., 1998; Somers et al., 2005).  

 

FHB of wheat was first noted in SA in 1980. The main species that cause FHB 

in SA are F. graminearum, F. culmorum and F. crookwellense. Fusarium 

graminearum and F. culmorum are associated with warmer climates and F. 

crookwellense with cooler climates of the country. In SA, FHB spreads in 

localised specific regions, e.g. regular outbreaks occur on wheat grown under 

irrigation (Trench et al., 1992; Kriel and Pretorius, 2006). 

 

FHB occurs predominantly in the warm, humid conditions of KwaZulu-Natal 

(Trench et al., 1992), especially under overhead irrigation (Trench et al., 1992; 

Murray et al., 1998). In the past some outbreaks of FHB have occurred in the 

southern parts of the Cape Province and eastern Free State (Trench et al., 

1992). As reported by Kriel and Pretorius (2006), regular epidemics of FHB 

have occurred during 1985, 1986, 1994 and 2000.  FHB can cause yield loss up 

to 70% under favourable conditions and high inoculum pressure (Kriel and 

Pretorius, 2006). 

 

2.9.5  Black chaff 

Black chaff is caused by Xanthomonas campestris pv. translucens and is 

alternatively known as bacterial stripe or bacterial leaf streak. This bacterium is 

distributed worldwide in major cereal growing regions on all small grain crops 

with oats being the exception. This disease is most observed in sub-tropical and 

tropical climates that have a high rainfall or where overhead irrigation is used 

during the growing season. The primary source of inoculum of black chaff is 

infected seed. Economically, black chaff reduces grain yield up to 40%, as a 

result of smaller kernel size (Murray et al., 1998).  
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2.9.6  Mildew 

Powdery mildew is a common disease amongst cereals, occurring in all areas 

where important cereal crops are grown. Mildew is caused by the following fungi 

on the different crops: Erysiphe (Blumeria) graminis f. sp. tritici (wheat), E. 

(Blumeria) graminis f. sp. hordei (barley), E. (Blumeria) graminis f. sp. avenae 

(oats) and E. (Blumeria) graminis f. sp. secalis (rye).  Yield losses due to mildew 

disease vary from 20% to 25%, depending on the region (Murray et al., 1998). 

 

2.9.7  Glume blotch  

Glume blotch is caused by Phaeosphaeria nodorum and is a seed borne 

disease which can survive for up to 12 months in stubble. Spores are spread 

over short distances by splashing water.  In SA it is considered a major disease 

with limited occurrence. The optimal conditions for this disease are moisture for 

6 to 7 h and low temperatures (less than 7°C). Glum e blotch occurs in the 

eastern and western Cape and occasionally in parts of KwaZulu-Natal and the 

Free State (Trench et al., 1992). 

 

2.10  Rust Pathogens 

Rust fungi are obligate biotrophs that grow and reproduce on living plant tissue. 

There are around 5 000 species of rust fungi that cause diseases on many 

agriculturally important crops and other species of plants (Eckardt, 2006). The 

different species of rust and their relevant cereal host crop are listed in Table 

2.1. The same rust species occasionally causes infection on more than one 

cereal crop.  

 

The life cycles of rust fungi are extremely complex. Most life cycles involve up to 

five different spore producing stages. Rust fungi require two phylogenetically 

distinct hosts to complete their life cycles (Eckardt, 2006). Rust fungi are host 

specific and will develop compatible or incompatible interactions with their host 

plants in a gene-for-gene relationship (Eckardt, 2006; Khlestkina et al., 2007). 

This relationship depends on whether avirulence (Avr) genes of the pathogen 

are present or not and on the corresponding resistance (R) genes in the host 

plant (Eckardt, 2006). 
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During infection of the host plant, fungi form specialised infection structures 

called haustoria. Haustoria penetrate the plant cell wall and create invaginations 

in the plasma membrane (Eckardt, 2006). This is the main source of nutrients 

for the fungus from the host cell. At this point of infection, a hypersensitive 

response within the host plant will normally be triggered (Eckardt, 2006; 

Khlestkina et al., 2007). This leads to disease resistance in resistant hosts when 

the correct interaction between Avr factors of the pathogen and the R gene 

products of the host exists (Eckardt, 2006). 

 

Table 2.1  Diseases caused by Puccina spp. on cereals (Singh et al.,  

1992) 

 

Crop Disease Pathogen
Wheat Black (stem) rust Puccina graminis  Pers. f. sp. tritici  Eriks. 
(Triticum spp.)

Brown (leaf) rust P. triticina   Eriks.

Yellow (stripe) rust P. striiformis  West. f. sp. tritici Eriks.

Barley Black rust P. graminis  Pers. f. sp. t ritici Eriks. 
(Hordeum vulgare )

Leaf rust P. hordei  Otth

Yellow rust P. striiformis  West. f. sp. hordei

Oat Black rust P. graminis  Pers. f. sp. avenae  Eriks.
(Avena sativa )

Crown rust P. coronata Cda. f. sp. avenae  Fraser & Ledingham

Rye Stem rust P. graminis  Pers. f. sp. secalis 
(Secale cereale )

Brown rust P. recondita  Rob. ex Desm. f. sp. secalis

 

2.10.1 Wheat rusts 

Wheat rusts are important foliar diseases of wheat worldwide, causing 

extensive losses and damage to the wheat industry (Singh et al., 1992). There 

are three types of wheat rusts, namely leaf, stripe and stem rust. Rust fungi all 

produce similar disease symptoms on their host plants and mostly have similar 

optimal conditions for infection (Marsalis and Goldberg, 2006). 
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Wheat rust pathogens belong to the genus Puccinia, family Pucciniaceae, order 

Uredinales and class Basidiomycetes. These rust fungi are specialised plant 

pathogens with narrow host ranges and are host specific (Curtis et al., 2002; 

Singh et al., 2002).  

 

2.10.2 Leaf rust  

Leaf rust (Lr) is the most common of the three wheat rust types. Leaf rust is 

additionally known as brown rust and is caused by P. triticina Eriks (Mesterházy 

et al., 2000; Curtis et al., 2002; Singh et al., 2002; Singh et al., 2005) and is an 

important disease worldwide (Mesterházy et al., 2000; Singh et al., 2005; 

Kuraparthy et al., 2007). This leaf rust was first separated from similar rust on 

rye by Eriksson in 1894.  

 

Characteristics 

Leaf rust primarily occurs on wheat (Scott, 1990; Murray et al., 1998). This 

pathogen produces both urediniospores and teliospores on the primary host 

(Scott, 1990). The pathogen survives on alternate hosts when conditions are 

not optimal (Singh et al., 2002).    

 

Leaf rust is characterised by orange-red pustules that develop on the upper 

surfaces of the leaves and even the leaf sheath (Figure 2.2). The 

urediniospores occur within the pustules. Leaf rust generally has a relatively low 

urediniospore output compared to stem rust (Scott, 1990; Singh et al., 2002). 

Leaves of susceptible cultivars become brown and necrotic as the disease 

develops. On such leaves, many tiny black spots containing teliospores are 

visible on the abaxial surface (Scott, 1990).  

 

Optimal conditions for leaf rust development are temperatures ranging from 

10°C to 30°C, with at least 6 h of moisture, dew or soft rain (Scott, 1990; Curtis 

et al., 2002; Singh et al., 2002).  Under ideal conditions, new generations of 

spores can be produced every 7 to 10 days. Under favourable conditions rust 

infection takes 6 to 8 h hours to reach completion (Marsalis and Goldberg, 

2006).  
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Hosts 

Puccina triticina is mainly a pathogen of wheat (T. aestivum) and its immediate 

ancestors. Recent studies reported that the main alternate host of P. triticina is 

T. speciosissimum which appears to produce little direct inoculum, however 

may be a mechanism for genetic exchange between different races and 

populations in certain regions (Curtis et al., 2002; Singh et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2  Leaf rust ( P. triticina) symptoms on a wheat leaf (ZA 

Pretorius). 

 

Life cycle 

Puccinia triticina survives between seasons (summer to winter to spring) and 

wheat crops via what is referred to as the green bridge, which normally is 

volunteer (self-sown) wheat or wild wheat relatives. Urediniospores of the leaf 

rust pathogen have the ability to travel long distances by wind, from one region 

to another. The formation of more and more urediniospores is the continual 

asexual cycle on the wheat crop. Shortly after development, teliospores can 

germinate in the presence of moisture to produce basidiospores which can 

infect the alternate hosts. After sexual recombination on the alternate host, 

aeciospores are produced that infect the wheat host plant. (Curtis et al., 2002; 

Singh et al., 2002). 
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Urediniospores initiate germination just 30 min after coming into contact with 

water (dew drops or rain), at an optimal temperature range of 15° to 25°C.  A 

germtube is formed which grows along the surface of the leaf in search of a 

stomata, initiating the internal infection (Curtis et al., 2002; Singh et al., 2002).   

 

Economic importance 

Leaf rust reduces grain yield and quality as a result of reduced floral set and 

grain shrivelling. In highly susceptible genotypes entire plants can be killed by 

early epidemics. Losses due to leaf rust damage are normally below 10% but 

can at times be as severe as 30% (Trench et al., 1992; Boshoff et al., 2002; 

Curtis et al., 2002; Singh et al., 2002).  

 

Epidemics 

In SA during the past years, leaf rust epidemics have occurred in the Swartland, 

eastern Cape areas and on wheat grown under irrigation in areas of KwaZulu- 

Natal (Trench et al., 1992).    

 

Virulence 

Virulence is the ability of a pathogen to overcome a specific gene for resistance 

(Ezzahiri et al., 1992; Singh et al., 2002). As stated by Kuraparthy et al. (2007) 

there are more than 50 Lr genes documented. Virulence for a number of Lr 

genes singly and in combination exists. There is a continual battle between 

pathogen evolution and the wheat plant for survival (Ezzahiri et al., 1992; Singh 

et al., 2002). Mesterházy et al. (2000) reported that in Europe resistance genes 

Lr9 and Lr19 remained most effective, virulence for Lr24, Lr25 and Lr28 were 

rare and these genes were widely effective in most parts of Europe. Lr24 is 

ineffective in SA, North and South America (Mesterházy et al., 2000) and 

Australia while the Lr19 gene remains effective in SA and China (Xing et al., 

2007). Virulence of rust races against resistance genes necessitates a continual 

search for new sources of resistance to be used in resistant cultivar 

development (Kuraparthy et al., 2007). Each season it is vital to carry out 

pathogen surveys in specific wheat growing areas to be able to establish what 

pathogen races are present and what type of virulence exists. Genetic 
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recombination of a rust pathogen can occur on occasions during a single wheat 

season (Ezzahiri et al., 1992; Singh et al., 2002).   

 

Historically there have been a few examples of durable resistant cultivars. 

These include Americano 25, Americano 44d, Surpreza, Frontana and 

Fronteira. Generally the agronomical life span of any resistant cultivar is five 

years or longer if a continual breeding programme exists (Curtis et al., 2002). 

For more durable, long lasting resistance to leaf rust or any other rust, many 

effective resistance genes should be used in one cultivar. This is the goal of 

breeders globally and in SA (Scott, 1990). 

 

2.10.3 Stem rust  

Stem rust (Sr), also known as black rust, is caused by P. graminis Pers. f. sp. 

tritici Eriks. & Henn. (Curtis et al., 2002; Singh et al., 2002; 2006). Stem rust 

was first independently documented and reported by Italian scientists, Fontana 

and Tozzetti in 1767. In 1797 stem rust was officially named P. graminis by 

Persoon (Singh et al., 2006). Stem rust is feared in most wheat growing regions 

due to its ability to turn a good healthy crop into nothing but black broken stems 

before harvest (Singh et al., 2002; 2006). Historically stem rust has caused 

severe losses to wheat production globally (Singh et al., 2006). 

 

Characteristics 

Stem rust is found mainly on the stems, but at times on leaves, sheaths, glumes 

and seeds (Marsalis and Goldberg, 2006). Raised, long and narrow, orange-red 

pustules occur in early stages of the disease on the stems and leaves of 

susceptible cultivars (Figure 2.3). With the termination of the disease, black 

sooty teliospores are formed and the bursting pustules take on a black colour 

(Scott, 1990; Marsalis and Goldberg, 2006).  

 

Humid conditions and warmer temperatures of 15°C to 35°C are favoured. Stem 

rust requires a longer dew period of about 6 to 8 h, compared to leaf rust. 

Infection is completed in 8 to 12 h (Curtis et al., 2002; Singh et al., 2002). 
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Figure 2.3  Stem rust ( P. graminis f. sp. tritici) symptoms  on the stem of 

a wheat plant (ZA Pretorius).   

 

Stem rust has a high output of urediniospores per day (Singh et al., 2002). 

Urediniospores of stem rust can remain viable for long periods and are carried 

long distances by winds (Curtis et al., 2002; Singh et al., 2002). Wind is a great 

spreading agent of stem rust and causes concern as to how easy and far stem 

rust can spread. Long distance transport of urediniospores occurs annually and 

distances of 800 km across the North American Great Plains have been 

reported. Most years it has been found that stem rust spores can travel the 

2 000 km from Australia to New Zealand. A few times in the last 75 to 100 years 

spores have travelled the 8 000 km from east Africa to Australia (Singh et al., 

2002; Kolmer, 2005).  

 

Hosts 

The primary host plants for stem rust are Triticum aestivum, T. turgidum and 

triticale. The main secondary host that occurs in nature throughout Europe is 

Berberis vulgaris L. (Curtis et al., 2002). 
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Life cycle 

The life cycle of P. graminis f. sp. tritici mostly consists of continual uredinial 

generations. Stem rust fungi spread via airborne spores in the form of 

urediniospores from one wheat plant to another and from field to field. Initial 

inoculum to start the infection process may be local from volunteer infected 

plants or an inoculum source from urediniospores that have travelled long 

distances (Curtis et al., 2002; Singh et al., 2002).  

 

Uredinospore germination starts 1 to 3 h after contact with free water at optimal 

temperatures which is similar to leaf rust. In the case of stem rust moisture must 

last 6 to 8 h at favourable temperatures for the spores to germinate and 

produce a germtube. After germtube formation the development of an 

appressorium takes place and the host is penetrated (Curtis et al., 2002; Singh 

et al., 2002).  

 

Economic importance 

Stem rust is the most devastating of the rust diseases. It can cause losses of up 

to 50% on susceptible cultivars in a single season when conditions are 

favourable (Scott, 1990; Curtis et al., 2002).  Losses of 100% are possible on 

some susceptible cultivars (Curtis et al., 2002). 

 
Epidemics 

In the past there have been a number of major stem rust epidemics in North 

America, namely in 1904, 1916 and the 1950’s. These epidemics led to the 

understanding that there are different stem rust races that vary in the ability to 

infect different wheat varieties (Singh et al., 2006). Other epidemics that 

occurred were in Australia in the 1940s on Eureka which contains Sr6, on Lee 

(Sr9g, Sr11 and Sr16), Langdon (Sr9e, +) and Yuma (Sr9e, +) in the United 

States in the 1950s (Curtis et al., 2002). Until recently stem rust was under 

control worldwide (Curtis et al., 2002; Singh et al., 2002). A new virulent stem 

rust race has recently been reported in central Africa (Kolmer, 2005). This 

particular race known as Ug99 (TTKS) could be a major threat to global wheat 

industries. Ug99 contains virulence for most resistance genes used extensively 

in breeding programmes and existing resistant cultivars around the world (Singh 
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et al., 2006). In the past 20 years there have been no major stem rust 

epidemics in SA. Breeders, researchers and pathologists should be aware of 

the potential danger and threat a new virulent race of stem rust could pose 

(Scott, 1990).  

 

Ug99 (TTKS) 

The new stem rust race Ug99 was first identified in Uganda during 1999 and 

named accordingly (Pretorius et al., 2000). Since its first identification, Ug99 

has been renamed to TTKS by Wanyera et al., using the North American 

nomenclature system as reported by Singh et al. (2006). Ug99 is virulent for a 

number of key resistance genes used in breeding programmes around the 

world. Amongst others Ug99 shows virulence against Sr31 and Sr38 genes 

(Singh et al., 2006).  

 

Ug99 migration is slowly taking place. In 2003 this new stem rust race was 

detected in Ethiopia. Recent reports suggest that Ug99 is well established and 

spreading in the eastern African highlands. This is a reason for concern when 

considering the fact that normally the east African highlands are considered a 

“hot spot” for evolution and formation of new rust races. Pathogen population 

build up is favoured in the east African highlands region due to optimal 

environmental conditions and the availability of potential host plants all year 

round (Singh et al., 2006). Recent reports have stated that the Ug99 race has 

been detected in Yemen across the Red Sea. There is also some evidence that 

the Ug99 race has spread into Sudan (Anonymous, 2007). 

 

The major concern of breeders, farmers and pathologists is that a significant 

quantity of world wheat germplasm is potentially at risk and susceptible to race 

Ug99. It has been predicted based on numerous models, climatic conditions 

and with large wheat production areas in mind, that Ug99 might follow a similar 

path to the progressive appearance of Yr9 virulence during 1986 to 1998. Ug99 

is expected to move through Africa across the Red Sea into Asia via step wise 

migration and aided by natural wind flow.  If an epidemic does result from Ug99, 

losses will affect farming communities and food sources. Furthermore, 

agricultural markets and global wheat prices could be drastically affected. Stem 
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rust disease, which has been controlled for decades through successful genetic 

resistance, could once again become the reason for food shortages and famine 

in Africa, the Middle East and Asia, if Ug99 is left unchecked (Singh et al., 

2006).  

 

Virulence 

There are close to 50 different stem rust resistance genes catalogued and 

identified (Khan et al., 2005; Singh et al., 2006). Several of these resistance 

genes were derived from alien relatives of wheat. Except for one gene (Sr2), all 

of the 50 Sr genes are race-specific. Sr2 provides a slow rusting resistance 

response to an adult plant (Singh et al., 2006). Virulence exists in SA against 

Sr24 and in Australia against Sr27. There is no record so far of virulence 

against Sr26 even though it has been used extensively in Australian cultivar 

development (Pretorius et al., 2000; Singh et al., 2002). The following Sr genes 

are considered ineffective: 5, 6, 7a, 8a, 9a, 9b, 9d, 9e, 9f, 9g, 10, 11, 12, 15, 16, 

17, 18, 19, 20, 21, 23, 30,  31, 34, 38 41, 42 and wld-1. Sr genes that have 

remained effective against stem rust are: 2, 13, 14, 22, 24, 25, 26, 27, 28, 29, 

32, 33, 35, 36, 37, 39, 40, 43, 44, 45 and 1A.1R (Singh et al., 2006). Thatcher 

and Hope cultivars in the past have been successful sources of resistance 

against stem rust (Curtis et al., 2002).  

 

2.10.4 Stripe rust  

Stripe rust, alternatively known as yellow rust (Yr), is caused by P. striiformis 

Westend. f. sp. tritici Eriks. (Ma et al., 2001; Boshoff et al., 2002; Curtis et al., 

2002; Singh et al., 2002; Smith et al., 2002; Lin and Chen, 2007). Stripe rust 

was first described by Gadd and Bjerkander in 1777 (Curtis et al., 2002) and is 

considered a major foliar disease that causes considerable losses to wheat 

production worldwide (Ma et al., 2001; Smith et al., 2002; Lin and Chen, 2007). 

Stripe rust has a lower optimal temperature for development in comparison to 

the other two rust species, limiting it as major disease to specific localised 

regions.  This rust is an important disease on wheat grown during winter or 

early spring or at high altitudes (Curtis et al., 2002).  
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Characteristics 

Stripe rust has a distinguishable characteristic of producing light yellow, 

straight-sided pustules that occur in stripes between the veins on the leaves 

and occasionally on the heads (Figure 2.4). As the pustules reach maturity, 

orange-yellow spores are produced. As the disease progresses the plant tissue 

around the infection area goes brown and looks scorched (Murray et al., 1998; 

Marsalis and Goldberg, 2006). Towards the end of the season, black telia form 

within necrotic tissue that was killed by the orange-yellow rust pustules (Murray 

et al., 1998). During telial development, narrow black stripes are formed on the 

surface of the leaf (Singh et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4  Stripe rust symptoms ( P. striiformis.  f. sp. tritici)  on the leaf 

of a wheat cultivar (ZA Pretorius).  

 

Stripe rust has the potential to be as devastating as stem rust but is limited to 

cooler climates (Boukhatem et al., 2002; Singh et al., 2002). It usually occurs in 

the cold of winter or early spring, with temperatures ranging between 0°C and 

15°C (Singh et al., 2002). The temperature range for stripe rust infection is as 

follows; minimum of 0°C, optimal of 11°C and maximu m of 23°C (Curtis et al., 

2002). Stripe rust occurs frequently in the northern parts of Europe, 

Mediterranean region, Middle East, western United States, Australia, east 
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African highlands, regions of China, India, New Zealand and SA as well as the 

Andean regions of South America. This rust type is considered important in 

tropical regions with higher altitudes such as countries of North Africa, the 

Indian Himalayan foothills, Pakistan and Mexico (Boshoff et al., 2002). The 

urediniospores of stripe rust are sensitive to ultraviolet light, which renders them 

unsuitable for travel by wind over long distances (Curtis et al., 2002; Singh et 

al., 2002).  

 

Hosts 

Triticum spp. are the major hosts of stripe rust. Stripe rust is the only one of the 

three rusts of wheat to consistently spread past the initial infection point within 

the plant (Curtis et al., 2002).   

 

Life cycle 

Puccinia striiformis is a pathogen with a life cycle that seems to only consist of 

the uredinial and telial stages. Urediniospores of stripe rust are the only known 

form of inoculum for wheat, which germinate and infect at a low temperature 

range. Pathogen populations of stripe rust can exist, undergo change in 

virulence, possibly mutate and result in epidemics, all independent of an 

alternate host (Curtis et al., 2002; Singh et al., 2002).  

 

Epidemics 

Epidemics occurred in Wales and England in 1978, 1981 and 1988 (Murray et 

al., 1998). Only as recently as 11 years ago in 1996, stripe rust was first 

discovered in SA (Kolmer, 2005). Boshoff et al. (2002) reported that stripe rust 

was first observed in the Western Cape, near Moorreesburg, during August of 

1996. After the first observation of stripe rust in 1996, it spread through most of 

the important wheat growing regions of SA (Boshoff et al., 2002; Moldenhauer 

et al., 2006). It is thought that the introduction of stripe rust into Australia was as 

a result of human air travel. It has been reported that some stripe rust airborne 

spores travelled the 2 000 km distance between New Zealand and Australia, 

although on average this is considered a rare event (Curtis et al., 2002).    
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Economic importance 

Losses due to stripe rust can be severe, 50% or more, due to shrivelled grain 

and damaged tillers (Boukhatem et al., 2002; Singh et al., 2002). Losses of up 

to 40% on susceptible cultivars have been reported at times during epidemic 

years (Murray et al., 1998; Khan et al., 2005). In Europe stripe rust is one of the 

most important and widely distributed rust pathogens on susceptible wheat 

crops. Severe outbreaks of the disease have resulted in 50% to 60% losses in 

the past (Moldenhauer et al., 2006). Boshoff et al. (2002) stated that the stripe 

rust epidemic of 1996 in the Western Cape of SA resulted in producers 

spending R28 million on fungicides to treat the disease.  

 

Virulence 

To date there are 35 stripe rust resistance genes listed and designated 

(Kuraparthy et al., 2007). In the global sense, there is a probability that 

virulence already exists for most of the Yr genes (Curtis et al., 2002; Singh et 

al., 2002). Virulence for the following Yr genes occurs in SA: Yr2, Yr6, Yr7, Yr8, 

Yr17, Yr19 and Yr25, as reported by Boshoff et al. (2002). Later Kolmer (2005) 

reported an additional two genes, Yr11 and Yr14, against which virulence 

exists.  Boshoff et al. (2002) reported that although the adult resistance genes 

Yr11 and Yr14 offered relative resistance when compared to the susceptible 

cultivar Avocet S, these genes would not provide sufficient crop protection. 

Various resistance genes are used in different combinations where no virulence 

has been observed or if virulence is localised (Curtis et al., 2002; Singh et al., 

2002). In fact, virulence to adult plant resistance (APR) genes is somewhat 

unknown due to most virulence surveys being done at the seedling stage (Singh 

et al., 2002). The South African cultivar Kariega has an adult stripe rust 

resistance response as a result of containing two major QTL, designated as 

QYr.sgi-7D and QYr.sgi-2B.1 (Ramburan et al., 2004).  Examples of historically 

successful resistant cultivars to stripe rust include Wilhelmina, Capelle-Desprez, 

Manella, Juliana and Carstens VI (Curtis et al., 2002).  

 

In summary, Table 2.2 gives an in depth comparison of the characteristics of 

stem, leaf and stripe rust.  
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Table 2.2  Comparative characteristics of Puccinia graminis f. sp. tritici, 

P. triticina  and P. striiformis  f. sp. tritici  of wheat (Singh et al.,  

1992) 

Differentiating 
characters

Stem rust 
(Puccinia 

graminis f. sp. 
tritici )

Leaf rust 
(Puccinia 
triticina )

Stripe rust 
(Puccinia 

striiformis f. sp . 
tritici )

Optimal tempreture 25°C 20°C 10-15°C

Severity

More severe on 
stalks than on leaf 

sheaths, leaves and 
ears

Infects leaves 
exclusively, rare on 

leaf sheaths and 
stalks

Infects leaves and 
when severe, leaf 

sheaths, stalks, and 
ears

Uredinia

Large elongated, 
dark brown, bursting 

early, throwing 
epidermal fringes in 

the process

Small, oval, light 
brown, do not run 

together burst early 
with mild 

displacement of 
epidermis, found 
chiefly on upper 

surface of leaves

Arranged in rows of 
lemon yellow 
coloured sori, 

epidermal rupture not 
visible

Uredinospores 

Brown, oval, thick 
wall, tiny spines, 25-

30 x 17-20 µm 
having 4 germpores 
at equatorial plane

Brown, spherical, 
minutely 

echinulated, 16-28 
µm, 7-10 

germpores 
dispersed all over

Spherical to oval, 
spore wall colourless, 

contains yellow oil 
globule, minute 

echinulation 23-35 x 
20-25 µm, 6-16 

germpores dispersed 
all over

Telia
Black, found on all 
aerial parts, mainly 

stem

Pustules do not 
burst epidermis, 

found chiefly on the 
leaf surface

Sori are flattened and 
dull black, chiefly on 

the lower surface and 
do not burst open 

easily

Teliospores 40-46 x 15-20 µm 35-63 x 12-20  µm 35-63 x 12-20  µm

 

 

2.10.5 Managing rust 

Field scouting, or the continually monitoring of regions for infection, is vital to 

effective rust control (Kolmer, 2005; Marsalis and Goldberg, 2006). The 

monitoring process is important worldwide to allow wheat pathologists, breeders 

and scientists to prepare and anticipate the possible occurrence of new rust 

races (Kolmer, 2005). Preparations for the season ahead of time and based on 

historical data should help in rust control. Depending on temperatures for that 
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particular season, be it a mild winter perhaps, rust infection can persist into 

early spring. Bearing in mind, the worst infection time is when the flag leaf gets 

infected. This results in the highest damage if untreated. Flag leaf infection 

often results in the necessity for fungicide treatment; this is vital especially if 

warmer, wet weather is forecasted. A problem associated with chemical control 

is that it is expensive and carries environmental risks. There are several types 

of fungicides and depending on the chosen product, the price will differ. Every 

year millions of dollars are spent worldwide on fungicide treatment, not always 

with success (Marsalis and Goldberg, 2006).  

 

According to Boshoff et al. (2002), R28 million was spent on fungicides to 

chemically control the stripe rust epidemic of 1996 in the Western Cape of SA. 

Spraying too early or too late will result in inadequate disease control, resulting 

in large losses in profits, increased costs and loss of time. Most of the time 

fungicides offer two to three weeks protection against infection. It is vital to 

remember that fungicides are not a cure for the problem but merely a preventive 

measure (Marsalis and Goldberg, 2006). Murray et al. (1998) reported that 

chemical control in Europe is generally practiced in areas where high-yielding 

susceptible wheat varieties are grown.  

 

A cultural method of rust control involves the removal of volunteer wheat or 

cereals around fields, which tends to harbour inoculum during winter. Good 

disposal of crop debris after the harvesting period is important in dealing with 

inoculum build up (Murray et al., 1998).  

 

The main mechanism used to control wheat rusts or other cereal rust for that 

matter, is through the use of resistant cultivars. Resistance breeding has been 

around for years and there are a number of historically developed resistant 

cultivars (Singh et al., 2002). Several strategies to improve resistant cultivars 

have been conceptualised, such as the incorporation of multiple race-specific 

resistance genes in the same cultivar (gene pyramiding or gene stacking) and 

making use of a different resistance gene carrying varieties in neighbouring 

wheat fields (Murray et al., 1998). 
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2.11  Resistance genes to be used in the current st udy 

2.11.1 Lr19  

The Lr19 gene occurs on an alien segment of DNA, transferred by Sharma and 

Knott (1966) (Prins et al., 1997) from Thinopyrum ponticum (Prins and Marais, 

1998; Prins et al., 2001; Xing et al., 2007) and was originally found on 

chromosome 7DL. Lr19 is completely linked on the same translocation to Sr25 

(Prins et al., 2001).  Lr19 is a seedling resistance gene and even though 

virulence to the Lr19 gene is rare, it will likely have limited long term durability if 

introduced alone. Best possible durability will be obtained if it is combined with a 

slow rusting gene (Zhang et al., 2005). Previously this gene has not been widely 

used in common wheat breeding programmes due to its linkage on the original 

translocation with the yellow pigment gene Y that tints flour yellow. In some 

countries yellow flour is not desired for bread making but the yellow pigment is 

desired in durum wheat for good pasta (Zhang et al., 2005). In this study a CS 

Lr19-149-299 line with a modified form of the original Lr19 translocation was 

used as a donor parent for Lr19. This line contains a shortened form of the 

original translocation which has been relocated to chromosome 7BL. Sr25 and 

Y genes previously associated with Lr19 have been removed. Recombinants of 

the shortened form are associated with white flour.  Selection for the Lr19 gene 

segment can be done using a dominant STS marker (STSLr19130). Even though 

this marker is still distant from Lr19 itself, the marker is useful in MAS 

programmes since the alien segment from which Lr19 was transferred, does not 

normally recombine with its wheat homologue in the presence of homologous 

paring gene Ph1 (Prins et al., 2001). Lr19 still provides effective resistance 

against most, if not all, leaf rust races in SA and China (Xing et al., 2007).  

 

2.11.2 Lr34 

The leaf rust resistance gene Lr34 is non race-specific, effective at adult plant 

stages and has provided durable resistance to leaf rust (Schnurbusch et al., 

2004; Lagudah et al., 2006). Lagudah et al. (2006) reported that Lr34 confers 

APR and possibly even seedling resistance under appropriate conditions. Lr34 

is considered one of the most relevant genes in wheat rust disease resistance 

breeding programmes (Bossolini et al., 2006). Lr34, known as a “slow rusting 

gene”, is located on chromosome 7DS and is associated with the stripe rust 
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gene Yr18 and the morphological character leaf tip necrosis (Ltn) (Spielmeyer 

et al., 2005; Bossolini et al., 2006; Lagudah et al., 2006). This Lr34 locus 

provides durable resistance to both leaf rust and stripe rust (Bossolini et al., 

2006). Cultivars with Lr34 display a longer latent period, have fewer uredina on 

the plant and the uredina are smaller in size (Schnurbusch et al., 2004). 

Lagudah et al. (2006) reported that the STS co-dominant marker csLV34 can 

identify cultivars carrying the Lr34 gene. Recently in 2007, STS marker csLV34 

was used in a study to test and confirm a number of Australian cultivars 

containing the Lr34 gene (Singh et al., 2007).  

 

2.11.3 Sr2 

Sr2 is an important gene for stem rust resistance in modern wheat breeding 

(Spielmeyer et al., 2003). At present there are several cultivars which contain 

Sr2. Sr2 is a recessive gene, which confers a slow-rusting response, resulting in 

variable levels of disease development in adult plants (Sharp et al., 2001; Kota 

et al., 2006). This gene has offered durable, broad-spectrum resistance for 

some 50 years in the wheat breeding industry. The Sr2 gene has been used 

extensively and is still being used in breeding programmes in Australia (Sharp 

et al., 2001; Spielmeyer et al., 2003; Hayden et al., 2004). This gene was 

transferred from the tetraploid Yaroslav emmer wheat into hexaploid wheat in 

the 1920’s (Sharp et al., 2001).  

 

The Sr2 gene is located on chromosome arm 3BS (Hayden et al., 2004; Kota et 

al., 2006). According to Sharp et al. (2001) Sr2 is linked to the leaf rust 

resistance gene Lr27. It is difficult to select for Sr2 in breeding programmes as a 

result of it being a recessive gene (Sharp et al., 2001; Hayden et al., 2004; Kota 

et al., 2006). The fact that Sr2 resistance is only phenotypically visible in the 

adult plant stage furthermore delays progress in selection (Sharp et al., 2001; 

Hayden et al., 2004). However, two morphological markers, pseudo-black chaff 

(PBC) and seedling-leaf chlorosis are closely associated to the presence of Sr2. 

PBC is a pigmentation that develops on the glumes and under the stem nodes 

of the wheat plant, expressed by the partially dominant gene Pbc. The 

phenotype of PBC can assist in Sr2 selection, although expression of PBC 

varies in different cultivar backgrounds and environments, making PBC an 
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unreliable marker across environments (Sharp et al., 2001; Spielmeyer et al., 

2003). Seedling-leaf chlorosis is conferred by a recessive gene (sc) which 

confers a distinct leaf chlorosis reaction to seedlings inoculated with virulent leaf 

or stem rust races, grown under high temperatures and in high light intensity 

conditions (Brown, 1997). This phenotypic marker is often used to select for the 

presence of Sr2 in phenotypic screening experiments carried out in controlled 

greenhouse conditions (Sharp et al., 2001). Hayden et al. (2004) reported the 

development of two sequence-tagged microsatellite (STM) markers 

(stm559tgag and stm598tcac) that were derived from microsatellite marker 

Gwm533 to distinguish between Sr2 and non-Sr2 allelic presence in different 

cultivars.  

 

2.11.4 Sr26 

The stem rust resistance gene Sr26 was introduced through translocation from 

the long arm of Agropyron elongatum chromosome 6A into chromosome 6A of 

wheat. At present there is no virulence toward Sr26 worldwide. Eagle, an 

Australian cultivar, was the first cultivar to contain Sr26. Since then many 

varieties have been released containing this gene. Previously it was thought 

that the Sr26 segment is associated with a yield penalty. This is no longer the 

case as a result of the reduction of the Agropyron chromosome segment (Mago 

et al., 2005). Mago et al. (2005) reported the development of a STS marker 

Sr26#43 to be used in MAS for the presence of Sr26.   

 
2.11.5 YrSp 

YrSp is a gene for seedling resistance to stripe rust, derived from the cultivar 

Spaldings Prolific. This is a dominant gene that confers an immune-type 

resistance, characterised by minute chlorotic patches on the leaf surface. The 

YrSp gene has been mapped to the short arm of chromosome 2B and was 

incorporated into Avocet S, an Australian wheat cultivar (Mathews, 2005). Two 

AFLP markers linked to the YrSp gene in Avocet S were identified by Mathews 

(2005). 
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2.11.6 Yr7D and Yr2B 

Kariega, a South African cultivar, shows complete APR to stripe rust. Yr Kariega 

7D (QYr.sgi-7D) and Yr Kariega 2B (QYr.sgi-2B) are the designated names 

given to the two major QTL found in the South African cultivar. It is thought that 

within these QTL there are other possible genes offering various forms of 

resistance. The two major QTL were mapped to chromosomes 7D and 2B, 

respectively. The 7D QTL represents potentially more durable resistance than 

the 2B QTL. It is believed that the Lr34/Yr18 complex falls within the Yr7D QTL 

region as well (Ramburan et al., 2004; Moldenhauer et al., 2006). 

 

2.12  Molecular plant breeding 

In the last 50 years research has produced major advances in plant breeding, 

especially in the economically important crops such as maize, wheat, rice, 

sorghum and barley (Rajaram, 2001). 

 

Genetic engineering and biotechnology hold great potential for plant breeding in 

future, as it promises to reduce the time taken to create varieties with desirable 

characters. With the use of molecular techniques it has become possible to 

accelerate the transfer of desirable traits among different cultivars and to 

introduce novel genes into a crop (Mohan et al., 1997). Many agriculturally and 

economically important traits e.g. yield, quality and forms of resistance are 

controlled and influenced by many genes (Collard et al., 2005; Francia et al., 

2005). These are known as quantitative traits or polygenic traits. Specific 

regions within the genome of an organism that harbours genes that affect a 

quantitative trait are referred to as QTL (Collard et al., 2005).  

 

Genetic or DNA markers generally detect a difference between individuals of a 

species or between different species at genomic level. These DNA markers 

may be used as signs or indicators of the presence of desired regions of DNA in 

MAS (Collard et al., 2005). Marker types can be classified as co-dominant or 

dominant. A co-dominant marker can distinguish between homozygous and 

heterozygous individuals (Mohan et al., 1997).  
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DNA markers have been used extensively in many crops to do genome 

mapping and to construct linkage maps. Linkage maps provide information on 

chromosomal regions that contain major genes and QTL (Collard et al., 2005). 

Molecular markers have been used extensively in the development of detailed 

genetic and physical chromosome maps in a variety of organisms. Another 

important application of molecular markers in plant species has involved 

targeted improvement in efficiency of conventional breeding by indirect 

selection using markers linked to the desired traits (Gupta et al., 1999). 

 

The usefulness of a marker depends on the level of polymorphism (differences) 

detected between different individuals, its repeatability and how closely it is 

linked to a targeted gene. Molecular markers are mostly based on techniques 

such as restriction fragment length polymorphism (RFLP), random amplified 

polymorphic DNA (RAPD), AFLP, microsatellite or SSR, sequenced-tagged 

sites (STS), cleaved amplified polymorphic sites (CAPS) and single nucleotide 

polymorphisms (SNPs). All of these techniques are being used extensively to 

identify markers for specific traits and genes in many important crops (Mohan et 

al., 1997; Gupta et al., 1999; Haung and Röder, 2004; Francia et al., 2005). 

RAPDs have been used in the past as a quick fingerprinting method and for 

diversity studies in most crops but its biggest disadvantage is a lack of 

repeatability. RAPDs have been put to limited use in bread wheat partly due to 

the low level of polymorphism (Gupta et al., 1999).  AFLPs are used for 

fingerprinting, fine mapping and marker identification in many crops. SSRs are 

extensively used together with AFLPs in mapping anchor markers to 

chromosomes and in many other approaches of MAS in a variety of crops. SNP 

detection is a relatively new technique that has found fairly limited application in 

plant genomics to date. SNPs seem to be used in diversity studies, mutational 

event studies and fingerprinting (Mohan et al., 1997; Haung and Röder, 2004; 

Francia et al., 2005).  

 

2.12.1 Amplified fragment length polymorphism  

The AFLP technique is a modified polymerase chain reaction (PCR)-based 

method whereby a specific set of restriction fragments are selectively amplified. 

The first step of this technique involves digestion of genomic DNA with two 
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different restriction enzymes, a frequent cutter and a rare cutter. A frequent 

cutter is considered a four base cutter and a rare cutter a six base cutter (Vos et 

al., 1995; Blears et al., 1998).     

 

Enzyme digestion is followed by ligation of double stranded adapters. The 

adapter sequences correspond to the cut end of the double stranded DNA. 

Following ligation, a first PCR amplification is carried out. This first amplification 

step is often referred to as pre-selective amplification. Primers for the pre-

selective amplification stage contain the known adapter-enzyme complex 

sequence and none or one randomly selected additional base at the 3’ end. The 

randomly selected base reduces the number of restriction fragments amplified. 

A secondary amplification step is done with primers similar to the ones used in 

the pre-selective amplification, except that two to three additionally randomly 

chosen bases are included in the primer sequence. This step selectively 

amplifies specific fragments with the exact matching sequence, reducing the 

number of fragments 16 fold. Selective amplification helps with visualisation and 

result interpretation by reducing the thousands of fragments produced by the 

digestion to a workable number of selectively amplified fragments (Vos et al., 

1995; Blears et al., 1998).   

 

AFLP is a useful DNA fingerprinting technique that is capable of generating 

individual DNA profiles using different primer combinations. In combination with 

different targeting strategies, such as bulk segregant analysis or different 

populations (recombinant inbred lines (RILs), near-isogenic lines (NILs), F2 and 

doubled haploid (DH) lines, AFLPs can be used to identify specific gene or trait 

markers. These AFLP markers can be sequenced and converted to simpler 

PCR markers, e.g. sequence characterised amplified region (SCAR) or STS 

markers (Vos et al., 1995). Conversion of AFLP markers into SCAR or STS 

markers circumvents the disadvantages associated with AFLP analysis, namely 

being time-consuming, relatively difficult and expensive. It furthermore allows 

high-throughput analysis.  

 

AFLP is a multi-locus technique, which makes it attractive for fingerprinting and 

mapping, due to large genome coverage and a high multi-plex ratio. It 
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furthermore produces many polymorphic fragments per primer due to its multi-

locus nature (Blears et al., 1998).          

 

2.12.2 Sequenced-tagged site  

A STS is a short, unique sequence that identifies a specific target locus and is 

amplified by PCR. A STS marker is characterised by a set of PCR primers that 

are developed from the sequencing of a cloned RFLP, RAPD or AFLP fragment 

linked to a specific trait. STS primers amplify specific, targeted DNA areas and 

therefore have a locus specific nature. STS markers are useful for the detection 

of specific desired genes/QTL (Gupta et al., 1999).  In the last five years, a 

number of STS markers have been developed in wheat, including STS markers 

for the Lr19 (Prins et al., 2001), Sr26 (Mago et al., 2005) and Lr34 (Lagudah et 

al., 2006) resistance genes. These markers can be employed in MAS by 

researchers and breeders interested in transferring or selecting these genes. 

 

2.12.3 Microsatellites or simple sequence repeats 

Microsatellites or SSRs are a unique class of repetitive DNA sequences that are 

highly polymorphic and abundant throughout the genomes of eukaryotes 

(Powell et al., 1996; Varshney et al., 2000; Hayden and Sharp, 2001; Rakoczy-

Trojanowska and Bolibok, 2004). Microsatellites have been used extensively in 

genome mapping of a number of animal, insect and plant species (Varshney et 

al., 2000). A microsatellite region is generally a repeat motif of di-, tri-, tetra- or 

penta-nucleotides (Powell et al., 1996) that occur randomly throughout the 

genome (Powell et al., 1996; Fahima et al., 1998; Röder et al., 1998; Hayden 

and Sharp, 2001).  A microsatellite region is normally flanked by highly 

conserved sequences of DNA (Powell et al., 1996; Rakoczy-Trojanowska and 

Bolibok, 2004). The length of the microsatellite region is dependent on the 

number of motif repeats between the conserved flanking regions. These repeat 

units have high mutation rates, primarily due to DNA slippage within these 

repetitive regions which are highly polymorphic and can be used to distinguish 

between closely related individuals (Powell et al., 1996; Fahima et al., 1998). 

The flanking regions define the microsatellite region and primers are normally 

developed based on the sequence of the flanking regions (Powell et al., 1996).  

Microsatellite regions are sources of ubiquitous informative genetic markers 
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throughout the genome. Hayden et al. (2001) reported that SSRs revealed a 

higher incidence of polymorphisms than other forms of genetic markers, which 

makes SSRs ideal for a self-pollinating crop such as wheat. SSR markers have 

become the DNA marker of choice for application in wheat research (Varshney 

et al., 2000). Since SSR markers are multi-allelic and mostly co-dominant in 

nature, it makes them ideal for use in evolutionary studies, genetic relationship 

studies, DNA fingerprinting, genetic mapping and MAS. Most SSRs are locus 

specific and often chromosome specific (Powell et al., 1996; Röder et al., 1998; 

Hayden and Sharp, 2001; Hayden et al., 2001; Gupta et al., 2002) making 

SSRs ideal anchoring markers to specific chromosomes (Röder et al., 1998).  

 

Microsatellite analysis is a PCR-based technique (Röder et al., 1998; Gupta et 

al., 2002; Somers et al., 2004) which makes it a rapid and reliable technique 

that can be used between laboratories and for high-throughput analysis (Röder 

et al., 1998; Somers et al., 2004). Development of primers for microsatellite 

analysis is initially complex, time-consuming, labour intensive and costly (Röder 

et al., 1998; Hayden et al., 2001). Conventional development of locus-specific 

microsatellite markers requires the isolation, identification and characterisation 

of individual loci within the genome. This process involves the construction and 

screening of DNA libraries with microsatellite specific targeting probes, followed 

by DNA sequencing of positively identified clones and subsequent PCR primer 

synthesis (Hayden and Sharp., 2001; Hayden et al., 2001; Rakoczy-

Trojanowska and Bolibok, 2004). Another approach used to generate SSR 

markers, namely selectively amplified microsatellite (SAM) analysis, has proven 

to be a different way to generate locus-specific SSR markers for genomic 

regions of interest (Hayden and Sharp, 2001; Hayden et al., 2001). However, 

once microsatellite markers have been developed, their application in breeding 

programmes for MAS is effective (Röder et al., 1998).  

 

 2.12.4 Application of SSR markers in wheat  

Due to the hexaploid nature and relatively large genome size of wheat, 

development of SSR markers is time-consuming and expensive. The fact that 

the majority of SSR markers are co-dominant and detect high levels of 
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polymorphism, is an important advantage for crops with a large genome such 

as wheat (Röder et al., 1998; Somers et al., 2004; Sourdille et al., 2004).  

 

SSR map of wheat 

The development of genetic maps of many crop species such as wheat has 

increased progressively since the 1980s (Somers et al., 2004). Genetic maps of 

wheat were intially constructed using RFLP markers. Since the discovery of 

PCR by Mullis, PCR-based markers have become the markers of choice for 

genetic map construction (Somers et al., 2004; Sourdille et al., 2004). PCR 

markers that have been used for mapping include RAPDs, AFLPs and SSRs. 

The potential use of markers identified from mapping studies in plant breeding 

was one of the primary reasons to switch to PCR-based markers such as SSRs. 

Traditional plant breeding requires the analysis of thousands of plants in the 

shortest possible time and at the lowest cost. SSRs and high-throughput 

modern electrophoresis equipment give a good base for directed use of MAS 

within breeding programmes. However, the MAS process can only be as 

efficient as the availability and reliability of relevant markers. Molecular breeding 

therefore requires high density molecular maps of wheat to function optimally 

(Somers et al., 2004). The first SSR map in wheat was constructed by Röder et 

al. (1998) using 279 SSRs. Since then a number of studies have been done 

using different targeting strategies and types of populations to acquire a higher 

density SSR map in wheat (Somers et al., 2004; Sourdille et al., 2004).  In 2004 

two research groups published SSR maps in wheat. Sourdille et al. (2004) used 

a deletion line strategy to construct a genetic-physical map using 725 SSRs. 

The other study by Somers et al. (2004) joined four independent genetic maps 

of bread wheat done on a series of populations. The later study used 1 235 

SSR markers in order to construct a SSR consensus map in wheat.  These two 

studies together with present and future studies will allow scientists a wider 

choice of specific markers for a targeted gene or region of a chromosome for 

use in a MAS breeding programme of wheat (Somers et al., 2004).      
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2.12.5 Marker-assisted selection 

MAS is an approach that involves the use of known molecular markers linked to 

traits of interest to aid and speed up the normal selection process in a breeding 

programme. Often MAS changes the selection criteria of a breeding programme 

as selection is no longer being based on phenotype but rather more directly 

towards selection of specific genes (Francia et al., 2005). According to Mohan 

et al. (1997) progress in mapping and tagging a number of agriculturally 

important genes with molecular markers has been made, which forms the basis 

of MAS in crops. One of the strengths of MAS is the fact that markers are not 

environmentally influenced. With the increasing availability of a large number of 

different molecular markers, MAS can be used for selection of simple and 

quantitative traits (Mohan et al., 1997; Röder et al., 1998; Francia et al., 2005). 

As stated by Witcombe and Hash (2000), MAS of resistance genes identified by 

molecular markers and QTL analysis is now considered possible in many 

important crops. According to Huang and Röder (2004) the application of tightly 

associated or co-segregating markers to specific resistance genes is important 

to perform MAS in wheat breeding programmes.  It is possible, with the 

successful application of MAS, to pyramid several resistance genes into a 

single desired genotype (Witcombe and Hash, 2000).  

 
MAS in a plant breeding programme ideally requires markers that co-segregate 

with or are closely linked (within 1 cM or less) to the gene or trait of interest. The 

technique used to visualise these markers should be quick, easy and 

economical for screening large populations. Generally PCR-based techniques 

are performed together with a good visualisation process (Mohan et al., 1997). 

A careful selection process of weighing up all advantages and disadvantages of 

the molecular techniques, cost involved and breeding objectives of the MAS 

programme must be considered to select the correct technique (Gupta et al., 

1999).     

 

MAS has a number of advantages for plant breeders (Collard et al., 2005). With 

the aid of molecular markers it is now possible to select for agronomic traits of 

importance that previously was not possible (Mohan et al., 1997). MAS could 

save time with the possibility of making many selections in one year or a single 
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growth season, depending on the crop. Plants can be analysed at the seedling 

stage rather than waiting until the plant is fully mature. MAS can save time for 

plant breeders by minimising complex field trials through substitution with the 

molecular marker screening tests. MAS applications can increase the reliability 

and efficiency compared to phenotypic screening of desired traits in field trials. 

MAS can furthermore be used for gene pyramiding of similar functioning target 

genes into new cultivars. The use of MAS in different breeding strategies, e.g. 

backcrossing, can help breeders prevent undesirable trait transfer to the target 

plant. Using the correct markers, MAS can aid breeders in transferring traits or 

genes that have low heritability. MAS, together with traditional breeding 

programmes and comprehensive crossing schemes, work hand in hand to 

make a normally labour intensive, time-consuming task easier and more 

efficient (Collard et al., 2005).  

 

2.12.6 Gene pyramiding 

To fight rust disease, the use of different resistant cultivars has proven to be the 

most effective method of disease control (Liu et al., 2000; Curtis et al., 2002). A 

major task for modern plant breeders is to breed for durable resistance to 

pathogens and pests. Pyramiding of different resistance genes into one 

genotype is a good method to accomplish durable resistance (Liu et al., 2000). 

Longer durability could be achieved with a combination of several partially 

resistant genes, or a series of singularly ineffective genes, transferred into one 

cultivar, to create superior resistance. This is preferred rather than using a 

single resistance gene (Chelkowski and Stepein, 2001). Even with that in mind, 

a new approach is gaining approval from breeders and scientists around the 

world: this approach focuses on using more slow rusting genes in breeding 

programmes to obtain longer durability in resistant cultivars. Markers linked to 

slow rusting QTL or regions known to confer a slow rusting response can be 

vital in the development and improvement of durability (Xu et al., 2005).   

 

Wang et al. (2007) reported that breeders are faced with many complex choices 

when designing an efficient crossing scheme and deciding on selection 

strategies aimed at combining a number of desired genes into a single target 

genotype or cultivar. Key factors that need careful consideration and planning 
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by a breeder when considering gene pyramiding are the number of genes being 

transferred, knowledge of the inheritance mechanism (dominant or recessive) of 

the genes to be transferred, the parental source of the desired genes, are 

genes in a homozygous or heterozygous state and population types and sizes 

to be used during each stage. All these factors will influence each other, 

depending on the crossing scheme and selection strategies used (Wang et al., 

2007; Ishii and Yonezawa, 2007a; 2007b). Gene pyramiding principals become 

even more complex when accumulating many genes from four or more donor 

parental lines (Ishii and Yonezawa, 2007a).  

 

Ideally molecular markers tightly linked to the resistance genes of interest 

should be used. These markers have an important role to play during the 

selection process, especially in complex pyramiding schemes when more than 

two or three genes are involved in achieving durable and broad spectrum 

resistance (Liu et al., 2000). Gene pyramiding for durable disease resistance 

without the desired markers in a traditional breeding programme would require 

special knowledge and availability of existing pathogen races. This would be a 

labour intensive, time-consuming and resource dependent approach. With the 

aid of MAS, this can be done without phenotypic screening (Smith et al., 2002).  

  

The development of cultivars with new and/or improved genetic resistances 

contributes to a reduction in economical losses, production costs and lowers 

environmental risk as a result of a reduction in fungicide usage. Since single 

gene resistant cultivars have seemed to promote the emergence of new 

pathogen races, pyramiding of multiple rust resistance genes should increase 

the viable commercial life of a cultivar (Khan et al., 2005). The practical use of 

multigene pyramided lines as parents to develop new hybrid marketable 

cultivars with a number of desirable traits is potentially useful. As a larger 

variety of gene-pyramided lines become available, it would be potentially 

possible to breed selected and targeted superior market cultivars through MAS 

(Ishii and Yonezwa, 2007a).   
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2.12.7 Gene pyramiding applications  

Gene pyramiding of different genes and traits using MAS is being done more 

and more frequently. In the last ten years, there are reported studies on 

successful marker-assisted pyramiding of disease resistance in wheat. Barloy et 

al. (2007) reported that in 1997 three leaf rust resistance genes, Lr13, Lr34 and 

37, were successfully transferred by Kloppers and Pretorius (1997). Liu et al. 

(2000) published the successful pyramiding of three powdery mildew resistance 

genes, Pm3, Pm4a and Pm21 in wheat.  

 

Barloy et al. (2007) recently reported on an attempt to pyramid two cyst 

nematode resistance genes that had been transferred from the wild grass 

species Aegilops variabilis into wheat. In this study the first step was the 

conversion of flanking RAPD markers into SCAR markers. These flanking 

SCAR markers for the two genes were used to carry out MAS during the study. 

Recombinant lines for the different genes were used as parental lines and 

subsequent F1 lines and thereafter F2 lines were screened for possible 

pyramiding. Gene pyramiding was confirmed in the F3 population with desired 

resistance level reactions from the two transferred resistance genes.  

 

In a recent study reported by Ashikari and Matsuoka (2006) on rice they aimed 

to firstly identify useful QTL, followed by gene pyramiding of a number of 

important QTL using MAS. All of the above examples are proof that gene 

pyramiding with the aid of MAS is possible and has been successful in the past. 

Therefore gene pyramiding can be used to pyramid several different selected 

target resistance genes in order to obtain durable resistance within wheat.     
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Chapter 3 

Rust resistance genotyping  

using linked molecular markers    

 

3.1  Introduction 

The three wheat rusts, leaf, stem and stripe rust, are foliar and stem diseases 

that cause significant reduction in yield and grain quality amounting to major 

losses to the wheat industry in different regions of the world (Bariana et al., 

2002; Singh et al., 2006; Hiebert et al., 2007; Kuraparthy et al., 2007). Yearly 

millions of funds are spent around the world on fungicides in an attempt to 

control wheat rusts. Resistant cultivars have proven to be the most effective, 

economical and environmentally friendly form of rust disease control 

(Kuraparthy et al., 2007; Lin and Chen, 2007). Although there have historically 

been many resistant cultivars, there exists a need for more durable rust 

resistant cultivars. The application of molecular markers and MAS strategies in 

breeding programmes can support plant breeders in accomplishing pyramiding 

of several rust resistant genes into new cultivars.   

 

Many breeding programmes in a range of crops around the world are using 

different forms of molecular markers to screen for one to several alleles of 

economical and agricultural interest. There is an increasing number of useful 

molecular markers available, allowing for simultaneous and more accurate 

selection across a larger number of loci, more than previously thought possible 

(Mohan et al., 1997; Wang et al., 2007). Progress has been made in mapping 

and tagging numerous genes of interest with molecular markers and this forms 

the basis of MAS in crops (Mohan et al., 1997; Somers et al., 2004). 

 

Two widely used molecular marker techniques in breeding programmes are 

SSR and AFLP analysis. SSR and AFLP analysis are useful forms of molecular 

markers for the application of genotype identification, paternity testing, linkage 

mapping, fine mapping, fingerprinting and MAS (Vos et al., 1995; Hayden and 

Sharp, 2001; Somers et al., 2004). The usefulness of SSR analysis in plant 

breeding arose from its high informative content and relative ease of 
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genotyping. The co-dominant nature of SSR markers makes it possible to 

distinguish between homozygous and heterozygous individuals, making SSRs 

attractive as diagnostic markers in hybridisation studies (Powell et al., 1996). 

There are more than a 1 000 SSR markers available, covering the wheat 

genomes, a number of them are linked to various different traits of interest 

(Somers et al., 2004). Although AFLP analysis is useful for adding many 

markers to linkage maps and detect high levels of polymorphism, its application 

in breeding programmes is limited because it is not suited for high-throughput 

analysis.  

 

As stated by Knapp (1998), the use of MAS has emerged as an ideal strategy 

for increasing selection gains. A potential limitation of transferring a number of 

alleles while using MAS is population size. Large populations are required to 

ensure, with a reasonable amount of certainty, that the target genotype with all 

desired trait linked markers is present. The population size needed can be 

drastically affected by the different crossing and selection strategies chosen to 

develop the target genotype. It is imperative to select the most efficient method 

that would minimise the resources required to combine the targeted alleles into 

a new genotype (Wang et al., 2007). Other factors to consider when applying 

MAS in a breeding programme is cost per marker assay, laboratory space, 

expertise needed and the overall cost of MAS. These factors must be weighed 

up against the added efficiency of MAS and possible saving of time compared 

to conventional phenotypic selection methods (Mohan et al., 1997; Knapp, 

1998; Ishii and Yonezawa, 2007a; 2007b).  

 

A gene pyramiding or gene accumulation programme, when using many donor 

lines, can be divided into two simple steps. The first step is to acquire all 

markers linked to the traits of interest within a single genotype. Normally during 

the first step the target genes of interest are in a heterozygous condition, 

depending on gene sources. The second step involves a series of selections to 

identify individuals containing the desired genes in the homozygous state (Ishii 

and Yonezawa, 2007a; 2007b). It is now possible with MAS, using the desired 

linked markers, to produce multigene pyramided lines. These lines will have an 
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extremely high practical use throughout the breeding industry (Ishii and 

Yonezawa, 2007a).  

 

The aim of this study was to pyramid seven rust resistance genes/QTL (leaf, 

stripe, stem rust) into a single genotype using five SSR, three STS and two 

AFLP markers.  The study focussed on wheat genes applicable to the local 

wheat industry and markers used and/or developed in South African breeding 

programmes.  

 

3.2  Materials and methods 

3.2.1  Plant material 

Four bread wheat lines or cultivars (spring types), namely AvocetYrSp, Blade, 

CSLr19-149-299 (Chinese Spring containing Lr19) and Kariega were used as 

sources of donor material carrying the desired rust resistance genes.  Seed of 

AvocetYrSp and Blade were obtained from the Plant Breeding Institute at the 

University of Sydney, Australia. AvocetYrsp is an Australian line carrying the 

YrSp and Sr26 genes. AvocetYrSp was selected as female parent during the 

first and second series of crosses. Blade is an Australian variety carrying the 

Sr2 and Sr26 resistance genes to stem rust. The third parental line used was 

CSLr19-149-299, which was a source of Lr19 and Lr34.  The CSLr19-149-299 

line seed source was developed by and obtained from Prof GF Marais 

(University of Stellenbosch, South Africa). The fourth parental line used in the 

breeding programme is a South African cultivar, Kariega, [Agriculture Research 

Council – Small Grain Institute (ARC-SGI), South Africa] which is a source of 

two QTL, QYr.sgi-7D and QYr.sgi-2B.1 and shows complete APR to stripe rust. 

These two QTL are thought to be within regions densely populated with 

resistance genes. The QYr.sgi-7D of Kariega contains the Lr34 complex 

(Ramburan et al., 2004). Lr34 and Sr2 are slow rusting genes while Sr26, Lr19 

and YrSp confer hypersensitive seedling resistance.  

 

During the phenotypic screening, the following additional cultivars were used as 

controls: ThatcherLr19 (University of the Free State germplasm bank), Avocet S 

and Hartog (University of Sydney, Australia) and Morocco (University of the 

Free State germplasm bank). ThatcherLr19 was used as a control for the Lr34 
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and Lr19 reaction. Avocet S was used to compare its stripe rust reaction to that 

of AvocetYrSp. Hartog was used as positive control for the Sr2 reaction. 

Morocco was included due to its susceptibility to all three rusts.  

 

3.2.2 Planting design  

Parental lines and offspring were planted in a greenhouse at the University of 

the Free State. Plants were grown under standard greenhouse air-conditioner 

controlled conditions, with a temperature range from 10°C to 25°C and natural 

daylight length. Watering of the wheat plants was done daily. Plants were 

planted in 5 l pots, in natural top-soil mix, 3 to 5 plants per pot.  The required 

mixture of 2:3:2 fertiliser (1 g/100 ml) and microelements (Chemicult®) were 

applied every two weeks or when needed. Wild garlic granules were applied 

directly to the soil to control aphids.  

 

3.2.2.1 Test planting  

Four rows of five pots per row were planted of the parental lines.  Each row 

represented a different parental line and each pot contained five seeds. A total 

of 25 seeds each of AvocetYrSp, Blade and Kariega were planted and 15 seeds 

of CSLr19-149-299, due to a limited number of seeds. The purpose of the 

planting was to multiply seed, test seed viability, record flowering times and to 

obtain leaf material for marker optimisation.  

 

3.2.3 Crossing  programme design 

Before attempting gene pyramiding, either through traditional breeding 

techniques or with the aid of MAS, the number of crosses required per 

generation and population size needs to be calculated. The population size 

necessary to transfer seven genes/QTL in the current study was determined 

from Table 3.1. An end population size of 1 000 was selected to ensure with 

reasonable certainty that a single genotype with seven rust resistance 

genes/QTL is identified.   

 

 

 

 



Chapter 3  Rust resistance genotyping 

 61

Table 3.1   Numerical characteristics of hybrids be tween parents 

differing in n allelic pairs (Allard, 1960) 

Number 
of allelic 

pairs

Kinds of gametes 
possible in F 1 

Kinds of 
genotypes 

possible in F 2

Smallest perfect 
population in F 2

1 2 3 4
2 4 9 16
3 8 27 64
4 16 81 256

10 1024a 59,049 1,084,576
21 2,097,152 10,460,353,203 4,398,046,511,104
n 2n 3n 4n

aTargeted double cross population size  

 

Crosses during the programme were done using standard methods and 

specifically in one direction (one cultivar was always used as the female parent 

and another as the male parent). Parental lines were planted in three grouped 

plots. Each plot was planted two weeks apart to ensure synchronisation of 

flowering. Plots were divided into planting one, two and three respectively. 

Since Kariega flowered two weeks earlier than the other parental lines, planting 

of this line was delayed by two weeks. Each plot consisted of four rows, ten 

pots per row, with five plants per pot.  Around 90 to 100 spikes of each cross 

were pollinated, with the aim of harvesting ±10 seeds per cross.  

 

The crossing design is given in Figure 3.1. For cross 1 AvocetYrSp was used 

as the female parent, to allow the maximum probability of transferring the YrSp 

gene to the offspring, due to reasons to be discussed later. Kariega was used 

as male parent. For cross 2, Blade was used as female and CSLr19-149-299 

as male. CSLr19-149-299 was used as male parent due to a limited number of 

seeds and more crosses could be made using it as pollinator rather than 

female parent. 
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F1 seed harvested from crosses 1 and 2 were planted (approximately 350 

seeds per cross) in separate plantings as described earlier. Each planting was 

structured as follows: the two different F1 crosses (cross 1 and cross 2) were 

alternated within each planting, two rows of ten pots per row of either cross 1 or 

2.  

 

The next set of crosses (cross 3, Figure 3.1) involved crossing of the F1 

offspring of cross 1 and cross 2.  F1 plants of cross 1 were used as female 

parent, to allow good transfer of YrSp from the AvocetYrsp/Kariega offspring 

and the F1 plants from cross 2 as male parent.  Approximately 220 spikes were 

pollinated during cross 3. 

Half the harvested seed (1 200 seeds) of cross 3 (F1 x F1), were planted out in 

the greenhouse and the rest stored in a germplasm bank. Young leaf material 

was sampled for SSR analysis and plants left to self-pollinate. 

 

 

 

Figure 3.1  Crossing scheme to combine resistance g enes of the four 

wheat cultivars used in this study. 

 

 

 

Cross 1  

Avocet with YrSp and Sr26 resistance gene  

x 
Kariega with Lr34,  Yr7D and  Yr2B QTL 

Cross 2  

CsLr19-149-299 with  Lr19 and Lr34  resistance genes  

x 
Blade with Sr2 and Sr26 

Cross 1 F 1 

Cross 2 F 1 

Cross 3  

Double cross  

Result : 
Pyramided rust 

resistant line 
containing 7 possible 

rust genes 
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3.2.4  Phenotypic screening 

Five to ten seeds per cultivar/F1 lines were planted in a cluster in a total of 20 

pots (9 cm in diameter) in a soil-peat mix. Six cultivars/F1 lines were planted per 

pot. Cultivar/F1 lines used for phenotypic screening were Blade, CSLr19-149-

299, Kariega, AvocetYrSp, Blade/CSLr19-149-299 F1, AvocetYrSp/Kariega F1, 

ThatcherLr19, Avocet S, Hartog and Morocco.  All cultivars/F1 lines were 

planted in duplicate, four pots per tray. Each tray represented a single 

experiment consisting of two pots per duplication, to be exposed to either a 

different rust pathogen and/or placed under different optimal growth conditions. 

 

Inoculation was done on 8-day-old seedlings. Collected spores of leaf rust race 

UVPt18, stem rust race UVPgt55 and stripe rust race 6E22A+ were suspended 

in a light mineral oil before spraying lightly on the surface of leaves of seedlings 

in an inoculation chamber. Two trays were used for both UVPt18 and UVPgt55 

inoculation and one tray for 6E22A+. After inoculation plants were allowed to 

dry at room temperature for 2 h. Leaf and stem rust infected plants were 

incubated overnight (17°C to 20°C) in a dew chamber . Stripe rust was 

incubated in a cold chamber at 10°C for 48 h. 

 

Following overnight incubation, one tray of leaf rust infected plants were placed 

in the greenhouse under normal conditions and the other in a growth chamber 

at 12°C.  For stem rust, one tray was placed under normal greenhouse 

conditions and the other in a greenhouse at 20°C to  28°C.  The tray with stripe 

rust infected plants were placed in the greenhouse at 15°C to 18°C. 

 

Phenotypic scoring of the different infection reactions was carried out 14 days 

after inoculation except for the leaf rust infected plants that were incubated in 

the growth chamber at 12°C, which were scored 19 da ys after inoculation. 

Plants were scored on a 0 to 4 scale.    

 

3.2.5 Sample collection 

Throughout the study, sample collection for DNA extraction was carried out as 

follows. Three to four young leaves of around 5 cm in length were sampled from 

four to six week old plants, under strict sterile conditions and placed in 5 ml 
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plastic sampling tubes. During sampling tubes with leaf material were placed on 

ice. Sampled leaf material was freeze-dried (Freeze mobile II) for two to three 

days and stored at -70°C. 

 

3.2.6 DNA Extraction 

3.2.6.1 Homogenising of leaf samples 

Freeze-dried leaf material was homogenised using Qiagen’s TissueLyser. 

Three to five, 1 to 2 cm pieces of freeze-dried leaf material from each wheat line 

were cut into smaller pieces into a 2 ml eppendorf tube.  Two round stainless-

steal ball bearings (5 mm in diameter) were added to the leaf material in each 2 

ml eppendorf tube. Samples were homogenised for 1 min at 30 r/s.  

 

3.2.6.2 DNA isolation  

Total genomic DNA was isolated using a modified CTAB 

(hexadecyltrimethylammonium bromide) extraction method (Saghai-Maroof et 

al., 1984). A volume of 750 µl CTAB buffer [100 mM Tris-Cl (tris (hyroxymethyl) 

aminomethane), pH 8.0,  20 mM EDTA (ethylene-diaminetetraacetate), pH 8.0, 

1.4 M NaCl,  2% (w/v) CTAB, 0.2% (v/v) β-mercaptoethanol] was  added to 

approximately 250 µl of fine leaf powder in a 2 ml ependorf tube and incubated 

for 1 h at 65°C. The suspension was extracted with 500 µl chloroform: 

isoamylalcohol [24:1 (v/v)]. DNA was precipitated from the aqueous phase with 

500 µl isopropanol at room temperature for 20 min and centrifuged at 12 000 g 

for 5 min. The precipitate was washed at room temperature for 20 min with 500 

µl 70% (v/v) ethanol followed by centrifugation at 12 000 g for 5 min. The DNA 

pellet was air-dried for 1 h and resuspended in 100 µl TE buffer (10 mM Tris-Cl, 

pH 8.0, 1 mM EDTA, pH 8.0) and treated with DNase-free RNase to a final 

concentration of 100 µg/ml through incubation at 37°C for 2 h. DNA quantity 

and quality were estimated from a 0.8% (w/v) agarose gel. Electrophoresis was 

carried out at 80 V for 1 h in 1x UNTAN (40 mM Tris-Cl, 2 mM EDTA, pH 

adjusted to 7.4 with acetic acid) buffer and DNA visualised using ethidium 

bromide staining. Based on these results DNA was further diluted one to four 

fold for SSR analysis.  
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3.2.7 SSR analysis 

Reaction conditions for each SSR primer set were optimised following several 

methods and conditions from published articles. All SSR-PCR reactions were 

performed using a DYAD™ (DNA Engine) Peltier Themal Cycler. Based on the 

presence of the specific resistance genes in the four parental lines, SSR 

markers were selected to target the specific gene or QTL regions within the 

wheat genome. Table 3.2 lists the selected SSR markers, primer sequences, 

gene or QTL targeted by each primer set, parental cultivar source and authors 

who published the SSR primer data.  

 

3.2.7.1 PCR reactions 

The SSR-PCR reactions were set up in one of two final volumes, 10 µl or 20 µl. 

Gwm501 was set up in a final volume of 20 µl, while the rest of the marker 

reactions were set up in 10 µl. PCR reactions for the 10 µl final volume 

contained 4 µl genomic DNA, 2 mM MgCl2, 1x polymerase buffer (Promega), 

200 µM 2’-deoxynucleotide 5’-triphosphates (dNTPs), 25 ng each of the forward 

and reverse primer and  0.25 U GoTaq® Flexi DNA polymerase (Promega, 

Madison, WI, USA). 

 

The MgCl2, dNTPs, primer and Taq polymerase concentrations were altered 

according to optimised conditions and are given in Table 3.3, together with 

optimised cycling conditions of the markers. SSR-PCR reactions for Gwm501 

was setup in a 20 µl final volume containing 4 µl genomic DNA, 2 mM MgCl2, 1x 

polymerase buffer (Promega),  400 µM dNTPs,  50 ng of each of the forward 

and reverse primer and 1 U GoTaq® Flexi DNA polymerase (Promega).  

 

3.2.7.2 SSR-PCR cycling conditions 

All SSR-PCR reactions were optimised and modified based on conditions from 

published data. Optimal reaction conditions for primer sets Gwm501, Gwm111 

and stm559tgag were determined using the modified method of Taguchi (1986) 

as described by Cobb and Clarkson (1994).  The detailed optimised PCR 

cycling conditions are given in Table 3.3. Cycling conditions of the remaining 

SSR markers were similar to the published methods. 
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Table 3.2    Selected SSR markers, corresponding pr imer pair sequences, targeted genes or QTL, parenta l cultivar 

sources and references for the primer sets used in the study 

 

Marker Forward primer sequence (5'- 
3')

Reverse primer sequence (5'- 
3')

Targeted gene 
or QTL

Parental cultivar 
source

Reference

Gwm111 TCTGTAGGCTCTCTCTCCGACTG ACCTGATCAGATCCCACTCG QYr.sgi-7D Kariega
Röder et al ., 1998;
Ramburan et al ., 2004

Gwm295 GTGAAGCAGACCCACAACAC GACGCGTGCGACGTAGAG QYr.sgi-7D Kariega
Röder et al ., 1998;
Ramburan et al ., 2004

Sr26#43 AATCGTCCACATTGGCTTCT CGCAACAAAATCATGCACTA Sr26 Avocet, Blade Mago et al ., 2005

STSLr19130 CATCCTTGGGGACCTC CCAGCTCGCATACATCCA Lr19 CsLr19 -149-299 Prins et al ., 2001

Gwm148 GTGAGGCAGCAAGAGAGAAA CAAAGCTTGACTCAGACCAAA QYr.sgi-2B.1 Kariega
Röder et al ., 1998;
Ramburan et al ., 2004

Gwm501 GGCTATCTCTGGCGCTAAAA TCCACAAACAAGTAGGCGCC QYr.sgi-2B.1 Kariega
Röder et al ., 1998;
Ramburan et al ., 2004

stm559tgag AAGGCGAATCAAACGGAATA TGTGTGTGTGTGTGAGAGAGAG Sr2 Blade Hayden et al ., 2004

csLV34 GTTGGTTAAGACTGGTGATGG TGCTTGCTATTGCTGAATAGT Lr34 In all except Blade Lagudah et al ., 2006
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Table 3.3  Optimal reaction and PCR cycling conditi ons for SSR markers used in the study 

Marker PCR Cycling conditions Adjusted reaction concentrations
95°C 2 min; 1 cycle             
95°C 1 min, 64.7°C 1 min, 72°C 1 min; 44 cycles 
72°C 5 min; 1 cycle

95°C 2 min; 1 cycle
95°C 1 min, 64°C 1 min, 72°C 1 min; 44 cycles
72°C 5 min; 1 cycle

94°C 3 min; 1 cycle
94°C 45 sec, 55°C 45 sec, 72°C 1:15 min; 44 cycles
72°C 10 min; 1 cycle

94°C 3 min; 1 cycle
94°C 1 min, 60°C 1 min, 72°C 2 min; 44 cycles
72°C 10 min; 1 cylce

95°C 2 min; 1 cycle
95°C 30 sec, 64°C 30 sec, 72°C 30 sec; 44 cycles
72°C 10 min; 1 cycle

94°C 5 min; 1 cycle
94°C 1 min, 55°C 1 min, 72°C 2 min; 4 cycles
94°C 30 sec, 55°C 30 sec, 72°C 30 sec; 29 cycles
94°C 30 sec, 55°C 30 sec, 72°C 5 min;1 cycle

94°C 3 min; 1 cycle
94°C 1 min, 60.7°C 1 min, 72°C 2 min; 44 cycles
72°C 10 min; 1 cycle

95°C 30 sec; 1 cycle
95°C 30 sec, 56°C - 70°C 30 sec, 72°C 30 sec; 44 cycles
72°C 10 min; 1 cycle

110 µl final volume: 4 µl genomic DNA, 2mM MgCl2, 1 x Taq Buffer, 200µM dNTPs, 25ng of each primer, 0.25 U GoTaq® Flexi DNA Polymerase 
220 µl final volume: 4 µl genomic DNA, 2mM MgCl2, 1 x Taq Buffer, 400µM dNTPs, 50ng of each primer, 1 U GoTaq® Flexi DNA Polymerase 

Stm559tgag

CsLV34

1.5 mM MgCl2;  37.5 ng primer 

Same as 10 µl final volume1 

Same as 20 µl final volume2 

As described by Cobb and Clarkson (1994)

300 µM dNTPs and 37.5 ng primer 

Same as 10 µl final volume1 

Same as 10 µl final volume1 

STSLr19130  0.5 U GoTaq® 

Gwm111

Gwm295

Gwm501

Gradient 
(Taguchi)

Sr26#43

STSLr19130 

Gwm148
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3.2.8 Visualisation  

3.2.8.1 Polyacrylamide gel electrophoresis (PAGE) 

Polyacrylamide gels were run for all markers with csLV34 being the exception, 

which was run on a 2% (w/v) agarose gel. For PAGE gels, SSR-PCR products 

were mixed with either 5 µl (for 10 µl PCR reaction volumes) or 10 µl (for 20 µl 

PCR reaction volumes) formamide loading dye [98% (v/v) de-ionized 

formamide, 10 mM EDTA, pH 8.0, 0.05% (w/v) bromophenol blue, 0.05% (w/v) 

xylene cyanol]. Reactions were denatured by incubation for 5 min at 95°C. 

Mixtures were immediately placed on ice prior to loading. SSR-PCR products 

(4.5 to 5.0 µl) were separated on a 5% (w/v) denaturing polyacrylamide gel 

[19:1 acrylamide:bis-acrylamide; 7 M urea; 1x TBE Buffer (89 mM Tris-Borate; 

2.0 mM EDTA)]. Electrophoresis was performed at constant power of 80 W for 1 

to 2 h. 

 

3.2.8.2 Silver staining procedure 

SSR-PCR products separated using PAGE were visualised using the protocol 

described by the Silver Sequence™ DNA Sequencing System manual supplied 

by Promega. Stained gels were left standing in an upright position overnight to 

air-dry and be photographed. Photographs were done by exposing 

photographic paper (Ilford Multigrade IV RC) directly under the gel to a dim 

white light for approximately 20 s. The procedure above produced a negative 

image of exactly the same size of the SSR gel. SSR fragment lengths were 

determined by comparison with a 25 bp DNA ladder (Promega).   

 

3.2.8.3 Agarose gel electrophoresis 

SSR-PCR products of primer set csLV34 were mixed with 5 µl non-denaturing 

condition loading dye (15% (w/v) Ficoll, 0.24% (w/v) bromophenol blue). PCR 

products (5 µl) were separated on a 2% (w/v) agarose gel and visualised using 

ethidium bromide staining. Electrophoresis was preformed at 100 V for 1 h in 1x 

UNTAN (section 3.2.6.2). SSR fragment lengths were determined by 

comparison with a 25 bp DNA ladder (Promega).  
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3.2.9 AFLP analysis 

AFLP analysis was performed using primer pair combinations EcoRI-ACC/MseI-

CAT and EcoRI-ACC/MseI-CTG. These two primer combinations amplify two 

markers linked to YrSp resistance in Kariega (Mathews, 2005). Primers and 

adapters were synthesised by Integrated DNA Technologies Inc, USA. 

Oligonucleotides used for adapters were PAGE purified. Adapters were 

prepared by mixing equimolar amounts of both strands, heating for 10 min at 

65°C in a waterbath and leaving the mixture to cool  down to room temperature. 

AFLP analysis was performed according to Vos et al. (1995) with minor 

modifications (Herselman, 2003). Sequences of adapters and primers are given 

in Table 3.4 

  

3.2.9.1 DNA extraction for AFLP analysis 

DNA extraction was carried out as described in section 3.3.5.2. DNA was 

further purified as follows. After the RNaseA step, DNA was extracted with 0.75 

M ammonium acetate and an equal volume chloroform: isoamylalcohol [24:1 

(v/v)] and centrifuged at 12 000 g for 5 min. DNA was precipitated by adding 

500 µl ice-cold 100% (v/v) ethanol followed by overnight incubation at 4°C. 

Samples were centrifuged at 12 000 g for 15 min and the pelleted DNA was 

washed twice with 500 µl 70% (v/v) through centrifugation for 10 min at 12 000 

g. The supernant was discarded and the DNA pellet was air-dried, followed by 

overnight re-suspension in 50 µl TE buffer, pH 8.0 at 4°C. DNA concentration 

and purity was determined as described earlier.  

    

3.2.9.2 Restriction digestion  

Approximately 1 µg of extracted genomic DNA from the four parental lines were 

digested for 5 h at 37°C using 4 U MseI (New England Biolabs) and 1x MseI-

buffer  [(50 mM NaCl, 10 mM Tris-Cl, 10 mM MgCl2, 1 mM dithiotreitol (DTT) ph 

7.9)] in a final volume of 50 µl. Following MseI digestion, DNA was further 

digested overnight at 37°C with 5 U EcoRI (Roche Diagnostics) and NaCl to a 

final concentration of 100 mM.  
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Table 3.4  MseI- and EcoRI-adapter and primer sequences 

 

Adapter/Primer Sequence (5' - 3')

Mse I adapter-F GACGATGAGTCCTGAG

Mse I adapter-R TACTCAGGACTCAT

Eco RI adapter-F CTCGTAGACTGCGTACC

Eco RI adapter-R AATTGGTACGCAGTCTAC

Mse I+ C primer GATGAGTCCTGAGTAAC

Mse I+ 3 primer GATGAGTCCTGAGTAACNN
CNN = CAT, CTG

Eco RI+ A primer GACTGCGTACCAATTCA

Eco RI+ 3 primer GACTGCGTACCAATTCANN
ANN = ACC  

 

3.2.9.3 Adapter ligation 

Adapters were ligated by adding a 10 µl reaction mixture containing 50 pmol 

MseI-adapter, 5 pmol EcoRI-adapter, 1 U T4 DNA Ligase (USB Corporation), 

0.4 mM adenosine triphosphate (ATP) and 1x T4 DNA Ligase buffer (66 mM 

Tris-Cl pH 7.6, 6.6 mM MgCl2, 10 mM DTT, 66 mM ATP) to the 50 µl restriction 

digest solution, followed by overnight incubation at 16°C.  

 

3.2.9.4 Pre-selective amplification 

Pre-selective amplification was performed in a 50 µl final volume reaction 

mixture consisting of 5.0 µl of the undiluted digested/ligated solution, 1x 

polymerase buffer (Promega), 2 mM MgCl2, 200 µM dNTPs, 30 ng of primer 

MseI+C, 30 ng of primer EcoRI+A and 0.02 U GoTaq® Flexi DNA polymerase 

(Promega). Thermal cycling of the reactions was performed using a DYAD™ 

(DNA Engine) Peltier Themal Cycler. Pre-selective cycling conditions were as 

follows: 94°C for 5 min, 1 cycle, 94°C for 30 sec, 56°C for 1 min and 72°C for 1 

min for 30 cycles and a final single cycle of 72°C for 10 min. Pre-selective 

fragments were separated on a 1.5% (w/v) agarose gel (ran at 80 V for an hour) 

using ethidium bromide to visualise the fragments (section 3.2.6.2). DNA purity 
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and quantity were determined and DNA dilutions made accordingly (1:15 to 

1:50 using 0.1x TE buffer). 

 

3.2.9.5 Selective amplification 

Selective PCR was done in a total of 20 µl containing 5 µl diluted pre-selective 

DNA, 1x polymerase buffer, 2 mM MgCl2, 200 µm dNTPs, 100 µg/ml Bovine 

serum albumin, 30 ng MseI+3 primer, 30 ng EcoRI+3 primer and 0.75 U 

GoTaq® Flexi DNA polymerase. Primer combinations used were as follows: E-

ACC with M-CAT and E-ACC with M-CTG. Selective amplification was 

performed under the following cycling conditions: 1 cycle at 94°C for 5 min, 

94°C for 30 sec, 65°C for 30 sec, decreasing by 1°C  every cycle and 72°C for 1 

min for 9 cycles, 94°C for 30 sec, 56°C for 30 sec,  72°C for 1 min for 25 cycles 

and 1 cycle of 72°C for 2 min.  

 

Visualisation of selective AFLP products were performed as described in 

sections 3.3.8.1 and 3.3.8.2. AFLP fragments sizes were compared to a 100 bp 

DNA ladder (Promega). 

  

3.2.10 Screening of parental lines, F 1 progeny and the double cross   

population 

All four parental lines (AvocetYrSp, Blade, CSLr19-149-299 and Kariega) were 

screened with five SSR and three STS primer sets and two AFLP primer pairs 

to confirm the presence of the expected marker alleles. AvocetYrSp/Kariega 

(cross 1) F1 hybrids were screened with SSR marker Gwm148 and 

Blade/CSLr19-149-299 (cross 2) F1 hybrids with SSR marker STSLr19130 to 

confirm whether it was successfully crossed and not self-pollinated. Individuals 

from the double cross population were screened with all eight marker primer 

sets.  

 

3.2.10.1 Data analysis 

The number of alleles and allele sizes per SSR marker set were determined 

during the parental screening and compared to expected allele sizes of 

published data. SSR-PCR products were scored for the presence “1” or 

absence “0” of expected parental alleles. Within the double cross population, 
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the number of resistance genes and/or QTL in each individual genotype was 

determined and statistical analysis was carried out on the entire population. Chi 

square analysis was done using online GraphPad Software and Punnett square 

calculations were done using an online Punnett square calculator that is JAVA 

script encoded, created by Change Bio Science 

(http://www.changbioscience.com/genetics/punnett.html).  

 

3.3  Results 

3.3.1   Phenotypic screening 

Leaf, stripe and stem rust infection types (0 to 4 scale) are given in Table 3.5. 

These ranged from 0 (representing a highly resistant reaction), through 1 (high 

resistance) and 2++ (low resistance-intermediate) to 3++4 (highly susceptible) 

reactions. 

 

3.3.1.1 Leaf rust infection 

Cultivars and F1 lines expected to contain the Lr19 gene (CSLr19-149-299, 

Blade/CSLr19-149-299 F1 and ThatcherLr19) displayed highly resistant 

reactions to leaf rust pathotype UVPt18 under normal greenhouse (GH) 

conditions. Kariega, AvocetYrSp, CSLr19-149-299, Blade/CSLr19-149-299 F1, 

AvocetYrSp/Kariega F1, expected to contain the slow rusting Lr34 gene, 

displayed low to highly resistant reactions to leaf rust under the 12°C 

incubation. The positive control for leaf rust resistance, ThatcherLr19, displayed 

a highly resistant reaction to leaf rust infection while Morocco, the susceptible 

control, displayed a highly susceptible reaction. Hartog developed a low 

resistance-intermediate reaction under the 12°C inc ubation and moderately to 

highly susceptible reaction under normal GH conditions. Overall, leaf rust 

reactions were as expected for all cultivars.  

 

3.3.1.2 Stem rust infection 

Cultivars and F1 lines expected to contain Sr26 (AvocetYrSp, Blade, 

AvocetYrSp/Kariega F1 and Blade/CSLr19-149-299 F1) and Sr2 (Blade and 

Blade/CSLr19-149-299 F1) displayed resistant reactions. Blade displayed 

indifferent results between duplication under both normal and warm GH 

conditions of 20°C to 28°C. This indifferent expres sion of resistance of Blade to 
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stem rust infection will be discussed later. The following cultivars/lines had a 

highly susceptible reaction: CSLr19-149-299, Kariega and Morocco. The Avocet 

S control developed a resistant reaction under both incubation conditions. 

Hartog under the high temperature incubation conditions displayed strong 

systemic seedling chlorosis as expected for Sr2. Reactions of all cultivars were 

as expected for stem rust infection with the exception of inconsistency in Blade 

regarding Sr2.  

 

3.3.1.3 Stripe rust infection 

Cultivars and F1 lines expected to contain the seedling resistance YrSp gene 

(AvocetYrSp and AvocetYrSp/Kariega F1) displayed a highly resistant reaction 

to stripe rust. The remaining cultivars all displayed highly susceptible reactions 

to stripe rust. All reactions to stripe rust were as expected. 
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Table 3.5  Primary leaf seedling infection types of  parental and F 1 genotypes to selected pathotypes of Puccina 

graminis f. sp. tritici , P. triticina  and P. striiformis  f. sp. tritici  

Entry Source UVPt18 (GHa) UVPt18(12°C b) UVPgt55 (Gh a) UVPgt55 (GH high c) 6E22A+d

Blade XII-11 BV1998 2+3 2cn ;1= ;;1 3++
CSLr19 -149-299 US (GFM) 0; 0; 3= 3- 3++
Kariega III-51 GH2003 2+ ;1 3 3+ 3++
AvocetYrSp X-16 3++ 2= 1= 1 0;
Blade/Lr19 e

F1 0; 0; ;1 ;1 3++
AvocetYrSp /Kariega F1 3+ ;1 ;1 ;1 0;
ThatcherLr19 I-19 1998 0; 0; ;1 1 3++
Avocet S CMB GH2006 3 2cn ;1 ;1 3+
Hartog XII-43 2- 3++4 2 2 3+
Morocco Control 3++ 3++4 3++ 4 3++

bTested in a growth chamber at continuous 12°C to al low detection of Lr34
cTested in greenhouse at  20°C-28°C to allow systemi c expression of seedling chlorosis, linked to Sr2 , on 2nd and 3rd leaves
dStripe rust responses tested at 15°C-18°C in greenh ouse
eBlade/CSLr19- 149-299

Seedling infection type

aLeaf rust (UVPt) and stem rust (UVPgt) responses tested under normal greenhouse conditions (18°C-24°C)
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3.3.2 Genotyping  

3.3.2.1 Parental screening 

The four parental lines, AvocetYrSp, Blade, CSLr19-149-299 and Kariega were 

screened with five SSR, three STS and two AFLP markers. Table 3.6 shows the 

relative allele sizes of the SSR and STS markers detected for the specific 

parental cultivar.  

 

Table 3.6  Number and size of marker alleles identi fied during parental 

screening 

Marker Targeted 
gene/QTL

Number 
of alleles

Avocet YrSp 
allele size (bp)

Blade 
allele size 

(bp)

CSLr19 -149-
299 allele size 

(bp)

Kariega 
allele size 

(bp)
Gwm111 QYr.sgi-7D 4 214 182 210 204
Gwm295 QYr.sgi-7D 4 251 248 252 250
Gwm501 QYr.sgi-2B.1 4 168 165 174 177
Gwm148 QYr.sgi-2B.1 4 145 142 162 165
STSLr19130 Lr19 2 Null allele Null allele 100 Null  allele
Sr26#43 Sr26 2 190 190 Null allele Null  allele
stm559gtag Sr2 4 249 237 252 Null  allele
csLV34 Lr34 2 150 229 150 150
*Allele sizes indicated in bold are linked to the resistant genes or QTL

 

 

Markers Gwm111, Gwm295, Gwm501, Gwm148 and stm559gtag each 

amplified four different allele sizes in the four parental lines. STS markers 

csLV34, STSLr19130 and Sr26#43 amplified two alleles in the four parental lines. 

Markers Gwm111 and Gwm295, flanking the QYr.sgi-7D QTL in Kariega, 

amplified the expected 204 and 250 bp allele in Kariega, respectively. However, 

marker Gwm295 amplified a 251 bp allele in AvocetYrSp, making discrimination 

between the 250 bp allele of Kariega and the 251 bp allele of AvocetYrSp 

difficult. The other two parental lines did not contain the 204 and 250 bp alleles. 

Markers Gwm148 and Gwm501, flanking the QYr.sgi-2B.1 QTL region in 

Kariega, amplified the expected 177 and 165 bp alleles in Kariega, respectively. 

These allele sizes were absent in the other three parental lines. Marker 

STSLr19130 associated with the Lr19 gene in CSLr19-149-299 amplified the 

expected 100 bp allele in CSLr19-149-299 and a null-allele in the other three 

parental lines. STS marker Sr26#43 associated with the Sr26 gene in 

AvocetYrSp and Blade, amplified the expected 190 bp in these two cultivars 
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and a null-allele in the other two parental lines. Marker stm559gtag, linked to 

the Sr2 gene in Blade, amplified the expected 237 bp allele in Blade, a null-

allele in Kariega and a 249 and 252 bp allele in AvocetYrSp and CSLr19-149-

299, respectively. STS marker csLV34 associated with the Lr34 gene in 

CSLr19-149-299 and Kariega, amplified the expected 150 bp allele in these 

parental lines and a bigger 229 bp allele in Blade. This marker unexpectedly 

amplified the 150 bp allele, associated with the Lr34 gene, in AvocetYrSp. To 

confirm this result, marker csLV34 was tested on both Avocet S and 

AvocetYrSp. Marker csLv34 amplified a 229 bp allele in Avocet S and again a 

150 bp allele in AvocetYrSp, confirming the presence of the marker allele for 

Lr34 in AvocetYrSp. 

 

During the parental screening on different individuals of the parental lines, all 

expected SSR and STS markers, with the exception of stm559gtag, were 

observed in all individuals (30) screened. Marker stm559gtag, linked to Sr2 

resistance in Blade, did not amplify the expected 237 bp allele in all 30 initially 

tested individuals, even after three replications. After further testing on a second 

set of 30 Blade individuals, the expected 237 bp allele was amplified in 43 of the 

60 tested Blade individuals, while the rest amplified a null-allele. Only Blade 

lines containing the expected 237 bp allele were used in subsequent crosses.     

 

AFLP marker EcoRI-ACC/MseI-CAT did not amplify the expected 290 bp 

polymorphic fragment in AvocetYrSp and marker EcoRI-ACC/MseI-CTG the 

expected 59 bp fragment in Kariega. There was no detectable difference for 

those respective fragment sizes between the four parental lines, even after 

three replications. These two AFLP markers, linked to the YrSp gene, were not 

used further in the study.     

 

3.3.2.2 F1 cross identification 

Two molecular markers were selected to identify successful crosses in the F1 

populations. SSR marker Gwm148 was used to screen approximately 200 F1 

individuals of the AvocetYrSp/Kariega (cross 1, Figure 3.1). STS marker 

STSLr19130 was used to screen approximately 150 F1 individuals of the 

Blade/CSLr19-149-299 cross (cross 2, Figure 3.1). Marker Gwm148 amplified 
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the expected 145 bp allele of AvocetYrsp as well as the expected 165 bp allele 

of Kariega. The presence of both the 145 bp allele of AvocetYrSp (female) and 

the 165 bp allele of Kariega (male parent) in the F1 hybrids of cross 1 confirmed 

a cross (Figure 3.2). Marker STSLr19130 amplified the expected 100 bp allele of 

CSLr19-149-299. The presence of the 100 bp allele of the male parent CSLr19-

149-299 in the F1 hybrids of cross 2 confirmed a cross. Only F1 hybrids that 

were confirmed as crosses were used for the production of the double cross. 

 

              M     

      

 
 
 
 
 
 
 
  145 bp allele of Avocet  M- 25 bp size marker 
 
  165 bp allele of Kariega 
 

 

Figure 3.2  A silver stained polyacrylamide gel of Avocet YrSp /Kariega F 1
 

individuals screened with marker Gwm148. 

 

Screening of F1 hybrids with markers Gwm148 and STSLr19130 confirmed that 

on average 83.45% of the AvocetYrSp/Kariega F1 hybrids of cross 1 were true 

hybrids and that on average 87.46% of the Blade/CSLr19-149-299 F1 hybrids of 

cross 2 were true hybrids. Figure 3.3 displays the percentage of successful 

crosses within each planting.  
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Figure 3.3  Comparing the cross success percentages  of cross 1 and 

cross 2 within individual plantings confirmed by SS R and 

STS marker screening.  

 

3.3.2.3 Double cross population 

Five SSR markers and three STS markers were screened on 900 F1 individuals 

of the double cross population. An example of segregation within the double 

cross population for marker Gwm111 is given in Figure 3.4. Since the two AFLP 

markers linked to the YrSp gene in AvocetYrSp could not discriminate between 

the four parental lines these AFLP markers were not screened on the double 

cross population. Single gene allele frequencies for the segregating population 

were determined. The number of individual plants of the double cross 

population containing markers linked to the desired resistance gene(s)/QTL 

ranged from two individuals containing none of the markers to three individuals 

containing all eight markers (Figure 3.5). Due to the high number of individuals 

being screened with eight different markers, not all reactions could be repeated 

and some markers were screened as missing values. Individuals containing no 

markers could be due to some markers scored as missing values for that 

individual. The three individuals containing eight markers confirmed the 

presence of markers associated to the presence of the four single genes (Sr2, 

Sr26, Lr19 and Lr34) and two QTL (QYr.sgi-7D and QYr.sgi-2B.1). Due to the 
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inefficiency of the AFLP markers, the presence of the seventh gene (YrSp) 

could not be confirmed on genotypic level. The majority of the population 

contained either three or four markers, with 231 or 235 individuals respectively. 

Twenty-one of the individuals contained seven of the eight markers. Of those 21 

individuals, seven might possibly contain all six genes, as a result of missing 

only one of the markers flanking either of the two QTL.   

 

Based on these results, a normal distribution curve is observed for the presence 

of the eight possible markers in the 900 individuals of the double cross 

population (Figure 3.5).  

 
M Av B  Cs K  1   2   3   4   5   6    7  8   9  10  11  12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 214 bp Avocet allele    Av- Avocet  M- 25 bp size marker 
 
  210 bp  CSLr19-149-299 allele   Cs- CS Lr19-149-299 
 
  204 bp resistance Kariega QYr.sgi-7D  allele  K- Kariega 
 
 182 bp Blade allele    B- Blade 
 

 
Figure 3.4  A silver stained polyacrylamide gel of marker Gwm111 

indicating the allele sizes of Avocet, Blade, CSLr19-149-299 

and Kariega segregating in the double cross populat ion. 
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Figure 3.5  Frequency distribution showing the numb er of double cross F 1 plants that tested positive for the presence of 

molecular markers.  



Chapter 3  Rust resistance genotyping 

 81

3.3.3 Marker segregation 

Expected segregation ratios for the six single genes were calculated by single 

gene Punnett square analysis. Parental and F1 marker data were used to 

determine the genotypes (homozygous or heterozygous) of the single genes 

used in the Punnett square calculations. Each single gene was given a 

theoretical code (A to G) in order to calculate the expected single gene ratios for 

the double cross population. The expected segregation ratios are given in Table 

3.7. All genes in the double cross population, with the exception of Sr26, were 

initially expected to segregate in a 1:1 ratio (heterozygous to homozygous). The 

Sr26 gene (expected to be present in the homozygous resistant state in two of 

the four parental lines) was expected to be present in a 3:1 ratio [homozygous 

and heterozygous resistant (R) to homozygous susceptible (S)]. All markers 

segregated according to the expected ratios except for Sr26 that segregated 

closer to a 1:1 ratio in contrast to the expected 3:1 ratio. On a statistical level 

based on Chi square analysis all markers deviated significantly from their 

relevant expected ratios. 
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Table 3.7  Segregation ratios of eight molecular ma rkers tested on 900 individuals of the double cross  population using 

Chi square analysis 

 

Marker  Heterozygote 
R1 

Heterozygote 
S2 

Homozygous 
R 

Homozygous 
S 

Ratio 
E3 

Ratio 
O4 

Chi 2 P  
value 

Total Missing 
values 

STSLr19 130 263   454 1:1 1:1.7 50.9 0.0001 717 183 
csLV34 289  480  1:1 1:1.7 47.4 0.0001 769 131 
Sr26#43 401   358 3:1 1:1.1 199.1 0.0001 759 141 
stm559gtag 283  427 1:1 1:1.5 29.2 0.0001 710 190 
Gwm148 352   464 1:1 1:1.3 15.4 0.0001 816 84 
Gwm111 272   462 1:1 1:1.7 49.2 0.0001 734 166 
Gwm501 338   490 1:1 1:1.4 27.9 0.0001 828 72 
Gwm295 784 784/14*     1:1       798 102 
* For marker Gwm295, 14 individuals were confirmed heterozygous S, while the 784 could be either heterozygous R or heterozygous S   
1Resistant          
2Suspectible          
3Expected ratio          
4Observed ratio          
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3.3.4 Genotypic frequencies in double cross populat ion 

3.3.4.1 Expected genotypic frequencies 

Each single gene/QTL was coded (A to G) as follows, A: Lr19, B: QYr.sgi-7D, 

C: QYr.sgi-2B.1, D: Sr26, E: YrSp, f: Sr2 (recessive gene) and G: Lr34.  Based 

on the cross design used in the study (Figure 3.1) and marker data generated 

during parental line screening, two coded F1 genotypes were generated. F1 from 

cross 1 (AvocetYrSp/Kariega) was coded as aaBbCcDdEeFFGG and F1 from 

cross 2 (Blade/CSLr19-149-299) as AabbccDdeeFfGg. These two F1 genotypes 

were used in the Punnett square analysis to give all possible genotypes 

expected for all five genes and two QTL used in this study. Results from the 

Punnett square generated are represented in Table 3.8. The resulting Punnett 

square gave 192 different possible genotypes. Within Table 3.8 the genotypic 

frequency percentage is given and this was used to calculate the expected 

number of individuals carrying the specific genotype out of the 900 individuals of 

the double cross screened. Depending on the genotype, either 3.5 or 7 

individuals are expected to contain a particular genotype. Table 3.8 was used 

as basis to obtain a list of the possible genotypes observed and scored 

accordingly from the generated marker data. 

 

3.3.4.2 Observed genotypic frequencies 

In order to obtain the observed genotypic frequencies for the tested individuals 

of the double cross population, marker data for the respective genes were 

analysed. Since data for the two Kariega QTL (QYr.sgi-7D and QYr.sgi-2B.1) 

was generated using two flanking SSR markers each, one marker per QTL was 

selected to represent each QTL. Due to the difficulty observed during scoring of 

marker data generated by Gwm295, data from marker Gwm111 was used to 

detect the presence of the QYr.sgi-7D QTL. Marker data for both flanking 

markers for the QYr.sgi-2B.1 QTL could be accurately scored, but since marker 

Gwm148 is more closely linked to the QTL, marker data from this marker was 

used to indicate the presence of the QYr.sgi-2B.1 QTL.  
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Table 3.8  Expected genotypes, genotypic percentage , expected number of individuals (E) in the 900 ind ividuals of the 

double cross population based on the combination of  five rust resistance genes and two QTL 

Genotype % E Genotype % E Genotype % E Genotype % E Genotype % E
AaBbCcDDEeFFGG 0.39063 3.5 AaBbccDdeeFFGG 0.78125 7.0 AabbccDDeeFFGG 0.39063 3.5 aaBbCcddEeFfGG 0.39063 3.5 aabbCcDdEefFFGG 0.78125 7.0
AaBbCcDDEeFFGg 0.39063 3.5 AaBbccDdeeFfGg 0.78125 7.0 AabbccDDeeFFGg 0.39063 3.5 aaBbCcddEeFfGg 0.39063 3.5 aabbCcDdEefFFGg 0.78125 7.0
AaBbCcDDEeFfGG 0.39063 3.5 AaBbccddEeFFGG 0.39063 3.5 AabbccDDeeFfGG 0.39063 3.5 aaBbCcddeeFFGG 0.39063 3.5 aabbCcDdEefFfGG 0.78125 7.0
AaBbCcDDEeFfGg 0.39063 3.5 AaBbccddEeFFGg 0.39063 3.5 AabbccDDeeFfGg 0.39063 3.5 aaBbCcddeeFFGg 0.39063 3.5 aabbCcDdEefFfGg 0.78125 7.0
AaBbCcDDeeFFGG 0.39063 3.5 AaBbccddEeFfGG 0.39063 3.5 AabbccDdEeFFGG 0.78125 7.0 aaBbCcddeeFfGG 0.39063 3.5 aabbCcDdeeFFGG 0.78125 7.0
AaBbCcDDeeFFGg 0.39063 3.5 AaBbccddEeFfGg 0.39063 3.5 AabbccDdEeFFGg 0.78125 7.0 aaBbCcddeeFfGg 0.39063 3.5 aabbCcDdeeFFGg 0.78125 7.0
AaBbCcDDeeFfGG 0.39063 3.5 AaBbccddeeFFGG 0.39063 3.5 AabbccDdEeFfGG 0.78125 7.0 aaBbccDDEeFFGG 0.39063 3.5 aabbCcDdeeFfGG 0.78125 7.0
AaBbCcDDeeFfGg 0.39063 3.5 AaBbccddeeFFGg 0.39063 3.5 AabbccDdEeFfGg 0.78125 7.0 aaBbccDDEeFFGg 0.39063 3.5 aabbCcDdeeFFGg 0.78125 7.0
AaBbCcDdEeFFGG 0.78125 7.0 AaBbccddeeFfGG 0.39063 3.5 AabbccDdeeFFGG 0.78125 7.0 aaBbccDDEeFfGG 0.39063 3.5 aabbCcddEeFFGG 0.39063 3.5
AaBbCcDdEeFFGg 0.78125 7.0 AaBbccddeeFfGg 0.39063 3.5 AabbccDdeeFFGg 0.78125 7.0 aaBbccDDEeFfGg 0.39063 3.5 aabbCcddEeFFGg 0.39063 3.5
AaBbCcDdEeFfGG 0.78125 7.0 AabbCcDDEeFFGG 0.39063 3.5 AabbccDdeeFfGG 0.78125 7.0 aaBbccDDeeFFGG 0.39063 3.5 aabbCcddEeFfGG 0.39063 3.5
AaBbCcDdEeFfGg 0.78125 7.0 AabbCcDDEeFFGg 0.39063 3.5 AabbccDdeeFfGg 0.78125 7.0 aaBbccDDeeFFGg 0.39063 3.5 aabbCcddEeFfGg 0.39063 3.5
AaBbCcDdeeFFGG 0.78125 7.0 AabbCcDDEeFfGG 0.39063 3.5 AabbccddEeFFGG 0.39063 3.5 aaBbccDDeeFfGG 0.39063 3.5 aabbCcddeeFFGG 0.39063 3.5
AaBbCcDdeeFFGg 0.78125 7.0 AabbCcDDEeFfGg 0.39063 3.5 AabbccddEeFFGg 0.39063 3.5 aaBbccDDeeFfGg 0.39063 3.5 aabbCcddeeFFGg 0.39063 3.5
AaBbCcDdeeFfGG 0.78125 7.0 AabbCcDDeeFFGG 0.39063 3.5 AabbccddEeFfGG 0.39063 3.5 aaBbccDdEeFFGG 0.78125 7.0 aabbCcddeeFfGG 0.39063 3.5
AaBbCcDdeeFfGg 0.78125 7.0 AabbCcDDeeFFGg 0.39063 3.5 AabbccddEeFfGg 0.39063 3.5 aaBbccDdEeFFGg 0.78125 7.0 aabbCcddeeFfGg 0.39063 3.5
AaBbCcddEeFFGG 0.39063 3.5 AabbCcDDeeFfGG 0.39063 3.5 AabbccddeeFFGG 0.39063 3.5 aaBbccDdEeFfGG 0.78125 7.0 aabbccDDEeFFGG 0.39063 3.5
AaBbCcddEeFFGg 0.39063 3.5 AabbCcDDeeFfGg 0.39063 3.5 AabbccddeeFFGg 0.39063 3.5 aaBbccDdEeFfGg 0.78125 7.0 aabbccDDEeFFGg 0.39063 3.5
AaBbCcddEeFfGG 0.39063 3.5 AabbCcDdEeFFGG 0.78125 7.0 AabbccddeeFfGG 0.39063 3.5 aaBbccDdeeFFGG 0.78125 3.5 aabbccDDEeFfGG 0.39063 3.5
AaBbCcddEeFfGg 0.39063 3.5 AabbCcDdEeFFGg 0.78125 7.0 AabbccddeeFfGg 0.39063 3.5 aaBbccDdeeFFGg 0.78125 3.5 aabbccDDEeFfGg 0.39063 3.5
AaBbCcddeeFFGG 0.39063 3.5 AabbCcDdEeFfGG 0.78125 7.0 aaBbCcDDEeFFGG 0.39063 3.5 aaBbccDdeeFfGG 0.78125 3.5 aabbccDDeeFFGG 0.39063 3.5
AaBbCcddeeFFGg 0.39063 3.5 AabbCcDdEeFfGg 0.78125 7.0 aaBbCcDDEeFFGg 0.39063 3.5 aaBbccDdeeFfGg 0.78125 3.5 aabbccDDeeFFGg 0.39063 3.5
AaBbCcddeeFfGG 0.39063 3.5 AabbCcDdeeFFGG 0.78125 7.0 aaBbCcDDEeFfGG 0.39063 3.5 aaBbccddEeFFGG 0.39063 3.5 aabbccDDeeFfGG 0.39063 3.5
AaBbCcddeeFfGg 0.39063 3.5 AabbCcDdeeFFGg 0.78125 7.0 aaBbCcDDEeFfGg 0.39063 3.5 aaBbccddEeFFGg 0.39063 3.5 aabbccDDeeFfGg 0.39063 3.5
AaBbccDDEeFFGG 0.39063 3.5 AabbCcDdeeFfGG 0.78125 7.0 aaBbCcDDeeFFGG 0.39063 3.5 aaBbccddEeFfGG 0.39063 3.5 aabbccDdEeFFGG 0.78125 7.0
AaBbccDDEeFFGg 0.39063 3.5 AabbCcDdeeFfGg 0.78125 7.0 aaBbCcDDeeFFGg 0.39063 3.5 aaBbccddEeFfGg 0.39063 3.5 aabbccDdEeFFGg 0.78125 7.0
AaBbccDDEeFfGG 0.39063 3.5 AabbCcddEeFFGG 0.39063 3.5 aaBbCcDDeeFfGG 0.39063 3.5 aaBbccddeeFFGG 0.39063 3.5 aabbccDdEeFfGG 0.78125 7.0
AaBbccDDEeFfGg 0.39063 3.5 AabbCcddEeFFGg 0.39063 3.5 aaBbCcDDeeFfGg 0.39063 3.5 aaBbccddeeFFGg 0.39063 3.5 aabbccDdEeFfGg 0.78125 7.0
AaBbccDDeeFFGG 0.39063 3.5 AabbCcddEeFfGG 0.39063 3.5 aaBbCcDdEeFFGG 0.78125 7.0 aaBbccddeeFfGG 0.39063 3.5 aabbccDdeeFFGG 0.78125 7.0
AaBbccDDeeFFGg 0.39063 3.5 AabbCcddEeFfGg 0.39063 3.5 aaBbCcDdEeFFGg 0.78125 7.0 aaBbccddeeFfGg 0.39063 3.5 aabbccDdeeFFGg 0.78125 7.0
AaBbccDDeeFfGG 0.39063 3.5 AabbCcddeeFFGG 0.39063 3.5 aaBbCcDdEeFfGG 0.78125 7.0 aabbCcDDEeFFGG 0.39063 3.5 aabbccDdeeFfGG 0.78125 7.0
AaBbccDDeeFfGg 0.39063 3.5 AabbCcddeeFFGg 0.39063 3.5 aaBbCcDdEeFfGg 0.78125 7.0 aabbCcDDEeFFGg 0.39063 3.5 aabbccDdeeFfGg 0.78125 7.0
AaBbccDdEeFFGG 0.78125 7.0 AabbCcddeeFfGG 0.39063 3.5 aaBbCcDdeeFFGG 0.78125 7.0 aabbCcDDEeFfGG 0.39063 3.5 aabbccddEeFFGG 0.39063 3.5
AaBbccDdEeFFGg 0.78125 7.0 AabbCcddeeFfGg 0.39063 3.5 aaBbCcDdeeFFGg 0.78125 7.0 aabbCcDDEeFfGg 0.39063 3.5 aabbccddEeFFGg 0.39063 3.5
AaBbccDdEeFfGG 0.78125 7.0 AabbccDDEeFFGG 0.39063 3.5 aaBbCcDdeeFfGG 0.78125 7.0 aabbCcDDeeFFGG 0.39063 3.5 aabbccddEeFfGG 0.39063 3.5
AaBbccDdEeFfGg 0.78125 7.0 AabbccDDEeFFGg 0.39063 3.5 aaBbCcDdeeFfGg 0.78125 7.0 aabbCcDDeeFFGg 0.39063 3.5 aabbccddEeFfGg 0.39063 3.5
AaBbccDdeeFFGG 0.78125 7.0 AabbccDDEeFfGG 0.39063 3.5 aaBbCcddEeFFGG 0.39063 3.5 aabbCcDDeeFfGG 0.39063 3.5 aabbccddeeFFGG 0.39063 3.5
AaBbccDdeeFFGg 0.78125 7.0 AabbccDDEeFfGg 0.39063 3.5 aaBbCcddEeFFGg 0.39063 3.5 aabbCcDDeeFfGg 0.39063 3.5 aabbccddeeFFGg 0.39063 3.5

aabbccddeeFfGG 0.39063 3.5
aabbccddeeFfGg 0.39063 3.5

Lr19 -A Qyr.sgi-7D -B Qyr.sgi-2B.1 -C Sr26 -D YrSp -E Sr2 -f Lr34 -G
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In order to relate the observed genotypic frequencies with the expected 

frequencies (Table 3.9), certain adjustments had to be made to correlate the 

data. Firstly, due to the dominant nature of the STS marker Sr26#43, linked to 

the Sr26 gene, homozygous (DD) and heterozygous (Dd) individuals could not 

be distinguished from each other based on marker data only. Expected   

genotypes in Table 3.8 that were identical at all the other loci but differed in 

being either  Dd or DD were pooled. For example, aabbccDdEeFFGG and 

aabbccDDEeFFGG were combined into one genotype indicated as aabbccD-

EeFFGG. The dash represents either the D or d allele it replaced. Although the 

STS marker linked to the Lr19 allele was also a dominant marker and could 

thus not distinguish between homozygous (AA) or heterozygous (Aa) resistant 

individuals, Punnett square analysis indicated that only Aa or aa genotypes for 

the Lr19 gene were possible in the double cross population. The presence of 

the marker allele was thus an indication of the heterozygous resistant 

individuals only. The other markers were all co-dominant and could distinguish 

between homozygous and heterozygous individuals. 

 

Due to the inability of the two AFLP makers to distinguish between the parental 

lines, the presence of the YrSp gene could not be confirmed on the genotypic 

level. Punnett square analysis indicated that two genotypes for the YrSp gene 

were possible, namely heterozygous resistant (Ee) or homozygous susceptible 

(ee). Genotypic frequencies in Table 3.8 were further reduced by combining all 

similar genotypes with Ee or ee, e.g. aabbccD-EeFFGG and aabbccD-eeFFGG. 

Combining some of the expected genotypic frequencies resulted in 64 possible 

observed genotypic frequencies (Table 3.9). In order to obtain accurate 

observed genotypic frequencies, individuals containing one or more missing 

values were omitted from further analysis. A total of 464 individuals contained 

no missing values and were used in further analysis. 
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The expected number of individuals per possible observed genotype was 

calculated from the percentages of the original table and adjusted to a 

population of 512 to obtain whole number expectancies. All 64 expected 

genotypes were observed at least once. Thirty individuals contained only the 

Lr34 gene and 23 individuals contained both the Sr26 and Lr34 genes, which is 

higher than the expected values (Table 3.9).  The eight individuals indicated in 

bold in Table 3.9 contained all six scoreable genes/QTL in either a 

heterozygous or homozygous state. Because marker data from only six markers 

were taken into consideration, the number of individuals containing six 

genes/QTL is higher than the three individuals in Table 3.7 that were detected 

containing all eight marker alleles. The six individuals with the AaBbCcD-FfGG 

genotype (Table 3.9) contained Lr19, QYr.sgi-7D, QYr.sgi-2B.1 in a 

heterozygous resistant state, Sr26 in a homozygous or heterozygous resistant 

state, Sr2 in a heterozygous susceptible state, Lr34 in a homozygous resistant 

state and YrSp in either a heterozygous resistant or homozygous susceptible 

state. The genotypic data presented in Table 3.9 furthermore confirmed the 

pyramiding of the five rust genes and two QTLs in different possible gene 

combinations.  
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Table 3.9  Observed and expected genotypic frequenc ies of individuals 

of the double cross population genotyped based on d ata 

from six molecular markers 

Genotype Observed Expected Genotype Observed Expected
AaBbCcddFFGG 4 4 AaBbCcD-FFGG 4 12
AaBbCcddFFGg 3 4 AaBbCcD-FFGg 3 12
AaBbCcddFfGG 4 4 AaBbCcD-FfGG 6* 12
AaBbCcddFfGg 2 4 AaBbCcD-FfGg 2* 12
AaBbccddFFGG 2 4 AaBbccD-FFGG 5 12
AaBbccddFFGg 2 4 AaBbccD-FFGg 4 12
AaBbccddFfGG 1 4 AaBbccD-FfGG 7 12
AaBbccddFfGg 2 4 AaBbccD-FfGg 3 12
AabbCcddFFGG 7 4 AabbCcD-FFGG 10 12
AabbCcddFFGg 3 4 AabbCcD-FFGg 4 12
AabbCcddFfGG 3 4 AabbCcD-FfGG 3 12
AabbCcddFfGg 4 4 AabbCcD-FfGg 4 12
AabbccddFFGG 9 4 AabbccD-FFGG 8 12
AabbccddFFGg 6 4 AabbccD-FFGg 15 12
AabbccddFfGG 2 4 AabbccD-FfGG 3 12
AabbccddFfGg 2 4 AabbccD-FfGg 3 12
aaBbCcddFFGG 7 4 aaBbCcD-FFGG 7 12
aaBbCcddFFGg 5 4 aaBbCcD-FFGg 9 12
aaBbCcddFfGG 11 4 aaBbCcD-FfGG 4 12
aaBbCcddFfGg 2 4 aaBbCcD-FfGg 3 12
aaBbccddFFGG 11 4 aaBbccD-FFGG 12 12
aaBbccddFFGg 10 4 aaBbccD-FFGg 4 12
aaBbccddFfGG 5 4 aaBbccD-FfGG 7 12
aaBbccddFfGg 8 4 aaBbccD-FfGg 11 12
aabbCcddFFGG 14 4 aabbCcD-FFGG 13 12
aabbCcddFFGg 7 4 aabbCcD-FFGg 9 12
aabbCcddFfGG 6 4 aabbCcD-FfGG 9 12
aabbCcddFfGg 11 4 aabbCcD-FfGg 8 12
aabbccddFFGG 30 4 aabbccD-FFGG 23 12
aabbccddFFGg 11 4 aabbccD-FFGg 14 12
aabbccddFfGG 11 4 aabbccD-FfGG 18 12
aabbccddFfGg 15 4 aabbccD-FfGg 9 12

 
A: Lr19 

B: QYr.sgi-7D 

C: QYr.sgi-2B.1 

D: Sr26 

f: Sr2 

G: Lr34 

- either homozygous or heterozygous for allele 

* numbers indicated in bold represents individuals containing six genes/QTL
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3.4  Discussion 

In this study both SSR and STS markers were successfully used in a breeding 

programme aiming at pyramiding, within a two year period, five different rust 

genes and two QTL from four parental donor lines. The purity and identity (with 

regard to the potential presence of the expected resistance genes) of the 

parental lines were confirmed during the parental screening using SSR and 

STS markers. Results confirmed the expected allelic sizes for the specific 

parents with all gene/QTL targeting markers with the exception of marker 

stm559gtag.. The 237 bp allele amplified by marker stm559gtag and associated 

with the presence of the recessive gene Sr2 from Blade, gave diagnostic 

difficulties. Results indicated that the diagnostic 237 bp allele, specifically 

related to the Sr2 gene in Blade, was present in some of the individual Blade 

plants that were tested, while a null allele was amplified in the rest. Phenotypic 

screening confirmed the inconsistent expression of Sr2 resistance in Blade. The 

inconsistent genotypic and phenotypic results might be attributed to either 

recombination between the marker allele and the Sr2 gene or to the Blade seed 

source retaining a level of heterogeneity (if this trait was not specifically been 

selected for during the development of Blade). It is known that transfer of a 

recessive trait such as Sr2 in a traditional breeding programme can be more 

difficult compared to a dominant trait (Spielmeyer et al., 2003). However, a 

recessive trait is normally easy to fix in a homozygous state. Data of this study 

suggests that Blade might be heterogeneous for the presence of Sr2. This 

however should be confirmed in future by genotyping Blade individuals or 

derived individuals that express the Sr2 gene using marker stm559gtag. For the 

purpose of this study, only Blade individuals containing the SSR marker linked 

to the Sr2 gene was used in the breeding scheme to rule out genotyping errors.  

  

Parental screening furthermore unexpectedly indicated the presence of the 

marker allele linked to the Lr34 gene in AvocetYrSp. Marker csVL34 has been 

successfully used to screen 84 Australian breeding lines for the presence of the 

Lr34 gene (Singh et al., 2007). The presence of Lr34 within AvocetYrSp was 

unexpected since the line was developed from Avocet S, known not to contain 

the Lr34 gene. It is possible, however, that Lr34 was transferred from Spaldings 

Prolific, an old United Kingdom variety and source of the YrSp gene. Another 
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explanation lies in the fact that the marker locus and Lr34 are not absolutely 

linked. Since Lr34 is of common wheat origin the possibility exists that in some 

genotypes the marker allele might not be linked to Lr34 and vice versa.  Marker 

csLV34 was used to screen both Avocet S and AvocetYrSp.. Results indicated 

the presence of the 229 allele associated with absence of Lr34 in Avocet S and 

the 150 bp allele associated with Lr34 in AvocetYrSp. This result was the basis 

for stating that the marker allele associated with Lr34 was present in three of 

the parents and for calculation of the expected single gene ratios and genotypic 

frequencies. Based on the single gene calculations and the Lr34 resistant allele 

being possibly present in three of the four donor parents, a possible 100% Lr34 

resistance transfer was expected. It is suggested that in the development of the 

AvocetYrSp line, it potentially inherited Lr34 from some source in its 

background. However, it should be noted that the possibility exists that the 150 

bp fragment present in AvocetYrSp is in fact not associated with the Lr34 gene. 

Another unexpected result with regard to AvocetYrSp was obtained with SSR 

marker Gwm295. This marker amplified a 242 bp allele in Avocet S (R Prins, 

personal communication) compared to a 251 bp fragment in AvocetYrSp.  

 

The efficiency of the selected SSR and STS markers for high-throughput 

analysis using PAGE and silver staining was evaluated. Due to the large 

number of individuals of the double cross population (900) that needed to be 

screened and the cost involved, PAGE and silver staining were selected as the 

screening system of choice. Although PAGE and silver staining are more cost 

effective compared to analysis using fluorescently labelled primers, it is not as 

sensitive. SSR and STS markers STSLr19130, csLV34, Sr26#43, stm559gtag 

and Gwm148 all produced clear dark banding patterns that were easy to 

analyse. In contrast, some difficulty was experienced in scoring markers 

Gwm111 and Gwm501 due to light staining intensity of these markers. 

Visualisation of these marker patterns should be more effective using 

fluorescently labelled primers and separation using an automated sequencer.  

 

Although marker Gwm295 displayed good, clear, high intensity banding 

patterns after silver staining, the 1 bp difference between the Kariega allele (250 

bp) and the AvocetYrSp allele (251 bp) complicated scoring. Even though the 
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electrophoresis time was increased to get better separation of the alleles 

differing by 1 bp, it was impossible to identify these two alleles from each other 

in individuals of the double cross population. As a consequence, individuals 

were scored as having either of the two (Kariega and/or AvocetYrSp) alleles. 

Segregation ratios for this marker allele could thus not be determined. This 

marker was furthermore excluded when the observed genotypic frequencies for 

the QYr.sgi-7D QTL were determined even though this marker was more ideal 

being closer to the 7D QTL compared to the other flanking marker Gwm111. It 

is suggested that marker Gwm295 should in future be run on an automated 

sequencer in order to be able to more clearly distinguish between Kariega and 

AvocetYrSp individuals.  

 

Screening of individuals of the two different F1 crosses confirmed the 

advantages of application of MAS in a traditional breeding programme. Markers 

Gwm148 and STSLr19130 were successfully used to distinguish true crosses 

from individuals that resulted from self-pollination. Only individuals confirmed to 

result from a cross were selected and used further in the breeding scheme. 

Marker Gwm148 was selected for cross 1 because it could clearly and 

efficiently distinguish between Kariega and AvocetYrSp. The 20 bp difference 

between the AvocetYrSp allele (145 bp) and the Kariega allele (165 bp) made 

marker Gwm148 ideal for identification of true hybrids. In the second set of F1 

offspring from cross 2, involving Blade and CSLr19-149-299 as donor parents, 

marker STSLr19130 was used for cross confirmation. STSLr19130 was used to 

identify the presence of the expected 100 bp allele associated with Lr19 gene of 

CSLr19-149-299 which was used as male parent. This marker was particularly 

useful, as it produces an additional 130 bp monomorphic fragment present in all 

parental cultivars. The presence of the monomorphic fragment served as 

positive control that PCR reactions worked, especially in lines where a null 

allele, associated with the absence of Lr19, was amplified. Although the 

dominant nature of the marker made it impossible to distinguish between 

heterozygotes and homozygotes, only heterozygous resistant individuals were 

expected in the F1 offspring.  
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The phenotypic evaluations helped to confirm what was seen at molecular level, 

confirming the transfer of the desired genes. The YrSp positive, resistant 

reaction observed was important for confirmation of YrSp transfer to the 

offspring since genotypic parental screening revealed that the AFLP markers 

linked to YrSp was not useful. In Mathews (2005), these AFLP markers were 

scored on an automated sequencer compared to silver staining used in the 

current study. As mentioned before, silver staining is not as sensitive as 

fluorescently labelled reactions run on an automated sequencer. This might 

explain the inability to detect the polymorphic fragments linked to YrSp 

resistance rendering the AFLP markers not fit for use for YrSp MAS in this 

study. On a molecular level it was no longer possible to select for YrSp transfer. 

Since such a possibility was envisaged, AvocetYrSp and derived F1 individuals 

of AvocetYrSp were used as the female parent throughout the breeding 

programme to ensure the maximum probability of transferring YrSp to the 

offspring.  

 

Genotyping of 900 individuals of the double cross population revealed that all 

markers segregated as expected. To correlate the expected and observed 

genotypic frequencies, certain assumptions were made for the 900 genotyped 

individuals. Since the two markers for the Lr19 and Sr26 genes were dominant 

STS markers, the homozygous nature of the parental lines containing these 

genes could not be confirmed. In order to calculate the expected segregation 

ratios and patterns, it was hypothesised that the parental lines were in a 

homozygous state for Lr19 and Sr26. Since the marker linked to the Lr19 gene 

was used to select individuals that resulted from a true cross in the F1 

individuals, it is possible that individuals from a homozygous or heterozygous 

parent for Lr19 could have been selected. However, due to the use of the Lr19 

linked marker, only F1 individuals heterozygous for Lr19 were selected. The 

calculation of the segregation ratio for Lr19 would not have been affected due to 

the ratios being calculated from what was expected in the F1 individuals, based 

on marker data. The deviation of the Lr19 segregation ratio from a 1:1 ratio is 

thought to be attributed to the complexity of translocation segment segregation 

and the lack of chromosome pairing genes. However, it was a different case for 

the two parental lines (AvocetYrSp or Blade) containing the Sr26 gene. From 
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the resulting segregation ratio (closer to 1:1), it was hypothesised that one of 

the original parental lines were not homogenous for Sr26 gene. If both parents 

contained the Sr26 gene in a homozygous state, the marker allele linked to the 

Sr26 gene would have segregated in a 3:1 ratio. Since a ratio closer to 1:1 was 

observed it confirmed that one of the parental lines (AvocetYrSp or Blade) was 

heterogeneous for the Sr26 allele. STS marker Sr26#43 was not a feasible 

marker to be used in cross identification during screening of the F1 individuals 

since Sr26 was present in both female parents (Blade and AvocetYrSp) and 

amplified a null allele in both male parents used in the initial crosses. Therefore, 

for the Sr26 gene, no F1 marker data was available to confirm on a genetic level 

whether F1 individuals were homo- or heterozygous for the Sr26 marker. As 

mentioned before, the original expected 3:1 ratio calculation was based on the 

theoretical assumption that both parents (Blade and AvocetYrSp) were 

homogeneous for Sr26. For the Sr2 gene, based on single gene ratio 

calculations and the Punnett square, it became apparent that only homozygous 

susceptible (FF) and heterozygous susceptible (Ff) individuals were possible. 

Therefore it was assumed that in all individuals where only the Sr2 allele was 

amplified, these individuals in fact were heterogeneous, containing the null 

allele of Kariega.  This further confirmed that it would not be possible to get Sr2 

resistance expressed until further self pollination of the selected seed with all 

markers present and thereafter phenotypic testing for the presence of Sr2. The 

presence of the null allele in Kariega will complicate MAS selection for the Sr2 

gene in future studies. With the above mentioned gene complications for Lr19, 

Sr26 and Sr2 in mind, it is suggested that progeny tests should be done on the 

original parents, to confirm if the parents were pure breeding for the genes.  

 

Marker data and genotypic frequency results of this study confirmed on marker 

level the possible successful pyramiding of six of the seven desired genes into a 

single genotype. However, the presence of the gene associated with the 

detected marker alleles need to be confirmed. Based on published results only, 

only three rust genes have been successfully pyramided (Barloy et al., 2007). 

Potentially more genes might have been pyramided in unpublished reports. In 

this study, with the aid of MAS it was possible to pyramid four genes, Sr26, 

Lr34, Lr19 and Sr2 and two QTL, QYr.sgi-7D and QYr.sgi-2B.1 within a two 
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year period. There is a 50% chance that the YrSp gene could be present in 

individuals containing all eight molecular markers. The presence of the YrSp 

gene will need to be confirmed through phenotypic screening in future. The 

potential use of these lines and molecular markers include the fact that both 

seedling resistance to leaf rust (Lr19), stem rust (Sr26) and stripe rust (YrSp) 

and adult stage resistance to leaf rust (Lr34), stem rust (Sr2) and stripe rust 

(QYr.sgi-7D and QYr.sgi-2B.1) could be confirmed. As these developed lines 

form the initial stage of developing pyramided derived lines, there is great 

potential for the future use of these lines in development of a number of 

pyramided lines with various rust resistance gene sources. It should be noted 

here that the presence of the all the associated trait makers does not 

necessarily mean with a 100% chance that the genes/QTL are in fact present. 

 

Lines  containing all eight markers and some of the lines containing seven of 

the eight markers should all be planted out and selfed for a few generations in 

an attempt to acquire all genes in a homozygous state. The SSR and STS 

markers could be used throughout the selfing process to detect homozygous 

individuals. MAS would have to be accompanied by phenotypic screening for 

Sr2 and YrSp resistance. This would form part of the second stage of a complex 

pyramiding scheme (Ishii and Yonezawa, 2007a; 2007b). Once in a fixed state, 

the use of these lines in future breeding programmes harnesses great potential 

in developing durable rust resistance within a marketable cultivar. The presence 

of the desired rust resistance genes in lines identified using MAS should be 

confirmed using phenotypic screening and subsequent field trials.  

 

This study was successful in using the selected SSR and STS markers 

associated to the desired rust genes in a MAS breeding programme designed to 

pyramid five different rust resistance genes and two QTL. This proved that in 

South Africa a study of this nature is possible. The future uses of the developed 

rust resistance gene pyramided lines of this study are countless. The use of 

these lines in combating the continual threat of wheat rusts in some manner 

should be helpful in future.  
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Chapter 4 

General conclusions and perspectives 

 

Wheat is one of the most important economical food crops in South Africa and 

the world (Bajaj, 1990; Curtis et al., 2002; Khan et al., 2005). As any crop, 

wheat has many diseases that reduce grain quality and yield loss (Scott, 1990). 

Wheat rusts (leaf, stem and stripe rust) are a group of important diseases that 

pose a major threat to wheat production locally and worldwide in all areas 

where wheat is grown (Boukhatem et al., 2002; Khan et al., 2005; Singh et al., 

2005; Kuraparthy et al., 2007).  

 

Over the years it has become known that the most efficient and environmentally 

sustainable manner for breeders and scientists to reduce losses due to rust 

pathogens is the development of resistant cultivars (Fahima et al., 1998; 

Boukhatem et al., 2002; Kuraparthy et al., 2007). In the past there have been 

well documented resistant wheat cultivars. However, with the ongoing 

mutational events and genetic recombination of rust pathogens, long distance 

spore travel and new race virulence, the need for improved cultivars with 

durable rust resistance exists (Kolmer, 2005).  Introgression of resistance genes 

from different related wild or cultivated species has provided an opportunity for 

new sources of genetic diversity for rust resistance in wheat (Khan et al., 2005). 

In search of improved durable rust resistance it is widely thought that different 

gene combinations or gene pyramids would confer more durable resistance 

than the same genes deployed singularly (Liu et al., 2000; Hiebert et al., 2007).      

 

Molecular marker approaches have improved the possible tracking of species-

specific alleles in interspecific hybrid backgrounds and the investigation of 

recombination of chromosomal segments between parents. Recombination is 

crucial in the transfer of targeted genes/alleles from wild species and different 

cultivar sources into a single background (Edmé et al., 2006). Edmé et al. 

(2006) reported on the importance and value that marker segregation analysis 

studies can play in the assessment of developed hybrids. During the present 

study intensive marker data was generated and based on segregation analysis 
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it was possible to trace and determine whether the desired recombination had in 

fact taken place. Based on the marker segregation patterns it was possible to 

conclude that the crossing scheme of the project was successful and originally 

assumed theoretical parental genotypes were accurately interpreted.    

 

Wang et al. (2007) reported that many breeding programmes around the world 

for a range of crops, are using selected molecular markers to screen for one to 

several genes of interest. However, the true practical application of these 

markers will be extended further once accumulated into a single genotype to 

construct high-degree gene-pyramided lines (Ishii and Yonezawa, 2007b). The 

development of such lines would have high practical use as parents for a new 

inbred as well as hybrid market cultivars (Ishii and Yonezawa, 2007a).  Marker-

based gene pyramiding should be rather straight-forward when two or three 

donor lines are involved. However, pyramiding of many genes, such as five 

genes and two QTLs during this study from four donor lines, becomes far more 

complex and intensive as reported by Ishii and Yonezawa, (2007a).  During the 

present study step one of a gene-pyramiding scheme, namely obtaining all 

markers linked to the target genes in a heterozygote state with in complex 

pyramiding programme (Ishii and Yonezawa 2007b) was achieved. This was 

evident from the genotypic fingerprinting results which confirmed genes present 

in a heterozygous/heterogeneous (Lr19, Sr2, Sr26, QYr.sgi-7D and QYr.sgi-

2B.1) or homozygous/homogeneous (Sr26 and Lr34) state.  In future step two 

of this pyramiding scheme would need to be carried out in terms of careful 

selection using the pyramided markers and phenotypic selection of individuals 

that are homozygous for the targeted genes, in order to fix the genes (Ishii and 

Yonezawa, 2007a; 2007b).   

 

Between two and three resistance genes for different diseases have over the 

years been successfully pyramided into single or desired genotypes (Barloy et 

al., 2007). Three leaf rust genes were pyramided into a single wheat cultivar in 

1997 through traditional breeding methods (Barloy et al., 2007). In 2001 a report 

was released on the successful pyramiding of three powdery mildew resistance 

genes (Liu et al., 2000). Barloy et al. (2007) reported the successful transfer of 

two nematode resistance genes into a number of lines. Based on limited 
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documentation it seems that a small number of genes have been successfully 

pyramided simultaneously. Past studies have targeted a single wheat rust and 

used related resistance genes in gene pyramiding attempts. However, in this 

study pyramiding several genes against leaf, stem and stripe rust into a single 

line was confirmed.  

 

This study confirmed pyramiding of different rust genes and QTL (Sr2, Sr26, 

Lr19, Lr34, QYr.sgi-7D and QYr.sgi-2B.1) into a single genotype from four 

donor lines. This combination of slow rusting, non-host specific APR genes, 

host-specific seedling resistance genes and QTL regions go a long way towards 

achieving the desired goal of durable resistance to rusts in wheat.  The potential 

use of the pyramided lines containing four genes and two QTL are limitless. A 

higher number of resistance genes are furthermore possibly present in the 

pyramided lines as some of these pyramided genes are linked to other 

resistance genes at the same loci. It has been well documented that Lr34 is 

tightly linked to the slow rusting stripe rust resistance gene Yr18 on 

chromosome 7DS (Spielmeyer et al., 2005; Lagudah et al., 2006). Spielmeyer 

et al. (2005) reported that Lr34 and Yr18 have provided durable resistance to 

leaf and stripe rust offering a partial level of resistance in a number of cultivars 

grown throughout the world. Sharp et al. (2001) furthermore reported that the 

slow rusting adult resistance gene Sr2 is linked to leaf rust resistance gene 

Lr27. However, Lr27 alone is an ineffective gene, it will only confer resistance in 

the presence of the complementary gene Lr31. The Sr25 gene might also be 

present in the pyramided lines. The chromosome segment from Thinopyrum 

ponticum transferred into common wheat carrying leaf rust resistance gene Lr19 

is thought to contain the stem rust resistance gene Sr25 (Prins et al., 1997; 

Prins and Marais, 1998). It is reported that this Lr19 translocated segment does 

not pair with the homoeologous chromosome 7DL arm of common wheat during 

meiosis in heterozygotes, resulting in the transmission of the entire translocated 

segment as a single, large linkage of genes (Prins et al., 1997).  However, it 

must be noted that the CSLr19-149-299 line used in this study, developed by 

Prof GF Marais, contained a reduced translocated segment. Therefore, Sr25 

although closely associated on the Lr19 translocated segment could possibly be 

missing from the new reduced segment.  It can be assumed that the developed 
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pyramided lines from this study contain Sr2, Sr26, Lr19, Lr34, QYr.sgi-7D and 

QYr.sgi-2B.1, with a 50% chance of containing YrSp and possibly also the 

linked Lr27, Sr25 and Yr18 genes. These identified pyramided lines should in 

the future be screened using molecular and phenotypic markers to confirm the 

potential presence of these genes.  

 

It is vital that these identified pyramided lines are self pollinated for a number of 

generations in an attempt to obtain all genes in a homozygous/homogenises 

state. This is especially necessary for Sr2 resistance gene expression, due to 

the recessive nature of this gene. Homozygosisty will prevent the loss of some 

of the pyramided resistance genes and enable the use of these pyramided lines 

in future breeding programmes involving backcrosses to a local South African 

commercial cultivar. The performance of these lines in normal field conditions 

combined with phenotypic screening to confirm the presence of the genes/QTL 

will offer interesting information regarding the success of the gene-pyramiding 

scheme employed in this study.  

 

Results of this study are particularly applicable with the current state of world 

affairs with the initiation of the Global Rust Initiative to combat the potential 

threat that the stem rust race Ug99 poses to a large percentage of world wheat 

germplasm. With low numbers of reported resistant cultivars with resistance to 

Ug99, a source of rust pyramided lines as developed in this study could aid in 

combating local and global threats from Ug99 and any new virulent rust races.    

 

Ultimately this study proved that, within a two year period, gene-pyramiding of 

many targeted rust resistance genes from four donor lines, against the three 

wheat rusts, using specifically selected SSR and STS markers, is possible.     
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Summary 
 

Wheat (Triticum aestivum L.) is widely cultivated over large areas and is an 

important food crop worldwide. Wheat is extensively used during the production 

of many different types of foods. Wheat rusts (leaf, stem and stripe rust) are 

important foliar diseases of wheat worldwide, causing large losses and damage 

to the wheat industry. The ability of these rust pathogens to change and be 

dispersed over long distances pose a continual global threat. Annually millions 

around the world are spent on fungicides in an attempt to control wheat rusts. 

Resistant cultivars have proven to be the most effective, economical and 

environmentally friendly form of rust control. Although many resistant cultivars 

have been developed historically, a need for more durable resistance exists. 

The application of molecular markers and marker-assisted selection (MAS) 

strategies in breeding programmes can support plant breeders in accomplishing 

pyramiding of several rust resistant genes into new cultivars.  

 

The aim of this study was to pyramid seven rust resistant genes/QTL (leaf, 

stripe and stem rust) into a single genotype using five SSR, three STS and two 

AFLP markers. The study focused on wheat genes applicable to the local wheat 

industry and markers used and/or developed in South African breeding 

programmes. In this study four bread wheat cultivars or lines (AvocetYrsp, 

Blade, CSLr19-149-299 and Kariega) were used as parental sources of five 

resistance genes (Sr2, Sr26, YrSp, Lr19 and Lr34) and two QTL (QYr.sgi-7D 

and QYr.sgi-2B). Selection after each cross was done using a MAS approach 

with SSR and STS markers linked to the different resistant genes/QTL. The 

study was conducted over a two year period, involving the development of two 

different sets of F1 offspring and one double cross generation from a series of 

directional crosses.  

 

Before crosses were made, the presence of the expected rust resistance genes 

was confirmed in the parental lines using specific SSR, STS and AFLP markers. 

The SSR and STS markers amplified the expected allele sizes in the parental 

lines, except for the unexpected detection of the Lr34 gene in AvocetYrSp. 
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Results indicated that the Sr2 marker was not consistently present in Blade, 

suggesting the Blade cultivar was heterogeneous for Sr2. The AFLP markers 

linked to the YrSp resistance gene did not detect differences between the 

parental lines and were excluded from further experiments. The F1 generations 

were screened with one SSR or STS marker each to identify successful 

crosses. Genotyping of the F1 generations indicated than on average, 85.5% of 

the tested F1’s were true hybrids. Phenotypic screening was done on the 

parental lines and F1 individuals for the three rust types and confirmed the 

presence of the expected genes in the parental lines as well as selected F1 

individuals.  

 

A total of 900 individuals of the double cross generation were screened with five 

SSR and three STS markers associated with resistance genes and QTL to 

identify whether gene pyramiding within a single genotype was successful. The 

number of individual plants of the double cross population containing markers 

linked to the desired resistance gene(s)/QTL ranged from two individuals 

containing none of the markers to three individuals containing all eight markers. 

The three individuals containing eight markers confirmed the presence of 

markers associated to the presence of the four single genes (Sr2, Sr26, Lr19 

and Lr34) and two QTL (QYr.sgi-7D and QYr.sgi-2B.1). Due to the inefficiency 

of the AFLP markers, the presence of the seventh gene (YrSp) could not be 

confirmed on genotypic level. The future uses of the developed rust resistance 

gene pyramided lines of this study are countless. The use of these lines in 

combating the continual threat of wheat rusts in some manner should be helpful 

in future.  

 

Keywords:  amplified fragment length polymorphism (AFLP), DNA, diseases, 

durable resistance, genotyping, phenotypic screening, sequence-tagged site 

(STS), simple sequence repeats (SSR), virulence. 
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Opsomming 
 

Koring (Triticum aestivum L.) word algemeen oor groot gebiede verbou en is ‘n 

belangrike voedselgewas wêreldwyd. Koring word op groot skaal vir die 

produksie van baie verskillende tipes kossoorte gebruik. Een van die 

belangrikste koringblaar siektes wêreldwyd is roes (blaar-, stam- en streeproes) 

wat groot verliese en skade in die koringbedryf veroorsaak. Die vermoë van 

hierdie roespatogene om te verander en oor lang afstande te verprei hou 

wêreldwyd ‘n deurlopende gevaar in. In ‘n poging om roes op koring te beheer 

word daar wêreldwyd miljoene jaarliks aan swamdoders spandeer. Daar is 

gevind dat weerstandbiedende kultivars die mees effektiewe, ekonomiese en 

omgewingsvriendelike vorm van roes beheer is. Alhoewel daar in die verlede 

reeds baie weerstandbiedende kultivars ontwikkel is, bestaan daar steeds ‘n 

behoefte vir verbeterde standhoudende weerstand.  Die gebruik van molekulêre 

merkers en merker-ondersteunde seleksie (MAS) strategieë in teelprogramme 

kan plantetelers help om verskeie roes weerstandsgene in nuwe kultivars te 

stapel. 

 

Die doel van hierdie studie was om sewe roes weerstandsgene/kwantitatiewe 

eienskap lokusse (QTL) (blaar-, streep- en stamroes) in ‘n enkele genotipe te 

stapel deur van vyf mikrosatellietmerkers (SSR), drie volgorde-geteikende 

gebiede (STS) en twee geamplifiseerde fragment lengte polimorfisme (AFLP) 

merkers gebruik te maak. Die studie het op roesgene wat toepasbaar in die 

plaaslike koringindustrie, asook merkers wat in Suid-Afrikaanse teelprogramme 

gebruik en/of ontwikkel is, gefokus. In hierdie studie is vier broodkoring kultivars 

of lyne (AvocetYrsp, Blade, CSLr19-194-299 en Kariega) as ouer bronne vir vyf 

weerstandsgene (Sr2, Sr26, YrSp, Lr19 en Lr34) en twee  QTL (QYr.sgi-7D en 

QYr.sgi-2B) gebruik. Seleksies is na elke kruising gedoen deur van ‘n MAS 

benadering gebruik te maak waar SSR en STS merkers gekoppel aan die 

verskillende weerstandsgene/QTL gebruik is. Die studie is oor ‘n twee jaar 

periode uitgevoer en het die ontwikkeling van twee verskillende F1 nageslagte 

en een dubbel-kruis generasie, vanaf ‘n reeks spesifiek gerigte kruisings, 

behels. 
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Voordat kruisings gedoen is, is die teenwoordigheid van die verwagte roesgene 

in die ouerlyne bevestig deur van spesifieke SSR, STS en AFLP merkers 

gebruik te maak. Die SSR en STS merkers het die verwagte alleel groottes in 

die ouerlyne geamplifiseer, behalwe vir die onverwagte opsporing van die Lr34  

geen in AvocetYrSp. Resultate het aangetoon dat die Sr2 merker nie deurgaans 

in Blade teenwoordig was nie. Die AFLP merkers gekoppel aan die YrSp 

weerstandsgene het nie verskille tussen die ouerlyne aangetoon nie en is nie in 

verdere eksperimente gebruik nie. Die F1 generasies is afsonderlik met een 

SSR of STS merker elk getoets om suksesvolle kruisings te identifiseer. 

Genotipering  van die F1 generasies het aangetoon dat gemiddeld 85.5% van 

die getoetste F1 individue wel ware hibriede was. Fenotipiese toetse vir al drie 

roestipes is op die ouerlyne en F1 individue gedoen en het die teenwoordigheid 

van die verwagte gene in die ouerlyne, asook geselekteerde F1 individue, 

bevestig. 

 

‘n Totaal van 900 individue van die dubbel-kruis generasie is met vyf SSR en 

drie STS merkers wat met die weerstandsgene en QTL geassosieer is, getoets 

om te bepaal of geenstapeling binne ‘n enkele individu wel suksesvol was. Die 

aantal individuele plante van die dubbel-kruis populasie wat merkers gekoppel 

aan die verlangde gene/QTL bevat het, het gewissel van twee individue wat 

geen merkers bevat het nie tot drie individue wat al agt merkers bevat het. Die 

drie individue wat al agt merkers bevat het, het die teenwoordigheid van 

merkers geassosieer met die vier enkel gene  (Sr2, Sr26, Lr19 en Lr34) en twee 

QTL (QYr.sgi-7D en QYr.sgi-2B.1) bevestig. As gevolg van die 

ondoeltreffendheid van die AFLP merkers kon die teenwoordigheid van die 

sewende geen (YrSp) nie op genotipiese vlak bevestig word nie. Die 

toekomstige gebruik van die lyne met die gestapelde roes weerstandbiedende 

gene wat tydens die studie ontwikkel is, is ontelbaar. Hierdie lyne kan in die 

toekoms gebruik word om die deurlopende bedreiging van roes op koring in ‘n 

mate te bestry. 

 

Sleutelwoorde:  DNA, fenotipiese toetse, geamplifiseerde fragment lengte 

polimorfisme, genotipering, mikrosatelliet merkers, siektes, standhoudende 

weerstand, virulensie, volgorde-geteikende gebiede.  


