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Abstract 

 
Crown rot (CR), caused by various Fusarium species, is a chronic wheat disease 

in Australia. In addition to yield losses, CR infected plants also accumulate mycotoxins 

which can be harmful to both human and animal if present in foods or feeds. Growing 

resistant wheat varieties has long been recognised as the most effective way to minimize 

CR but varieties with high levels of resistance are not yet available. High quality 

sources of resistance are rare and resistances of a few genotypes with partial resistance 

all seem to be controlled by inconsistent QTL with only small effects.  

Our capacity in breeding could be dramatically enhanced if a few different 

sources with high levels of resistance were available. Characterizing one of the novel 

sources of resistance, ‘CSCR6’ which was one of the most resistant genotypes from a 

screening of some 2,400 wheat genotypes, was the first objective of this project. A 

population derived from a cross of ‘Lang’/‘CSCR6’ was analysed using two Fusarium 

isolates belonging to two different species, one F. pseudograminearum and the other F. 

graminearum. The two isolates detected several QTL with the same chromosomal 

locations and comparable magnitudes, indicating that CR resistance may not be fungal 

species-specific. A major QTL on 3BL was found to be responsible for up to 48.8% of 

the phenotypic variance. The effects of this major QTL were further validated in four 

additional populations and the presence of this single QTL reduced CR severity by up to 

42.1%. The fact that significant effects of this 3BL QTL were detected across all trials 

with different genetic backgrounds and with isolates belonging to two different 

Fusarium species make it an ideal target for breeding. 

Following the detection of the major 3BL QTL from ‘CSCR6’, an attempt was 

made to investigate the feasibility of exploiting this hexaploid QTL to improve CR 

resistance of the durum wheat as, compared with hexaploid wheat, tetraploid durum is 

more susceptible to crown rot. Durum lines containing chromosome segments from 

‘CSCR6” were generated. Analysing the durum backcross population found that, 

together with a few scattered segments on various chromosomes, segments of a large 

section of ‘CSCR6’ chromosome 6B showed a significant effect in enhancing CR 

resistance in the durum background. However, the major hexaploid 3BL QTL failed to 

provide any better resistance than that of the genome average once it was introduced 

into durum wheat. A small proportion of the durum lines obtained gave similar 

resistance to the bread wheat variety ‘Kennedy’, a level of CR resistance acceptable to 
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durum growers. These lines share a 4B segment from the hexaploid donor, although the 

segment was not among those with the largest individual effect across the whole 

population. These results show that it is feasible to improve CR resistance of durum 

wheat by exploiting hexaploid chromosome segments, although resistance loci of a 

hexaploid wheat genotype may not function the same once introduced into the tetraploid 

durum backgrounds.  

To enhance the efficiency of exploiting the major 3BL QTL of ‘CSCR6’, 

markers closely linked to this locus are needed. An understanding of its possible 

influence on other traits of agronomic importance would also be critical. Working 

toward these objectives, nine sets of near-isogenic lines (NILs) for the major 3BL QTL 

were developed. The NILs were used to further assess the effects of the QTL in 

different genetic backgrounds and it was found that the presence of the resistant allele of 

‘CSCR6’ reduced CR severity by 29.3% to 63.9% with an average of 45.2% across 

these NILs. Large populations segregating for the 3BL locus only are being generated 

and these fine mapping populations will be used to develop markers that can be reliably 

used to tag the 3BL locus in breeding.  

Fusarium pathogens can infect cereals at any stage of plant development and the 

various CR assays currently available assess plants of different ages. For clarifying 

whether the same resistance genes are responsible for resistance at the different stages 

of plant development, two populations were analysed. This study showed that different 

genes can be responsible for CR resistance at different stages of plant development. 

Only one of the two QTL detected from an assay based on older plants was detected in 

an assay based on young seedlings. Similarly, the best lines, as well as the beneficial 

and deleterious loci detected from the early seedling assay were all different from those 

identified from the assay using older plants. Understandably, genes conferring 

resistance at different developmental stages could all contribute to the successful 

performance of a variety. However, caution needs to be exercised when comparing 

disease severity results obtained from assays using plants of different ages. 

This research is a major step-forward towards the development of new wheat 

cultivars resistant to CR. The developed hexaploid and tetraploid populations and the 

NILs will be major resources for the characterisation of pathogenecity, fine mapping 

and developing markers for this major QTL and detailed transcriptomic and proteomic 

studies leading to the ultimate cloning of the gene(s) underlying the QTL. 
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Chapter 1: General introduction 
 

Crown rot (CR) caused by the fungi Fusarium has been a chronic cereal disease 

in Australia for many years. Several management practices aimed at reducing the 

inoculum load have been evaluated and they included crop rotation and stubble burning 

(Kirkegaard et al. 2004; Burgess 2005). However, these practices have apparently not 

stopped the spread of this disease. In fact, the disease is getting worse, not only in 

Australia but also in many of the arid regions worldwide (Smiley et al. 2005; 

Chakraborty et al. 2006; Tunali et al. 2008; Hogg et al. 2010). The latest surveys in 

Australia found that CR causes an estimated yield loss of ca. $80 millions in wheat 

alone. In addition, CR infected wheat plants in glasshouse assays can produce 

mycotoxins in the spikes (Mudge et al. 2006) which are harmful to human and animals 

if present in food and feed products. 

Growing resistant wheat varieties has long been recognised as a key component 

in effectively managing CR damage. The first report on differential varietal reactions to 

CR infection was published more than half a centenary ago (Purss 1966), and this was 

followed by several further studies in the identification of resistance sources (Klein et 

al. 1985; Wildermuth and McNamara 1994). However, genotypes with high levels of 

resistance are rare. Genetic studies have been carried out recently on several of these 

resistant genotypes with partial resistance. These include variety ‘Kukri’ (Wallwork et 

al. 2004), the breeding line ‘2-49’ (Collard et al. 2005), and the genotype 

‘W21MMT20’ (Bovill et al. 2006). Putative QTL conferring CR resistance have been 

detected on each of the three (A, B, & D) wheat genomes. However, each of these QTL 

could explain only a small percentage of the phenotypic variance of CR resistance and 

none of them was consistently detected across the different experiments reported. These 

QTL of small magnitudes derived from partially resistant varieties could be difficult to 

explore for breeding purposes. Apparently, QTL with larger effects which can be 

consistently detected in different genetic backgrounds are urgently needed.  

In addition to its magnitude, the values of a given QTL/gene also depends on its 

consistent detection in different genetic backgrounds and any possible interactions 

between the QTL/gene concerned and other traits of agronomic importance. For 

example, a number of QTL conferring Fusarium head blight (FHB) resistance have 

been co-located with reduced height (Rht) loci (Gervais et al. 2003; Paillard et al. 2004; 

Schmolke et al. 2005; Draeger et al. 2007; Voss et al. 2008; Haberle et al. 2009). 

Linkages between Rht and FHB loci have been proposed by a research group at the John 
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Innes Centre, UK (Draeger et al. 2007; Srinivasachary et al. 2008). Recent results from 

our laboratory also show an association between plant height and CR severity in both 

wheat (Chapter 3; Li et al. 2010) and barley (Li et al. 2009). The shorter plants are 

associated with better CR resistance in all three of these populations. Results from 

analysing NILs for several different Rht (reduced height) genes showed that height per 

se affects CR resistance (Liu et al. 2010).  Such relationships, either the close linkage 

between height genes and genes conferring resistance or a pleiotropic effect of height 

per se, could have significant implications for improving FHB or CR resistance as plant 

height is a key consideration in breeding programs. 

QTL mapping has become a routine step in studying the genetics of a trait and in 

developing markers for marker-assisted selection (MAS). However, it is important to 

understand that QTL mapping using segregating populations has limited resolution 

(Paterson et al. 1988) and molecular markers obtained from such studies may not be 

reliably used in gene pyramiding or MAS. To obtain markers that can be reliably used 

to follow a locus, additional experiments will have to be conducted. One of the methods 

of resolving the map position of a QTL is by analysing a series of NILs that differ in 

markers flanking the QTL (Young et al. 1988; Paterson et al. 1990; Kaeppler et al. 

1993). Exploiting large populations segregating only for the target QTL regions is 

another popular approach used in fine mapping the genes underlying a QTL (Fridman et 

al. 2004; Kroymann et al. 2005). It is very important to understand that fine mapping 

can not be achieved by increasing population sizes alone. NIL-derived populations, 

segregating primarily for a targeted locus, allow the conversion of quantitative trait into 

Mendelian factor, making the accurate location of a QTL possible (Liu et al. 2006). 

Traditionally, NILs are routinely generated by backcrossing a donor to a 

recurrent parent. With the availability of markers, NILs can now be more efficiently 

produced by selfing individuals heterozygous for the target region (Tuinstra et al. 1997). 

Another added benefit of the latter method is that many sets of NILs with different 

genetic backgrounds can be generated from a single cross. The values of NILs do not 

stop at fine mapping. Among many other possible applications, NILs can be more 

effectively used in studying phenotypic effects of a particular locus. This is not only 

because that only two isolines are involved for assessing the effect of a particular allele 

on a particular genetic background, but also because that the genetic background 

determining morphological and phenological characters that commonly influence 

phenotypic assessments of quantitative traits in a segregating population is essentially 

fixed in NILs (Pumphrey et al. 2007). NILs can also be effectively used in gene 
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profiling and in investigating the mechanisms of resistance and the possible effects 

between a target gene/loci and other traits of agronomic importance (Nilson et al. 1957; 

Hoogendoorn et al. 1990; Miedaner and Voss 2008). Thus a few sets of NILs generated 

for a locus of importance in different genetic backgrounds can be highly valuable.  

It is well known that, as well documented for rust resistance genes in wheat 

(Zhang et al. 2008), some resistance genes can be effective at different stages of plant 

development but others may only function at some of the developmental stages or in 

certain tissues (Buchner et al. 2010). Thus, understanding when a gene is expressed 

would be valuable for breeding varieties with high levels of resistance.   

Compared with hexaploid bread wheat, durum wheat varieties are more 

susceptible to CR. The huge differences in their CR resistances can be demonstrated by 

a study which found an average of 25% yield loss in bread wheat and 58% loss in 

durum wheat across a wide range of environments in Australia due to CR disease 

(Daniel and Simpfendorfer 2008). Thus, elevating durum resistance to a level equivalent 

to that of bread wheat would be beneficial to durum growers and one of the obvious 

possibilities in achieving this is to exploit the resistance genes in hexaploid wheat. This 

could be achieved by transferring chromosome segments from hexaploid wheat into 

durum wheat. The fact that QTL conferring CR resistance in hexaploid wheat has not 

only been detected on the D genome but also on the A and B genomes makes such an 

approach very attractive.  

Research objectives of this project included investigating the genetics of crown 

rot resistance in one of the most resistant sources by QTL mapping, validating the major 

QTL detected in different genetic backgrounds, developing near-isogenic lines for the 

major QTL, evaluating CR resistances at different stages of plant development and 

exploring the feasibility of exploiting the major QTL to improve crown rot resistance of 

durum wheat. 
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Chapter 2: Literature review 

 
2.1 Wheat genome structure, domestication and breeding 

 

2.1.1 Wheat genome structure 

Wheat belongs to the family Poaceae (Gramineae), tribe Triticeae Dumort and 

genus Triticum. The wheats form a polyploid series with diploid (2n = 2x = 14), 

tetraploid (2n = 4x = 28) and hexaploid (2n = 6x = 42) forms. Each of these forms 

contains multiple species (Table 1).  

 

Table 1. Main species of wheat (cited from Miller 1987) 

Ploidy Species Genome formula 
Diploids T. urartu Tum. AA 
 T. boeoticum Boiss. spp. aegilopoides AA 
                                  spp. thaoudar AA 
 T. monococcum L. AA 
  T. sinskajae A. Filat. and Kurk. AA 
Tetraploids T. dicoccoides (Korn) Schweinf. AABB 
 T. dicoccum (Schrank.) Schulb. AABB 
 T. paleocolchicum Men. AABB 
 T. carthlicum Nevski AABB 
 T. turgidum L. AABB 
 T. polonicum L. AABB 
 T. durum Desf. AABB 
 T. turanicum Jakubz. AABB 
 T. araraticum Jakubz. AAGG 
 T. timopheevi Zhuk. AAGG 
  T. militinae Zhuk. and Migusch. AAGG 
Hexaploids  T. spelta L. AABBDD 
 T. vavilovi (Tum.) Jakubz. AABBDD 
 T. macha Dek. and Men. AABBDD 
 T. sphareococcum Perc. AABBDD 
 T. compactum Host. AABBDD 
 T. aestivum L. AABBDD 
  T. zhukovskyi Men. and Er. AAAAGG 

 

2.1.2 Polyploid wheats 

It was believed that tetraploid wheats were established by 8000 BC (Miller 

1987). The wild tetraploid emmer wheat T. disoccoides (AABB) was formed by 

hybridization between a wild diploid wheat T. urartu (AA) and an unknown diploid 
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donor or diploids with genomes similar to those of the present members of the Sitopsis 

section of the Aegilops (Miller 1987). Another type of wild tetraploid emmer wheat T. 

araraticum (AAGG) arose by amphiploidisation between the wild diploid T. boeoticum 

(AA) and a diploid or diploids with genomes very close to that of the present Ae. 

speltoides (Figure 1).  

Hexaploid wheat was established by 7,000 BC (Hillman 1972). The same as 

tetraploid wheat, there are two types of hexaploid wheats: the major group with a 

genome formula AABBDD and a single hexaploid, T. zhukovskyi AAAAGG. The 

AABBDD hexaploid wheat was formed by hybridization between an AABB tetraploid 

wheat and the D genome donor Ae. squarrosa (DD). T. zhukovskyi arose by 

hybridization between an AAGG tetraploid wheat and another diploid A genome donor, 

(Figure 1). 

 Ae. Sect. sitopsis  type   
BB 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The evolution of polyploid wheats (cited from Miller 1987) 

 

2.1.3 The domestication of wheat 

As one of the first domesticated food crops in human history, the history of 

wheat domestication can be dated back as far as 7,500~6,500 BC.  An area known as 

“Fertile Crescent” in Near East was believed to be the centre of the geographical 

distribution of the wild progenitors of the cultivated wheats. This area included the 

mountain chains flanking the plains of Mesopotamia and Syrian deserts and also with 

Anatolia and the Balkans (Feldman 1976). In this area, a diploid wheat, einkorn (T. 

monococcum), became the first successfully domesticated wheat at around 7,000 BC 
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(Bell 1987). Einkorn is now rarely planted or harvested, although it played an important 

role in early farming times (Salamini et al. 1982). The first domesticated tetraploid 

wheat was emmer (T. dicoccum). Emmer was domesticated from the wild tetraploid 

progenitor T. disoccoides, which was the donor of A and B genome to most of 

cultivated tetraploid and hexaploid wheats (Kimber and Feldman 2001). Emmer 

gradually spread from the lowlands of Mesopotamia to Egypt, Europe, central Asia, 

India and Ethiopia. It maintained its position there as the dominant cultivated cereal 

until it was replaced by free-threshing durum wehat (T. durum) forms in the first 

millennium BC (Bell 1987). Hexaploid wheat did not have a wild hexaploid progenitor. 

It was generated by a farming-associated natural hybrid between the tetraploid wheat 

and diploid wheat. In fact, the occurrence of durum wheat and hexaploid wheat (T. 

aestivum) represented the final step of wheat domestication (Salamini et al. 1982). 

 

2.1.4 Wheat breeding  

Before the 19th century, wheat grown was ‘land races’ which were evolved in an 

area where it was grown, mainly through natural selection, assisted from time to time by 

selection of the ‘better ears’ as a source of seeds for future crops (Lupton 1987). The 

scientific improvement of wheat began when Mendel’s laws were rediscovered at the 

beginning of the 20th century, which was characterized by hybridization. The 

importance of careful selection of both parents and the segregating populations was 

soon realized in breeding programs. Over the years, several different breeding methods 

have been developed. Among them, pedigree breeding was one of the first invented and 

it is still the most widely used method today. Other major methods routinely used in 

wheat breeding include backcrossing, single seed decent, bulk selection and the use of 

doubled haploid populations. Each of these methods has its advantages and 

disadvantages, thus a mixture of the various methods is often used in a given breeding 

program (Bingham and Lupton 1987).   

Variety improvement has played an important role in wheat production. A study 

carried out in New South Wales of Australia found that 54% of the improvement in 

wheat yield was due to variety improvement and the other 46% was due to a 

combination of other factors (Brennan and Bialowas 2001). The single most significant 

event in modern wheat breeding is perhaps the adoption of semi-dwarfing genes from 

the Japanese variety ‘Norin 10’. The incorporation of the semi-dwarfing genes from this 

genotype has contributed dramatically to the increase of yield potential in many wheat 
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growing regions worldwide, which formed the basic of the ‘Green Revolution’ (Borlaug 

1968).  

In recent years, it is widely believed that the adoption of heterosis offers the 

most likely opportunity for the next round of significant yield increase in wheat. It is not 

difficult to obtain hybrids which produce 15 percent or more grains, but the prohibiting 

cost associated with hybrid seed production has been a major limiting factor for the 

wide adoption of a hybrid technology (Cisar and Cooper 2002). This situation will 

likely change if the ‘2-line’ system can be successfully adopted. This new system 

exploits ‘pseudo male sterile’ lines which are male sterile in one environment but 

become fertile in another. Compared with the conventional ‘3-line’ system, the ‘2-line’ 

system does not require maintaining lines, thus it offers the potential to reduce the costs 

of hybrid seed production by one third (Murai et al. 2008; Niu et al. 2008).  

 

2.2 Wheat production 

The most widely cultivated wheat isT. aestivum L. which is a hexaploid with a 

genome formula of AABBDD. It accounts for about 95% of total wheat production. 

Most of the other 5% production is taken up by durum wheat which is a tetraploid with 

a genome formula of AABB (Oleson 1994).  

 

2.2.1 Bread wheat  

The optimum growing regions of wheat are between the latitudes of 30° and 

60°N and 27° and 40°S (Nuttonson 1955). However, wheat has been grown in much 

lower and higher latitudes. It was reported that wheat could grow within the Arctic 

Circle as well as in those areas near the equator (Curtis 2002). Today, the combined 

area of wheat is larger than that of any other crops. In the season 2009/2010, an 

estimated area of 226.7 million hectares of wheat were grown worldwide (Wheat Export 

Australia 2009). The world wheat production is estimated to be around 682.4 million 

tonnes in the season 2008/2009 (Table 2) (FAO 2010). Wheat provides about 20 percent 

of protein total intake for peoples’ daily life (FAOSTAT 2009). In fact, it is believed 

that wheat provides more nutrients to the world population than any other single food 

source (Pena 2002). 
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Table 2. World wheat production (million tonnes) by country in 2008/2009 (cited from 
FAO 2010) 

Country Production Country Production 
European Union 139.4 Ukraine  20.9 
China (Mainland) 115.0 Turkey  20.6 
India    80.7 Kazakhstan  17.0 
Russian Federation    61.7 Iran Islamic Rep. 13.0 
United States of America    60.3 Argentina    8.5 
Canada    26.5 Egypt    8.5 
Pakistan    24.0 Uzbekistan    6.6 
Australia    21.7 Other countries 59.0 
    World total     682.4 

 

As the largest crop in Australia, wheat production is around 20 million tonnes 

per annum (Australian Bureau of Agricultural and Resource Economics 2010a). Wheat 

is grown in all states in Australia except the Northern Territory. The major wheat 

producing states are Western Australia and New South Wales, and their combined 

production accounts for about 2/3 of the national production. Australia is one of the top 

wheat exporters in the world. In 2009-2010, of the total 21 million tonnes of wheat 

produced, about 15 million tonnes were exported (FAO 2010).  In the financial year 

2009-2010 (July to June), the value of wheat exports is about $4.7 billion (Australian 

Bureau of Agricultural and Resource Economics 2010b). The top six importers of 

Australia wheat are Iran, Iraq, Indonesia, Japan, Egypt and South Korea. These 

countries account for 60% of Australia exported wheat (Grain Growers Association 

2004).  

 

2.2.2 Durum wheat  

Durum wheat, also known as pasta wheat, is a tetraploid wheat (2n = 4x = 28) 

with a genome formula of AABB. Compared with bread wheat (2n = 6x = 42, 

AABBDD), durum wheat is known for its very high quality grains reflected by its 

hardness, protein, intensive yellow color, nutty flavor and excellent cooking qualities. 

Main products manufactured from durum wheat include pasta (such as spaghetti), 

lasagna and cannelloni which usually require good strong dough and protein qualities.  

World production of durum wheat is around 40 million tonnes. The highest 

producing countries are Canada, the European Union, the USA, Turkey and Syria. 

Global annual trade in durum wheat is around 6 to 7 million tonnes with Canada, the 

European Union, and the USA being the main exporters. In Australia, production of 

durum is around 500,000 tonnes per year. It is mainly confined to New South Wales 
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(accounts for around 56%) and South Australia (41%), with the remaining produced 

from Queensland, Victoria and Western Australia. Domestic requirement for durum 

wheat is around 300,000 tonnes and the remaining 200,000 tonnes are exported (Kneipp 

2008).  

Australian durum has very good physical grain qualities including low grain 

moisture, low screenings and high test weights, low levels of black point, high vitreous 

kernels and very high yellow pigment levels (for bright yellow pasta products). 

Australian durum is also known for its high semolina yield when it is milled forming a 

production with low semolina ash and low residual flour yield. It also yields high levels 

of quality gluten which is associated with high stable grain proteins (Kneipp 2008).  

 

2.2.3 Major factors limiting wheat production in Australia 

Of the various factors limiting wheat production in Australia, water availability 

is the single most important. Rainfall conditions for different wheat belts vary 

significantly in Australia: the Northern wheat belt (Queensland and Northern New 

South Wales) is characterized by summer dominant rainfall environments, and both the 

Southern and Western regions have typical Mediterranean winter dominant rainfall 

environments (Figure 2). Australia is one of the countries with the most variable rainfall 

climates in the world (The Bureau of Meteorology 2010). In the season 2006-2007, 

drought cut the Australia wheat production to 9.8 million tonnes, which is 15.5 millions 

less than the season 2005-2006 (Australian Bureau of Agricultural and Resource 

Economics 2007). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Northern Region
Summer rain

Southern and Western Regions
Winter rain

Northern Region
Summer rain

Southern and Western Regions
Winter rain

Figure 2. Australian wheat belts and the patterns of rainfall in different regions  
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Another constraint to Australian wheat production is soil fertility. Soil is the 

main source of nutrients needed by the crop for growth. Australian soils are generally 

low in two major nutrients (nitrogen and phosphorous) and trace elements (Williams 

and Raupach 1983). As a result, nitrogen and phosphorous are regularly used to increase 

yield (Curtis 2002). 

The third limitation to wheat production is disease. The average annual loss of 

wheat yield caused by diseases is about $913 million or $76.64 per hectare in season 

2009. The top five diseases that caused most of the losses in wheat are: yellow spot 

($212 million), stripe rust ($127 million), Septoria nodorum blotch ($108 million), 

crown rot ($79 million) and Pratylenchus neglectus ($73 million). In fact, the loss can 

be far higher if no control measures were taken. For instance, the potential loss caused 

by crown rot only could reach $424M per annum (Murray and Brennan 2009). 

 

2.3 QTL mapping  

 

2.3.1 Definition and procedures of QTL mapping 

Many agriculturally important traits (such as yield and quality) and some 

complex forms of disease resistance show continuous phenotypic variation that is 

determined by the segregation of multiple genes. Such traits are called quantitative 

traits. The regions of genomes containing the genes that control a quantitative trait are 

known as quantitative trait loci (QTL) (Tanksley 1993). QTL mapping is the approach 

to identify the position of QTL in the genome. Since every marker stands for an 

identifiable region of variable DNA, the position of the QTL controlling the traits of 

interest can be identified by analysing the linkage relationship between the markers and 

the QTL.  

The common steps involved in QTL mapping include: 1) select suitable parents 

that differ for the traits of interest and generate a suitable population; 2) select suitable 

genetic markers and construct linkage maps; 3) collect the phenotype data of the 

mapping population, and 4) statistical analyses to identify the QTL affecting the traits of 

interest. 

 

2.3.2 Populations that can be used for QTL mapping 

Many types of populations have been successfully used for mapping and these 

include:  
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- Recombinant inbred lines (RIL): RIL are generated by continuous selfing or 

sib mating the progeny of individual members of an F2 population. After six to eight 

generations, the population is ready to be use for QTL mapping. The majority of the 

lines for most the loci in such a population would be homozygous (96% after six 

generations of selfing), thus the target traits can be tested at different locations and 

times with replicates. The major drawback of using RIL is that they take time to 

develop. 

- Doubled haploid (DH):  One of the common methods used for producing DH 

lines is by interspecific hybridization combined with haploid embryo rescue. In this 

method, haploid embryos appear as a result of selective elimination of alien 

chromosomes during embryogenesis. Several pollen donors can be used. Hordeum 

bulbosum was first used for this purpose (Barclay 1975). However, subsequent studies 

indicated that this species was inappropriate for wheat cultivars due to the presence of 

dominant Kr genes, which reduce crossability (Snape et al. 1979). Maize is now the 

most widely used pollen donor. Following pollination, the maize chromosomes are 

eliminated at early embryonic stages (Laurie and Bennett 1986; Zenkteler and Nitzsche 

1984). The other method widely used for generating DH is by microspore culture. This 

method provides the potential for producing large numbers of DH lines effectively. 

However, current techniques for microspore cultures in wheat are genotype-dependent 

(Letarte et al. 2006).  

- Backcross populations: These are developed by crossing an F1 with one of its 

parents.  The main advantage of such populations is that backcrossing is a common 

approach used in breeding to reduce the wild-parent genome. The materials obtained 

from such a program can be highly useful for selecting useful materials (Jeuken et al. 

2004). However, generating backcross populations can be difficult for species that are 

heterozygous or predominantly out-crossing. 

 

2.3.3 Genetic markers and linkage map construction 

Genetic markers are pieces of DNA with either known locations on 

chromosomes or (and) linked to genes controlling known traits. The commonly used 

types of genetic markers include (but not limit to): random amplified polymorphic DNA 

(RAPD), restriction fragment length polymorphism (RFLP), amplified fragment length 

polymorphism (AFLP), simple sequence repeats (SSRs), commonly referred to as 

microsatellites) and diversity arrays technology (DArT). 
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SSR are one of the most widely used genetic markers in many laboratories 

worldwide. SSRs are tandem repeating sequences of DNA that are randomly spread in 

many eukaryotic genomes. The repeating units can be 2~6 nucleotides in length 

(Garnica et al. 2006). When DNA is replicated, errors may occur by which extra sets of 

repeat sequences are added to the strand. As a result, the number of repeating units 

varies between different genotypes and thus produces a length-polymorphism. Using a 

unique pair of primers flanking the repeat sequence, SSRs can be amplified by the 

polymerase chain reaction (PCR). The length-polymorphism can then be detected by 

running the amplified fragments on either agarose or polyacrylamide gels. 

Compared with other molecular marker technology, SSR has many advantages: 

they are robust and reliable; most of the products are co-dominant; SSR markers are 

generally evenly distributed all over a genome; and they allow the detection of multiple 

alleles at a single locus. One thing limiting the use of SSR is the point mutation of the 

primer annealing sites, which will cause the failure of amplification of SSR in PCR 

assays. Another disadvantage of SSR is the time and effort needed to develop suitable 

primer sequences (Collard et al. 2005a). 

DArT is a microarray hybridization-based and sequence independent technique 

that was developed recently. It was first developed for rice (Jaccoud et al. 2001), then 

expanded to 19 plant species and three fungal plant pathogens (Lezar et al. 2004; Wenzl 

et al. 2004; Kilian et al. 2005; Wittenberg et al. 2005; Xia et al. 2005; Yang et al. 2006). 

It has now been used in QTL identification, genetic and physical mapping, genomic 

selection, simultaneous marker-assisted selection for agriculture traits 

(http://www.diversityarrays.com/). 

The main advantage of DArT is that it is a high throughout method by which 

several thousands of loci can be screened in a single assay (Akbari et al. 2006). DArT 

does not need pre-identification of polymorphism (Jaccoud et al. 2001). It is also low 

cost for per data point. 

A Linkage map is a linear map which shows the relative positions and distance 

between genes or genetic markers along a chromosome. The first step of linkage map 

construction is to identify polymorphic markers between the parents. Once polymorphic 

markers are identified, they are then used to screen each individual of the population to 

get the coding data of each marker. These data are then used to calculate the 

recombination frequency (linkage distance or map unit) between any pair of markers. 

The most likely position and order of markers on a linkage map can be determined 

using appropriate computer software. The commonly used software for linkage map 
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analysis include MapMaker/EXP (Lander et al. 1987), JoinMap (Stam 1993), 

MapManager QTX (Manly et al. 2001) and RECORD for marker ordering (Van Os et 

al. 2005).   

 

2.3.4 Methods of QTL detection 

Over the years, many methods have been developed for QTL analysis. The 

simplest one is single marker analysis in which statistical tests such as ANOVA, linear 

regression or t-tests are performed to determine whether a marker is linked to a gene 

controlling the target trait. After marker screening and phenotypic data collection, the 

individuals are assigned into two groups according to their genotypic data. The means 

of the two groups’ phenotypic data are calculated and are compared with each other to 

see whether there is significant difference between them. If such a significant difference 

exists, then the marker is believed to be linked to a gene affecting the target trait. This 

method is easilt conducted with basic statistical software and do not require a complete 

linkage map. The disadvantages of single marker analysis include: the phenotypic effect 

of a QTL will be seriously underestimated when the QTL is not at the marker locus; and 

the single marker analysis can not detect the likely position of a QTL. For example, it 

can not distinguish the tight linkage to a QTL with small effect froma loosely linked 

QTL with a big effect; and the chance that a QTL can be identified is decreasing with 

the increasing distance between the QTL and the marker (Lander and Botstei 1989). 

To overcome the problems of single marker analysis, Lander and Botstei (1989) 

proposed a new method: interval mapping (IM). IM is originally based on the maximum 

likelihood. It uses one marker interval to construct a putative QTL each time, by 

performing a likelihood ratio test at every location along the genome. LOD is used to 

indicate the probability that a QTL exists or not in any given position on the whole 

genome. Compared with single marker analysis, IM has many benefits: the probable 

position of a QTL can be identified by the support interval; it requires less progeny; the 

position and size of the QTL is asymptotically unbiased provided that there is only one 

QTL on a chromosome. The disadvantages of IM include: the effects and positions of 

QTLs can be biased when two or more QTLs are located on the same chromosome 

(Knott and Haley 1992; Martinez and Curnow 1992; Zeng 1994); and any interaction 

between the genotypes and environments can not be detected, which is very important 

for  many agronomic traits (Jansen 1994).   

Composite interval mapping (CIM) or multiple QTL mapping (MQM) was 

proposed as a further method that can be used to detect QTL (Zeng 1994; Jansen 1993). 
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In this method, interval mapping was combined with multiple regressions when 

mapping QTL. When testing a putative QTL in an interval, markers linked to the other 

QTL are chosen as cofactors to reduce the interfering effect of the other QTL and the 

residual variance caused by environments (Kao et al. 1999). CIM can increase the 

accuracy and precision of QTL detection compared with the other two former methods 

(Hackett 2002).  

 

2.3.5 Factors affecting QTL mapping 

There are several factors that can affect the results of QTL mapping: population 

size, heritability of the target trait, the interactions between different QTL, the 

interactions between QTL and environments and the reliability of marker order in the 

linkage map (Asins 2002). Among these, heritability of the target trait and population 

size are two of the major factors affecting the results of QTL mapping.  

QTL associated with low heritability traits can only be detected in big 

populations. The typical population sizes (100~250 individuals) used for QTL mapping 

could only identify QTL with large effects (Tanksley 1993). The effects of a QTL can 

be overestimated with small mapping populations. For example, if a F2 population is 

used to map 10 loci affecting a trait of 63% heritability, each QTL contributes to 6.3% 

of phenotypic variance. When the population size is 1000, the phenotypic variance 

explained by QTL is estimated to be equal to the true value. The phenotypic variance 

explained by QTL increased to 7.2% when using 500 individuals and rose to 12.7% 

with 100 individuals (Beavis 1994). Bernardo (2004) also reports that the false QTL 

discovery rate (number of false positives / [number of false positives + number of true 

positives]) could be reduced with increased mapping population size.To obtain the 

unbiased effects of QTL, it is suggested that the QTL need to be validated in several 

independent populations (Lande and Thompson 1990).  

 

2.4. Marker assisted selection 

 

2.4.1 Potential benefits of marker assisted selection  

Environments can have profound effects on the expression of a given gene. Thus 

accurate performance of a specific genotype requires repeated assessments in different 

environments over different growing seasons. This is expensive, time consuming and 

laborious when large numbers of genotypes need to be processed. Marker assisted 

selection (MAS) offers an alternative. When reliable markers are available, a trait of 
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interest can be selected indirectly using tightly linked molecular markers. The most 

desirable markers for MAS are those tightly linked with the genes controlling the traits. 

However, these markers are not easily identified because they usually require the genes 

to be cloned (Francia et al. 2005). Another type of marker are those closely linked to the 

genes controlling the traits. The genetic distance between the markers and the genes 

should be as small as possible to avoid recombination between the markers and the 

genes. Markers immediately flanking a QTL can also be effectively used for MAS 

(Francia et al. 2005).  

Compared with conventional plant breeding, MAS has many benefits: 1) time 

can be saved because the complex field work is substituted by molecular tests in a 

laboratory; 2) environmental effects can be eliminated as the markers are not 

environment regulated; 3) selection work can be performed at all stages of plant growth; 

4) combination of several genes into one genotype to increase the performance (gene 

pyramiding) becomes possible; 5) transfer of undesirable or deleterious genes can be 

avoided; 6) traits with low heritability can be selected’ and 7) specific traits with 

infeasible phenotypic evaluation can be tested using markers (Collard et al. 2005a).  

 

2.4.2 Improved efficiency of marker assisted selection versus phenotypic selection 

There are several reports on comparison of MAS toward phenotypic selection 

(PS), in which all state that the selection efficiency of MAS is superior to that of PS to 

some extent. Yousef and Juvik (2001) carried out an experiment comparing the 

efficiency of MAS and PS in improving several quantitative traits in sweet corn. In that 

study, seedling emergence, kernel sucrose concentration, kernel tenderness and hedonic 

rating (taste panel preference) were selected separately in three different populations for 

one breeding circle based on either MAS or PS.  The gains and related costs using two 

methods over one cycle were evaluated, respectively. The results showed that MAS 

resulted in higher gains in 38% of 52 paired comparisons made between MAS and PS, 

whereas PS was only better in 4% of the paired comparisons. The average gains through 

MAS and PS in the three populations toward randomly selected controls were 10.9% 

and 6.1%, respectively. The authors concluded that the use of MAS in a breeding 

program could not only accelerate selection progress but could also be cost effective. 

Knapp (1998) developed a theory to estimate the probability of selecting one or more 

superior genotypes using MAS and proposed a parameter to estimate the cost efficiency 

of MAS compared with PS. Using his parameter, Knapp (1998) stated that a breeder 

using phenotypic selection must test 1.0 to 16.7 times more progeny than a breeder 
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using MAS to be assured of selecting one or more superior genotypes. Computer 

simulation studies carried out by Edward (1994) showed that MAS allowed more rapid 

gains in the first 2~3 years of recurrent selection than the PS.  

 

2.4.3 Examples of successful application of marker-assisted selection 

There are numerous examples of successful use MAS in breeding. Chen et al. 

(2000) successfully used MAS in introgressing the bacterial blight gene into a 

susceptible variety. The target gene was selected using a single marker within the gene 

and two markers flanking the gene. 128 RFLP markers were used to recover the 

background of the recipient. The results showed that only a 3.8 cM fragment from the 

donor parent was introgressed into the recipient, whereas the remaining genetic 

background is the same as the recipient. The introgressing line obtained showed the 

same level of resistance as the donor parent while the agronomic performance was 

similar between the introgression line and the recipient parent. Yang et al. (2009) 

developed three co-dominant, sequence specific-primers which were linked to the QTL 

controlling resistance to anthracnose in white lupin (Lupinus albus L.). The reliability of 

these markers was then tested in a F8 RIL population. The results indicated that the 

phenotypic variation explained by these three markers was 39%, 8% and 12%, 

respectively. The combination of two of these three markers could explain 51% of the 

phenotypic variation, whereas the total variation explained by the genetic factors was 

71%. The authors further conducted a simulated MAS on the F8 RIL population with the 

same two markers.  The 189 RILs were divided into four groups by their genotypes for 

the two markers. The four groups showed significantly different disease resistance. The 

group that was homozygous for the resistant allele of both markers showed the lowest 

disease score. In contrast, the group that was homozygous for the susceptible allele of 

both markers showed the highest disease score. 

 Another area of MAS used in breeding work is gene pyramiding. Gene 

pyramiding is an approach in which several genes are combined into one single 

genotype to obtain superior performance of a target trait. Marker assisted selection can 

save time needed for gene pyramiding because each of the target genes is selected by a 

genetic marker. Hittalmani et al. (2000) combined three blast resistant genes in rice. The 

results showed that the combinations of two or three genes gave a better disease 

resistance in most cases. Zhang et al. (2006) combined two bacterial blight resistant 

genes, Xa21 and Xa7, into an elite hybrid rice restorer line. The lines containing the two 

genes showed a better disease resistance than the restorer line or the hybrid line with 
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only one of the two genes. These authors concluded that the combination of major 

dominant resistance genes is a useful method to improve bacterial resistance in hybrid 

rice.  

 

2.4.4 Factors limiting the use of marker assisted selection 

In spite of the successful use of MAS in breeding work as mentioned above, 

there are also several factors that limit the use of MAS. The first problem is the initial 

cost of marker development. In fact, it is estimated that the cost of developing a single 

marker used in MAS could be as high as AUD$ 100,000 (Langridge et al. 2001). 

Another problem is the reliability of the markers to predict the phenotype. It was 

believed that markers should be validated by testing their effectiveness in determining 

the target phenotype in independent populations and different genetic backgrounds 

before being used in MAS (Cakir et al. 2003; Collins et al. 2003; Jung et al. 1999; Li et 

al. 2001; Lin et al. 2009). The third limitation is the polymorphism of the markers in 

different populations derived from a wide range of different parental genotypes. The 

forth limitation is that a skill and equipment base needs to be established for breeders to 

get ready access to markers and marker technology (Langridge et al. 2001). 

 

2.5 Crown rot  

 

2.5.1 Crown rot pathogens 

The existence of crown rot (CR) in Australia is believed to be as early as the 

1940s. In those early days, some scientists referred to Fusarium graminearum Schwabe, 

the conidial stage of Gibberella zeae (Schw) as the organism responsible for crown rot   

(Mcknight and Hart 1966; Purss 1966). Purss (1971) reported that, different from the 

organisms causing head blight of wheat and stalk rot of maize, crown rot of wheat could 

only be caused by the isolates from plants with the same disease syndrome. Thus, he 

believed that there was a specialized form of F. graminearurn Schwabe which was 

responsible for crown rot in wheat. 

Burgess et al. (1975) reported the existence of isolates that differed in 

morphology within the species F. graminearum Schwabe when they surveyed the 

Fusaria associated with crown rot of wheat across Eastern Australia. The authors named 

the type that could cause crown rot of wheat as group 1, while the other that could cause 

stalk rot of maize and head blight of wheat was referred to as group 2. Francis and 

Burgess (1977) reported that these two groups could be distinguished by their perithecia 
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formation. Group 1 can not form perithecia in culture or on sterile wheat straw while 

group 2 normally form perithecia on a variety of substrates. They concluded that 

members of Group 1 were probably heterothallic and/or poorly fertile, or infertile. The 

difference between the two populations was believed to be a result of micro-

evolutionary changes within F. roseum ‘graminearum’. 

Aoki and O'Donnell (1999) compared the morphological characters between 17 

Group 1 and 15 Group 2 strains from different geographical areas and examined the 

introns and exons of the β-tubuliin gene between the two groups. The results indicated 

that the two groups differed in both phenotypic and genotypic characters. The 

differences in phenotypic included: 1) strains from group 2 formed perithecia while 

those from group 1 did not; 2) group 1 showed consistently slower growth rate than 

group 2; and 3) widest conidia on group 2 were always at one-third to two-fifths from 

the apex. In contrast, group 1 frequently showed the widest conidia at the middle 

position or at the middle septum. For the genotypic characters, a single most stepwise-

parsimonious tree produced by maximum parsimony analysis of intron and exon 

sequences of the β-tubulin gene revealed that all strains from group 1 formed an 

exclusive group. The group 1 family represented a phylogenetically species. Based on 

these results, they named the isolates from group 1 as F. pseudograminearum (Fp).  

Recent studies showed that CR can be caused by many Fusarium species with F. 

pseudograminearum and F. culmorum as the predominant pathogens in most wheat 

growing countries (Chakraborty et al. 2006).  

 

2.5.2 Symptoms of crown rot and its damage 

Symptoms of crown rot can include pre- or post-emergent seedling blight. Apart 

from roots, other tissues such as the scutellum, coleoptile, and the sub-crown internode 

of plants can also show symptoms after infection. Severe crown rot infection can lead to 

complete collapse of seedlings in some cases (Purss 1966). The most obvious signs 

often appear on plants close to maturity. Infected plants are stunted, with a reduced 

number of tillers producing empty or partially filled heads with shrivelled grains. One 

of the most characteristic symptoms on adult plants appears at the base of plants, with 

the crown, lower leaf sheaths and the tillers showing a honey brown discoloration 

(Figure 3A). Under moist conditions, sporodochia are produced on infected tissues and 

appear as pink patches at the base of plants. The presence of the pathogen within the 

stem limits water movement up the plant, and when severe, particular under the 

 20



environment of water stressed conditions, results in premature death of the tiller and the 

presence of the characteristic ‘white’ (dead) heads’ (Figure 3 B). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B  

Figure 3. Typical symptoms of crown rot, showing the honey brown discoloration at the 
base of plants (A) and the ‘white head’ (B) under water stress. 

 

Crown rot is a threat to wheat and other cereal production in many of the arid 

regions worldwide including South Africa, Italy, Egypt, Turkey, Syria, Morocco, 

Argentina and China (Smiley et al. 2005; Chakraborty et al. 2006; Hogg et al. 2010). It 

can cause the reduction of kernel number per head, kernel weight, test weight, tiller 

height and straw weight (Smiley et al. 2005). It was found that crown rot caused by 

native pathogen flora could reduce winter wheat yield by up to 35% in commercial 

fields (Smiley et al. 2005). In Australia, crown rot is chronic and is distributed over 

large geographical regions covering the entire wheat belt. Crown rot costs about $80 

millions damage from wheat yield loss alone with a potential of $424 millions per 

annum (Murray and Brennan 2009). Yield losses can reach up to 89% in individual 

crops (Klein et al. 1991). Durum wheat is particularly susceptible to CR infection. With 

an increase in the importance of durum wheat in the 1990s the economic significance of 

crown rot has greatly increased in southern Australia (Wallwork et al. 2004). A study 

conducted over different regions found, on average, a 25% yield loss in bread wheat and 

58% loss in durum wheat over different soil types (Daniel and Simpfendorfer 2008). In 

addition, plants in glasshouse assays are shown to contain mycotoxins in all tissues 

including the spikes (Mudge et al. 2006). These mycotoxins can be harmful to human 

and animals if present in food and feed products.  

 

2.5.3 Environmental factors affecting crown rot development 
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The development of crown rot can be affected by a number of environmental 

factors. These factors include: soil moisture, crop nutrition, stubble residues and soil 

type. 

 

2.5.3.1 Soil moisture 

The correlation between soil moisture and CR infection of plants has been 

investigated in a number of studies. Liddell and Burgess (1985) reported that for 

untreated, natural soil, those with water potential between –0.3 and –0.7 Mpa favored 

the initial infection of crown rot on wheat seedlings. Negligible infection occurred when 

the water potential was below –1.5 MPa. Swan et al. (2000) further confirmed that the 

moisture content of surface soil had a big influence on CR infection of plants in their 

field study. In 1994, the wheat was sown into dry surface soil. The infection did not 

occur at first. However, in week 5 and week 16 after the wheat was sown there were 

two rainfalls. As a result, the soil moisture rose above -1.5 Mpa, which was the critical 

threshold determined by Liddle and Burgess (1985). Unsurprisingly, the infection 

occurred. 

 

2.5.3.2 Crop nutrition 

Sparrow and Graham (1988) first established the link between zinc-deficiency 

and CR severity. Grewal et al. (1996) further tested the resistance performance of three 

cultivars to crown rot with differential Zn efficiency. These cultivars were tested in 

different zinc levels and different levels of F. graminearum pressure. Their results 

showed that the Zn-efficient cultivar ‘Excalibur’ had better resistance to crown rot than 

the two Zn- deficient genotypes in zinc deficient environments. A higher zinc 

fertilization rate reduced the CR severity of the zinc deficiency cultivar Durat. These 

authors concluded that CR damage could be significantly reduced in zinc-deficient areas 

by increasing zinc fertilizer application and growing zinc-efficient cultivars of wheat 

(Grewal et al. 1996).  

Another nutrition playing a role in CR resistance is nitrogen. CR infection was 

found to be increased when fertilizer nitrogen was added (Felton et al. 1998). A similar 

result was also found by Kirkegaard et al. (2004) who also found that higher nitrogen 

status in the soil played a role in the greater severity of crown rot (Kirkegaard et al. 

2004).  

 

2.5.3.3 Stubble residues 
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Stubble retention could increase CR severity because CR pathogens can survive 

in the remains of crown and stem base tissues (Wearing and Burgess 1977). The 

persistence of the fungi on the wheat straw could be as long as two years (Burgess and 

Griffin 1968). In the study conducted by Dodman and Wildermuth (1989), the retention 

of stubble was confirmed to be the factor responsible for the increased severity of crown 

rot in western and south-western wheat areas of Queensland.   

In recent years, CR severity is getting worse, most likely due to the wider 

adoption of conservation farming which leaves the stubble residues on the soil surface. 

The fact that highly resistant cultivars are not yet available may have also exacerbated 

the inoculum level. By 2001, most of the commercial varieties used in Queensland were 

susceptible or highly susceptible to crown rot (Wildermuth et al. 2001). 

 

2.5.4 Crown rot management 

 

2.5.4.1 Stubble management 

As discussed above, Fusarium spores in stubble on the ground are the primary 

source of infection under field conditions, and CR fungi can survive in the stubble 

residues for a long time (Wearing and Burgess 1977; Dodman and Wildermuth 1989). It 

is believed that a physical contact of the wheat stem base with infested stubble from 

previous years facilitates the initial infection process of crown rot (Burgess et al. 2005). 

Thus, reducing the inoculum load in stubble has been the focus of management 

practices such as crop rotation and stubble burning (Kirkegaard et al. 2004). 

Summerell and Burgess (1988) carried out a study examining the recovery of the 

fungi from three stubble treatments methods: retaining on the soil surface, incorporating 

into soil by rotary hoeing and burying in nylon mesh bags, respectively.  The result 

showed that the use of nylon mesh bags to bury the stubble showed lowest fungus 

recovery rate. In contrast, the fungi could still be recovered after 104 weeks when the 

other two methods, retaining and incorporating, were used. It was concluded that the 

survival of fungi was highly related to the stubble decomposition rate. The likely 

reasons for the burial method to be the best among the three are 1) burial could prolong 

the microbial activity that helps to decompose the stubble; and 2) burial fractures the 

stubble and increases the interaction between the stubble and micro-organism and thus 

makes the decomposition moreeasy.  

Summerell and Burgess (1989) further investigated the effect of burning stubble 

on reducing CR severity. Their results showed that stubble burning was even better than 
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the two other stubble management methods, stubble retention and stubble incorporation. 

Burning could reduce the disease incidence by an average of 31.5% in a two years’ 

study. Dodman and Widermuth (1989) also concluded that the burning of stubble gave 

better results in reducing CR severity than the retained method. However, stubble 

burning has its own drawbacks. It could cause the loss of nutrients, loss of soil moisture 

for plant growth (Burgess et al. 1996), loss of soil microbes and fauna, decrease of soil 

structure, increase in erosion, and increase of acidity over time 

(http://www.dpiw.tas.gov.au/inter.nsf/WebPages/TPRY-5Z527L?open). The research 

conducted by Simpfendorfer et al. (2005) showed that other diseases such as take-all 

may also become more prevalent following stubble burning.  

 

2.5.4.2 Crop rotation 

Crop rotation is the practice of growing different kinds of crops in the same area 

in sequential seasons. It was an important management method to control crown rot. By 

rotating non-host break crops with wheat, the initial level of pathogen of the following 

crops could be reduced.  

Felton et al. (1998) compared the CR severity of wheat under two rotation 

systems: chickpea-wheat and wheat-wheat. The results suggested that the incidence of 

crown rot in wheat under a chickpea-wheat system (2%) was lower than that under a 

wheat-wheat system (16%). The average grain yield of wheat after chickpea was 2.42 

tonnes/hectare, whereas the mean grain yield of wheat after wheat was 1.57 

tonnes/hectare. In another study carried out by Kirkegaard et al. (2004), chickpea, 

canola and mustard were used as break crops. Wheat and barley were used as break 

crops as controls. The results indicated that the three break crops did not only reduce the 

infection of crown rot on wheat but also increased the wheat yield to some extent 

compared with the control (Kirkegaard et al. 2004). Other commonly used break crops 

are: sorghum, mungbean and dry land cotton in summer; faba beans, field peas and 

canola in winter (Burgess et al. 2001).  

Crop rotation could reduce CR severity through helping to break down cereal 

residues. In general, a two-year break from non-host cereals is required to control crown 

rot, but in some seasons a one-year break may be enough (Grains Research and 

Development Corporation 2007). There are two factors that need to be considered about 

the length of break crops: the first is the weather, since the residues are more difficult to 

break down under dry weather. The second is the level of inoculum in the soil.  
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2.5.4.3 Biological control 

The use of biological methods to control soil-borne diseases can be dated back 

many years (Papavizas 1985; Lambert et al. 1987; Weller 1988; Hornby 1990; Lewis 

and Papavizas 1991). However, there were only a few studies regarding the biological 

control of crown rot on wheat. Huang and Wong (1998) reported the successful use of a 

bacterium, Burkholderia capacia, to reduce crown rot in wheat in both glasshouse 

experiments, and field experiments. Wong et al. (202) used Trichoderma species to 

spray on the straw. They found that, following the spraying, the survival of Fusarium 

species on the wheat straw was significantly reduced. Most of the fungus on the straw 

was eliminated six months after Trichoderma species were applied. 

 

2.5.4.4 Growing resistant varieties 

Growing resistant cultivars is widely believed to be a critical component in 

managing CR damage and the first efforts at identifying sources of resistance were 

reported some century ago (Purss 1966). Several genotypes have been reported by 

various groups to be CR resistant with the genotype 2-49 as the best known. 

Commercial varieties do differ in their levels of CR resistance (QDPIF 2009). However, 

none of these commercial varieties show high levels of resistance, and could all suffer 

badly under high disease pressure.   

One of the reasons for the slow progress in identifying sources of resistance and 

in breeding resistant varieties is the lack of a bioassay which allows high throughput 

and accurate assessment of CR resistance. Results from field-based assays are highly 

variable even with the use of artificial inoculations, as such assays can be affected by 

many factors including different weather conditions, soil types and pathogen 

populations (Mitter et al. 2006). Over the years, intensive efforts have been devoted into 

developing CR assays that can be conducted in more controlled environments. Purss 

(1966) tested 400 varieties and found useful partial resistance. However, his seedling 

assay in the glasshouse gave no indication of field resistance. Later reports by Klein et 

al. (1985) and Wildermuth and McNamara (1994) claimed good correlation between 

their seedling assays and field performance but only a small number of genotypes were 

used in either of these studies (six and twenty eight, respectively) and the 

reproducibility of these assays was not tested extensively, and both of these assays 

require substantial glasshouse space. Wallwork et al. 2004) reported a ‘terrace’-based 

assay. In this assay seedlings are raised in open-ended plastic tubes with a layer of 

inoculum placed on top of the seeds and plants are grown to maturity before crown rot 
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assessment. This assay does not only suffer from similar levels of variability to field-

based assays, but also can not reproduce the high level of susceptibility in durum.   

Mitter et al. (2006) developed another method in which the inoculation is carried 

out by placing a droplet of fungal inoculum at the seedling base.  The seedlings are then 

held in a horizontal position for 2 days in 100% humidity in the dark before being 

returned to normal growth conditions in the glasshouse. Since it is not easy to keep the 

droplets on the stem, this method requires careful positioning and inoculation of each 

seedling. A further improved method was reported by Li et al. (2008). The biggest 

advantage of this later method over the other two previous ones is that the inoculation is 

achieved by simply dipping seedlings in the spore suspension. This method is not only 

easy to follow but also does not require much glasshouse space. In addition, the results 

obtained from this assay also agree well with the known field ratings for crown rot 

disease (Li et al. 2008). 

 

2.5.5 The genetics and mechanisms of crown rot resistance 

 

2.5.5.1 Phases of crown rot infection and fungal gene expression 

Fungal colonization during a time-course of CR infection was investigated based 

on histological and real-time quantitative polymerase chain reaction (RT-qPCR) 

analyses (Stephens et al. 2008). The ‘droplet’ inoculation method, characterized by 

placing a inoculum droplet at about 0.5 to 1.0 cm above the ground surface (Mitter et al. 

2006), was used in this study. This study showed three distinct phases of CR infection. 

The first phase is the initial spore germination with formation of a superficial hyphal 

mat at the inoculation point. This first phase of infection was accompanied by an 

increase of fungal biomass. The second phase is the colonization of the adaxial 

epidermis of the outer leaf sheath and mycelial growth from the inoculation point to the 

crown, which is concomitant with a drop in fungal biomass, and the third phase was 

characterized by extensive colonization of the internal crown tissues, accompanied by a 

rapid increase in fungal biomass. Fungal gene expression was examined during each of 

these phases. Similar patterns of expressions were found for some genes between these 

different phases but they were different for others. Significant similarities were also 

found between the infection processes of early stages of Fusarium head blight and 

crown rot (Stephens et al. 2008).  

 

2.5.5.2 Defence genes related to crown rot resistance 
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The first study on the identification of defence genes related to CR infection was 

carried out by examining 26 well known defence-related wheat genes using real-time 

quantitative PCR (Desmond et al. 2006). This study reproducibly identified eight genes: 

β-glucanase, chitinase, wheatwin, thaumatin-like protein, peroxidise, PR1.1, PR10 and 

TaGLP2a. These genes were induced in both the resistant ‘Sunco’ and susceptible 

‘Kennedy’ cultivars used, but some of them were induced more rapidly in the resistant 

genotype than in the susceptible variety. This study also found that all of the defence 

genes activated by F. pseudograminearum were also induced by treatment with Methyl 

Jasmonate (MJ) and that treating the plants with MJ before inoculation significantly 

delayed the development of necrotic symptoms by two weeks in both wheat cultivars. 

Recently, a large scale analysis was conducted to study defence genes involved in CR 

infection (Desmond et al. 2008). In this study, a total of 1248 unique genes were 

induced and 1498 unique genes were repressed by crown rot. Among these genes, 213 

genes were induced more than 1.5 fold, and 9 genes were repressed more than 1.5 fold. 

In addition, most of the genes induced by F. pseudograminearum were shown to be 

induced by deoxynivalenol (DON), which is a toxin produced by F. 

pseudograminearum during CR infection. 

 

2.5.5.3 QTL conferring crown rot resistance in wheat 

As discussed earlier, the first report on differential varietal reactions to CR 

infection was reported as early as 1966 (Purss 1966). However, genotypes with high 

levels of resistance seem to be rare in wheat. To date, genetic studies have been reported 

on only three sources with partial resistance. The first one was on the variety ‘Kukri’. 

The adult plant resistance of this variety was assessed by growing plants in open-ended 

tubes placed in outdoor terraces. A locus conferring CR resistance was identified on 

chromosome 4B near the semi-dwarfing gene Rht1 (Wallwork et al. 2004). The second 

study was on the breeding line ‘2-49’ based on a seedling assay. Two QTL conferring 

CR resistance were detected in this genotype. One of them, located on chromosome arm 

1DL, explained up to 21% of phenotypic variance. The other, located on chromosome 

arm 1AL, explained up to 10% of the variance (Collard et al. 2005b). The third study 

was on the genotype ‘W21MMT20’, again based on a seedling assay (Bovill et al. 

2006). This study identified several putative QTL conferring CR resistance but none of 

them reached significance levels in all of the three assays reported. The most significant 

QTL was located on 5D. This QTL was significant in two of the three assays and 

explained 28.0% and 14% of the phenotypic variance, respectively. The other QTL, 
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located on 2D, was significant only in one of the three assays and it explained 10.2% of 

the variance. Ilincic (2009) identified a QTL on chromosome 5B conferring crown rot 

resistance in the Wuhan/Nyubai population. This QTL could explain 13.4% of 

phenotypic variance.A QTL on chromosome 3B was detected from the resistant 

genotype ‘W21MMT70’ when it was crossed with a different parent (Bovill et al. 

2010). However, as the 3B QTL in this third resistant genotype was not detected in a 

different population where the same resistant genotype was involved (Bovill et al. 

2006), it is likely that the expression of the 3B QTL from ‘W21MMT70’ is a product of 

a specific interaction. Thus, this 3B QTL may be difficult to exploit in breeding 

programs.  

 

2.6 Research objectives of this project 

The main aims of this research project included: 

a) identifying major QTL conferring CR resistance by investigating the genetics of 

resistance in one of most resistant sources;  

b) validating the major QTL in different genetic backgrounds and investigating if 

significant effects of the major QTL identified in the mapping population could 

be consistently detected; 

c) developing near-isogenic lines for the major QTL by exploiting markers linked 

to the QTL; 

d) investigating the feasibility of exploiting the major QTL to improve crown rot 

resistance of durum wheat by generating, phenotyping and genotyping a 

introgression population between a durum recipient and a resistant hexaploid 

donor parent; 

e) investigating if genes conferring CR resistance at different stages of plant 

development are the same.   
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Chapter 3: Identification and validation of a major QTL 

conferring crown rot resistance in hexaploid wheat 
 

3.1 Abstract 

Crown rot (CR), caused by various Fusarium species, is a chronic wheat disease 

in Australia. As part of our objective of improving the efficiency of breeding CR 

resistant wheat varieties, we have been searching for novel sources of resistance. This 

paper reports on the genetic control of one of these newly identified resistant genotypes, 

‘CSCR6’. A population derived from a cross between CSCR6 and an Australian variety 

‘Lang’ was analysed using two Fusarium isolates belonging to two different species, 

one F. pseudograminearum and the other F. graminearum. The two isolates detected 

QTL with the same chromosomal locations and comparable magnitudes, indicating that 

CR resistance is not species-specific. The resistant allele of one of the QTL was derived 

from ‘CSCR6’. This QTL, designated as Qcrs.cpi-3B, was located on the long arm of 

chromosome 3B and explains up to 48.8% of the phenotypic variance based on interval 

mapping analysis. Another QTL, with resistant allele from the variety ‘Lang’, was 

located on chromosome 4B. This QTL explained up to 22.8% of the phenotypic 

variance. A strong interaction between Qcsr.cpi-3B and Qcsr.cpi-4B was detected, 

reducing the maximum effect of Qcrs.cpi-3B to 43.1%. The effects of Qcrs.cpi-3B were 

further validated in four additional populations and the presence of this single QTL 

reduced CR severity by up to 42.1%. The fact that significant effects of Qcrs.cpi-3B 

were detected across all trials with different genetic backgrounds and with the use of 

isolates belonging to two different Fusarium species make it an ideal target for breeding 

programs as well as for further characterization of the gene(s) involved in its resistance.  

 

3.2 Introduction 

Crown rot (CR) is a cereal disease caused by various Fusarium species. It has 

been a serious and chronic disease in Australia for many years. The disease incidence 

has increased in many other cereal growing regions worldwide in recent years (reviewed 

by Chakraborty et al. 2006), due most likely to the wider adoption of the minimum 

tillage as CR pathogens survive in crop residues (Burgess 2005). A recent study by 

Daniel and Simpfendorfer (2008) found an average of 25% yield loss in bread wheat 

and 58% loss in durum wheat across a wide range of environments in Australia due to 

CR disease. A survey in the Pacific Northwest of the USA found that CR could reduce 
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yield of winter wheat by 35% in commercial fields. In addition to yield losses, CR 

infected plants also accumulate mycotoxins in grain as well as other tissues (Mudge et 

al. 2006). 

It is believed that the physical contact of wheat stem base with infested stubble 

of the preceding years facilitate the initial infection process of CR (Burgess 2005). 

Thus, reducing the inoculum load has been the focus of management practices such as 

crop rotation and stubble burning (Kirkegaard et al. 2004). However, stubble burning 

results in the loss of the valuable soil moisture and the practice is also an environmental 

concern. Crop rotation also has its limitations economically as crown rot pathogens can 

survive several years in stubble (Burgess 2005). Growing resistant wheat varieties has 

long been recognised as the most effective way to minimize CR damage and there have 

been efforts in Australia in breeding crown rot resistant varieties. The first report on 

differential varietal reactions to CR infection was reported as early as 1966 (Purss 

1966). However, varieties with high levels of resistance are not yet available. One of the 

keys for successful breeding is the availability of high quality sources of resistance. 

Such sources, however, seem to be rare in wheat. Till date, genetic studies have been 

reported on only three sources with partial resistance. The first one was on the variety 

‘Kukri’. The adult plant resistance of this variety was assessed by growing plants in 

open-ended tubes placed in outdoor terraces. A locus conferring CR resistance was 

identified on chromosome 4B near the semi-dwarfing gene Rht1 (Wallwork et al. 2004). 

The second study was on the breeding line ‘2-49’ based on a seedling assay. Two QTL 

conferring CR resistance were detected in this genotype. One of them, located on 

chromosome arm 1DL, explained up to 21% of phenotypic variance. The other, located 

on chromosome arm 1AL, explained up to 10% of the variance (Collard et al. 2005). 

The third study was on the genotype ‘W21MMT20’, again based on a seedling assay 

(Bovill et al. 2006). This study identified several putative QTL conferring CR resistance 

but none of them reached significant levels in all of the three assays reported. The most 

significant QTL was located on 5D. This QTL was significant in two of the three assays 

and explained 28.0% and 14% of the phenotypic variance, respectively. The other QTL, 

located on 2D, was significant only in one of the three assays and it explained 10.2% of 

the variance. These variable results are not surprising as accurate CR assessment is 

notoriously difficult (Collard et al. 2005).  

Our capacity in breeding resistant varieties could be dramatically enhanced if a 

few well characterised sources with high levels of resistance were available. In an effort 

to identify novel sources of resistance, we carried out a screening of hexaploid wheats 
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and their close relatives. One of the novel sources of resistance identified from this 

screening was investigated by QTL mapping and the effects of the detected QTL were 

further assessed in several different genetic backgrounds. Results obtained from these 

investigations are reported in this paper. 

 

3.3 Materials and Methods 

 

3.3.1 Plant materials 

Based on a survey of over 2,200 genotypes (CJL unpublished), the genotype 

‘CSCR6’ was selected for this study. This genotype, belonging to the taxon T. spelta, 

was used to generate five populations for this study. These populations were all 

generated in the glasshouses at the Queensland Bioscience Precinct in Brisbane, 

Australia. One of the populations, consisting of F8 recombinant inbred lines (RIL), was 

derived from a cross between the Australian variety ‘Lang’ and ‘CSCR6’. Ninety two of 

these RILs were used in this study. The other four populations were developed for 

validating the effects of QTL identified from the mapping population. They included: 

a) ‘Aus13832’/’CSCR6’ F5 

b) ‘Janz’/’CSCR6’ F5 

c) ‘Janz’*2/’CSCR6’ F4, and 

d) ‘Drysdale’//’Janz’/’CSCR6’ F4. 

 

3.3.2 Phenotyping for crown rot reaction 

Two Fusarium isolates, one F. pseudograminearum (CS3096) and the other F. 

graminearum (CS3005), were used in this study for assessing CR reactions. These 

isolates were collected in northern New South Wales, Australia and maintained in the 

CSIRO collection (Akinsanmi et al. 2004). The procedures used for inoculum 

preparation, inoculation and CR assessment were based on that described by Li et al. 

(2008). Specifically, inoculum was prepared using plates of ½ strength potato dextrose 

agar. Incubated plates were kept for 12 days at room temperature (about 22 oC constant) 

before the mycelium in the plates were scraped. The plates were then incubated for a 

further 5 – 7 days under a combination of cool white and black fluorescent lights with 

12-hour photoperiod. The spores were then harvested and the concentration of spore 

suspension was adjusted to 1 x 106 spores/ml. Tween 20 was added (0.1% v/v) to the 

spore suspension prior to use.  
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Seeds were germinated in Petri dishes on three layers of filter paper saturated 

with water. The germinated seedlings were immersed in the spore suspension for 1 min 

and sown in a 5cm square punnet (Rite Grow Kwik Pots, Garden City Plastics, 

Australia) containing autoclaved potting mix. The punnets were arranged in a 

randomized block design in either a glasshouse or a controlled environment facility 

(CEF). Settings for the glasshouses were: 25⁄18 (±1) oC day/night temperature and 65⁄80 

(±5)% day⁄night relative humidity, with natural sunlight levels and variable photoperiod 

depending on the time of year. The settings for the CEF were: 25/15(±1) oC day/night 

temperature and 65/85% day/night relative humidity, and a 14 -hour photoperiod with 

500μmol m-2s-1 photon flux density at the level of the plant canopy. To promote CR 

development, water-stress was applied during the CR assessment. Inoculated seedlings 

were watered only when wilt symptoms appeared.  

Four replicated trials were carried out using the isolates CS3005 (designated as 

CR05-1 to CR05-4, respectively) and two replicated trials were carried out using 

CS3096 (designated as CR96-1 and CR96-2, respectively). Each trial contains two 

replicates, each with ten seedlings. CR severity was assessed 35 days after inoculation, 

using a 0 (no obvious symptom) – 5 (whole plant severely to completely nectrotic) scale 

as described by Li et al. (2008). A disease index (DI) was then calculated for each line 

following the formula of DI = (ΣnX/5N) x 100, where X is the scale value of each plant, 

n is the number of plants in the category, and N is the total number of plants assessed 

for each line.  

 

3.3.3 Genotyping, map construction and QTL analysis 

Two marker systems, DArT and SSR, were used for linkage map construction 

with 92 RILs of the ‘Lang’/’CSCR6’ population. DArT genotyping of the parents and 

the mapping population was carried out by the Triticarte Pty. Ltd. 

(http://www.tritcarte.com.au). A wheat DArT array (Version 2.3) consisting of 3200 

random markers and another array containing 2700 markers from purified chromosome 

3B clones were used. Procedures of hybridization of genomic DNA to the DArT array, 

image analysis and polymorphism scoring were as described by Akbari et al (2006). In 

addition, 54 SSR markers polymorphic between two parents of the mapping population 

were also used for the linkage map construction. PCR reactions for the SSR analyses 

were carried out using [α-33P]dCTP following manufacturer’s protocol (Multiplex-

Ready Marker User Handbook, version 2.0), and amplified samples were separated on 

4% polyacrylamide gel containing 7M urea. 
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Segregation ratios of markers were tested by Chi-square goodness-of-fit to a 1:1 

ratio at the significant level of p=0.01. Linkage analysis was carried out using the 

computer package JoinMap (version 4.0, Van Ooijen 2006). LOD thresholds from 3 to 

10 were tested, until a threshold with the optimum number of markers in linkage groups 

maintaining linkage order and distance was obtained. The Kosambi mapping function 

was used to convert recombination ratios to map distances. Known chromosomal 

locations of some of the SSR and DArT markers were used to assign linkage groups to 

specific chromosomes.   

MapQTL® 5.0 (Van Ooijen 2004) was used for QTL analysis. The Kruskal–

Wallis test was used in a preliminary testing of associations between markers and crown 

rot reaction. Interval mapping (IM) was then used to identify major QTL. Automatic 

cofactor selection was used to fit the multiple QTL model (MQM) and to select 

significantly associated markers as cofactors. For each trial, a test of 1,000 permutations 

was performed to identify the LOD threshold corresponding to a genome-wide false 

discovery rate of 5% (P < 0.05). Based on the permutation test, a threshold LOD value 

was used to declare the presence of a QTL. A linkage map showing the QTL positions 

was drawn using MAPCHART (Voorrips 2002). 

For QTL validation, 60 lines randomly selected from each of the four validation 

populations were assessed for CR reaction twice, one in the CEF and the other in the 

glasshouses. Similar to the QTL mapping exercises, two replicates, each consisting of 

10 individual plants, were used in each of the validation trials. Based on the presence or 

absence of marker alleles from the resistant parent ‘CSCR6’, the 60 lines from each of 

the four populations were grouped in to two classes. The difference in CR severity 

between the two groups within each of the populations was used for measuring the QTL 

effects. 

 

3.4 Results 

3.4.1 Linkage map constructed for the population of ‘Lang’/’CSCR6’ 

The 3200 random DArT markers and the 2700 DArT markers from purified 

chromosome 3B clones generated 635 and 332 polymorphic markers, respectively. 

These 967 polymorphic DArT markers and 54 polymorphic SSR markers were used for 

the linkage map construction in the ‘Lang’/’CSCR6’ population. Of these, 776 were 

assigned to 18 of the 21 wheat chromosomes and they covered a total genetic distance 

of 912.9 cM. The overall average distance between markers across all linkage groups 
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was about 1.2 cM (Supplementary Table 1). None of the SSR or DArt markers with 

known chromosome locations were mapped to chromosomes 4D, 5D or 6D. As 

expected, as many as 198 loci were mapped on the single chromosome 3B. The average 

distance between a pair of the chromosome 3B markers was 0.6 cM (Appendices 1 and 

Appendices 2).   

 

Table 1. Distribution of crown rot severity in the population of ‘Lang’/’CSCR6’* 
 

Parent Population 
Trial Lang CSCR6 Min Max Mean SD 

CR96-1 40.98 28.39 25.10 64.90 41.37 7.83 
CR96-2 41.32 28.66 22.79 59.34 38.26 7.67 
CR05-1 40.05 24.65 12.92 51.42 31.23 7.47 
CR05-2 40.74 26.13 22.97 58.33 37.10 7.19 
CR05-3 40.98 27.27 23.54 62.13 37.85 7.31 
CR05-4 41.55 30.00 22.01 71.12 39.09 8.30 

 
*The two trials carried out using the F. pseudograminearum isolate CS3096 were 
designated as CR96-1 and CR96-2, respectively, and the four trials conducted using the 
F. graminearum isolate CS3005 were designated as CR05-1, CR05-2, CR05-3 and 
CR05-4, respectively. 
 

Of the 332 polymorphic markers derived from the purified chromosome 3B 

clones, 144 were mapped to chromosome 3B.  Another 78 were mapped to 15 different 

chromosomes and the others were either mapped to linkage groups which could not be 

allocated to any particular chromosomes or formed singletons showing no linkage with 

other markers. 

Of the 776 loci assigned to the linkage map, 251 (30.9%) showed skewed 

segregation. Among them, 145 (57.8%) were skewed favouring alleles from the male 

parent ‘CSCR6’ and the remaining favouring alleles from the female parent ‘’Lang’. A 

large proportion of these skewed loci were clustered on chromosomes 2B, 3B, 7D and 

6B, respectively. The 59 skewed loci on chromosome 2B all favoured alleles from 

‘Lang’ with an average ratio between alleles of the two parents being 1:2.4. The 51 

skewed loci on chromosome 3B all favoured alleles from ‘CSCR6’ with a ratio of 1:0.4. 

The 15 skewed loci on chromosome 6B all favoured alleles from ‘Lang’ with an 

average ratio of 1:2.1 and the 28 skewed loci on chromosome 7D all favoured alleles 

from ‘CSCR6’, with a ratio of 1:0.2 (Figure 1).  
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Figure 1. Framework maps show the distributions of distorted loci on four linkage 
groups. The segregation ratios were calculated by the formula of r=a/(a+b). Thus r<0.5 
indicates segregation favouring alleles from ‘Lang’ and r>0.5 favouring alleles from 
‘CSCR6’. Markers with segregation ratios fallen between the dotted line marked by 
p=0.01 and r=1 (for chromosomes 3B and 7D) or r=0 (for chromosomes 2B and 6B) 
were highly significantly skewed favouring alleles from ‘CSCR6’ and ‘Lang’, 
respectively 
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3.4.2 QTL conferring resistance to crown rot 

A total of six replicated trials were conducted for assessing CR reaction of the 

RIL population. Two of the trials (designated as CR96-1 and CR96-2 respectively) were 

carried out using the F. pseudograminearum isolate CS3096 and the other four 

(designated as CR05-1, CR05-2, CR05-3 and CR05-4, respectively) using the F. 

graminearum isolate CS3005. Transgressive segregations were observed in each of the 

trials (Table 1). The correlation coefficients between CR05-1 and all the others were 

only intermediate with correlation coefficients (R) ranging between 0.50 and 0.53. 

Correlations among the other five trials were all strong, with R ranging from 0.82 to 

0.99 (Table 2). 

 Permutation tests found that LOD value of 3.2 was the threshold for the two 

trials conducted with the F. pseudograminearum isolate CS3096. Based on this 
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threshold, interval mapping (IM) analyses identified two QTL conferring CR resistance. 

One of them was located on the long arm of chromosome 3B with its resistant allele 

derived from ‘CSCR6’. Following convention, this QTL was designated as Qcrs.cpi-3B, 

where ‘crs’ stands for ‘crown rot severity’ and cpi, ‘CSIRO Plant Industry’. It was 

detected in both trials and explained 47.0% and 41.7% of the phenotypic variance, 

respectively (Table 3). This QTL was located in one of the regions in which loci were 

significant skewed favouring alleles from ‘CSCR6’ (Fig. 2). A second QTL was 

detected on chromosome 4B with resistant allele derived from the variety ‘Lang’. This 

QTL, designated as Qcrs.cpi-4B, was detected in only one of the two trials using this 

isolate and it explained 14.6% (CR96-1) of the phenotypic variance. IM analysis of the 

combined data from the two CR96 trials detected only Qcrs.cpi-3B explaining 44.0% of 

the phenotypic variance (Table 3). 

Permutation tests found that LOD values of 3.0, 3.2, 3.2 and 3.0 were the 

thresholds for the four trials conducted with the F. graminearum isolate CS3005. Based 

on these threshold values, IM analyses identified the same two QTL from the four trials. 

Qcrs.cpi-3B was detected in each of the four trials and it explained between 29.7% and 

48.8% of the phenotypic variance (Fig. 3). Qcrs.cpi-4B was detected in two of the four 

trials and it explained 15.6% (CR05-2) and 22.8% (CR05-4) of the phenotypic variance, 

respectively (Table 3). IM analysis of the combined data from the four CR05 trials 

detected the same two QTL, with Qcrs.cpi-3B becoming 44.8% and Qcrs.cpi-4B 18.1% 

(Table 3). 

 

Table 2. Correlation coefficients among CR reactions assessed using two Fusarium 
isolates in six replicated trials in the population of ‘Lang’/’CSCR6’* 
 
Trial CR96-1 CR96-2 CR05-1 CR05-2 CR05-3 CR05-4 
CR96-1 1           
CR96-2 0.89 1         
CR05-1 0.51 0.51 1       
CR05-2 0.93 0.94 0.52 1     
CR05-3 0.95 0.95 0.53 0.99 1   
CR05-4 0.82 0.82 0.50 0.83 0.83 1 

 
*The two trials carried out using the F. pseudograminearum isolate CS3096 were 
designated as CR96-1 and CR96-2, respectively and the four trials conducted using the 
F. graminearum isolate CS3005 were designated as CR05-1, CR05-2, CR05-3 and 
CR05-4, respectively. 
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Figure 2. QTL conferring crown rot resistance detected in two replicated trials using 
Fusarium pseudograminearum (CS3096) in the wheat population ‘Lang’/’CSCR6’. The 
LOD values from each centimorgan of the chromosome were plotted against the 
chromosome, and the threshold LOD value (3.2) based on permutation test for declaring 
the presence of a QTL was indicated by a dotted line. 
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Figure 3. QTL conferring crown rot resistance detected in four replicated trials using 
Fusarium graminearum (CS3005) in the wheat population ‘Lang’/’CSCR6’. The LOD 
values from each centimorgan of the chromosome were plotted against the 
chromosome, and the threshold LOD value (3.2) based on permutation test for declaring 
the presence of a QTL was indicated by a dotted line. 
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Table 3. QTL for crown rot severity identified in the RIL population of 
‘Lang’/’CSCR6’ with the use of two different Fusarium isolates* 

 

Trial Analysis QTL Interval Flanking markers LOD R2 (%) Origin 
Qcrs.cpi-3B 32.8-39.8 wPt10505 & wPt2277 9.8 47.0 CSCR6 IM 
Qcrs.cpi-4B 0.0-16.3 wPt7569 & wPt4918 3.1 14.6 Lang CR96-1 

MQM Qcrs.cpi-3B 34.2-40.8 wPt10505 & wPt2277 10.3 39.9 CSCR6 
IM Qcrs.cpi-3B 32.8-39.8 wPt10505 & wPt2277 9.7 41.7 CSCR6 CR96-2 

MQM Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 10.3 40.8 CSCR6 
IM Qcrs.cpi-3B 32.8-39.8 wPt10505 &wPt2277 10.2 44.0 CSCR6 CR96   

Combined MQM Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 11.1 41.6 CSCR6 
IM Qcrs.cpi-3B 30.7-32.8 wPt8438 & wPt8513 7.0 29.7 CSCR6 CR05-1 

MQM Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 6.4 29.6 CSCR6 
Qcrs.cpi-3B 32.8-39.8 wPt10505 & wPt2277 9.8 43.0 CSCR6 IM 
Qcrs.cpi-4B 0.0-16.3 wPt5334 & wPt4918 3.1 15.6 Lang CR05-2 

MQM Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 10.6 39.4 CSCR6 
IM Qcrs.cpi-3B 32.8-39.8 wPt10505 & wPt2277 10.8 48.8 CSCR6 CR05-3 

MQM Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 11.5 43.1 CSCR6 
Qcrs.cpi-3B 32.8-38.8 wPt11143 & wPt2277 8.0 32.9 CSCR6 IM 
Qcrs.cpi-4B 0.0-11.2 wPt5334 & wPt4918 4.7 22.8 Lang 
Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 8.0 30.0 CSCR6 

CR05-4 
MQM 

Qcrs.cpi-4B 0.0-5.6 wPt5334 & wPt4918 4.3 13.5 Lang 
Qcrs.cpi-3B 32.8-38.8 wPt11143 & wPt2277 11.9 44.8 CSCR6 IM 
Qcrs.cpi-4B 0.0-11.8 barc0199 & gwm0495 4.0 18.1 Lang 
Qcrs.cpi-3B 34.2-39.8 wPt10505 & wPt2277 12.6 42.2 CSCR6 

CR05   
Combined 

MQM 
Qcrs.cpi-4B 0.0-5.6 wmc0048 & wPt5334 3.7 9.7 Lang 

 
**The two trials carried out using the F. pseudograminearum isolate CS3096 were 
designated as CR96-1 and CR96-2, respectively and the four trials carried out using the 
F. graminearum isolate CS3005 were designated as CR05-1, CR05-2, CR05-3 and 
CR05-4, respectively; IM=Interval mapping; MQM = analysis conducted using multiple 
QTL model. 
 

MQM analysis found a strong interaction between Qcrs.cip-3B and Qcrs.cpi-4B, 

which reduced the maximum magnitudes of the former to 40.8% for CS3096 (CS96-2) 

and 43.1% for CS3005 (CR05-3), respectively. The effects of Qcrs.cpi-4B became 

detectable in only one of the six trials (CR05-4) and it explained 13.5% of the 

phenotypic variance (Table 3). 

 

3.4.3 Effects of Qcsr.cpi-3B in different genetic backgrounds 

Four populations were developed and used for evaluating the effects of 

Qcrs.cpi-3B in different genetic backgrounds. Sixty randomly selected lines from each 

of the four populations were assessed in two different environments, one in a glasshouse 

and the other in the CEF. The average DI under the two environments was used for 

further analysis. 
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As the majority of the markers linked closely with Qcrs.cpi-3B are DArT 

markers which are inapplicable to follow specific loci, the most closely linked SSR 

marker, gwm0181, was used for validating the effect of this QTL. This SSR marker was 

located about 2.2 cM away from Qcrs.cpi-3B (Fig. 2). The segregation ratios of this 

marker fit the expected ratio of 1:1 in three of the four validation populations. The 

exception is the F4 population of ‘Drysdale’//’Janz’/’CSCR6’. The average allelic ratio 

for this SSR marker in this population was 1:2.0, favouring ‘CSCR6’. 

 

Table 4. Effects of Qcrs.cpi-3B in four validation populations* 
 

Population RR rr Difference (%) p value 
Janz/CSCR6 F5 19.6 27.5 28.8 <0.05 

Aus13832/CSCR6 F5 19.8 28.9 31.5 <0.01 
Janz*2/CSCR6 F4 25.5 36.7 30.6 <0.01 

Drysdale//Janz/CSCR6 F4 21.5 37.1 42.1 <0.01 
 
*RR represents homozygous alleles from ‘CSCR6’, and rr homozygous alleles from 
non-‘CSCR6’ parents.  
 

Based on the presence or absence of the allele from the resistant parent 

‘CSCR6’, the 60 randomly selected lines from each of the four validation populations 

were placed into two classes. The average CR severity for each of the four populations 

showed variation, with the population of ‘Janz’/’CSCR6’ F5 giving the lowest DI for 

both of the classes (19.6 for RR and 27.5 for rr, Table 4). The differences of CR severity 

between these two classes of lines were used to measure the effect of Qcrs.cpi-3B, 

which varied from 28.8% to 42.1% with an average of 33.2% among the four 

populations (Table 4).  

 

3.5 Discussion  

The source of resistance investigated in this study, ‘CSCR6’, belongs to T. 

spelta. There were two main considerations in the selection of this genotype. Firstly, it 

is one of the genotypes which showed the best resistance among the over 2,200 

genotypes screened (CJL unpublished). Secondly, all of the three genetic mapping 

studies on CR resistance in wheat used genotypes of T. aestivum (Wallwork et al. 2004; 

Collard et al. 2005; Bovill et al. 2006) thus the T. spelta genotype is more likely to 

provide novel resistance genes. The chromosomal location of the major QTL Qcrs.cpi-

3B identified from this genotype on 3BL represents a new locus and the magnitude of 
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this QTL explaining up to 48.8% of the phenotypic variance (Table 2) is also 

unprecedented.  

The taxon T. spelta is a cultivated wheat sharing the same AABBDD genome 

structure with the bread wheat (Miller 1987). There are no known barriers in generating 

fully fertile progeny and in transferring genes between these two different taxa. The 

principal differences between them are due to two major genes, q (or the speltoid gene 

and its dominant allele Q confers free-threshing grain and a tough rachis) located on 

chromosome 5A and c (and its dominant compact-ear producing allele C) on 

chromosome 2D (Miller 1987). Thus, any resistance genes identified from T. spelta 

should be easily incorporated into breeding programs of bread wheat. In fact, lines 

showing high level of CR resistance but without characteristics of T. spelta have been 

isolated from the QTL mapping population as well as from each of the four validation 

populations used in this study. These lines would be highly valuable for breeding CR 

resistant wheat varieties. 

Different from resistance to biotrophic pathogens which are frequently 

controlled by the action of large-effect resistance genes that follow classic Mendelian 

inheritance, plant defences against necrotrophic pathogens are often found to be 

controlled by multiple loci each with a small effect (Zhao and Meng 2003; Rowe and 

Kliebenstein 2008). Judging from the three available reports (Wallwork et al. 2004; 

Collard et al. 2005; Bovill et al. 2006), quantitative inheritance also seems to be the case 

for CR resistance in wheat. However, the magnitude of the Qcrs.cpi-3B identified in 

this study, explaining up to 48.8% of phenotypic variance in the mapping population 

and reducing CR severity by up to 42.1% in the validation populations, indicates the 

presence of major genes conferring resistances to necrotrophic pathogens as well. The 

large effect of this QTL must have contributed to its consistent detection across all of 

the trials conducted in this study with the use of populations with different genetic 

backgrounds. Further, different from some other CR QTL reported in wheat (Wallwork 

et al. 2004) or barley (Li et al, 2009), no known dwarfing genes are located in close 

proximity with Qcrs.cpi-3B on chromosome arm 3BL, making it even more attractive 

for breeding programs.  

Segregations of all markers around Qcrs.cpi-3B in the mapping population were 

skewed (Fig. 1), and the effect of segregation distortion on the result of QTL mapping is 

of interest. As the mapping population consisted of F8 RILs, it would not be 

unreasonable to assume that any QTL detected would be primarily with additive effect. 

A recent study showed that, although ignoring segregation distortion in QTL analysis 
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could result in slight power loss, the loss is negligible for QTL with additive effect and 

this is especially the case when a genome is covered by densely distributed markers (Xu 

2008). The linkage map used in this study has a very high marker density with an 

average distance of only 1.2 cM between any pair of markers (Fig. 2). Thus the 

reliability of the QTL detected should be high. In addition the presence of Qcrs.cpi-3B 

reduced CR severity by an average of 33.2% among the four validation populations 

again supporting the reliability of this QTL. Further, the normal segregations of this 

locus in three of the four validation populations suggested that the Qcrs.cpi-3B locus is 

unlikely to be associated with a gene(s) conferring preferential transmission as found in 

some other species (Miller et al. 1982; Konduri et al. 2000). 

Prior to this report, QTL mapping studies on CR resistance have been reported 

for three partially resistant genotypes: a single locus on chromosome 4B was reported 

for ‘Kukri’ (Wallwork et al. 2004), two loci (one on chromosome arm 1DL and the 

other on 1AL) were reported for ‘2-49’ (Collard et al. 2005), and two further loci, one 

on chromosome 5D and the other on chromosome 2D, were reported for the genotype 

‘W21MMT20’ (Bovill et al. 2006). The major QTL derived from ‘CSCR6’ on 

chromosome 3B represents a new locus conferring CR resistance. The fact that the six 

QTL identified from the four different CR resistance sources located on six different 

chromosomes suggests that a large numbers of resistance loci for CR resistance may 

exist in wheat. This has been shown to be the case for resistance to FHB which is 

caused by the same pathogens as CR. Loci conferring resistance to FHB have been 

detected on 20 of the possible 21 bread wheat chromosomes (Buerstmayr et al. 2009).  

The possible homoeologous relationship between Qcrs.cpi-3B and the major 

QTL conferring CR resistance on chromosome 3H in barley (Li et al. 2009) warrants 

further investigation. Both of the 3B and 3H QTL have large effects on CR reaction and 

both are located on the long arms of the homoeologous group 3 chromosomes. Relative 

rearrangements between 3H and 3B chromosomes are unknown (Devos et al. 2005). A 

possible difference between the two loci is that their relative genetic distances from the 

centromeres seem to be different. The 3B QTL seems to be more distally located. 

However genetic distance can be affected by many factors including the use of different 

populations (Liu et al. 1996) thus the differences in genetic distances between the two 

different genera may have only limited value. 

The second QTL identified in this study, Qcrs.cpi-4B, was derived from ‘Lang’ 

which is one of the Australian varieties showing partial resistance to CR 

(http://www.awb.com.au/NR/rdonlyres/40F06360-D0F8-42CC-8847-
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9E75D654AB92/0/Lang_Factsheet__Feb_2008.pdf). The location and magnitude of 

this QTL indicated that it is likely to be the same as the one detected from another 

Australian variety ‘Kukri’ (Wallwork et al. 2004). Results from Collard et al. (2005) 

suggested that a third Australian genotype ‘2-49’ may also contain the same locus. 

These results seem to indicate that Qcrs.cpi-4B is common in Australian wheat 

varieties.  

The two Fusarium isolates used in this study belong to two different species, 

one F. pseudograminearum and the other F. graminearum. They were well 

characterized (Akinsanmi et al. 2004) and have been routinely used in different aspects 

of crown rot and head blight research (Xie et al. 2007; Stephens et al. 2008, Li et al. 

2009). In this study, these two isolates detected the same two QTL. The same two 

Fusarium isolates also detected the same QTL from another source of CR resistance 

(HB Li et al., unpublished). These results suggested that crown rot resistance in wheat is 

unlikely to be species-specific.  

The linkage map constructed in this study based on 776 markers has a total 

distance of about 912.9 cM. This map is much shorter than linkage maps constructed 

using the same marker systems, even taking into consideration that a large number of 

the markers used in this study were generated from purified chromosome 3B clones. For 

example, the four linkage maps described by Francki et al. (2009) contain only 275, 

385, 468, and 575 DArT and SSR markers respectively but the lengths of them are 

much longer, being 2,198cM, 3,013 cM, 3,058cM and 2,825 cM, respectively. As 

reported earlier, the much shorter map distance obtained in this study could be due to 

many factors including effects of major genes (Temin and Marthas 1984), the overall 

genome homoeology (Liu et al. 1996) or local rearrangements between the parental 

genotypes (Liu et al. 1994).  

With the inclusion of a large number of markers derived from purified 

chromosome 3B clones, it was not unexpected that 198 markers were mapped to this 

single chromosome. With an average distance of less than 0.6 cM between markers, the 

3B map represents one of the most densely covered chromosomes ever reported in 

wheat. Surprisingly, however, the large number of the 3B markers failed to form one 

single linkage group corresponding to this chromosome. Rather, they formed two 

linkage groups (Appendices 1), suggesting the existence of at least one large gap in the 

current linkage map of this chromosome. As there are already 198 markers mapped on 

this single chromosome, adding additional random markers is unlikely to be effective in 

joining the two linkage groups together. An alternative approach is to exploit the 
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physical map of chromosome 3B (Paux et al. 2008), which should facilitate the 

identification of polymorphic markers for any targeted region on this chromosome.  
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Chapter 4: Development of near-isogenic lines for a major 

QTL on 3BL conferring crown rot resistance in hexaploid 

wheat 
 

4.1 Abstract  

By essentially fixing the genetic background, near-isogenic lines (NILs) are 

ideal for a wide array of applications in biological studies. We report in this paper the 

development of NILs for a major QTL located on the long arm of chromosome 3B 

conferring crown rot (CR) resistance in hexaploid wheat. These NILs were generated 

based on the method of the heterogeneous inbred family analysis. Thirteen 

heterozygous lines were initially selected from three segregating populations using a 

single SSR marker linked with the major CR QTL. The two isolines for each of the 

putative NILs obtained showed no obvious morphological differences, but differences 

among the putative NIL pairs were large. Significant differences in CR severity between 

the isolines were detected for nine of the 13 putative NIL pairs. The presence of the CR 

allele from the resistant parent reduced CR severity by 29.3% to 63.9% with an average 

of 45.2% across these NILs. These NILs would be invaluable in further characterising 

this major CR locus, in studying the mechanism of CR resistance and in investigating 

possible interactions between CR resistance and other traits of agronomic importance.  

 

Keyword crown rot - near-isogenic lines – Fusarium diseases – wheat 

 

4.2 Introduction 

The mapping of quantitative trait loci (QTL) is an important step in improving 

breeding efficiency and it has been routinely exploited to locate genes responsible for a 

wide range of traits. However, QTL mapping using segregating populations has limited 

resolution (Paterson et al. 1988), thus molecular markers obtained from such studies 

may not be reliably used in breeding activities such as gene pyramiding or marker-

assisted selection. In fact, using such QTL-derived markers can often lead to 

disappointment if the objective of doing so is not limited to simply increasing the 

frequency of particular alleles. To obtain markers that can be reliably used to follow a 

locus, additional experiments will have to be conducted. One of the methods of 

resolving the map position of a QTL is by analysing a series of NILs that differ in 

markers flanking the QTL (Young et al. 1988; Paterson et al. 1990; Kaeppler et al. 
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1993). Similarly, the different genetic compositions among the different lines in a 

segregating population also make it difficult to determine the specific phenotype of a 

QTL. As a line containing a particular allele does not necessarily gives better 

performance than a line possessing the opposite allele in such a population, average 

performances between the lines with and those without the targeted allele would have to 

be compared for estimating the effects of a particular allele. This would require accurate 

disease assays on large numbers of individuals. 

Among many other possible applications, NILs can be effectively used in 

studying phenotypic effects attributable to a particular gene or locus. This is not only 

because that only two isolines are involved for assessing the effect of a particular allele 

in a particular genetic background, but also because that the genetic background 

determining morphological and phenological characters that commonly influence 

phenotypic assessments of quantitative traits is essentially fixed in NILs (Pumphrey et 

al. 2007). NIL-derived populations, segregating primarily for a targeted locus, allow the 

conversion of quantitative trait into Mendelian factor, making the accurate location of a 

QTL possible (Liu et al. 2006). For these reasons, NILs have been developed and used 

intensively for various genes of interest.  

Crown rot (CR), from infection of crown, basal stem and root tissues, is a 

serious disease in cereals caused predominantly by Fusarium pseudograminearum and 

F. culmorum in most wheat growing countries (Smiley et al. 2005; Chakraborty et al. 

2006). In Australia, CR is widespread and chronic and it costs nearly $80 million each 

year in lost production and quality (Murray and Brennan 2009). It has been reported that 

CR could reduce wheat yield by up to 35% in the Pacific North-West of the USA 

(Smiley et al. 2005). In addition to yield loss, CR infected wheat plants in glasshouse 

assays have been shown to contain mycotoxins in the heads and grain (Mudge et al. 

2006) which would potentially have an adverse affect if present in food and feed 

products. 

To facilitate the breeding of CR resistant varieties, resistance sources have been 

identified and QTL have been detected from several sources of resistance. Of the 

numerous QTL reported, the one located on the long arm of chromosome 3B detected 

from a T. spelta accession ‘CSCR6’ is outstanding in both its magnitude and 

consistency. This QTL, accounting for up to 49% of phenotypic variance, was detected 

in each of the genetic backgrounds analysed (Ma et al. 2010). A QTL at a similar 

location was found to be the sole QTL responsible for the resistance from the genotype 

Ernie (Li et al. 2010). A QTL on 3B was also the most significant among those detected 
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in the resistant genotype ‘W21MMT70’ (Bovill et al. 2010). However, the value of the 

3B QTL in this third resistant genotype is questionable as a significant QTL in the same 

chromosomal region was not detected in a different population where the same resistant 

genotype was involved (Bovill et al. 2006). It seems that the expression of the QTL 

from this resistant genotype is a product of a specific interaction. Nevertheless, the 

detection of the major 3BL effects from the three difference sources of resistance 

indicates the significance of this chromosomal region for CR resistance. Further, the 

first CR QTL study in barley identified a major QTL on 3HL (Li et al. 2009), a 

chromosome arm known to be homoeologous with the 3BL of wheat. Thus, results from 

characterising the major 3BL locus may even be useful in enhancing the CR research in 

barley. The objective of the current study was to develop NILs for the major 3BL CR 

QTL in wheat and to further validate the effects of this major QTL in different genetic 

backgrounds using these NILs.  

 

4.3 Materials and methods 

 

4.3.1 Plant materials 

The heterogeneous inbred family (HIF) method (Tuinstra et al. 1997) was used 

to develop NILs for the major 3BL CR locus (Ma et al. 2010) from three segregating 

populations including: 

a) 120 ‘Aus13832’/’CSCR6’ F4 lines, 

b) 108 ‘Janz’*2/’CSCR6’ BC1F4 lines, and 

c) 125 ‘Lang’/’CSCR6’ F7 lines. 

These three populations were generated in the glasshouses at the Queensland 

Bioscience Precinct in Brisbane, Australia. A SSR marker, gwm0181 which was located 

about 2.2 cM away from the peak of the major CR QTL on 3BL (Ma et al. 2010), was 

used to identify heterozygous lines from these populations. Methods used for DNA 

isolation and marker analysis were described previously (Ma et al. 2010). Heterozygous 

plants identified were then selfed. Six to eight plants derived from each of the 

heterozygous plants were used for the next round of selection, from which a single 

heterozygous plant was selected and selfed. This process of selecting heterozygous 

individuals and selfing was repeated until the BC1F7 for the backcross population, F8 

for the ‘Aus13832’/‘CSCR6’ population, and F9 for the ‘Lang’/ ‘CSCR6’ population. 

Two isolines, with or without the allele from the resistance source ‘CSCR6’, were then 
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isolated from each of the heterozygous plants obtained. Seeds from these putative NIL 

pairs were increased and their CR severities assessed.   

 

4.3.2 Phenotyping for crown rot resistance  

A single isolate of F. pseudograminearum (CS3096) was used for assessing CR 

resistance of the putative NILs obtained in the current study. This is one of those most 

aggressive isolates collected in northern New South Wales, Australia and maintained in 

the CSIRO collection (Akinsanmi et al. 2004). The procedures used for inoculum 

preparation, inoculation and CR assessment were based on that described by Li et al. 

(2008). Specifically, inoculum was prepared using plates of ½ strength potato dextrose 

agar. Incubated plates were kept for 12 days at room temperature (about 22 oC constant) 

before the mycelium in the plates was scraped. The plates were then incubated for a 

further 5 – 7 days under a combination of cool white and black fluorescent lights with 

12-hour photoperiod. The spores were then harvested and the concentration of spore 

suspension was adjusted to 1 x 106 spores/ml. Tween 20 was added (0.1% v/v) to the 

spore suspension prior to use. 

Seeds were germinated in Petri dishes on three layers of filter paper saturated 

with water. The germinated seedlings were immersed in the spore suspension for 1 min 

and sown in a 5cm square punnet (Rite Grow Kwik Pots, Garden City Plastics, 

Australia) containing autoclaved potting mix. The punnets were arranged in a 

randomized block design in a controlled environment facility (CEF). Settings for the 

CEF were: 25/15(±1) oC day/night temperature and 65/85% day/night relative humidity, 

and a 14 -hour photoperiod with 500μmol m-2s-1 photon flux density at the level of the 

plant canopy. To promote CR development, water-stress was applied during the CR 

assessment. Inoculated seedlings were watered only when wilt symptom appeared. 

Three independent trials were conducted to test the CR resistance of the putative 

NILs obtained. The first trial consisted of three replicates and ten seedlings were used in 

each of the replicates. Following the first trial, those putative NIL pairs which gave 

significant differences were further assessed in two trials, each with two replicates and 

each replicate used ten seedlings. CR severity was assessed 35 days after inoculation, 

using a 0 (no obvious symptom) – 5 (whole plant severely to completely nectrotic) scale 

as described by Li et al. (2008). A disease index (DI) was then calculated for each line 

following the formula of DI = (ΣnX/5N) x 100, where X is the scale value of each plant, 

n is the number of plants in the category, and N is the total number of plants assessed 

for each line.  
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For collecting basic morphological characteristics for the NILs obtained, a single 

trial was grown in the field at CSIRO Gatton Research Station (27.54 oS/152.34 oE), 

Queensland in 2010. The trial consisted of two replicates and ten plants were used in 

each of these replicates. Data on plant height and heading date were collected from five 

plants in each of the replicates. 

 

4.3.3 Statistical analysis  

The percentage values of CR index were arcsine transformed before being used 

in further analyses and the measurements of plant height were used directly for 

statistical analysis. All analyses were performed using GenStat for Windows, 12th 

edition (copyright Lawes Agricultural Trust, Rothamsted Experimental Station, UK). 

Homogeneity of variance was tested using Bartlett’s test to determine whether the data 

could be combined across trials for further analyses. An analysis of variance was used 

to detect the significance of genetic effects for plant height, seed weight as well as CR 

severity. Within each trial, the following mixed-effects model was used: Yij = µ + ri + 

gj + wij. Where: Yij = observation on the jth genotype in the ith replication; µ = general 

mean; ri = effect due to ith replication; gj = effect due to the jth genotype; wij = error or 

genotype by replication interaction, where genotype was treated as a fixed effect and 

that of replicate as random. The means of CR severity were calculated within each trial 

and a general mean across all the trials were calculated using a similar model where 

genotype was treated as a fixed effect and that of trials as random. The general means 

were used to compare the difference between the isolines with or without the resistant 

allele from the resistant genotype ‘CSCR6’ for each of the NIL pairs analysed with the 

Student’s t-test. 

 

4.4 Results 

Analysing the three segregating populations with the SSR marker gwm0181 

identified 13 heterozygous lines in total: six each from the ‘Janz’*2/‘CSCR6’ BC1F4 

and the ‘Aus13832’/‘CSCR6’ F4 populations, and the other one from the 

‘Lang’/’CSCR6’ F7 population. Following 2 or 3 rounds of further selection and selfing 

of the heterozygous individuals, a single pair of putative NILs was obtained from each 

of the 13 heterozygous lines by selecting two individual plants homozygous at this 

marker locus, one with the allele from the resistant parent ‘CSCR6’ and the other with 

an alternative allele from the susceptible parent used in each of the populations. 
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Table 1. Analysis of variance of Fusarium crown rot severity across three independent 
trials 
 
  Source of variation d.f. s.s. m.s. v.r. F pr. 
        
 Rep stratum      
 Trial 2 164.52 82.26 7.23 0.05 
 Residual 4 45.53 11.38 0.35   
        
 Rep.*Units* stratum      
 Genotype 17 7697.05 452.77 13.73 <.001 
 Genotype.Trial 34 2026.61 59.61 1.81 0.02 
 Residual 68 2241.95 32.97     
        
  Total 125 12175.66       

 

Significant difference in CR severity between the two isolines was detected for 

nine of the 13 putative NIL pairs obtained in an initial assay. Five of these nine NIL 

pairs are BC1F7 lines from the ‘Janz’*2/’CSCR6’ BC1 population, three are F8 lines 

from the ‘Aus13832’/’CSCR6’ population, and the other pair consists of two F9 lines 

from the ‘Lang’/’CSCR6’ population (Table 1). These nine pairs of selected NILs were 

then further assessed in two trials. Highly significant genotypic effects were detected in 

each of these trials and significant effects were also detected for both ‘trial’ and the 

interaction of ‘genotype by trial’ (Table 1). Error variances were homogeneous over 

trials therefore data from individual trials were combined and used to compare the 

difference between the isolines for each of the NIL pairs by the Student’s t-test. Without 

exception, the isolines with the allele from the resistant parent ‘CSCR6’ always gave 

significantly or highly significantly better CR resistance than its counterpart for each of 

the nine pairs of NILs. As expected, the effects of the resistance allele from ‘CSCR6’ 

varied among the different backgrounds, ranging from 29.3% to 63.9% with an average 

of 45.2% across these NIL pairs (Table 2). 
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Table 2. Nine pairs of near-isogenic lines developed for a major 3BL locus conferring 
Fusarium crown rot resistance  
 

  
Genetic 

background   NIL*   
Height 
(cm) 

Heading 
Date** 

CR 
Index 

Difference 
in CR (%) P (CR) 

 J*2/22397 BC1F7   NIL_CR3BL_1A  82.0 1 15.0 63.9   0.001 
   NIL_CR3BL_1B  82.3 1 41.6   
 J*2/22397 BC1F7   NIL_CR3BL_2A  76.7 2 24.3 48.1 < 0.001 
   NIL_CR3BL_2B  81.3 2 46.9   
 J*2/22397 BC1F7  NIL_CR3BL_3A  77.3 2 12.8 60.2 < 0.001 
   NIL_CR3BL_3B  76.2 2 32.2   
 J*2/22397 BC1F7  NIL_CR3BL_4A  82.7 2 27.3 39.5 < 0.01 
   NIL_CR3BL_4B  82.8 2 45.1   
 J*2/22397 BC1F7  NIL_CR3BL_5A  99.8 1 23.2 29.3 0.021 
   NIL_CR3BL_5B  98.3 1 32.8   
 13832/22397 F8  NIL_CR3BL_6A  98.0 1 14.8 40.9 0.026 
   NIL_CR3BL_6B  100.5 1 25.1   
 13832/22397 F8  NIL_CR3BL_7A  108.5 1 17.5 36.8 < 0.001 
   NIL_CR3BL_7B  109.7 1 27.7   
 13832/22397 F8  NIL_CR3BL_8A   81.8 1 12.3 49.7 0.011 
   NIL_CR3BL_8B   78.8 1 24.5   
 Lang/22397  F9  NIL_CR3BL_9A  103.2 3 30.0 39.6 < 0.001 
      NIL_CR3BL_9B   101.7 3 48.9     
 

* ‘A’ lines are those with allele from the resistant parent ‘CSCR6’ and ‘B’ lines are 
those with an alternative allele from the susceptible parent used in each of the 
populations; ** ‘1’ represents early lines (similar to that of ‘Kennedy’), ‘2’ late lines 
(similar to the genotype ‘2-49’) and ‘3’ significant later than ‘2-49’ 

 

As shown for one of the NIL pairs (Fig. 1), obvious differences were not 

observed in plant morphology between the two isolines for any of these nine NIL pairs. 

However, significant differences were detected among the different NIL pairs for both 

plant height and heading date  measured from as single field trial. Heading dates among 

these NILs varied from early (similar to the early variety ‘Kennedy’) to very late (later 

than the latest local varieties available). Plant heights ranged from 76.2 to 109.7 cm 

(Table 2), similar or significantly taller than the local variety ‘Kennedy’ (75.4 cm).  

 

4.5 Discussion 

We report the production of nine pairs of NILs for a major locus on 

chromosome arm 3BL conferring CR resistance in wheat. As expected, the presence of 

the allele from the resistant source ‘CSCR6’ reduced CR severity significantly. The 

huge differences in CR severity between the isolines not only further confirm the 

significance of this major source of resistance but would also facilitate the exploitation 

of these NIL pairs in further characterization of this major QTL, in studying its 
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interaction with other traits of agronomic importance, and in developing markers that 

can be reliably used to follow this major locus.  

 

7A 7B7A 7B

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 1. One (NIL_CR3BL-7) of the NIL pairs developed for a major crown rot 
resistance locus on the long arm of chromosome 3B in wheat, showing the 
morphological similarity between the two isolines with (7A) or without (7B) the 
resistance allele from the resistant parent ‘CSCR6’.  
 

Different from the use of traditional backcrossing, the HIF method allows the 

generation of many NILs with different genetic backgrounds from a single cross 

(Tuinstra et al. 1997). To further broaden the genetic base of the NILs obtained, three 

different populations were used in the current study. Thus the widely different genetic 

backgrounds among the nine pairs of NILs obtained could make them more valuable in 

different studies. 

Instead of using markers flanking a QTL as reported by Pumphrey et al. (2007), 

a single marker linked with the QTL was used for generating the NILs described here. 

When flanking markers are used, the minimum difference between the two isolines 

obtained for a NIL pair would be the full length of the chromosomal fragment flanked 

by the markers. This fragment can be large if closely linked markers are not available, 

which is often the case before a fine mapping effort has been made.  The potential 

advantage of using one marker over the use of flanking markers is that this should 

produce NILs with reduced sizes of the ‘non-desirable’ chromosomal segment 

differentiating the isolines. However, due to the possible recombination between the 

linked marker and the targeted QTL, using a single linked marker could lead to false 

NILs which do not segregate at the targeted locus. This is the most likely reason why 
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isolines for four of the initial 13 putative NIL pairs developed in this study failed to 

show significant differences in their CR severities.  

Similar to those detected with the use of segregating populations (Ma et al. 

2010), significant differences in the effect of the 3BL CR locus was also detected 

among the nine pairs of NILs analysed in the current study. Such variations were not 

unexpected. Each of these NIL pairs has its own genetic composition resulting in a 

unique set of morphological and phenological characteristics which can all influence 

phenotypic assessments of a quantitative trait (Pumphrey et al. 2007). Nevertheless, the 

similar genetic background shared by the two isolines for a given NIL pair should no 

doubt facilitates the accurate assessment of the effect of a particular QTL or gene. 

Apparently, using NILs also reduced the work load significantly. Instead of assessing a 

whole population, only two isolines need to be analysed for investigating the effect of a 

QTL or gene in a given genetic background when the relevant NILs are available.  
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Chapter 5: Enhancing crown rot resistance of durum wheat 

by introgressing chromosome segments from hexaploid wheat 
 

5.1 Abstract  

Compared with hexaploid wheat, tetraploid durum is more susceptible to crown 

rot (CR) infection. The feasibility of enhancing CR resistance in durum wheat by 

introgressing chromosome segments of hexaploid wheat was investigated by generating 

and analysing a backcross population derived from a susceptible durum wheat variety 

‘Bellaroi’ (recurrent parent) and a resistant hexaploid genotype ‘CSCR6’ (donor 

parent). Together with a few scattered segments on various chromosomes, segments of 

a large section of the donor chromosome 6B showed a significant effect in enhancing 

CR resistance in the durum background. However, a known major locus on the donor 

3BL conferring high level of resistance to CR in hexaploid wheat failed to provide any 

improvement in resistance than that of the genome average once it was introduced into 

the durum wheat. A small proportion of the backcross population gave similar 

resistance to the bread wheat variety ‘Kennedy’, a level of CR resistance acceptable to 

durum growers. These lines share a 4B segment from the hexaploid donor, although the 

segment was not among those with the largest individual effect across the whole 

population. These results show that it is feasible to improve CR resistance of durum 

wheat by exploiting hexaploid chromosome segments, although resistance loci of the 

hexaploid wheat may not function properly in durum backgrounds.  

 

Keywords crown rot - durum wheat - gene transfer – introgression lines – quantitative 

trait loci 

 

5.2 Introduction 

Fusarium species cause two serious cereal diseases, Fusarium head blight 

(FHB) and crown rot (CR). One of the major differences between these two diseases is 

that FHB occurs mainly in humid regions but CR is prevalent in many of the arid 

regions worldwide including South Africa, Italy, Egypt, Turkey, Syria, Morocco, 

Argentina and China (Smiley et al. 2005; Chakraborty et al. 2006; Tunali et al. 2008; 

Hogg et al. 2010). Several management practices aimed at reducing the inoculum loads 

have been evaluated such as crop rotation and stubble burning (Kirkegaard et al. 2004; 

Burgess 2005). However, these practices have apparently not stopped the spread of this 
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disease. In fact, the disease has worsened in recently years, due likely to the wider 

adoption of reduced tillage as Fusarium pathogens survive in stubbles (Chakraborty et 

al. 2006). Surveys in Australia indicate a current loss of ca. AU$80m per annum due to 

CR (Murray and Brennan 2009). In the Pacific North-West of the USA, CR can reduce 

wheat yield by up to 35 percent (Smiley et al. 2005). In addition, CR infected wheat 

plants in glasshouse assays can produce mycotoxins in the spikes (Mudge et al. 2006) 

which are harmful to human and animals if present in food and feed products. 

Durum (Triticum durum; 2n=4x=28; genomes AABB) is a high quality wheat 

mainly used for pasta and semolina products. Durum production in Australia has 

undergone rapid expansion since the mid 1990s. The annual production of durum is 

now around 500,000 tonnes per year with 200,000 tonnes of this being exported 

(http://www.daff.gov.au/agriculture-food/wheat-sugar-crops/crops/grains/durum-

wheat). However, available durum varieties are all highly susceptible to CR. The 

difference in CR resistance between durum and bread wheats was demonstrated by a 

study in which CR inoculation reduced yield of durum wheat by 58% while the average 

yield loss of bread wheat was only 25% across different soil-types (Daniel and 

Simpfendorfer 2008). Thus, elevating durum resistance to a level equivalent to that of 

bread wheat would be beneficial to durum growers. In our search for CR resistance 

among 2,500 genotypes, including over 400 durum genotypes assessed so far, all highly 

resistant genotypes have been hexaploid wheats (Liu CJ, unpublished). The lack of 

significant variation in CR resistance among the tetraploid wheat genotypes, the drastic 

difference in CR resistance between the durum and hexaploid wheats, and the existence 

of a major resistance QTL on the long arm of chromosome 3B of the hexaploid wheat 

(Ma et al. 2010) were the rationale for this work. We studied the effects of introgressed 

hexaploid chromosome segments on CR resistance of durum wheat by generating and 

analysing a backcross population from a cross between a susceptible durum variety and 

a highly resistant hexaploid genotype and the results obtained are reported in this paper. 

 

5.3 Materials and Methods 

 

5.3.1 Plant materials 

A BC2F8 population was generated between the durum variety ‘Bellaroi’ (which 

is highly susceptible to CR and used as the recurrent parent) and the hexaploid genotype 

‘CSCR6’ (highly resistant to CR and belonging to the taxon T. spelta (Ma et al. 2010). 

For generating the BC1F1 population, a single F1 hybrid plant was backcrossed to the 
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recurrent parent ‘Bellaroi’. To minimize the chance of the transmission of D genome 

chromosomes, the F1 hybrid was used as male parent. The recurrent parent ‘Bellaroi’ 

was then crossed with each of the BC1F1 plants individually and a total of over 170 

crosses were made in generating the BC2F1 population. The population was then 

advanced to BC2F8 by single seed descent and 116 of the BC2F8 lines were randomly 

selected and used in this study. Seeds from multi-individual plants from each of these 

lines were then bulked for CR assessment and molecular marker analysis. The bread 

wheat variety ‘Kennedy’ was used as a control in this study. 

 

5.3.2 Phenotyping for Fusarium crown rot 

A single isolate belonging to F. pseudograminearum (CS3096) was used for 

assessing CR reactions. This isolate was collected in northern New South Wales, 

Australia and maintained in the CSIRO collection (Akinsanmi et al. 2004). The 

procedures used for inoculum preparation, inoculation and CR assessment were based 

on that described by Li et al. (2008). Specifically, inoculum was prepared using plates 

of ½ strength potato dextrose agar. Incubated plates were kept for 12 days at room 

temperature (about 22 oC constant) before the mycelia in the plates were scraped. The 

plates were then incubated for a further 5 – 7 days under a combination of cool white 

and black fluorescent lights with 12-hour photoperiod. The spores were then harvested 

and the concentration of spore suspension was adjusted to 1 x 106 spores/ml. Tween 20 

was added (0.1% v/v) to the spore suspension prior to use.  

Seeds were germinated in Petri dishes on three layers of filter paper saturated 

with water. The germinated seedlings were immersed in the spore suspension for 1 min 

and sown in a 5cm square punnet (Rite Grow Kwik Pots, Garden City Plastics, 

Australia) containing autoclaved potting mix. The punnets were arranged in a 

randomized block design in a controlled environment facility (CEF). Settings for the 

CEF were: 25/15(±1) oC day/night temperature and 65/85% day/night relative humidity, 

and a 14 -hour photoperiod with 500μmol m-2s-1 photon flux density at the level of the 

plant canopy. To promote CR development, water-stress was applied during the CR 

assessment. Inoculated seedlings were watered only when wilt symptoms appeared.  

Three independent trials were conducted, each containing two replicates. Ten 

seedlings were used for each of the replicates. CR severity was assessed 30 days after 

inoculation, using a 0 (no obvious symptom) – 5 (whole plant severely to completely 

necrotic) scale as described by Li et al. (2008). A disease index (DI) was then calculated 

for each line following the formula of DI = (ΣnX/5N) x 100, where X is the scale value 
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of each plant, n is the number of plants in the category, and N is the total number of 

plants assessed for each line.  

 

5.3.3 Genotyping  

A total of 778 SSRs were tested against the two parents of the BC2F8 population. 

SSR markers with known locations on chromosomes belonging to either the A or B 

genome were selectively used for genotyping the whole population. In addition, a D 

genome-specific marker, with sequences of forward primer 

CTTCTGACGGGTCAGGGGCAC and reverse CTGAATGCCCCTGCGGCTTAAG, 

kindly provided by Dr Evans Lagudah was also used for analysing the BC2F8 

population. Amplification of SSR loci were carried out using the method as described 

by Schmidt et al. (2005). A single PCR procedure was applied to all the primer sets: 36 

cycles (95°C for 30 secs, 58°C for 1 min, 72°C for 1 min) followed by 5 min at 72°C 

using a PTC-100 Programmable Thermal Controller (MJ Research). The amplified 

products were mixed with an equal volume of loading dye, denatured at 95°C for 5 min, 

and 3.6 μl run on a denaturing 5% polyacrylamide gel containing 7M urea at 90 W for 2 

h.  The gels were subsequently dried using a gel dryer for 25 min at 80ºC and exposed 

to Kodak BioMax X-ray film for 3 – 4 days. For calculating the percentage of the 

hexaploid genome found in each of the introgression lines obtained, it was assumed that 

the length of a chromosome segment covered by each of the SSR markers used was the 

same. Based on the presence or absence of a given SSR marker allele from the 

hexaploid parent ‘CSCR6’, the 116 BC2F8 lines were grouped into two classes, one 

homozygous for the allele from the donor parent (RR) and the other homozygous for the 

allele from the susceptible recurrent parent (rr). The difference in CR severity between 

the two classes was used for measuring the effect of a chromosome segment tagged by 

each of the SSR markers. For calculating if these differences were significant, the 

percentage values of CR index were arcsine transformed and the means were then 

compared with the Student’s t-test. The statistical analyses were all performed using 

GenStat for Windows, 12th edition (copyright Lawes Agricultural Trust, Rothamsted 

Experimental Station, UK). 

 

5.4 Results 

Of the 778 markers screened, 480 (62%) were polymorphic between the two 

parents. Map locations for 144 of the polymorphic markers were known (Somers et al. 
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2004) and they were selected for genotyping the BC2F8 population. The 144 markers 

were mapped to each of the 14 chromosomes belonging to either the A or the B 

genome. The number of markers located to each of these chromosomes varied from 4 

(chromosome 6A) to 13 (chromosomes 4A, 7A and 7B), with an average of 10.3 

markers per chromosome. The distances covered by these markers varied from 39 cM 

(chromosome 1B) to 173 cM (chromosome 5B), with a total of 1,269 cM (Table 1). 

Based on the 144 SSR markers used, each of the 116 lines showed a unique allelic 

combination and the chromosome segments of the hexaploid donor ‘CSCR6’ retained in 

these lines varied between 8.4 and 40.1%, with an average of 18.6% which was higher 

than the 12.5% expected from a BC2 population. Examining the population with the D-

genome specific marker found no D-chromosome segments in any of the 116 lines 

analysed. 

 

Table 1. SSR markers used in assessing the BC2F8 population derived from a cross 
between a durum variety ‘Bellaroi’ and a resistant hexaploid genotype ‘CSCR6’# 
 

Chromosome Number of markers Distance covered (cM) 
1A 10 94 
2A 10 129 
3A 12 110 
4A 13 83 
5A 15 139 
6A 4 43 
7A 13 103 
1B 9 39 
2B 10 77 
3B 12 141 
4B 9 43 
5B 7 173 
6B 7 44 
7B 13 151 

 
# Marker locations and linkage distances were all obtained from Somers et al. (2004) 
 

As expected, a huge difference in DI was shown between the resistant hexaploid 

donor parent ‘CSCR6’ (10.0%) and the recipient durum parent ‘Bellaroi’ (70.0%) 

across the three independent trials. None of the 116 BC2F8 lines gave a DI similar to 

that of the hexaploid donor parent, and the average DI (56.7%) of the population was 

significantly higher (p<0.01) than the mid parent value of 40.0 percent. The 

chromosome segments of the hexaploid donor ‘CSCR6’ tagged by 132 of the 144 SSR 

markers failed to show significant effects in the BC2F8 population. Chromosome 
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segments tagged by the remaining 12 SSR markers (loci) gave significant effects, eight 

affected DI positively (beneficial loci) and three negatively (deleterious loci) (Table 2).  

The eight beneficial loci reduced DI by between 11.5 and 27.8 percent with an average 

of 18.6 percent. The four deleterious loci increased DI by between 17.3 and 26.3 

percent, with an average of 20.8 percent (Table 2). It is worth noting that six of the eight 

beneficial loci were all located on the chromosome 6B. Of the seven SSR markers used 

to follow this chromosome, only the one (cfd1) most distally located on the short arm 

failed to give a significant effect on DI. 

 

Table 2. Loci showing significantly positive and negative effects on CR resistance 
detected in the BC2F8 population* 

 

Marker Chromosome RR (DI) rr (DI)  Difference (%) P 
beneficial loci 

wmc110 5A 53.4 60.4 11.6 <0.01 
wmc710 4B 52.6 59.4 11.5 <0.01 
wmc494 6B 42.8 58.0 26.2 <0.01 
gwm193 6B 46.3 57.9 19.9 <0.01 
wmc397 6B 47.8 56.8 15.9 <0.01 
barc198 6B 42.0 58.2 27.8 <0.01 
barc24 6B 48.6 57.8 15.9 <0.01 
barc178 6B 46.2 58.0 20.3 <0.01 

deleterious loci 
cfa2262 3A 64.2 54.6 –17.6 <0.01 
barc81 1B  70.2 55.6 –26.3 <0.01 
gwm257 2B 67.6 55.4 –22.0 <0.01 
gwm389 3B 65.0 55.4 –17.3 <0.01 

 
* ‘RR’ represents homozygous loci from the resistant hexaploid donor ‘CSCR6’ and 
‘rr’ represents homozygous loci from the susceptible recurrent parent ‘Bellaroi’ 
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Table 3. Beneficial alleles in the eight BC2F8 lines with CR resistance similar to that of 
the bread wheat variety ‘Kennedy’* 

 

Line DI 
CSCR6 

(%) 
Wmc110 

(5A) 
Wmc710 

(4B) 
Wmc494 

(6B) 
Gwm193 

(6B) 
Wmc397 

(6B) 
Barc198 

(6B) 
Barc24 

(6B) 
Barc178 

(6B) 

1 17.1 15.6  y y y y y y y y 

2 26.6 19.4  y y y y y h y h 

3 27.1 14.0  n y n n n n n n 

4 29.2 22.9  y y y y y y y y 

5 31.8 16.6  y y n n n n n n 

6 32.3 24.4  y y n n n n n n 

7 32.4 11.6  y y n n n n y y 

8 33.6 13.5  n y n n n n n n 

 
*DI = disease index in percentage; CSCR6 (%) = percentage of chromosome segments 
from the hexaploid donor ‘CSCR6. DI for ‘Kennedy’ was 26.0% 
 

Although a small percentage of the population had DI inferior to that of the 

recurrent parent ‘Bellaroi’, the mean DI of the population (56.7%) was significantly 

(p<0.01) better than that of ‘Bellaroi’ (70.0%). In fact, 67 of the 116 (57.8%) BC2F8 

lines showed DI significantly (p<0.01) better than that of ‘Bellaroi’ (Fig. 1). DI for eight 

of the 116 BC2F8 lines were similar (p>0.05) to that of the bread wheat ‘Kennedy’ 

(Table 3). None of these eight lines possessed any of the hexaploid donor ‘CSCR6’ 

alleles at any of the four deleterious loci. They all possessed the donor allele detected by 

the SSR marker wmc710 on chromosome 4B. However, the number of ‘CSCR6’ alleles 

at the other seven beneficial loci varied among these eight lines, from zero (lines 3 and 

8) to all seven (lines 1 and 4) (Table 3). The chromosome segments from the donor 

parent ‘CSCR6’ retained in these eight lines varied from 11.6 to 24.4 percent, with an 

average of 17.3 percent (Table 3).  

 

5.5 Discussion 

Exploiting hexaploid chromosome segments to improve CR resistance of durum 

wheat seems an obvious option considering their huge difference in CR resistance 

(Daniel and Simpfendorfer 2008) and the presence of a major QTL on 3BL conferring 

CR resistance (Ma et al. 2010). We showed for the first time in this study that 

improving CR resistance by exploiting chromosome segments from hexaploid wheat is 

feasible. Of the 116 BC2F8 lines assessed, 67 (or 57.8%) gave significantly better DI 

than the recurrent durum parent ‘Bellaroi’ (Fig. 1), and the resistance for eight of them 
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reached the same level as that of the bread wheat variety ‘Kennedy’ (Table 3). 

However, together with other segments tagged by the 12 SSR markers on chromosome 

3B used in this study (Table 1), the major locus on 3BL in the donor hexaploid parent 

‘CSCR 6’ failed to function in the BC2F8 population, although the effect of the locus 

was consistently detected in different hexaploid populations (Ma et al. 2010). This 

seems also to be the case for resistance to Fusarium head blight, another wheat disease 

caused by various Fusarium pathogens. The effect of the major resistance locus on 

chromosome arm 3BS of ‘Sumai 3’ was found to be significant in a wide range of 

genetic backgrounds and environments (Xie et al. 2007; Buerstmayr et al. 2009) but the 

same locus failed to produce significant effect on FHB resistance once transferred into 

durum wheat (Xie  and Liu, unpublished). These results suggest that, although different 

genes are responsible for FHB and CR resistances (Li et al. 2010), their expressions 

may require some common regulatory factors. It is not clear whether the presence of D 

chromosomes is essential for their proper function or their loss of function is due to the 

presence of any susceptibility or suppressor genes in the durum. Nevertheless, the huge 

difference between the durum and hexaploid wheats in their CR resistance could be the 

main reason why the majority of their progeny gave better resistance than the recurrent 

durum parent (Fig. 1).  

Judging from the results of the seven markers on chromosome 6B used in this 

study, a large part of the short arm and the majority, if not all, of the long arm of the 

donor parent have beneficial effects on DI in the BC2F8 population. This may indicate 

that the 6B chromosome of durum wheat harbours genes highly susceptible to CR 

infection, consistent with the observation that replacing this chromosome in single 

chromosome substitution lines often led to improved CR resistance (Zheng et al. 2008). 

However, the allele combinations of the best eight lines showed that, although they each 

contribute to the overall DI of the whole population, the presence of the beneficial 

alleles at these loci is not essential for the increased CR resistance of a specific line. 

Four of the top eight lines do not contain any of ‘CSCR6’ alleles at the six beneficial 

loci of chromosome 6B (Table 3). Rather, the top eight lines all contain the hexaploid 

donor allele at the beneficial locus on chromosome 4B (Table 3), although this locus 

was not one of those giving the largest effects across the whole population (Table 2). As 

none of the beneficial loci detected in this study was found responsible for CR 

resistance in hexaploid wheat (Ma et al. 2010), these results indicated again that there is 

no pattern to how hexaploid chromosome segments would function once introduced into 

the durum wheat. These results showed the limitation of transferring only genes with 
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drastic differences in the targeted characteristics between species. Examining effects of 

unintended chromosome segments could be rewarding as well.  
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Figure 1. Distribution of CR disease index (x-axis) of 116 BC2F8 lines analysed. 
Numbers in brackets are DI of the genotypes concerned 
 

Different from the transgressive segregations frequently seen in hexaploid wheat 

(Ma et al. 2010, Li et al. 2010) and barley populations (Li et al. 2009), none of the 116 

BC2F8 lines reached the level of CR resistance similar to that of the hexaploid donor 

parent (Fig. 1). Nevertheless, eight of the lines showed resistance similar to the bread 

wheat variety ‘Kennedy’ which gives a resistance significantly better than any of the 

durum varieties available. These lines can potentially be valuable in improving CR 

resistance of durum wheat. However, although no D chromosome segments were 

detected in any of the eight lines, they contained an average of 17.3 percent of 

chromosomes belonging to the A and B genomes of the hexaploid donor (Table 3). The 

effects of these hexaploid chromosome segments on yield potential and grain quality of 

durum wheat need to be investigated. It is of interest to find out how much of the 

hexaploid chromosome segments can be removed while retaining their current levels of 

CR resistance. Such an endeavor would also shed light on the ‘gene network’ needed 

for the proper functions of the beneficial as well as the deleterious loci in various durum 

backgrounds.  

 65



The different levels of tolerance to aneuploidy between the male and female 

gametes were exploited in generating the BC2F8 population used in this study. The use 

of the hybrid F1 plant as male parent in generating the BC1F1 population must have 

contributed to the elimination of the D chromosome segments from the BC2F8 lines. 

The practice that each of the 116 BC2F8 lines was obtained from a different BC1F1 plant 

through an independent cross must have contributed to the fact that each of the 116 lines 

has a unique allele combination at the 144 loci analysed. Further, the hexaploid donor 

‘CSCR6’ belongs to the taxon T. spelta (Ma et al. 2010). Although T. spelta is a 

cultivated wheat sharing the same AABBDD genome structure with the bread wheat 

and there are no known barriers in generating fully fertile progeny and in transferring 

genes between these two different taxa (Miller 1987), genotypes of T. spelta have not 

suffered the same breeding pressure as those of bread or durum wheats. As a result, a 

wider range of characteristics of agronomic importance are likely segregating in the 

BC2F8 population when compared to that in an average population generated between 

genotypes of bread and durum wheats. Thus the population could be valuable for 

investigating possible effects of hexaploid chromosome segments in durum 

backgrounds on a wide range of characteristics of agronomic importance including 

yield, qualities as well as resistance to biotic and abiotic stresses.  
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Chapter 6: Different genes are responsible for crown rot 

resistance at different stages of plant development 

 
6.1 Abstract 
 

Fusarium pathogens can infect cereals at any stage of plant development and the 

various CR assays currently available assess plants of different ages. Although CR 

severities obtained from such assays all show strong correlation with field rankings for a 

given set of genotypes, it is not clear if the same resistance genes are being detected 

from these assays. This was investigated by assessing plants of two different ages. Of 

the two QTL detected from the soil-based assay which uses older plants, only the minor 

one on chromosome 4B remained detectable in an assay using young seedlings. The 

QTL detected by the early seedling assay, explaining up to 18.9% of the phenotypic 

variance with a LOD value of 4.0, had an identical location with the one detected by the 

soil-based assay which used much older plants. The major QTL detected by the soil-

based assay on chromosome arm 3BL, however, was not detected from the young 

seedling assay. Similarly, the best lines, as well as the beneficial and deleterious alleles 

based on the early seedling assay were all different from those identified from the assay 

using much older plants. These results showed that, although genes conferring 

resistance at different developmental stages could all contribute to the successful 

performance of a variety, caution needs to be exercised when comparing disease 

severities obtained from assays using plants of different ages. 

 

6.2 Introduction 

Growing resistant varieties has long been recognized as the most effective way 

to reduce CR damage in wheat (Purss 1966). However, varieties with high levels of 

resistance are not yet available. One of the difficulties in successful CR resistance 

breeding is the lack of a bioassay that not only provides consistent and accurate results 

but also allows rapid screening of large number of genotypes that are routinely involved 

in a breeding program. Significant efforts in the development of such assays have 

resulted in the availability of several methods (Mitter et al. 2006; Li et al. 2008; Yang et 

al. 2010). The existing methods can be classified as either field-based or glasshouse-

based assays. The field based assays are routinely used for assessing reaction of mature 

plants (Dodman and Wildermuth 1987; Wildermuth et al. 2001), and they suffer from 
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variation in the resident pathogen population, soil and other environmental and cultural 

conditions. As a result, data from field-based assays are often variable and difficult to 

repeat. Until now, there is no report available ascribing significant QTL from field-

based CR assays. The glasshouse-based assays are preferred for assessing seedling 

resistance. Clearly, seedling resistance may or may not reflect resistance of adult plants, 

although CR reactions obtained from several of the seedling-based assays show strong 

correlation with field rankings (Klein et al. 1985; Wildermuth and McNamara 1994; 

Mitter et al. 2006; Li et al. 2008). Nevertheless, seedling resistance forms an essential 

part in minimizing CR damage. Results from these glasshouse based assays tend to be 

more reproducible as factors affecting disease development are easier to control.  

The various methods of CR assays use plants of different ages, ranging from 

about 2 week-old (Yang et al. 2010) to mature plants (Wallwork et al. 2004). Compared 

with the use of older plants, assays based on young seedlings can further save time and 

increase the capacity in CR assessment (Yang et al. 2010). However, although CR 

reactions obtained from these seedling-based assays all show strong correlation with 

field rankings (Mitter et al. 2006; Li et al. 2008; Yang et al. 2010), it is not clear if the 

same resistance genes are being detected from these assays using plants of different 

ages. To clarify whether resistances at different stages of plant development are 

controlled by the same genes, early seedling resistance was analysed and the obtained 

results were then compared with those obtained from an assay based assessing older 

plants.  

 

6.3 Materials and methods 

Two populations were used in this study. One was the hexaploid RIL population 

as described in Chapter 3 and the other was the durum back cross population as 

described in Chapter 5. A single isolate belonging to F. pseudograminearum (CS3096) 

was used in this study. This isolate was obtained from a CSIRO collection and it is one 

of the highly aggressive isolates according to a screening of over 650 isolates collected 

in field surveys from Queensland and NSW (Akinsanmi et al. 2004). Inoculums were 

prepared following the method as described by Li et al. (2008). Tween 20 was added to 

the spore suspension to a final concentration of 0.1% v/v prior to inoculation. The 

recently reported ‘soil-less’ assay which uses very young seedlings (ranging from 7 to 

14-day-old depending on genotypes) (Yang et al. 2010) was used in this study and the 

results obtained were then compared with those available data generated from the use of 

older plants. Seeds used for CR assessment were selected by removing small and 
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shrivelled kernels. The selected seeds were germinated in Petri dishes on three layers of 

filter paper saturated with water. Newly germinated seedlings were immersed in the 

spore suspension for about one minute and 10 inoculated seedlings were then wrapped 

and grown in a single piece of moist paper towel (23.5 x 12.0 cm, Yang et al. 2010). 

Experiments reported in this Chapter were all conducted in a laboratory with constant 

temperature (23 oC) and relative humidity (65%) and with no control on either lighting 

duration or intensity. Seedlings were kept well watered for the first 48 hours after 

inoculation and then watered only when the seedlings started to wilt by dipping the 

paper rolls into a water bath for 30 seconds. CR severity was scored when the 

susceptible parent used in a cross became severely necrotic. This takes about 14 days 

for the hexaploid RIL population and about 10 days for the durum backcross 

population. Each of these two populations was assessed twice, each with two replicates. 

Ten seedlings were used in each replicate. The average rating of the 10 seedlings in 

each replicate was used to represent the reaction of the line concerned. A ‘0-5’ scale as 

described by Li et al. (2008) was used, where 0 representing no symptom and 5 when 

whole seedling completely necrotic. A disease index (DI) was then calculated for each 

line following the formula of DI = (ΣnX/5N) x 100, where X is the scale value of each 

plant, n is the number of plants in the category, and N is the total number of plants 

assessed for each line.  

QTL analysis for CR reaction was performed using MapQTL® (Version 5.0, van 

Ooijen 2004). Specifically, the Kruskal–Wallis test was used in a preliminary analysis 

to detect association between markers and individual traits. A multiple QTL model 

(MQM) with backward elimination (P > 0.02) was used to detect significantly 

associated markers as cofactors for interval mapping. For each trait 1000 random 

permutations identifying the LOD threshold corresponding to a genome-wide false 

discovery rate of 5% (P < 0.05) were used to declare the presence of QTL. QTL maps 

were drawn using MapChart 2.1 (Voorrips 2002). 

Data generated from the backcross population were analysed using the method 

as described in Chapter 5. Specifically, for calculating the percentage of the hexaploid 

genome found in each of the introgression lines obtained, it was assumed that the length 

of a chromosome segment covered by each of the SSR markers used was the same. 

Based on the presence or absence of a given SSR marker allele from the hexaploid 

parent ‘CSCR6’, the 116 BC2F8 lines were grouped into two classes, one homozygous 

for the allele from the donor parent (RR) and the other homozygous for the allele from 

the susceptible recurrent parent (rr). The difference in CR severity between the two 
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classes was used for measuring the effect of a chromosome segment tagged by each of 

the SSR markers. For calculating if these differences were significant, the percentage 

values of CR index were arcsine transformed and the means were then compared with 

the Student’s t-test. The statistical analyses were all performed using GenStat for 

Windows, 12th edition (copyright Lawes Agricultural Trust, Rothamsted Experimental 

Station, UK). 

 

6.4 Results 

  

6.4.1 QTL conferring early seedling resistance to crown rot 

Analyses of the two trials found that the effect of genotypes was highly 

significant but neither effect of the trial nor the interaction between trial and genotype 

was significant (Table 1). The early seedling assay detected little difference in CR 

severities between the two parents of the ‘Lang’/’CSCR6’population. However, each of 

the two independent trials detected significant segregation in the RIL population (Fig. 

1). CR severities of the RILs varied from 16 to 98 with an average of 57. A moderate 

(r=0.44) but highly significant (p < 0.01) correlation between CR severities from the 

early seedling assay and those from the soil-based assay was obtained. QTL analyses of 

the mapping data from these two trials identified the same QTL located on chromosome 

4B. This QTL explained 14.7% and 15.9% of the phenotypic variance, respectively, in 

the two independent trials. When the data from the two trials were combined, the QTL 

explained 18.9% of phenotypic variance with a LOD value of 4.0 (Table 2).  
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Table 1. Analysis of variance of early seedling crown rot severity from the 
‘Lang’/’CSCR6’ population across two independent trials 
 
  Source of variation d.f. s.s. m.s. v.r. F pr. 
        
 Repeat stratum      
 Trial 1 181.3 181.3 184.8 0.047 
 Residual 1 1 1 2   
        
 Repeat.*Units* stratum      
 Genotype 92 206 2.2 4.6 <.001 
 Genotype.Trial 91 58.8 0.6 1.3 0.094 
 Residual 89 43.5 0.5     
        
  Total 274 480.6       

 

Table 2. QTL conferring crown rot resistance detected in a wheat recombinant inbred 
line population of ‘Lang’/’CSCR6’ from the early seedling assay 
 

Population Trial Flanking markers LOD R2 (%) Origin 
1 Barc199 & wPt-7569 3.0 14.7 Lang 
2 wPt-4918 & wPt-7569 3.4 15.9 Lang Wheat RILs 

Combined wPt-4918 & wPt-4918 4.0 18.9 Lang 
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Figure 1. Distribution of CR disease indexes among the RIL lines derived from a cross 
between ‘Lang’ and ‘CSCR6’. Relative positions of the two parental genotypes are 
indicated. 
 

6.4.2 CR severity of the backcross population of ‘Bellaroi’/’CSCR6’ 

Similar to that obtained from the ‘Lang’/’CSCR6’ population, the genotypic 

effect was also found to be highly significant in the three trials conducted using the 

backcross population of ‘Bellaroi’/’CSCR6’. However, the interaction between 

genotype and trial was also highly significant but the trial effect was not significant 

(Table 3). As expected, a huge difference in CR severity was detected between the 

resistant hexaploid donor parent ‘CSCR6’ (6.0) and the recipient durum parent 

‘Bellaroi’ (80.4). The plants of durum parent were all dead while the hexaploid 

genotype showed little symptoms ten days after inoculation (Fig. 2). Compared with the 

durum parent ‘Bellaroi’, a large proportion of the 116 lines gave similar or better 

resistance. However, none of the backcross lines gave resistance similar to that of the 

hexaploid parent ‘CSCR6’, although the resistances for a small number of backcross 

lines were similar to the hexaploid control variety ‘Kennedy’ (Fig. 3).  
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Table 3. Analysis of variance of early seedling crown rot severity from the 
‘Bellaroi’/’CSCR6’ backcross population 
 
  Source of variation d.f. s.s. m.s. v.r. F pr. 
        
 Repeat stratum      
 Trial 1 83.6 83.6 0 0.976 
 Residual 2 142575 71288 319.86   
        
 Repeat.*Units* stratum      
 Genotype 118 193004 1635.6 7.34 <.001 
 Genotype.Trial 118 53195 450.8 2.02 <.001 
 Residual 227 50592 222.9     
        
  Total 466 430163       

 

 

 
CSCR6 Bellaroi  

 
Figure 2. Contrasting responses of young seedlings of the durum variety ‘Bellaroi’ and 
the hexaploid genotype ‘CSCR6’ to crown rot. 
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Figure 3. Distribution of crown rot DI among the BC2F8 lines obtained from a backcross 
population between the durum variety ‘Bellaroi’ and the hexaploid genotype ‘CSCR6’. 
Relative DI of the two parental genotypes and the control variety ‘Kennedy’ are 
indicated. 
 

None of the 116 BC2F8 lines gave a DI similar to that of the hexaploid donor 

parent, and the average DI (58.9) of the population was significantly higher (p<0.01) 

than the mid parent value of 43.2. The chromosome segments of the hexaploid donor 

‘CSCR6’ tagged by 141 of the 144 SSR markers failed to show significant effects 

among the 116 BC2F8 lines. Chromosome segments tagged by the remaining three SSR 

markers (loci) gave highly significant effects, two affected DI positively (beneficial 

loci) and the other one negatively (deleterious locus) (Table 2).  The two beneficial loci 

reduced DI by 22.7% and 15.7%, respectively, and the deleterious locus increased CR 

DI by 18.0 (Table 4). Five of the BC2F8 lines gave CR DI significantly better than that 

of the hexaploid wheat variety Kennedy. None of these five lines possessed the 

deleterious allele (detected by the marker gwm540) from the hexaploid genotype 

CSCR6. Three of them possessed the beneficial allele detected by wmc47 on 

chromosome 4B and only one possessed the beneficial allele on chromosome 7B (Table 

5). 
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Table 4. Beneficial and deleterious alleles of ‘CSCR6’ in the durum ‘Bellaroi’ 
background 

 

Marker Chromosome RR (DI) rr (DI)  Difference (%) P 

beneficial loci 

wmc47 4B 47.1 60.9 22.70% <0.01 

wmc364 7B 52.4 62.1 15.70% <0.01 

deleterious locus 

gwm540 4B 69.4 56.9 -18.00% <0.01 
 

Table 5. Beneficial and deleterious alleles in the top five BC2F8 lines with CR resistance 
significantly better than that of the bread wheat variety ‘Kennedy’ 
 

Line DI CSCR6 (%) Wmc47 (4B) Wmc364 (7B) Gwm540 (4B) 
111  7.0 18.9 y n n 
44 16.5 22.8 y y n 

102 17.5 29.9 n n n 
55 18.0 13.5 y n n 
93 18.5 13.7 n n n 

 
 

6.5 Discussion 

The results obtained from this study showed that different genes can be 

responsible for CR resistance at different stages of plant development. Of the two QTL 

detected from the soil-based assay which uses older plants (Ma et al. 2010), only the 

minor one on chromosome 4B remained detectable by the early seedling assay (Table 

2). The QTL detected by the early seedling assay, explaining up to 18.9% of the 

phenotypic variance with a LOD value of 4.0, has an identical location with a very 

similar magnitude to the one detected by the soil-based assay which used much older 

plants. The major QTL detected by the soil-based assay on chromosome 3B (Ma et al. 

2010), however, was not detected from the young seedling assay (Table 2). Similarly, 

the best lines selected from the backcross population, as well as the beneficial and 

deleterious loci based on the early seedling assay, are all different from those identified 

from the use of much older plants (Chapter 5).  

Although FHB and CR can be caused by the same pathogen, it has been shown 

recently that genes conferring resistance to these two diseases infecting different tissues 

are different (Li et al. 2010). Results from this study, showing that resistance genes 

involved at different stages of vegetative growth can be different, provide further 

evidence showing the complexity of the resistance to Fusarium infection. Caution needs 

to be exercised when comparing disease severity results obtained from the early 
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seedling assays (Babaeizad et al. 2009; Yang et al. 2010) with those based on the use of 

much older seedlings (Mitter et al. 2006; Li et al. 2008). Clearly, the results obtained in 

this study may also apply to other disease systems. For example, although germinating 

seeds in F. inoculum (Browne and Cooke 2005a) or inoculating detached leaves 

(Browne and Cooke 2005b; Browne et al. 2006) can be used for assessing Fusarium 

head blight resistance, the responsible genes detected by these methods may not be the 

same as those detected by traditional methods of assessing this disease at anthesis.  

In the soil-based assay as described by Li et al. (2008), seedlings are grown in 

tiny cups to allow the processing of large numbers of genotypes. Each of these cups 

holds only about 80 cm3 potting mix. The plants in these containers have only very 

limited nutrients available. Further, water stress is applied to accelerate disease 

development (Li et al. 2008). The limited amount of available nutrients and the water 

stress all shorten the duration of vegetative growth. As a result, some early-maturing 

genotypes could reach booting or even heading stage at the time of disease assessment 

in these soil-based assays. The difference in stages of development is a possible reason 

why not all of the QTL detected by the soil-based assays were detected from the early 

seedling assay conducted in this study. Similar differences were also observed from the 

backcross population where the best lines, as well as both the beneficial and deleterious 

loci, from the early seedling assay were all different from the assay based on older 

plants. These different results suggest that some resistance genes may only express at 

certain stages of development, a phenomenon well documented for other diseases such 

as rust in wheat (Zhang et al. 2008).  

However, we cannot rule out the possibility that the different results were due to 

the very different growing conditions used between these assays. The different 

environments might have allowed the expression of genes with different mechanisms of 

resistance. In either case, although the early seedling assay and the soil-based assay (Li 

et al. 2008) all generated results correlating well with field performance, effects of 

different genes may be detected. Understandably, genes conferring resistance at 

different developmental stages or with different mechanisms could all contribute to the 

successful performance of a variety. The direct effect of seedling resistance is to reduce 

seedling fatality thus maintaining adequate plant density of a crop. It is also well known 

that plant density contributes to grain yield directly, but it could also reduce competition 

from weeds and reduce water loss through evaporation. However, caution apparently 

needs to be exercised when comparing disease severity results obtained from different 

assays. Nevertheless, considering the huge difference in CR resistance between durum 
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and bread wheat (Daniel and Simpfendorfer 2008), those individuals of the backcross 

population, which give similar or better resistance than the hexaploid variety ‘Kennedy’ 

does, should be further assessed and their values in improving CR resistance of durum 

wheat determined.  
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Chapter 7: General discussion 

 
CR is a chronic wheat disease causing significant loss in Australia. Growing 

resistant varieties has long been recognized as a critical component in minimizing the 

damage of this disease (Purss et al. 1966), but such varieties are not yet available. 

Working toward the ultimate goal of improving CR resistance for both bread and durum 

wheat, this project addressed the following aspects of CR resistance: 

a) identified a major QTL on the long arm of chromosome 3B conferring CR 

resistance in hexaploid wheat; 

b) validated the effects of the major QTL in different genetic backgrounds using 

pathogen isolates belonging to two different Fusarium species; 

c) investigated the feasibility of improving CR resistance of durum wheat by 

exploiting chromosome segments from hexaploid wheat; 

d) generated nine sets of NILs for the major 3BL QTL; and 

e) clarified that different genes could be responsible for CR resistance at different 

stages of plant development. 

 

7.1 QTL conferring crown rot resistance 

Prior to this project, QTL mapping had been conducted on three sources of CR 

resistance. Several putative QTL were detected from these genotypes (Wallwork et al. 

2004; Collard et al. 2006; and Bovill et al. 2006). However, each of the QTL detected 

from these genotypes explained only a small percentage of the phenotypic variance and 

none of them were consistently detected even between the different trials reported. 

There was also no report on how these QTL would perform in different genetic 

backgrounds.  

In the early part of this project, a major QTL conferring CR resistance from one 

of the best sources of resistance was identified. This QTL, located on the long arm of 

chromosome 3B, was the first one which was not only consistently detected in each of 

the trials conducted but also showed significant effects in each of the different genetic 

backgrounds analysed. Its resistance was also shown to be effective against pathogens 

belonging to different species (Chapter 3). Recent results indicate that this or a similar 

locus may present in multiple sources of resistance. A 3BL QTL was found to be the 

sole locus conferring CR resistance in the resistant genotype ‘Ernie’ (Li et al. 2010). 

The segregating populations used in these QTL mapping studies do not allow us to 
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clarify whether a single gene is involved in these two different sources of resistances. 

The answer to this question may have to wait until fine mapping work is completed. A 

3B QTL was also reported to be the most significant among those detected in a third 

resistant genotype ‘W21MMT70’ (Bovill et al. 2010). However, a QTL was not 

detected in any part of the 3B chromosome from this same genotype when it was 

crossed with a different parent (Bovill et al. 2006), indicating that the 3B locus from this 

third genotype may express only in specific combinations, thus it could be difficult to 

exploit in breeding programs.  

QTL mapping has become an essential approach for identifying loci controlling 

traits of agronomic importance and QTL for a wide array of characteristics in many 

species have been detected. However, locating QTL is only the first step in improving 

the efficiency of breeding. The value of a QTL is not only determined by its magnitude. 

Several other factors need to be clarified for the effective exploitation of any QTL. 

These include that whether the effects of a QTL can be consistently detected in different 

genetic backgrounds, whether it expresses at different stages of plant development, and 

what interaction it may have with other traits of agronomic importance.   

 

7.2 Developing markers that can be reliably used to tag a QTL 

It is well known that a few markers closely linked with a QTL can enhance the 

capacity of incorporating it in breeding programs. Ideally the markers should be easy to 

use and can reveal polymorphism among breeding materials routinely used in these 

breeding programs. However, it is very important to remember that QTL mapping using 

segregating populations has only limited resolution (Paterson et al. 1988) and markers 

obtained from such a mapping effort can not be reliably used to follow a QTL. One of 

the common misunderstandings is that closely linked markers can be obtained by 

increasing the size of mapping populations. Similarly, increasing the number of 

markers, including the use of either gene analogues or exploiting the synteny between 

wheat and other species, may not help much in obtaining closely linked markers. One of 

the key factors of obtaining such markers is the need for ‘converting’ a quantitative trait 

into a Mendelian factor. This can be achieved by developing and exploiting large 

populations segregating for the target chromosome segment only (Tuinstra et al. 1997). 

Traditionally such a population could be obtained by crossing a NIL set differing at the 

trait of interest but they can now be generated by selfing one or more individuals 

heterozygous for the concerned chromosome segment during the process of developing 

NILs (Tuinstra et al. 1997; Liu et al. 2006). As the genetic background between a NIL 
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set is essentially fixed, NILs can be more effectively exploited in a wide array of studies 

including gene profiling to identify genes conferring a trait, evaluation of QTL effects in 

different genetic backgrounds, investigation of possible interactions between a QTL and 

other traits of agronomic importance.  

 

7.3 Exploiting resistance from hexaploid wheat to improve crown rot resistance of 

tetraploid durum wheat 

Compared with those of hexaploid wheat, varieties of tetraploid durum wheat 

are all highly susceptible to CR (Daniel and Simpfendorfer 2008). As these two wheat 

species share the A and B genomes, exploiting hexaploid chromosome segments to 

improve CR resistance of durum wheat seemed an obvious option when the major CR 

QTL on 3BL was detected from the hexaploid wheat genotype ‘CSCR6’ (Chapter 3). 

For testing this feasibility, a backcross population was generated between the durum 

variety ‘Bellaroi’ and the resistant hexaploid genotype ‘CSCR6’. The major QTL for 

crown rot resistance on chromosome3B from the hexaploid donor spelt wheat was not 

detected in the introgressed durum wheat lines despite the presence of SSR markers 

from the QTL region. Instead, several chromosome segments not associated with crown 

rot resistance in hexaploid wheat showed moderate levels of resistance in the durum 

wheat introgressions. Similar results have also been observed for the major locus 

conferring Fusarium head blight resistance, Fhb-1 which is located on the short arm of 

chromosome 3B. Irrespective of genetic backgrounds, the Fhb-1 locus can always 

reduce FHB severity significantly in hexaploid wheat (Xie et al. 2006). However, the 

major FHB locus does not seem to function when transferred into durum backgrounds.  

These findings highlight the need for more research in this puzzling area of inadequate 

resistance in tetraploids; the issue of susceptibility genes or suppressors of resistance 

(Stack et al. 2002) remains to be fully elucidated. 

One of the possible implications of the results that the major CR resistance loci 

of hexaploid wheat failed to function properly once transferred into durum backgrounds 

is the reliability of locating genes using either single chromosome additions lines or 

substitution lines generated between different species. These genetic stocks have been 

very successfully used to locate many different genes for many years (Kimber 1967; 

Dvořák and Sosulski 1974; Tuleen and Hart 1988). It is no surprise at all if a proportion 

of the genes in these ‘alien’ species may not function properly in the wheat 

backgrounds. Similarly, the beneficial chromosome segments identified for resistance 

from either the early seedling (Chapter 6) or more mature plants in the backcross durum 
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population (Chapter 5) may not necessarily mean these segments would also express in 

the hexaploid wheat. Nevertheless, the huge difference in many characteristics between 

the durum and the hexaploid parents means that the backcross population could be 

valuable for investigating possible effects of hexaploid chromosome segments in durum 

backgrounds on a wide range of characteristics of agronomic importance. The lines 

giving better CR resistance at either of the developmental stages can potentially be 

valuable in improving CR resistance of durum wheat. However, although no D 

chromosome segments were detected in these lines, they all still contain a significant 

proportion of chromosome segments belonging to the A and B genomes of the 

hexaploid wheat (Table 3 Chapter 5). It is important to investigate how much of the 

hexaploid chromosome segments can be removed while retaining their current levels of 

CR resistance.  

 

7.4 Future prospects 

In this project, a major QTL conferring CR resistance was detected. Significant 

effects of this QTL were consistently detected in each of the hexaploid genetic 

backgrounds analysed, using either segregating populations or NILs. It was also shown 

that the resistance conferred by this major QTL was not species specific and the QTL 

was similarly effective against both of the pathogen species tested.  These findings all 

point to the feasibility of breeding hexaploid wheat varieties with high levels of 

resistance to CR.  For more effective breeding of varieties with enhanced CR resistance, 

we need to: 

a) identify a few different major QTL conferring CR resistance. The hexaploid 

wheat genotype ‘CSCR6’ from which the major 3BL QTL was detected is one 

of several novel sources of resistance identified from a screening of over 2,400 

genotypes. Further screening to identify new sources of resistance is required but 

studying the existing ones can also yield new QTL with major effects. Any new 

effort of identifying novel sources of resistance or QTL should bear in mind the 

fact that different genes can be responsible for resistance at different stages of 

plant development; 

b) understand possible interactions between the major 3BL QTL and other traits of 

agronomic importance. The value of a resistance gene is determined not only by 

its magnitude and its consistent expressions in different genetic backgrounds, 

but also by its interactions with other traits of agronomic importance;  
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c) develop user-friendly markers that can be reliably used to tag the major 3BL 

QTL. Among many other possible applications, the NILs developed in the 

project are being used for this purpose; 

d) identify resistance sources that can be used to improve CR resistance in durum. 

It also seems essential to understand why durum varieties all have inadequate 

resistance and why the resistance genes of hexaploid genome do not function 

properly once transferred into the durum background. 
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Appendices 
 

Appendices 1: a linkage map constructed using a recombination inbred line population 

derived from ‘Lang’/’CSCR6’ 
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Appendices 2. Co-located loci not listed on the linkage map and their corresponding 

chromosome (Chr) and loci on the map 
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	3.4.1 Linkage map constructed for the population of ‘Lang’/’CSCR6’
	The 3200 random DArT markers and the 2700 DArT markers from purified chromosome 3B clones generated 635 and 332 polymorphic markers, respectively. These 967 polymorphic DArT markers and 54 polymorphic SSR markers were used for the linkage map construction in the ‘Lang’/’CSCR6’ population. Of these, 776 were assigned to 18 of the 21 wheat chromosomes and they covered a total genetic distance of 912.9 cM. The overall average distance between markers across all linkage groups was about 1.2 cM (Supplementary Table 1). None of the SSR or DArt markers with known chromosome locations were mapped to chromosomes 4D, 5D or 6D. As expected, as many as 198 loci were mapped on the single chromosome 3B. The average distance between a pair of the chromosome 3B markers was 0.6 cM (Appendices 1 and Appendices 2).  

