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Abstract 

 

The root lesion nematode Pratylenchus neglectus and the cereal cyst nematode Heterodera 

avenae cause significant yield damage to wheat (Triticum aestivum L.) and crops that are 

grown in rotation with wheat. The focus of this thesis is on two loci in wheat, Rlnn1and 

Cre8, which confer resistance against P. neglectus and H. avenae, respectively, with an 

overall scientific goal of characterizing these two resistance loci as an initiative towards 

isolation of the causal gene(s) and identification of diagnostic molecular markers for the 

use in marker-assisted selection in wheat breeding programmes. 

The thesis presents improvements to an existing Excalibur/Kukri linkage map of 

chromosome 7A by adding Lr20 (a gene for resistance against leaf rust caused by Puccinia 

triticina), Sr15 (a gene for resistance against stem rust caused by P. graminis), Psy-A1 (a 

phytoene synthase gene), Cat3-A1 (a catalase gene) and 59 new molecular markers. The 

genomic location of the Rlnn1 quantitative trait locus (QTL) was confirmed as the distal 

end of long arm of chromosome 7A (7AL). It coincides with the position of Lr20/Sr15, 

Psy-A1, Cat3-A1 and 34 molecular markers.  

Based on the findings that 1) some markers that collocate with the resistance genes 

Lr20/Sr15 and Rlnn1 are widely separated in mapping populations that do not segregate for 

these genes; 2) when anchored to a chromosome 7A syntenic build, these markers spanned 

a 0.9-Mb region; and 3) no recombinants were found in a large population of recombinant 

inbred lines, it is suggested that the clustering of molecular markers/genes/QTL at the 

distal end of 7AL is due to suppressed recombination. The suppressed recombination in 

Excalibur may be a result of a translocation. This suggestion is based on 1) phylogenetic 

analysis of Psy-A1 alleles; 2) marker amplification patterns that suggested that sequences 

at the distal end of 7AL in Excalibur are very different from those in Kukri and Chinese 



xvii 

 

Spring; 3) amplicons observed for a normally 7B-specific marker that collocates with 

Rlnn1 on 7AL, and 4) FISH images that revealed an unknown putative translocation in 

Excalibur that is absent in Kukri. It seems likely that the Rlnn1-containing segment of 7AL 

may have been translocated from a 7B-like chromosome arm with an unknown ancestry. 

Such a translocation could have pre-dated hexaploidisation and occurred in a tetraploid or 

diploid ancestor.  

The thesis also presents a high-resolution genetic linkage map for a Trident/Molineux 

population. This map was used to confirm the locations of three previously reported QTL 

for H. avenae, including the Cre8 locus mapped as a large-effect QTL at the distal end of 

the long arm of chromosome 6B (6BL), with an estimated position 0.9 cM from the closest 

markers. A cross was designed and made to develop a population for future use in fine 

mapping. With these materials and with the closely-linked molecular markers developed 

here, Cre8 seems amenable to positional cloning.  

In the research conducted for this thesis, the Rlnn1 and Cre8 resistance loci were mapped 

at the distal ends of 7AL and 6BL, respectively and diagnostic markers were identified for 

the use in marker-assisted selection. A suppressed recombination at the end of 7AL 

impedes the prospects of cloning Rlnn1, while the research reported here have identified 

suitable markers and genetic resources for cloning the Cre8 gene with a forward genetics 

approach.  
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Chapter 1 

Introduction 

 

Some plant parasitic nematodes are harmful pests of cultivated crops. For cereals, root 

lesion nematodes (Pratylenchus spp.) and cereal cyst nematodes (Heterodera spp.) are 

particularly problematic. These nematodes are widely distributed and are known to attack 

important cereal crops such as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), 

maize (Zea mays L.), oat (Avena sativa L.) and rye (Secale cereale L.). For major wheat 

producing countries such as China, India, the USA and Australia, these nematodes already 

pose a major threat [116]. 

In Australia, growers lose considerable grain yield annually due to root lesion nematodes 

and cereal cyst nematodes. However, due to the use of cultivars with moderate resistance 

and/or tolerance, along with other disease management practices, the yield loss figures 

have dropped considerably over the years [111, 179]. Regardless of the positive 

advancements over the past few decades, Australian wheat growers still incur a substantial 

crop loss due to root lesion nematodes and cereal cyst nematodes [111]. In the absence of 

proper control measures and when susceptible cultivars are used in rotations, soil numbers 

of these nematodes increase rapidly, which could subsequently lead to major yield losses. 

Therefore, development of new cultivars with resistance is an important aspect in wheat 

breeding programs.  

Three of the predominant nematode pest species affecting wheat production in Australia 

are: the root lesion nematodes Pratylenchus neglectus (Rensch) Filip. & S. Stekho. and P. 

thornei L. and the cereal cyst nematode Heterodera avenae Woll. Several studies have 
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been conducted to map the loci responsible for delivering resistance against these 

nematodes in wheat: these loci either originated in wheat or were introgressed in to wheat 

to improve nematode resistance [33, 39, 40, 75, 76, 118, 145, 151, 164, 197-200, 208, 

209].  

The Rlnn1 resistance locus on the long arm of chromosome 7A (7AL) and the Cre8 locus 

on the long arm of chromosome 6B (6BL), are two of the main loci conferring resistance 

against root lesion nematode (RLN) P. neglectus and cereal cyst nematode (CCN) H. 

avenae respectively [197, 199, 200]. Screening of plant material for resistance against 

nematodes using phenotypic assays is expensive, labour intensive and time consuming. 

Diagnostic molecular marker assays could provide cost-effective high-throughput 

alternatives to phenotypic assays. Even though several molecular markers linked with the 

Rlnn1 and Cre8 quantitative trait loci (QTL) have been identified, none of these markers 

are ideal for marker-assisted selection (MAS); they are not suitable for high-throughput 

screening and may not be linked closely enough with the resistance loci. The advent of 

new molecular marker technologies [6, 16, 132] and publicly available sequence resources 

developed through the International Wheat Genome Sequencing Consortium [22], have 

made it possible to construct high-resolution genetic linkage maps for wheat that are 

saturated with markers that can be used for high-throughput screening.  

The overall scientific goal of the thesis was to characterize two nematode resistance loci 

(Rlnn1 and Cre8) in wheat as an initiative towards isolation of the causal gene(s) and to 

identify diagnostic molecular markers for the use in marker-assisted selection in wheat 

breeding programmes. Accordingly, the specific objectives of the research conducted for 

this thesis were: 1) to fine map the RLN P. neglectus resistance locus Rlnn1; 2) to improve 

the Trident/Molineux genetic linkage map with special emphasis on the Cre8 QTL region 
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of 6BL; 3) to identify or develop diagnostic molecular markers for Rlnn1 and Cre8 to be 

used in MAS; and 4) to develop a large mapping population for fine mapping of Cre8. 

 The thesis consists of eight chapters, as follows: 

Chapter 1 (Introduction): A general background to the research topic, briefly 

identifying the research gaps and stating the specific objectives of the thesis 

research. 

Chapter 2 (Literature review): A comprehensive literature review setting the 

background to the research topic, pointing out the research gaps and giving an 

overview about some of the techniques used in the thesis research. 

Chapter 3 (Genetic mapping and marker development for resistance of wheat 

against the root lesion nematode Pratylenchus neglectus): A report on research 

that confirmed the location of the Rlnn1 QTL on the distal end of 7AL, identified 

and developed diagnostic markers to be used in MAS and provided evidence of 

suppressed recombination at the distal end of 7AL in the cultivar Excalibur. This 

chapter has been published in the journal BMC Plant Biology (Jayatilake et al. 

2013).  

Chapter 4 (Suppressed recombination in a region of wheat chromosome 7A 

that carries loci affecting resistance against a root lesion nematode and fungal 

pathogens): This chapter will be prepared as a manuscript for submission to BMC 

Genomics. We plan to augment it soon with results of additional work still being 

undertaken by collaborators.  

Chapter 5 (Genetic mapping of the Cre8 locus for resistance against cereal cyst 

nematode (Heterodera avenae Woll.) in wheat): A report on research that 

improved the Trident/Molineux linkage map through the addition and ordering of 
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hundreds of new molecular markers, clarified the position of Cre8 on that map and 

developed assays for diagnostic molecular markers for MAS and for fine mapping. 

This chapter has been submitted to the journal Molecular Breeding and is currently 

under review.  

Chapter 6 (Development of materials for fine mapping Cre8): A report on the 

development of a large mapping population, as a genetic resource for future fine 

mapping of Cre8.  

Chapter 7 (General discussion): A discussion on the significance of the research 

reported in this thesis, identification of drawbacks, suggestions for improvements 

and future research directions.  

Chapter 8 (Contributions to knowledge): A list of the significant contributions to 

scientific knowledge arising from this research. For research conducted in 

collaboration with others, this list specifies my personal contributions.  

 

The thesis also has four appendices:  

Appendix 1: Supplementary material of Chapter 3 

Appendix 2: Supplementary material of Chapter 4 

Appendix 3: Supplementary material of Chapter 5  

Appendix 4: A first look at the infection of cereal cyst nematode (Heterodera 

avenae Woll.) and establishment of syncytia in wheat carrying the Cre8 resistance 

allele 
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In the manuscript-style chapters (3 and 5), minor changes have been made to provide a 

consistent format throughout the thesis. These include the renumbering of tables and 

figures and the consolidation of all references into a single list at the end of the thesis. 
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Chapter 2 

Literature review  

 

2.1 Root lesion nematodes 

Root lesion nematodes are migratory endoparasites [78]. Several root lesion nematode 

species (Pratylenchus neglectus, P. thornei, P. penetrans, P. crenatus and P. teres) are 

agronomically important for cereal crops, as they cause yield damage in wheat (Triticum 

aestivum L.), barley (Hordeum vulgare L.), maize (Zea mays subsp. mays L.), oat (Avena 

sativa L.) and rye (Secale cereale L.) [116, 142, 193]. Among these, P. neglectus and P. 

thornei are often associated with yield losses in wheat [165]. According to a review by 

Nicol and Rivoal [115], these two species are widely distributed in Australia, Europe, the 

Indian sub-continent, the Mediterranean basin, the Middle East, West Asia, North Africa, 

and North America. Surveys done in the USA [166] and Australia [36, 140, 179, 182] have 

revealed the presence of one or both of these species at levels sufficient to cause 

considerable yield losses. These nematode species have been estimated to be responsible 

for wheat yield losses up to 37% (P. neglectus) and 85% (P. thornei) respectively [165]. In 

Australia, both species have been reported in almost all wheat growing agro-ecological 

zones [111], and they have been estimated to cause average annual losses of A$ 73 million 

(P. neglectus) and A$ 50 million (P. thornei)[111].  

Generally, the life cycle of root lesion nematodes lasts for 45 to 65 d depending on the 

species and the environmental conditions [1, 165]. The lifecycle begins with mature 

females laying eggs, either inside plant cells or in soil. The first moult happens before the 

eggs hatch and J2 juveniles emerge from the eggs [78]. They undergo two more moults (J3 
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and J4) before morphing into adults. All juvenile stages and the adult have a vermiform 

body shape [1, 165]. They are parasitic and are not confined to one plant [1, 165]. The 

nematodes puncture the root tissues as they enter and then migrate towards the cortical 

tissues [165]. Considerable damage is done by the nematodes that settle in for longer 

feeding hours, than those that exit the root sooner. Furthermore, the free-entry and exit 

behaviour of these nematodes, creates entry points for secondary infection by fungi and 

bacteria [1, 115, 116].  

The above-ground symptoms of root lesion nematodes are non-specific: yellowed leaves, 

premature death of lower leaves, reduced tillers, stunted growth, and reduced grain yield 

and quality [165]. In contrast, the below-ground symptoms are very distinct: brown/black 

lesions that girdle the roots [116]. These necrotic lesions are formed as a result of tissue 

damage, due to feeding and migration of the nematodes within the roots [78, 116]. These 

lesions spread and cover large areas on the roots, leading to root die-off [1, 193]. Infected 

plants can also exhibit secondary symptoms such as ‘witches broom’, irregular root 

swelling and reduction of the root zone [38]. These conditions impair water and nutrient 

uptake, reducing vegetative growth and yield [1].  

Most developmental stages of root lesion nematodes (all except the egg-producing 

females) can overwinter in infected soil/plant material [1]. When conditions become 

favourable, they break dormancy and infect host plants [175]. As Pratylenchus spp. are 

polyphagous, a control strategy via an integrative approach of crop rotation with non-hosts 

(some cultivars of barley, safflower (Carthamus tinctorius L.), triticale (× Triticosecale 

Wittmack), flax (Linum usitatissimum L.), field pea (Pisum sativum L.) and faba beans 

(Vicia faba L.), field sanitation, removal of alternative hosts from the fields, application of 

chemical nematicides and most importantly, the use of resistant and tolerant cultivars are 

suitable for the disease prone regions [116, 165, 177]. A cultivar that is tolerant may not be 
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resistant to root lesion nematodes and vice versa [165]. Combining both resistance and 

tolerance would limit nematode multiplication and lower the yield damage [182]. As a 

result, the cropping frequency of important cereal crops could be increased, with less risk 

of nematode build-up in soil and subsequent yield losses [182]. Often, P. neglectus and P. 

thornei are both present in fields, therefore, cultivars with resistance and tolerance to both 

species would be ideal. However, resistance to P. neglectus is not necessarily effective 

against P. thornei and vice versa [165].  The research conducted for this thesis addressed 

resistance against P. neglectus, but not resistance against P. thornei. 

 

2.1.1 Resistance against Pratylenchus neglectus in wheat 

Controlling P. neglectus through crop rotation is challenging because the polyphagous 

feeding behaviour of the nematode limits the crops that can be used in rotations. Genetic 

resistance in wheat has been looked upon as a sustainable approach to control this pest 

[165]. To my knowledge, no commercial wheat cultivar with complete resistance to P. 

neglectus is available. Some of the varieties that are known to be at least moderately 

resistant to P. neglectus in Australia include Bowie, Wyalkatchem, Cascades, Krichauff, 

Worrakatta, Vectis, Bindawarra, Tatiara, Thew, Aroona, Orion, and Excalibur ([177]; NVT 

Online [120]). In contrast, other Australian varieties including Correll, Kukri, Sunbri, 

Sunlin, Sunvale, Sunstate, AGT Scythe, Annuello, Babbler, Calingiri, Chara, Hartog, 

Gladius, Yitpi, Machete, Janz and Buckley are at least moderately susceptible to P. 

neglectus ([177, 186]; NVT Online [120]).  

Several major and minor QTL affecting resistance against P. neglectus have been 

identified in wheat and in synthetic hexaploids [200, 208]. Using a consensus mapping 

approach, Williams et al. [200] mapped a major resistance locus for P. neglectus in wheat 

on 7AL (designated as Rlnn1). The wheat cultivars Excalibur and Krichauff carried the 
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allele conveying resistance at the Rlnn1 locus. Five other QTL associated with P. neglectus 

resistance have been mapped to the chromosomes 2B, 3D, 4B, 4D and 6D using a 

CPI133872/Janz population [207, 208]. However, only QRlnn.lrc-2B.1 and QRlnn.lrc-

6D.1 were consistently detected as significant QTL [207]. The QRlnn.lrc-6D.1 QTL for P. 

neglectus resistance from Janz and the QRlnt.lrc-6D.1 for P. thornei from synthetic wheat 

CPI133872 were found to be collocating [207, 208]. In barley, QTL conferring resistance 

against P. neglectus have been reported in chromosomes 3H, 5H, 6H and 7H [159].  

 

2.1.2 Pratylenchus neglectus resistance locus Rlnn1 

Having determined that the resistance locus Rlnn1 was linked with the amplified fragment 

length polymorphism (AFLP) marker AGC/CCT179 [200] on chromosome 7A, Williams 

et al. [200] constructed a consensus map of chromosome 7A using small subsets of lines 

from three biparental doubled haploid (DH) populations (25 from Tammin/Excalibur, 30 

from RAC860/Excalibur and 31 from Trident/Krichauff), in which Excalibur and 

Krichauff were the sources of resistance against P. neglectus. In the consensus map [200], 

the leaf rust (Puccinia triticina) resistance locus Lr20 collocated with the restriction 

fragment length polymorphism (RFLP) markers cdo347, psr121 and psr680, the AFLP 

marker AGC/CCT179 and the sequence tagged site (STS) marker schfc3. The Rlnn1 locus 

was estimated to be 9.1 cM distal to Lr20 and 13.6 cM proximal to the simple sequence 

repeat (SSR) marker gwm344. Based on these estimated map distances, the most closely 

linked markers were too far away from Rlnn1 to be effectively used in MAS. Further, most 

of them were not suitable for high-throughput screening. Given the importance of 

resistance to combat the multiplication of P. neglectus in the field, there was a need to 

more precisely map the large-effect Rlnn1 resistance QTL and to identify or develop 

diagnostic markers that could be used in MAS. 
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2.1.3. Other important genes mapped near Rlnn1  

The region of 7AL in which the Rlnn1 has been mapped, is known to have several other 

important genes including a phytoene synthase gene Psy-A1, a catalase gene Cat3-A1, the 

rust resistance genes Lr20 (leaf rust, Puccinia triticina) and Sr15 (stem rust, Puccinia 

graminis f.sp. tritici) and the powdery mildew (Blumeria graminis f. sp. tritici) resistance 

gene Pm1. As discussed before, Lr20 has been mapped proximal to Rlnn1 [200]. Both Sr15 

and Pm1 have been mapped at the same position as Lr20 and it is possible that Sr15 and 

Lr20 both represent a single pleiotropic gene [99, 114, 178]. The Psy-A1 and Cat3-A1 

genes are linked with each other [23], but their positions relative to the Rlnn1, Pm1 and 

Lr20/Sr15 were not known.  

 

2.1.3a Phytoene synthase gene Psy-A1 and the catalase gene Cat3-A1 

Yellowness in wheat endosperm is an important factor that decides the end use of the flour. 

Bread wheat cultivars with yellow flour are preferred in making Cantonese noodles, while 

white flour is preferred for bread making and Japanese noodles. For pasta, durum wheat 

semolina with high yellow pigment is preferred [106]. The yellowness of flour or semolina 

is highly correlated with the yellow pigment concentration, and both measurements can be 

used to grade cultivars and decide which type of an end product it is suited for [106].  

While many QTL related to flour colour have been mapped, it is well established that the 

major QTL affecting the yellowness in bread wheat flour and in durum wheat semolina are 

on chromosome 7A and 7B [10, 24, 70, 83, 97, 125, 134, 139, 204, 206]. No flour colour 

QTL has been detected on chromosome 7D to date. The candidate genes associated with 

the flour/semolina yellowness QTL on group 7 are the phytoene synthase homoeologs Psy-

A1 and Psy-B1 [24, 57, 58, 134, 139, 160] and the catalase gene Cat3-A1 [23].  
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The first rate-limiting step in the carotenoid biosynthesis pathway of flowering plants is 

catalyzed by phytoene synthase (PSY) enzymes, which are considered to be key regulators 

of the yellow pigment concentration [64, 94]. In the carotenoid bio-synthesis pathway, PSY 

enzymes convert two molecules of geranylgeranyl diphosphate (GGDP), into a phytoene 

molecule (Figure 2.1).  

The Psy1 genes of cereals are well characterised. Three paralogs of phytoene synthase 

occur in wheat, rice and maize: Psy1, Psy2 and Psy3 [34, 48, 59, 89, 134, 192]. The 

expression of these genes is tissue specific: PSY1 enzymes are mostly important for 

endosperm carotenoid accumulation and PSY2 enzymes for carotenoid accumulation in 

photosynthetic tissues [34, 48]. The PSY3 enzymes are mostly associated with carotenoid 

accumulation in root tissues and their expression is up-regulated when plants are subjected 

to abiotic stresses [34, 89]. Multiple alleles of Psy1 genes have been isolated and 

sequenced from Triticum and related species. In previous studies [24, 187], the phylogeny 

of Psy1 alleles was reconstructed.  

Another 7AL gene that may affect flour colour is a catalase gene (Cat3-A1). In general 

catalase enzymes have antioxidant properties and thus, act upon endogenous hydrogen 

peroxide (which has a colour bleaching effect), reducing it to water and oxygen. Crawford 

et al. [23], suggested that it is likely that the Psy-A1 alleles and the Cat3-A1 alleles from 

7AL are two of the main regulators of flour colour. 
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Figure 2.1: A schematic representation of the carotenoid biosynthesis pathway of 

plants (based on Lu and Li [94]).  

GAP - glyceraldehyde-3-phosphate, DXS - 1-deoxy-D-xylulose 5-phosphate synthase, 

DXP - 1-deoxy-D-xylulose 5-phosphate, DXR - 1-deoxy-D-xylulose 5-phosphate 

reductoisomerase, MEP - 2-C-methyl-D-erythritol 4-phosphate, HMBPP - 1-hydroxy-2-

methyl-2-butenyl 4-diphosphate, IPP - isopentenyl diphosphate, IPI - isopentenyl 

diphosphate isomerase, DMAPP - dimethylallyl diphosphate, GGPS - geranylgeranyl 

diphosphate synthase, GGDP - geranylgeranyl diphosphate, GGR - geranylgeranyl 

diphosphate reductase, CPS - ent-copalyl diphosphate synthase, KS - ent-kaurene synthase, 

PSY - phytoene synthase, LCYE - lycopene ε-cyclase, LCYB - lycopene β-cyclase, 

CYP97C - carotene ε-hydroxylase (cytochrome P450 type), CYP97A - carotene β-

hydroxylase (cytochrome P450 type), HYDB - carotene β-hydroxylase (nonheme di-iron 

type), ZEP - zeaxanthin epoxidase, NSY - neoxanthin synthase, NCED - 9-cis-

epoxycarotenoid dioxygenase, VDE – violaxanthin de-epoxidase and ABA - abscisic acid. 
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2.1.3b Rust resistance genes on 7AL 

Leaf rust caused by Puccinia graminis f. sp. tritici and stem rust caused by P. triticina f. 

sp. tritici are two of the major fungal diseases that affect bread wheat. Under warm and 

humid weather conditions, leaf and stem rust are responsible for widespread yield damage 

in many wheat growing regions. The characteristic symptoms of leaf rust are the orange-

brown pustules with a circular to oval shape, confined to the upper leaf sheath. Stem rust is 

characterized by much darker reddish-brown, oblong pustules with torn margins that are 

usually present in leaf sheath and in stems [73]. Resistance to rust is affected by many 

genes. Here, only the leaf rust resistance gene Lr20 [13, 190] and the stem rust resistance 

gene Sr15 [191] will be reviewed, due to their map position near Rlnn1on 7AL. The rust 

resistance genes Lr20 and Sr15 have limited agricultural use due to environmental 

sensitivity and development of virulent strains [101]. One such virulent strain against leaf 

rust resistance gene Lr20 found in Australia is  Pt 104-1,2,3,(6),(7),11 [124].   

The rust resistance genes Lr20 and Sr15 are generally accepted to be in complete coupling 

phase linkage with each other and with the powdery mildew resistance gene Pm1 [114, 

178]. Although Watson and Luig [191] did report two recombinants among 116 F2 plants 

and suggested that the genes are not in complete linkage, no follow up experiments were 

conducted to validate these lines. McIntosh [99] reported that heritable mutations that 

affected the powdery mildew reaction did not affect the rust reaction, indicating that Pm1 

may not be the same gene as Lr20 and Sr15. However, changes in leaf rust reaction were 

always associated with changes in stem rust reaction, indicating that the actions of Sr15 

and Lr20 could be pleiotropic.  

Neu et al. [114] mapped the resistance genes Lr20 and Pm1 to 7AL. However, their 

attempt to isolate this gene complex through a forward genetics approach was impaired by 

the clustering of the two resistance genes with molecular markers at the distal end of 7AL. 

In a linkage map constructed by de la Pena et al. [31] for another population, some of these 
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markers were 30 cM apart. Further, no evidence of physical linkage was reported when a 

bacterial artificial chromosome (BAC) library of Triticum monococcum was screened with 

probes for these clustered markers, indicating that they are at least 100 kb apart. Thus, Neu 

et al. [114] suggested that the Lr20 and Pm1 resistance loci are in a chromosome region in 

which recombination is suppressed, possibly due to an alien intogression or a chromosomal 

rearrangement.  

 

2.2 Cereal cyst nematodes 

Cereal cyst nematodes are a group of cyst-forming plant parasitic nematodes [115]. The 

major species of cereal cyst nematodes that cause yield damage to cereals are Heterodera 

avenae, H. latipons and H. filipjevi [115, 116, 165]. These species are typically found in 

temperate, Mediterranean and continental climatic regions respectively [116]. Important 

cereal crops such as wheat, barley, rye and oat are known hosts for H. avenae [103]. As 

reviewed by Nicol et al. [116], H. avenae has been reported in many countries including 

Canada, Australia, China, Japan, India, Pakistan, South Africa, Morocco, Tunisia, Libya, 

Iran, Israel, Saudi Arabia, Turkey, Algeria and most European countries. In Australia, 

cereal cyst nematodes are widely distributed in almost all wheat cultivating areas, except in 

the northern agro-ecological zones [111]. As reviewed by Nicol and Rivoal [115], the 

damage caused by cereal cyst nematodes can range from 15% up to 96% when proper 

control is not in place. In Australia, the damage is now low due to widespread 

implementation of effective management practices [115], however, if uncontrolled, these 

nematodes could cause about A$ 572 million annual loss to the wheat industry [111].  

Plants that are infested with cereal cyst nematodes show non-specific aboveground 

symptoms such as chlorotic older leaves, stunted growth and low tillering, and therefore, 

appear as pale green patches early in the cropping season [115]. These symptoms can 
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easily get confused with those of water and/or nutrient deficiencies. The roots of infected 

plants proliferate excessively, forming a ‘bushy-knotted’ root system. The characteristic 

symptom of cereal cyst nematode infection is the presence of white cysts (egg bearing 

females) on root surfaces. Upon the death of the female nematodes, these cysts eventually 

turn brown. These cysts can remain in soil for a longer period, in a dormant state, until a 

suitable host is found [115, 116, 165]. Cultural practices such as crop rotation with non-

hosts, irrigation, early sowing, trap and mixed cropping, use of inorganic amendments and 

fertilizers have been used to control cereal cyst nematodes [14, 115]. Use of chemical 

nematicides is effective, but is not considered feasible, due to environmental concerns and 

high cost [115]. Crop rotation with non-cereals that do not act as hosts and maintaining a 

clean fallow were reviewed as effective control strategies by Smiley and Nicol [165], 

however, Lilley at al. [91] argued that crop rotation is not a feasible alternative, as there are 

few non-host crops that can be grown profitably. Cultivation of resistant and tolerant 

varieties can reduce the losses due to cereal cyst nematode and reduce the multiplication of 

nematodes in the soil [103] and thus is considered as the best approach for controlling the 

cereal cyst nematode.  

 

2.2.1 Resistance against Heterodera avenae in wheat 

Similar to the case of P. neglectus, much work has been done on improving genetic 

resistance of wheat against H. avenae. Among cultivars grown in South Australia, Catalina 

and Scout have been rated as resistant to H. avenae, Correll, Estoc, Grenade CL Plus, Kord 

CL Plus, Wallup and Yitpi as moderately resistant and Axe, Bolac, Emu Rock, Forrest, 

Impala, Naparoo, Orion, Sentinel, SQP Revenue and Wyalkatchem as susceptible [186].  

Three resistance loci have been mapped in bread wheat and six others have been 

introgressed into bread wheat from related Aegilops species. The resistance loci from bread 
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wheat are Cre1 [164, 198], Cre8 [197, 199] and Qcre.srd-1B [197]. Slootmaker et al. [164] 

first reported a locus on chromosome 2B that confers resistance to H. avenae in the variety 

Loros. The resistance locus was designated as Cre, but later was renamed as Cre1 [102]. 

Williams et al. [198] mapped the Cre1 resistance gene to the chromosome 2BL and 

identified linked RFLP markers. Later, as a result of a cloning attempt, a diagnostic marker 

haplotype was identified for Cre1 resistance gene [32]. The Cre8 resistance locus against 

H. avenae was mapped to 6BL in wheat using Trident/Molineux DH lines [197, 199]. A 

more detailed review on Cre8 will be given in a separate section. Williams et al. [197], 

mapped a novel H. avenae resistance locus on chromosome 1B and designated the locus as 

QCre.srd-1B.  

The introgressed resistance loci include Cre2 [33], Cre5 (CreX) [75, 76] and Cre6 [118] 

from Aegilops ventricosa; Cre3 (Ccn-D1) and Cre4 (Ccn-D2) from Aegilops tauschii [40]; 

and Cre7 (CreAet) resistance locus from Aegilops triuncialis [145]. The Cre3 resistance 

locus was found to be homeologous to Cre1 in wheat [32]. The resistance locus Cre5 is on 

chromosome 2AS [75] and Cre3 and Cre4 are on chromosome 2DL [40]. The 

chromosomal locations of resistance loci Cre2, Cre6 and Cre7 are not known.  

 

2.2.2 Heterodera avenae resistance locus Cre8 

An RFLP marker cdo347 was reported to be associated with H. avenae resistance in the 

cultivar Festiguay and in the Festiguay-derived cultivars Molineux, Barunga and Frame 

[127]. Based on the associations of this resistance with the RFLP markers cdo347 and bcd1 

in a Trident/Molineux population and the use of 6B nullisomic-tetrasomic aneuploid lines, 

Williams et al. [199] ascertained that the Cre8 resistance locus (CreF) is on 6BL. At the 

Cre8 locus, Molineux and Barunga would have inherited their resistance alleles from their 
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common ancestor Festiguay, while Frame would have inherited its resistance allele from 

Molineux.  

Later, by using a Trident/Molineux 6B chromosome linkage map with RFLP markers and 

SSR markers, Williams et al. [197] mapped the Cre8 locus distal to the collocating markers 

cdo347/awbma20 and proximal to the marker gdm147. Their genetic map shows a distance 

of 14.7 cM between these two marker positions and their QTL analysis indicated that 

marker gdm147 was the most closely linked marker to Cre8. 

Montes et al. [107] and Safari et al. [147] attempted to assess the relative impact of the 

CCN resistance loci Cre1, Cre3, Cre4, Cre7 and Cre8. In both cases, it was concluded that 

the Cre8 resistance is less effective than that of Cre1 and Cre3, but that Cre8 in 

combination with other resistance loci (e.g., Cre1 and Cre3) could have a significant 

impact on reducing the nematode multiplication and build-up in soil. However, the 

conclusion of Montes et al. [107] was based on only the cultivar Frame, and thereby was 

not a direct measurement of Cre8. The conclusions of Safari et al. [147] were based on the 

use of the RFLP marker cdo347 to classify Frame/Silverstar DH lines and the use of 

pedigree information to classify cultivars and breeding lines. Without closely linked 

markers, these classifications would have been subject to error.  

The resistance mechanisms exerted by the known CCN resistance genes are poorly 

understood. Attempts have been made to clone the homoelogous genes Cre1 and Cre3 [32, 

84]. This led to the isolation of (1) a gene expressed in the root tissues that encodes a 

polypeptide containing a nucleotide-binding-site (NBS) and a leucine-rich-repeat (LRR), 

and (2) a pseudogene (due to a frame-shift as a result of a deletion) also with a NBS-LRR 

domain. However, successful confirmation experiments were not discussed and it is also 

not known whether these sequences are related to the causal genes. So far, no attempts 

have been made to clone the H. avenae resistance gene Cre8.       
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2.2.3. Plant defence responses to cereal cyst nematode infection  

When nematodes infect plants, resistance and/or tolerance responses in plants get 

activated. Resistance to nematodes in plants refers to the ability of the plants to suppress 

nematode multiplication within the root system, whereas tolerance can be defined as the 

ability of the plants to grow and produce a good yield despite a heavy nematode infestation 

[11, 138]. Plants exert various types of responses such as secretion of chemical exudates 

(repellents, nematotoxins, anti-hatching agents and anti-feedants), histological changes 

(syncytia development and extensive vacuolation) and physiological changes (accelerated 

growth, root proliferation) that define the level of resistance and tolerance of a plant 

variety against nematodes [9, 154]. 

Heterodera avenae completes only one life cycle with in a crop season [167]. The life 

cycle begins when eggs encapsulated in cysts (dead females bearing eggs) hatch and J2 

stage vermiform nematodes are released into the soil [91]. These juveniles migrate toward 

the roots of a suitable host and penetrate the root tissue by thrusting their stylets against the 

root surface [60, 91]. Once inside, the nematodes migrate towards the vascular tissue, 

across the root cortex [91]. Near the vascular tissues, the nematodes penetrate a selected 

target cell and releases secretions to trigger the development of syncytia [60, 91]. A 

syncytium is a multinucleate structure that is acquired by dissolution of the cell walls of 

parenchyma cells and the subsequent fusion of the protoplasm to form one large feeding 

unit [51, 60, 154]. An active syncytium has a densely packed and metabolically active 

cytoplasm, with cell organelles such as mitochondria, plastids, endoplasmic reticulum, free 

ribosomes and small vacuoles [196]. Upon successful initiation of syncytia, the J2 juveniles 

become sedentary [60]. Syncytia act as nutrient sinks for the developing juveniles and the 

depleting nutrients gets continuously replenished by the host plant [60].  
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By the end of the J2 stage, sexual dimorphism becomes evident and the J2 stage nematodes 

undergo two more moults (J3 and J4; each stage lasting 3 to 4 d) and reach the adult stage, 

[60, 91]. Under favourable conditions, most of the juveniles will morph into adult females, 

while under unfavourable conditions they are more likely to morph into adult males [91]. 

At the end of the J4 stage, the male nematodes stop feeding and moult into a vermiform 

adult that is mobile, while the females remain immobile and develop lemon shaped bodies 

that bear eggs at maturity [91]. In time, the female will rupture the root surface and 

protrudes itself and expose its vulva for fertilization [91]. After fertilization the cuticle of 

female nematodes gets gradually tanned by a polyphenol oxidase, forming a shell around 

the body protecting the eggs from outside adversities, until conditions are suitable to begin 

the next cycle [91].  

Plant responses of the resistance loci Cre1 (wheat), Cre3 (Ae. tauschii), Rha2 (barley) and 

Rha4 (barley) have been studied with respect to initial penetration, establishment and 

development of nematodes and the initiation and development of syncytia [51, 117, 154, 

196]. In a field experiment O’Brien and Fisher [117] noted that at 22 d after sowing, there 

was no significant difference in the total number of nematodes between the roots of 

resistant (carrying Cre1) and susceptible lines. However, during the period between 39 and 

63 d after sowing, the total numbers of nematodes increased in the susceptible line but 

remained constant in the resistant line. In a glasshouse experiment, Williams and Fisher 

[196] also noticed that both a resistant line and a susceptible line allowed successful root 

penetration. No differences were observed in the development of the nematodes between 

the resistant line and the susceptible line until 17 d after inoculation (DAI). By 20 DAI, 

females in the susceptible wheat cultivar grew rapidly in body size, but the females in the 

resistant line hardly grew at all. In the resistant line, fewer females matured into egg-

bearing mature adults, leading to an unequal final sex ratio [196].  
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Development of syncytia is a key plant response to the H. avenae nematode infection and 

the histological changes associated with it has been investigated in wheat and barley [51, 

154, 196]. Syncytia can be initiated as early as 2 DAI [154] and be fully differentiated by 4 

or 5 DAI [51, 154, 196]. Grymaszewska and Golinowski [51] reported that syncytia were 

initiated much earlier (4 DAI) in a susceptible line than in a resistant line (around 14 DAI). 

In contrast, Seah et al. [154] reported accelerated syncytia initiation in resistant lines 

compared to susceptible lines at 2 DAI. Both Williams and Fisher [196] and Seah et al. 

[154] observed that syncytium development was similar between resistant and susceptible 

lines of wheat until 13 or 15 DAI. Beyond this period, the syncytial cytoplasm of resistant 

lines was highly vacuolated and seemed to be metabolically less active than that of 

susceptible wheat lines. Seah et al. [154] also reported that the syncytia of susceptible 

cultivars had dense, well stained cytoplasm with many organelles, small vacuoles and 

amorphous matter, indicating metabolically active cytoplasm.  

When compared between resistant lines carrying Cre1 (wheat) and Cre3 (Ae. tauschii) 

resistance loci (based on the appearance of the syncytia at 13 DAI), it was found that the 

responses of Cre1 were less advanced compared to Cre3 [154]. However, no study has 

been conducted to look in to nematode penetration, establishment and development and the 

histological changes associated with syncytia, as a response to H. avenae resistance locus 

Cre8. 
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2.3 Evaluation of resistance against H. avenae and P. 

neglectus 

Evaluation of resistance against nematodes requires quantification of nematode 

populations in roots and soil. This can be labour intensive and therefore costly, especially 

if it involves manual counting of nematodes [119].   

For quantification of P. neglectus, a mist chamber method involving nematode counting 

and a DNA-based quantification method are both in use in Australia. In the mist chamber 

method, nematodes are extracted from seedlings (pre-inoculated with a known inoculum 

concentration) by misting and counted under a dissection microscope [200]. In the DNA-

based method, a Taqman quantitative real-time polymerase chain reaction (qPCR) assay 

[121] is used. The qPCR assay is designed to target a diagnostic site on the nematode 

genome and therefore can be used to identify nematodes at species level. This enables 

quantifying mixed populations of P. neglectus and P. thornei fairly easily and accurately. 

This assay has a fast turnaround time and is highly sensitive. The method also facilitates 

handling of larger sample sizes and thus, more biological replicates can be included to 

increase the precision [121]. Nevertheless, it is still quite costly. One of the concerns 

regarding the use of this method was about the possible overestimation of nematode DNA, 

due to dead organisms in the samples. However, in a study done using P. thornei it was 

concluded that by 7
 
d, 93% of the DNA of dead nematodes were undetectable and after 14 

d dead nematodes were not detectable at all [61]. Therefore, the DNA of the dead 

nematodes has no significant contribution to the estimated nematode DNA in a sample. 

Although DNA-based testing methods have been developed for cereal cyst nematode H. 

avenae [121], the test service offered by SARDI, Australia still employs counting of 

nematodes (cysts).The approach currently used to quantify H. avenae involves inoculation 

of seedlings grown in tubes or pots. In tube tests, seedlings are inoculated with a known 
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number of juveniles at the time of transplanting and then four times at 3 d intervals (aimed 

at observing at least 50 female nematodes in the susceptible lines). Nematode count is 

assessed by counting cysts under a dissection microscope [45]. The tube test is an accurate 

measurement, but it is time consuming and labour intensive. The pot test was developed to 

provide a less expensive approach for use in selection (John Lewis, personal 

communication). In the pot test, seeds are sown in a potting mix inoculated with 25 eggs/g 

and at the time of the assessment, only the number of cysts visible outside the root ball are 

counted, and only up to a maximum of 21 [88]. The pot test is less accurate than the tube 

test but is usually sufficient for distinguishing large differences in resistance. Although 

DNA-based methods have recently been reported to be sensitive enough to detect < 1 H. 

avenae egg/g of soil, they have not yet been implemented routinely at SARDI [121].  

 

2.4 Molecular markers, linkage and QTL mapping 

2.4.1 Molecular markers 

The simplest way to define a DNA marker would be as an assay that detects a DNA 

sequence polymorphism. DNA markers are often used in the development of genetic 

linkage maps, MAS in plant and animal breeding programs, phylogenetic and evolutionary 

studies, disease/pest diagnostics, varietal identification and characterization [52]. There are 

different types of DNA markers, including RFLP, AFLP, randomly amplified polymorphic 

DNA, SSR, STS, Diversity Arrays Technology (DArT™), single nucleotide polymorphism 

(SNP), insertion site based polymorphism (ISBP) and Kompetitive allele-specific 

polymerase chain reaction (KASP™). In recent years, SSR, DArT™, KASP™, ISBP, SNP 

and STS markers have been widely used in wheat [3, 4, 6, 16, 129, 168]. Further, 
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genotyping-by-sequencing (GBS) seems to have a promising future [132]. In this section, 

marker types that were used in the research for this thesis will be discussed. 

SSR markers (microsatellites) target small repetitive motifs that are abundant in eukaryotic 

genomes [52, 143]. The polymorphism is detected as a length polymorphism, which is a 

result of varied number of tandom repeats present in individuals as a result of replication 

errors. SSR markers are multi-allelic and co-dominant [133] and can be assayed as high-

throughput marker assays using multiplexed genotyping methods [56]. Several wheat 

consensus maps were developed using SSR markers [143, 168, 169]. In hexaploid wheat 

SSR markers are evenly distributed except in some centromeric regions and clustering of 

markers is rare [143]. Due to the increasing popularity of new technologies, the use of SSR 

markers has declined, however, it is still advantageous to have SSR markers in linkage 

maps, as it facilitates comparison between maps. 

Single nucleotide polymorphisms can be defined as single positions on the genome, at 

which alternative nucleotides are found among individuals, which is detected as a 

polymorphism [12]. In the wheat genome, SNP polymorphisms are abundant. With the 

wheat genome sequence information that is now available in the public domain [41, 85, 

131, 176], new technologies have been developed that can be used to mine the genome to 

capture polymorphisms and develop assays. Current SNP resources include the wheat SNP 

databases [4, 30] and multiplexed SNP arrays such as  a 9K iSelect Beadchip array [16], a 

90K iSelect Beadchip array [189] and Axiom® Wheat Genotyping Arrays consisting of 

between 35,000 and 817,000 assays (to be released in 2014; Affymetrix, Inc., USA). 

Further, many SNPs can be detected through genotyping-by-sequencing [132]. Recent 

developments in SNP marker technologies have made it possible to generate high-

resolution genetic maps for wheat [5, 6, 16].  
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The ISBP markers target the transposable-elements that are plentiful in wheat genome 

[129, 130]. The ‘IsbpFinder.Pl’ software developed by Paux et al. [130] can be used to 

generate ISBP markers that are mostly genome specific. ISBP markers are designed by 

targeting sequences that flank transposable-elements and amplifying fragments that contain 

transposon junction sequences and/or sequences adjacent to them [130]. These markers can 

be assayed using a wide range of detection techniques including agarose gel 

electrophoresis, capillary electrophoresis, melt curve analysis, SNaPshot
®
 Multiplex 

System and Illumina Bead Array technology [129, 130]. 

DArT™ technology involves hybridization-based assays on microarrays. The assays 

generate a genome-wide fingerprints based on the presence/absence of hybridisation to 

specific DNA fragments derived from samples representing genomic DNA libraries from 

one or more organisms [3, 74]. Prior knowledge of the genomic sequences is not required 

[74]. The DArT™ platform has been used to develop wheat linkage maps in many studies 

[3, 25, 157].  

Another marker technology used in genotyping is the KASP™ technology. KASP™ 

markers are uniplex marker assays that interrogate SNPs or length polymorphisms. 

KASP™ assays involve polymerase chain reaction (PCR) amplification and the 

polymorphism is detected using fluorescence signals. KASP™ technology has been used 

in mapping to achieve high genome-wide marker coverage [5, 6, 180]. At the CerealsDB 

database [26, 194] there are details for approximately 100,000 KASP™ markers including 

map positions, primer sequences and contig sequences from which they were derived.  
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2.4.2 Linkage mapping 

Genetic linkage maps and QTL maps are important resources for crop improvement. A 

genetic linkage map can be defined as a set of markers (phenotypic and/or molecular 

markers), ordered linearly according to their co-segregation pattern, along a chromosome 

or a part of a chromosome [18]. The distance between two adjacent markers is given in 

map units (centiMorgan (cM)) and it is defined as the number of genetic crossovers 

occurring between any two markers/factors among 100 such cases [174]. This basic 

concept was further improved later by the introduction of concepts such as logarithm of 

odds (LOD) scores and mapping functions. Mapping functions are used to estimate the 

genetic map distance between two markers. The Haldane mapping function [54], assumes 

that all crossovers happen independently, whereas Kosambi mapping function [81] takes 

into account the effect of one chiasma (the point where a crossover occur), over the 

occurrence of a second one in its close proximity. 

The use of DNA markers led to the generation of large data sets and thus needed computer 

software to perform the computations in linkage mapping. As a result over the years 

linkage mapping software was developed to suite different requirements. Cheema and 

Dicks [18] discussed the use of several programs, including MapManager QTX, JoinMap, 

MapMaker and AntMap. In addition software like Multipoint [110], MSTMap [109] and 

statistical software such as R [136] can also be used for genetic linkage mapping. 

There are three major steps in linkage mapping: grouping, ordering and spacing [18]. 

Grouping could be based on LOD scores (e.g. MapManager, MapMarker) or based on a 

graph partitioning approach (e.g. MSTMap) [18, 20]. Once markers are grouped into 

linkage groups, ordering of markers is done within each group. The biggest problem in 

ordering is dealing with the large number of possible marker orders and picking the best 

order. All linkage mapping software performs ordering, however, this is sometimes 
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supplemented with the use of specific software such as RECORD [181]. Once marker 

order has been established the map distances between adjacent markers are calculated and 

the cumulative length of all such intervals within a linkage group provides the total length 

of the linkage group [18]. 

The accuracy and precision of linkage mapping can be affected by many factors, including 

missing data points, genotyping errors, population size, chiasma interference and 

segregation distortion [18]. Curation of genetic linkage maps may involve exclusion of 

markers with many missing data points, use of a mapping function such as Kosambi to 

account for chiasma interference, checking for possibly erroneous data points and 

exclusion of markers with segregation distortion [18]. Another important aspect is the 

identification of lines that are genetically identical or nearly identical and that may not be 

independent in origin. If the data for such lines are not removed or combined, they will 

reduce the accuracy of the linkage map (e.g., over estimating map distances in 

chromosome regions in which the duplicated lines carry recombinations).   

 

2.4.3 QTL mapping 

Quantitative traits can be simply defined as traits that exhibit quantitative variation. The 

genomic regions that affect such traits are known as quantitative trait loci. A quantitative 

trait could be controlled by one or more QTL and/or affected by the environment. Given 

the fact that many agronomically important traits such as yield and its components, and 

tolerance and resistance to some abiotic and biotic stresses exhibit quantitative variation, 

the detection and mapping of QTL can be important for crop improvement [20]. QTL are 

detected based on associations between marker genotypes and trait data [20].  
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Over the years several methods of systematic mapping of QTL have been developed. The 

most commonly used approaches are: single marker analysis (SM), simple interval 

mapping (SIM), composite interval mapping (CIM), multiple interval mapping (MIM) and 

whole genome average interval mapping (WGAIM). In SM, the simplest approach, 

associations are identified by comparing mean trait values among genotypic classes at each 

marker locus [43]. One limitation of this method is that the further the QTL is from the 

closest markers, the more difficult it is to detect and accurately estimate QTL effects, due 

to recombination between the markers and the QTL [20]. Other limitations of SM are that 

without prior knowledge about the marker positions, the QTL position relative to a marker 

locus cannot be estimated and when two markers detect strong trait associations it is not 

possible to determine whether they are detecting the same QTL or two different QTL. In 

SIM, associations with trait variation are tested at positions within marker intervals along 

each chromosome [86]. In CIM, which was developed by Zeng [203], background 

interference is removed from the final model by fitting other markers/QTL in the statistical 

model as controls. In MIM [79] analysis is based on models that simultaneously consider 

multiple marker intervals and putative QTL into a single QTL analysis. WGAIM is an 

extension of interval mapping implemented in R package [136], where all intervals of the 

linkage map is considered simultaneously for QTL analysis [183]. 

The test statistics from interval mapping (usually LOD score or likelihood ratio statistics 

(LRS) are often presented as profiles plotted against marker positions on the linkage map 

[20]. As reviewed by Collard et al. [20], a LOD score of 1 corresponds to an LRS value of 

4.6. For a QTL to be considered statistically significant, its test statistic needs to exceed a 

significance threshold [20]. One means of establishing a significance threshold is to 

perform an empirical permutation test using the actual experimental data [19]. Once 

significant test statistics values have been detected in a chromosome region, the position of 
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the QTL is usually estimated as the map position at which the maximum (peak) test 

statistic value was observed.  

The detection of QTL can be affected by many factors such as: genetic factors, 

environmental effects, population size and experimental error [20]. Some of the software 

commonly used for QTL mapping include MapManager QTX, QTL Cartographer, QGene, 

MapMaker/QTL [20]. In addition, Multipoint, GenStat and R packages dedicated for QTL 

mapping are in use.  

 

2.5 Research gaps  

Based on the literature reviewed here the following research gaps were identified:  

1. The QTL mapping of RLN P. neglectus resistance locus Rlnn1 was done using a 

chromosome 7A linkage map with few markers, constructed using a consensus 

approach [200]. Edwards [42] had constructed a good linkage map for a population 

(Excalibur/Kukri) that segregates for Rlnn1, and that population had been evaluated 

for resistance against P. neglectus (Haydn Kuchel and James Edwards, personal 

communication). In our laboratory at the University of Adelaide, Elise Tucker had 

implemented a comparative mapping approach using wheat-rice synteny to develop 

several molecular markers that are closely linked to the Rlnn1, and one of these 

(designated wri2 in this thesis) had been made available to wheat breeders in 

Australia through the Australian Wheat and Barley Molecular Marker Program 

[135]. With new marker technologies and genetic resources there was scope to 

further improve the chromosome 7A genetic map and fine map the Rlnn1 resistance 

locus as an initiative towards cloning of Rlnn1. 

2. The Trident/Molineux linkage map that was used to map the H. avenae resistance 

locus Cre8 had few markers on chromosome 6B [197]. The QTL was estimated to 
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be in a marker interval of 14.7 cM. In our laboratory at the University of Adelaide, 

Julia Brueggemann had added additional SSR markers to the linkage map, and 

Elise Tucker had used a comparative mapping approach to exploit wheat-rice 

synteny and design new markers, one of which had been made available to wheat 

breeders [135]. There was still potential to improve the marker density around the 

QTL region and to develop genetic material to fine map the Cre8 resistance locus 

to facilitate cloning.    

3. Given the high phenotyping costs involved with both P. neglectus and H. avenae, 

the development of  diagnostic markers were needed for MAS, so that the 

phenotyping could be limited to situations where it is essential.  

 

2.6 Overall research goal 

With the increasing world population and scarce land availability for cultivation, the need 

to reduce losses incurred due to biotic stresses such as plant parasitic nematodes is a 

pressing need. The use of moderately resistant varieties has reduced the yield losses, 

however, the absence of varieties that confer complete resistance have stressed on the need 

to release such varieties through wheat breeding programmes. While identification of 

resistance QTL and development of closely-linked molecular markers have contributed for 

the recent advancements, a much deeper understanding about the resistance loci would 

accelerate the progress. Thus, the overall research conducted for this thesis addressed the 

following scientific questions: 

1. Can wheat QTL regions conferring nematode resistance, be characterised to 

identify and validate new diagnostic markers for MAS using new marker 

technologies? 
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2. Can recent advances in genomic resources be used for the identification of causal 

genes conferring resistance against two important nematode pests?   
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Chapter 3 

Genetic mapping and marker development for 

resistance of wheat against the root lesion 

nematode Pratylenchus neglectus 
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3.2 Abstract 

Background 

The Rlnn1 locus, which resides on chromosome 7A of bread wheat (Triticum aestivum L.) 

confers moderate resistance against the root lesion nematode Pratylenchus neglectus. Prior 

to this research, the exact linkage relationships of Rlnn1 with other loci on chromosome 

7A were not clear and there were no simple codominant markers available for selection of 

Rlnn1 in wheat breeding. The objectives of the research reported here were to (1) develop 

an improved genetic map of the Rlnn1 region of chromosome 7A and (2) develop 

molecular markers that could be used in marker-assisted selection to improve resistance of 

wheat against P. neglectus.  

Results 

A large-effect quantitative trait locus (QTL) for resistance against P. neglectus was 

genetically mapped using a population of Excalibur/Kukri doubled haploid lines. This QTL 

coincides in position with the rust resistance gene(s) Lr20/Sr15, the phytoene synthase 

gene Psy-A1 and 10 molecular markers, including five new markers designed using wheat-

rice comparative genomics and wheat expressed sequence tags. Two of the new markers 

are suitable for use as molecular diagnostic tools to distinguish plants that carry Rlnn1 and 

Lr20/Sr15 from those that do not carry these resistance genes.  

Conclusions 

The genomic location of Rlnn1 was confirmed to be in the terminal region of the long arm 

of chromosome 7A. Molecular markers were developed that provide simple alternatives to 

costly phenotypic assessment of resistance against P. neglectus in wheat breeding. In 

Excalibur, genetic recombination seems to be completely suppressed in the Rlnn1 region.  
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3.3 Keywords 

Root lesion nematode, Pratylenchus neglectus, wheat, molecular markers, Rlnn1, Lr20, 

Sr15, Psy-A1 

 

3.4 Background 

The root lesion nematode Pratylenchus neglectus infects a wide range of host plants, 

including wheat (Triticum aestivum L.) and crops that are grown in rotation with wheat. As 

a migratory endoparasite, P. neglectus moves in and out of roots, feeding as it moves 

through the root cortex. It causes lesions on roots, stunts plant growth and can significantly 

reduce crop yield. Plants that reduce the nematode population in root systems and in the 

soil are considered to be resistant. Resistant crop species and cultivars are valuable in crop 

rotations because they reduce the threat to subsequent crops.  

The Australian wheat cultivars Excalibur and Krichauff have long been known to be at 

least moderately resistant against P. neglectus [177, 182]. Williams et al. [200] attributed 

the P. neglectus resistance of these cultivars to a locus (Rlnn1) on the long arm of 

chromosome 7A (7AL). They estimated Rlnn1 to be 9.1-cM distal to the gene Lr20, which 

confers resistance against leaf rust (Puccinia triticina). Lr20 has in turn been reported to 

co-segregate with Sr15 and Pm1 [114, 178], which confer resistance against stem rust 

(Puccinia graminis f. sp. tritici) and powdery mildew (Blumeria graminis f. sp. tritici), 

respectively.  

Evaluation of resistance against P. neglectus can be laborious and costly, requiring 

replicated inoculated trials involving counting of nematodes (e.g., [200]) or the extraction 

of DNA from soil and root systems, followed by real-time polymerase chain reaction 

(PCR) to estimate the quantity of P. neglectus DNA [121]. Molecular markers for Rlnn1 
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could therefore be very useful selection tools in wheat breeding, allowing phenotyping 

resources to be allocated only to progeny that had been pre-selected as likely to carry the 

resistance allele. Williams et al. [200] suggested conversion of the restriction fragment 

length polymorphism (RFLP) marker cdo347 and the amplified fragment length 

polymorphism (AFLP) marker AGC/CCT179, both of which they had reported to be at the 

same position as Lr20, into PCR-based assays for use in marker-assisted selection of 

Rlnn1. To our knowledge, no such assays have been developed. This may have been 

because the reported distance of 9.1 cM seemed too large for such markers to be very 

useful in wheat breeding. 

The phytoene synthase locus Psy-A1 is also in the distal region of 7AL [59]. At this locus, 

there are multiple alleles, conferring different levels of yellow pigment in wheat grain and 

flour [24, 70, 139]. Krichauff and several other cultivars with moderate resistance against 

P. neglectus have been reported to carry either the Psy-A1s or Psy-A1t allele [24, 70], both 

of which are associated with high levels of yellow pigment in flour. Wheat breeders in 

Australia are interested in developing cultivars with both white flour and resistance against 

P. neglectus, but, to our knowledge, they have not identified any materials with this 

combination of traits.  

In the research reported here, a large mapping population was used to map Rlnn1 relative 

to molecular markers and to the genes Lr20, Sr15 and Psy-A1, and new markers were 

developed and validated for use in selection for resistance against P. neglectus. 
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3.5 Results 

Resistance against leaf rust, stem rust and Pratylenchus neglectus 

Evaluation of disease responses against the P. triticina pathotype 104-2,3,6,7 and the P. 

graminis f. sp. tritici pathotype 98-1,2,(3),5,6 indicated that Excalibur and 98 

Excalibur/Kukri doubled haploid (DH) lines carry Lr20/Sr15 resistance, while Kukri and 

74 other Excalibur/Kukri DH lines are susceptible to both rust pathogens. No lines were 

observed to be resistant against one pathogen and susceptible to the other, indicating that if 

Lr20 and Sr15 are two genes (not a single pleiotropic gene), they are in complete coupling 

linkage in the Excalibur/Kukri population. 

The estimated quantity of P. neglectus DNA in the roots of inoculated plants, was 27,553 

pg per plant for Kukri, but only 11,447 pg per plant for Excalibur. Quantitative variation 

for this measure of nematode resistance was observed within both the rust-resistant and 

rust-susceptible categories of Excalibur/Kukri DH lines (Figure 3.1), with the amount of P. 

neglectus DNA detected being significantly (t = 16.4, p < 0.001) lower for rust-resistant 

lines (9,959 pg) than for rust-susceptible lines (21,428 pg). Greater variability was 

observed for the more susceptible class than for the more resistant class (Figure 3.1), 

probably because of inoculation failures (‘escapes’) broadening the phenotypic range 

observed for susceptible lines. Failure of inoculation of individual plants (whether 

genetically resistant or susceptible) would be much more likely to occur than high 

multiplication of nematodes on genetically resistant plants.  
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Figure 3.1: Pratylenchus neglectus resistance of rust-resistant and rust-susceptible 

Excalibur/Kukri doubled haploid lines. 

Classification of lines as carrying or not carrying Lr20/Sr15 rust resistance was based upon 

disease responses observed after inoculation of seedlings with appropriate pathotypes of 

Puccinia triticina and Puccinia graminis f. sp. tritici. Evaluation of resistance against the 

root lesion nematode Pratylenchus neglectus was based upon estimation of the quantity of 

P. neglectus DNA in the roots of inoculated wheat plants. The box spans the interquartile 

range of the estimated quantity of P. neglectus DNA per plant, the horizontal line within 

each box indicates the median. The whiskers extend to show the spread of data within the 

‘inner fence’ (1.5 times the interquartile range beyond the quartiles). The solid black dots 

represent outliers within the ‘outer fence’ (3 times the interquartile range beyond the 

quartiles). The white dot represents an outlier outside of the ‘outer fence’.  
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Genetic mapping 

Analysis of data from the Excalibur/Kukri mapping population, resulted in a high-quality 

genetic linkage map of chromosome 7A (Figure 3.2; Appendix 1- Additional file S1.1: 

Figure S1.1), with Lr20/Sr15 and Psy-A1 collocating with each other and with the 

sequence tagged site (STS) markers schfc3 and sts638, the simple sequence repeat (SSR) 

markers gwm344 and cfa2240 and the Diversity Arrays Technology (DArT
TM

) marker 

wPt-0790 at the distal end of 7AL. Sequencing of the products amplified with 

PSY7A5_F/R primers [24] indicated that Excalibur carries the Psy-A1t (‘very yellow’) 

allele (see Appendix 1- Additional file S1.2: Figure S1.2), while amplification with csPSY 

primers [70] confirmed that Kukri carries the Psy-A1p (‘pale yellow’) allele.  

With QTL analysis using the estimated quantity of P. neglectus DNA per plant as the trait 

value, Rlnn1 was detected as a highly significant QTL (peak LOD = 34; Figure 3.2) at the 

same position as Lr20, Sr15, Psy-A1 and the collocating STS, SSR and DArT™ markers. 

This locus accounted for 60 % of the observed phenotypic variation.  
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Figure 3.2: Genetic map of chromosome 7A showing Rlnn1, Lr20/Sr15, Psy-A1 and 

molecular marker loci. 

From left to right: a map showing the relative locations of the Pratylenchus neglectus 

resistance locus Rlnn1, the leaf rust resistance locus Lr20 and seven molecular markers, as 

reported by Williams et al. [200]; a map showing the relative locations of the resistance 

locus Lr20/Sr15, the phytoene synthase gene Psy-A1 and 39 molecular markers mapped on 

the chromosome 7A using a population of Excalibur/Kukri doubled haploid lines; and a 

graph showing a LOD test-statistic scan from simple interval mapping of resistance against 

the root lesion nematode Pratylenchus neglectus in the Excalibur/Kukri population, with 

resistance evaluated based upon estimation of the quantity of P. neglectus DNA in the 

roots of inoculated wheat plants. The names of three loci common to both maps are 

underlined. The names of five newly developed EST-based markers are shown in red.  

http://www.biomedcentral.com/1471-2229/13/230/figure/F2
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Development of new markers based on comparative analysis between wheat and 

rice 

Since the physical locations of the SSR markers cfa2240 (in the above-mentioned terminal 

marker cluster) and cfa2019 (28.3 cM proximal to the cluster) had both previously been 

assigned to the wheat deletion bin 7AL16-0.86-0.90 [171], 42 unique expressed sequence 

tags (ESTs) from that deletion bin and 45 unique ESTs from the deletion bin 7AL18-0.90-

1.00 were selected for use in comparative genomic analysis with rice (see Appendix 1- 

Additional file S1.3: Table S1.1). Of these 87 ESTs, 60 had BLASTN E-values less than e-

10. Consistent with previous evidence of synteny between the distal part of 7AL and 

chromosome 6 of rice [170], more than half of these ESTs were similar to sequences in the 

terminal region of rice chromosome 6 (19 of 30 ESTs from 7AL16-0.86-0.90, and 15 of 30 

ESTs from 7AL18-0.90-1.00).  

Similarly, the probe sequences of three RFLP markers that had previously been reported to 

be linked with Rlnn1, Lr20 and/or Pm1 [114, 200] showed high similarity with predicted 

genes in the terminal region of rice chromosome 6: PSR148 with LOC_Os06g51150 (1.2e-

260), PSR680 with LOC_Os06g49380 (5.4e-103), and CDO347 with LOC_Os06g51270 

(1.2e-98). The CDO347 sequence also had a significant BLASTN hit (5.7e-88) on rice 

chromosome 2 (LOC_Os02g58560). For PSR121, a probe that had been used to map 

another RFLP near Rlnn1, Lr20 and Pm1 [114, 200] the most significant hit (7.6e-161) was 

on rice chromosome 5 (LOC_Os05g31140). 

Given the evidence that the terminal region of rice chromosome 6 is syntenic with the 

Rlnn1 region of wheat chromosome 7A, sequences from the terminal region of rice 

chromosome 6 were used to retrieve orthologous wheat ESTs and primers were designed 

to flank predicted introns. Analysis of PCR products amplified with primers designed from 

five wheat ESTs [GenBank:BE445506, GenBank:BE445653, GenBank:BF484041, 
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GenBank:CN010180, GenBank:BF483039] detected readily assayable polymorphisms 

between the parents Excalibur and Kukri: 

1. BE445506: The primer pair BE445506_F/R amplified products of approximately 150 

bp from both parents and from an artificial heterozygote (a 1:1 mixture of Excalibur 

and Kukri DNA) (Figure 3.3A). Similar amplicons were obtained for all six Chinese 

Spring group-7 nullisomic-tetrasomic lines (CS N7A-T7B, CS N7A-T7D, CS N7B-

T7A, CS N7B-T7D, CS N7D-T7A and CS N7D-T7B), indicating that this primer pair 

is not genome-specific. With high-resolution melting analysis, a polymorphism 

between Excalibur and Kukri was detected, providing a codominant marker assay 

(wri1) (Figure 3.4A).  

2. BE445653: The primer pair BE445653_F/R (wri2) amplified 7A-specific products 

with differing sizes from Excalibur (586 bp) and Kukri (512 bp). This length 

polymorphism can be scored visually after electrophoretic separation on agarose gels 

(Figure 3.3B), providing a codominant marker assay. Sequencing of the amplicons 

revealed that the 74-bp length polymorphism between Excalibur and Kukri is due to 

the net effect of a number of insertion/deletion polymorphisms, which range in length 

from 1 to 30 nucleotides. Sequence polymorphisms between Excalibur and Kukri were 

also observed at 80 nucleotide sites (see Appendix 1- Additional file S1.4: Figure 

S1.3).  

3. BF484041: The primer pair BF484041_F/R (wri3) amplified three distinct products 

from Kukri (approximately 250 bp, 450 bp and 350 bp which are apparently specific to 

chromosomes 7A, 7B and 7D respectively). In Excalibur, only the 7B- and 7D-specific 

products showed strong amplification (Figure 3.3C). With high-resolution melting 

analysis, Excalibur, Kukri and an artificial heterozygote (a 1:1 mixture of Excalibur 

and Kukri DNA) each had a distinct melting curve, providing a codominant marker 

assay (Figure 3.4B).  
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4. CN010180: The primer pairs CN010180_F1/R and CN010180_F2/R amplified 7A-

specific products from Excalibur and Kukri, respectively. The two clearly visible 

amplicons were of similar size (approximately 175 bp). With sequential loading of the 

two PCR products onto gels, the two complementary allele-specific primer pairs 

(CN010180_F1/R and CN010180_F2/R) provided a codominant marker assay (wri4) 

(Figure 3.3D). 

5. BF483039: The primer pair BF483039A_F2/ BF483039_cpR1, obtained from the 

Wheat SNP Database [4, 30] amplified a product of approximately 600 bp from Kukri, 

but no product from Excalibur, providing a 7A-specific dominant marker (wri5, Figure 

3.3E). 

When assayed on the Excalibur/Kukri DH lines, all five EST-based markers co-segregated 

with gwm344, cfa2240, wPt-0790, schfc3, sts638, Psy-A1, Lr20 and Sr15. 
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Figure 3.3: Amplicons of markers wri1, wri2, wri3, wri4 and wri5 separated by agarose gel electrophoresis.  

(A) wri1, (B) wri2, (C) wri3, (D) wri4, (E) wri5, (1) GeneRuler
®
 100 bp DNA ladder (Thermo Fisher Scientific Inc.), (2) Excalibur, (3) Kukri, (4) 1:1 

mixture of Excalibur and Kukri DNA (artificial heterozygote), the Chinese Spring nullisomic-tetrasomic lines (5) CS N7A-T7B, (6) CS N7A-T7D, (7) 

CS N7B-T7A, (8) CS N7B-T7D, (9) CS N7D-T7A, (10) CS N7D-T7B and (11) water. 

 

 

http://www.biomedcentral.com/1471-2229/13/230/figure/F3


46 

 

 

 

Figure 3.4: High-resolution melting curves for amplicons of markers wri1 (A) and 

wri3 (B).  

Above: normalised and shifted melting curves; Below: normalised and temperature-shifted 

difference plot. Curves are shown for products amplified from genomic DNA of Excalibur, 

Kukri and a 1:1 mixture of Excalibur and Kukri DNA (artificial heterozygote). 

http://www.biomedcentral.com/1471-2229/13/230/figure/F4
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Molecular marker genotypes of resistant and susceptible wheat cultivars  

When assayed on a panel of 25 wheat cultivars, the markers wri2, wri3, wri4, and wri5 all 

clearly distinguished Excalibur and 11 other resistant cultivars (i.e., known to have 

moderate resistance against P. neglectus and/or to carry Lr20/Sr15) from Kukri and 14 

other susceptible cultivars (i.e., known to be susceptible to P. neglectus and to lack 

Lr20/Sr15 resistance). Marker wri1 was able to distinguish Excalibur from Kukri, and it 

additionally detected polymorphisms within the resistant and susceptible classes, for which 

there were three distinct melting curves among the resistant cultivars and at least two 

others among the susceptible cultivars (Figure 3.5). This variation within phenotypic 

classes may reflect sequence polymorphism in homoeologous regions on chromosomes 7B 

and 7D.  

With the csPSY marker, all 11 resistant cultivars provided the same result as Excalibur, 

indicating the presence of the Psy-A1s or Psy-A1t (‘very yellow’) alleles. None of the 

susceptible cultivars gave this result. With sequencing of the region in which the Psy-A1s 

or Psy-A1t alleles have been reported to differ, it was confirmed that all 11 resistant 

cultivars carry the Psy-A1t allele [GenBank:HM006895] (see Appendix 1- Additional file 

S1.2: Figure S1.2). With BstN1 restriction of the csPSY amplicon, each of the susceptible 

cultivars was classified as carrying either the Psy-A1p (‘pale yellow’) or Psy-A1e (‘white’) 

allele.   
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Figure 3.5: High-resolution melting curves for amplicons of the co-dominant marker wri1. 

Normalized and temperature- shifted difference plot for products amplified from genomic DNA of, Excalibur and 11 other cultivars known to carry 

Rlnn1 and/or known to carry Lr20/Sr15 (Group 1: Excalibur, Bindawarra, Bowie, Vectis, Wyalkatchem, Orion; Group 2: Aroona, Tatiara, Thew, 

Cascades; Group 3: BT- Schomburgk, Krichauff) and Kukri and 14 other cultivars known to lack Rlnn1 and/or known to lack Lr20/Sr15 (Group 4: 

Kukri, Sunbri, Calingiri, Sunlin, Sunvale, AGT Scythe, Annuello, Machete; Group 5: Sunstate, Chara, Babbler, Hartog, Buckley, Gladius, Yitpi) 

http://www.biomedcentral.com/1471-2229/13/230/figure/F5
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3.6 Discussion 

Data on 182 progeny lines derived from a cross between Excalibur and Kukri wheat were 

used to map the root lesion nematode resistance locus Rlnn1 as a QTL on 7AL, at a 

position that coincides with several molecular markers and with the rust resistance loci 

Lr20 and Sr15. As expected, the allele from Excalibur conferred greater resistance. For P. 

neglectus and other parasitic nematodes, resistance refers to the ability of the plant to limit 

nematode multiplication and thereby reduce the nematode population in the soil. In field 

experiments, measures of resistance require data on initial and final nematode populations. 

In inoculated experiments such as the one conducted here, estimates of the final 

populations are sufficient, given that the initial population is the same for all plants. In this 

experiment, P. neglectus DNA was quantified in the root systems only (and not in the 

surrounding soil). Accordingly, there could be some unknown confounding from 

differences in the size of the root system. Although root mass was not recorded in this 

experiment, no obvious differences in root size or density were noticed. Given that the 

moderate resistance of Excalibur was originally detected in field experiments [177, 182] 

and that it has been repeatedly classified as moderately resistant using a range of methods, 

its resistance cannot be dismissed as simply an artefact of any variation in root size. 

Our linkage map can be compared to a previously published map [200] based on the 

relative positions of the SSR marker gwm344, the rust resistance gene Lr20 and the STS 

marker schfc3 (Figure 3.2). In addition, the positions of the new markers wri3 and wri4 can 

be compared with the position of the RFLP locus cdo347. This is because wri3 and wri4 

were designed based on EST sequences [GenBank:BF484041 and GenBank:CN010180] 

with high similarity (1.0e-56 and 4.0e-113, respectively) to the rice gene 

LOC_Os06g51270, which was the most significant hit for the CDO347 probe. 
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On the Excalibur/Kukri map, the Rlnn1 QTL and four molecular markers (gwm344, schfc3, 

wri3 and wri4) all collocate with Lr20. In the earlier map [200], schfc3 and cdo347 

collocated with Lr20, but gwm344 was 22.7 cM distal to Lr20 and Rlnn1was about halfway 

between Lr20 and gwm344. These discrepancies are probably due to differences in sample 

size and methodology. The original estimate of the position of Rlnn1 [200] relied upon 

data from three small samples of progeny lines (25, 30 and 31 lines), each derived from a 

different cross. Each line was classified as either resistant or susceptible to P. neglectus 

and a consensus mapping approach was used to map Rlnn1 as a discrete locus. With that 

approach and those sample sizes, any misclassification of lines or mis-scoring of markers 

could have considerably expanded the estimated distance between loci. In our work, trait 

data for P. neglectus resistance, which exhibited bimodal quantitative variation (Figure 

3.1), were used to map Rlnn1 as a QTL, without any attempt to classify the lines into 

distinct categories. 

We detected a very strong association of resistance against P. neglectus with Lr20/Sr15, 

Psy-A1 and 10 collocating molecular markers (gwm344, cfa2240, schfc3, wPt-0790, 

sts638, wri1, wri2, wri3, wri4 and wri5). Of these, sts638 had already been recommended 

[114] for selection of resistance conferred by Lr20 and/or Pm1, but it has the disadvantage 

of being a dominant marker. The markers schfc3, wPt-0790 and wri5 are also dominant, as 

is wri3 when assayed using gel electrophoresis with scoring of the presence or absence of a 

250-bp chromosome 7A-specific amplicon. The markers csPSY, gwm344, cfa2240, wri2 

and wri4 can all be assayed as codominant markers using electrophoresis, while wri1 and 

wri3 can be assayed as codominant markers using high-resolution melting analysis. We 

confirmed that csPSY, wri2, wri3, wri4 and wri5 all distinguish Excalibur and 11 wheat 

cultivars that are known to have moderate resistance against P. neglectus and/or to carry 

Lr20/Sr15, from Kukri and other 14 wheat cultivars that lack the resistance conferred by 

Rlnn1 and Lr20/Sr15.  
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For marker-assisted selection of the root lesion nematode resistance locus Rlnn1, we 

recommend wri2 for gel electrophoresis (Figure 3.3B) and wri3 for high-resolution melting 

analysis (Figure 3.4B). The 7A-specific marker wri2 is suitable for electrophoretic 

separation because it involves a substantial (74-bp) length polymorphism, whilst wri3 can 

be scored as a high-throughput codominant marker using high-resolution melting analysis. 

Either of these markers would also be suitable for selection of the resistance genes 

Lr20/Sr15 and Pm1. They both clearly distinguish between all of the resistant and 

susceptible materials that we have assayed, so they are likely to be useful across a wide 

range of wheat breeding germplasm. 

Other loci within the wheat genome have also been reported to carry sets of co-segregating 

genes conferring resistance against rusts and powdery mildew. These include the 

Lr34/Yr18/Pm38 locus on chromosome 7D, Lr46/Yr29/Pm39 locus on chromosome 1B 

and Lr67/Yr46 locus on chromosome 4D [62, 63, 90, 100, 161, 172, 195]. For the 

Lr34/Yr18/Pm38 locus, a single gene encoding a protein resembling an adenosine 

triphosphate-binding cassette (ABC) transporter has been determined to confer resistance 

against leaf rust, stripe rust (caused by Puccinia striiformis f. sp. tritici) and powdery 

mildew [82]. For Lr20/Sr15 and Pm1, McIntosh [99] found that changes to the Lr20 

disease reaction were always accompanied by changes to the Sr15 reaction, while changes 

to Pm1 were independent, indicating that the genetic determinant of Pm1 resistance is not 

the same as for Lr20/Sr15. There is no particular reason to assume that the Rlnn1 resistance 

effect is due to the same gene(s) as the Lr20/Sr15 or Pm1 resistance effects.  

While coupling-phase linkage of alleles conferring resistance against multiple pathogens 

may be advantageous, the linkage of resistance alleles with a Psy-A1 allele that confers 

high levels of yellow pigment in wheat flour is disadvantageous for markets that favour 

white flour. Recombinant progeny carrying the nematode resistance gene in combination 
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with a low-pigment allele of Psy-A1 would be useful in wheat breeding. We have not 

found any such recombinants. Neu et al. [114] have suggested that Lr20 and Pm1 are in a 

region of suppressed recombination. They proposed that this could be due to an alien 

introgression or a genetic rearrangement. Based on the results presented here, it seems 

likely that Rlnn1 and Psy-A1 are also within the region of suppressed recombination. Based 

on previously reported sequence similarity of the Psy-A1t allele with B-genome alleles 

[24], it seems possible that chromosome 7A of Excalibur and the other resistant cultivars 

carries an ancestral translocation from the terminal region of the long arm of chromosome 

7B.  

Both the observed collocation of the Rlnn1 QTL with Psy-A1 (Figure 3.2) and the 

hypothesis that these loci are in a region of suppressed recombination are consistent with 

the experience of wheat breeders in Australia, who have not (to our knowledge) been able 

to combine Rlnn1 resistance with white flour colour. In addition to limiting the opportunity 

to obtain favourable recombinants between Rlnn1 and Psy-A1 for wheat breeding purposes, 

suppression of recombination could impede positional cloning of Rlnn1, Lr20/Sr15 and 

Pm1. 

 

3.7 Conclusions 

The research reported here has clarified the position of the Rlnn1 locus for resistance 

against the root lesion nematode P. neglectus, by using a large wheat population to map 

Rlnn1 as a QTL, rather than relying upon consensus mapping from small samples. The 

approach adopted here has clearly shown that Rlnn1 is very closely linked with the rust 

resistance gene(s) Lr20 and Sr15, the t allele of the phytoene synthase gene Psy-A1 and 

several molecular markers. Some of the molecular markers developed here are useful for 

wheat breeding; they provide simple alternatives to costly phenotypic assessment of 



53 

 

resistance against P. neglectus and they have been confirmed to be diagnostic across a 

panel of wheat cultivars. The results reported here are consistent with the hypothesis that 

materials with Rlnn1 resistance carry a chromosome rearrangement on 7AL and that this 

suppresses genetic recombination in this region. 

 

3.8 Methods 

Plant materials 

The plant materials used here included the Australian wheat cultivars Excalibur 

(RAC177(Sr26)/Uniculm492//RAC311S; released by the University of Adelaide in 1991)  

and Kukri (76ECN44/76ECN36//RAC549; Madden/6*RAC177; released by the 

University of Adelaide in 1999), 182 DH lines produced from the F1 generation of a cross 

between Excalibur and Kukri, a panel of 25 other wheat cultivars (sourced from the 

Australian Winter Cereals Collection) and six Chinese Spring nullisomic-tetrasomic lines 

(CS N7A-T7B, CS N7A-T7D, CS N7B-T7A, CS N7B-T7D, CS N7D-T7A and CS N7D-

T7B, developed by Sears [155]). 

The 182 Excalibur/Kukri DH lines were selected from 233 such lines for which molecular 

markers had previously been assayed [42]. The remaining 51 DH lines were excluded 

based on examination of the molecular marker data: 43 because they seemed to be 

genetically identical to other lines in the population, 6 because the DNA samples 

representing those lines exhibited more than one allele for numerous markers, indicating 

possible contamination of the lines or DNA samples, and 2 due to possible errors in DNA 

extraction. 

Among the 25 wheat cultivars in the panel, 11 (Aroona, Bindawarra, Bowie, BT-

Schomburgk, Wyalkatchem, Cascades, Krichauff, Thew, Tatiara, Orion and Vectis) are 



54 

 

known to have moderate resistance against P. neglectus and/or to carry Lr20/Sr15, while 

the other 14 (AGT Scythe, Annuello, Babbler, Buckley, Calingiri, Chara, Gladius, Hartog, 

Machete, Sunbri, Sunlin, Sunstate, Sunvale and Yitpi) are susceptible to P. neglectus and 

do not carry Lr20/Sr15. 

 

Evaluation of resistance against leaf rust, stem rust and Pratylenchus neglectus 

Resistance against rust pathogens was evaluated using the methods described by Bariana 

and McIntosh [8]. Two sets of seedlings were sown, one for inoculation with the P. 

triticina (Pt) pathotype 104-2,3,6,7 (PBI culture no. 231) and one for inoculation with the 

P. graminis f. sp. tritici (Pgt) pathotype 98-1,2,(3),5,6 (PBI culture no. 279). For each 

pathogen, 176 Excalibur/Kukri DH lines (six of the lines that had been genotyped were 

excluded due to insufficient seed availability or poor germination) were sown in 9-cm 

plastic pots (five seeds per line and four lines per pot) filled with a mixture of pine bark 

and river sand. Sown pots were fertilized with balanced fertilizer Aquasol
®

 (10 g/10 L for 

100 pots). Seedlings were raised in a controlled-environment microclimate room 

maintained at 20 ± 2 °C. At 7 d after sowing, urea was applied at the same rate as the 

Aquasol
®
. At the two-leaf stage (10 to 12 d after sowing), urediniospores suspended in 

light Shellsol T
®

 mineral oil were atomised on the seedlings using a hydrocarbon pressure 

pack. The Pt-inoculated seedlings were incubated for 24 h in a misting room fitted with an 

ultrasonic humidifier. The Pgt-inoculated seedlings were incubated for 48 h under natural 

light conditions at 18 ± 2 °C on water-filled steel trays covered with plastic hoods. 

Seedlings were then transferred to a microclimate room maintained at 18 ± 2 °C. Infection 

type assessments of each line were made 14 d after inoculation using the 0 - 4 scales 

described by McIntosh et al. [101]. Each line was classified as resistant or susceptible to 

leaf and stem rust. 
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Evaluation of resistance against P. neglectus was carried out by the South Australian 

Research and Development Institute Root Disease Testing Service, Adelaide [121]. Plants 

were grown in a partially replicated experiment using four blocks sown at weekly intervals. 

Thirteen lines had to be excluded from this experiment due to insufficient availability of 

viable seed. Excalibur, Kukri and each of 170 Excalibur/Kukri DH lines, were each 

assigned to one block, while each of 50 Excalibur/Kukri DH lines was assigned to two 

blocks. Seeds of Excalibur, Kukri and the Excalibur/Kukri DH lines were pre-germinated 

over a period of 2 d in a misting chamber maintained between 22 and 24 ⁰C. For each 

experimental unit, five pre-germinated seeds were sown in tubes (55 × 120 mm) containing 

350 g of steam-pasteurised sand. These tubes were arranged in crates according to a pre-

determined design, with each experimental unit consisting of a row of five adjacent tubes. 

Watering was carried out by flooding the tubes up to a 100-mm depth for 4 min, every 3 d.   

The P. neglectus inoculum used in the study was sourced from plants grown in Cambrai 

soil in South Australia. The culture was maintained in carrot calli using methods modified 

from Moody et al. [108] and was subcultured every 90 d. The nematodes were extracted 

from the carrot calli using a mist chamber as described by Hooper [68]. Nematodes were 

counted in three 250-µL samples of extract and the inoculum was adjusted to a final 

concentration of 1,500 nematodes /mL by diluting with sterile water. One week after 

sowing, each tube was inoculated by making two 50-mm-deep holes close to the seedling 

and dividing a 1-mL aliquot of the inoculum between the two holes. After inoculation, 

watering was suspended for 3 d. On the second day after inoculation, 1.4 g of a slow-

release fertiliser (Osmocote, Scotts Miracle-Gro, USA) was added to each tube and the 

sand surface was covered with a layer of plastic beads to reduce evaporation and mould 

development.  

Eight weeks after inoculation, the plants were removed from the tubes. The roots were cut, 

washed with running water to remove all soil and dried at 60 ⁰C. For each plant, total DNA 
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was extracted from air dried roots as has been described for soil DNA extraction [55, 141]. 

Quantitative real-time PCR (qPCR) was performed on an ABI PRISM® 7900HT instrument 

using TaqMan® Minor Groove Binder probe (Applied Biosystems, Foster City, CA, USA). 

The TaqMan probe (6FAM- 5´- CATTGGGCTCAGAAAC -3´) was used at 200 nM final 

concentration with a forward primer (5´- CACGGACCAAGGAGTTTATCG - 3´) and a 

reverse primer (5’- CGAGGACATGTTTCACTTTCATTG - 3´), each at 400 nM final 

concentration. The qPCR reactions were prepared using the QuantiTect Probe PCR Master 

Mix (QIAGEN GmbH, Hilden, Germany). The PCR conditions were 50 °C for 2 min; 95 

°C for 15 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The quantity of 

P. neglectus DNA per plant was calculated using a standard calibration curve obtained 

from 10-fold serial dilution series of purified P. neglectus genomic DNA.  

The resulting phenotypic data were analysed using the REML directive in GenStat 

v15.3.0.9425 (VSN International Ltd., UK), employing a model that included random 

effects for the experimental block and the parental or DH line. Comparisons of the P. 

neglectus resistance between the rust-resistant and rust-susceptible groups were carried out 

by applying a two-sample t test to line best linear unbiased predictions (BLUPs) for P. 

neglectus DNA per plant, assuming unequal group variances.  

 

Wheat-rice comparative analysis and development of new markers from wheat 

ESTs 

Because the physical locations of the Rlnn1-linked SSR markers cfa2019 and cfa2240 had 

previously been assigned to wheat deletion bin 7AL16-0.86-0.90 [171], 87 unique ESTs 

from the two terminal deletion bins 7AL16-0.86-0.90 and 7AL18-0.90-1.00 of wheat 

physical EST maps in GrainGenes database [27] were used as BLASTN queries to search 

the rice genome sequence at Rice Genome Annotation Project database [28, 80]. In 
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addition, probe sequences of the Rlnn1 and/or Lr20/Sr15/Pm1-linked RFLP markers 

cdo347, psr121, psr148, and psr680 from the GrainGenes database [27] were used as 

BLASTN queries against the GenBank Triticum EST database at NCBI [112]. BLAST hits 

with E-values less than e-40, were retrieved and used to query rice coding sequences at the 

Rice Genome Annotation Project database [28, 80]. Once an orthologous region of the rice 

genome was identified, the sequences of predicted rice genes in that region were used as 

BLASTN queries to search the GenBank Triticum EST database at NCBI [112] for wheat 

orthologues. Sequence comparisons of the rice genes with their putative wheat EST 

orthologues were used to predict the positions of wheat introns, and PCR primers were 

designed to span predicted introns. In addition, primer sequences that had previously been 

designed for wheat ESTs assigned to 7AL16-0.86-0.90 and 7AL18-0.90-1.00 were 

obtained from the Wheat SNP Database [4, 30]. Newly designed PCR primer pairs and 

those obtained from the SNP database (Table 3.1) were used to amplify products from 

genomic DNA of Excalibur and Kukri using PCR conditions described in Appendix1 

(Additional file S1.5). For each primer pair, the amplicons from Excalibur and Kukri were 

examined for polymorphism using electrophoresis on agarose gels, high-resolution melting 

analysis in a Roche LightCycler
®
 480 and/or sequencing.  
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Table 3.1: PCR markers designed based on five wheat expressed sequence tags (ESTs). 

Marker EST Forward primer (5’-3’) Reverse primer (5’-3’) 

wri1 BE445506 BE445506_F TCAGACAATTTAGTGGATGCTCG BE445506_R CCGCAAAGTAGCACGCCTT 

wri2 BE445653 BE445653_F TGGACACTGGGTTCATCGAGGA BE445653_R AGCAAGCACACTAGCCACTCTGTTT 

wri3 BF484041 BF484041_F TTCTCGCTGCAAAACTATGGC BF484041_R TTCACAGATCCAGTGCTTATGTCG 

wri4 CN010180 CN010180_F1 

CN010180_F2 

ATGGGGCCTCTTCGG 

ATGGGGCCTCTTCGC 

CN010180_R GSAAACATCTGTCTGATTACARAATAAG

AA 

wri5 BF483039 BF483039A_F2 GCAGCTACTTTGAACCCTTCAG BF483039_cpR1 CGACCGTCTTCCCGAACAGC 
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Partial sequencing of Psy-A1 and BE445653 

The primer pair  PSY7A5_F/R [24] was used to amplify a region of the gene Psy-A1 from 

the cultivars Excalibur, Aroona, Bindawarra, Bowie, BT-Schomburgk, Wyalkatchem, 

Cascades, Krichauff, Thew, Tatiara, Orion and Vectis using conditions given in Appendix 

1 (Additional file S1.5). PCR products were cleaned up using NucleoSpin
®

 Gel and PCR 

clean-up kit (MACHEREY-NAGEL GmbH & Co. KG). Sequencing was carried out at 

Australian Genome Research Facility Ltd., Adelaide by capillary separation on the Applied 

Biosystems 3730xl DNA analyzer (Applied Biosystems, CA, USA). The sequences of 

Excalibur and 11 other cultivars were aligned to Psy-A1t allele sequence of the breeding 

line WAWHT2074 [GenBank:HM006895] [24] and Psy-A1s allele sequence of the cultivar 

Schomburgk [GenBank:EU649795] [70] with the multiple align module implemented in 

Geneious
®
 6.0.4 (Biomatters Ltd., New Zealand) with default settings.  

Primer pair wri2_F/R was used to amplify a region of BE445653 from the cultivars 

Excalibur, Bowie, Wyalkatchem, Cascades, Krichauff, Kukri, Machete, AGT Scythe, 

Chara, Gladius, Buckley and Yitpi using the conditions described in Appendix 1 

(Additional file S1.5). PCR purification, sequencing and sequence analysis and alignment 

were performed as described above. 

 

Genotyping of molecular markers 

The STS markers schfc3 (designed based on the STS marker FC7 [126]) and sts638 [114], 

the Psy-A1 marker csPSY [70] (see Appendix 1 - Additional file S1.5: Table S1.2) and five 

new markers (wri1, wri2, wri3, wri4 and wri5, Table 1.1) were assayed on Excalibur, 

Kukri and each of the 182 Excalibur/Kukri DH lines, using PCR conditions described in 

Appendix 1 (Additional file S1.5). For markers wri2, wri4, wri5, schfc3 and csPSY, 

genotypes were assayed on 2.0 to 2.5 % agarose gels (see Appendix 1 - Additional file 
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S1.5). For markers wri1, wri3 and sts638, genotypes were assayed using high-resolution 

melting technology [201] in a Roche LightCycler
®

 480 using conditions reported in 

Appendix 1 (Additional file S1.5). Melting curves were analysed using the gene scanning 

module of Roche LightCycler
®
 software version 1.5.0. The five new markers (wri1, wri2, 

wri3, wri4 and wri5) and csPSY were also assayed on the panel of 25 wheat cultivars, on 

the Chinese Spring nullisomic-tetrasomic lines (CS N7A-T7B, CS N7A-T7D, CS N7B-

T7A, CS N7B-T7D, CS N7D-T7A and CS N7D-T7B) and on an artificial heterozygote 

(created by combining equal amounts of Excalibur and Kukri 50-ng/µl DNA).  

 

Genetic mapping 

For each rust pathogen, each Excalibur/Kukri DH line for which all plants were resistant 

(infection type of 0 - 2) was classified as carrying the Excalibur allele of the corresponding 

rust resistance gene and each line for which all plants were susceptible (infection type of 3 

- 4) were classified as carrying the Kukri allele. Four lines that exhibited mixed responses 

(some resistant plants and some susceptible) were treated as having missing data for the 

rust resistance loci. Similarly, for each molecular marker, each DH line was classified as 

carrying the same allele as Excalibur or the same allele as Kukri. Six markers that had 

originally been mapped on chromosome 7A [42] were excluded due to ambiguous 

genotypic scores (gdm125, gwm681, wPt-7299, wPt-2260 and wPt-1259) or a high 

frequency of missing data (wPt-6668). The newly assayed markers (wri1, wri2, wri3, wri4, 

wri5, sts638 and schfc3), the phytoene synthase gene Psy-A1 and the rust resistance locus 

Lr20/ Sr15 were added to the existing chromosome 7A genetic linkage map [42] using the 

‘distribute’ function of MapManager QTXb20 [96] (search linkage criterion set at a LOD 

threshold of p = 1e-6; map distance estimation done using Kosambi mapping function 

[81]). The marker order was refined using RECORD [181] and the goodness-of-fit of the 
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marker order was examined by plotting pairwise recombination fractions against LOD 

linkage statistics. Line BLUPs of the quantity of P. neglectus DNA per plant were used to 

map Rlnn1 as a QTL on the resulting genetic map by interval mapping as implemented in 

Qgene 4.3.10 [77] with a step size of 1 cM and a significance threshold for detection of 

QTL set by performing 1000 permutations with a genome wide Type I error rate of 0.05. 

The final linkage map and QTL graph was plotted using MapChart v2.2 [184].  
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4.1 Introduction 

The results reported in Chapter 3 provided strong evidence that the root lesion nematode P. 

neglectus resistance QTL on 7AL (Rlnn1) collocates with the rust resistance genes Lr20 

(conferring resistance against leaf rust caused by Puccinia triticina [13, 190]) and Sr15 

(conferring resistance against stem rust caused by Puccinia graminis f. sp. tritici [191]), a  

phytoene synthase gene (Psy-A1; [59]) and 10 molecular markers in Excalibur/Kukri 

genetic background. This clustering of markers/genes and a QTL at the distal end of 7AL, 

is consistent with the suggestion of Neu et al. [114] that suppressed recombination in the  

Lr20/Pm1 (Pm1:conferring resistance against powdery mildew Blumeria graminis f. sp. 

tritici [156]) region. Neu et al. [114] speculated that the suppression of recombination 

could be due to an alien introgression or a genetic rearrangement.  

The resistance alleles of Rlnn1, Lr20/Sr15 and Pm1 are in tight coupling linkage with the 

‘t’ allele of Psy-A1 (Chapter 3; [99, 114, 178]). This coupling phase linkage of the 

resistance alleles with an allele associated with ‘very yellow’ flour colour (Psy-A1t) is not 

desirable for bread-making (Chapter 3). To my knowledge, no released wheat variety 

carries the desirable resistance alleles for Rlnn1and Lr20/Sr15 and whiter flour colour (i.e., 

any Psy-A1 allele other than ‘t’). This further indicates the difficulty of finding natural 

recombinants between these genes, despite much effort by the breeders.   

Among the collocated loci mentioned above, only Psy-A1 has been extensively 

characterised at the molecular level. The availability of Psy1 allele sequences from wheat 

and close relatives presented opportunities to investigate the evolutionary history of the 

Psy1 gene (and thus its genomic region). Results of phylogenetic analysis conducted by 

Crawford et al. [24] indicated that even though the Psy-A1t allele has been genetically 

mapped on 7AL [24, 125], it is more closely related to the Psy1 alleles of the S genome of 

Aegilops speltoides (a likely progenitor of the wheat B genome [53]) and to some B 
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genome alleles from T. aestivum and Triticum turgidum ssp. dicoccon than to other A-

genome Psy1 alleles. Crawford et al. [24] proposed that this could be due to an ancient 

allele sorting or a genetic rearrangement such as a translocation.   

In the research reported here, further investigations were conducted to 1) improve the 

Excalibur/Kukri chromosome 7A linkage map and refine the map position of the Rlnn1 

locus (presented in Part A of this chapter, which reports on addition of new molecular 

markers); 2) investigate if there is suppressed recombination at the distal end of 7AL in the 

cultivar Excalibur (presented in Part B of this chapter, which reports evidence from other 

mapping populations, a syntenic build of Chinese Spring chromosome 7A and a set of 

Excalibur/Kukri recombinant inbred lines); and 3) if there is suppressed recombination, to 

understand the biological basis for this phenomenon (presented in Part C of this chapter, 

which reports on evidence based on Psy1 allele sequences and analysis of selected 

amplicons of markers mapped to the region). 

 

4.2 Part A – Improving the Excalibur/Kukri chromosome 

7A linkage map and refining the map position of the 

Rlnn1 locus 

 

4.2.1 Objectives 

1. Improve the Excalibur/Kukri chromosome 7A linkage map by taking a targeted 

approach to fill the large intervals and to map molecular markers distal to the ‘terminal 

cluster’.  

2. Refine the marker order and the mapped position of the Rlnn1 locus.  
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3. Identify additional diagnostic markers for MAS. 

 

4.2.2 Methods 

Plant materials 

The materials used in this part were the Australian cultivars Excalibur and Kukri, 182 DH 

lines developed from the F1 generation of a cross between Excalibur and Kukri, a panel of 

25 wheat cultivars sourced from the Australian Winter Cereals Collection (Aroona, 

Bindawarra, Bowie, BT-Schomburgk, Wyalkatchem, Cascades, Krichauff, Orion, Thew, 

Tatiara, Vectis, AGT Scythe, Annuello, Babbler, Buckley, Calingiri, Chara, Gladius, 

Hartog, Machete, Sunbri, Sunlin, Sunstate, Sunvale and Yitpi) and six Chinese Spring 

nullisomic-tetrasomic lines CS N7A-T7B, CS N7A-T7D, CS N7B-T7A, CS N7B-T7D, CS 

N7D-T7A and CS N7D-T7B developed by Sears [155].   

 

Marker assays  

Pre-existing markers  

KASP
™

 marker assays 

Fifty-three published KASP
™

 markers mapped to chromosome 7A were selected from the 

CerealsDB database [26] and from those reported by Allen et al. [6]. These markers were 

assayed on Excalibur, Kukri and 20 Excalibur/Kukri DH lines at LGC Genomics Ltd., UK 

and/or on a Roche LightCycler
®
 480 (Roche Products Pty. Ltd., Switzerland), according to 

methods described in Appendix 2 (Additional file S2.1). Genotypic calls were made using 

the end-point genotyping module implemented in Roche LightCycler
®
 480 software 

release 1.5.0 (Roche Products Pty. Ltd., Switzerland). 
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Gel-based marker assays 

The markers AWW5L7 [153], a marker for a polymorphism in Cat3-A1 [23] and AWW622 

(AWW622_F 5`- CCTCTTCAGGTGGCTGACCAAGTAG - 3`; AWW622_R 5`- 

CCTTGTCAGATTAGGAGAATTTTGC - 3`; Margaret Pallotta, unpublished) were 

assayed on Excalibur, Kukri and the Excalibur/Kukri DH lines using the conditions 

described in Appendix 2 (Additional file S2.1), with polymorphisms visualised using 

agarose gel electrophoresis.   

 

Development of new HRM-based marker assays 

One sample of Excalibur DNA, one sample of Kukri DNA, two samples of an artificial 

heterozygote (prepared by combining equal amounts of 50-ng/µl parental DNA), and three 

samples of each of two DNA pools (an ‘Excalibur-like pool’ and a ‘Kukri-like pool’ 

prepared by combining 50 ng/µl DNA from 20 Excalibur/Kukri DH lines each, with fixed 

Excalibur haplotype or Kukri haplotypes in the Rlnn1 QTL region) were genotyped using 

the Illumina Infinium 9K iSelect genotyping array [16]. Based on the results of this assay, 

sequence polymorphisms that were strongly associated with polymorphism in the Rlnn1 

region were selected and were used as the basis for primer design with BatchPrimer 3 

[202] for the development of high-resolution melting (HRM)-based marker assays.  

Using a BLASTN search approach, molecular markers mapped to the end of 7AL in the 

Excalibur/Kukri linkage map were anchored to the Chinese Spring chromosome 7A 

syntenic build 7AL_v0.1 and 7A_SynBuild_v2.0 at the Wheat Genome Database [29, 85]. 

Contig sequences of the syntenic builds were extracted from selected regions and ISBP 

markers suitable for assaying with HRM technology were designed using the IsbpFinder 

program [129].   
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Whole-genome shotgun survey sequences (Illumina 100-bp paired-end, 10× coverage) of 

cultivars Excalibur and Kukri that had been generated by Bioplatforms Australia [7, 41] 

were quality checked and filtered using custom scripts that were designed to trim and 

remove adapter sequences and low quality reads. The Chinese Spring contig sequences 

from positions 16,900,000 through 17,969,999 of 7A_SynBuild_v2.0  were extracted from 

the Wheat Genome Database [29] and used as reference sequences for mapping of the 

Excalibur and Kukri shotgun sequence reads with Bowtie2 [87] (parameters: --very-

sensitive --mp 30,25 --rfg 15,13 --rdg 15,13 --np 15 --no-unal --no-mixed, and all 

remaining parameters kept as default). Polymorphisms were detected using custom scripts 

in a semi-automated approach. Candidate SNPs were selected based on two criteria: 1) 

coverage was required to be greater than 5 for each sample and 2) the base call had to be 

constant within the samples (no ambiguous calls), but different between samples. The 

output was visualized using Tablet 1.13.07.31 [105]. Sequences from targeted regions with 

SNP polymorphisms between cultivars Excalibur and Kukri were extracted and were used 

to design HRM-based assays using BatchPrimer 3 [202].  

All HRM-based primer pairs were assayed on a Roche LightCycler
®
 480 based on methods 

described in Appendix 2 (Additional file S2.1). The normalized shifted melting curves 

and/or normalized temperature-shifted difference plots were examined for polymorphism 

between Excalibur and Kukri using the gene scanning feature of Roche LightCycler
®
 

software 1.5.0. All polymorphic HRM-based primers were assayed on 182 Excalibur/Kukri 

DH lines.  

Selected polymorphic primer pairs were also assayed on Chinese Spring nullisomic-

tetrasomic lines CS N7A-T7B, CS N7A-T7D, CS N7B-T7A, CS N7B-T7D, CS N7D-T7A 

and CS N7D-T7B to assess genome specificity. In addition the marker AWW5L7 was 

assayed on the cultivars Halberd, Cranbrook and on the artificial heterozygote. 
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Linkage and QTL mapping of the DH mapping population 

New markers were added to the existing Excalibur/Kukri chromosome 7A linkage map 

(Chapter 3) using MapManager QTXb20 [96] with the function ‘distribute’ (search linkage 

criteria set at p = 1e-6) and the marker order was refined using RECORD [181]. Using the 

same BLUPs of the P. neglectus nematode DNA (pg) per plant that were used in Chapter 

3, SIM was implemented in Qgene 4.3.10 [77] with a step size of 1 cM to map Rlnn1 QTL 

on the new chromosome 7A genetic map. The LOD threshold to identify significant QTL 

was estimated by performing 1000 permutations with a genome-wide Type 1 error of 0.05. 

The linkage map and QTL graph were plotted in MapChart v2.2 [184].  

 

Marker validation 

All markers mapped to the ‘terminal cluster’ were assayed on a wheat panel of 25 cultivars 

(Aroona, Bindawarra, Bowie, BT-Schomburgk, Wyalkatchem, Cascades, Krichauff, Orion, 

Thew, Tatiara, Vectis, AGT Scythe, Annuello, Babbler, Buckley, Calingiri, Chara, 

Gladius, Hartog, Machete, Sunbri, Sunlin, Sunstate, Sunvale and Yitpi). 

 

4.2.3 Results  

Marker assays  

The Excalibur/Kukri genetic linkage map reported in Chapter 3 had a large 23.7-cM 

interval proximal to the ‘terminal cluster’ and no molecular markers mapped distal to the 

‘terminal cluster’. Additional markers, both pre-existing and newly designed for the 

purpose, were assayed on the Excalibur/Kukri DH lines.  

 



72 

 

Pre-existing marker assays 

Out of 53 KASP™ assays (Appendix 2 – Additional file S2.1: Table S2.1) that had 

previously been mapped to chromosome 7A in other materials [6, 26], 22 detected clear 

polymorphisms between Excalibur and Kukri.  

With the AWW5L7 primer pair, which had previously been reported to detect a length 

polymorphism between Halberd (956 bp) and Cranbrook (877 bp) that mapped on 

chromosome 7B [153], an 877-bp product was amplified from Kukri and two products 

were amplified from Excalibur. One of the Excalibur products was similar in length to the 

products from Cranbrook and Kukri, while the other was slightly longer than the product 

from Halberd (Figure 4.1). The presence/absence polymorphism was readily detected 

through gel electrophoresis.  

The Cat3-A1 marker [23], also resulted a presence/absence polymorphism, with a 761-bp 

product amplified from Kukri but no product amplified from Excalibur (Figure 4.2A). The 

polymorphism was readily detected through gel electrophoresis. The primer pair 

AWW622_F/R amplified products of approximately 300 bp and 600 bp from Kukri, but 

only a 600-bp product from Excalibur (Figure 4.2B). That polymorphism was readily 

assayed with gel electrophoresis and scored as a dominant marker based on the presence or 

absence of the smaller amplicon. Application of this marker to nullisomic-tetrasomic 

aneuploid stocks indicated that the larger amplicon is specific to chromosome 7B, while 

the smaller one is specific to chromosome 7A.  
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Figure 4.1: Amplicons of marker AWW5L7 separated by agarose gel-

electrophoresis.  

From left to right: (1) GeneRuler
®
 100 bp DNA ladder (Thermo Fisher Scientific Inc.), (2) 

Cranbrook, (3) Halberd, (4) Excalibur, (5) Kukri, (6) an 1:1 mixture of Excalibur and 

Kukri DNA (artificial heterozygote), (7) CS N7A-T7B, (8) CS N7A-T7D, (9) CS N7B-

T7A, (10) CS N7B-T7D, (11) CS N7D-T7A, (12) CS N7D-T7B and (13) Water. 



74 

 

 

 

 

 

 

 

 

 

Figure 4.2: Amplicons of markers Cat3-A1 (A) and AWW622 (B) separated by 

agarose gel-electrophoresis.  

From left to right: (1) GeneRuler
®
 100 bp DNA ladder (Thermo Fisher Scientific Inc.), (2) 

Excalibur, (3) Excalibur, 4) Kukri, 5) Kukri, 6) GeneRuler
®
 100 bp DNA ladder (Thermo 

Fisher Scientific Inc.), (7) Excalibur, (8) Excalibur, 9) Kukri, 10) Kukri and 11) 

GeneRuler
®
 100 bp DNA ladder (Thermo Fisher Scientific Inc.).     

 

Development of new HRM-based marker assays 

Thirty-four HRM assays (Table 4.1 to 4.3) were developed for sequence polymorphisms 

between Excalibur and Kukri. These comprised: (1) 15 polymorphisms identified by 

genotyping pooled DNA from each of two contrasting sets of Excalibur/Kukri DH lines on 

an iSelect genotyping array [16]; (2) 16 putative ISBP sites identified from genomic 

sequence of chromosome 7A; and (3) 3 SNPs between Excalibur and Kukri sequences. 
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Table 4.1: Primer sequences of newly designed molecular markers based on the 9K-iSelect genotyping array 

Marker name SNP index  Primer sequence (5` to 3`) Marker type 

wri17 iwa4601 Forward: GCGTTGCCAATACTGAAGAAGC Codominant 

Reverse: TTACCGAAACAGTTCAATCCACA 

wri18 iwa2012 Forward: GGGTATGACTGTCAAACTGATACGG Codominant 

Reverse: ATGCCGATGTTGTTCCAGTGA 

wri19 iwa7074 Forward: CTCAGGTTCTCTGTTAGAAGGCAA Codominant 

Reverse: GAGGGTTTGTCAAGGAAACCAA 

wri20 iwa4993 Forward: TTAGAGGCGCGCTGAATAAG Codominant 

Reverse: TGACCTGACCTGACCTGACC 

wri21 iwa4994 Forward: TGTGGTGATGAACTGGTTGTGTAAT Codominant 

Reverse: TAAAACAAAACAACTGGACCCTT 

wri22 iwa7184 Forward: CATGTCTTGTGCCTTGGATTTG Codominant 

Reverse: GAGAGCAGGATTGGACTCGG 

wri23 iwa3371 Forward: AGTCAATAAGTTACTCCTCCTGGG Codominant 

Reverse: CGAGGAAGAATAGGTAGGTGTCG 
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wri24 iwa4364 Forward: TCGTGGTTATAAGGTTACGATGTG Codominant 

Reverse: TCCGTACGAGAAACTCACTCTG 

wri25 iwa4433 Forward: CATTCTATCGCATGCACCAA Codominant 

Reverse: TCACTGCAAGACCGTGATTC 

wri26 iwa4176 Forward: AGCATGAAGCTGTGGAACCT Codominant 

Reverse: TATGATGCAGAGCCAGCAAA 

wri27 iwa6424 Forward: GCCTGCCAATGTGAAGTTG Codominant 

Reverse: CAAAGTTGCTACTGAGTTGACTGCTA 

wri28 iwa6772 Forward: GAGGTCGTTGCCGGTAAAAT Codominant 

Reverse: GGTTCTATCCCGGCTACCTT 

wri29 iwa7005 Forward: CCTTGCCTTCCTTGATCTTG Codominant 

Reverse: GGCTTGTGAAATCACAGTGG 

wri30 iwa5904 Forward: CGCTTCAGAGGAGATCCAAG Dominant 

Reverse: AGGACCATCTGCCACTCATC 

wri31 iwa0795 Forward: GGTAGACCACCACACCATGC Dominant 

Reverse: GCGTACGAGTATGGCAACAG 
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Table 4.2: Primer sequences of newly designed insertion site-based polymorphism 

markers 

Marker name Primer sequence (5` to 3`) Marker type 

wri32 Forward: GAGAGCACTCCAAAACTGGC Codominant 

Reverse: TTCAGAATCGGGACAAAAGG 

wri33 Forward: TGGCCCATCTTACATTCTCA Codominant 

Reverse: CTGCGCAGAGACAATGATTC 

wri34 Forward: GCTTGGTTCTGCATTGGATT Codominant 

Reverse: TGGTCAAACTTTACGAGGCTT 

wri35 Forward: CACACATGCTTCATCCGAAC Codominant 

Reverse: GTGGCCTTGGGCTTACTGT 

wri36 Forward: GGCTCAGTCTTTCGAAGGTG Dominant 

Reverse: CTACGGGAGAGCTATTCGCC 

wri37 Forward: GGCTCAGTCTTTCGAAGGTG Dominant 

Reverse: CTACGGGAGAGCTATTCGCC 

wri38 Forward: TGCCCGAGGAATAGCATATC Dominant 

Reverse: TTCGATGATGATTCCAGTTG 

wri39 Forward: TTCTCCTCGTTTCGACTCGT Dominant 

Reverse: TGCAAAAACATCTCATATTGTGG 

wri40 Forward: ATGGGGAAGGGACGACTAAG Dominant 

Reverse: TAAAGGTCCCATTTGAACCG 

wri41 Forward: TGTTGGTCTCTTCCTCCTCG Dominant 

Reverse: TGTGATCATGCACAACATGG 

wri42 Forward: AAAGGGCACAGGAGCTATGA Dominant 

Reverse: CATTTCTACGACAAGTAATTCCGA 

wri43 Forward: TGTCAAAGTAGCATCGAAAACG Dominant 

Reverse: ATCTATATGCGGTGAAGGCG 

wri44 Forward: CTCTATGCATGGGTGCAATG Dominant 
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Reverse: GCCGACTAAGAAGTTGGCTG 

wri45 Forward: TTGCACCGTTCCATTGAATA Dominant 

Reverse: ACGGAGGGAGTATCACACAA 

wri46 Forward: CACCCAACCCTAGTTAGCGA Dominant 

Reverse: TGAGGCAAATCTTTTGCATTT 

wri47 Forward: GGTAAAAGTTGTGACCTAAAACGTC Dominant 

Reverse: CGTGCACCTTATCACCTCCT 

 

 

Table 4.3: Primer sequences of molecular markers designed based on single 

nucleotide polymorphisms between Excalibur and Kukri sequences  

Marker name Primer sequence (5` to 3`) Marker type 

wri48 Forward: CTCGGGTAGGTCCATGAAAA Codominant 

Reverse: AATCCTGCATCGAGATTTGG 

wri49 Forward: CAAAACCGTACCCAATCTCG Codominant 

Reverse: GTACGTGCCAGGTTTTGGTT 

wri50 Forward: GCTACCAGTCGGTGTCCTG Codominant 

Reverse: ATCCGACACGTCAACACAAA 

 

 

Among the 34 newly designed HRM-based markers, 20 could be scored as codominant 

markers based on normalised-shifted melting curves and/or normalized temperature-shifted 

difference plots (e.g., Figure 4.3A and B) and the other 14 could be scored as dominant 

(presence/absence) markers (e.g., Figure 4.3C).  
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Figure 4.3: High-resolution melting curves of insertion site based polymorphism 

marker wri41 and wri34 and 9K-iSelect array derived markers wri30 and wri28.  

Codominant markers ISBP marker wri34 (A) and 9K-iSelect marker wri28 (B) above: 

normalised and shifted melting curves; below: normalised and temperature-shifted 

difference plot. Dominant markers (C) above: melting curves of ISBP marker wri41 and 

below: melting curves of 9K-iSelect marker wri30. 

 

Linkage and quantitative trait locus mapping 

A total of 59 markers (34 newly developed markers, 22 published KASP™ markers, 

AWW622, AWW5L7 and a marker that assays a polymorphism in a catalase gene Cat3-A1 

[23]), were added to the existing Excalibur/Kukri linkage map of chromosome 7A (Figure 

4.4). The Cat3-A1 marker and 24 other markers cosegregated with Lr20/Sr15, Psy-A1 and 

10 previously mapped markers that collocate with the estimated position of the Rlnn1 QTL 

as reported in Chapter 3. There were also clusters of three or more cosegregating markers 



81 

 

at 1.1 cM (7 markers), 4.4 cM (11 markers) and 8.2 cM (3 markers) proximal to the large 

‘terminal cluster’. The position and effect of the Rlnn1 QTL (LOD - 32; R
2
 - 59%; additive 

effect - 5452) remained consistent with that reported in Chapter 3.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Genetic map of chromosome 7A showing Rlnn1, Lr20, Sr15, Psy-A1, 

Cat3-A1 and molecular marker loci.  

From left to right: a map showing the relative locations of the resistance loci Lr20 and 

Sr15, the phytoene synthase gene Psy-A1, catalase gene Cat3-A1 and 97 molecular markers 

mapped on chromosome 7A using a population of Excalibur/Kukri doubled haploid lines; 

and a graph showing a LOD test-statistic scan from simple interval mapping of resistance 

against the root lesion nematode Pratylenchus neglectus in the Excalibur/Kukri population, 

with resistance evaluated based upon estimation of the quantity of P. neglectus DNA in the 

roots of inoculated wheat plants as reported in Chapter 3. The newly added 59 molecular 

markers are coloured in red.  
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Marker assisted selection and genome specificity 

When assayed on a panel of 11 wheat lines known to be moderately resistant to Rlnn1 

and/or carry the resistance loci at Lr20/Sr15 (Aroona, Bindawarra, Bowie, BT-

Schomburgk, Wyalkatchem, Cascades, Krichauff, Orion, Thew, Tatiara and Vectis) and 14 

wheat lines known to be at least moderately susceptible and not carry the Rlnn1 resistance 

allele (AGT Scythe, Annuello, Babbler, Buckley, Calingiri, Chara, Gladius, Hartog, 

Machete, Sunbri, Sunlin, Sunstate, Sunvale and Yitpi), products from 8 markers (ISBP 

markers wri43 and wri45; 9K-iSelect array derived markers wri31, wri27, wri28 and 

wri29; AWW5L7 and the Cat3-A1 marker) were diagnostic. Out of these the HRM-based 

markers wri27, wri28 and wri29 can be recommended for the use in MAS of Rlnn1 (as 

others were dominant markers), along with the wri2 and wri3 markers recommended in 

Chapter 3.   

Results obtained by assaying the new markers from the ‘terminal cluster’ on a series of 

nullisomic-tetrasomic stocks indicated that all ISBP markers (wri41, wri42, wri43, wri44, 

wri45, wri46 and wri47) and one 9K-iSelect marker (wri31) were specific to chromosome 

7A. The product amplified from the Cat3-A1 gene and the smaller-size product from 

marker AWW622 were also specific to chromosome 7A.  
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4.3 Part - B: Is recombination suppressed in the distal 

end of chromosome 7AL? 

 

4.3.1 Objective 

Investigate if the clustering of markers/genes and the Rlnn1 QTL at the distal end of 7AL 

is a result of suppressed recombination.  

 

4.3.2 Method 

Plant material 

The plant material used in this part includes 1988 F4:5 recombinant inbred (RI) lines 

developed from the F1 generation of a cross between Excalibur and Kukri. 

 

Other mapping populations 

Map positions of the markers mapped to chromosome 7A of Avalon/Cadenza linkage map 

were downloaded from the CerealsDB SNP database [26] and of CPI133872/Janz from the 

supplementary material of Cavanagh et al. [16]. The map positions of the common markers 

between the Excalibur/Kukri linkage map and Avalon/Cadenza and/or CPI133872/Janz 

were compared.  

 

Anchoring molecular markers to the Chinese Spring chromosome 7 syntenic builds 

As described in Part A, the molecular markers from the ‘terminal cluster’ were anchored to 

the Chinese Spring chromosome 7 syntenic builds at the Wheat Genome Database [29] by 
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a BLASTN query (comparison matrix - BLOSUM62; E-value - 1e-32) using relevant 

amplicon/contig/EST sequences. The best hit position with a sequence identity of ≥ 97% 

was considered as the putative anchor position on the Chinese Spring syntenic builds 7A, 

7B and 7D.  

 

Screening of Excalibur/Kukri recombinant inbred lines  

DNA was extracted from 1988 Excalibur/Kukri RI lines using a method described by Fox 

et al. [46]. For 863 of these lines, the DNA had already been extracted from bulks of leaf 

tissue collected from five F4:5 plants per line. For, the other 1127 lines, the DNA were 

extracted from leaf tissue sampled from one F5 plant. Markers wri34 and wri2 were 

assayed (according to methods described in Appendix 2 (Additional file S2.1) and 

Appendix 1 (Additional file S1.5) respectively) to identify recombinants between markers 

wri34 and wri2 (‘recombinant sub-set’) and lines with residual heterozygosity at marker 

wri2 for further investigation. 

For each line from the ‘recombinant sub-set’ a new DNA extraction was done using a 

phenol-chloroform method modified by Pallotta et al. [123] from Rogowsky et al. [144] 

and the DNA was used to assay 59 molecular markers/gene markers according to the 

methods described in Appendix 1 (Additional file S1.5) and Appendix 2 (Additional file 

S2.1). The markers were re-ordered according to the recombination break-points based on 

a graphical representation of the genotypes. Further a marker csPSY that distinguishes 

between the Psy-A1 (phytoene synthase) alleles of Excalibur and Kukri [70] was assayed 

on 1167 of the Excalibur/Kukri RI lines using conditions described in Appendix 1 

(Additional file S1.5).  
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From each line in which residual heterozygosity was detected, four F5:6 plants per line were 

grown to maturity in a glasshouse. Leaf tissue was sampled from each plant at the seedling 

stage and DNA was extracted using the method described by Fox et al. [46]. Seven 

codominant markers (wri34, wri22, wri23, wri24, BS0014249, BS0004348 and wri2) and 

two dominant markers (wri40 and wri41) were assayed on the progeny lines to identify 

recombinants, pairs of sibling plants with different alleles at the distal end of 7AL (‘sister-

lines’) and plants with residual heterozygosity at wri2 (according to methods described in 

Appendix 1 (Additional file S1.5) and Appendix 2 (Additional file S2.1).  

 

Evaluation of resistance against the root lesion nematode Pratylenchus neglectus 

and the leaf rust pathogen Puccinia triticina 

Resistance against P. neglectus was evaluated according to methods described in Chapter 3 

with a slight modification in P. neglectus DNA quantified per pot than per plant. That is, 

the DNA was extracted from both the root and soil as opposed to just the roots in the 

method described in Chapter 3. 

Evaluation of resistance against P. neglectus was carried out by the SARDI Root Disease 

Testing Service, Adelaide [121] in four experimental blocks sown at weekly intervals. 

Three separate sets of entries were included in this experiment:  

a. Set A: 25 F5-derived pairs of Excalibur/Kukri RI ‘sister-lines’.  

In each of the four experimental blocks, each of these pairs was represented 

by one F7 plant homozygous for the Excalibur wri2 allele and (in an 

adjacent position) one F7 plant homozygous for the Kukri allele. These pairs 

of lines were included in order to verify the effect of the Rlnn1 region.  

b. Set B: Excalibur, Kukri, 14 Excalibur/Kukri RI lines (with recombinations 

between marker cluster 4 and the ‘terminal cluster’) and 6 Excalibur/Kukri 
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RI progeny lines (descending from heterozygous plants with recombinations 

between marker cluster 5 and the ‘terminal cluster’). The recombinant RI 

and RI progeny lines were included to check whether Rlnn1 was proximal 

or distal to the recombination breakpoints.  

Three plants of each of these lines were allocated to each of the four 

experiment blocks, providing a total of 12 replicates for these entries. These 

lines were included to check whether Rlnn1 was proximal or distal to the 

recombination breakpoints. Another eight lines (seven DH and one RI) were 

also included at the same level of replication. 

c. Set C: 749 other Excalibur/Kukri RI lines and 39 other Excalibur/Kukri RI 

progeny lines carrying the Excalibur allele at wri2. 

Each line was represented by a single plant in the entire experiment. These 

plants were included in order to screen a large number of progeny for 

possible recombination between Rlnn1 and its linked markers. Only one 

replicate was included for each line in order to maximise the number of 

lines that could be screened in the available experimental units. Lines with 

the Excalibur allele at wri2 were deliberately chosen as it was anticipated 

that in a single-plant evaluation, apparently susceptible plants from those 

lines would be more reliable indicators of recombination than apparently 

resistant plants from lines with the Kukri allele at wri2, because the latter 

could be plants that had escaped infection.  

Subsequently, Excalibur, Kukri, one Excalibur/Kukri DH line, the Triticale cultivar 

Abacus as a resistant check, two pairs of Excalibur/Kukri RI ‘sister-lines’ and six other 

Excalibur/Kukri RI lines were re-evaluated with eight plants of each line arranged 

according to a pre-determined design in a single experimental block (Set D).  
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Statistical analysis of the data was performed using the AS-Reml package in the R 

statistical environment [136]. For the replicated set (Set B) a linear mixed model was fitted 

with P. neglectus DNA as the response variable, genotype as a fixed effect, and the various 

design factors as random effects. These included block, crate, row and column with a 

separate residual variance for each block. Best linear unbiased estimates (BLUEs) were 

calculated for each genotype along with the p-value from the test of whether each genotype 

was significantly different to both Excalibur and Kukri. The genotypes in the un-replicated 

set (Set C) and the replicated set (Sets A and D) were fitted as random effects and hence 

BLUPs were calculated for each genotype along with the p-value from the test of whether 

each genotype was significantly different to Excalibur. 

Evaluation of resistance against P. triticina was done on 1283 Excalibur/Kukri lines 

(including 1207 Excalibur/Kukri RI lines, 17 pairs of Excalibur/Kukri RI ‘sister-lines’ (8 

pairs had to be excluded due to insufficient seed availability) and 42 Excalibur/Kukri RI 

progeny lines) using methods described by Bariana and McIntosh [8] and under the same 

conditions that are described in Chapter 3. The infection assessment was done based on the 

scale described by McIntosh et al. [101].  

 

4.3.3 Results  

Other mapping populations 

Some of the markers that collocate in the Excalibur/Kukri linkage map have also been 

assayed on other wheat populations, and were widely separated in the resulting maps. In an 

Avalon/Cadenza map (CerealDB SNP database [26]), markers span a genetic distance of 

6.5 cM, while in CPI133872/Janz (supplementary material of Cavanagh et al. [16]) 

markers span a genetic distance of 28.5 cM (Figure 4.5) 
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Figure 4.5: Schematic representation of the map positions of common markers 

between Excalibur/Kukri and other published linkage maps.  

Comparison between Excalibur/Kukri and Avalon/Cadenza [6] linkage maps (Left) and 

Excalibur/Kukri and CPI133872/Janz [16] linkage maps (right). 

 

Anchoring markers to the Chinese Spring chromosome 7 syntenic builds 

Some of the markers could be anchored onto short-read genomic sequence syntenic builds 

of one, two or all three Chinese Spring group-7 chromosomes at the Wheat Genome 

Database [29, 85]. Markers that could be anchored to a syntenic build with at least 97% 

sequence identity and E-value ≤ 1e-33 spanned estimated physical distances of 0.9 Mb on 

7A_SynBuild_v2.0, 0.3 Mb on 7B_SynBuild_v2.0 and 0.3 Mb on 7D_SynBuild_v2.0 

(Figure 4.6; Appendix 2 - Additional file S2.2: Table S2.2 to S2.4).  
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Figure 4.6: A graphical illustration of the anchored positions of markers from the 

‘terminal cluster’ on the Chinese Spring syntenic builds 7A (A), 7B (B) and 7D (C).  

The homoeologous marker positions between the builds are connected with lines coloured 

to correspond to the marker or marker cluster. Numbers on the left-hand side of the vertical 

bars represent the BLAST hit start position on the syntenic builds.    
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Identification of recombinant progeny and reordering markers 

A large set of Excalibur/Kukri RI lines that had already been developed by the Australian 

Centre for Plant Functional Genomics provided a genetic resource to screen for additional 

informative recombinants.  

Among 1934 Excalibur/Kukri RI lines with unambiguous genotypic calls for both wri2 

(from the ‘terminal cluster’) and wri34 (which mapped 8.2 cM proximal to that cluster), 

194 were identified as carrying recombinations between wri2 and wri34. When 56 

molecular markers that mapped at the distal end of 7AL were assayed on this ‘recombinant 

subset’, some of the markers that were collocated in the Excalibur/Kukri DH linkage map 

(Figure 4.4) could be separated and ordered based on recombination break-points (Figure 

4.7; Appendix 2 – Additional file S2.3: Table S2.5). However, even in the ‘recombinant 

subset’, Lr20/Sr15, Cat3-A1, Psy-A1 and 34 markers co-segregated.   

When 94 lines from the ‘recombinant sub-set’ with the Excalibur allele at wri2 were 

evaluated for resistance against P. neglectus using single plants, only two had estimates of 

P. neglectus DNA/pot that differed significantly from the corresponding estimate for 

Excalibur (p < 0.05; Figure 4.8). The lines were selected from 194 lines found to be 

recombinant between markers wri2 and wri34 known as the ’recombinant sub-set’. 

Similarly, when individual plants from another 626 Excalibur/Kukri RI lines with the 

Excalibur allele at wri2 were assessed for resistance against P. neglectus, only 13 lines 

differed significantly from Excalibur (Figure 4.9). Among the 39 Excalibur/Kukri 

recombinant inbred line progeny none differed significantly from Excalibur (p < 0.05; data 

not shown). 

These numbers are less than would be expected by chance (5 % of 94 = 4.7; 5 % of 626 = 

31.3). For six of these apparently susceptible lines, there was sufficient seed available to 
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permit re-evaluation in a replicated experiment. In that experiment, all six lines had 

estimated amounts of P. neglectus DNA/pot that were significantly lower than that of 

Kukri and very similar to that of Excalibur (Figure 4.10), making it unlikely that these 

lines actually carry recombinations between wri2 and Rlnn1.  

 

Figure 4.7: A graphical representation of the separation and re-ordering of 

molecular markers from the distal-end of chromosome 7AL.  

Schematic representation of the marker positions in the distal end of chromosome 7AL in 

cM (left), marker clusters with 182 Excalibur/Kukri DH mapping population (middle), and 

separation and ordering of markers/marker clusters using the 194 Excalibur/Kukri RI lines 

in the ‘recombination sub-set’ and the recombinants identified among the progeny of 

heterozygous lines at wri2 (right). 
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Figure 4.8: Frequency histogram showing the distribution of 94 Excalibur/Kukri 

recombinant lines carrying the Excalibur allele at the marker wri2.  

The lines, which were selected from a ‘recombinant sub-set’ of 194 lines with 

recombination between markers wri2 and wri34, were assayed using single plants. The 

parents Excalibur and Kukri were assayed with 12 replicates each. 

 

Among 1934 Excalibur/Kukri RI lines assayed with marker wri2, residual heterozygosity 

was detected in only 104 lines (5%). From 72 of these, it was possible to isolate individual 

F5 plants that were heterozygous at wri2. When nine molecular markers that flank 

recombination break-points (Figure 4.7; Appendix 2 (Additional file S2.3: Table S2.5); 

cluster 6: wri34, cluster 5: wri22, cluster 4: wri23, cluster 3: wri24, cluster 2: BS0014246 

and wri40, terminal cluster: BS0004348, wri41 and wri2) were assayed on selfed progeny 

(four plants each) of the 72 heterozygous F5 plants, 25 pairs (referred to as the ‘sister-

lines’), 32 additional recombinants (including 12 of the lines identified as ‘sister-lines’) 
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and 77 RI lines with residual heterozygosity at wri2 were identified. The resulting order of 

the 9 markers evaluated on the 32 additional recombinants was consistent (with no changes 

or improvement) with the order shown in Figure 4.7 and Appendix 2 (Additional file S2.3: 

Table S2.5).  

 

 

Figure 4.9: Frequency histogram showing the distribution of 626 Excalibur/Kukri 

recombinant inbred lines carrying Excalibur allele at the marker wri2.  

The Excalibur/Kukri RI lines were assayed as single plants. The parents Excalibur and 

Kukri were assayed with 12 replicates each. 
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Figure 4.10: Re-evaluation of P. neglectus DNA/pot in Excalibur, Kukri and six 

Excalibur/Kukri recombinant inbred lines carrying Excalibur allele at the marker 

wri2.  

The lines were assayed using eight replicates. The standard deviation of each line is shown 

by whiskers. * The best linear unbiased prediction for Kukri was significantly different 

from Excalibur (p < 0.05).  

 

Six of these RI progeny lines (from additional recombinants) and 14 RI lines 

(‘recombinant sub-set’), all with recombinant haplotypes across the most distal marker 

clusters (the terminal cluster and clusters 2, 3, 4 and 5 in Figure 4.7 and Appendix 2 

(Additional file S2.3: Table S2.5), were evaluated for resistance against P. neglectus. None 

of the lines carrying the Excalibur allele at wri2 had a significantly higher estimated P. 

neglectus nematode DNA amount than Excalibur (Figure 4.11), while all the lines carrying 

a Kukri allele at wri2 were significantly different from Excalibur. Thus this replicated 
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assay confirmed the close association of the terminal cluster marker wri2 with resistance 

against P. neglectus and did not identify any lines recombinant between wri2 and Rlnn1.  

 

Figure 4.11: Best linear unbiased estimates of P. neglectus DNA/pot of Excalibur, 

Kukri and 14 Excalibur/Kukri recombinant lines and 6 Excalibur/Kukri recombinant 

inbred line progeny carrying informative recombinations at the distal end of 7AL.  

The lines were selected from 194 lines found to be recombinant between markers wri2 and 

wri34 known as the ’recombinant sub-set’ and the 32 recombinant progeny of 

heterozygous lines. The genotypic data is given for each line for markers assayed from 

‘terminal cluster’ through to the cluster 5. The lines that are significantly different from 

Excalibur at p < 0.05 are indicated with an asterisk.   
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The 25 pairs of ‘sister-lines’ presented an additional opportunity to evaluate the effects of 

the Rlnn1 region on resistance against P. neglectus. In 23 pairs, the line carrying the 

Excalibur allele at wri2 had lower P. neglectus DNA/pot than its sister-line carrying the 

Kukri allele (Figure 4.12). Two pairs (pair 12 and pair 16) exhibited the opposite result, but 

when they were re-tested, the new test results were in agreement with the rest of the ‘sister-

pairs’ (data not shown). When 17 pairs of ‘sister-lines’ were evaluated for rust resistance 

(P. triticina), no recombination was observed between Lr20 and the marker wri2. 

 

Figure 4.12: Estimated P. neglectus nematode DNA/pot in Excalibur, Kukri and 25 

pairs of Excalibur/Kukri recombinant inbred ‘sister-lines’.  

The ‘sister-lines’ (pairs 1-25) are pairs of sibling plants with different alleles at marker 

wri2 and a similar/opposite haplotype at the rest of the Rlnn1 region. Excalibur (blue) and 

Kukri (red) are presented as pair 26. 

 



97 

 

4.4 Part - C: What causes the suppressed recombination? 

 

4.4.1 Objective 

Investigate the cause of suppressed recombination at the distal end of chromosome 7AL. 

 

4.4.2 Method 

Plant materials 

The materials used in this part includes the wheat cultivars Schomburgk and Raven 

sourced from the Australian Winter Cereals Collection, accession AEG357-4 of Ae. 

speltoides provided by The Harold and Adele Lieberman Germplasm Bank, Tel Aviv, 

Israel courtesy of Dr Jacob Manisterski.  

 

Partial sequencing of the Psy-A1 allele of Schomburgk  

In order to verify the Psy-A1 allele carried by the cultivar Schomburgk, the region was re-

sequenced using the primer pair PSY7A5_F/R [24], where a region of the gene Psy-A1 was 

amplified from genomic DNA of the cultivar Schomburgk according to the methods 

described in Appendix 1 (Additional file S1.5). The resulting sequence was aligned to the 

Psy-A1t allele sequence of the breeding line WAWHT2074 [GenBank:HM006895] [24] 

and the previously reported Psy-A1s allele sequence of the cultivar Schomburgk 

[GenBank:EU649795] [70] using the multiple align module implemented in Geneious
®
 

v6.0.4 (Biomatters Ltd., New Zealand) with default settings (global alignment with free 
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end gaps, the 65% similarity (5.0/-4.0) cost matrix, a gap open penalty of 12, a gap 

extension penalty of 3 and two refinement iterations). 

 

Phylogenetic analysis of Psy1 gene alleles 

A BLASTN search using the Psy-A1t allele sequence [GenBank:HM006895] as the query 

was used to retrieve genomic sequences of Triticum and Aegilops Psy1 alleles from NCBI 

[112]. The retrieved genomic sequences (except the one for Psy-A1s) were aligned in 

Geneious
®
 v6.0.4 (Biomatters Ltd., New Zealand) using the multiple alignment feature 

(with the default settings mentioned above). An ungapped sequence alignment was 

generated using the conserved block module of SeqFire [2], with a 1% accepted gap and 

default settings for the amino acid conservation threshold (75%), the amino acid 

substitution group (none), the minimum size of conserved block (3) and the maximum size 

of non-conserved block (3). A maximum likelihood inference of the phylogeny was done 

using RAxML v7.2.6 [173] with Thinopyrum ponticum [GenBank:EU096095] as the out-

group (following Crawford et al. [24]), a general-time-reversible (GTR) substitution model 

and 200 maximum likelihood searches with node support estimated using 1000 bootstrap 

searches.  

 

Fluorescent in-situ hybridisation 

Fluorescent in-situ hybridisation (FISH) was carried out on root samples obtained from 

Excalibur and Kukri cultivars according to the method described by Zhang et al. [205], 

using the BAC clone 676D4 with repetitive sequences specific to A genome (red, labeled 

with rhodamine-dUTP) and BAC clone 9M13 with repetitive sequences specific to D 
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genome (green, labeled with biotin-dUTP and detected with FITC avidin). The cells were 

counterstained with DAPI (blue). 

 

Partial sequencing of an AWW5L7 amplicon from Excalibur and Raven 

In order to investigate the origin of the fragment amplified from the primer pair AWW5L7-

Left3/Right [152], products were amplified from the cultivars Excalibur and Raven using 

conditions given in Appendix 2 (Additional file S2.1). The PCR product was gel-extracted 

and cleaned up using NucleoSpin
®
 Gel and polymerase chain reaction clean-up kit 

(MACHEREY-NAGEL GmbH & Co. KG, Germany). Sequencing was carried out at 

Australian Genome Research Facility Ltd., Australia by capillary separation on an Applied 

Biosystems 3730xl DNA analyzer (Applied Biosystems, CA, USA). The sequences 

obtained were aligned with an AWW5L7 Halberd sequence [GenBank:BV693737] with the 

multiple align module implemented in Geneious
®
 v6.0.4 (Biomatters Ltd, New Zealand) 

with default settings (global alignment with free end gaps, the 65% similarity (5.0/-4.0) 

cost matrix, a gap open penalty of 12, a gap extension penalty of 3 and two refinement 

iterations). The sequence of the Excalibur product was used as a query in a BLAST search 

against all nucleotide collections using a program optimised for ‘somewhat similar 

sequences’ (BLASTN) and other parameters set to default at the NCBI BLAST portal 

[112], and against the International Wheat Genome Sequencing Consortium (IWGSC [22]) 

and other Triticeae shot-gun assemblies (IWGC), using an in-house BLAST portal at the 

Australian Centre for Plant Functional Genomics, Australia with an E-value threshold set 

to 1e-5. Further, BLAST searches were performed against the BAC libraries of 

chromosome 7A and 7B (kindly conducted by Gabriel Keeble-Gagnère, Murdoch 

University, Australia and Simen Rød Sandve, Norwegian University of Life Sciences, 

Norway).  
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4.4.3 Results  

Phylogenetic analysis of Psy1 alleles 

Phylogenetic analyses of Psy1 alleles by Wang et al. [187] and Crawford et al. [24] 

provided opportunities to understand the evolution of Psy1 alleles, but neither of these 

analyses include all of the Psy1 alleles for which sequences are now available.  

Out of the best 100 returned hits from a BLASTN search using the Psy-A1t allele sequence 

[GenBank:HM006895] against NCBI databases [112] 59 Psy1 alleles from Triticum and 

Aegilops and one Psy-E1 sequence from Thinopyrum ponticum was retrieved. 

Given conflicting reports [24, 70] about the Psy-A1 allele carried by the cultivar 

Schomburgk, a 793-bp portion of Psy-A1 was sequenced from Schomburgk. Comparison 

of the sequence obtained with the sequences reported for Psy-A1s [GenBank:EU649795] 

[70] and Psy-A1t [GenBank:HM006895] [24] alleles revealed that Schomburgk carries the 

Psy-A1t allele (Figure 4.13). It was concluded that the original sequence reported for the 

Psy-A1s allele had a single-base sequencing error (at 409 bp; Figure 4.13), so Psy-A1s was 

excluded from further analysis.  

In a maximum likelihood phylogeny using an ungapped 1864-nucleotide sequence, the 59 

Psy1 alleles formed four strongly supported (bootstrap support (BS) >70) monophyletic 

clades: (1) an ‘A-genome clade’: containing alleles g and f from A
u
 (Triticum urartu), a, b, 

c, e, k, n, p, q, and r from T. aestivum and a, d, e, k, l and m from T. turgidum; (2) a ‘B-

genome clade’: containing alleles a, b, c, d, e and m from T. aestivum and a, e, f, g, h, i, j, 

k, l and m from T. turgidum; (3) a ‘D-genome clade’: containing a, e, f, g, k, l and m from 

T. aestivum and b, c, d, h, i and j from  Aegilops tauschii; and (4) a ‘mixed clade’: 

containing Psy1 alleles from the A genome (t from T. aestivum and o from T. turgidum), B 

genome (c, m and d from T. aestivum and m and k from T. turgidum), A
m 

genome
 
(h, i and j 
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from T. monococcum) and S genome (a, b and c from Ae. speltoides) (Figure 4.14; 

Appendix 2 – Additional file S2.4: Figure S2.1 and Table S2.6). The ‘mixed clade’ 

consists of two distinct subclades (BS >70; Figure 4.14; Appendix 2 – Additional file S2.4: 

Figure S2.1 and Table S2.6). One consists of the three A
m

-genome alleles and one A 

genome allele from T. turgidum. The other consists of three S-genome alleles from Ae. 

speltoides, five B-genome alleles (3 from T. aestivum and 2 from T. turgidum) and the Psy-

A1t allele. Within the latter subclade, the Psy-A1t allele showed a basal relationship to all 

of the S-genome and B-genome alleles (Figure 4.14; Appendix 2 – Additional file S2.4: 

Figure S2.1 and Table S2.6). Within an ungapped sequence alignment of the sequences 

from the ‘mixed clade’ (Appendix 2 – Additional file S2.4: Figure S2.2), there are 191 

SNPs, of which 16 distinguish the Psy-A1t allele from the other members of the clade. The 

sequence identity between Psy-A1t allele and the other alleles in the ‘mixed clade’ ranges 

between 95 and 97%, compared to only 92, 93 and 93% between Psy-A1t and the ‘A-

genome’, ‘B-genome’ and ‘D-genome’ clades, respectively.   
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Figure 4.13: Alignment of sequences of PSY7A5_F/R amplicons from cultivar Schomburgk to an extraction of the Psy-A1t allele sequence 

of the breeding line WAWHT2074 [GenBank:HM006895] and the Psy-A1s allele sequence of the cultivar Schomburgk [GenBank:EU649795].
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Figure 4.14: An illustration of the gene tree of Psy1 alleles of wheat and related species  
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Unique amplification patterns in markers 

Among the dominant markers mapped in the ‘terminal cluster’, all ISBP markers, two 9K-

iSelect markers (wri30 and wri31), the DArT marker wPt-790, one EST-based marker 

(wri3) and the Cat3-A1 gene amplified products from Kukri but not from Excalibur. Most 

of these markers were derived from Chinese Spring sequences. Conversely, the markers 

sts638, schfc3 and AWW5L7 amplified products from Excalibur that were not amplified 

from Kukri. The markers sts638 and schfc3 were derived from sequences from cultivars 

known to carrying the Lr20 and/or Pm1 resistance alleles and carrying the ‘t’ allele at Psy-

A1 gene. Other markers seemed to amplify products from both Excalibur and Kukri, and 

the two gel-based markers wri2 and Psy-A1 amplified longer products from Excalibur than 

from Kukri. In contrast to what was observed for markers in the ‘terminal cluster’, markers 

that were derived from Chinese Spring sequences and that mapped elsewhere on 

chromosome 7A did amplify products from Excalibur.  

 

The longer product of marker AWW5L7  

For the marker AWW5L7, a product similar to the 877-bp amplicon from Cranbrook was 

amplified from both Excalibur and Kukri. In addition, a longer product was amplified from 

Excalibur. This product provided a presence/absence polymorphism that was mapped to 

the ‘terminal cluster’ of 7AL in the Excalibur/Kukri linkage map (Figure 4.4). When the 

AWW5L7 marker was assayed on 11 other cultivars (Aroona, Bindawara, Bowie, 

Wyalkatchem, Cascades, Orion, Thew, Tatiara, Vectis, Krichauff and BT-Schomburgk) 

that are thought to carry the resistance allele at the Rlnn1 QTL, they all exhibited the 

longer product that had been observed in Excalibur. Two of the cultivars (Krichauff and 

BT-Schomburgk, both of which have Halberd in their ancestry) also exhibited the 956-bp 

‘Halberd’ product. 
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Sequencing of the longer amplicon from Excalibur (Appendix 2 - Additional file S2.5) and 

from Raven (an ancestor common to some of the lines that are moderately resistant to 

RLN) provided identical partial sequences (Figure 4.15). Alignment of these sequences 

with the Halberd AWW5L7 amplicon sequence [GenBank:BV693737] revealed SNPs at 41 

sites and a series of insertion/deletion polymorphisms that range in length from 1 to 34 

nucleotides and result in a net 78-bp length polymorphism between Halberd and Excalibur 

(Figure 4.15).  

Figure 4.15: Alignment of trimmed partial sequence of AWW5L7-Left3/Right from 

cultivar Excalibur and Raven to the AWW5L7-Left3/Right sequence of cultivar 

Halberd [Genbank:BV693737] 
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When the sequence from Excalibur (Appendix 2 - Additional file S2.5) was used in a 

BLASTN query against the NCBI [112] nucleotide collection, the best hits were to a barley 

(Hordeum vulgare) catalase 1 (Cat1) gene [GenBank:AF021938] with a sequence identity 

of just 88% (E-value 0.0; query coverage 100%). The sequence did not retrieve any 

significant hits from the IWGSC survey sequences (identity ≥ 99%; [22]), Triticeae shot-

gun sequence assemblies of T. turgidum ssp. durum, Ae. speltoides, Ae. tauschii, Aegilops 

sharonensis, T. monococcum and T. urartu (identity ≥ 95%), chromosome-7A BAC library 

assemblies (Gabriel Keeble, personal communication) or chromosome-7B BAC library 

assemblies (Simen Rød Sandve, personal communication; 93% identity).  

 

FISH imaging 

In the FISH image the A genome is stained in red fluorescence, the D genome is stained in 

green fluorescence (Figure 4.16A and C). With counterstaining, the A genome is visible in 

pink, the D genome in turquoise blue and unstained double stranded DNA that includes the 

B genome in blue (Figure 4.16B and D). Chromosomes with an A-B translocation would 

therefore be red with an unstained telomere (Figures 4.16A and C) and, with 

counterstaining, a purple chromosome with a blue telomere (Figure 4.16B and D).   

Two chromosomes with putative A-B translocations at both ends (T5 and T6 in Figure 

4.16A and B, T3 and T4 in Figure 4.16C and D) were observed in each cultivar. In 

addition, chromosomes with possible terminal A-B translocations were observed: two in 

Kukri (Figure 4.16C and D; T1 and T2) and four in Excalibur (Figure 4.16A and B; T1 to 

T4). 
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Figure 4.16: Fluorescence in-situ hybridization in Excalibur and Kukri.  

(A) Excalibur initial stain of A genome (red), D genome (green) and the unstained B 

genome is in brown; (B) Excalibur counterstain of A genome (purple) and D genome 

(turquoise) and the counterstain of B genome and other doubled stranded DNA is in blue; 

(C) Kukri initial stain of A genome (red), D genome (green) and the unstained B genome is 

in brown; (D) Kukri counterstain of A genome (purple) and D genome (turquoise) and the 

counterstain of B genome and other doubled stranded DNA is in blue; The putative 

translocations are indicated by the letter ‘T’. 

 

4.5 Discussion  

In cultivars that carry the phytoene synthase Psy-A1t allele, Rlnn1 resistance against P. 

neglectus and Lr20/Sr15 resistance against rust pathogens, recombination seems to be 
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suppressed in the distal region of 7AL. This chapter presents new evidence that supports 

the hypothesis of suppressed recombination at the distal end of 7AL and examines possible 

genetic phenomena that led to it.  

This work improved the Excalibur/Kukri chromosome 7A linkage map relative to the one 

presented in Chapter 3, by adding a total of 59 molecular markers (Figure 4.4). Of these, 

49 markers were mapped distal to the SSR marker gwm984: 2 at 163.0 cM, 3 at 173.6 cM, 

11 at 177.4 cM, 7 at 180.7 cM, and 26 at 181.8 cM (collocating with the ‘terminal cluster’ 

in Chapter 3). Thus, the earlier interval of 23.7 cM between the marker gwm984 and the 

‘terminal cluster’ was split in to several smaller intervals with each interval not more than 

10 cM.  No new markers mapped distal to the ‘terminal cluster’ (181.8 cM), which now 

consists of 36 molecular markers and the rust resistance gene(s) Lr20/Sr15 and coincides 

with the estimated position of Rlnn1 (Figure 4.4).  

The high cost of phenotyping for resistance against P. neglectus makes it a suitable trait for 

MAS. For a marker to be useful in MAS, the allele associated with resistance should be 

detected in all materials but not in any susceptible materials. Such a marker is considered 

as a diagnostic marker. For a marker to be used effectively in MAS, it should ideally be 

codominant, so that it can identify heterozygous individuals. The current research 

identified several apparently diagnostic HRM-based markers, including three codominant 

markers (wri27, wri28 and wri29) that seem suitable for MAS.   

The targeted approach taken here involved actively selecting markers that had previously 

been mapped to the distal end of 7AL in other populations [6, 16] and also developing new 

markers based on genomic sequences that were thought to be near the distal end of 7AL 

[29, 41, 85]. Given this approach, the clustering of markers at the distal end of 7AL, could 

be an artifact of ascertainment bias. However, several findings reported in this chapter 

indicate otherwise: 
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a. Some of the markers/genes mapped to the ‘terminal cluster’ in the Excalibur/Kukri 

7A genetic linkage map were not clustered in other published maps  

In two other mapping populations considered here (CPI133872/Janz [16] and 

Avalon/Cadenza [6]), some markers collocated in the terminal cluster of the 

Excalibur/Kukri chromosome 7A linkage map were separated by up to 28.5 cM 

(Figure 4.5).  

 

b. Some of the markers in the ‘terminal cluster’ were anchored to widely separated 

positions on the Chinese Spring 7A, 7B and 7D syntenic builds  

When markers from the Excalibur/Kukri ‘terminal cluster’ were anchored onto 

Chinese Spring group-7 syntenic builds [29, 85], they spread over regions of  

approximately 0.9 Mb (7A) and 0.3 Mb (7B and 7D) (Figure 4.6; Appendix 2 

(Additional file S2.2: Table S2.2 to S2.4). 

 

c. No natural recombinants were detected in a large set of Excalibur/Kukri DH and RI 

lines  

When these markers were assayed across a large number of Excalibur/Kukri RI 

lines, some of the markers that were initially in clusters (in the Excalibur/Kukri DH 

linkage map; Figure 4.4) could be separated (Figure 4.7), but the ‘terminal cluster’ 

remained intact. Similarly, among the Psy-A1, Lr20, Rlnn1 and wri2 loci, there was 

no convincing evidence of recombination, even in a large RI population with more 

recombination history than the DH mapping population used in Chapters 3 and 4 

(Figures 4.8 to 12).  

Consistent with this, no cultivar has been released which has very white flour colour in 

combination with moderate resistance to P. neglectus (Rlnn1) and Lr20/Sr15 resistance 

against rust pathogens. 
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Thus, it seems that the genetic clustering of many markers on 7AL is due to restricted 

recombination in the Excalibur/Kukri population and not simply due to a focus on 

developing markers that would map in the terminal region of 7AL. Such suppressed 

recombination has been reported  in wheat chromosome 3DL (at leaf rust resistance gene 

Lr24) due to an introgressed fragment from Agropyron elongatum chromatin [150], wheat 

2B (at leaf rust resistance gene Lr35) due to an introgression of Triticum speltoides 

chromatin [158], wheat chromosome 6BL (at leaf rust resistance gene Lr9) due to an 

introgressed alien chromatin from Aegilops umbellulata [149], at the proximal region of 

wheat chromosome 7AL (at strip rust resistance gene Sr22), due to an introgression of 

Triticum boeoticum chromatin [128].  

The findings of clustering of molecular markers in 7AL linkage map of Excalibur/Kukri 

are consistent with the speculations made by Neu et al. [114], who mapped a cluster of 

molecular markers (8 and 12) that collocated with Lr20 and Pm1 and suggested suppressed 

recombination at the distal end of 7AL. Previous research using a cytology-based physical 

map [65, 66] did not detect any suppression of recombination at the distal ends of group-7 

chromosomes, but that research used Chinese Spring wheat, whereas the suppressed 

recombination discussed here is postulated to be limited to materials that carry resistance 

alleles at Lr20/Sr15 and Rlnn1. 

Given the strong evidence for suppression of recombination, further investigations were 

done to find out the reason behind this genetic phenomenon. Possible reasons for 

suppressed recombination could include genetic rearrangements (translocations, 

inversions) or deletions or duplications of chromosomal segments [49]. With no 

recombination of genetic markers at the distal end of 7AL, it was not possible to critically 

evaluate the possibility of an inversion. No explicit evidence was found for either a 

duplication at the distal end of 7AL and the fact that some markers in the ‘terminal cluster’ 

amplified products from Excalibur indicate that the entire region is not deleted. The 
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findings reported in this chapter are very consistent with there being a translocation at the 

distal end of 7AL in Excalibur: 

 

a. Close relationship of the Psy-A1t allele with Ae. speltoides alleles and some of the 

B-genome alleles of T. aestivum cultivars and T. turgidum ssp. dicoccon isolates 

The results of the phylogenetic analysis indicate a possibility that due to a 

significant mutation(s) the ancestral Psy1 allele initially diverged into two groups, 

and since that divergence the Psy-A1t allele evolved separately from most wheat 

Psy-A1, Psy-B1 and Psy-D1 alleles (Figure 4.14; Appendix 2 – Additional file 

S2.4: Figure S2.1 and Table S2.6; [24]). Subsequently the clade with the Psy-A1t 

allele divided into two sub-clades, with the Psy-A1t allele recovered in the sub-

clade that included the S genome alleles from Ae. speltoides and several B-genome 

alleles from T. aestivum and T. turgidum (Figure 4.14; Appendix 2 - Additional file 

S2.4: Figure S2.1 and Table S2.6; [24]). This close relationship of the t allele 

(genetically mapped to chromosome 7AL) with the S and B genome alleles, could 

be because of a translocation that was transferred through certain lineages. The 

current phylogeny information it is not sufficient to determine where this segment 

came from, but it is suggestive of an involvement of a 7B-like chromosome.   

 

b. Unique amplification pattern in markers mapped to the ‘terminal cluster’ 

The markers Psy-A1 and wri2 from the ‘terminal cluster’ both amplified products 

from both Excalibur and Kukri. This indicates that the sequence at the distal end of 

the Excalibur 7A chromosome is not entirely alien but is similar to group -7 

chromosomes.  

Most of the markers that amplified a product from Kukri but not from Excalibur 

were derived based on Chinese Spring sequences. The two markers (sts638 and 
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schfc3) that amplified a product from Excalibur but not from Kukri were developed 

based on sequences derived from cultivars carrying the resistance allele at 

Pm1/Lr20 [71, 114] and the Psy-A1t allele at Psy-A1 [126]. Thus, it is Excalibur 

sequence in the region of interest differs from that of Chinese Spring more than the 

Kukri sequence does. 

 

c. Genetic mapping of the longer product from the 7B-specific marker AWW5L7 in 

Excalibur to the terminal marker cluster of 7AL 

The chromosome 7B specific marker AWW5L7 had previously [152] been 

genetically mapped to 7BL in a Halberd/Cranbrook population. Here, based on a 

presence/absence polymorphism of a second, longer, product that was amplified 

from Excalibur but not from Kukri, the marker AWW5L7 was mapped to the 

chromosome 7A ‘terminal cluster’ in the Excalibur/Kukri linkage map. Excalibur 

also exhibited the 877-bp ‘Cranbrook’ product. Although this product could not be 

mapped due to lack of polymorphism in the Excalibur/Kukri population, it seems 

safe to assume that it is on 7B and would segregate independently from the longer 

product and the other loci in the terminal cluster. Consistent with this, the 

combination of the 956-bp ‘Halberd’ product and the longer product was observed 

in two other cultivars.  

The observation of close sequence similarity between parts of the longer product 

from Excalibur and the product from Halberd is consistent with the idea that 

Excalibur carries a translocation from a 7B-like chromosome.  

The longer product was also amplified by the 11 wheat cultivars in the panel that 

are known to be moderately resistant to RLN P. neglectus and to carry the Rlnn1 

resistance locus and the and ‘very yellow’ Psy-A1t allele. Despite the close 

relationship indicated by the Psy1 phylogeny, Ae. speltoides (accession AEG357-4) 



 

113 

 

amplified neither the 956 bp nor the longer product, this indicate that this particular 

accession is not directly related to the putative translocation. The partial sequences 

derived from the longer product (Appendix 2 - Additional file S2.5) had no 

significant hits to any of the Chinese Spring wheat sequences from IWGSC or to 

the Triticeae shot-gun sequence assemblies. The absence of a significant BLAST 

hit could be due to the fact that the query sequence comes from a source that is not 

represented in the databases searched or due to incomplete sequence coverage in 

the current sequence databases. Of the databases searched, the ones with the 

greatest coverage are those for which the sequences came from Chinese Spring, in 

which the variant was not expected to be present. 

 

d. Presence of a putative A-B translocation in Excalibur FISH images that was absent 

in Kukri  

The FISH images (Figure 4.16) revealed four chromosomes (two possible pairs) 

with putative A-B translocations in Excalibur and only two (one possible pair) 

Kukri. In wheat, there is a common cyclic translocation (7BS-5AL-4AL) on 

chromosome 4A [93]. This previously documented translocation could be the A-B 

translocation observed in Kukri and one of the two observed in Excalibur. The 

other putative A-B translocation in Excalibur might be on chromosome 7A. 

However, none of the chromosomes on which possible A-B translocations were 

observed have the metacentric morphology that is expected for wheat chromosome 

7A. It is possible that at the time of translocation there was a truncation and the 

chromosome became submetacentric. Further work needs to be done to come to a 

definitive conclusion. To pursue the possibility of an A-S translocation, some work 

has been conducted on in-situ hybridisation with probes from Ae. speltoides, but 

with no A-S translocation detected on chromosome 7A of Excalibur (Peng Zhang, 
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personal communication). 

 

All of the findings reported here are consistent with Excalibur carrying a translocation at 

the distal end of 7AL, yet none of them give a clear indication of the source of the 

translocated segment, except that it seems to have come from the homoeologous region of 

another group-7 chromosome. Such a translocation could have happened naturally due to 

intergeneric, interspecific or intraspecific crossing or could have been a result of deliberate 

wide crossing. Some other modern wheat cultivars carry translocations derived from 

deliberate interspecific or intergeneric crossing. Some of these translocations are on group-

7 chromosomes, including those that carry the leaf rust resistance genes Lr19, Lr47 and the 

greenbug resistance gene Gb5 [37, 148]. However, in the absence of any reports of Lr20, 

Sr15, Pm1 or Rlnn1 tracing back to a deliberate attempt at introgression, it seems more 

likely that the translocation happened naturally. The fact that Lr20 is known to be present 

in many wheat cultivars from different parts of the world could indicate that the 

translocation may pre-date hexaploidisation. If so, it could have either happened in a 

tetraploid or diploid ancestor. There are no reports of suppressed recombination in the 

chromosome 7A of modern tetraploid wheat but it is possible that the translocation in 

question occurred only in some of the ancestors that participated in ancient hybridisation, 

and was passed on to only some lineages of wheat through ancestral allele sorting.  

If recombination is completely suppressed in the distal end of  7AL in all materials with 

Psy-A1t, no natural recombinants will be found that carry Rlnn1, Lr20/Sr15 and/or Pm1 

resistance in combination with any alternative (lower yellow pigment) Psy-A1 allele. 

However, the desired combination (with resistance alleles to the rust and P. neglectus, 

coupled with whiter flour colour) might be achieved by screening for Psy1 mutants within 

a TILLING (Targeting Induced Local Lesions IN Genomes; [98]) population that carries 

the resistance alleles. Lack of recombination precludes the isolation of the resistance genes 
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Rlnn1, Lr20/Sr15 and/or Pm1 with a standard positional cloning approach, but gene 

isolation might be achieved with a radiation hybrid approach [69].  
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5.2 Abstract  

The cereal cyst nematode (CCN, Heterodera avenae Woll.) resistance locus Cre8 on the 

long arm of chromosome 6B (6BL) of wheat (Triticum aestivum L.) is effective in 

lowering the nematode population in soil. Identification of reliable and high-throughput 

molecular markers linked to the Cre8 locus is important for the successful deployment of 

Cre8-derived resistance in wheat breeding programs. Here we report the addition of over 

600 markers to improve an existing linkage map for the Trident/Molineux wheat 

population. With the improved map, Cre8 was mapped as a large-effect quantitative trait 

locus (QTL) near the distal end of 6BL. This QTL explained up to 35 % of the phenotypic 

variation in CCN resistance. New marker assays were developed for DNA polymorphism 

in the Cre8 region. Seven molecular markers closely linked with Cre8 (at 0.9, 2.2 or 5.9 

cM from the estimated QTL position) were found to be diagnostic across a panel of wheat 

cultivars and are recommended for use in marker-assisted selection of the Cre8 resistance 

locus in wheat breeding. Prospects for the isolation of the causal gene are discussed.  

 

5.3 Keywords 

Cereal cyst nematode, Heterodera avenae, wheat, molecular markers, Cre8 

 

5.4 Introduction  

Cereal cyst nematode (CCN, Heterodera avenae Woll.) is a sedentary endoparasitic 

nematode that causes significant yield loss in wheat (Triticum aestivum L.) and other 

important cereal crops such as barley (Hordeum vulgare L.) and oat (Avena sativa L.). 

Murray and Brennan [111] estimated that without control measures, wheat yield losses due 

to CCN would be as high as A$ 572 million annually. Cereal cyst nematode, which has one 
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life cycle per cropping season, produces the characteristic root damage symptoms in wheat 

of a knotted and stunted root system with white lemon-shaped females (white cysts) filling 

with eggs and becoming visible during the spring as the crop matures, with susceptible 

cultivars hosting large numbers, but with only few present on resistant cultivars. Upon 

their death, the CCN females turn into brown cysts with the cuticle transformed into a 

protective shell. These remain in the soil, enabling the over-summer survival of the eggs in 

a dormant state until late autumn when the eggs are stimulated to hatch with the presence 

of cool and moist soil conditions [175]. Virtually all eggs produced by a female CCN hatch 

over the subsequent two years. Due to the limited host range and hatching characteristics 

of CCN, incorporation of resistant cultivars into crop rotations is critical to maintain CCN 

populations at non-damaging levels.   

Accordingly, the development of CCN-resistant cereal cultivars is an important ongoing 

objective of breeding programs for the southern and western cereal growing belt of 

Australia. Screening of breeding material to select for CCN resistance relies partly on 

phenotypic bioassays and partly on molecular marker assays for specific CCN resistance 

loci. Several bread wheat loci that confer resistance against H. avenae have been 

genetically mapped: Cre1 [164, 198]; Cre8 [197, 199] and QCre.srd-1B [197]. In addition, 

several genes have been introgressed into bread wheat from other species to improve its 

CCN resistance: Cre2 [33], Cre5 [75, 76] and Cre6 [118] from Aegilops ventricosa 

Tausch; Cre3 and Cre4 [39, 40] from Ae. tauschii Cosson; and Cre7 [145] from Ae. 

triuncialis (L.) Á. Löve.  

Genetic research on Cre8 began with the observation [127] that the moderately CCN-

resistant cultivar Festiguay and its moderately resistant derivatives Molineux, Barunga and 

Frame all carry the same allele of the restriction fragment length polymorphism (RFLP) 

marker cdo347. Using a Trident/Molineux doubled haploid (DH) population, Williams et 
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al. [199] confirmed the strong association of differences in CCN resistance with a 

polymorphism revealed by cdo347. Using nullisomic-tetrasomic lines, Williams et al. 

[199] assigned the resistance locus to chromosome 6B and designated it Cre8. Williams et 

al. [197] then used RFLP markers and simple sequence repeat (SSR) markers to construct a 

linkage map for Trident/Molineux. They mapped three QTL for CCN resistance. At two of 

these loci (QCre.srd-1B on chromosome 1B and Cre8 on chromosome 6B), the resistance 

alleles were from Molineux. At the third locus (Cre5 on chromosome 2A) the resistance 

allele was from Trident. The linkage group onto which Williams et al. [197] mapped Cre8 

consisted of only six markers (three RFLP and three SSR), with Cre8 estimated to be 

within a 14.7-cM interval between the SSR marker gdm147 and the collocating RFLP 

markers cdo347 and awbma20. Of these markers, gdm147 had the strongest association 

with CCN resistance.   

The research reported here was undertaken to improve the Trident/Molineux linkage map 

by adding new markers, to re-evaluate the position of the Cre8 resistance QTL on 

chromosome 6B, and to develop and evaluate molecular markers that could be suitable for 

use in marker-assisted selection of Cre8 resistance.  

 

5.5 Materials and methods 

Plant materials 

The plant materials used include the Australian wheat cultivars Trident 

(VPM1/5*Cook//4* Spear) and Molineux (Pitic62/Festiguay//2*Warigal), a set of 182 DH 

lines developed from F1 progeny of a cross between Trident and Molineux [137], Chinese 

Spring, the Chinese Spring deletion lines CS 6BS-2, CS 6BS-3, CS 6BS-5, CS 6BL-3 and 

CS 6BL-5 (http://www.k-state.edu/wgrc/Germplasm/Deletions/group6.html), Chinese 

http://www.k-state.edu/wgrc/Germplasm/Deletions/group6.html
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Spring nullisomic-tetrasomic lines CS N6A-T6B, CS N6A-T6D, CS N6B-T6A, CS N6B-

T6D, CS N6D-T6A and CS N6D-T6B [155] and a panel of 13 wheat cultivars. The panel 

consisted of six cultivars (Barunga, Correll, Festiguay, Frame, Stylet and Yitpi) known to 

be moderately resistant to CCN and thought to carry Cre8 resistance and seven cultivars 

(Mace, Aroona, Axe, Drysdale, Egret, Gladius and Krichauff) known to be at least 

moderately susceptible to CCN and assumed to lack Cre8 resistance. Seeds of these 

cultivars were obtained from the Australian Winter Cereals Collection. 

 

Polymorphism discovery, marker assay development and marker genotyping  

DNA was extracted from leaf tissue sampled from individual seedlings of each of the 

cultivars and lines mentioned above using the method described by Rogowsky et al. [144], 

with modifications described by Pallotta et al. [123]. 

Diversity Arrays Technology (DArT™) assays were performed at Triticarte Pty. Ltd., 

Australia, according to the methods described by Akbari et al. [3] on Trident, Molineux 

and each of the 182 Trident/Molineux DH lines using DNA normalized to 50 ng/µl.  

A total of 73 SSR markers selected from the GrainGenes database [27] were assayed on 

Trident and Molineux using the multiplex-ready PCR assay protocol described by Hayden 

et al. [56]. Amplicons were separated using capillary electrophoresis on an AB3730xl 

DNA fragment analyser (Applied Biosystems
®
, USA) and genotypes were called using 

GeneMapper
® 

software v4.0 (Applied Biosystems
®
, USA). Polymorphic markers were 

assayed on the 182 Trident/Molineux DH lines.  

Thirty one Kompetitive Allele Specific PCR (KASP™) markers that had been reported by 

Allen et al. [6] and/or in the CerealDB database [26] as mapping on 6BL were assayed on 

22 Trident/Molineux DH lines at LGC Genomics Ltd., UK and/or on a Roche 

http://agrf.org.au/index.php?id=17
http://agrf.org.au/index.php?id=17
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LightCycler
®
 480 (Roche Products Pty. Ltd., Switzerland). For the latter, genotypes were 

called using the end-point genotyping module implemented in Roche LightCycler
®
 480 

software release 1.5.0 (Roche Products Pty. Ltd., Switzerland). Polymorphic markers were 

assayed on the remaining 160 Trident/Molineux DH lines (conditions described in 

Appendix 3 - Online Resource S3.1).  

To select informative single nucleotide polymorphisms (SNP) from the 9K Wheat Illumina 

Infinium iSelect genotyping array [16], a pooled-DNA approach was undertaken. This 

involved the preparation of two DNA pools, one by combining equal amounts of 50 ng/µl 

DNA from 20 DH lines fixed for the Trident haplotype (non-Cre8 pool) in the Cre8 QTL 

region on chromosome 6B and one by combining equal amounts of 50 ng/µl DNA from 20 

DH lines fixed for the Molineux haplotype (Cre8 pool) in that region. Three replicates of 

each of the two DNA pools were assayed on the 9K iSelect genotyping array, along with 

one DNA sample from each of two individual DH lines (the Cre8 line TMDH150 and the 

non-Cre8 line TMDH109) and two ‘artificial heterozygote’ samples developed by 

combining equal amounts of DNA from TMDH150 and TMDH109. Polymorphisms 

between the pools were selected based on differences in normalized theta values of the two 

DNA pools based on a t-test and were filtered to favour those that had previously been 

mapped on chromosome 6B [16]. For polymorphisms captured in this manner, assays were 

developed using high-resolution melting (HRM) technology [201] or KASP™ technology. 

Primers for HRM assays were designed using BatchPrimer3 v1.0 [202] and were tested on 

TMDH109 and TMDH150 on a Roche LightCycler
®
 480 (Roche Products Pty. Ltd., 

Switzerland), using the assay conditions described in Appendix 3 (Online Resource S3.1). 

Genotypes were assigned using the gene scanning module implemented in Roche 

LightCycler
®
 480 software release v1.5.0 (Roche Products Pty. Ltd., Switzerland). Primers 

for KASP™ assays were designed with Primer3 software [146] as implemented in 

Geneious
®
 v6.0.4. (Biomatters Ltd., New Zealand). Each assay involved two forward 
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primers and a common reverse primer. Each forward primer complemented one of the SNP 

alleles at its 3’ end and had a standard tail complementary to the universal FRET cassettes 

present in the KASP™ Mastermix (LGC Genomics Ltd., UK) at its 5’ end (FAM tail: 5’- 

GAAGGTGACCAAGTTCATGCT - 3’; VIC tail: 5’ - GAAGGTCGGAGTCAACGGATT  

- 3’; Trick et al. [180]).  The KASP™ assays were initially tested on 22 Trident/Molineux 

DH lines as described above (Appendix 3 - Online Resource S3.1).  

To identify additional polymorphisms in the Cre8 region, sequences of the Cre8-linked 

RFLP probes AWBMA20 (sequenced specifically for this work and submitted to the 

GrainGenes database [27] and CDO347 (already in the GrainGenes database [27]) were 

used as BLAST queries against the rice genome sequence at Rice Genome Annotation 

Project database [28] to identify the syntenous region in the rice genome. The sequence of 

the predicted rice gene in the orthologous region was used as a BLASTN query to search 

the GenBank Triticum EST database at NCBI [112] for wheat orthologues. Primers were 

designed to amplify products from Trident and Molineux genomic DNA and the amplified 

products were sequenced (Appendix 3 - Online Resource S3.1). Primers were designed to 

capture polymorphisms between Trident and Molineux. Polymorphic sites were assigned 

to wheat deletion bins using the chromosome-6B Chinese Spring deletion lines. Expressed 

sequence tags (ESTs) from that deletion bin were subsequently targeted for polymorphism 

discovery and assay design using an approach similar to the one described above.  

All new markers were assayed on all 182 Trident/Molineux DH lines and all markers that 

mapped to the distal region of 6BL were assayed on the panel of 13 wheat cultivars.  

 

Linkage and quantitative trait locus analyses 

The genotypic data used by Williams et al. [197], supplemented by genotypic data for the 

newly assayed markers, were used to construct a linkage map. Based on examination of the 
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genotypic data, 21 of 182 Trident/Molineux DH lines were excluded from analysis: 6 due 

to possible DNA contamination, 12 that seem genetically identical to other lines in the 

population and 3 due to high proportions of missing data. Markers with a high proportion 

of missing data and/or ambiguous allele calls and markers with segregation distortion were 

also excluded from the analysis. The linkage map was constructed using MapManager 

QTXb20 [96] using a search linkage criterion of p = 0.001, with newly developed markers 

assigned to linkage groups using the ‘distribute’ function with a search linkage criterion of 

p = 1e-6. The marker order was refined using RECORD [181] and the map distances were 

estimated using the Kosambi mapping function [81]. Linkage groups were assigned to 

chromosomes and oriented by comparing marker positions to those on published maps [3, 

6, 16, 25, 168, 197]. Linkage maps were plotted using MapChart v2.2 [184]. QTL mapping 

was implemented with the composite interval mapping feature of Windows QTL 

Cartographer v2.5_011 [188] using a step size of 0.5 cM, a co-factor dropping window of 

10 cM, 5 co-factors selected based on forward regression and the same trait values that had 

been used by Williams et al. [197]: line means for H. avenae nematode counts from 

experiments conducted in 2004 and in 2005 and the means across both years. The 

threshold to test for statistical significance of QTL was set for a genome-wide Type I error 

rate of 0.05 by performing 1000 permutations.  

 

Phenotyping of selected lines  

Trident, Molineux and 43 Trident/Molineux DH lines, most of which had recombination 

events on 6BL, were re-evaluated for resistance against H. avenae using the “pots test” 

method described by Lewis et al. [88], with 12 replicates of each line. Each experimental 

unit consisted of a single plant grown in a tapering 10-cm-long black tube filled with soil 

infested with H. avenae cysts to provide a CCN population density of approximately 25 
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eggs/g. The tubes were arranged in wire mesh crates and placed in outdoor plant beds with 

supplementary sprinkler irrigation. After approximately four months, the root balls were 

removed from the tubes and the number of white female nematodes visible on the surface 

of each root ball was counted (up to 21, above which it is considered unambiguous that the 

plant is susceptible).  

The lines were then classified into four main genotypic classes based on marker genotypes 

in the Cre5 and/or QCre.srd-1B QTL regions: (a) resistance alleles at both Cre5 (Trident) 

and QCre.srd-1B (Molineux); (b) Cre5 only; (c) QCre.srd-1B only; and (d) neither Cre5 

nor QCre.srd-1B. Within each of these four main classes, lines were further classified into 

two Cre8 subclasses based on their genotypes (Trident or Molineux allele) at a marker 

representing the Cre8 QTL region. The effect of the Cre8-linked marker allele on the 

number of nematodes was modeled using mixed-effects Poisson regression with genotypic 

subclass as a fixed effect and line as a random effect, using a custom script written in R 

[136]. Subsequently, pairwise comparisons were performed between the Cre8 subclasses 

within each main class.  

 

5.6 Results 

New molecular marker assays  

Based on the analysis of pooled DNA samples using the wheat 9K iSelect genotyping array 

[16], eight polymorphic SNPs were selected for assay design. For four of these (iwa2098, 

iwa1495, iwa0824 and iwa4245), primer pairs were designed for analysis with HRM 

technology (wri6_F/R, wri7_F/R, wri8_F/R and wri9_F/R, respectively; Appendix 3 - 

Online Resource S3.1: Table S3.2). For each of these markers, polymorphism can be 

scored using melting curves and/or difference plots (Appendix 3 - Online Resource S3.2; 
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Figure S3.1). For the other four SNPs (iwa3224, iwa3880, iwa4246 and iwa8441), assays 

were developed for analysis with KASP™ technology (wri10, wri11, wri12 and wri13, 

respectively; Appendix 3 - Online Resource S3.1: Table S3.1) with polymorphisms scored 

based on differences in SNP allele assignment by end-point genotyping (Appendix 3 - 

Online Resource S3.1 and Online Resource S3.2; Figure S3.2).  

The Cre8-linked RFLP probe sequences for AWBMA20 (http://wheat.pw.usda.gov/cgi-

bin/graingenes/report.cgi?class=sequence;name=AWBMA20) and CDO347 had 

significant BLAST hits (E-value 5.6e-10 and 3.2e-127 respectively) to the predicted rice 

gene Os02g58560. The wheat EST GH723564 (Unigene 93111; E-value 0.0) was 

identified as a wheat orthologue of Os02g58560. Chromosome-6B-specific primers 

(oET0041_F 5’- CGAGCCCCTCAAATACTCCG - 3’ and oET0041_R 5’- 

ACAGCCCCACGCTCATGATC - 3’) were designed to wheat EST GH723564 

(Unigene93111). This primer pair amplified 768-bp amplicons from both Trident and 

Molineux. Sequencing of these amplicons revealed two SNP sites. The primer pair 

wri14_LSPF/R_ASP (Appendix 3 - Online Resource S3.1: Table S3.2) was designed to 

assay these polymorphisms. It amplified two products from Molineux (approximately 750 

bp and 675 bp) but only one (750 bp) from Trident. This polymorphism can be readily 

detected with agarose gel electrophoresis, providing a chromosome-6B-specific dominant 

marker assay that can be scored based on the presence/absence of the 675 bp product 

(Appendix 3 - Online Resource S3.2; Figure S3.3A).  

Two chromosome-6B-specific primers (BE403950A_F1_UCD 5’- 

TTTACTTTAAATGAACATTTCAGCAGC - 3’ and BE403950_cpR1_UCD 5’- 

CGCGACCCTACTCTTCTGAC - 3’; Wheat SNP Database [30]; Akhunov et al. [4]) 

which had been designed to EST BE403950 (Unigene53224) and assigned to the terminal 

deletion bin 6BL5-0.40-1.00, were used to amplify products from Trident and Molineux 

http://wheat.pw.usda.gov/cgi-bin/graingenes/report.cgi?class=sequence;name=AWBMA20
http://wheat.pw.usda.gov/cgi-bin/graingenes/report.cgi?class=sequence;name=AWBMA20
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genomic DNA (see Appendix 3 - Online Resource S3.1). Sequencing of these products 

revealed one SNP between Trident and Molineux. To detect this SNP, a pair of 

complementary dominant assays (wri15; Appendix 3 - Online Resource S3.1: Table S3.2) 

was designed. The primer pair wri15_F/R1 amplifies a 350-bp product from Trident and 

the primer pair wri15_F/R2 amplifies 350-bp product from Molineux. Results for this pair 

of assays can be conveniently scored (as if it were a co-dominant assay) by loading the  

products from one primer pair onto an agarose gel, running electrophoresis for 15 minutes, 

then loading the products from the other primer pair and continuing electrophoresis 

(Appendix 3 - Online Resource S3.2; Figure S3.3B). A codominant KASP™ marker assay 

(wri16) was also developed to assay the same SNP (Appendix 3 - Online Resource S3.1: 

Table S3.1; Appendix 3 - Online Resource S3.2; Figure S3.3C).  

 

Linkage map and QTL results 

A total of 771 molecular markers were mapped: 164 SSR markers that were previously 

assayed and reported by Williams et al. [197] and 607 newly assayed markers (569 

DArT™ markers, 19 additional SSR markers, 8 published KASP™ markers and 11 new 

molecular markers). The resulting map consists of 25 linkage groups, two for each of 

chromosomes 1B, 3A, 3B and 7D and one for each of the other 17 chromosomes of wheat 

(Appendix 3 - Online Resource S3.3: Figure S3.4). As expected, all three of the QTL that 

Williams et al. [197] had reported to be associated with CCN resistance were detected 

(Table 5.1). The Cre8 region on chromosome 6B had higher test statistics and larger 

additive effect estimates than the other two loci (QCre.srd-1B and Cre5).  
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Table 5.1: Composite interval mapping (CIM) statistics of major quantitative trait loci (QTL) for resistance against cereal cyst 

nematode in the Trident/Molineux doubled haploid population as assessed in experiments conducted in 2004 and 2005.  

 

1
Calculated using the composite interval mapping feature of Windows QTL Cartographer v2.5_011 (Wang et al. [188]) using a step size of 0.5 cM, a co-factor dropping 

window of 10 cM, 5 co-factors selected based on forward regression, with the significance threshold set for a genome-wide Type I error rate of 0.05 by performing 1000 

permutations.  
2
 2004   3

2005   
4 
Mean of 2004 and 2005

QTL Chromosome  Donor of 

resistance 

allele 

Closest markers to the 

QTL peak 

CIM statistics
1
 at the QTL peak 

2004  2005  Mean of 2004 and 

2005 

LRS R
2
 Additive 

effect 

LRS R
2
 Additive 

effect 

LRS R
2
 Additive 

effect 

Cre8 6B Molineux BS00011603 and  

BS00022529 

86.1 0.33 25 

 

76.1 0.31 9 

 

100.5 0.35 16 

QCre.srd-1B 1B2 Molineux wmc719
2
,  gwm140

3
 

and wmc367
4 

 

55.1 0.19 20 

 

43.6 0.16 7 

 

62.5 0.19 12 

Cre5 2A Trident wmc177 30.9 0.10 -14  30.8 0.11 -6  41.5 0.12 -10 
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The new linkage map of chromosome 6B (Figure 5.1A) is 156.4 cM long and includes 80 

markers: 58 DArT markers, 3 SSR markers, 8 published KASP™ markers, 8 markers 

developed based on sequences that were included on the 9K iSelect genotyping array and 3 

newly developed EST-based markers. The peak test statistic (LRS = 100.5) for the Cre8 

QTL, as mapped based on two-year means, is at the 154.2 cM position, 0.9 cM proximal to 

the position of markers BS00011603 and BS00022529 (Table 5.1; Figure 5.1A). This 0.9 

cM interval is closely flanked by two clusters of markers (at 148.3 and 156.4 cM), each 

consisting of eight cosegregating markers, all of which are strongly associated with CCN 

resistance (Figure 5.1A).  

Of the 43 Trident/Molineux DH lines that were re-evaluated for resistance against H. 

avenae, 38 could be unambiguously classified based on their genotypes (Trident or 

Molineux) at other CCN-resistance loci (i.e., in the Cre5 and QCre.srd-1B regions). The 

remaining five lines could not be classified due to recombination events in the Cre5 region 

of chromosome 2A and due to missing genotypic data. Consistent with the QTL analysis 

results, nematode counts were lowest for the lines with Trident alleles at Cre5 and 

Molineux alleles at QCre.srd-1B (Appendix 3 - Online Resource S3.4: Figure S3.5A and 

B), highest for the opposite combination (Appendix 3 - Online Resource S3.4: Figure 

S3.5G and H) and intermediate for the other two combinations (Appendix 3 - Online 

Resource S3.4: Figure S3.5C and D; Figure S3.5E and F). When the lines within the four 

main genotypic classes were further classified based on their genotypes at the Cre8-linked 

marker BS0011603, the overall effect of Cre8 subcategories on the nematode count was 

significant in the global test (log-likelihood ratio test p < 0.0001). When pairwise 

comparisons between Cre8 subcategories were made, the lines with the Molineux allele at 

BS0011603 had lower mean nematode counts than the corresponding Cre8 subcategory 

with the Trident allele at that marker (Figure 5.2). 
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Figure 5.1: A) Genetic linkage map and LRS test-statistic scans for cereal cyst 

nematode resistance on chromosome 6B based on composite interval mapping 

using data from 161 Trident/Molineux doubled haploid lines. B) A comparison of the 

Trident/Molineux chromosome 6B linkage map of Williams et al. [197] (left) with the 

corresponding region of the current map (right). 

Line means of nematode counts of tube test experiments carried out by Williams et al. 

[197] in 2004 and 2005 and the mean counts across these two years were used as trait data. 

The diagnostic markers recommended for marker-assisted selection are underlined.  

A B 
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Figure 5.2: Mean nematode counts for eight genotypic classes of Trident/Molineux 

lines with different combinations of alleles at markers linked with the H. avenae 

resistance loci Cre5 (gwm359-wmc177), QCre.srd-1B (wmc367-gwm140) and Cre8 

(BS00011603).  

T: Trident M: Molineux allele; *, ** and ***:  pairwise comparison significant at the 0.05, 

0.001 and 0.0001 probability levels, respectively. 

 

Marker validation 

Marker assays applied to a panel of 13 cultivars verified that cultivars that are moderately 

resistant to CCN and are thought to carry the resistance allele at the Cre8 locus (Barunga, 

Cornell, Festiguay, Frame, Stylet and Yitpi) have the same allele as Molineux for 17 

markers (Figure 5.3). For seven of these markers (wri15 and wri16 from the 148.3 cM 

position; BS00011603 from the 155.1 cM position; BS00010627, BS00011795, BS0009548 

and BS00029210 from the 156.4 cM position), all of the moderately susceptible cultivars 



 

134 

 

that were assayed (Mace, Aroona, Axe, Drysdale, Egret, Gladius and Krichauff) exhibited 

the same allele as Trident (Figure 5.3). These seven markers could therefore be useful as 

diagnostic markers. For each of the other 10 markers tested (one that mapped at 147.0 cM, 

five that mapped at 148.3 cM, one that mapped at 155.1 cM and three that mapped at 156.4 

cM), at least some of the moderately susceptible cultivars exhibited the same allele as 

Molineux (Figure 5.3), limiting the usefulness of these markers for selection.  

 

Figure 5.3: Marker haplotypes for Molineux, Trident and 13 other wheat cultivars. 

M and T indicate that the result was the same as that obtained for Molineux or Trident, 

respectively, while U (unknown) indicates that it was not possible to unambiguously 

classify the result as being the same as that of either Molineux or Trident. Diagnostic 

markers recommended for marker-assisted selection are underlined.  
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5.7 Discussion 

Here, we report the improvement of the Trident/Molineux linkage map by the addition of 

DArT™, SSR, EST-based and SNP markers to the linkage map reported by Williams et al. 

[197]. Although the focus of this report is on the Cre8 region of chromosome 6B, some of 

the additional markers mapped could also be of interest relative to other traits that have 

been mapped in Trident/Molineux [83]. 

As expected, considering that we used the same population and phenotypic data as 

Williams et al. [197], the same three QTL for CCN resistance were detected, with Cre8 

being the most significant (Table 5.1). Williams et al. [197] had assigned the Cre8 QTL to 

a 14.7 cM interval between markers awbma20/cdo347 and gdm147 at the end of 6BL. 

Here, the Cre8 QTL was mapped to the same chromosome region, but the molecular 

marker map is much more saturated. The linkage map reported by Williams et al. [197] for 

chromosome 6B consisted of just three SSR and three RFLP markers. Here, the 6B linkage 

map (Figure 5.1A) was improved by adding 79 new markers and by retaining only the SSR 

marker wmc487 from the previous map. The other two SSR markers were excluded 

because of some ambiguous genotypic data and all three RFLP markers were excluded 

because many data points were missing. Accordingly, direct comparison of the current 

Trident/Molineux chromosome-6B linkage map with that of Williams et al. [197] relies 

only on the SSR marker wmc487 and on the relationship of the EST-based marker wri14 

with the RFLP marker awbma20 (Figure 5.1B). On the earlier map, marker wmc487 was 

46.4 cM distal to awbma20/cdo347. In contrast, on the current map, wmc487 is 89.6 cM 

proximal to wri14. Based on comparisons with other published maps [6, 16, 168], the 

genetic distance on the current map of chromosome 6B seems correct. In the construction 

of the earlier map, the lack of markers between wmc487 and awbma20 would have made it 

difficult to establish the correct orientation and marker order for the linkage group. Based 
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on our examination of all of the genotypic data, it seems that the correct orientation of the 

awbma20/cdo347 – bcd1 region is opposite to that reported by Williams et al. [197]. This 

would explain much of the apparent discrepancy between the distance estimates of 46.4 

and 89.6 cM and it indicates that Cre8 is in fact genetically very close to the distal end of 

6BL. 

When the existing CCN resistance data were evaluated using the improved maker map, the 

Cre8 QTL was mapped just proximal to markers BS00011603 and BS00022529 (Figure 

5.1A, Table 5.1). Further, in a new phenotypic evaluation of a subset of the 

Trident/Molineux lines, the Molineux alleles of these markers were confirmed to be 

strongly associated with lower nematode counts, as evidenced by the differences between 

the paired genotypic subclasses with different alleles at BS00011603 (Figure 5.2; Appendix 

3 - Online Resource S3.4: Figure S3.5). 

The large number of markers mapped within a few cM of the estimated position of Cre8 

provides a range of potential markers for use in selection. Here, some of these markers 

were tested across a panel of cultivars. For all of these markers, the alleles exhibited by 

Molineux were completely conserved across all of the cultivars that are thought to carry 

the Cre8 resistance allele, providing further supporting evidence for the close linkage of 

these markers with Cre8 (Figure 5.3).  

Due to the high cost involved in phenotypic evaluation of CCN resistance, this trait is a 

very good example for which molecular markers are useful for selection. For a marker to 

be widely useful in plant breeding, a particular marker allele must be present in all sources 

of the gene of interest and absent from other germplasm into which the gene of interest is 

to be introgressed. Seven of the 17 markers tested here seem to satisfy both criteria, with 

the allele exhibited by Trident conserved across all of the cultivars that are thought not to 

carry the Cre8 resistance allele. For the other 10 markers, the allele exhibited by Molineux 
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was observed in at least some of the non-Cre8 cultivars. This validation failure of most of 

the markers evaluated here (10 of 17) is not surprising, given that the initial marker 

discovery was based on polymorphism between Trident and Molineux, without 

consideration of allele frequencies across other germplasm. This indicates that many of the 

polymorphisms identified are varietal differences that are not universally associated with 

differences in CCN resistance, and it demonstrates the importance of validating linked 

markers across characterised germplasm. Of the seven markers that validated well here, six 

(BS00009548, BS00029210, BS00010627, BS00011603, BS00011795 and wri16) can be 

screened with KASP™ technology and one (wri15, assaying the same SNP as wri16) can 

be screened using electrophoresis on agarose gel.  

Genes for resistance against cyst nematodes have been cloned in sugar beet [15], tomato 

[44, 104] and potato [122] but not in any monocots. Positional cloning approaches have 

been used to attempt to isolate the genes responsible for CCN resistance at the Cre1 and 

Cre3 loci of wheat [32, 84]. This led to identification of two sequences with nucleotide-

binding-site leucine-rich domains (NBS-LRR): one a functional gene expressed in roots 

and the other a pseudogene (due to a frame shift directed by a deletion). Although 

nematode resistance genes from other plant species (e.g. Hs1
pro-1

 [15], Hero [44], Mi [104] 

and Gro1-4 [122] are known to have NBS-LRR domains, there has been no definitive 

proof-of-function evidence published for any CCN resistance genes in wheat.  

To implement a positional cloning approach for Cre8 resistance, one would need to screen 

large numbers of progeny with flanking markers to identify potential recombinants. Based 

on the current map, this might be done with a marker from the wri16 position and one from 

either the BS00011603 or BS00009548 position. To safeguard against the possibility that 

the causal gene is not actually within the selected interval, this screening might be carried 

out in an iterative manner. Initially, more widely spaced markers might be used. On the 
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proximal side, the marker wri8 could be useful for this. On the distal side, there is no 

corresponding option, given that BS00009548 is at the terminal position of the genetic map 

of 6BL.  

If screening was done and recombinants identified, those plants and/or their progeny would 

need to be phenotyped for CCN resistance. This presents another challenge. With the pot-

based phenotyping method that was applied here, we were not able to unambiguously 

classify all lines as resistant or susceptible even when 12 replications were used. Some 

plants that lack the resistance allele had quite low nematode counts (Appendix 3 - Online 

Resource S3.4: Figure S3.5). These may be ‘escapes’. In any single-plant evaluation, such 

plants could be misclassified as carrying the resistance allele. More accurate and precise 

data might be obtained using other methods such as tube tests [45] or DNA-based 

quantification [121], but these methods would also require assessment of multiple-plant 

families.  

Considering the rapidly expanding sequence information that is becoming available for 

chromosome 6B of wheat [176] and the bioinformatic resources exploiting synteny with 

closely related species such as barley, an alternate (or complementary) strategy for the 

identification of the Cre8 resistance gene could involve the use of marker sequence 

information from this mapping study as the starting point for a candidate-gene approach.  

The research reported here has improved the Trident/Molineux genetic linkage map by 

adding many molecular markers, some of which were designed specifically for this 

purpose. The orientation of the region of chromosome 6B that carries Cre8 was corrected. 

A large number of markers in that region were found to be closely associated with 

resistance against CCN. Some of these markers were confirmed as diagnostic across a 

panel of wheat cultivars and can be used in wheat breeding as an alternative to costly and 

time-consuming phenotypic assays used in the resistance screening for CCN H. avenae.  
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Chapter 6 

Development of materials for fine mapping Cre8  

 

6.1 Introduction  

In Chapter 5, the prospects for isolation of the CCN resistance locus Cre8 through a 

positional cloning approach were discussed. For positional cloning, generally a large 

population that has gone through several meiosis events is preferred (e.g., RI lines, F2, 

progeny of F2, backcross F1 or near-isogenic lines developed through backcrossing). 

Further, it is ideal to use material in which no other loci that affect the trait are segregating.  

In the Trident/Molineux DH population used in the Chapter 5, Cre8 is one of three CCN 

resistance loci that are segregating. The others are QCre.srd-1B, at which the resistance 

allele is from Molineux and Cre5, at which the resistance allele is from Trident [197]. This 

chapter reports the development of a large F2 population from a cross between two 

Trident/Molineux DH lines: one that carries the Cre8 resistance allele but neither of the 

other two resistance alleles and one that does not carry resistance alleles at any of the three 

loci, for use as a genetic resource for fine mapping of Cre8.  

 

6.2 Methods  

Based on marker genotypes in the QCre.srd-1B region (wmc719 - wPt-3950) of 

chromosome 1B and the Cre5 region (gwm359 - wmc177) of chromosome 2A, 

Trident/Molineux DH lines that have the Trident allele at QCre.srd-1B and the Molineux 

allele at Cre5 were selected. Out of these lines, two were selected to be crossed with each 
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other: one with Trident alleles in the Cre8 region and one with Molineux alleles in the 

Cre8 region.  

The F1 cross was carried out in a glasshouse in Urrbrae, South Australia, Australia. Six 

seeds of each line (maternal and paternal lines) were planted in plastic pots (20 cm in 

diameter) filled with coco peat and watered every 2 d until maturity. At spike emergence, 

the apical spikelet and the immature basal spikelets were removed from the maternal plants 

(Figure 6.1A). In each of the remaining spikelets, the central floret was removed (Figure 

6.1B) and the top 1/3 of each of the remaining florets was cut off at a slight angle and 

emasculation was carried out by removing all the immature anthers with forceps (Figure 

6.1C and D). The spikes were labeled and were individually covered with glassine 

envelopes to prevent cross pollination. The emasculated spikelets were kept for 2 to 3 d 

until the stigma became receptive (indicated by the fluffy appearance in Figure 6.1E). 

Fresh pollen from the donor paternal parent was applied on to the receptive stigma of the 

emasculated florets (Figure 6.1F and G). The spikes were again labeled and individually 

covered with glassine envelopes (Figure 6.1H). After several weeks, plump seeds were 

visible indicating successful crosses (Figure 6.1I). Plants were maintained until they were 

ready for harvesting and were harvested as separate heads.  

Each of the F1 seeds was planted in a plastic pot (15 cm in diameter) filled with coco peat 

and watered every 2 d until maturity. At 14 d after sowing, leaf tissues were collected and 

freeze-dried at -50 °C, under a 0.110-mbar vacuum pressure for 17 h in a Christ
® 

ALPHA 

1-2 LD freeze dryer (Martin Christ Freeze Dryers GmbH, Germany). DNA was extracted 

using the method described by Fox et al. [46]. To confirm heterozygosity of the F1 plants, 

marker wri15 was assayed across all the F1 plants according to the conditions described in 

Chapter 5. The confirmed F1 progeny were grown to maturity. Prior to flowering, the 

spikes were bagged with glassine envelopes and allowed to self-pollinate. Watering was 
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continued until maturity and seeds from each F1 plant were harvested separately and were 

kept in a cold room (10 °C) in an airtight container.   

 

Figure 6.1: An illustration of the crossing procedure in wheat. 

Spike after removing apical and basal spikelets (A), removal of the central floret (B), 

spikelets after removal of the top 1/3 (C), removal of immature anthers (D), receptive 

stigma (E), pollen from a mature anther (F), shedding pollen on to an emasculated floret 

(G), a spike bagged with a glassine envelope (H) and developing seeds from successful 

crosses (I). 

 

6.3 Results and Discussion  

Out of 161 Trident/Molineux DH lines used in Chapter 5, two lines that carry the Trident 

alleles at markers near the QCre.srd-1B locus and Molineux alleles at markers near the 

Cre5 locus were selected. One (TMDH006) has a Molineux-like haplotype throughout the 
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entire 6B chromosome and thus carries the resistance allele at Cre8 (Cre8-carrying), while 

the other (TMDH082) has a Trident-like haplotype throughout the entire 6B chromosome 

and therefore lacks the resistance allele at Cre8 (non-Cre8-carrying) (Figure 6.2).  

  

Figure 6.2: A graphical representation of the chromosome 1BG2, 2A and 6B of 

TMDH006 and TMDH082. 

Marker positions are coloured according to the corresponding parental genotypes: 

Molineux-like (black) and Trident-like (red). The approximate QTL positions shown with 

solid bars.  
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Consistent with the QTL effects reported by Williams et al. [197] and in Chapter 5 of this 

thesis, the nematode counts observed by Williams et al. [197] were low for the Cre8-

carrying line TMDH006 and high for the non-Cre8-carrying line TMDH082 (Figure 6.3A). 

This confirmed that these two lines are suitable as parental lines for population 

development. For the cross, TMDH082 was used as the maternal parent and the TMDH006 

was used as the paternal parent. As these DH lines were developed from a 

Trident/Molineux cross, both should carry the same cytoplasm from their maternal parent 

Trident. Therefore a reciprocal cross was not performed to test for maternal effects. 

Out of the 101 F1 seeds from the TMDH082/TMDH006 cross, 98 provided plants that 

were confirmed to be heterozygous at marker wri15 (seeds 11 and 33 did not germinate, 

while the genotypic data indicated that plant 28 had resulted from accidental self-

pollination of the maternal parent; Figure 6.4). From the 98 F1 plants, approximately 3300 

F2 seeds were harvested.  

Thus, the confirmed F1 plants used here permitted the establishment of an F2 population 

that is large enough to be useful for fine mapping. For some traits, both phenotyping and 

genotyping can be done in the F2 generation. This is not feasible for CCN resistance, 

because phenotyping of individual plants would not be sufficient to unambiguously assign 

each plant to a resistant or susceptible category. To address this issue, progeny tests will be 

required. Given that phenotyping for CCN resistance is costly, it would be most efficient to 

limit the phenotyping to the progeny of the genetically informative F2 plants: those that 

carry chromosomes with recombinant haplotypes in the Cre8 region. To identify the 

informative plants, one approach would be to grow all F2 plants, extract DNA from leaf 

tissues and assay markers to select for the plants with recombinant haplotypes. However, 

this approach may require a large space to maintain the plants until the selections are 
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completed, and preferably until maturity (so as not to waste the genetic resource) as it is 

possible that the causal gene might be outside the expected region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Line means of nematode counts in 2004 versus 2005 of 121 

Trident/Molineux doubled haploid lines. 

The first, second and third characters in each legend entry represent the alleles (M from 

Molineux or T from Trident) at QCre.srd-1B, Cre5 and Cre8 respectively. Alleles that 

confer resistance are underlined. ♂ - TMDH006 and ♀ - TMDH082. 
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Figure 6.4: wri15 assay on 101 F1 progeny of a cross between TMDH082 and 

TMDH006. 

L - GeneRuler
®
 100 bp DNA Ladder (Thermo Fisher Scientific Inc.); 1- 101: F1 progeny of 

TMDH082/TMDH006 cross; T - TMDH082, M - TMDH006; H - artificial heterozygote 

(combining equal amounts of TMDH082 and TMDH006 DNA) 

 

An alternative approach is to cut each of the F2 seeds in half and use the non-embryo-

carrying half for the DNA extraction and marker assays and retain the embryo-carrying 

half for future use (Figure 6.5). With an automated DNA extraction system, DNA 

extraction for 3300 half-seeds can be completed quite quickly. The molecular markers 

wri8, wri16, BS00011603 and BS0009548 (from map positions 147.0, 148.3, 155.1 and 

156.4 cM respectively, representing the Cre8 QTL region in the chromosome 6B linkage 

map of Chapter 5) could be then assayed and the marker order be further refined. Only the 

retained embryo-carrying half-seed of the informative recombinants (heterozygous at one 

flanking marker and homozygous for the Molineux allele at the other) can then be grown 
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to maturity to obtain F2:3 families. If not all of the informative recombinants can be carried 

forward for phenotyping, preference should be given to the Molineux parental haplotype 

over the Trident parental haplotype. 

The plants with the Molineux haplotype (Cre8-carrying plants) are likely to exhibit less 

phenotypic variation than plants with the Trident haplotype (Figure 6.3A to D). This will 

provide a more uniform ‘control’ phenotype to which the phenotypes of recombinant 

progeny can be compared.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: A flow diagram illustrating the population development and screening 

for informative recombinants. 
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The haplotypes of the plants in F2:3 families could be determined by a similar genotyping 

approach involving half-seed DNA extraction method described above (Figure 6.5). Within 

each family, individuals with Molineux parental haplotype (about 8 plants) and 

recombinant haplotype (heterozygous for one flanking marker and homozygous for the 

Molineux allele at the other; about 8 plants) could be selected and the embryo-carrying 

halves of the seeds could be sown to grow F3 plants in an inoculated tube test [88] to 

evaluate CCN resistance. Within the same F3:4 family, higher nematode counts among the 

recombinants compared to the Molineux parental type plants would indicate that the causal 

gene may be absent in the recombinants and thus a putative location of Cre8 could be 

defined in relation to recombination break-points.  

The cluster of markers mapped to the most distal position of the 6BL linkage map show a 

very close association with the CCN resistance. As no other molecular markers are mapped 

beyond this point in the current map (Chapter 5), it will be important to investigate the 

possibility of the causal gene for resistance residing further distal in the 6BL linkage map. 

Other published linkage maps [6, 16] do have some markers mapped distal to the most 

distal markers in the current Trident/Molineux map. Some of these were tested here, but 

they did not exhibit polymorphism between Trident and Molineux. With the availability of 

whole-genome shotgun contigs for chromosome 6B [176] and the wider use of markers 

developed by GBS [132], it may be possible to identify polymorphic sequences that are 

distal to the current markers. If not, it may be necessary to develop new crosses between a 

Cre8 carrying line and another parent.  

One of the main advantages of using the population developed here for fine mapping (over 

using a line that also has other resistance genes that affect the trait) would be the fact that 

the phenotypic data will be reflective of the Cre8-derived resistance, as Cre8 is the only 

major resistance QTL that segregates in this population. The approach described here 
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should quickly improve map resolution of Cre8 region. The map resolution could be 

further improved by phenotyping and genotyping of additional progeny and/or the 

development of additional recombinants through further self-pollination and/or 

backcrossing. Further, by comparing the phenotypic data and the recombinant breakpoints 

of informative recombinants, a tentative position for the Cre8 resistance locus could be 

estimated, relative to the molecular markers. However, the success will largely depend on 

whether Cre8 itself is proximal or distal to the most distal mapped marker.  

Through the IWGSC [22], a 6BL survey sequence with a 90× coverage (36 Gb) is already 

available [176] and the wheat chromosome 6B genome sequence assembly should be 

available in the near future [22, 176]. Access to genomic sequences enables identification 

of orthologous candidate genes through synteny to other well annotated genomes such as 

rice and Brachypodium. Before proceeding with functional analysis, the most likely 

candidate needs to be identified. For that, knowledge about biological pathways involved 

in triggering and delivering resistance responses could be very useful.  

The underlying resistance mechanisms and the biological pathways involved in delivering 

resistance responses are poorly understood in most CCN resistance loci. Some work has 

been done on Cre1 and Cre3 resistance loci of wheat, in terms of understanding the 

penetration, establishment and initial development of nematodes, and/or on the initiation 

and development of syncytia, designated nematode feeding sites [51, 117, 154, 196]. 

However, no research has been reported investigating the resistance mechanisms involved 

with Cre8 CCN resistance locus and the biological pathways involved in its defence 

responses. To begin to fill this knowledge gap, I conducted some observational work 

(described in Appendix 4) on nematode penetration and syncytium development in 

inoculated plants of the Trident/Molineux DH lines TMDH006 (Cre8-carrying) and 

TMDH082 (non-Cre8-carrying). It was observed that initial penetration of the nematodes 

and their early development and/or the initiation and early development of the syncytia (up 
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to 18 d after inoculation) happened successfully in both lines. However, as sampling was 

not carried beyond 18 days after inoculation, no definitive conclusion could be drawn as to 

whether the effect of the Cre8 resistance locus is to trigger defence responses such as 

extensive vacuolation, lowered protoplasm activity and degradation of syncytia, all leading 

to nutrient deprivation in developing nematodes, as seen in root tissues carrying Cre1 or 

Cre3 CCN resistance loci. The knowledge gained through root response studies could be 

important in understanding the key changes associated with these resistance loci and will 

provide insight to identify potential candidates for isolation of the Cre8 resistance gene(s) 

via a candidate gene approach.    

Due to time restrictions defined by the PhD candidature, neither fine mapping of the Cre8 

region using the developed F2 mapping population nor further examination of root 

responses of Cre8 and non-Cre8 lines was undertaken. The population will be an important 

resource in future attempts of fine mapping the Cre8 resistance locus and the initial results 

that are presented in Appendix 4 provide a basis for the design of future experiments to 

investigate the Cre8 resistance mechanism. 
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Chapter 7 

General discussion 

 

The RLN genus Pratylenchus and the CCN genus Heterodera are capable of causing 

significant yield loss when proper control strategies are not in place. The research reported 

in this thesis was on the P. neglectus resistance locus Rlnn1 and H. avenae resistance locus 

Cre8 in wheat.  

 

7.1 Genetic mapping of the nematode resistance loci Rlnn1 and Cre8 

Use of genetic resistance is very important to keep nematode densities below the economic 

threshold levels. The research reported in this thesis was aimed at fine mapping of the 

Rlnn1 and Cre8 resistance loci, to identify diagnostic markers for MAS and as an initiative 

towards positional cloning.   

Prior to this thesis research, Rlnn1 had been mapped to the distal end of chromosome 7AL 

using Excalibur/Kukri DH lines [200] and Cre8 had been mapped to the distal end of 6BL 

using Trident/Molineux DH lines [197, 199]. At the beginning, the prospects for fine 

mapping the Rlnn1 resistant locus seemed  much better than those for Cre8, due to the fact 

that 1) new markers targeting the distal end of 7AL could be developed using the 

chromosome 7AL sequences that were already available at the time (e.g., Chinese Spring 

syntenic build for chromosome 7A though the IWGSC Wheat Genome Database [29] and 

whole-genome shot-gun sequences of Excalibur and Kukri though Bioplatforms Australia 

[7, 41]) and 2) there was a large fine mapping population (Excalibur/Kukri F4:5 RI lines) 

readily available for use. Chromosome 6BL sequencing was not as advanced at the time 
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and no large mapping population was available for fine mapping of Cre8. Therefore at the 

beginning of the candidature progress in fine mapping of Cre8 was expected to proceed at 

a slower pace compared to Rlnn1. 

For Excalibur/Kukri, improvements to the linkage map were targeted only at the 

chromosome 7A, because a map with good genome-wide coverage was already available 

[42]. The targeted approaches reported in Chapters 3 and 4 included selecting and assaying 

markers that had been mapped to 7AL in other population maps [6, 16, 26], marker 

databases [4, 30], ESTs [27, 171] or were designed based on sequences selected from the 

distal end of the Chinese Spring chromosome 7A syntenic build [29, 85] or were designed 

based on the Excalibur and Kukri polymorphisms detected based on the chromosome 7AL 

shot-gun sequences [7, 41]. This targeted approach substantially improved the 

Excalibur/Kukri chromosome 7AL linkage map (Chapters 3 and 4).  

In contrast, at the outset of the project the Trident/Molineux linkage maps had a low 

coverage with just RFLP and SSR markers. Even though the Trident/Molineux DH lines 

had been genotyped for DArT
®
 markers, two EST-based markers and several SSR 

markers, a well curated linkage map was not available. In the research reported in Chapter 

5, the Trident/Molineux genetic linkage map was improved by adding new markers 

throughout the genome. As the emphasis of the thesis research was on the distal end of 

chromosome 6BL, the 6B linkage map was further improved by implementing a targeted 

approach of selecting markers that had previously been mapped to chromosome 6BL [6, 

16, 26] and by designing new markers using an EST-based approach [27, 171]. A 

sequence-based approach was not feasible for chromosome 6B as the IWGSC [22] 

chromosome 6B sequences were only made available to public recently and are still not 

available as an assembly to target the region of interest [176]. 
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Through new marker technologies such as the 90K-iSelect array for wheat [189], the 

820K-Axiom
®
 Wheat Genotyping array (Affymetrix, Inc., USA) and genotyping-by-

sequencing (GBS; [132]) very large numbers of markers can be mapped to improve 

regions of interest. During the course of this research, GBS data were obtained  for the 182 

Excalibur/Kukri lines used in the Chapters 3 and 4 (Diane Mather and Ken Chalmers, 

unpublished data), but by the time these data were obtained, the lack of recombination in 

the Rlnn1 region of 7AL in Excalibur/Kukri materials, was already evident. Accordingly, 

development of additional molecular markers for this region seemed unlikely to be 

informative. In contrast, for the Cre8 resistance locus, there is no indication of suppressed 

recombination and thus, high-density mapping technologies could be used to fill the ‘gap’ 

region proximal to the Cre8 QTL peak (Chapter 5) and to look for markers that may map 

distal to the current terminal marker cluster (Chapter 5). If successful, any new markers 

that map to the distal end of the 6BL linkage map could assist in refining the marker order 

and the position of the Cre8 QTL.      

A high-quality genetic linkage map is a necessity for accurately defining a QTL position 

and its effects. Quality control can improve the accuracy of the linkage maps. Incorrect 

genotypic calls can lead to apparent double recombinants and affect the marker order and 

overestimate the map distance by increasing the distance around the particular marker 

region. If the marker with incorrect genotypic calls is near the QTL such artefacts further 

affect the accuracy of the QTL position and effect estimates. Another issue that can affect 

the accuracy of a linkage map is the presence of genetically identical or highly similar 

line(s), as a result of accidental duplication of lines. Inclusion of more than one copy of a 

particular line will lead to overestimation of genetic distances in regions in which that line 

is recombinant and to underestimation of genetic distances in regions where the lines is not 

recombinant. Taking these issues into account, some quality control measures were 

adopted here. Markers with very high missing genotypic calls, suspected DNA 
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contamination, ambiguous genotypic calls and markers with segregation distortion were 

removed. The lines with identical or very similar genotypes were replaced by a single 

‘consensus line’.  

These stringent quality control measures improved the current linkage maps of 

Excalibur/Kukri and Trident/Molineux. Even though the Excalibur/Kukri genetic linkage 

map of Edwards [42] was well curated, there were a few markers with ambiguous data 

calls near the Rlnn1 QTL region. In the research conducted for this thesis, these were 

identified through examination of pairwise recombination fractions and LOD linkage plots. 

These markers were re-assayed and the genotypic errors were corrected. To improve the 

quality of the curated map, several other markers that could not be readily re-assayed were 

removed due to ambiguous data calls and others due to high missing values (e.g, RFLP and 

DArT
™

 markers). Several DH lines had to be removed as a result of DNA contamination 

and mix-ups. Further several sets of genetically similar lines (26 sets including 43 lines) 

were identified and were replaced with consensus lines for each set, which improved the 

accuracy of the genetic distances, QTL effect estimates and refined the QTL position.   

Similarly, in the Trident/Molineux DH population dataset there were markers with large 

number of missing data points (e.g, RFLP and SSR) and ambiguous allele calls (due to 

genotypic errors or as a result of contaminated DNA). In the Trident/Molineux linkage 

map, the stringent curation criteria led to removal of five of the six markers mapped to 

chromosome 6B in the original map [197]. That, along with the addition of new markers to 

chromosome 6B, made it possible to correct the orientation of the distal region of the 

chromosome and to map the Cre8 QTL to the distal end of 6BL.  

In genome-wide linkage and QTL mapping with large populations and large genotypic and 

phenotypic datasets, minor errors such as duplication of a few lines or mis-scoring of a few 

genotypes are unlikely to substantially affect the results. However, when fine mapping a 
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particular QTL, stringent quality control as adopted above is critical. If not, it will largely 

affect the accuracy of fine mapping and the subsequent cloning attempts.  

The mapping of the Rlnn1 resistance locus to the distal end of 7AL, using Excalibur/Kukri 

DH lines (in Chapter 3), is the first report of mapping of the Rlnn1 locus as a QTL in a 

single large bi-parental mapping population, without classification of lines into resistant 

and susceptible categories. The use of a large single biparental population as opposed to 

combining information from few smaller populations avoided artefacts that can be created 

as a result of a consensus mapping approach. Further with a trait such as resistance against 

P. neglectus it is difficult to accurately categorise lines as resistant or susceptible, mainly 

due to the variability of trait data (even with many replicates as seen in Chapter 4). As a 

result misclassification of some lines is very likely and this can affect the overall accuracy 

of the analysis.  

In Chapter 5, all three expected QTL (Cre8, Cre5 and QCre.srd-1B) initially mapped by 

Williams et al. [197], were detected and their QTL effects were estimated accurately using 

a CIM approach. Even though the main interest was in the locus on chromosome 6B, the 

Trident/Molineux genetic linkage maps of the rest of the chromosomes were also improved 

as a result of adding new molecular markers. Although this would be outside of the scope 

of this thesis, this could present opportunities to refine the positions of other trait QTL such 

as milling yield and baking quality traits previously reported by Kuchel et al. [83]. 

In Australian wheat breeding programs and national variety trials, regular screening for 

resistance against RLN P. neglectus and CCN H. avenae is done to assess resistance levels 

of currently grown cultivars, in newly developed cultivars and in advanced breeding lines. 

The phenotypic assays for nematode screening are costly, labour intensive and time 

consuming. Markers had been implemented to some extent, but the available markers had 

limitations. Therefore the development of new diagnostic markers was important. The 
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research reported in this thesis resulted in several molecular markers that were 

recommended for MAS of resistance loci Rlnn1 and Cre8. These markers were confirmed 

to be diagnostic across a panel of wheat cultivars that are at least moderately resistant to 

the nematode of interest (P. neglectus or H. avenae) and/or were known to carry the 

resistance allele at the particular nematode resistance loci (Rlnn1 or Cre8). In the current 

thesis five markers were recommended for the use in MAS of Rlnn1 (wri2, wri3, wri27, 

wri28 and wri29) and seven markers were recommended for the MAS of Cre8 (wri15, 

wri16, BS00011603, BS00010627, BS00011795, BS00009548 and BS00029210).  

These markers allow faster screening of the progeny of parents that carry the Rlnn1 or 

Cre8 resistance, at a much lower cost than phenotypic assays. This enables researchers and 

breeders to do phenotypic evaluations only when they are absolutely necessary, such as for 

discovery of new sources of resistance, verification of the resistance of advanced lines, 

descriptions of new cultivars and assessment of the informative recombinants during fine 

mapping.  

 

7.2 Towards cloning of Cre8 

Most of the markers mapped in the Cre8 QTL region cosegregated with one or more other 

markers in the Trident/Molineux DH mapping population. With a large fine mapping 

population, it might be possible to find more informative recombinants to separate some of 

these clustered markers, to achieve a better map resolution and a marker order for the Cre8 

region. This would also be an initial step towards map-based cloning of the Cre8 resistance 

locus. In Chapter 6 of the thesis, I reported the development of genetic material for fine 

mapping Cre8. There are many different types of mapping populations that can be used for 

fine mapping. The material that I developed is based on a cross between two DH lines: one 

carrying the Cre8 resistance allele and the other carrying the susceptible allele. Apart from 
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carrying opposite alleles on chromosome 6B, the two DH lines lack the resistance alleles at 

the Cre5 and QCre.srd-1B loci, and thus the progeny of the cross will segregate for Cre8 

but not for either of the other resistance loci. The F2 seeds produced are now being used to 

fine map the Cre8 QTL region and revise the marker order according to the method 

described in Chapter 6. Progeny of these informative recombinants will be phenotyped to 

more precisely map Cre8. One disadvantage of this early-generation approach is that there 

are fewer opportunities for recombination than in materials with more recombination 

history such as RI lines. However, the screening of a large F2 population (~ 3300 plants) 

and the following generations, will give greater opportunity to capture potential 

recombinants early than waiting for the development of advanced-generation RI lines.  

Once the Cre8 region is fine mapped and is anchored to assembled genomic sequence, 

there may be multiple candidate genes that seem worthy of investigation. An 

understanding of the biological pathways involved in conveying resistance could be 

important for narrowing down the choice of candidate genes for functional analysis. Three 

resistance genes against cyst nematodes have been cloned in dicots (Hs1
pro-1 

 for resistance 

to sugar beet cyst nematode (Heterodera schachtii) [15], Hero for resistance to potato cyst 

nematode (Globodera rostochiensis) in tomato [44] and Gro1-4 in potato [122]). The Hero 

gene is not similar to any known gene, but it includes a coiled-coil NBS-LRR domain 

(CC/NBS/LRR resistance gene class) similar to many other reported disease resistance 

genes [44]. In a transgenic tomato plant expressing the Hero gene, cells adjacent to the 

tracheal elements were necrotised, preventing the syncytium from encroaching into xylem 

tissues [35]. This isolation of the syncytia leads to the degradation of syncytial nuclei, 

followed by the degradation of the syncytium itself due to lack of sufficient nutrients. This 

leads to a nutrient deficit environment that is unfavourable for the growing juveniles [35]. 

The condition induces an imbalanced sex ratio, as under poor nutrient availability the 

juveniles morph into males rather than females. The Hero gene is expressed in all tissues, 



 

157 

 

but its expression is upregulated in the roots upon nematode infection, and the timing 

coincides with the degradation of syncytia [35]. The Hs1
pro-1 

gene has an imperfect leucine-

rich region and a putative transmembrane domain, but it does not belong to the NBS-LRR 

class or any other known plant resistance gene categories [15]. Similar to Hero, Hs1
pro-1 

is 

thought to exert resistance through degradation of syncytia, however, the mechanism is 

different from that of Hero. In Hs1
pro-1 

carrying lines, the syncytia degradation involves  

processes within the structure of the syncytium [67]. The mechanism is suspected to have a 

relationship to membrane aggregations observed exclusively in lines carrying the Hs1
pro-1 

gene. These membrane aggregations are thought to be formed by degradation of the 

endoplasmic reticulum [67]. The Gro1-4 gene contains Toll-Interleukin 1 receptor, NBS 

and LRR domains (TIR/NBS/LRR resistance gene class) [122]. To my knowledge no 

response studies have been done on the Gro1-4 gene.  

In wheat, candidate genes have been proposed for the homeologous loci Cre1 and Cre3 

[84], but functional analysis of these genes was not discussed and it is not clear whether 

these are the only potential causal genes in the region. One of the two candidate sequences 

is from a pseudogene and the other encodes a polypeptide that is expressed in roots. Both 

contain cytoplasmic NBS-LRR domains [32, 84]. The resistance responses of Cre1 and 

Cre3 are thought to be involved in early degradation of syncytia in resistant lines 

(discussed later in this Chapter) [51, 154, 196].  

The chromosome 6B survey-sequence assembly should be available soon through the 

IWGSC  [22, 176]. As described in the Chapter 4 of this thesis, markers that are closely 

associated with the Cre8 nematode resistance QTL could be anchored on to the 

chromosome 6B survey-sequence assembly. This will give the opportunity to retrieve 

genomic sequences from the targeted region for the development of new molecular 

markers to further improve the marker density at the Cre8 region for fine mapping and 
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refine the marker order and QTL position further. In addition often genome assembly is 

likely to be annotated based on similarities to orthologous genes [29, 85] and/or the 

orthologous genes for specific sequences can be found using a comparative genomics 

approach. This should make it possible to narrow down the choice of candidate genes 

based on their functional relatedness to nematode resistance. Given that most genes 

reported for cyst nematode resistance carry the NBS-LRR domains, such features may be 

important to narrow down the choice of candidates genes for functional analysis..  

Since Chinese Spring is the cultivar used for the development of the IWGSC assemblies, it 

will be important to know the resistance state of Chinese Spring against CCN H. avenae. 

Given that Chinese Spring amplifies a chromosome 6B-specific product similar to that of 

Molineux, for the diagnostic marker wri16 (Chapter 5), it is possible that Chinese Spring 

carries the resistance allele at the Cre8 resistance locus. In order to confirm the resistance 

status, I recommend phenotyping Chinese Spring for resistance against CCN H. avenae.   

 

7.3 Suppressed recombination at the distal end of chromosome 7AL in 

Excalibur/Kukri genetic material 

Although Neu et al. [114] had suggested a suppressed recombination at the distal end of 

7AL in materials with Lr20/Pm1 resistance, Williams et al. [200] estimated that the Rlnn1 

resistance locus and the SSR marker gwm344 are distal to Lr20 by 9.1 and 13.6 cM, 

respectively. It therefore seemed unlikely that Rlnn1 would be within the region of 

suppressed recombination. Once the Excalibur/Kukri population was phenotyped for 

resistance against P. neglectus and the rust pathogens P. triticina and P. graminis f. sp. 

tritici and Lr20/Sr15 loci were mapped, it became clear that the region of interest for 

resistance against P. neglectus is exactly the same as the one studied by Neu et al. [114].  
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The results presented in Chapter 4 of this thesis provide considerable additional evidence 

for suppression at the distal end of 7AL in materials for which one parent (Excalibur) 

carries the resistance alleles at Lr20, Sr15 and Rlnn1: 1) assaying markers/genes from the 

‘terminal cluster’ on a larger Excalibur/Kukri RI population revealed no natural 

recombinants; 2) evaluating a large number of Excalibur/Kukri RI lines for resistance 

against P. neglectus revealed no recombinants between the Rlnn1 locus and wri2 marker; 

3) comparing the map position of markers mapped to the ‘terminal cluster’ (in 

Excalibur/Kukri linkage map) with other published maps revealed that some common 

markers are mapped as separate loci; and 4) anchoring of the ‘terminal cluster’ markers to 

the Chinese Spring syntenic builds revealed that most markers were physically mapped to 

different positions. These findings strongly indicate suppressed recombination in the Rlnn1 

region. Based on the findings reported in Chapters 3 and 4, the suppressed recombination 

is limited to Excalibur and to other cultivars that carry the resistance alleles at Rlnn1, 

Lr20/Sr15 and the Psy-A1t allele for ‘very yellow’ flour colour. In the linkage block in 

which recombination is suppressed, there are several genes that are of interest to breeders. 

Thus investigating the genetic phenomenon that lead to this suppressed recombination may 

have broader implications than just breeding for RLN resistance.  

Suppressed recombination in chromosomes can happen due to various genetic 

phenomenon including chromosomal rearrangements such as translocations or inversions 

or due to deletions or duplications of chromosomal segments [49]. Out of these 

possibilities, the results presented in Chapters 3 and 4 mostly support a translocation at the 

distal end of chromosome 7AL.  
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7.4 A translocation at the distal end of 7AL?  

Wheat has a long evolutionary history that involved two separate hybridisation events that 

occurred over a long time period. The progenitors of A, B, D and S genomes (Triticum and 

Aegilops) of cultivated wheat radiated from each other between 2.5 and 6 million years ago  

[17, 72]. Less than 0.5 to 3 million years ago, as a result of a hybridisation between T. 

urartu (A
u
A

u
) and B-genome progenitor(s), tetraploid wild Emmer wheat T. turgidum 

(A
u
A

u
BB) emerged. Emmer wheat was domesticated around 10,000 to 12,000 years ago. 

Around 8,000 years ago, the hybridisation of domesticated Emmer wheat with Ae. tauschii 

(DD) resulted in the hexaploid wheat T. aestivum (AABBDD) [72]. A translocation in 

wheat can be an ancient one that is present in some or all wheat cultivars or it can be more 

recent as a result of an intergeneric (between genera)/interspecific (between 

species)/intraspecific (within species) crossing. Therefore an observed translocation could 

have occurred within the history of modern wheat breeding or at any time in the last 8,000 

years of wheat evolution or it could have pre-dated hexaploid wheat and could have 

occurred in one of its diploid or tetraploid progenitors.  

Although translocations are rare events, several have been identified in modern wheat. 

Most identified translocations are telomeric [47]. The cyclic translocation of chromosome 

7BS-5AL-4AL in all wheat is an ancient translocation involving wheat chromosome group 

7 [93, 113]. More recent translocations involving group-7 chromosomes include 

translocations of the leaf rust resistance gene Lr19 from Agropyron elongatum to wheat 

chromosome 7DL [148] and the leaf rust resistance gene Lr47 and the greenbug resistance 

gene Gb5 both from Ae. speltoides [37] to chromosome 7A. These resulted from deliberate 

intergeneric crosses performed on selected lines and they are present only in materials 

derived from those crosses. In contrast, Lr20 is known to be present in a large number of 

wheat cultivars that are not known to be derived from any deliberate interspecific or 
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intergeneric crossing, and that have not been traced back to any common ancestor in 

modern wheat breeding. Accordingly, it seems unlikely that the suppressed recombination 

observed in Excalibur and other cultivars discussed in Chapter 4 is due to a translocation 

introduced by deliberate intergeneric/interspecific/intraspecific crossing.  

If a translocation occurred naturally then it could have been (1) an intergenomic 

translocation within hexaploid wheat or a tetraploid ancestor or (2) an 

intergeneric/interspecific/intraspecific translocation following a natural outcrossing event. 

To my knowledge, the segment is present only in some hexaploid wheat and is not known 

to be present in any tetraploid wheat. Although this favours the possibility of a 

translocation taking place after hexaploidation, it is also possible that the translocation 

occurred prior to hexaploidisation or even prior to tetraploidisation, and was present in 

some but not all of the ancestors that participated in ancient hybridisation, and was passed 

on to only some lineages of wheat through ancestral allele sorting. 

Based on the results reported in this thesis it seems likely that a translocation at the distal 

end of 7AL in Excalibur is the underlying cause for the suppressed recombination. The 

evidence can be summarized as follows: 

a. Although Excalibur’s Psy-A1t allele genetically maps to chromosome 7AL, its 

sequence is very different from other Psy-A1 alleles  

In the phylogenetic analysis reported in Chapter 4 and by Crawford et al. [24] on 

the Psy1 alleles of wheat and close relatives, the Psy-A1t allele was found to be 

more closely related to the Ae. speltoides S genome alleles and to some wheat B 

genome alleles, than to the A genome alleles from chromosome 7A to which it was 

genetically mapped. A translocation from a 7B-like chromosome carrying the Psy-

A1t allele could have led to this phenomenon. The origin and the time at which the 

translocation occurred remain unknown. 
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To trace back the origin of the translocation it can be recommended to genotype all 

known cultivars that carry the Lr20 gene, with Psy-A1 and other markers mapped to 

the region, to see if they carry the Excalibur-like haplotype. It is also recommended 

to evaluate those cultivars for resistance against P. neglectus to estimate their level 

of resistance.  

b. The amplification of an additional 7B-like product from Excalibur for the marker 

AWW5L7 

As reported in Chapter 4 of this thesis, the AWW5L7 amplifies two products from 

Excalibur, one of which was not polymorphic between Excalibur and Kukri but 

was confirmed to be specific to 7BL using nullisomic-tetrasomic stocks. The other 

(somewhat longer) product was amplified from Excalibur but not from Kukri. 

Mapping of this polymorphism assigned this product to the ‘terminal cluster’ of 

7AL (not to the expected position of marker AWW5L7 on chromosome 7BL [152]). 

The 7B-specific smaller fragment in Excalibur is amplified by both Kukri and 

Cranbrook and is probably from the chromosome 7B itself. The longer product 

from Excalibur, has similarities to the product from the Halberd, but shows length 

and SNP polymorphisms. Thus, it is likely to be 1) an intraspecific translocation 

from a 7B chromosome of an ancestor related to Halberd or 2) an 

interspecific/intergeneric translocation from a 7B-like donor. The Psy-A1 

phylogeny of Chapter 4 and of Crawford et al. [24] indicated that the B-genome 

progenitor Ae. speltoides may be a possible donor. Accessions of Ae. speltoides 

could be screened to determine if AWW5L7 marker amplifies the longer Excalibur 

product and a cytogentics approach could be used to screen for putative 

translocations between the A genome and Ae. speltoides. The marker AWW5L7 did 

not amplify the longer Excalibur product for the Ae. speltoides the accession 

AEG357-4 and genomic in-situ hybridisation images with Ae. speltoides (PBI 
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cytogenetic stock C64.69) used as a probe detected no putative A-B translocation 

with Ae. speltoides (Peng Zhang, personal communication). 

The sequence from Excalibur had no significant BLAST hits to any of the sequence 

databases that are currently available including the survey sequences of Chinese 

Spring chromosomes at IWGSC and sequences of wheat close relatives at IWGC 

[22]. It is not surprising to see that no hit was found in IWGSC sequences as the 

variant is not expected to be present in the cultivar Chinese Spring that was used to 

generate the sequences. The variant may not have had significant hits to other 

databases, either because it did not originate from those genera or because the 

region is still not adequately represented among currently available reads. Through 

IWGSC and IWGC [22], more complete sequence assemblies will be available for 

wheat and other related species in the near future and thus it will be important to 

update the BLAST search as new sequence resources/assemblies get available. 

 

c. Unique amplification patterns observed in the markers mapped to the ‘terminal 

cluster’  

Among the markers that were mapped to the ‘terminal cluster’, there were 

codominant markers that amplify products from both Excalibur and Kukri and  

dominant markers that amplify a product from Kukri only and those that only 

amplified a product from Excalibur. Most markers in the group that amplified 

products from Kukri only were derived based on Chinese Spring sequence 

information. In contrast, the few markers that amplified a product from Excalibur 

only were derived based on sequences from cultivars that are known to carry 

resistance allele at Lr20 and the ‘very yellow’ flour colour allele at Psy-A1. This 

implies that Excalibur has a unique sequence, which is different to that of both 

Kukri and Chinese Spring that carry the susceptibility allele at Lr20 and the paler 
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flour colour alleles at Psy-A1. Among the ‘terminal cluster’ markers are the 

chromosome 7A-specific codominant markers Psy-A1 and wri2. The amplification 

of products from both Excalibur and Kukri indicates that the sequence at 

chromosome 7AL in Excalibur is not completely alien, but should be coming from 

a genome that is chromosome 7-like.  

In regions proximal to the ‘terminal cluster’ all three types of markers (with 

fragments amplified by either or from both Excalibur and Kukri) were found. 

Interestingly, there were dominant markers derived from Chinese Spring sequences 

that amplified a product from Excalibur. Thus, the unique amplification patterns of 

the ‘terminal cluster’ markers suggest a translocation at the distal end with a 

chromosome 7- like genome.  

 

d. FISH images that show a putative unknown translocation at the distal end of 

Excalibur which is absent in Kukri.  

In Chapter 4 a FISH-based cytogenetic approach was taken to explore if a putative 

translocation can be visualized in Excalibur that is not present in Kukri. One such 

chromosome pair with a putative translocation at one of the distal ends was present 

in the Excalibur FISH images (that was absent in Kukri). However, with a FISH 

approach it is not possible to narrow down the putative chromosome.  

 

As supported by the above evidence it is most likely that the suppressed recombination is a 

result of a translocation. However, further research needs to be done to test the current 

theory. In the meantime it is important not to discard other possibilities prior to a proper 

investigation.  
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7.5 Other possibilities 

Inversions are not common in the wheat genome. One example of an inversion is on the 

short arm of chromosome 4A, which carries a pericentric inversion [113]. However, due to 

the lack of recombination among the markers in the terminal marker cluster, it is not 

possible to compare the marker order to other maps, and this makes it impossible to know 

whether the part of the region is inverted. Other possibilities include deletion or duplication 

of a chromosomal segment at the distal end of 7AL. As mentioned above the terminal 

cluster did carry markers that amplify products from Excalibur, thus the distal region does 

carry chromatin in Excalibur and therefore a deletion of the entire region can be ruled out. 

Further, no explicit evidence was present to suggest a duplication of a chromosome 

segment at the distal end. As summarised above, the findings of the current thesis support a 

translocation theory.  It seems likely that the suppressed recombination is due to a 

translocation at the distal end of 7AL. 

 

7.6 Future prospects for Rlnn1 

Further investigations need to be carried out to determine whether the suppressed 

recombination at the chromosome 7AL is a result of a translocation and to figure out its 

origin and extent. Some of the suggestions are as follows: 

a. Other cultivars carrying the resistance alleles for Lr20/Sr15 and their common 

ancestors could be assayed with the csPSY marker [70] and with the proposed 

diagnostic markers for Rlnn1 to find out which alleles they carry.  

b. Further upgrading the Psy1 phylogeny by looking at a wider range of Triticeae 

species (ones that are compatible to cross with wheat or T. urartu) could be 

important to deepen the understanding about the origins of the alleles in the 

‘mixed-clade’. 
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c. The FISH approach taken in the current analysis, is only capable of detecting 

putative A-B translocations, but is unable to pin-point on which chromosome the 

translocation has occurred. FISHIS (Fluorescent In-Situ Hybridization in 

Suspension) is a more recently introduced method that enables successful 

hybridisation of the fluorescent probes with the denatured target DNA in a 

suspension [50, 95]. This coupled with chromosome flow-sorting can separate 

chromosomes in high purity [50, 95]. The FISHIS approach combined with 

chromosome flow-sorting could be used to separate the 7A chromosomes of 

Excalibur and Kukri in high purity and then FISH labeling can be done to 

investigate possible translocations.  

d. Over the course of this research, 25 Rlnn1 ‘sister-lines’ were identified (Chapter 4). 

These were useful in confirming the effect of Rlnn1. It was hoped that 

heterozygotes identified from the same families would be useful for fine mapping, 

but this was not pursued due to the suppressed recombination. However, given that 

the members of each pair of ‘sister-lines’ are known to differ in the region of 

interest, they could provide a useful resource through next generation sequencing to 

identify additional sequence variants and potentially a candidate gene.  

The first step would be to choose the most appropriate pairs of ‘sister-lines’. This 

could be done by assaying markers from the distal end of 7AL representing other 

clusters that were not included in initial genotyping in Chapter 4. A pair that has the 

smallest possible region of polymorphism on the distal end of 7AL will be 

identified. To direct the focus on to chromosome 7A, FISHIS could be applied to 

each of the two lines followed by flow-sorting to recover purified chromosome 7A 

DNA. Genomic DNA of each 7A chromosome of each of the two lines could be 

sequenced using a next generation sequencing method and through bioinformatics 

analysis polymorphic sequences could be identified, including presence/absence 
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polymorphisms given the possibility that the gene itself may be present in only one 

member of the pair. Bioinformatic approaches could then be applied to the 

sequences that may be associated with resistance to narrow down the candidate 

sequences for functional analysis. To my knowledge no RLN resistance genes have 

been cloned, but several cyst nematode resistance genes have been successfully 

isolated (isolation of Mi from tomato and Hero and Gro1-4 from potato and an 

attempt on isolating the CCN resistance genes Cre1 and Cre3 genes of wheat [32, 

44, 84, 104, 122]). However, no causal genes have been confirmed. As discussed 

before the cloned regions contained NBS-LRR domains (e.g. Hs1
pro-1

 [15], Hero 

[44], Mi [104], Gro1-4 [122], Cre1 and Cre3 [32, 84]).Many plant disease 

resistance genes contain NBS-LRR domains. The Chinese Spring chromosome 7A 

syntenic build has revealed many syntenic Brachypodium genes containing NBS-

LRR domains at the regions corresponding to the Rlnn1 QTL [29, 85]. Once the 

region of interest is narrowed down, these genes may be a good starting point to 

look for candidate genes.  

For P. thornei it has been reported that in resistant wheat 1) the nematode egg 

deposition was significantly lower, 2) hatching inhibitors lowered the nematode 

multiplication rate, 3) the nematode maturation was suppressed and 4) the 

migration and motility of the nematodes were significantly affected [92]. Thus, for 

P. thornei, resistance was not triggered at root penetration stage, but occurred after 

penetration via genes that affect suppression of reproduction, secretion of hatching 

inhibitors, suppression of nematode migration and motility and suppression of 

juvenile maturation [92]. In CCN, it has been shown that resistance was associated 

with early degradation of syncytia leading to nutrient deprivation, which affects the 

maturation of nematodes [154, 196]. To my knowledge no research has been done 

to understand the factors affecting P. neglectus resistance in wheat.  
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While it may be a good starting point, there is no reason to think that the resistance 

mechanisms exerted by P. thornei and the cyst nematodes will be applicable for P. 

neglectus. Thus, as a result of poor understanding about the defence responses of 

wheat against P. neglectus, specific target genes and mechanisms cannot be 

recommended at the time.  

e. The Ph1 gene on chromosome 5B prevents the pairing of non-homoeologous 

chromosomes from pairing during meiosis [185]. If a chromosome carries alien 

chromatin, the Ph1 gene action will prevent the chromosome pairing and thus 

results a suppressed recombination. If this was the reason for the suppressed 

recombination in Excalibur, a mutated Ph1 gene should reverse the situation and 

allow recombination to happen between Excalibur and Kukri. Thus, I recommend a 

cross between a Ph1 mutant line, which is carrying the susceptibility allele at Rlnn1 

(Ph
-
/Rlnn1

-
) to be crossed to Excalibur (Ph

+
/Rlnn1

+
). The F1 progeny of the above 

cross can be selfed to get the F2 population. The homozygous F2 lines carrying the 

Ph
- 
(Ph

-
/Rlnn1

+
 and Ph

-
/Rlnn1

-
) can be selfed to get the enhanced F3 generation. F3 

generation will be used to map molecular markers and to identify informative 

recombinants.  

f. Isolation and functional analysis of causal genes are important for understanding 

the biological processes that trigger resistance responses. To my knowledge no 

RLN resistance genes have been isolated. However, positional cloning approaches 

have been used to, isolate causal genes for cyst nematode resistance in tomato and 

potato (Mi [104] and Hero [44] genes) and attempts have been made to isolate CCN 

resistance genes in wheat (Cre1 and Cre3 genes [32, 84]), At the beginning of this 

thesis research, the Rlnn1 resistance gene seemed amenable for fine mapping and 

positional cloning, however, the progress towards these goals was hampered by the 

suppressed recombination at the distal end of 7AL. Given that the Rlnn1 resistance 
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gene is mapped to a region with suppressed recombination, use of a conventional 

map-based/candidate gene-based cloning approach to isolate the causal genes 

would not be feasible, but a modified method with an initial mutagenesis approach 

might still work.  

Radiation could be used to isolate the DNA fragment carrying the resistance gene, 

using an approach that would involve the use of γ-ray radiation to fragment 

chromosomes and analysis the presence/absence of DNA markers [69]. The theory 

behind this technique is that when two loci are further apart they are more likely to 

end up in two different fragments, when subjected to γ -ray irradiation. Radiation 

hybridisation has been used in wheat to isolate the scs
ae 

gene from a region of 

supressed recombination [69]. Such a method could be used to isolate the causal 

gene(s) of Rlnn1 resistance locus.  

g. The suppressed recombination in the distal end of chromosome 7A has led to the 

collocation of the resistance loci Rlnn1 and Lr20/Sr15 with the phytoene synthase 

Psy-A1t allele responsible for the ‘very yellow’ flour colour in wheat. The ‘very 

yellow’ flour colour in wheat is undesirable for bread-making and its tight linkage 

with the resistance loci Rlnn1 and Lr20/Sr15 makes it difficult for breeders to 

develop a cultivar that carries resistance alleles against P. neglectus and the rust 

pathogens and has very white  flour. To my knowledge, no such cultivar has been 

developed. Based on the evidence presented in Chapters 3 and 4, it is unlikely to 

find natural recombinants.  

An approach to identify mutants with the desired phenotype would be through 

TILLING: a non-transgenic approach of creating and detecting new variants, which 

combines chemical mutagenesis to create mutations and detection of point 

mutations using a high-throughput system [21, 98, 163]. TILLING has been used 

successfully in wheat [162, 163]. For the purpose we could either develop or use an 
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already available TILLING population derived from a cultivar that carries the 

resistance alleles for Rlnn1, Lr20/Sr15 loci and the Psy-A1t allele. Such a TILLING 

population derived from Wyalkatchem (~ 1400 lines) has already been developed 

(Peter Sharp, personal communication). The sequence of the Psy-A1t gene is 

known [24] and primers specifically designed to detect TILLING mutants could be 

used to amplify products from the M2 lines. Using a multiplexed high-throughput 

screening method, mutants can be identified rapidly. These mutants can be 

phenotyped to see if there are any lines with the desired phenotypic combination 

(resistance alleles for Rlnn1, Lr20/Sr15 and whiter flour colour).     

 

7.7 Resistance responses of Cre8 and Rlnn1 resistance locus  

In addition to the research covering these main aims, I also conducted an experiment as a 

first look at the Cre8 resistance responses in resistant and susceptible wheat lines (reported 

in Appendix 4).  

Based on the responses that had previously been reported for the Cre1 locus in wheat, the 

Cre3 locus from Ae. tauschii and CCN resistance loci in barley, it was already evident that 

resistance responses against CCN are not triggered at the nematode penetration, 

establishment or development stages. Effects were seen later, leading to degradation of 

syncytia in the resistant lines, which was observed by 13 to 15 DAI. This degradation 

would create nutrient-deprived conditions, in which the CCN females fail to mature and 

bear eggs [51, 117, 154, 196]. The experiment that is reported in Appendix 4 of this thesis 

was the first attempt to compare the responses to infection between lines with and without 

Cre8 resistance. The exercise revealed that similar to what has been seen for lines with 

Cre1 and Cre3, the nematodes do manage to enter the root tissue, establish themselves and 

feed on the nutrients from the host plant without triggering defence responses. No 
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significant differences in syncytial development were observed up to 18 DAI, which I had 

chosen to be the final sampling time based on an expectation from the literature [154, 196] 

that differences would be observable by 15 DAI. Further research needs to be carried out to 

understand what happens beyond 18 DAI.  

To my knowledge, no resistance response investigations have been done on lines carrying 

the Rlnn1 resistant locus. With P. thornei it has been seen that the resistance mechanisms 

are triggered after the initial nematode penetration stage, through interference to nematode 

migration, development of juveniles and the reproduction [92]. Further, it was also 

observed that the deposition of eggs and the hatching of the eggs were also affected by 

possible inhibitors in root exudates [92]. However, no investigations have been done to 

understand the responses of plants carrying resistance against P. neglectus. These findings 

cannot be extrapolated to Rlnn1, which does not confer resistance against P. thornei, but 

similar investigations could be carried out for P. neglectus possibly using the ‘sister-lines’ 

developed in Chapter 4.  

 

Overall, the research conducted for this thesis has contributed towards the advancement in 

knowledge and understanding of two important nematode resistance loci in wheat, has 

generated molecular markers that can be used as effective selection tools in wheat 

breeding, has provided a basis for designing strategies and materials for future isolation of 

Cre8 and possibly Rlnn1. The suppression of recombination at the distal end of 7AL limits 

the prospects of cloning the Rlnn1 gene(s). However, several other strategies were 

proposed to develop a line with resistance alleles for Rlnn1, Lr20/Sr15 and a much whiter 

flour colour suitable for bread-making and also to find possible candidate sequences/genes 

associated with Rlnn1.    
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Chapter 8 

Contributions to knowledge 

 

The research reported in this thesis was targeted at fine mapping of two of the important 

nematode resistance genes: 1) Rlnn1 that conveys resistance against the RLN P. neglectus 

and 2) Cre8 that conveys resistance against the CCN H. avenae. The significant 

contributions made by the current thesis research to the advancement of scientific 

knowledge include:  

 

1. Substantial improvement of two genetic linkage maps in wheat. 

The improved chromosome 7A of Excalibur/Kukri and all chromosomes of 

Trident/Molineux presents a reference linkage map that include DArT™, SSR, 

SNP, ISBP, KASP™ and EST-based markers. The improved linkage maps could 

be used to identify and/or refine the positions of important trait loci.   

 

2. Clarification of the positions of one important nematode-resistance locus on 

each of these maps.  

The map position of the nematode resistance loci, Rlnn1 and Cre8 was confirmed 

to be at the distal end of 7AL and 6BL, respectively. Their position and QTL 

effects were further refined.  
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3.  Development of diagnostic marker assays that can be used in marker-assisted 

selection of Rlnn1 and Cre8.  

Several markers that are diagnostic across a panel of wheat cultivars (including 

cultivars known to be at least moderately resistant and cultivars that are known to 

be susceptible to the nematodes) were identified. Most of the markers can be used 

as a high-throughput, cost-effective alternative to the costly phenotypic screening 

assay during MAS.  

 

4.  Development of new genetic materials for further research on Cre8. 

To pursue positional cloning of Cre8 resistance locus, a large mapping population 

was developed. The newly developed genetic material does not have any other 

resistance loci that affect CCN resistance and thus, presents an opportunity to focus 

entirely on the Cre8 resistance locus and its effects.    

 

5. Confirmation of a suppressed recombination in the cultivar Excalibur.  

Recombination suppression at the distal end of 7AL in Excalibur resulted the 

collocation of numerous molecular markers, the rust resistance genes Lr20/Sr15, a 

phytoene synthase gene Psy-A1, a catalase gene Cat3-A1 and the Rlnn1 resistance 

QTL. The supressed recombination impeded the fine mapping and positional 

cloning of Rlnn1 resistance gene(s). It was suggested that the supressed 

recombination may be a consequence of a translocation involving an unknown 

ancestor with a genome closely related to the wheat chromosome 7B.  
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Appendix 1: Supplementary material of Chapter 3 

 

This appendix presents the contents of five additional files that were published as 

supplements to the publication by Jayatilake et al. (2013) in BMC Plant Biology (Chapter 

3).  

 

Additional file S1.1 

 

Figure S1.1: Pairwise recombination fraction and LOD linkage plot of chromosome 

7A.
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Additional file S1.2  
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Figure S1.2: Alignment of sequences of PSY7A5_F/R amplicons from Excalibur and 11 other cultivars to the Psy-A1t allele sequence of the 

breeding line WAWHT2074 [GenBank:HM006895] and the Psy-A1s allele sequence of the cultivar Schomburgk [GenBank:EU649795].   
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Additional file S1.3 

 

Table S1.1: Rice BLASTN results using query sequences for ESTs from wheat deletion bins 7AL16-0.86-0.90 and 7AL18-0.90-1.00. 

BLAST query BLAST hit 

EST 

accession 

Wheat deletion bin Rice 

chromosome 

Rice chromosome start 

position (bp) 

Rice chromosome end 

position (bp) 

BLAST hit to rice CDS 

database 

E value Top Query 

Coverage 

Top 

Identity 

BE404790 7AL16-0.86-0.90  -   -   - no significant hits   -   -   - 

BE426715 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BE590621 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BE591497 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BF294048 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BF482648 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BG263870 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BG314165 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BM140333 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BM140366 7AL16-0.86-0.90   -   -   - no significant hits   -   -   - 

BE405531 7AL16-0.86-0.90 1   -   - LOC_Os01g05960.1  2.00E-29 98.73% 61.41% 

http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os01g05960.1
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BE426680 7AL18-0.90-1.00 1   -   - LOC_Os01g23620.1  2.20E-97 100.00% 90.35% 

BF482714 7AL16-0.86-0.90 1   -   - LOC_Os01g42090.1  1.60E-73 100.00% 83.84% 

BM137749 7AL18-0.90-1.00 1   -   - LOC_Os01g43851.1  1.10E-79 100.00% 80.72% 

BG262960 7AL16-0.86-0.90 2   -   - LOC_Os02g19130.1  2.50E-44 66.60% 80.12% 

BE403423 7AL18-0.90-1.00 2  -   - LOC_Os02g32009.1  1.30E-15 62.46% 71.56% 

BM134450 7AL16-0.86-0.90 2   -   - LOC_Os02g48870.1  5.20E-13 88.55% 63.33% 

BE404737 7AL18-0.90-1.00 2  -   - LOC_Os02g52430.1  2.90E-69 99.02% 80.75% 

BF146165 7AL18-0.90-1.00 4  -   - LOC_Os04g55660.1  9.50E-10 32.00% 71.78% 

BE405648 7AL18-0.90-1.00 5  -   - LOC_Os05g19270.1  1.90E-107 100.00% 87.97% 

BF428868 7AL16-0.86-0.90 6 1459192 1464339 LOC_Os06g03700.1  2.50E-100 100.00% 85.49% 

BF202806 7AL16-0.86-0.90 6 7924037 7920479 LOC_Os06g14190.1  1.10E-88 99.82% 86.29% 

BF474379 7AL16-0.86-0.90 6 24817722 24814005 LOC_Os06g41390.1  1.20E-84 86.53% 82.56% 

BE591637 7AL18-0.90-1.00 6 25967411 25963875 LOC_Os06g43190.1  5.80E-38 97.60% 68.49% 

BE443877 7AL18-0.90-1.00 6 26187104 26183307 LOC_Os06g43550.1  2.40E-18 37.40% 70.04% 

BE403180 7AL18-0.90-1.00 6 26204623 26199320 LOC_Os06g43570.1  8.70E-89 99.61% 89.47% 

BE443357 7AL18-0.90-1.00 6 26379227 26375956 LOC_Os06g43800.1  4.40E-08 55.59% 68.05% 

BE497838 7AL16-0.86-0.90 6 26379227 26375956 LOC_Os06g43800.1  1.90E-25 52.79% 81.34% 

BE426274 7AL16-0.86-0.90 6 26414835 26411488 LOC_Os06g43860.1  2.20E-54 75.97% 85.59% 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426680
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os01g23620.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os01g42090.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BM137749
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os01g43851.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os02g19130.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE403423
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os02g32009.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os02g48870.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE404737
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os02g52430.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF146165
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os04g55660.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE405648
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os05g19270.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g03700.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g14190.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g41390.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE591637
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43190.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE443877
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43550.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE403180
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43570.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE443357
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43800.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43800.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43860.1


 

214 

 

BE446809 7AL16-0.86-0.90 6 26427830 26421512 LOC_Os06g43870.2  1.40E-17 68.30% 68.12% 

BE496850 7AL16-0.86-0.90 6 26461806 26456227 LOC_Os06g43930.1  3.70E-27 80.51% 71.60% 

BE637838 7AL16-0.86-0.90 6 26529298 26538141 LOC_Os06g44030.2  2.70E-94 99.81% 90.84% 

BF294002 7AL16-0.86-0.90 6 26579684 26575125 LOC_Os06g44060.1  1.50E-92 100.00% 86.82% 

BE637853 7AL16-0.86-0.90 6 26680140 26690056 LOC_Os06g44230.1  9.10E-05 15.00% 96.08% 

BE471156 7AL16-0.86-0.90 6 26781799 26778838 LOC_Os06g44370.1  6.10E-113 100.00% 88.94% 

BE406505 7AL16-0.86-0.90 6 27219528 27223172 LOC_Os06g45000.1  2.90E-34 90.05% 74.49% 

BG262287 7AL16-0.86-0.90 6 27292852 27286243 LOC_Os06g45120.1  4.90E-53 100.00% 84.31% 

BE605194 7AL16-0.86-0.90 6 27369245 27363816 LOC_Os06g45280.1  4.00E-48 79.60% 84.70% 

BE498985 7AL16-0.86-0.90 6 27384222 27386859 LOC_Os06g45300.1  6.40E-31 98.76% 81.25% 

BG274853 7AL16-0.86-0.90 6 27728316 27724565 LOC_Os06g45820.1  1.70E-77 100.00% 90.41% 

BF145815 7AL16-0.86-0.90 6 27760083 27756424 LOC_Os06g45870.1  7.30E-21 53.76% 65.80% 

BF428699 7AL16-0.86-0.90 6 28203817 28204370 LOC_Os06g46460.1  2.80E-11 70.08% 59.90% 

BG312585 7AL18-0.90-1.00 6 30231310 30225270 LOC_Os06g49930.1  4.70E-32 54.05% 66.17% 

BG274625 7AL18-0.90-1.00 6 30423505 30422607 LOC_Os06g50250.1  1.80E-11 52.68% 64.94% 

BE445527 7AL16-0.86-0.90 6 30830434 30828271 LOC_Os06g50940.1  5.20E-52 79.63% 72.99% 

BF146129 7AL18-0.90-1.00 6 30913486 30907000 LOC_Os06g51100.1  1.50E-13 29.89% 72.62% 

BE426802 7AL16-0.86-0.90 6 30918120 30915029 LOC_Os06g51110.2  7.80E-20 72.68% 62.87% 

http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43870.2
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g43930.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g44030.2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE445506
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g44060.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g44230.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g44370.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g45000.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g45120.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g45280.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g45300.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BG606695
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g45820.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BG606695
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g45870.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE445653
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g46460.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g49930.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BG274625
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g50250.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g50940.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF146129
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51100.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BG312585
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51110.2
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BE591469
a
 7AL18-0.90-1.00 6 30944196 30948366 LOC_Os06g51150.1  3.90E-113 98.16% 89.69% 

BE637476
b
 7AL18-0.90-1.00 6 30944196 30948366 LOC_Os06g51150.1  5.10E-82 99.57% 90.50% 

BE445506
c 

7AL18-0.90-1.00 6 30956664 30953028 LOC_Os06g51170.1  3.70E-55 59.43% 83.73% 

BF483039
d
 7AL18-0.90-1.00 6 31029132 31025937 LOC_Os06g51260.1  1.70E-29 82.23% 67.60% 

BF484041
e
 7AL18-0.90-1.00 6 31048512 31033381 LOC_Os06g51270.1  1.00E-56 100.00% 87.85% 

BG607810 7AL18-0.90-1.00 6 31048512 31033381 LOC_Os06g51270.1  4.00E-11 18.75% 91.11% 

BE445653 7AL18-0.90-1.00 6 31089543 31083106 LOC_Os06g51330.1  1.50E-32 94.33% 75.80% 

BE591418 7AL18-0.90-1.00 6 31089543 31083106 LOC_Os06g51330.2  2.60E-31 78.55% 76.17% 

BE406627 7AL18-0.90-1.00 6 31151345 31156634 LOC_Os06g51430.1  2.90E-33 100.00% 77.15% 

BE637923 7AL16-0.86-0.90 7   -   - LOC_Os07g07410.2  4.40E-39 89.46% 69.60% 

BF146080 7AL16-0.86-0.90 7   -   - LOC_Os07g29600.1  1.90E-67 93.37% 80.75% 

BE442817 7AL16-0.86-0.90 8   -   - LOC_Os08g09010.1  6.60E-68 85.99% 78.96% 

BE494712 7AL18-0.90-1.00 8   -   - LOC_Os08g12840.1  2.80E-53 94.39% 78.71% 

BE499622 7AL18-0.90-1.00 8   -   - LOC_Os08g43360.1  7.20E-28 83.78% 68.66% 

BE606843 7AL18-0.90-1.00 9   -   - LOC_Os09g11510.1  1.70E-62 99.82% 76.16% 

BF293511 7AL18-0.90-1.00 9   -   - LOC_Os09g38110.1  2.80E-23 70.19% 67.45% 

BG313507 7AL18-0.90-1.00 11   -   - LOC_Os11g05400.1  2.20E-84 100.00% 89.11% 

BE590995 7AL18-0.90-1.00 11   -   - LOC_Os11g11890.1  1.50E-22 52.92% 64.19% 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE405507
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51150.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE405507
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51150.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE405507
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51170.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF483039
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51260.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF484041
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51270.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BM137749
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51270.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE445653
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51330.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE591418
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51330.2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE406627
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os06g51430.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os07g07410.2
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os07g29600.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE445506
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os08g09010.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE445506
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os08g12840.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE499622
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os08g43360.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE606843
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os09g11510.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE445506
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os09g38110.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426680
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os11g05400.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE590995
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os11g11890.1


 

216 

 

BE444259 7AL16-0.86-0.90 11   -   - LOC_Os11g41380.1  1.40E-05 79.22% 57.14% 

BE405507 7AL18-0.90-1.00 11   -   - LOC_Os11g41540.1  8.40E-64 99.33% 74.13% 

BE405003 7AL16-0.86-0.90 11   -   - LOC_Os11g47780.1  5.60E-36 85.43% 66.73% 

BF483603 7AL16-0.86-0.90 12   -   - LOC_Os12g01400.1  1.60E-51 82.21% 78.10% 

BG606695 7AL18-0.90-1.00 12   -   - LOC_Os12g06650.1  2.80E-61 100.00% 76.89% 

BE518357 7AL16-0.86-0.90 12   -   - LOC_Os12g10720.2  9.80E-56 81.29% 82.91% 

BE446244 7AL18-0.90-1.00 12   -   - LOC_Os12g27350.1  2.50E-33 86.97% 68.12% 

BF293421 7AL16-0.86-0.90 12   -   - LOC_Os12g34510.1  2.80E-25 59.17% 88.30% 

BE405291 7AL18-0.90-1.00   -   -   - no hits   -   -   - 

BE424236 7AL18-0.90-1.00   -   -   - no hits   -   -   - 

BE591389 7AL18-0.90-1.00   -   -   - no hits   -   -   - 

BF483485 7AL18-0.90-1.00   -   -   - no hits   -   -   - 

BF474833 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BE444715 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BE495346 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BE497409 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BE591448 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BE606933 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os11g41380.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF482714
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os11g41540.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF482714
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os11g47780.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF482714
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os12g01400.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BG606695
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os12g06650.1
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os12g10720.2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os12g27350.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi?orf=LOC_Os12g34510.1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE426274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF474833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE444715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE495346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE497409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE591448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BE606933
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BF429174 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BF483436 7AL18-0.90-1.00   -  -    - no significant hits   -   -   - 

BF484052 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

BG604756 7AL18-0.90-1.00   -   -   - no significant hits   -   -   - 

 

Marker information: 
 a 

PSR148 has homology to LOC_Os; 
b 
PSR148 has homology to LOC_Os; 

c 
wri1derived from gDNA homologous to TaEST sequence; 

d wri5derived from 

gDNA homologous to TaEST sequence; 
e 
CDO347 has homology to LOC_Os, wri3 and wri4 have homology to LOC_Os; 

f 
wri2 derived from gDNA homologous to TaEST 

sequence; 
g 
wri2 has homology to LOC_Os 

 

 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF429174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF483436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BF484052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search&db=Nucleotide&term=BG604756
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Additional file S1.4 
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Figure S1.3: Alignment of sequences of wri2_F/R amplicons from Excalibur, Kukri and 10 other cultivars. 
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Additional file S1.5 

1. Primer sequences 

Table S1.2: Primer sequences of markers schfc3, sts638, csPSY and PSY7A5

Primer name Forward primer sequence (5` - 3`) Reverse primer sequence (5` - 3`) Reference 

schfc3 TGCAGACCACCTCGGCTG TAACAGCGGATATGATGG Personal communication (Meredith Carter ) 

sts638 

GCGGTGACTACACAGCGATGA

AGCAATGAAA 

GCGGTGACTAGTCCAGTTGGTTGATGGAAT Neu et al. (2002) 

csPSY 

GGCCTTCTAAGTTGACCAG GTCATGTCTGTTCTTCAGAGG 

Howitt et al. (2009) 

GCCAAGCCGGTGTTCCGG CCTCCTGCACCATACTGAAC 

PSY7A5 GCGGAGTGGTGACTGGTG GGCGGTCTGAACTCTGAAGTG Crawford  et al. (2011) 
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2. Primer sequences and conditions used for PCR and for separation of 

amplicons by gel electrophoresis and by high-resolution melting analysis 

 

a) Methods for agarose gel electrophoresis based assays  

 

PCR reaction mixtures  

PCR reaction mixture 1: sts638, wri4 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 
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PCR reaction mixture 2: schfc3, wri1, wri3 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

 

 

PCR reaction mixture 3: wri2 

 Final concentration 

Template DNA 20 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Bovine serum albumin (BSA) 0.1 mg/mL 
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Forward primer 0.5 µM 

Reverse primer 0.5 µM 

 

 

PCR reaction mixture 4: wri5 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.0375 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.0 mM 

Bovine serum albumin (BSA) 0.1 mg/mL 

Forward primer 0.3 µM 

Reverse primer 0.3 µM 
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PCR reaction mixture 5: csPSY 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

 

 

Digestion of 5 µl of csPSY PCR product with BstN1 (final reaction volume 10 

µl) 

 Final concentration 

NEBuffer 2 1 × 

BstN1 0.5 U/µl 

Bovine serum albumin (BSA) 1 mg/mL 
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PCR programs 

PCR program 1: schfc3 (Tm-55), sts638 (Tm-62), wri1(Tm-60), wri3(Tm-60) 

and wri5(Tm-60) 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – Tm °C for 30s   

Step 4 - 72 °C for 1 min 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 5 min 

Step 7 - End 

 

PCR program 2: wri2 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 60 °C (-0.5 °C/cycle) for 30s   

Step 4 - 72 °C for 1 min 

Step 5 – step 2 for 19 cycles 

Step 6 - 94 °C for 30 s  

Step 7- 50 °C for 30s   

Step 8 - 72 °C for 1 min 
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Step 9 – Step 6 for 24 cycles 

Step 10 - 72 °C for 5 min 

Step 11 – End 

 

PCR program 3: csPSY 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 - 65 °C (-0.5 °C/cycle) for 30s   

Step 4 - 72 °C for 45 s 

Step 5 - step 2 for 19 cycles 

Step 6 - 94 °C for 30 s  

Step 7- 55 °C for 30 s   

Step 8 - 72 °C for 45 s 

Step 9 - Step 6 for 24 cycles 

Step 10 - 72 °C for 5 min 

Step 11 – End 

 

Digestion with BstN1 

60 °C for 2 hours 
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PCR program 4: wri4 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 58 °C for 30s   

Step 4 - 72 °C for 1 min 

Step 5 - step 2 for 14 cycles 

Step 6 - 94 °C for 10 s  

Step 7 - 45 °C for 30s   

Step 8 - Step 6 for 4 cycles 

Step 9 - 94 °C for 10 s  

Step 10 - 53 °C for 30s   

Step 11 - 72 °C for 5 s 

Step 12 - step 9 for 14 cycles 

Step 13 - End 

 

Gel electrophoresis conditions 

 

schfc3, sts638, wri1, wri4 and wri5 – 2% agarose gel; 90V; 40 min 

csPSY, wri2 and  wri3 – 2.5% agarose gel; 90V; 60 min 
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b) Methods for high-resolution melting based assays 

 

PCR mixtures 

PCR reaction mixture 5: sts638 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Syto9 dye 2.0 µM 
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PCR reaction mixture 6: wri1, wri3 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Syto9 dye 2.0 µM 

 

PCR program  

PCR program 1 (see above): sts638, wri1, wri3 

 

HRM conditions 

Step 1 - 95°C for 30 s 

Step 2 - (Tm - 2) °C for 30 s; ramp to 95 °C (+ 0.02 °C/s; 25 acquisitions/ °C) 

Step 3 – 37°C for 1 s 
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c) Methods for partial sequencing of Psy-A1 

PCR mixture 

PCR reaction mixture 7: PSY7A5 

 Final concentration 

Template DNA 15 ng/µl 

Immolase 0.015 U/µl 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.5 mM 

Forward primer 0.4 µM 

Reverse primer 0.4 µM 

DMSO 6% 

 

PCR program  

PCR program 5: PSY7A5 

Step 1 - 95 °C for 10 min 

Step 2 - 95 °C for 15 s 

Step 3 – 60 °C for 15 s   

Step 4 - 72 °C for 30 s 
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Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 7 min 

Step 7 - End 
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Appendix 2: Supplementary material of Chapter 4 

 

Additional file S2.1  

  

1. Screening of Excalibur and Kukri with KASP™ marker assays  

 

Table S2.1 Polymorphism of 53 KASP™ markers between Excalibur and Kukri 

KASP™ assay Polymorphic/Monomorphic 

BS00000663 Polymorphic 

BS00001450 Monomorphic  

BS00002556 Monomorphic  

BS00003621 Monomorphic  

BS00003665 Polymorphic 

BS00003720 Polymorphic 

BS00003865 Polymorphic 

BS00003894 Polymorphic 

BS00004348 Polymorphic 

BS00009404 Polymorphic 

BS00009543 Polymorphic 

BS00009550 Monomorphic  

BS00009886 Polymorphic 

BS00009975 Monomorphic  
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BS00009978 Polymorphic 

BS00010006 Monomorphic  

BS00010307 Polymorphic 

BS00010605 Polymorphic 

BS00014199 Monomorphic  

BS00021962 Polymorphic 

BS00021966 Polymorphic 

BS00022119 Monomorphic  

BS00022137 Polymorphic 

BS00022170 Monomorphic  

BS00022269 Polymorphic 

BS00022284 Polymorphic 

BS00022447 Polymorphic 

BS00022811 Monomorphic  

BS00023109 Polymorphic 

BS00023178 Polymorphic 

BS00023200 Polymorphic 

BS00023207 Polymorphic 

BS00009797 Monomorphic  

BS00010748 Polymorphic 

BS00010809 Monomorphic  

BS00011350 Monomorphic  

BS00011597 Monomorphic  

BS00011622 Monomorphic  

BS00011689 Monomorphic  

BS00011926 Monomorphic  
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BS00013951 Monomorphic  

BS00014246 Polymorphic 

BS00021685 Polymorphic 

BS00021744 Polymorphic 

BS00110699 Polymorphic 

BS00089844 Polymorphic 

BS00021195 Polymorphic 

BS00085421 Polymorphic 

BS00076536 Polymorphic 

BS00071736 Monomorphic  

BS00023998 Monomorphic  

BS00069019 Polymorphic 

BS00089845 Polymorphic 

 

 

2. Assay and polymorphism detection conditions 

a) Published KASP™ markers  

PCR mix 

 

 

 

  

 

 

Reagent  Volume per reaction 

Template DNA (15 ng/µl) 3 µl 

KASPar 2× mix 3 µl 

Primer mix 0.084  µl 
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PCR cycling 

Step 1 - 94°C 15 min 

Step 2 - 94°C 20 s 

Step 3 - 61°C (- 0.6°C/per cycle) for 60 s 

Step 4- Step 2 for 9 times 

Step 5 - 94°C 10 s 

Step 6 - 55°C for 60 s 

Step 7 – Step 5 for 25 

 

Polymorphism detection 

Acquire fluorescence reading at 37°C  

 

Re-cycling – up to 3 times 

Step 1 - 94°C 10 s  

Step 2 - 55°C for 60 s  

Step 3 – Step 1 for 2 times  

Acquire fluorescence reading at 37°C  

 

b) Other marker assays 

AWW5L7 

PCR mix 

Reagent  Final concentration (12.5-µl reaction volume) 

Template DNA 150 ng 

Immolase 0.625u 

Immolase buffer 1 × 
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PCR cycling 

Step 1 – 95 °C 10 min 

Step 2 – 94 °C 10 s 

Step 3 – 65 °C (- 0.5 °C/per cycle) for 30 s 

Step 4- Step 2 for 9 times 

Step 5 - 68 °C 1 min 30 s 

Step 6 – 94 °C 10 s 

Step 7 – 60 °C for 30 s 

Step 8 – Step 6 for 25 

Step 9 - 68 °C 1 min 30 s 

Step 10 - 72 °C 10 min 

Step 11 – End  

 

Polymorphism detection 

2% agarose gel; 90V; 40 min 

 

 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Forward primer 1 0.5 µM 

Forward primer 2 0.5 µM 

Reverse primer 0.5 µM 

DMSO 5% 
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AWW622 

PCR mix 

Reagent  Final concentration (12-µl reaction volume) 

Template 150 ng 

Immolase  0.3u 

Immolase buffer  1× 

dNTPs  0.2 mM 

Mgcl2 2.5 mM 

Forward primer 0.25 µM 

Reverse primer 0.25 µM 

DMSO 5% 

 

PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 10 s 

Step 3 – 57 °C for 30 s   

Step 4 - 68 °C for 1 min 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 10 min 

Step 7 – End 

 

Polymorphism detection 

2% agarose gel; 90V; 40 min 
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Cat3A-1 

PCR mix 

Reagent  Final concentration (10-µl reaction volume) 

Template 150 ng 

Immolase 0.15u 

Immolase buffer  1× 

dNTPs 0.2mM 

Mgcl2 1.5mM 

Forward primer  0.4 µM 

Reverse primer  0.4 µM 

DMSO 6% 

 

PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 95 °C for 15 s 

Step 3 – 62 °C for 15 s   

Step 4 - 72 °C for 1 min 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 7 min 

Step 7 – End 

 

Polymorphism detection 

2% agarose gel; 90V; 40 min 

 



 

239 

 

c) Newly developed HRM-based markers 

 

Codominant HRM-based markers 

PCR mix 

 

 

 

 

 

 

 

 

 

 

 

PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 60 °C for 30s   

Step 4 - 72 °C for 1 min 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 5 min 

Step 7 – End 

 

Polymorphism detection 

High resolution melting conditions  

Reagent  Final concentration (10-µl reaction volume) 

Template DNA 150 ng 

Immolase 0.15u 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Syto9 dye 2.0 µM 



 

240 

 

95 °C for 30 s 

58 °C for 30 s: ramp to 95 °C (+ 0.02 °C/s; 25 acquisitions/ °C) 

37 °C for 1 s 

 

Dominant HRM-based markers 

PCR mix 

 

 

 

 

 

 

 

 

 

 

 

PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 62 °C for 30s   

Step 4 - 72 °C for 1 min 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 5 min 

Step 7 – End 

 

Reagent  Final concentration (10-µl reaction volume) 

Template DNA 150 ng 

Immolase 0.15u 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Syto9 dye 2.0 µM 
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Polymorphism detection 

High resolution melting conditions  

95 °C for 30 s 

58 °C for 30 s: ramp to 95 °C (+ 0.02 °C/s; 25 acquisitions/ °C) 

37 °C for 1 s 
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Additional file S2.2 

 

Anchoring markers to the Chinese Spring chromosome-7 syntenic builds 

Table S2.2: BLAST hit table of amplicon/EST/contig sequences representing molecular markers from the terminal cluster of Excalibur/Kukri 

chromosome 7A linkage map against chromosome 7A syntenic build 

 

Marker name Query size Hits E-value Score % Identity  Start  End 

wri47 145 1 5.00E-78 287 100 17032382 17032526 

BS00003720 534 1 e-105 381 100 17243684 17243493 

BS00003720 534 2 2.00E-40 165 100 17244350 17244268 

wri5 467 1 e-102 369 97 17385014 17384805 

wri5 467 2 3.00E-51 200 99 17385185 17385081 
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wri4 684 1 0 1126 97 17464415 17463788 

wri3 354 1 0.00E+00 638 97 17464458 17464105 

Psy-A1 3651 6 4.00E-55 216 97 17486551 17486427 

Psy-A1 3651 5 3.00E-65 250 100 17486773 17486648 

Psy-A1 3651 1 0 3089 99 17488428 17486847 

BS00003865 1398 3 9.00E-94 343 99 17522384 17522204 

wri29 201 1 e-110 396 99 17523130 17522930 

BS00003865 1398 1 0.00E+00 1428 99 17523277 17522533 

BS00003865 1398 2 e-151 535 99 17523619 17523342 

wri30 201 1 5.00E-53 205 99 17524653 17524549 

BS00089844 331 1 e-147 518 99 17532044 17532306 

wri2 1128 2 1.00E-40 167 97 17534390 17534299 

wri27 201 1 e-110 396 99 17534827 17535027 

BS00004348 348 2 2.00E-54 211 100 17621058 17620953 

BS00021195 348 2 2.00E-54 211 100 17621058 17620953 
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BS00009886 888 5 1.00E-33 143 100 17621370 17621299 

BS00004348 348 4 4.00E-34 143 100 17621370 17621299 

BS00021195 348 4 4.00E-34 143 100 17621370 17621299 

BS00004348 348 1 5.00E-67 252 99 17621839 17621711 

BS00021195 348 1 3.00E-68 256 100 17621839 17621711 

wri43 248 1 e-139 492 100 17741812 17742059 

wri41 254 1 e-114 408 100 17780768 17780563 

wri45 135 1 1.00E-44 176 97 17923002 17922906 
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Table S2.3: BLAST hit table of amplicon/EST/contig sequences representing molecular markers from the terminal cluster of Excalibur/ 

Kukri chromosome 7A linkage map against chromosome 7B syntenic build 

 

Marker name Query size Hit number E-value Score % Identity  Start  End 

AWW5L7 809 3 4E-45 180 97 15069432 15069534 

AWW622 4826 2 0 3293 99 15142890 15144554 

AWW622 4826 1 0 5594 99 15144618 15147526 

wri5 467 2 4.00E-84 309 97 15147526 15147355 

wri5 467 1 e-151 533 98 15147880 15147592 

wri4 684 1 0 1158 98 15210697 15210070 

wri3 354 1 0.00E+00 694 99 15210740 15210387 

BS00003865 1398 1 e-167 587 98 15261093 15260774 
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BS00003865 1398 2 e-165 579 97 15261485 15261165 

wri29 201 1 1.00E-50 197 98 15261745 15261641 

BS00003865 1398 3 e-138 490 99 15261895 15261641 

BS00003865 1398 4  e-135 480 97 15262234 15261957 

wri27 201 1 1.00E-98 356 97 15276666 15276466 

wri2 1128 2 1.00E-46 186 100 15277103 15277196 

BS00009886 888 2 1.00E-33 143 100 15374240 15374169 

BS00004348 348 2 3.00E-34 143 100 15374240 15374169 

BS00021195 348 2 3.00E-34 143 100 15374240 15374169 

BS00009886 888 1 0.00E+00 671 99 15375072 15374733 
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Table S2.4: BLAST hit table of amplicon/EST/contig sequences representing molecular markers from the terminal cluster of Excalibur/Kukri 

chromosome 7A linkage map against chromosome 7D syntenic build 

 

 

 

 

 

 

 

Marker name  Query size Hit E-value Score % Identity  Start  End 

wri28 201 1 e-101 364 97 21065571 21065371 

wri5 467 2 4.00E-51 200 99 23731433 23731329 

wri5 467 1 0 656 99 23731856 23731518 

wri4 684 1 0 1197 99 23821823 23821196 

wri3 354 1 0 638 97 23821866 23821513 

BS00003865 1398 1 0.00E+00 1608 97 23996311 23995424 

wri29 201 1 9.00E-98 354 97 23996165 23995966 

wri2 1128 2 6.00E-43 174 98 24004179 24004270 
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Additional file S2.3  

Graphical representation of genotypes in informative Excalibur/Kukri recombinant inbred lines 

 

Table S2.5: Graphical representation of the genotypes and estimated P. neglectus DNA/pot of Excalibur, Kukri and 14 informative 

Excalibur/Kukri recombinant inbred lines at the distal end of chromosome 7AL. 
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wri36 B B B B B B B A A A A A A A A B 

wri34 B B B B B B B A A A A A A A A B 

wri38 B B B B B B B A A A A A A A A B 

BS00023178 B B B B B B B A A A A A A A A B 

BS00010748 B B B B B B B A A A A A A A A B 

wri22 B B B B B B B A A A A A A A A B 

wri48 B B B B B B B A A A A A A A A B 
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wri49 B B B B B B B A A A A A A A A B 

wri50 B B B B B B B A A A A A A A A B 

wri39 B B B B B B B A A A A A A A A B 

wri35 B B B B B B B A A A A A A A A B 

BS00021966 B - B B B B B A A A A A A A A B 

BS00021962 B B B B B B B A A A A A A A A B 

BS00023207 B B B B B B B A A A A A A B A B 

wri23 B B B B B B B A A A A A A B A B 

wri24 A B B B B B B A A A A B B B A B 

wri25 A B B B B B B A A A A B B B A B 

wri26 A B B B B B B A A A A B B B A B 

BS00023109 A A B B B B B A B B B B B B A B 

BS00014246 A A B B B B B A B B B B B B A B 

wri40 A A B B B B B A B B B B B B A B 

BS00089844 A A A A A A A B B B B B B B A B 

BS00021195 A A A A A A A B B B B B B B A B 

BS00022447 A A A A A A A B B B B B B B A B 

BS00022269 A A A A A A A B B B B B B B A B 
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wri46 A A A A A A A B B B B B B B A B 

wri44 A A A A A A A B B B B B B B A B 

wri47 A A A A A A A B B B B B B B A B 

BS00003865 A A A A A A A B B B B B B B A B 

BS00004348 A A A A A A A B B B B B B B A B 

BS00009886 A A A A A A A B B B B B B B A B 

wri41 A A A A A A A B B B B B B B A B 

wri42 A A A A A A A B B B B B B B A B 

BS00003720 A A A A A A A B B B B B - B A B 

BS00000663 A A A A A A A B B B B B B B A B 

wri1 A A A A A A A B B B B B B B A B 

wri30 A A A A A A A B B B B B B B A B 

wri29 A A A A A A A B B B B B B B A B 

wri2 A A A A A A A B B B B B B B A B 

sts638 A A A A A A A B B B B B B B A B 

wri3 A A A A A A A B B B B B B B A B 

wpt-0790  A A A A A A A B B B B B B B A B 

wri45 A A A A A A A B B B B B B B A B 
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Psy-A1 A A A A A A A B B B B B B B A B 

wri31 A A A A A A A B B B B B B B A B 

wri43 A A A A A A A B B B B B B B A B 

schfc3 A A A A A A A B B B B B B B A B 

wri4 A A A A A A A B B B B B B B A B 

wri5 A A A A A A A B B B B B B B A B 

BS00085421 A A A A A A A B B B B B B B A B 

gwm344 A A A A A A A B B B B B B B A B 

wri27 A A A A A A A B B B B B B B A B 

wri28 A A A A A A A B B B B B B B A B 

cfa2240 A A A A A A A B B B B B B B A B 

AWW5L7 A A A A A A A B B B B B B B A B 

AWW622 A A A A A A A B B B B B B B A B 

Cat3-A1 A A A A A A A B B B B B B B A B 

P. neglectus DNA/pot (ng) 2352 2032 1645 2481 1813 1938 2395 4030 3217 3778 4013 3606 4021 2906 1875 3123 

Standard deviation  296 296 296 297 297 296 297 296 297 296 296 297 297 296 304 304 
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Additional file S2.4 

 

Phylogenetic analysis of Psy1 alleles of wheat and related species 

 

Figure S2.1: Phylogeny of Psy1 alleles of wheat and close relatives 
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Table S2.6: Details about the Psy1 allele sequences used in the phylogenetic 

analysis  

Genome Psy1 allele Species 

GenBank accession 

number 

A a T. aestivum  cv. Chinese Spring EU096091 

T. turgidum ssp. durum cv. Kofa EU096090 

 b T. aestivum cv. Shaan 9314 EF600064 

 c T. aestivum cv. M564 EU650391 

 d T. turgidum ssp. dicoccon iso. DM28 FJ393515 

T. turgidum ssp. durum cv. Langdon EU263018 

 e T. aestivum cv. Sunco EU649791 

T. turgidum ssp. durum cv. Dr8 EU263019 

 k T. aestivum ssp. spelta iso. Spelt167 FJ393527 

T. turgidum ssp. dicoccoides iso. DS3 FJ393522 

T. turgidum ssp. dicoccon iso. DM37 FJ393523 

 l T. turgidum ssp. dicoccoides iso. DS6 FJ393524 

 m T. turgidum ssp. dicoccon iso. DM26 FJ393525 

 n T. aestivum ssp. spelta iso. SP9 FJ393526 

 o T. turgidum ssp. durum cv. Commander FJ234424 

 p T. aestivum cv. Tasman EU649792 

 q T. aestivum cv. Cranbrook EU649793 

 r T. aestivum cv. Halberd EU649794 

 t T. aestivum cv. WAWHT2074 HM006895 

A
u
 f T. urartu iso. UR1 FJ393516 
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 g T. urartu iso. PI428326 FJ393517 

A
m

 h T. monococcum ssp. aegilopoides iso. BO1 FJ393518 

 i T. monococcum iso. MO1 FJ393520 

 j T. monococcum iso. MO2  FJ393521 

B a T. aestivum cv. Chinese Spring EU096094 

T. aestivum ssp. spelta iso. SP9 FJ393529 

T. turgidum ssp. dicoccoides iso. DS4 FJ393528 

T. turgidum ssp. durum cv. Kofa EU096092 

 b T. aestivum cv. Neixiang 188 EU650393 

 c T. aestivum cv. CA9648 EU650394 

 d T. aestivum cv. Ning 98084 EU650395 

 e T. aestivum ssp. durum cv. Dr8 EU263021 

T. turgidum ssp. dicoccon iso. DM28 FJ393541 

 f T. turgidum ssp. durum cv. Langdon EU263020 

 g T. turgidum ssp. dicoccoides iso. DS6 FJ393530 

T. turgidum ssp. durum cv. DR1 EU650396 

 h T. turgidum ssp. dicoccoides iso. DS3 FJ393531 

 i T. turgidum ssp. dicoccoides iso. DS8 FJ393532 

 j T. turgidum ssp. dicoccon iso. DM26 FJ393533 

 k T. turgidum ssp. dicoccon iso. DM33 FJ393534 

 l T. turgidum ssp. dicoccon iso. DM37 FJ393535 

 m T. aestivum ssp. spelta iso. Spelt167 FJ393540 

T. turgidum ssp. dicoccon iso. DM47 FJ393539 

D a T. aestivum cv. Chinese Spring EU649790 

 b Ae. tauschii iso. Ae34 FJ393542 

 c Ae. tauschii iso. Ae46 FJ393543 
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 d Ae. tauschii iso. Y99 FJ393544 

 e T. aestivum ssp. spelta iso. SP9 FJ393545 

 f T. aestivum ssp. spelta iso. Spelt217 FJ393546 

 g T. aestivum cv. Zhongliang88375 FJ807498 

 h Ae. tauschii strain Ae37 FJ807499 

 i Ae. tauschii strain Ae38 FJ807500 

 j Ae. tauschii  FJ807501 

 k T. aestivum cv. Nongda3291 FJ807495 

 l T. aestivum cv. E86642 FJ807496 

 m T. aestivum cv. Ning97-18 FJ807497 

S a Ae. speltoides iso. Ae49 FJ393537 

 b Ae. speltoides iso. Ae48 FJ393536 

 c Ae. speltoides iso. Y162 FJ393538 
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Polymorphisms between the Psy1 alleles in the ‘mixed clade’ 
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Figure S2.2: Sequence alignment of 13 Psy1 alleles in the ‘Mixed clade’ 
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Additional file S2.5 

Sequence of the longer product of Excalibur for the marker AWW5L7 

 

>AWW5L7_Excalibur 

CGCATCAACCCACCGCTGGAGGAAACGGTCTTGCCTGTGTTTTCATATAAGAT

ACAGTTTGGTTAGCAACGCTCCTTGATTTCTTCTATGGGCCTAAAGACTCGAAA

CAAATCAAACTGAGTTTGGGATGGAACCTGGCAGGGTCGAAGGATCGGTATCT

CTCGCCAGCCTGCTTGAAATTGTTCTCCTTCTCGATAATGCACTGCAGTTCCAA

AAGTACAAATGTAGCAAACAATTTGTCAAAACACATGGTAGGGGCTTAATTCA

CAGAGTATTTCAGTCATCATTAGCAAATAGCAATAAATAATAACTGGAAACAG

TTTGGCTACATGCAAAGGGACTGGCAGTAGTACGAATAGAATTAGAATTCTAA

CATTCCAATTTGCATACCTTTTCCCGGCAGCCAGACAGAACACGAGGAGGGAT

AGGGTACTGTTCAGCATGACGAGTAGGATCAAACCTTGAAGGGAAGTAGTTCA

CCTGAAAATCAAGCCAGATATATGTAACTGCAGTGAACTTGAGACATAACTAC

ATATTATTTCCGTCAACCGGAGGAAATACTGAATCATGCATGCAGAAGGGGAT

GAAATAGCTCTAAAGACCAATGTACCTCCTCATCCCTGTGCATGAAATTCATTA

GGCCATCATGATGGTTGTTGTGGTGAGCACATTTCGGGGCATTCACAGGAAGC

ATCAAGTAGTTTGGACCAAGACGGTGCCTTTGGGTATCAGCATAGGAGAAAAT

CCTTGTCTGGAGCAGCTTATCATCAGAGTAGTGGATTCCGGGGACAGTGACTG

CTGGGCAGAAA
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Appendix 3: Supplementary material of Chapter 5 

This appendix presents the contents of four online resources that have been submitted to the journal of Molecular Breeding as supplementary material. 

 

Online Resource S3.1 

1. Primer sequences  

 

Table S3.1: Primer sequences of KASP™ assays 

Marker 

name 

iSelect SNP assay 

name/EST 

Primer 

name 

Primer sequence* 

wri10 iwa3224 wri10_F1 GAAGGTGACCAAGTTCATGCTGGTCAATGAGGATGGTTCAATCAAAACC 

  wri10_F2 GAAGGTCGGAGTCAACGGATTGGTCAATGAGGATGGTTCAATCAAAACT 

  wri10_R CACTTCAAGCACCATAGCCGGTT 

wri11 iwa3880 wri11_F1 GAAGGTGACCAAGTTCATGCTTCACATTTAAACCCCAACTTCAGGTCTA 
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  wri11_F2 GAAGGTCGGAGTCAACGGATTTCACATTTAAACCCCAACTTCAGGTCTC 

  wri11_R ACATTTCTTGGCGAGACCTCTGTT 

wri12 iwa4246 wri12_F1 GAAGGTGACCAAGTTCATGCTCAGAATCTCGTTCAGAGGAACATCACC 

  wri12_F2 GAAGGTCGGAGTCAACGGATTCAGAATCTCGTTCAGAGGAACATCACT 

  wri12_R GGCATGGGCAGCTATGCTGA 

wri13 iwa8441 wri13_F1 GAAGGTGACCAAGTTCATGCTCTTCAGCGTGTAAGGAAGTTTTGATCAAA 

  wri13_F2 GAAGGTCGGAGTCAACGGATTCTTCAGCGTGTAAGGAAGTTTTGATCAAG 

  wri13_R GGCACCGCTTGAGCCACTAA 

wri16 BE403950 wri13_R1 GAAGGTGACCAAGTTCATGCTTTGATTAGGATCAGGGCATTG 

  wri13_R2 GAAGGTCGGAGTCAACGGATTGCTTTGATTAGGATCAGGGCATTC
 

  wri13_F GAGAGATTATGTTATATTCGTCCAACGGTT 

 

 *
KASP™ VIC/FAM fluorescence tail complementary to the FRET cassettes in the KASP™ Mastermix added to the 5`end is underlined
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Table S3.2: Primer sequences of HRM and gel-based assays 

Marker name iSelect SNP assay 

name/EST 

Assay type Primer name Primer sequence 

wri6 iwa2098 HRM wri6_F CCGTCGACTGCAGCTACATA 

   wri6_R CTCGTACGTGTTCGCCTGTA 

wri7 iwa1495 HRM wri7_F CAAGAGCTCTCGGCATTTTT 

   wri7_R GCAATCGACAGAGGAAGCAT 

wri8 iwa0824 HRM wri8_F CTCCACGCTTCTCCTAATGC 

   wri8_R GGCTGACTGTGTATGCCAAG 

wri9 iwa4245 HRM wri9_F GAACCCAGCATGTTTGTGAA 

   wri9_R CCAGAAGGATGAAGCAAAGG 

wri14 GH723564 Gel-based wri14_LSPF CGAGCCCCTCAAATACTCCGGGAA 

   wri14_LSPR ACAGCCCCACGCTCATGATCGC 

   wri14_ASP CCAAATCACCTCATAGCAGGC 
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wri15 BE403950 Gel-based wri15_F TTTACTTTAAATGAACATTTCAGCAGCAATGTAGAC 

   wri15_R1 CCGATTAGGATCAGGGCATTC 

   wri15_R2 CCCATTAGGATCAGGGCATTG 
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2.  Assay and polymorphism detection conditions  

 

a) Markers: wri10, wri11, wri12, wri13, wri16, BS00010627, BS00011795, 

BS00011603, BS00009548, BS00022529, BS00029210, BS00109879 and 

BS00022444 

  

PCR mix 

 

 

 

  

  

 

 

 

PCR cycling 

Step 1 - 94°C 15 min 

Step 2 - 94°C 20 s 

Step 3 - 61°C (- 0.6°C/per cycle) for 60 s 

Step 4- Step 2 for 9 times 

Step 5 - 94°C 10 s 

Step 6 - 55°C for 60 s 

Step 7 – Step 5 for 25 

 

Polymorphism detection 

Acquire fluorescence reading at 37°C  

 

Re-cycling – up to 3 times 

Reagent  Volume per reaction 

Template DNA (15 ng/µl) 3 µl 

KASPar 2x mix 3 µl 

Primer mix 0.084  µl 
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Step 1 - 94°C 10 s  

Step 2 - 55°C for 60 s  

Step 3 – Step 1 for 2 times  

Acquire fluorescence reading at 37°C  

 

b) Markers: wri6, wri7, wri8 and wri9 

 

PCR mix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 60 °C for 30s   

Reagent  Final concentration (10-µl reaction volume) 

Template DNA 150 ng 

Immolase 0.15u 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 2.5 mM 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 

Syto9 dye 2.0 µM 
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Step 4 - 72 °C for 1 min 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 5 min 

Step 7 – End 

 

Polymorphism detection 

High resolution melting conditions  

95 °C for 30 s 

58 °C for 30 s: ramp to 95 °C (+ 0.02 °C/s; 25 acquisitions/ °C) 

37 °C for 1 s 

 

c) Marker wri14 

 

PCR mix 

Reagent  

Final concentration 

(10-µl reaction volume) 

Template  150 ng 

Immolase 0.15u 

Immolse buffer 1× 

dNTPs 0.2 mM 

Mgcl2 1.5 mM 

Locus specific primers (F and R) 0.5 µM 

Allele specific primer 0.5 µM 

BSA  10× 
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PCR cycling 

Step 1 - 95º for 10min 

Step 2 - 94º for 30s 

Step 3 - 58º for 30s 

Step 4 - 72º for 60s 

Step 5 – Step 2 for 14 times 

Step 6 - 94º for 10s 

Step 7 - 45º for 30s 

Step 8 – Step 6 for 4 times  

Step 9 - 94º for 10s 

Step 10 - 53º for 30s 

Step 11 - 72º for 5s 

Step 12 - Step 9 for 14 times 

Step 13 – End 

 

Polymorphism detection 

Agarose gel electrophoresis  

2.5 % agarose gel; 90V; 60 min 
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d) Marker wri15 

 

PCR mix 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

PCR 1: wri15_F/R1 

PCR2: wri15_F/R2 

 

PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 58 °C for 30 s   

Reagent  Final concentration  

(10-µl reaction volume) 

Template DNA 150 ng 

QIAgen Taq polymerase 0.25u 

QIAgen buffer 1.25 × 

dNTPs 0.25 mM 

MgCl2 1.5 mM 

Q solution 1.25 × 

Forward primer 0.5 µM 

Reverse primer 0.5 µM 
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Step 4 - 72 °C for 30 s 

Step 5 - Step 2 for 34 cycles 

Step 6 - 72 °C for 5 min 

Step 7 – End 

 

Polymorphism detection 

Agarose gel electrophoresis  

2.0 % agarose gel; 90V; 60 min 

 

 

3.  Allele calls of ‘Trident’ and ‘Molineux’ lines for KASP markers 

 

Marker name Trident allele Molineux allele 

wri10 C T 

wri11 A C 

wri12 T C 

wri13 A G 

wri16 C G 

BS00010627 T C 

BS00011795 C A 

BS00011603 C T 

BS00009548 G T 
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BS00022529 C G 

BS00029210 G C 

BS00109879 G T 

BS00022444 C G 

 

 

 

4.  Amplification and sequencing of genomic DNA to identify polymorphisms between 

Trident and Molineux 

 

oET0041_F/R  

 

PCR mix 

 

 

 

 

 

 

 

 

 

 

 

Reagent  Final concentration 

Template DNA (Trident or Molineux) 50 ng 

Immolase polymerase 0.5u 

Immolase buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.5 mM 

Forward primer 0.2 µM 

Reverse primer 0.2 µM 
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PCR cycling 

Step 1 - 95 °C for 10 min 

Step 2 - 94 °C for 30 s 

Step 3 – 65 °C for 30 s (-0.5 º/cycle) 

Step 4 - 72 °C for 60 s 

Step 5 - Step 2 for 19 cycles 

Step 6 – 94 °C for 30 s 

Step 7 – 56 °C for 30 s   

Step 8 - 72 °C for 60 s 

Step 9 - Step 6 for 24 cycles 

Step 10 - 72 °C for 5 min 

Step 11 – End 

 

BE403950A_F1_UCD / BE403950_cpR1_UCD  

 

PCR mix 

Reagent  Final concentration 

Template DNA (Trident or Molineux) 100 ng 

QIAgen Taq polymerase 0.5u 

QIAgen PCR buffer 1 × 

dNTPs 0.2 mM 

MgCl2 1.5 mM 

Forward primer 0.5 µM 
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PCR cycling 

Step 1 - 94 °C for 3 min 

Step 2 - 94 °C for 30 s 

Step 3 – 62 °C for 30 s (-0.5 º/cycle) 

Step 4 - 72 °C for 60 s 

Step 5 - Step 2 for 19 cycles 

Step 6 – 94 °C for 30 s 

Step 7 – 52 °C for 30 s   

Step 8 - 72 °C for 60 s 

Step 9 - Step 6 for 24 cycles 

Step 10 - 72 °C for 5 min 

Step 11 - End 

 

DNA purification 

Ran 1.0 % agarose gel; 100V; 30min. Gel extracted PCR product from and 

purified using  GE healthcare illustra GFX Gel band and PCR purification kit 

as per the manufacturers’ instructions. Eluted in 30µl 10mM Tris pH8. 

 

Sequencing 

Sequenced purified products in both directions using the respective forward or 

reverse primer using Big Dye Terminator chemistry version 3.1 and the service 

provider the Australian Genome Research Facility. 

 

Reverse primer 0.5 µM 
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Online Resource S3.2 

 High-resolution melting curves, end-point genotyping assay calls and gel-electrophoresis images of 11 newly developed markers 



 

278 

 

 

Figure S3.1 High-resolution melting curves for markers wri6 (A), wri7 (B), wri8 (C) and wri9 (D).  

Upper panel: normalised and shifted melting curves; Lower panel: normalised and temperature-shifted difference plot. Curves are shown for products 

amplified in triplicate from genomic DNA of TMDH109 (“Trident-like”) and TMDH150 (“Molineux-like”). 
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Figure S3.2: End-point genotyping clusters for markers wri10 (A), wri11 (B), wri12 (C) and wri13 (D).  

Clusters are shown for products amplified from genomic DNA of TMDH109 (“Trident-like”), TMDH150 (“Molineux-like”) and 20 Trident/Molineux 

doubled haploid lines. 
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Figure S3.3: Agarose gel electrophoresis of amplicons of markers wri14 (A), and wri15 (B) and end-point genotyping scatter plot of 

amplicons of marker wri16 (C).  

For markers wri14 and wri15 from right to left: 1) GeneRuler® 100 bp DNA ladder (Thermo Fisher Scientific Inc.), 2) Molineux, 3) Trident, 4) water, 

5) CS N6A-T6B, 6) CS N6A-T6D, 7) CS N6B-T6A, 8) CS N6B-T6D, 9) CS N6D-T6A, 10) CS N6D-T6B and 11) 1:1 mixture of Molineux and 

Trident DNA (artificial heterozygote). For marker wri16 clusters are shown for products amplified from genomic DNA of TMDH109 (Trident-like), 

TMDH150 (Molineux-like) and 20 Trident/ Molineux doubled haploid lines. 
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Online Resource S3.3 
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Figure S3.4: Trident/Molineux linkage map
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Online Resource S3.4 

 

Figure S3.5 Distributions of Heterodera avenae nematode counts among 38 

Trident/Molineux doubled haploid lines evaluated in pot tests. 

 Each pair of histograms (A and B, C and D, E and F, G and H) represents a group of lines 

classified according to the parental origin of their alleles at three loci. The allelic 

combination for each groups is shown using the letters T (for Trident) and M (for 

Molineux) with the Cre5, QCre.srd-1B and Cre8 shown from left to right and with the 

alleles that confer increased resistance shaded in grey. In each case, the values shown for 

the proportions of plants were calculated as the mean proportions across all lines within the 

genotypic class.
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Appendix 4: A first look at the infection of cereal 

cyst nematode (Heterodera avenae Woll.) and 

establishment of syncytia in wheat carrying the 

Cre8 resistance allele 

 

S4.1 Introduction 

In Chapters 5 and 6, the prospects of positional cloning of CCN H. avenae resistance locus 

Cre8 were discussed. Other than positional cloning, it is also possible to isolate genes via a 

candidate gene approach. For either of these two approaches, knowledge about the 

resistance mechanisms and biological processes involved in delivering resistance responses 

could be useful to narrow down candidate genes.  

The root responses of resistant lines carrying CCN H. avenae resistance loci Cre1 (wheat), 

Cre3 (Ae. tauschii), Rha2 (barley) and Rha4 (barley) have been compared to those from 

susceptible lines, in terms of nematode penetration and the histological changes associated 

with syncytia (designated nematode feeding sites formed by disintegrating the cell walls 

and fusion of the protoplasm of the adjacent parenchyma cells.) [51, 117, 154, 196] . None 

of the resistance loci (Cre1, Cre3, Ha2 and Ha4) affected the initial penetration, the 

establishment and development of nematodes or the initiation and early development of 

syncytia, but at later stages the resistance loci seemed to affect the degradation of syncytia 

(extensive vacuolation and metabolically less active protoplasm), making it difficult for the 

female nematodes to get adequate nutrition to reach maturity [51, 117, 154, 196].  To my 

knowledge, no work has been done to understand the effects of the wheat Cre8 resistance 
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locus, in terms of nematode penetration and/or the histological changes associated with the 

syncytium development. Here, I report the testing of the above concept, by comparing the 

responses of two Trident/Molineux DH lines carrying the opposite alleles at the Cre8 

resistance locus over four sampling time points.    

 

S4.2 Methods 

Plant materials 

The plant materials used here were two Trident/Molineux F1-derived DH lines (TMDH006 

and TMDH082). As described in Chapter 6, TMDH006 carries the resistance allele at 

Cre8, but not at two other resistance QTL, while TMDH082 does not carry resistance 

alleles at any of the known CCN (H. avenae) resistance QTL (see Chapter 6 for further 

details on selection criteria).  

 

 Preparation of plant material 

Seeds of TMDH006 and TMDH082 were sown in petri dishes lined with moistened 

Whatman filter paper, were kept in dark overnight at 5 °C and transferred to room 

temperature for another 2 d. The seedlings were then transplanted in 30 mm PVC tubes 

filled with sterilized moistened soil and kept in a growth room (15 °C / 12 h alternative 

dark/light cycle). Inoculum of H. avenae sourced from various fields in the Yorke 

Peninsula, South Australia (kindly provided by John Lewis, SARDI, Australia), was 

diluted in reverse osmosis purified water and juveniles (J2 stage) were counted using a 

counting dish. The inoculum density was adjusted to100 nematodes/ml.  Four-day-old 

seedlings were inoculated by pipetting 1 ml of well mixed inoculum close to the crown of 
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the seedling. Of 72 plants grown, 56 were inoculated and 16 were maintained as controls 

without inoculation.  

 

Staining and counting of nematodes in roots 

Acid fuchsin staining of nematodes was carried out at 11, 18, 21 and 25 DAI. For each 

time point, four inoculated plants from each DH line were picked randomly. The soil was 

washed off and the roots were treated with 2 % sodium hypochlorite for 10 min. The roots 

were carefully rinsed with water and pat dried to remove excess water. Roots were dipped 

in acid fusion staining solution (33 % glycerol, 33 % lactic acid and 0.5g/L of acid fuchsin) 

and heated up to boiling point. The stained roots were left to cool down for 20 min. Roots 

were transferred to destaining solution (50 % glycerol, 5 % lactic acid) and were reheated. 

The stained roots were observed through a dissection microscope and the total number of 

nematodes (stained in pink) in the root and the number of seminal roots were counted and 

recorded for each plant. Using the mean number of nematodes per seminal root as the 

variable, genotypic effects (TMDH006 vs TMDH082), DAI effects and the interaction 

between genotype and DAI were tested for significance by a two-way analysis of variance 

(ANOVA), performed using GenStat v15.3.0.9425 (VSN International limited, UK).  

 

Microscopic examination of syncytia development 

Root samples were collected on the 4, 7, 11 and 18 DAI with two control samples and 

three inoculated samples per line. Soil was washed off from the plants and the roots were 

fixed in a formalin acetic alcohol solution (50 % absolute ethanol, 5 % acetic acid and 4 % 

formaldehyde) overnight. The fixed root tissues were stored in 70 % ethanol at 4 °C. The 

root tissues were dehydrated using an ethanol concentration series of 70 %, 80 %, 90 %, 95 
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% and 100 % (dehydrated ethanol). At each concentration, three solution changes were 

done at 20 min intervals. Samples of swollen root tissue (2 to 5 mm in length) were cut 

from the inoculated plants. Samples of similar length were taken from the roots of control 

plants. The dehydrated tissues were transferred to a 50:50 mix of 100 % ethanol 

(dehydrated): LR white resin (London Resin Co., Berkshire, UK) and kept overnight to 

facilitate infiltration. Tissue specimens were infiltrated with 100 % LR white, by making 

three 100 % LR white changes at 8 h intervals. The root tissues were embedded flat on 

gelatine capsules and the capsules were filled with 100 % LR white. The embedded 

capsules were incubated in a 58 °C oven for 48 h to facilitate polymerisation of LR white.  

Longitudinal serial sectioning (1-µm thickness) of the root tissues were carried out using a 

rotary microtome (Leica Microsystems Pty. Ltd. Germany) and the tissues were stained 

using toluidine blue stain (0.01 % toluidine blue in 0.1 % sodium tetraborate) and were 

examined under a light microscope (magnification 50×).  

 

S4.3 Results  

Nematode penetration and development  

At all-time points, swollen root areas were observed in plants inoculated with H. avenae, 

but not on the roots of the non-inoculated controls. By 11 DAI, nematodes had successfully 

penetrated and established in the roots of both TMDH006 and TMDH082, and the lateral 

roots had emerged. Nematodes were seen predominantly colonising the swollen areas in 

the roots. At 11 DAI, nematodes had a vermiform body shape (Figure S4.1A) and could be 

identified as the J2 juvenile stage, as described by Lilley et al. [91]. By the 18 DAI, both J3 

and J4 stage nematodes with a plump body shape were observed (Figure S4.1B). At this 

stage a considerable increase in the root size was also noted, primarily due to the 
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development of bulky lateral roots. By the 21 and 25 DAI, J4 stage nematodes 

predominated the swollen root areas (Figure S4.1C) and by the 25 DAI, it was observed 

that some swollen areas had been abandoned.  

 

 

Figure S4.1: Cereal cyst nematode development in wheat roots.  

J2 stage at 11 day after inoculation (DAI) (A), J3 (right) and J4 (left) stages at 18 DAI (B), 

and J4 stage at 25 DAI (C) (magnification factor 50) 

 

The mean nematode count per seminal root had high variability (Table S4.1) and followed 

an increasing trend until 21 DAI and declined by 25 DAI, for both TMDH006 and 

TMDH082 (Figure S4.2). There was significant variation in the mean nematode counts 

among the sampling times (DAI in Table S4.1; p < 0.05), but not between TMDH006 and 

TMDH082 (p > 0.05) (Genotype in Table S4.1). There was no significant interaction (p > 

0.05) between sampling times and lines.   

 

 

 

 

A B C 
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Table S4.1: Analysis of variance (ANOVA) table.  

A two-way ANOVA with days after inoculation (DAI) and the genotype (TMDH006 or TMDH082) as factors and the nematode count per seminal 

root as the variant.  

Source of variation Degrees of freedom Sums of squares Mean squares Variance  F probability 

DAI 3 51.851 17.284 3.65 0.028 

Genotype  1 0.144 0.144 0.03 0.863 

DAI  × Genotype 3 8.425 2.808 0.59 0.627 

Residual 22 104.305 4.741   

Total 29 164.725    
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Figure S4.2: Nematode count per seminal root in TMDH006 and TMDH082 at 11, 18, 

21 and 25 days after inoculation. 

The box spans the interquartile range of the estimated nematode count per seminal root, the 

horizontal line within each box indicates the median. The whiskers extend to show the 

spread of data.    

 

Syncytia development   

As expected no syncytia were seen in the uninoculated controls. In the inoculated samples 

of both TMDH006 and TMDH082, initiation of syncytia occurred by 4 DAI. The only 

prominent difference observed between the TMDH006 and TMDH082 was at 4 DAI, 

where the cell walls of the syncytia of TMDH006 looked disintegrated compared to that of 

the TMDH082 (Figure S4.3A and B). There was no prominent difference between the 
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syncytia of TMDH006 and TMDH082 at 7, 11 and 18 DAI (Figure S4.3C to H). Further, a 

clear degradation of syncytia cell walls were observed between 4 and 7 DAI in TMDH082 

(Figure S4.3B and D). Other than that no noticeable differences were observed either 

among the 7, 11 and 18 DAI sampling time points in TMDH006 or in TMDH082. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.3: Development of syncytia in TMDH006 and TMDH082 in longitudinal 

root sections from 4, 7, 11 and 18 days after inoculation (DAI) with H. avenae.  

TMDH006 at 4 DAI (A), TMDH082 at 4 DAI (A), TMDH006 at 7 DAI (C), TMDH082 at 

7 DAI (D), TMDH006 at 11 DAI (E),  TMDH082 at 11 DAI (F) TMDH006 at 18 DAI (G) 

TMDH082 at 18 DAI (H). N – nematode and S – syncytium (magnification factor 50).   
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S4.4 Discussion 

Despite high variability in the nematode counts (Figure S4.2), statistically significant (p < 

0.05) differences were detected among sampling times, with counts increasing in both lines 

between 11 and 21 DAI, then decreasing by 25 DAI. The increases in numbers of 

nematodes up until 21 DAI would have been due to continuing entry of nematodes from 

the soil during the experiment. Consistent with this, all three juvenile stages of the 

nematode life cycle (J2, J3 and J4) were observed at each sampling date. While the non-

synchronised infection that occurred in this experiment may reflect what actually happens 

in the field, it is not ideal for histology work. In future, clearer results could be obtained by 

transplanting seedlings to inoculum-free medium after the initial infection as was done by 

using methods described by Seah et al. [154] and by Williams and Fisher [196]. More 

precise results could be obtained by using more biological replicates.  

Similar to what has been seen for other CCN resistance genes [51, 117, 154, 196], the 

Cre8-carrying line did not exhibit any resistance against the initial penetration by the 

nematodes. Syncytia were observed even at the first sampling date (4 DAI), consistent with 

previous observations for other resistant lines [154, 196], but in contrast to the 

observations of Grymaszewska and Golinowski [51], who reported that the syncytia were 

initiated much later (14 DAI) in a resistant line than in a susceptible line (4 DAI). Based on 

what had been observed for other resistant and susceptible lines, it was anticipated that by 

18 DAI, there might be visible differences between the syncytia of the resistant and 

susceptible lines. No such differences were observed. In future, such differences might be 

observable at later stages and/or with improved techniques. Specifically, better sections 

might be obtained by using a diamond knife for sectioning. Here, very small particles of 

soil remained on the roots even after thorough washing. These damaged the glass knife and 

led to shearing of root sections.  
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The results of this experiment provide no direct observations of a resistance response in the 

Cre8-carrying line and thus little insight into the resistance mechanism. Nevertheless, the 

observation that juvenile nematodes infected the roots and established feeding sites as 

successfully in the Cre8-carrying line as in the susceptible line, indicates that future 

investigations should focus on later stages of syncytia development.   
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