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Thesis abstract 

This investigation included characterisation of diverse sources for rust resistance, identification 

of genomic regions underpinning rust resistance and fine mapping of an adult plant leaf rust 

resistance gene in wheat. Genome-wide association mapping in a HarvestPlus panel was also 

undertaken to identify genomic regions conferring rust resistance and mineral concentration.  

Markers linked to the adult plant leaf rust resistance gene Lr49 were identified using 

the 90K SNP (single nucleotide polymorphisms) array genotyping of the VL404/WL711 RIL 

population and alignment of flow-sorted chromosome sequences of chromosome 4B of parents 

VL404 and WL711. The Lr49-linked markers sunKASP_21, sunKASP_24, sunKASP_26 and 

KASP_8082 were tested on a large VL404/Avocet ‘S’ F2 population for fine mapping of the 

region. 

A RIL population of VL404/Avocet ‘S’ was evaluated against Puccinia striiformis f. 

sp.  triticii (Pst) pathotypes in the greenhouse and monogenic segregation for seedling stripe 

response was observed and the underlying locus was named YrVL. Molecular mapping using 

the 40K Illumina XT SNP array placed YrVL on the long arm of chromosome 2B. Comparative 

analysis with known ASR genes on chromosome 2BL indicated that YrVL is likely to be a new 

locus. 

A stripe rust resistant Tunisian landrace Aus26670 was crossed with the susceptible 

parent Avocet ‘S’ (AvS) to develop the Aus26670/AvS RIL population. Seedling tests on this 

population indicated the presence of a single seedling stripe rust resistance gene and this locus 

was named YrAW12. Targeted genotyping-by-sequencing (tGBS) assay mapped YrAW12 in 

the 754.9-763.9 Mb region of chromosome 2BL. Composite interval mapping of adult plant 

stripe rust response variation suggested the involvement of four Quantitative trait loci (QTL) 
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for stripe rust resistance in chromosomes 1BL, 5AL, 5BL and 6DS. Two QTL, QYr.sun-5AL 

(654.5Mb) and QYr.sun-6DS (1.4Mb), appear to be new. 

A HarvestPlus panel comprising synthetic hexaploid wheat, T. spelta L., emmer wheat 

and progenies derived from landraces was evaluated for resistance to rust diseases and 

accumulation of 10 minerals in the grains. This panel was genotyped using the 90K Infinium 

SNP array and 13 markers linked with rust resistance genes. Genome-wide association 

mapping identified six new QTL for rust resistance in addition to 27 known genes/QTL. Forty-

one known and 76 new QTL were identified for mineral content. Accessions carrying alien 

translocations (1B:1R and 2NS) displayed higher accumulation of some minerals. 
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Chapter 1 

Introduction 

Wheat is the most widely cultivated cereal crop and it provides one-fifth of the total dietary 

and calorific source to the current population (WHO 2017). A recent study estimated the world’s 

population to reach 10 billion by 2050 (Ranganathan et al. 2019). A 60% increase in global wheat 

production will be required to achieve food security (Ray et al. 2013). Developing high yielding 

rust resistant wheat cultivars can minimise the gap between the global wheat production and 

requirement. 

Three different species of the genus Puccinia cause rust diseases.  Stem rust is caused by P. 

graminis f. sp. tritici (Pgt), leaf rust byP. triticina; (Pt) and stripe rust (P. striiformis f. sp. tritici 

(Pst) (McIntosh et al. 1995). Exotic incursions and evolution among rust pathogen populations can 

render resistance genes deployed in wheat cultivars ineffective (McIntosh 2007). These pathogens 

can migrate long-distances (Brown and Hovmøller 2002), undergo mutational changes from 

avirulence to virulence (Hovmøller and Justesen 2007), acclimatise to fluctuating climatic 

conditions (Milus et al. 2009) and create new variants through sexual and somatic hybridization 

(Ali et al. 2017).  

The Mendelian inheritance of stripe rust resistance was first demonstrated by Biffen in 1905. 

A pioneering book, ‘The Rusts of Australia’ written by McAlpine (1906), highlighted the serious 

concerns about stem rust and leaf rust in Australia. Stripe rust was detected in eastern Australia in 

1979 and the pathotype was designated 104 E137A- (O’Brien et al. 1980). This pathotype evolved 

to render stripe rust resistance genes YrA, Yr6 and Yr7 individually and in all combinations 

ineffective (Wellings 2007). Another exotic incursion of pathotype 134 E16A+ (with virulence on 

Yr8 and Yr9) appeared in Western Australia in 2002 (Wellings et al. 2003). Variants of pathotype 

134 E16A+ acquired virulence on Yr10, Yr17, Yr24, YrJ, YrT and Yr27 (Wellings 2007). Two Pst 
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pathotypes 239 E237A-Yr17+Yr33+ and 198 E16A+YrJ+YrT+Yr17+ were detected recently in 

eastern Australia (Park et al. 2020), the former possessed virulence for Yr33 and the latter showed 

increased severity on durum wheat cultivars.  

Two classes of genes namely, all stage resistance (effective at all stages of plant growth 

against avirulent pathotypes; ASR) and adult plant resistance (effective at the post seedling stages; 

APR), condition rust resistance in wheat. The modern wheat breeding programs aim to deploy 

combinations of ASR and APR genes to attain long-term rust resistance (Bariana et al. 2007a).  

The World Health Organisation (WHO) estimated over two-billion people relying on wheat 

as their primary diet and people living in the Indian sub-continent preferentially eat wheat and 

show essential micronutrient deficiency (WHO 2017). Essential micronutrients including Zn and 

Fe play a significant role in overall body development and metabolic activities (Bouis et al. 2011). 

Although essential micronutrients are available in form of tablets, most people living in developing 

countries cannot afford the cost. Promotion of nutrient-dense wheat is an important step to alleviate 

malnutrition (Bouis et al. 2011). HarvestPlus is a global effort initiated during the last decade of 

20th century to enhance Zn levels in wheat cultivars (Rawat et al. 2009). This program identified 

and used the germplasm that had the inherent ability to accumulate higher levels of micronutrients 

and delivered five biofortified cultivars in the Indian subcontinent (Velu et al. 2019). These 

cultivars carry 30% additional Zn content and yield comparable to local checks.  

Wheat progenitors like landraces, spelta, emmer, durum, rye, einkorn and Aegilops species 

were characterised to discover rust resistance genes (McIntosh et al. 1995; McIntosh et al. 2017). 

Some studies found that spelta and emmer wheat accumulate up to four-times higher 

micronutrients than modern wheat cultivars (Cakmak et al. 2004; Peleg et al. 2008). Advances in 

genomic resources including the availability of reference genome assemblies of hexaploid, 

tetraploid (wild emmer accession Zaviton and durum wheat Svevo) and the diploid progenitor 

Aegilops tauschii L. (https://www.10wheatgenomes.com) and high throughput genotyping 
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platforms such as 90K SNP array helped in precise mapping and identification of rust resistance 

genes and discovery of genomic regions underpinning nutrient accumulation (Bariana and Bansal 

2017; Gupta et al. 2020).  

Over 200 rust resistance genes have been formally named and several others have been 

temporarily designated (McIntosh et al. 2017; Joukhadar et al. 2020). Many commercially 

deployed rust resistance genes have been defeated by matching virulence of continuously evolving 

rust pathogens. On the other hand, identification of genomic regions conditioning higher mineral 

loading in wheat grain is still in its infancy. This highlights the need to accelerate discovery of 

genes that control economic and nutritional quality traits to ensure continued wheat improvement. 

In the current study, bi-parental mapping populations were screened in greenhouse and field 

conditions to discover rust resistance genes. Advanced genotyping platforms 90K, flow-sorting 

based chromosomal sequencing, tGBS and 40K SNP array were explored to precisely position 

these targeted genes. A Harvestplus association mapping panel (HPAMP) was evaluated for rust 

resistance and 10 grain minerals to identify new genomic regions conferring disease resistance and 

enhanced accumulation of grain minerals. The four research chapters cover: 

1. Fine mapping of the adult plant leaf rust resistance gene Lr49. 

2. Molecular mapping of seedling stripe rust resistance in VL404/AvS RIL population. 

3. Genetic dissection of stripe rust resistance in a Tunisian wheat landrace Aus26670. 

4. Identification of genomic regions conferring rust resistance and mineral accumulation 

in a diverse wheat panel. 
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Chapter 2 

Review of literature 

2.1 Introduction 

Common wheat is an allohexaploid plant with a vast genome size (~15.8 Gb). It constitutes 85 per 

cent of highly repetitive sequences (Wicker et al. 2018). The wheat genome evolved through two 

continuous polyploidisation events accommodating three diploid progenitors’ genomes (AA, BB, 

DD). About a million years ago, wild tetraploid emmer wheat (AABB genome; Triticum turgidum 

ssp. dicoccoides L.) originated after a primary hybridisation between two diploid AA (T. urartu 

L.) and BB (closely related to Aegilops speltoides, Ae. longissima, Ae. sharonensis, Ae. searsii and 

Ae. bicornis) genome progenitors (Jordan et al. 2015; Avni et al. 2017). The derived emmer wheat 

(AABB) faced a secondary hybridisation around 10,000 years ago with the D genome donor (Ae. 

taushii). The origin of agriculture led the intense changes in wheat biology (Preece et al. 2017) 

and this resulted in the cultivation of domesticated wheat in the Fertile Crescent (Nevo et al. 2013) 

and led the evolution of common wheat (Salamini et al. 2002). 

Wheat production reached 759 million tons and supplies one-fifth of the total protein and 

calorific requirements of mankind (USDA 2020). Global wheat production should be increased by 

60 to 70 per cent to feed 10 billion people by 2050 (Ray et al. 2013; Ranganathan et al. 2019). To 

meet this requirement, wheat production in the developing countries need to be doubled (Ray et 

al. 2013). Wheat encounters numerous biotic and abiotic stresses that continuously challenge its 

sustainable production. Fungal diseases are considered as one of the most serious threats. Rust 

diseases of wheat are of major concern due to the highly evolutionary nature of fungal pathogens 

that cause these diseases to result in up to 30% of yield loss (Juliana et al. 2018). Potential losses 

from a Pgt (causal agent of stem rust) pathotype Ug99 are three billion USD per year (Pardey et 

al. 2013) and annual yield losses due to stripe rust are estimated 5.47 million tonnes globally that 
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equates to USD 979 million (Beddow et al. 2015). Deployment of stripe rust resistant varieties in 

Australia alone has been estimated to save around AUD one billion annually (Murray and Brennan 

2009). 

The outbreak incurred by the Pgt race Ug99, with virulence on Sr31 in Uganda has 

challenged the rating of stem rust resistance of commercial wheat cultivars across the world (Singh 

et al. 2011). Later, faster spreading nature of the race resulted in its migration in other African 

nations and the Middle East and chances to cover Asian wheat-growing belt as well (Ayliffe et al. 

2008). In 2006-07, two mutant versions of race Ug99 were noticed in Kenya, with added virulence 

on Sr24 and Sr36, respectively. In Australia, the epidemic of race Ug99 could cost up to $140 

million per year (Ayliffe et al. 2008). Therefore, it is imperative to eradicate the likelihood of 

invasion of the race Ug99 derivatives through deploying wheat varieties with resistance to Ug99, 

surveillance of the pathogen populations over the time and fostering pre-breeding efforts for rust 

resistance (Ayliffe et al. 2008). Race Ug99 was avirulent on stem rust resistance genes Sr13, Sr14, 

Sr22, Sr25, Sr26, Sr27, Sr28, Sr35, Sr45, Sr46, Sr48 and Sr50. These effective genes are available 

in modern wheat backgrounds. The defeated genes should not be used singly in wheat breeding 

programs (Singh et al. 2011). 

2.2 Identification of rust resistance genes 

2.2.1 Multi-pathotype tests 

Comparison of infection types (ITs) produced by test entries against an array of pathotypes of the 

target rust pathogen on a set of genotypes carrying known genes (differentials) facilitates gene 

postulation (McIntosh et al. 1995).  Several studies reported results on postulation of rust resistance 

genes in different sets of wheat genotypes. For example, Singh et al. (2008) reported the presence 

of Sr5, Sr8a, Sr9g, Sr12, Sr30, Sr31, Sr36 and Sr38 in British wheat cultivars. Stem rust resistance 

genes Sr7b, Sr8a, Sr8b, Sr9b, Sr9g, Sr11, Sr15, Sr17, Sr29, Sr31, Sr31, Sr36 and Sr38 were 



 

Page 6 
 

reported in European wheat cultivars (Pathan and Park 2007). Similarly, Sr5, Sr7a, Sr7b, Sr8a, 

Sr9e, Sr11, Sr21, Sr27, Sr29, Sr30 and Sr37 have been postulated in Ethiopian durum and common 

wheat cultivars (Admassu et al. 2012). Randhawa et al. (2016) postulated the presence of Sr7b, 

Sr8a, Sr12, Sr15, Sr17, Sr23, Sr30, Lr1, Lr3a, Lr13, Lr14a, Lr16 and Lr20 either in combinations 

or singly among 87 Nordic spring wheat genotypes. DNA markers confirmed the presence of Sr2, 

Lr34/Yr18/Sr57, Lr68 and Yr48 in this collection (Randhawa et al. 2016). Singh and Rajaram 

(1992) postulated the presence of Lr3, Lr10, Lr13, Lr26 and Lr34 in CIMMYT wheat genotypes. 

A collection of European winter wheat carried Lr1, Lr3a, Lr3ka, Lr10, Lr14a, Lr17b, Lr20, Lr26 

and Lr37 (Winzeler et al. 2000). Chinese wheat lines are likely to carry Yr2, Yr3a, Yr4a, Yr6, Yr7, 

Yr9, Yr26, Yr27 and YrSD genes based on rust tests (Li et al. 2006). Two CIMMYT and one 

Australian wheat nurseries including 153 entries were screened against Pst pathotypes to postulate 

major and minor genes (Singh et al. 2014) and around half of the entries did not carry any effective 

ASR against Australian Pst pathotypes and Yr6, Yr7, Yr9, Yr17 and Yr27 were detected either 

singly or in combinations. Based on their resistance level, some entries were postulated to carry 

uncharacterised resistance genes and known APR genes Yr18, Yr29 and Yr30 (Singh et al. 2014). 

2.2.2 Genetic analysis of rust resistance 

Host resistance has been categorised into two broad classes: ASR/qualitative resistance and 

APR/field resistance/quantitative resistance (Bariana 2003; Bariana et al. 2007a). ASR is 

conditioned by major genes (R) effective from seedling to adult plant stage and this type of 

resistance is often matched by virulence in the corresponding pathogen. In contrast, APR is 

governed by minor genes effective at the post-seedling stages and it generally retards pathogen 

development and hence referred to as partial resistance/slow rusting. It is assumed to be race non-

specific (Bariana et al. 2007a). However, some APR genes express hypersensitive responses at 

adult plant stages and show pathotypic specificity, for example, Lr22b (McIntosh et al. 1995). 
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The resistant parent (carrying ASR and/or APR) is crossed with a susceptible parent to 

develop a bi-parental population to understand inheritance of resistance and to determine genomic 

location(s) of underlying resistance gene(s). Although several studies involved tests on individual 

F2 plants, tests on F3 families are preferred for its amenability for checking reproducibility of 

results (Bariana 2003). Population advancement to the F6 generation can be conducted through 

single seed/head method to create recombinant inbred lines (RILs) and alternatively the doubled 

haploid approach (Ahmed and Trethowan 2020). F3 populations carrying ASR gene(s) are 

classified into three categories using phenotypic responses: 1. homozygous resistant (HR), 2. 

segregating (Seg) and 3. homozygous susceptible (HS) and phenotypic data are subjected to Chi-

squared analysis to determine the number of resistance loci controlling the target trait. An F3 

population can be used for preliminary genetic analysis, however, a good number of seeds is 

required to study the segregation pattern. A RIL population has an advantage over an F3 generation 

as RILs are fixed after many recombination events and few seeds are needed for genetic analysis 

and it allows endless screening for different traits segregating among the target population. The 

segregation ratios for the involvement of a different number of genes are listed in Bariana (2003). 

Wright’s formula is used to estimate the number of loci governing rust resistance based on 

phenotypic evaluation under field conditions (Wright 1968). 

The presence of more than one gene in a bi-parental population requires development of 

single gene segregating populations to precisely locate genes conferring resistance. For example, 

an F3 family of Aus27858/Westonia showed segregation of two seedling stripe rust resistance 

genes (Randhawa et al. 2014; Randhawa et al. 2015). Families showing single gene segregation 

for different ITs were advanced separately to generate F6 RIL populations. Molecular mapping of 

two F6 RILs revealed two new ASRs; Yr51 (;n–;1-nn) on chromosome arm 4AL (Randhawa et al. 

2014) and Yr57 (0;) on 3BS (Randhawa et al. 2015). Australian wheat cultivars Sunco and Kukri 

expressed high level of stripe rust resistance (Bariana et al. 2001). Two BC1F2 populations derived 
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from each cultivar and a common susceptible parent Avocet ‘S’ confirmed the presence of three 

independent loci each (1HR:6Seg:1HS) in Sunco and Kukri. The wheat cultivar Sunco was 

reported to carry Yr18 (Kolmer et al. 2008) and YrCK (Bariana et al. 2001) on chromosome 2D. 

To map the third gene, a Sunco/2*Avocet S-derived BC1F2 line SA65 (a resistant line) was crossed 

with a susceptible sib (SA67) and 123 RILs of cross SA65/SA67 was generated (Bariana et al. 

2016). Monogenic segregation among derived RILs was demonstrated and the resistance locus 

was named YrSA3. Further selective genotyping using a 90K SNP array and SSRs placed the 

YrSA3 gene on chromosome 3D and catalogued as Yr71 (Bariana et al. 2016). 

2.3 Mapping of rust resistance genes 

2.3.1 Bi-parental mapping 

Precise mapping of rust resistance loci became more convenient with the availability of high 

throughput genotyping platforms including DArTseq (www.diversityarrays.com), genotyping-by-

sequencing (Poland and Rife 2012) and SNP arrays including 90K (Wang et al. 2014), 820K 

(Winfield et al. 2015), 660K (Cui et al. 2017) and 35K chips (Allen et al. 2017). These platforms 

are frequently used for bulked segregant analysis (BSA; Michelmore et al. 1991), selective 

genotyping (SG; Lebowitz et al. 1987) and whole population genotyping. For BSA, equal amounts 

of genomic DNA from 20 resistant and 20 susceptible RILs is pooled separately to constitute 

resistant and susceptible bulks, respectively. DNA samples from up-to forty randomly selected 

RILs should also be pooled to prepare an artificial F1 sample. One µg DNA samples of both 

parents, the constituted resistant and susceptible bulks and artificial F1 sample are being used for 

genotyping using the 90K SNP array to detect linkage of resistance loci and their position in the 

wheat genome. GenomeStudio software (Illumina Ltd) is being used in detecting putatively linked 

SNPs using their normalised theta value (Wang et al. 2014). Associated SNPs can be converted 

into kompetitive allele-specific PCR (KASP) assays using the bioinformatics pipeline, PolyMarker 

(https://www.polymarker.info). The KASP assay includes two allele-specific forward primers that 
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are labelled with specific sequences that correspond to two universal fluorescence resonant energy 

transfer (FRET) cassettes labelled with FAM™ and HEX™ dye and a common reverse primer 

(www.lgcgroup.com). It allows accurate bi-allelic discrimination of known SNPs. BSA was used 

to map major genes, for example Sr49 (Bansal et al. 2015), Yr47 (Bansal et al. 2011), Yr51 

(Randhawa et al. 2014) and Yr57 (Randhawa et al. 2015). It was also used in saturating the Lr79-

region (Qureshi et al. 2018) and SG to map the APR gene Yr71 (Bariana et al. 2016). Polymorphic 

markers can be recommended to deploy targeted genes in the wheat background. 

Several software programs namely QTL IciMapping (Meng et al. 2015), Map Manager 

QTX20 (Manly et al. 2001) is routinely being used in gene mapping using putatively linked 

markers and phenotypic responses using the Kosambi and Haldane mapping function (Haldane 

1919; Kosambi 1943). Map chart was used to draw the genetic map (Voorrips 2002). 

Sixty genes for stem rust, 79 for leaf rust and 83 for stripe rust resistance has been 

catalogued using bi-parental populations (McIntosh et al. 2017; Li et al. 2020). In a recent study, 

a Portugees landrace Aus27969 expressed a high level of stripe rust resistance at seedling and adult 

plant stage in the field. Kandiah et al. (2019) observed monogenic segregation at the seedling stage 

against three Pst pathotypes in the Aus27969/AvS RIL population. BSA using the 90K SNP 

Infinium array placed this locus on chromosome arm 3BL. The seedling gene was catalogued as 

Yr82 and linked markers identified. 

Many methods namely Single-Marker Analysis (SMA), Composite Interval Mapping 

(CIM) and Multiple Interval Mapping (MIM) have been reported for QTL mapping (Bernardo 

2020). However, the CIM function of QTL Cartographer was frequently used and offered a 

platform to align genome-wide markers and phenotypic data together to detect resistance gene loci 

using default parameters (Wang et al. 2012). 
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Several studies focussed mapping QTL underpinning rust resistance (Rosewarne et al. 

2013; Maccaferri et al. 2015). A RIL population derived from a cross of the CIMMYT line 

Arableu#1 (source of APR) and Apav#1 (susceptible line) to identify QTL for leaf rust and stripe 

rust (Yuan et al. 2020) and QTL analysis identified four and six genomic regions that controlled 

leaf rust resistance and stripe rust resistance, respectively. A new pleiotropic locus QLr.cim-

1BL.2/QYr.cim-1BL.2 was reported that is 37 cM (~6 Mb) far from the known pleiotropic APR 

locus Lr46/Yr29. They found QLr.cim-3DS, QYr.cim-2AL, QYr.cim-4BL, QYr.cim-5AL, and 

QYr.cim-7DS as putatively new loci after comparing them with the published literature (Yuan et 

al. 2020). 

2.3.2 Consensus maps and their application in fine mapping and cloning of rust resistance 

genes 

Integration of known stripe rust resistance loci resulted in two consensus maps (Rosewarne et al. 

2013; Maccaferri et al. 2015). The first map included 49 chromosomal regions covering 140 stripe 

rust resistance QTL from thirty bi-parental mapping studies (Rosewarne et al. 2013). The second 

map incorporated 56 stripe rust resistance genes and 169 QTL from ten Genome wide association 

study (GWAS; Maccaferri et al. 2015). Similarly, a consensus map of stem rust resistance loci was 

drafted that included 24 bi-parental populations, two backcross populations and three association 

mapping panels (Yu et al. 2014). This study identified 141 stem rust resistance loci effective 

against Ug99 and reported linked markers. In more than 50 publications, 80 QTL for leaf rust and 

119 QTL for powdery mildew were reported on 16 and 21 chromosomes, respectively (Li et al. 

2014). Eleven loci on 10 chromosome arms (1BS, 1BL, 2AL, 2BS, 2DL, 4DL, 5BL, 6AL 7BL 

and 7DS) showed potential pleiotropic effects including known multi-pathogenic resistance genes 

Lr34/Yr18/Sr57, Lr46/Yr29/Sr58, Lr67/Yr46/Sr55 and Lr27/Yr30/Sr2 (Li et al. 2014). Genetic 

mapping of an individual gene is usually carried out in low-resolution populations. To delimit the 

gene-region, a high-resolution family (HRF) is the pre-requisite. HRF can help to develop closely 
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linked markers (<0.1 cM) (Singh and Singh 2015). Flanking markers from the low-resolution 

mapping are tested for initial screening of a large population, preferably F2 or backcross 

population. Progeny testing of these individuals helps in confirming marker positions. Screening 

of recombinants with additional markers specific to underlying candidate genes can offer a 

platform to initiate cloning work (Periyannan et al. 2013; Klymiuk et al. 2018; Zhang et al. 2019a). 

High level of sequence similarity between homoeologous genomes (95-99% in coding sequences) 

and over 80% of repetitive DNA had posed challenges to clone rust resistance genes in wheat 

(Borrill et al. 2015). To fine map and clone a gene, several modern genomic approaches have been 

undertaken and these include sequence similarity and repetitiveness in the wheat genome (Keller 

et al. 2018; Steuernagel et al. 2020).  

A comparative study of DNA markers in related taxa originated from a similar ancestor 

and their arrangement in different maps is known as comparative mapping (Singh and Singh 2015). 

An orthologous and conserved marker, especially complementary DNA sequences (cDNA) across 

the taxa, are more useful in a comparative mapping. This can reveal genome organisations of 

diploid progenitors and common wheat. The orthologous genes and conserved marker sequences 

located in the same chromosome is referred to as synteny. However, the arrangement of DNA 

markers in the same linear order in two different chromosomes of the same or different species is 

termed as collinearity (Singh and Singh 2015).  

The orthologous region of Brachypodium distachyon L. was used in developing a high-

resolution map of Lr52/Yr47 (Qureshi et al. 2017). B. distachyon and related genera Oryza sativa 

L. and Sorghum bicolor L. were explored in a collinearity study to saturate the Yr15-region flanked 

by markers uhw264 and uhw258 (Klymiuk et al. 2018). Gene annotation studies using Ae. tauschii 

genomic resources inferred NLR1 as Lr22a (Thind et al. 2017). To saturate the pleiotropic APR 

Lr67-region, additional markers were designed using conserved orthologs and its collinear 

sequences in B. distachyon and O. sativa (Moore et al. 2015). A high-density map of Yr36 was 
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drafted using collinear gene regions in O. sativa that confirmed the gene to be in a 0.14 cM interval 

spanned by markers ucw113 and ucw111 (Fu et al. 2009). Similarly, collinear region sequences of 

B. distachyon were used to narrow down the Sr35-region with markers AK331487 (0.02 cM 

proximal) and AK332451 (0.98 cM distal) (Saintenac et al. 2013). 

To reduce genome complexity, the chromosome flow-sorting technology (Vrána et al. 

2012) was employed to dissect individual chromosomes based on their relative DNA content 

followed by their sequencing individually. A high-resolution map of Lr49 was prepared using this 

approach (Nsabiyera et al. 2020). The largest wheat chromosome 3B was separated easily with 

this approach, however isolation of the remaining chromosomes was challenging due to similar 

sizes (Shatalina et al. 2013). Wide application of chromosomes specific labelled repetitive DNA 

as a probe assisted in isolation of 21 bread wheat and seven barley chromosomes, individually 

(Giorgi et al. 2013). Sánchez-Martín et al. (2016) demonstrated the importance of flow cytometry-

based chromosome sorting of derived mutants followed by alignment of their sequences as a robust 

and unbiased approach for reduction of genome complexity. 

The whole-genome shotgun (WGS) approach has assembled ‘long’ sequence reads using 

454 technology and published the first draft sequence of wheat genome in 2012 (Brenchley et al. 

2012). However, this approach failed to overcome the sequence similarity issues between 

homoeologous genomes and their mis-assembly. Another WGS approach using large-insert 

sequencing libraries was undertaken to draft assemblies of each of the three homoeologous 

genomes of synthetic hexaploid wheat ‘Synthetic W7984’ (Chapman et al. 2015). This large insert 

genomic libraries or Bacterial Artificial Chromosome (BAC) libraries represented in-depth 

genome coverage and have been used in the cloning of Yr36 (Fu et al. 2009), Sr33 (Periyannam et 

al. 2013), Sr35 (Saintenac et al. 2013), Sr50 (Mago et al. 2015) and Yr15 (Klymiuk et al. 2018). 

Mascher et al. (2013) have anchored both CSS and W7984 scaffolds into a high-density genetic 

map using population sequencing (POPSEQ). In POPSEQ, several individuals from a bi-parental 
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population were sequenced to low coverage (c.1.5x) followed by SNP calling to parental lines and 

in silico mapping of the sequenced contigs associated with the identified SNPs. Through the 

POPSEQ analysis, 80-90 doubled haploid individuals of synthetic W7984 x Opata M85 (Sorrells 

et al. 2011) were anchored on a high-density genetic map covering 4.5 Gb (CSS) and 7.1 Gb 

(W7984) of the wheat genome. POPSEQ relies on meiotic recombination that occurs frequently 

in the distal ends of wheat chromosomes (Anderson et al. 2006; Saintenac et al. 2009). Due to 

uneven recombination, POPSEQ generates a distorted assignment of scaffolds concentrated in 

centromeric regions with much lower resolution than in the more recombinogenic distal regions 

of the chromosome. Over 600,000 SNPs from 820K Axiom and 90K iSelect SNP platforms have 

been integrated into the Chinese Spring survey sequence assembly. However, most of the SNPs 

were mapped in silico by genome browser Ensembl (https://www.cerealsdb.uk.net/; 

https://plants.ensembl.org). 

2.3.3 Application of mutational genomics in isolating rust resistance genes 

The fine mapping approach in wheat delimits the target gene region with the closely linked markers 

and the delimited gene-region can be annotated to reveal underlying candidate genes using 

bioinformatic approaches (Appels et al. 2018). However, this approach seeks specific expertise, 

state of the art resources, cutting-edge technologies, and obviously biosafety approval. In general, 

a candidate gene can be used to transform the susceptible wheat variety like Fielder or Bobwhite 

to confirm the role of candidate genes in conditioning resistance to the target pathogen (Chen et 

al. 2020). It is a time consuming and laborious method. Therefore, the mutational genomics 

approach is preferred to detect the target gene via induced loss-of-function in the parental stock. 

Ethyl methane sulfonate (EMS; CH3SO3C2H5) is a chemical mutagen that is frequently 

used in wheat for generating mutants (Acquaah 2009). EMS produces C/G to T/A transitions 

(Ashburner 1989). It results in impaired complementary base-pairing followed by a series of allelic 

mutations that are required for comprehensive structural and functional studies (Silme and 
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Cagirgan 2007). A low concentration (0.2 to 0.6%) of EMS has been used to knock-out the target 

gene in rust research; however, kill curve using LD-50 threshold is the most recommended 

protocol (Acquaah 2009; Periyannan et al. 2013; Thind et al. 2017). The detailed procedure of 

mutagenesis has been described by Mago et al. (2017). 

Rust resistance genes Lr1 (Qiu et al. 2007), Lr10 (Feuillet et al. 2003), Lr21 (Huang et al. 

2003), Lr22a (Thind et al. 2017), Sr13 (Zhang et al. 2017), Sr22, Sr45 (Steuernagel et al. 2016), 

Sr33 (Periyannan et al. 2013), Sr35 (Saintenac et al. 2013), Sr50 (Mago et al. 2015), Yr5, Yr7, 

YrSP, (Marchal et al. 2018), Yr10 (Liu et al. 2014) and YrAS2388R (Zhang et al. 2019a) have been 

cloned successfully and belong to nucleotide-binding and leucine-rich repeat protein (NLR) or its 

variants. Of them, Lr1, Lr10 and Lr21 were cloned a decade ago using a conventional map-based 

cloning approach. Isolation of Lr34 (encodes an ATP binding cassette transporter), Lr67 (encodes 

a Hexose transporter), Yr15 (encodes a wheat tandem kinase 1), Yr36 (encodes a Kinase-START 

gene) and Sr60 (encodes a wheat tandem kinase 2) were successfully executed by map-based 

cloning (Fu et al. 2009; Krattinger et al. 2009; Moore et al. 2015; Klymiuk et al. 2018; Chen et al. 

2020). 

Steuernagel et al. (2016) demonstrated a rapid gene isolation approach called MutRenSeq. 

It combines chemical mutagenesis followed by capturing NLRs via exome capture to explore pan-

genome variation that existed in wild diploid wheat relatives (Ae. tauschii, T. boeoticum L. and T. 

monococcum L.). Arora et al. (2019a) developed the AgRenSeq approach using a diversity panel 

of Ae. tauschii ssp. strangulata L. It is based on R-gene enrichment followed by extraction of NLR 

k-mers from each accession and k-mers based association mapping to report resistance gene. Sr46 

and SrTA1662 (both encode NLR) were cloned via the AgRenSeq approach. To validate this 

approach, they used Sr33 and Sr45 (previously cloned) as positive controls, fine map of Sr46 and 

three Sr46 mutants (Arora et al. 2019a). It indicates that the success of both technologies depends 

directly or indirectly on the mutational genomics approach. MutRenSeq and AgRenSeq can be 
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used to isolate only NLR-class of genes and probability of missing NLR during R-gene 

enrichment, alignment and annotation are the limitations of both technologies. Steuernagel et al. 

(2020) compared and aligned NLR loci identified via NLR annotator with automated gene 

annotation used in IWGSC RefSeq v1.0. Of 3,400 loci predicted by NLR annotator, 2,955 NLRs 

match with genes annotated in IWGSC RefSeq v1.0. Of these NLRs, 578 correspond to two or 

more genes annotated in IWGSC RefSeq v1.0. They hypothesized three major factors for these 

poor gene calling and false annotations: 1. gaps (stretches of unassigned nucleotides) in the wheat 

genome assembly, 2. a potential overextension of the NLR locus carrying at least three consecutive 

NB-ARC motifs and 3. a stop-codon in the coding sequence interrupting the open reading frame 

in the transcript. One of the possible hypotheses was verified after cloning of Pm2 from wheat 

cultivar Ulka (Sánchez-Martín et al. 2016). Pm2 confers resistance to powdery mildew caused by 

Blumeria graminis L. This encodes a full-length NLR, and the corresponding allele in IWGSC 

RefSeq v 1.0 substitutes five bases with a stretch of twelve bases resulting in a premature stop 

codon.  

Complex genome and suppressed recombinogenic regions challenge identification of point 

mutations in wheat and barley. To overcome these obstacles, a complexity reduction approach 

MutChromSeq was developed that relies on flow sorting, sequencing of mutant chromosomes and 

referencing this with a parental chromosome (Sánchez-Martín et al. 2016). This technique is 

equally applicable to all classes of genes. Single candidate genes of barley Eceriferum-q gene and 

wheat Pm2 were identified using six mutants and verified by Sanger sequencing of additional 

mutants (Sánchez-Martín et al. 2016). 

The presence of introns or repetitive regions hindered the progress to clone underlying 

genes. Therefore, the targeted chromosome-based long-range assembly (TACCA) approach was 

used to clone Lr22a (Thind et al. 2017). These genes were isolated and validated either by 

developing loss-of-function mutants or transgenesis and/or gene silencing. These studies 
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demonstrated the importance of mutational genomics approach in the positional cloning. However, 

Yr10 was cloned using a transgenesis and gene silencing approach (Liu et al. 2014) and Sr60 was 

isolated using a transgenesis approach (Chen et al. 2020). 

2.4 Association mapping for gene discovery 

Linkage disequilibrium (LD) is the non-random co-occurrence of two or more gametes/alleles in 

a mapping population. LD occurs between loci placed in proximity, and recombination can break 

it down (Korte and Farlow 2013). Population structure and selection can maintain higher than 

expected LD across the different chromosomes. LD is estimated by the observed frequency of an 

allele in a population deducted by the product of the frequencies of the corresponding alleles 

(Bernardo 2020). Linkage helps in restoring parental allelic combinations. 

The GWAS offer high-resolution mapping due to exploitation of higher levels of allelic 

diversity at a locus coupled with ancestral/historical recombination events that are represented in 

a diversity panel (Yu and Buckler 2006). Rust resistance genes/alleles are reported in various 

germplasm collections including old and modern wheat cultivars, synthetic hexaploid wheat, 

diploid and tetraploid wheat progenitors/relatives and wild relatives (Yu et al. 2014; Maccaferri et 

al. 2015; Pinto da Silva et al. 2018). GWAS has played a key role to dissect various complex traits 

in wheat (Yu et al. 2011; Juliana et al. 2015). Five GWAS (Maccaferri et al. 2015; Gao et al. 2016; 

Jighly et al. 2016; Pasam et al. 2017; Turner et al. 2017) based on high throughput marker 

platforms have uncovered novel rust resistance alleles (Table 2.1). The success of GWAS in 

uncovering new genetic variation relies on diversity of genotypic and resultant phenotypic 

differences between individuals (Korte and Farlow 2013). It can detect marker-trait associations 

for the phenotype of interest. Although, several major QTL identified through GWAS have not 

been functionally characterised and validated for their application in wheat breeding programs, 

IWGSC RefSeq v1.0 can be used to investigate precise locations of QTL identified using high 

throughput genotyping platforms (Appels et al. 2018). 
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The LD decay usually drops at 2-8 cM across the three (A, B and D) genomes (Gao et al. 

2016; Riaz et al. 2018). GWAS studies can consider the marker trait associations (MTAs) 

corresponding to a 5 cM region as an independent QTL. Identified MTAs deviating from known 

genes/QTLs by more than 5 cM interval could be treated as new in the case of ASRs/APRs. 

However, further validation using bi-parental populations and physical positions of underlying 

rust resistance alleles is essential to catalogue candidate genes. Zhang et al. (2014) developed a 

customized scale to linearised the 0-4 IT scale into a 0-9 scale for GWAS analysis. This customised 

scale accommodates complex infection types like “;13+” and calculate the weighted arithmetical 

mean. It is available in R packages (https://github.com/umngao/rust_scores_conversion). 

Statistical software like TASSEL, and a few R based programs like GAPIT and rrBLUP 

are used in GWAS (Yu and Buckler 2006; Endelman 2011; Yang et al. 2014a). The GWAS 

highlights the significant MTAs using -log10 (p) that can result in four possible outcomes while 

considering the null hypothesis (H0) that the marker under investigation is unlinked to a single 

QTL; 1. False positive, when a QTL is incorrectly reported, 2. True positive, when a QTL is 

correctly reported, 3. False negative, when a QTL is incorrectly unreported and 4. True negative, 

when a QTL is correctly unreported (Bernardo 2020). Type I error rate or significance level (α) is 

the probability of rejecting the null hypothesis in case H0 is true. However, the type II error rate 

(β) equates to the probability that a false H0 is not rejected. High precision mapping experiments 

can lower the values of α and β. To specify experiment-wise control rate (αE) and comparison wise 

significance level (αC), Bonferroni correction, permutation testing and false discovery rate (FDR, 

Benjamini and Hochberg 1995) have been used to attain higher stringency. For instance, 5,000 (n) 

unlinked markers, αE of 0.05 resulted in αC of 1x10-5, where αC = αE/n. In addition to controlling 

false positives, it can reduce the power of QTL detection and may not be more robust criteria to 

detect true QTL (Bernardo 2020). To minimise the level of stringency, a threshold of 1/n, where 

n (5,000) is the number of markers used in the study, would be 2x10-4 to qualify putative linkage 
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into a significant association (Yang et al. 2014b). One may prefer a high FDR threshold when 

aiming to discover the genetic architecture of a trait and a low FDR to identify candidate loci for 

subsequent studies and validation (Korte and Farlow 2013). 

 

Several GWAS studies have been conducted to detect significant MTAs for rust resistance 

using mixed linear model (MLM-Q+K) accounting principal component (Q) and kinship matrix 

(K) and compressed MLM that cluster individuals into a subset to minimise the effective sample 

size (Table 2.1; Zhang et al. 2010; Pasam et al. 2017; Juliana et al. 2018; Bhatta et al. 2018; Cu et 

al. 2020). A complementary approach, ‘population parameters previously determined’ (P3D) was 

preferably used in some studies to circumvent re-computing variance components (Zhang et al. 

2010). Juliana et al. (2018) applied a GWAS approach to identify leaf rust and stripe rust resistance 

alleles in International Bread Wheat Screening nurseries. In this study, the POPSEQ map and 

Ensembl plants were used to report candidate genes associated with significant MTAs. Genomic 

regions conferring rust resistance on chromosomes 1DS, 2AS, 2BL, 2DL, 3B, 4AL, 6AS, 6AL 

and 7DS were identified. Maccaferri et al. (2015) performed GWAS using a worldwide collection 

of 1,000 spring wheat accessions and 9K SNP Infinium assay. A greater level of Pst resistance 

was observed in a subpopulation from southern Asia. Ten significant MTAs explained 15% of the 

phenotypic variation (PVE) individually for stripe rust resistance, however, the PVE increased up 

to 45% when combining the effect of all QTL. Kankwatsa et al. (2017) evaluated 159 old wheat 

cultivars and landraces against 35 Australian rust pathotypes and postulated several known ASRs, 

APRs and few uncharacterised APRs. Similarly, Bansal et al. (2013) screened 205 wheat land 

pathotypes against rust isolates and high-throughput DArT genotyping using a single marker scan 

and identified 68 significant MTAs. They reported linked stripe rust-leaf rust resistance loci on 

chromosome arms 1AL, 2BS, 2BL, 3DL, 5BS, 6BS and 7DL and linked stripe rust-stem rust 

resistance loci on chromosome arms 4BL and 6AS. 
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2.4.1 Bi-parental mapping (BM) versus association mapping (AM) 

QTL can be identified using BM and AM approaches. It raises the question about the choice of 

one of these methods (Bernardo 2020). When the population development is challenging, AM is 

the obvious choice. For instance, developing segregating progeny from a clonal selection of tuber 

crops is tedious due to their mode of propagation and AM can be chosen in this instance. The 

probability of detecting rare variants using AM is however lesser than BM. For example, among 

a diverse wheat collection of 300 accessions, only three lines carried the same resistance allele for 

pathotype Ug99, while remaining lines of the panel carried the susceptible allele. The AM 

approach is less likely to detect the rare variants due to lower frequency (1%). In BM, out of three 

lines, one accession with a good agronomical background (resistant parent) crossed with the 

susceptible parent and 200 RILs are developed. In this case, the frequency of resistance allele 

would be 50% in the population that increases the power of QTL detection. 

If an AM panel has 30 resistant lines and 270 susceptible lines that means the frequency of 

the resistance allele is 10% and QTL can be detected using GWAS. However, a challenge for the 

breeder would be to determine a resistant line with better agronomical performance as well as a 

linked marker to expedite the deployment of QTL in the elite cultivars (Bernardo 2020). 
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Table 2.1 Identification of new rust resistance alleles in different GWAS studies 

 
Reference Maccaferri et al. (2015) Gao et al. (2016) Jighly et al. 2016 Pasam et al. (2017) Turner et al. 2017 

Genotyping platforms 9K SNP array  90K SNP array  

*(18924) 

DArT and  90K SNP array  9K SNP array 

*(4585) DArT-Seq *(6176) *(51208) *(5732) 

Materials Spring wheat accessions Elite wheat Lines Synthetic wheat Watkin’s collection  Spring wheat 

No. of entries 1000 338 173 676 1032 

Novel  Stripe rust Leaf rust Stem rust Stem rust Leaf rust 

alleles 1B-IWA3892 3B-IWB74350 2D-1101415 3A-IWB8720 2BS-IWA8221 

  1D-IWA980 4A-IWB40915 2D-1102301 3B-IWA1196 2BS-IWA4894  

  2A-IWA422 4A-IWB7998 Stripe rust 4B-IWB59588 2BL-IWA5177 

  2A-IWA424 6A-IWA7764 2B-wPt-8776 5A-IWB46277 2DL-IWA5637 

  3B-IWA5202 6A-IWB40242 3D-100136169 6A-IWA5781 4AS-IWA1900 

  4A-IWA1034 6B-IWB65148 3D-1267912 Leaf rust 4DS-IWA5375 

  4D-IWA5375    1B-IWA5474 5DS-IWA6289 

  5A-IWA6988     2B-IWB35072 5DL-IWA1429 

  6B-IWA7257     5A-IWB34703 7AS-IWA1277 

  6D-IWA167     Stripe rust  

        1A-IWB766  

        1B-IWB44883  

        3A-IWA7440  

        5B-IWB10356  

        5D-IWB73687  

        6A-IWB48922  

        6B-IWB 68655  

        7A-IWB60768  

        7B-IWA1971  

*Number of polymorphic markers; SNP = Single nucleotide polymorphism; DArT = Diversity Array Technology 
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2.5 Biofortification 

Nutrients including carbohydrates, fat, protein and minerals are chemical compounds 

essential for living organisms for their survival, growth and development. Some minerals 

required in relatively large quantity are called macronutrients, for example, Ca, K, Mg, P 

and S and those needed in relatively smaller quantities are known as micronutrients (B, Fe, 

Cu, Mn and Zn). Inadequate intake of these minerals in the daily diet results in malnutrition 

problems in one of three persons in the world. This deficiency is termed as ‘Hidden hunger’ 

and results in stunted growth in children, poor immunity, and reduced work efficiency. One-

fourth of the world’s population suffers from anaemia due to Fe deficiency and substantial 

numbers of children encounter impaired mental development due to Zn deficiency (WHO 

2008). A balanced diet containing adequate Zn content can boost immunity, control diabetes, 

trigger healing and digestion process as well as advance reproduction and physical growth. 

A report on risk factors associated with illness ranked Zn and Fe deficiencies at 5th and 6th 

place, respectively, in the undeveloped world (WHO 2002; Kumar et al. 2019). Severe 

health complications including osteoporosis, impaired bone growth, inadequate bone 

mineralisation and hypertension have been noticed among human populations due to dietary 

deficiency of Ca, Mg and P (Broadley and Hartl 2009; Rude et al. 2009). Increasing the 

intake of these deficit nutrients in human body is possible with the multi-nutrient pills. 

However, it may not be feasible for major portion of the world population. Groups of low-

income people prefer to have staple diet like wheat, rice, maize, millets, and sweet potato. 

This situation drew the attention of policymakers towards genetic biofortification as a cost-

effective approach to combat malnutrition. This approach was promoted as a sustainable 

option to alleviate malnutrition worldwide during the Copenhagen consensus 2008 (Gomez-

Becerra et al. 2010). 
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The CGIAR (Consultative Group of International Agricultural Research) approved 

a “CGIAR Micronutrients Program for eight years (1995-2002)”. Later, the organisation 

launched the “Biofortification Challenge Program” and renamed it as “HarvestPlus” (Rawat 

et al. 2009). It attempts to improve nutrition and public health by favouring biofortified food 

crops. These approaches require a continuous investment, cutting-edge laboratory, and other 

resources. During last two decades, HarvestPlus collaborates with multiple partner 

organisations worldwide and primarily partners from south Asian and African countries to 

increase intake of micronutrients and Vitamin A (www.harvestplus.org). Genetic 

biofortification includes exploitation of high mineral accumulating progenitors in breeding 

programs to deliver nutritious crops. Other approaches addressing the problem are nutrient 

supplementation, dietary diversification, agronomic fortification, and fortification via gene 

editing/transgenes. Genetic biofortification in wheat resulted in the release of biofortified 

varieties in South Asia such as Zinc Shakti (Chitra), HPBW-01, WB-02, Zincol-2016, and 

BARI-Gom33 that possess above 30% grain Zn concentration and at least equivalent yield 

to local checks (Velu et al. 2018). 

2.5.1 Genetic biofortification 

Biofortification is the process of enhancing the bioavailability of essential nutrients in the 

edible part of a crop plant (Welch and Graham 2004). It includes agronomic biofortification 

through foliar application of nutrients on crop plants, genetic biofortification relying on high 

nutrient accumulating progenitors in a breeding program and fortification via genetic 

modification in crop plants (White and Broadley 2005). Genetic biofortification is a cost-

effective and affordable breeding strategy to tackle the malnutrition issues of the developing 

countries through developing mineral-dense crops (Gomez-Becerra et al. 2010). Reducing 

levels of anti-nutritional factors like saponins, tannins and phytic acid of crop plants and 

http://www.harvestplus.org/
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promoting nutrient absorption in the human diet are also key concerns of biofortification 

(Bouis 2003; Samtiya et al. 2020). Wheat, being a major staple crop, is ideally suited for 

genetic biofortification. Increasing Zn and Fe concentration in the wheat grain is the major 

objective of the genetic biofortification program (Cakmak 2008). It includes characterisation 

and exploitation of genetic variation present in wheat gene pools in terms of grain ionic 

content followed by genomics-assisted breeding to enhance mineral content of grain. 

Continuous selection events have narrowed down the genetic variation for 

micronutrients (Zn and Fe) concentration among cultivated wheat. Diploid progenitors, wild 

tetraploid and hexaploid wheat have higher micronutrient levels. Incorporation of the DD 

genome progenitor “Ae. tauschii” as a donor in wheat breeding led into the constitution of 

synthetic wheat (SW). These derivatives carry rare alleles for high Zn and Fe content in the 

cultivated wheat background (Calderini and Ortiz-Monasterio 2003; Velu et al. 2014). 

Cakmak (2008) highlighted “concentration effects” that indicated high grain mineral 

concentration can jeopardise yield by reducing the grain size. Negative correlations were 

evident in further studies on emmer, durum and spelta wheat (Monasterio and Graham 2000; 

Gomez-Becerra et al. 2010). In contrast, zero concentration effect of Zn content on grain 

size was recorded by Velu et al. (2012) in cultivated wheat. However, primitive wheat 

showed poor grain size due to higher concentration of Zn (Morgounov et al. 2007). Spelt 

wheat accessions carried high grain Zn (~70 ppm), Fe (~ 60 ppm) Ca (~ 880 ppm) and Mg 

(~2400 ppm) concentrations and yield equal to cultivated wheat across environments 

(Calderini and Ortiz-Monasterio 2003; Troccoli and Codianni 2005; Oury et al. 2006). A set 

of wild emmer wheat T. turgidum ssp. dicoccoides expressed outstanding genetic variation 

for Zn (~190 ppm), Fe (~ 109 ppm) and grain size (Cakmak et al. 2004; Peleg et al. 2008); 

T. aestivum ssp. spelta and T. turgidum-based synthetics have demonstrated their potential 

in terms of higher micronutrient content and at least parallel yield to local checks (Srinivasa 
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et al. 2014). A significant and positive correlation was observed between Zn and Fe content 

in the flag leaves and matured grain in Aegilops species (Rawat et al. 2009). Testing of grain 

mineral content at flag leaf stage can aid in selecting promising entries. However, mineral 

loading in wheat grain happens during the grain filling period (GFP) and it varies from five 

to eight weeks depending upon genotype and environmental factors. Further extensive 

studies can demonstrate a particular stage of GFP predominating in mineral loading in wheat 

grain, and this finding would be helpful for early-stage prediction of mineral content (Cu et 

al. 2020). 

2.5.2 Association among grain zinc, iron and protein content 

A significant positive correlation among grain Zn, Fe and protein content were evident in 

spelt wheat, wild emmer and other diverse wheat accessions (Uauy et al. 2006; Distelfeld et 

al. 2007; Morgounov et al. 2007). These studies demonstrated the presence of co-segregating 

or pleiotropic alleles conferring accumulation of grain Zn, Fe and protein. McDonald and 

Mousavvi (2009) demonstrated the role of sulphur in increasing the concentration of grain 

Zn and Fe. The hypothesis believes that there is interaction of grain Zn and Fe with S-

containing amino acids like methionine followed by binding with sulphydryl ligands 

(Cakmak et al. 2000). This hypothesis was confirmed by Takahashi et al. (2003) and 

Cakmak et al. (2010). These studies revealed that methionine is an essential precursor of 

nicotianamine biosynthesis that plays a role in the synthesis of soil-based Fe and Zn-

chelating compound phytosiderohores and transport of Zn and Fe via phloem into cereal 

seeds and flowers. Foliar application of nitrogenous fertilisers can also stimulate the 

accumulation of grain Zn, Fe and protein content in wheat (Kutman et al. 2011). Additional 

soil or foliar application of N in wheat upregulated root absorption and accumulation of Zn 

and Fe in shoots and grain. Kutman et al. (2011) reported that under excessive N application, 
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~60% of total shoot Fe was translocated into seeds, whilst under low N supply, this figure 

was around 38%. Both N and S can act jointly to accelerate high grain accumulation of Zn 

and Fe during key physiological steps: 1) root uptake, 2) root-to-shoot transport, 3) re-

translocation from the senescing leaf tissue and 4) seed deposition of Fe and Zn (Cakmak et 

al. 2010; Aciksoz et al. 2011; Erenoglu et al. 2011). 

Presence of anti-nutritional factors (ANFs) can hinder the nutrient bioavailability in 

cereals and legumes (Nadeem et al. 2010). Pallauf et al. (1998) found adverse effects of 

phytate (an ANF) in controlling the bioavailability of Fe, Zn and Mg in human diet 

suggesting strong associations between P and other essential minerals. Similarly, monoferric 

phytate reduces the bioavailability of Fe up to 60% in wheat bran (Morris and Ellis 1976). 

Ruibal-Mendieta et al. (2005) highlighted that higher P concentrations in spelt bran than 

normal wheat bran due to 40% lower phytic acid concentration. This could be either due to 

higher endogenous phytate activity or a reduced phytic acid level in spelt wheat. These 

findings confirmed that spelt wheat is a promising source to enrich protein content and 

minerals including Zn, Fe, Ca, Mg and P of cultivated wheat due to its wide adaptation, 

compatibility at ploidy level and high heritability (Troccoli and Codianni 2005; Gomez-

Becerra et al. 2010). 

2.5.3 Genomic regions controlling grain mineral concentration 

A comprehensive screening of the wheat gene pool has demonstrated diploid progenitors, 

wild emmer, durum, spelt and landraces as promising sources of higher concentrations of 

Zn and Fe (Peleg et al. 2009; Velu et al. 2014). Various studies identified loci elevating Zn 

and Fe concentrations using bi-parental (Peleg et al. 2009; Tiwari et al. 2009; Srinivasa et 

al. 2014; Tiwari et al. 2016) and association mapping populations (Alomari et al. 2018; 

Bhatta et al. 2018; Velu et al. 2018; Cu et al. 2020). Few studies focused on minerals other 
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than Zn and Fe (Peleg et al. 2009; Bhatta et al. 2018; Cu et al. 2020). Peleg et al. (2009) 

targeted wild emmer derived RILs to study the genetic basis of micronutrient (Zn, Fe, Mn 

and Cu) and macronutrient (Ca, Mg, P, K and S) concentrations and grain protein content. 

In this study, a considerable transgressive segregation for grain protein and minerals was 

observed and 82 QTL with LOD scores >3, were identified. Four QTL for grain P 

concentration were co-located with protein content (Peleg et al. 2009). Fourteen QTL were 

co-located at homoeologous positions in AA and BB genomes for mineral concentration. 

Few genomic regions on chromosomes 2A, 5A, 6B and 7A harboured clusters of QTL for 

higher protein and mineral content (Peleg et al. 2009). Bhatta et al. (2018) detected 60 new 

loci for grain minerals namely Ca, Cd, Cu, Co, Fe, Li, Mg, Mn, Ni and Zn among a synthetic 

wheat panel. Cu et al. (2020) reported QTL controlling Zn, Fe, Mn, Cu and P concentration 

in a diverse association mapping panel. 

A major locus GPC-B1 (250 kb-locus) was associated with increased protein, Zn and 

Fe in wild emmer encoding a NAC (NAM-No apical meristem, ATAF-Arabidopsis 

transcription activation factor and CUC-cup shaped cotyledon) transcription factor gene 

NAM-B1 (Uauy et al. 2006; Distelfeld et al. 2007). This locus triggers senescence and 

nutrient re-mobilisation from leaves to grain. A major QTL linked with higher grain Zn, Fe, 

Cu and Mn concentration was identified on chromosome 5B (Ozkan et al. 2007). Four QTL 

for grain Zn and one for Fe concentration were identified in a DH population (Genc et al. 

2009). A majority (~90%) of the genetic variation controlling grain Zn concentration was 

governed by major QTL located on chromosomes 3D, 4B, 6B, and 7A (Velu et al. 2014). 

Velu et al. (2018) identified 37 grain Zn MTAs and two major QTL on chromosomes 2A 

and 7B. Forty MTAs including three major effect QTL on chromosomes 3B and 5A were 

detected for higher grain Zn content among a European wheat collection (Alomari et al. 

2018). Among Ae. tauschii accessions, nine MTAs for grain Fe and Zn concentrations were 
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reported using GBS markers (Arora et al. 2019b). QTL for grain Zn and Fe content were 

reported on chromosomes 2A and 7A among crosses of diploid wheat relatives T. boeoticum 

/T. monococcum (Tiwari et al. 2009). Similar regions were reported in Ae. kotschyi and Ae. 

peregrina (Singh et al. 2010). Velu et al. (2019) evaluated the effects of translocated 

segments of rye and Ae. species in accumulating higher Zn and Fe in a “Pavon76” wheat 

background. Elite translocation stocks 1) Pavon76+1Rr(1D), PAVON10, 2) 

Pavon76+MA1S.1RLe(1D), 3) Pavon76+2D(s)+4” and 4) Pavon76, 1RS.1AL” 1RS.1DL 

conferred significantly higher Zn content than the parental wheat line “Pavon76” and local 

varieties. This study also confirmed a significant positive association between grain Zn and 

Fe content and the possibility to target both micronutrients simultaneously (Velu et al. 2019). 

While many MTAs/QTL for grain mineral concentration were reported using wheat genetic 

resources, there is a little consensus among studies on the location of QTL. 
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Chapter 3 

 

Fine mapping of Lr49 using 90K SNP chip array and Flow-sorted chromosome 

sequencing in wheat 

 

(This chapter has been published in a peer-reviewed journal) 

 

 

“Nsabiyera V#, Baranwal D#, Qureshi N, Kay P, Forrest K, Valárik M, Doležel J, Hayden 

MJ, Bariana H, Bansal U (2020). Fine Mapping of Lr49 using 90K SNP chip array and flow-

sorted chromosome sequencing in wheat. Frontiers in Plant Science 10: DOI 

10.3389/fpls.2019.01787. 1-11”. 
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Chapter 4 

Molecular mapping of all stage stripe rust resistance in Indian wheat cultivar VL404 

4.1 Introduction 

Wheat stripe rust caused by P. striiformis f. sp. tritici Erikss. (Pst) can incur serious 

production losses under favourable weather conditions (Chen 2014; Juliana et al. 2018). 

Cultivation of stripe rust resistant wheat cultivars and application of fungicides are two 

common means of control of this disease. Continued fungicidal application has the potential 

risk of build-up of chemical tolerance in pathogens and hazardous effects on living 

organisms (Bariana et al. 2007a; Chen 2014). Growing of rust resistant cultivars has 

demonstrated its advantages in terms of reduced cost of disease control and environmental 

safety. Two types of rust resistance genes namely, seedling resistance or all-stage resistance 

(ASR) and adult plant resistance (APR), have been characterised from modern cultivars, 

landraces, synthetic wheats and tetraploid wheats (Bariana and Bansal 2017).  

Evolution in pathogen populations has historically been known to render ASR genes 

ineffective (Bariana et al. 2007a). Cuddy and Hollaway (2018) confirmed the prevalence of 

Pst pathotypes virulent on YrA, Yr2, Yr6, Yr7, Yr8, Yr9, Yr17, and Yr25 using 19 single-gene 

stripe rust differentials. A new Pst pathotype, 239 E237A-Yr17+Yr33+, carrying virulence 

for stripe rust resistance gene Yr33 was identified (Park et al. 2020). This pathotype is also 

virulent on Yr57, Yr63, Yr72 and Yr75 (Bariana and Bansal unpublished results). Wan and 

Chen (2014) confirmed the presence of 41 Pst pathotypes among 348 Pst samples collected 

across the United States. A high frequency of virulence was observed for YrTr1, YrExp2, 

Yr6, Yr7, Yr8, Yr9, Yr17, Yr27, Yr43, and Yr44. The prevalence of virulence on Yr10, Yr24, 

Yr32 and YrSP was rare (Wan and Chen 2014).  
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Eighty-three stripe rust resistance genes have been permanently named from 

common wheat and its relatives and 47 are temporarily named (Maccaferri et al. 2015; 

McIntosh et al. 2017; Li et al. 2020). Genotyping platforms DArTseq 

(www.diversityarrays.com), genotyping by sequencing (Poland and Rife 2012) and SNP 

arrays including 90K (Wang et al. 2014), 820K (Winfield et al. 2015), 35K (Allen et al. 

2017) and 660K (Cui et al. 2017) have been used for selective genotyping (Lebowitz et al. 

1987), Bulked segregant analysis (Michelmore et al. 1991) and whole population genotyping 

to determine genomic locations of economic traits including rust resistance (Kandiah et al. 

2019). Molecular mapping of ASR genes Yr47 (Bansal et al. 2011), Yr51 (Randhawa et al. 

2014), Yr57 (Randhawa et al. 2015) and Yr82 (Kandiah et al. 2019) was performed using 

these genomic technologies. A new Illumina 40K XT-chip was designed using exon-based 

SNPs from a 90K array and named targeted genotyping by sequencing (tGBS) 

(www.latrobe.edu.au/agribio). It also includes gene-linked markers. 

An Indian wheat cultivar VL404 [Kentana/Bungulla//Frontana/General-

Urquiza/3/ST464 (durum)/PI74106 (durum)] expressed high levels of stripe rust resistance 

against all Australian pathotypes at seedling and adult plant stages. The present study was 

aimed to understand the genetic basis of all stage stripe rust resistance in VL404. 

4.2 Materials and methods 

4.2.1 Development of mapping population 

A cross was made between cultivar VL404 and stripe rust susceptible line Avocet ‘S’ (AvS). 

One hundred F2 seeds form a single VL404/AvS F1 plant progeny were grown and harvested 

individually to produce the F3 population. This population was enhanced to the F6 generation 

of 94 recombinant inbred lines (RILs) following the single seed descent (SSD) method 

(Allard 1999). 
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4.2.2 Greenhouse screening  

Ninety-four VL404/AvS F6 RILs along with parents were tested against three Pst pathotypes 

134 E16A+Yr17+Yr27+ (virulent on Yr2, Yr6, Yr7, Yr8, Yr9, Yr17, Yr27), 110 E+143A+ 

(virulent on Yr2, Yr3, Yr4, Yr6, Yr7, Yr34, YrA) and 239 E237A-Yr17+Yr33+ (virulent on 

Yr1, Yr2, Yr3, Yr4, Yr6, Yr7, Yr9, Yr17, Yr25, Yr32, Yr33, Yr57, Yr63, Yr72, Yr75, YrND, 

YrS92/O, YrSP). Eight to 10 seeds of each RIL along with parents were sown in 9 cm 

diameter plastic pots as four lines per pot in a clockwise manner. Twenty grams of aquasol, 

fertiliser, was dissolved in 10 l of tap water and applied to 100 pots before sowing. Pots were 

kept at 17°C in a microclimate room ideal for seedling growth under dark condition. Urea 

was applied at 20 gm per 10 l of water at a weekly interval. The rust screening procedure 

and 0-4 disease scale outlined in McIntosh et al. (1995) was used. After 14 days of 

inoculation, RILs expressing infection types (ITs) below 3+ were considered resistant and 

RILs showing IT 3+ or above were considered susceptible (McIntosh et al. 1995). 

4.2.3 DNA extraction 

The genomic DNA of the RILs and parents (VL404 and AvS) was extracted from young 

leaf tissue (10-day old seedlings) following the modified cetyl trimethyl ammonium bromide 

(CTAB) method (Doyle and Doyle 1987; Bansal et al. 2014a). The quality of DNA samples 

was checked on 1% agarose gel. The quantity of the DNA samples was measured using a 

NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, USA) 

considering A260/A280 ratio between 1.8-2.0. 
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4.2.4 Genotyping using 40K XT-chip technology 

Genomic DNA of the VL404/AvS RIL population and parents were diluted to 300 ng/μl and 

genotyped using the 40K XT-chip technology at AgriBio, Bundoora, Australia. A 

preliminary genetic linkage map aligning 40K SNPs using pairwise LOD (Logarithm of 

odds) score 6 was generated using ASMap package and Kosambi mapping function in the 

R program (Taylor and Butler 2017). Genetic map was constructed after removal of SNPs 

expressing segregation distortion, high crossover and low call rate. SNP markers showing 

Mendelian inheritance among the RIL population were integrated into the genetic map. 

4.2.5 Statistical analysis 

Chi-squared test was performed to check the goodness of fit of observed segregation versus 

expected genetic ratios among RILs for stripe rust response variation. A linkage map for 

seedling stripe rust resistance gene was constructed using Map Manager QTX version 20 

and Kosambi mapping function at P = 0.05 (Kosambi 1943; Manly et al. 2001). The genetic 

and physical maps were drawn using MapChart version 2.3 (Voorrips 2002) and Pretzel 

(https://plantinformatics.io; Keeble-Gagnère et al. 2019), respectively. 

4.3 Results 

4.3.1 Assessment of seedling stripe rust response 

VL404 produced a low infection type (IT 0;) and AvS was scored susceptible (IT 3+) against 

Pst pathotypes 239 E237A-Yr17+Yr33+, 134 E16A+Yr17+Yr27+ and 110 E+143A+. The 

response of homozygous resistant lines against these pathotypes varied from IT 0C to 2C 

and homozygous susceptible lines expressed ITs 33+ to 3+. Single gene segregation was 

evident among the VL404/AvS RIL population [54YrVL YrVL: 40 yrVL yrVL; χ²(1:1) = 0.14, 

non-significant at P =0.05 and 1 d. f.]. This locus was temporarily named YrVL. 

https://plantinformatics.io/
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4.3.2 Construction of the genetic linkage map 

The preliminary genetic linkage map of 40K tGBS assay included 5,491 SNPs. A set of 

2,148 markers that showed Mendelian inheritance and had high call rates were used for 

construction of the final map. The average number of markers per chromosome was 102.2. 

In term of marker coverage, the ‘B’ genome was a major contributor (51.5%) followed by 

the ‘A’ genome (43.5%). The contribution of ‘D’ genome was comparatively low (6.01%) 

(Fig. 4.1). The largest chromosome was 7A (252.2 cM) and smallest chromosome was 4D 

(14.23 cM). The average distance of markers per cM across the wheat genome was 0.74.  

4.3.3 Molecular mapping of YrVL 

The resistant and susceptible phenotypes of RILs were converted into genotypes A and B,  

Fig. 4.1 Distribution of 40K SNPs across 21 chromosomes of wheat genome 

respectively, and data were incorporated into the 40K genetic map. YrVL was mapped to the 

long arm of chromosome 2B and was flanked by co-segregating markers AVRIG20667 and 

AVRIG36406 on the proximal end (8.6 cM) and AVRIG36280 at the distal end (3.8 cM). 

(Fig. 4.2A).  
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Fig. 4.2 Genetic linkage map of chromosome 2BL: A) YrVL of VL404/AvS RIL population 

B) comparative location of YrVL and other known genes in the physical map 

 

4.4 Discussion 

Deployment of effective ASR and APR genes in wheat cultivars is a logical breeding 

approach to sustain global wheat production (Randhawa et al. 2015). The present study 

identified an ASR gene YrVL in wheat cultivar VL404. Flanking markers, AVRIG20667 and 

AVRIG36280, placed this ASR on the long arm of chromosome 2B in the 769.08-779.3 Mb 

region (Fig. 4.2B; IWGSC RefSeq v 1.0). Yr43 (Cheng and Chen 2010), Yr44 (Cheng and 

Chen 2010), Yr53 (Xu et al. 2013), YrAW12 (a major gene presented in the next chapter that 
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maps in the 754.9–763.9 Mb region) and Yr72 (Chhetri 2015) are located on chromosome 

2BL. To confirm the uniqueness of identified ASR, locations of markers linked with YrVL 

and other genes located on 2BL were compared using a physical map in Pretzel (Fig. 4.2B). 

Linked markers for Yr44 and Yr53 (simple sequence repeat marker wmc441-598.1 Mb; Xu 

et al. 2013), Yr5 (754.9 Mb; Marchal et al. 2018), YrAW12 (754.9-763.9 Mb; reported in 

chapter 5), Yr43 (IWA571-760.8 Mb; www.wheat.pw.usda.gov) and Yr72 (765.0-767.1 Mb; 

Chhetri 2015) were mapped in the 598.1-767.1 Mb region (Fig. 4.2B). Comparative data 

indicated that Yr5, Yr43, Yr44, Yr53, YrAW12 and Yr72 are located proximal to YrVL. YrVL 

appears to map closer to Yr43, YrAW12 and Yr72. YrAW12 and Yr72 express similar 

resistance responses (ITs 23C to 3C) against Pst pathotypes 134 E16A+Yr17+Yr27+ and 

110 E+143A, and susceptible reaction against pathotype 239 E237A-Yr17+Yr33+, whereas 

YrVL showed low IT (0;-2C) against all these pathotypes 

Yr43 expresses consistent seedling response IT 2 on a 0-9 scale (1 on 0-4 scale) 

against 13 US Pst pathotypes (Cheng and Chen 2010). In contrast, seedling response of YrVL 

varies from 0; to 2C and is presumably due to the interaction with APR genes Yr18 and Yr29 

present in VL404. Based on the pathogenicity, resistance reaction and physical position, 

YrVL appears to be a new locus. 

In majority of cases, effective adult plant stripe rust resistance genes express additive 

gene action, and associated DNA marker data are equally effective as traditional field 

selection (McIntosh 2007). In addition to YrVL, VL404 also carries adult plant leaf rust 

resistance genes Lr49 (discussed in Chapter 3), Lr34/Yr18/Sr57 and Lr46/Yr29/Sr58. 

Incorporating this variety in the hybridisation program can accelerate the deployment of 

multiple rust resistance genes simultaneously in future wheat lines. This work is in progress 

http://www.wheat.pw.usda.gov/
http://www.wheat.pw.usda.gov/
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under the Australian Cereal Rust Control Program, Plant Breeding Institute, the University 

of Sydney. 
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Chapter 5 

Genetic dissection of stripe rust resistance in a Tunisian wheat landrace Aus26670 

 

5.1 Introduction 

Puccinia striiformis Westend. f. sp. tritici Erikss. (Pst), the causal agent of wheat stripe rust, 

was listed among the top 10 fungal pathogens of plants (Dean et al. 2012). It is still prevalent 

in several wheat-producing countries and causes substantial production losses (Juliana et al. 

2018). Yield losses vary with the initiation of infection at different developmental stages of 

the crop. The occurrence of stripe rust at the seedling stage can reduce wheat yield more 

than 60% (Juliana et al. 2018). Cultivation of stripe rust resistant cultivars have the potential 

to save around one billion AUD per annum in Australia (Murray and Brennan 2009). 

Many studies reported QTL for stripe rust resistance; however, the uniqueness of 

these loci has often not been proved. Rosewarne et al. (2013) developed a consensus map 

that included 140 stripe rust resistance loci from 30 bi-parental mapping populations and 

these QTL represented 49 genomic regions of the wheat genome. A similar report by 

Maccaferri et al. (2015) developed an integrated map by incorporating 56 previously 

reported stripe rust resistance genes and 169 QTL from 10 association mapping studies. A 

physical map of Chinese Spring (a landrace) was released by the International Wheat 

Genomic Sequencing Consortium (IWGSC RefSeq v1.0; Appels et al. 2018) and the map 

viewing software, Pretzel was developed by Keeble-Gagnère et al. (2019) to align different 

classes of markers namely: SSRs, DArT-Seq, DArT-GBS, t-GBS and SNPs 

(https://plantinformatics.io). It enables comparisons of genomic locations of new rust 

resistance genes/marker trait associations (MTAs) identified in different studies.  

https://plantinformatics.io/
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Eighty-three loci conferring stripe rust resistance have been genetically characterised 

and catalogued using bi-parental mapping populations (McIntosh et al. 2017; Li et al. 2020). 

Unfortunately, several commercially deployed genes have succumbed to matching virulence 

against Pst pathotypes (Wellings 2007; Cuddy and Hollaway 2018). These events stress the 

need to identify new sources of stripe rust resistance. Landrace collections (Watkins and 

Vavilov) have been demonstrated as the reservoirs of uncharacterised rust resistance genes 

(Bansal et al. 2010; Daetwyler et al. 2014; Riaz et al. 2018). Several ASR genes for stripe 

rust resistance; Yr47 (Qureshi et al. 2017), Yr51 (Randhawa et al. 2014), Yr57 (Randhawa 

et al. 2015), Yr63 (Bariana and Bansal 2017), Yr72 (Chhetri 2015), Yr81 (Gessese et al. 

2019), Yr82 (Kandiah et al. 2019) and an APR gene Yr80 (Nsabiyera et al. 2018) have been 

identified and formally named from the Watkins Collection. A Tunisian wheat landrace 

Aus26670 from the Watkins Collection showed moderately resistant adult plant stripe rust 

resistance in the field across several years. This study was planned to determine the genetic 

basis of stripe rust resistance in Aus26670. 

5.2 Materials and methods 

5.2.1 Development of mapping population 

Aus26670 was procured from the Australian Winter Cereal Collection, Tamworth (currently 

Australian Grains Genebank, Horsham). A cross was made between Aus26670 and stripe 

rust susceptible line Avocet ‘S’ (AvS) and three F1 plants were grown and individually 

harvested to produce F2 populations. One hundred and fifty F2 seeds from a single F1 plant 

were planted 10 cm apart and harvested individually to generate a F3 population. The 

population was advanced from the F3 to F7 generation through single seed descent (SSD) 

method (Allard 1999). 
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5.2.2 Greenhouse screening for seedling stripe rust resistance 

One hundred twenty-three Aus26670/AvS F7 recombinant inbred lines (RILs) and parents 

were tested against three Pst pathotypes 134 E16A+Yr17+Yr27+, 110 E+143A+ and 239 

E237A-Yr17+Yr33+.  Ten seeds of each RIL and parents were sown as four lines per pot in 

9 cm diameter plastic pots filled with potting mixture that contained composted pine bark 

and coarse sand in 2:1 ratio. Twenty grams of Aquasol was dissolved in 10 L of tap water 

and applied to a set of 100 pots before sowing. Pots were kept at 17°C in a microclimate 

room for ideal seedling growth. Urea (20gm/10 L) was applied twice, one week after sowing 

and immediately after inoculation. Ten to 12-day old seedlings were inoculated with 2 mg 

of urediniospores of individual Pst pathotypes suspended in 10 mL of light mineral oil 

(IsoparL, Univar) using a hydrocarbon propellant atomizer. Inoculated seedlings were 

incubated in enclosed hoods filled with lukewarm water (to create humidity) at 9-11°C for 

24 hours under dark condition. After incubation, seedlings were moved to a microclimate 

room maintained at 16-18°C. Seedling stripe rust response variation as infection type (IT) 

was assessed 14 to 16 days after inoculation using the 0 to 4 scale (McIntosh et al. 1995). 

The RILs expressing ITs below 3+ were considered resistant and those showing ITs 3+ or 

above were considered susceptible. 

5.2.3 Field screening for adult plant stripe rust resistance 

The Aus26670/AvS RIL population was sown in two replications as 30 cm rows during the 

first week of June (timely-sown; TS) in three consecutive years (2018 to 2020) and the first 

week of July (late-sown; LS) in 2019 at the Horse research unit (HRU), an experimental site 

of the University of Sydney Plant Breeding Institute, Cobbitty. A mixture of susceptible 

genotypes was sown as a border row covering the whole experimental area and as hill plots 

after a block of four experimental rows to facilitate epidemic development. The 
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experimental site was inoculated three times fortnightly starting from the 30-day old 

seedling stage using a mixture of Pst pathotypes 134 E16A+Yr17+Yr27+, 110 E+143A+ 

and 239 E237A-Yr17+Yr33+. Irrigation was performed twice a week to support good plant 

growth and rust development. Adult plant stripe rust response variation among RILs was 

scored on a 1-9 scale (Bariana et al. 2007b). 

5.2.4 Correlation analysis 

Pearson’s correlation coefficients were calculated among mean stripe rust responses of 

Aus26670/AvS RILs tested across four environments (2018-TS, 2019-TS, 2019-LS and 

2020-TS) using Genstat (version 18, VSN International, Hemel Hempstead, UK, 2015). 

5.2.5 Genotyping using targeted genotyping by sequencing (tGBS) 

Genomic DNA samples from the entire RIL population and parents (Aus26670 and AvS) 

were extracted from young (12 days old) leaf tissues according to Bansal et al. (2014a). The 

quality of DNA was checked on 1% agarose gels and quantified using the NanoDrop ND-

1000 spectrophotometer (Nanodrop Technologies, Wilmington, USA). Genomic DNA (300 

ng/μl) of all RILs and parents was genotyped using the tGBS assay at AgriBio, Bundoora, 

Australia. The tGBS assay reported co-dominant markers covering seven groups of the 

wheat chromosomes. 

5.2.6 Genotyping with markers linked with rust resistance 

KASP primers linked to Yr29 (SNP1Lr46G22; Lagudah unpublished), Yr18 linked marker 

csLV34 (Lagudah et al. 2006), Yr46 (TM4; Moore et al. 2015) and Yr72 (KASP12294, 

KASP1770, KASP11101 and KASP6107; Chhetri 2015) were used to determine the 

presence/absence of these loci. 
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KASP assays were performed following the protocol given in Nsabiyera et al. 

(2016). The end-point fluorescent images were detected with the CFX96 Touch™ real-time 

PCR detection system and allelic discrimination was analysed using Bio-rad CFX Manager 

Software (Bio-Rad Laboratories Pty. Ltd., USA). 

5.2.7 Statistical analysis 

Chi-squared tests were performed to check the goodness of fit of the observed seedling stripe 

rust response variation among RILs with the expected genetic ratio(s). The Wright’s formula 

[n = (GR)2∕ (4.27 × σ2g] was used to estimate the number of loci governing stripe rust 

resistance in Aus26670/AvS RIL population at the adult plant stage, where n is the number 

of loci, GR is the genotypic range and σ2g is the genetic variance (Wright 1968). 

A linkage map was constructed using tGBS marker with ASMap function in R 

software (Taylor and Butler 2017). Genotypic data of known gene-linked markers were 

incorporated into the Aus26670/AvS linkage map. This linkage map was used to find the 

location of ASR genes using the Map Manager QTX version 20 (Manly et al. 2001) and 

Kosambi mapping function at P = 0.05 (Kosambi 1943). The map was drawn using 

MapChart version 2.3 (Voorrips 2002). Genotypic data from the tGBS linkage map and 

phenotypic data collected at the adult plant stage across years were exported to QTL 

Cartographer version 2.5 to detect marker-trait associations using composite interval 

mapping (CIM) function with 1,000 permutations and 2 cM walk speed (Wang et al. 2012). 

A physical map viewing software Pretzel (https://plantinformatics.io) was used to align 

markers linked with QTL identified in this study with previously reported QTL. 

 

 

https://plantinformatics.io/
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5.3 Results 

5.3.1 Seedling screening 

Aus26670 produced low infection types (IT 2C to 23C) and AvS was scored susceptible (IT 

3+) against Pst pathotypes 134 E16A+Yr17+Yr27+ and 110 E+143A+. The responses of 

123 RILs against both pathotypes varied from IT 23C to 3+. The involvement of a single 

ASR gene was observed [63 homozygous resistant: 60 homozygous susceptible; χ² (1:1) = 

0.07, non-significant at P = 0.05 and 1 d. f.]. This locus was tentatively named YrAW12. 

Parents and RIL population showed susceptible responses against a recently identified Pst 

pathotype 239 E237A-Yr17+Yr33+. 

5.3.2 Adult plant screening 

Aus26670 showed moderately resistant response (4) and AvS produced susceptible response 

(8-9) on a 1-9 disease scale. Adult plant stripe rust responses of Aus26670/AvS RILs ranged 

from 3 to 9 across 2018 and 2019 experiments, whereas none of the RIL was scored 3 in 

2020 (Fig. 5.1). A skewness towards resistance response was evident in 2018. The 2018 rust 

response data showed a significant positive correlation with 2019-TS (0.92**), 2019-LS 

(0.91**) and 2020-TS (0.88**). Similarly, 2019-TS data showed a strong correlation with 

2019-LS (0.94**) and 2020-TS (0.91**) scores. Segregation at three to four stripe rust 

resistance loci among the Aus26670/AvS RIL population was estimated using the Wright’s 

formula. 

5.3.3 Genotyping with gene-linked markers 

Stripe rust resistance gene Yr72 that produced seedling stripe rust response similar to 

Aus26670 against three Pst pathotypes was mapped to chromosome 2BL in 

Aus27507/Aus27894-derived RIL populations (Chhetri 2015). Therefore, Yr72-linked 
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Fig. 5.1 Adult plant stripe rust response variation among Aus26670/AvS RILs when tested 

under field conditions in different crop seasons (TS: Timely sown and LS: Late sown) 

 

markers (KASP_1770, KASP_12294, KASP_6107 and KASP_11101) were assayed on 

parents to test for polymorphism. Only one marker, KASP_1770, was polymorphic between 

parents. Seventy RILs carried the Aus266770 allele and 53 amplified the AvS allele [χ² (1:1) 

= 1.66, non-significant at P = 0.05 and 1 d.f.]. 

The Yr29-linked allele (SNP1Lr46G22; A:A) was amplified when DNA template of 

Aus26670 was used, whereas AvS carried the alternate allele (G:G). These results indicated 

the presence of APR gene Yr29 in Aus26670. Sixty RILs amplified the A:A allele and 63 

RILs carried the G:G allele [χ² (1:1) = 0.07, non-significant at P = 0.05 and 1 d.f.]. 

Genotyping with markers linked to APR genes Yr18 and Yr46 indicated the absence of these 

loci in Aus26670. 

5.3.4 Construction of the genetic map 

In total, 2,447 co-dominant tGBS markers were used to generate a genetic map of the 

Aus26670/AvS population. Distribution of tGBS markers among the A, B and D genomes 
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is given in Fig. 5.2. The average number of tGBS markers per chromosome was 116.52. The 

‘A’ (~47%) and ‘B’ genomes (~43.4%) had a higher marker density compared to the ‘D’ 

genome (~10%). A uniform coverage of tGBS markers across telomeric ends and 

centromere regions was found on genome A and B. The genome D has comparatively big 

gaps between tGBS markers. The average distance of markers per cM across the wheat 

genome was 0.696. Genotypic data among Aus26670/AvS RILs for markers linked to Yr29 

and Yr72 were also incorporated into the Aus26670/AvS genetic map.  

Fig. 5.2 Distribution of targeted genotyping by sequencing (tGBS) markers across the 

wheat genome 

 

5.3.5 Molecular mapping of seedling stripe rust resistance gene YrAW12 

The resistant and susceptible phenotypes of RILs were converted into genotypes A and B, 

respectively, and integrated into the Aus26670/AvS linkage map. YrAW12 was flanked by 

tGBS markers scaffold62231-5(TaGBSv2-1641_1443403) (8.2 cM proximal) and 

scaffold31324(TaGBSv2-1654_1377177) (3.5cM distal) on the long arm of chromosome 2B 

and the Yr72-linked marker KASP_1770 mapped 7.8 cM distal to YrAW12 (Fig. 5.3). 
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5.3.6 Quantitative trait loci (QTL) mapping 

Composite interval mapping detected four QTL; QYr.sun-1BL, QYr.sun-5AL, QYr.sun-5BL 

and QYr.sun-6DS in the Aus26670/AvS RIL population (Table 5.1; Fig. 5.4). QYr.sun-1BL 

and QYr.sun-5AL were significant and consistent across three years. QYr.sun-1BL peaked at 

the Yr29-linked marker SNP1Lr46G22 (206.8 cM; Table 5.1; Fig. 5.4). This QTL 

contributed 19.5-31.1% to stripe rust response variation across different data sets. QYr.sun-

5AL spanned the 180.91-186.95 cM region and contributed 5.4-7.3% towards phenotypic 

variation. In 2019 and 2020, QYr.sun-5BL mapped in the 193.29 to 203.54 cM interval, 

whereas the position of this locus (159.7 cM) in 2018-TS was proximal (Fig. 5.4). 

 

Fig. 5.3 Partial linkage map of Aus26670/AvS chromosome 2BL showing location of 

 YrAW12 
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Table 5.1 Details of stripe rust resistance QTL detected in Aus26670/AvS RIL population 

Environments Chromosome QTL Peak marker Genetic 

position 

(cM) 

*Physical 

position (bp) 

LOD R2 (%) 

2018-TS 1B QYr.sun-1BL (Yr29) SNP1Lr46G22 206.80 670,274,064 10.62 31.1 

5A QYr.sun-5AL scaffold6791(TaGBSv2-3828_19303153) 184.13 654,562,705 3.35 7.3 

5B QYr.sun-5BL scaffold58781(TaGBSv2-10179_2801517) 159.70 537,708,940 3.49 7.7 

6D QYr.sun-6DS scaffold47994(TaGBSv2-5067_305932) 4.01 1,475,089     1.89ns 3.8 

2019-TS 1B QYr.sun-1BL (Yr29) SNP1Lr46G22 206.80 670,274,064 8.43 19.5 

5A QYr.sun-5AL scaffold6791(TaGBSv2-3828_19303153) 184.13 654,562,705 3.93 7.2 

5B QYr.sun-5BL scaffold8785(TaGBSv2-4118_1393483) 200.49 565,659,290 8.15 16.5 

6D QYr.sun-6DS scaffold47994(TaGBSv2-5067_305932) 4.01 1,475,089 2.9 5.3 

2019-LS 1B QYr.sun-1BL (Yr29) SNP1Lr46G22 206.80 670,274,064 9.41 20.6 

5A QYr.sun-5AL scaffold6791(TaGBSv2-3828_19303153) 184.13 654,562,705 3.01 5.4 

5B QYr.sun-5BL scaffold8785(TaGBSv2-4118_1393483) 200.49 565,659,290 5.5 10.7 

6D QYr.sun-6DS scaffold47994(TaGBSv2-5067_305932) 4.01 1,475,089 3.75 7.1 

2020-TS 1B QYr.sun-1BL (Yr29) SNP1Lr46G22 206.80 670,274,064 8.77 20.2 

5A QYr.sun-5AL scaffold6791(TaGBSv2-3828_19303153) 184.13 654,562,705 3 5.8 

5B QYr.sun-5BL scaffold8785(TaGBSv2-4118_1393483) 200.49 565,659,290 5.67 11.9 

6D QYr.sun-6DS scaffold47994(TaGBSv2-5067_305932) 4.01 1,475,089 2.62 4.5 

*Physical position as per IWGSC RefSeq v1.0; ns: Non-significant. TS: Timely sown and LS: Late sown 
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Fig. 5.4 Contours showing stripe rust resistance QTL on chromosome A) 1B (QYr.sun-1BL/Yr29), B) 5A (QYr.sun-5AL) C) 5B (QYr.sun-5BL) 

and D) 6D (QYr.sun-6DS) in Aus26670/AvS RIL population (TS: Timely sown and LS: Late sown) detected in present study 
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QYr.sun-5BL explained 7.7-16.5% variation in stripe rust response among 

Aus26670/AvS RILs. QYr.sun-6DS spanned across a 4.01-17.32 cM region and the LOD 

score was above 2.5 in the 2019 and 2020 crop seasons (Fig. 5.4). Contribution of QYr.sun-

6DS in reducing disease severity (3.8-7.1%) was equivalent to QYr.sun-5AL. All QTL were 

contributed by Aus26670. 

5.4 Discussion 

Landraces have been a great source for genetic variation for disease resistance in crop plants 

and several new rust resistance loci were identified in the last decade (Bariana and Bansal 

2017). Four QTL (QYr.sun-1BL, QYr.sun-5AL, QYr.sun-5BL and QYr.sun-6DS) for stripe 

rust resistance and one race-specific ASR gene YrAW12 were identified in landrace 

Aus26670. Variations in stripe rust pressure across the studied environments resulted in a 

little skewness towards moderate susceptible and susceptible responses in 2019 and 2020.    

YrAW12 is effective against Pst pathotypes 134 E16A+Yr17+Yr27+ and 110 

E+143A+ and was mapped on the long arm of chromosome 2B in the 754.9–763.9 Mb 

region (IWGSC RefSeq v 1.0). A previously described ASR gene Yr72 was mapped in the 

765.0–767.1 Mb region (Chhetri 2015). YrAW12 and Yr72 produce ITs of 23C to 3C and 

are ineffective against a recently detected Pst pathotype 239 E237A-Yr17+Yr33+. Based on 

the IT data and similar pathotypic specificity, we concluded YrAW12 to be Yr72. Infection 

type 3C is difficult to score and hence slight variation in map locations of YrAW12 and Yr72 

falls within limits of the standard error. A similar situation prevailed for the identities of 

Yr34 and Yr48 which was resolved by Qureshi et al. (2018). Failure to detect the YrAW12 

region in the QTL analysis in 2018 was surprising, when the YrAW12-avirulent pathotype 

was used. Development of an YrAW12 near-isogenic line in an AvS background will allow 

better understanding of expression of resistance by this locus. 
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QYr.sun-1BL was concluded to be Yr29 based on peaking of this QTL at the Yr29-

linked marker SNP1Lr46G22 (670.24 Mb). QYr.sun-5AL was detected on the long arm of 

chromosome 5A. Based on position of the peak marker scaffold6791(TaGBSv2-

3828_19303153), it was placed at the 654.5 Mb position. Eight QTL namely: QYr.ucw‐

5AL_PI610750/Yr48 (Lowe et al. 2011), QYr‐5A_Opata85 (Boukhatem et al. 2002), 

QYr.cim‐5AL_Pastor (Rosewarne et al. 2012), QYr.caas‐ 5AL.2_SHA3/CBRD (Ren et al. 

2012), QYr.caas‐5AL_Pingyuan 50 (Lan et al. 2010), QYr.ucw‐5A.1 (Maccaferri et al. 

2015), QYr.wsu-5A (Bulli et al. 2016) and QYr.hebau-5AL/QLr.hebau-5AL (Zhang et al. 

2019b) have been reported on this chromosome. Most of these QTL were detected among 

germplasm collections including worldwide collection, CIMMYT genetic stocks and 

synthetic-derived wheat or cultivars, except QYr.caas‐5AL_Pingyuan 50 (698.6 Mb), which 

was detected in a Chinese landrace and named Yr48 (Lowe et al. 2011). QYr.ucw‐5A.1 

(Maccaferri et al. 2015) and QYr.wsu-5A, (Bulli et al. 2016) overlap the Yr48 region (Lan et 

al. 2010; Lowe et al. 2011; Ren et al. 2012). Qureshi et al. (2018) demonstrated that Yr34 

and Yr48 are either allelic or the same and placed Yr34/Yr48 at 697.9 Mb 

(Excalibur_c46261_342) on the physical map. QTL QYr‐5A_Opata85 and QYr.cim‐

5AL_Pastor were identified using RFLPs (Restricted fragment length polymorphisms; 

Xfbb209 and Xabg391) by Boukhatem et al. (2002) and DArT markers (wPt-0837 and wPt-

5231) by Rosewarne et al. (2012), respectively. Information about the physical position of 

RFLP, SSR and DArT markers in the wheat genome is limited. To determine the uniqueness, 

an integrated map was developed by Maccaferri et al. (2015); in the current study, a software 

Pretzel was used to position the detected in this study and previously reported QTL in the 

physical map in order to demonstrate their uniqueness (Fig. 5.5). Four SNPs (IWB35236, 

IWB6459, IWB59054 and IWB9855) and two SSRs (wmc410 and barc261) covering 680.6-

702.9Mb region were reported to be linked with QYr.caas‐ 5AL.2_SHA3/CBRD (Ren et al. 
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2012). A pleiotropic QTL, QYr.hebau-5AL/QLr.hebau-5AL, was mapped in the 578.2-580.4 

Mb region (Zhang et al. 2019b). DArT markers wPt-0837 and wPt-5231, and SSR markers 

gwm179 and wmc577 covered the QYr‐5A_Opata85 and QYr.cim‐5AL_Pastor regions and 

are placed at the 664-671.3 Mb position. Comparison of the physical location of linked 

markers in the present study with published QTL, we concluded that QYr.sun-5AL is a new 

locus. 

Fig. 5.5 Comparison of common SSR and DArT markers across genetic linkage maps in 

Pretzel; a genetic map viewing software (https://plantinformatics.io) showing positions of 

QTL A) QYr.sun-5AL (peak marker of this QTL was placed at 654.5 Mb and nearest known 

gene Yr34/Yr48 was placed at 697.9-698.6 Mb; Qureshi et al. 2018) and B) QYr.sun-5BL 

 

https://plantinformatics.io/
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QYr.sun-5BL peak marker scaffold8785 (TaGBSv2-4118_1393483) was mapped at 

565.6 Mb. Six QTL; QYr.sun-5B_Janz (Bariana et al. 2010), QYr.tem-5B.2_Flinor (Feng et 

al. 2011), QYr.caas-5BL.2_Libellula (Lu et al. 2009), QYr.inra-5BL.2_CampRemy (Mallard 

et al. 2005), QYr.sun-5B_Wollaroi (Bansal et al. 2014a) and QYr.ui-5B_IDO444 (Chen et 

al. 2012) have been reported on the long arm of chromosome 5B. SSR and DArT markers 

linked with these QTL and their flanking SNPs adopted from the integrated map were 

assigned physical positions using Pretzel (Maccaferri et al. 2015). Marker wPt-1733 (563.7 

Mb) and wPt-3030 (576.9 Mb) that flanked QYr.sun-5B_Janz mapped near the 565.5-574.2 

Mb interval that carried QYr.sun-5BL identified in this study (Fig. 5.5). Therefore, QYr.sun-

5BL and QYr.sun-5B_Janz could be the same QTL. 

Two QTL namely QYr.ufs-6D_Cappelle-Desprez (42.4-56.1 cM; Agenbag et al. 

2012), QYr-6D_W-7984 (71.6-77.8 cM; Boukhatem et al. 2002) and an APR gene Yr77 

(SNP IWA167-105.53 Mb; McIntosh et al. 2017) have been reported on chromosome 6DS. 

QYr.sun-6DS was detected on chromosome 6DS through linked marker scaffold47994 

(TaGBSv2-5067_305932). This marker was located at the 1.47 Mb position of the physical 

map and is distal to the previously located QTL on this chromosome, therefore, QYr.sun-

6DS may represent a new locus. Less density of tGBS markers on D genome may have 

resulted in lower LOD score of this QTL. 

Precise mapping of multiple QTL underpinning rust resistance has been fast-tracked 

through the availability of robust genotyping platforms. The deployment of these QTL in 

future wheat cultivars could act as a preventive measure to minimise losses incurred by the 

stripe rust pathogen (Bariana et al. 2016).  QTL identified at significant levels consistently 

at least in two environments were considered stable and deserve further investigation 

(Agenbag et al. 2012). The present study demonstrated the utility of Pretzel and IWGSC 
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RefSeq v1.0 in aligning QTL detected in different studies. The tGBS assay demonstrated its 

scope in the detection of four stripe rust resistance QTL and an ASR gene in this 

investigation. The genomic regions carrying QTL QYr.sun-5AL and QYr.sun-6DS will be 

Mendelised and closely linked markers for these putatively new loci will be developed for 

marker assisted selection. 
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Chapter 6 

Identification of genomic regions conferring rust resistance and mineral 

accumulation in a diverse wheat panel 

6.1 Introduction 

Three rust diseases of wheat include stripe rust caused by Puccinia striiformis f. sp. tritici 

(Pst), leaf rust caused by P. triticina (Pt) and stem rust caused by P. graminis f. sp. tritici 

(Pgt) (McIntosh et al. 1995). The rust pathogens can adapt to diverse environmental 

conditions and their virulence profiles may shift to cause rust epidemics worldwide (Singh 

et al. 2011). Breeding for rust resistance has been and remains a key criterion in wheat 

improvement programs in all nations and breeding for high concentrations of micronutrients 

was initiated in 1993 under the HarvestPlus program. 

Wheat is an essential source of calories for one-fifth of the world’s population. More 

than two billion people suffer from malnutrition due to inadequate intake of essential 

minerals, vitamins, and protein (WHO 2017). This problem is severe in pregnant women 

and children under the age of five (Stoecker et al. 2009). More than 400,000 children die 

from nutrient deficiencies annually (Black et al. 2013; Cakmak 2008). The biofortification 

project initiated by CIMMYT-HarvestPlus aimed to increase the Zn level in wheat grain 

(from 25 mg/kg to 37 mg/kg) particularly in South Asia (Velu et al. 2014). Landraces, wild 

emmer, spelt and synthetic wheats with the potential to accumulate more than 60 mg/kg of 

grain Zn and Fe were identified (Cakmak et al. 2004; Peleg et al. 2008; Velu et al. 2014) 

and these wheats were used to develop new cultivars. The recommended dietary allowance 

(RDA) of Zn for women and men is 8 mg/day and 11 mg/day, respectively (Trumbo et al. 

2001). The RDA for men and postmenopausal women is 8 mg/day; the RDA for 

premenopausal women is 18 mg/day (Anonymous 2001). 
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There are concerns about possible negative associations between grain concentration 

of these nutrients and grain yield of wheat and similar issues were reported for negative 

effects of rust resistance gene Sr26 on grain yield (The et al. 1988). Grain protein content 

was found positively associated with grain Zn and Fe content and negatively correlated with 

grain yield (Kumar et al. 2018). Some studies indicated a partial negative relationship 

between grain Zn concentration and yield in wheat (Peleg et al. 2009; Zhao et al. 2009; 

Gomez-Becerra et al. 2010) while other researchers have not observed this trend (Welch and 

Graham 2004; Velu et al. 2012). Micronutrient enriched wheat seeds show improved 

seedling viability and vigour as roots can penetrate deeper in nutrient‐deficit soil to scavenge 

water and the required minerals (Welch and Graham 2004). This early seedling growth 

results in improved yield (Welch and Graham 2004) and improvement in stress tolerance 

and disease resistance (Welch 1999). Promoting micro-nutrient dense seed in wheat is a 

‘win‐win’ opportunity, especially in developing countries where availability of basic input 

for agriculture is a major challenge. Progress has been made and wheat cultivars Zincol-

2016, Zinc Shakti, HPBW-01, WB-02 and BARI-Gom33 with 30% higher grain Zn and 

yield at least equivalent to local wheat cultivars have been released in South Asia (Velu et 

al. 2015; Gupta et al. 2017; Khondoker et al. 2019). 

Genome-wide association study (GWAS) is the preferred method to detect novel 

alleles for complex traits among large numbers of unrelated materials through exploitation 

of historical recombination, enhanced resolution, and assessment of allelic diversity at a 

specific locus in a diversity panel (Yu and Buckler 2006). It utilises linkage disequilibrium 

(LD) to elucidate marker-trait associations (MTAs) and has been employed to evaluate rust 

resistance and nutrient accumulation in wheat (Yu et al. 2014; Maccaferri et al. 2015; Gao 

et al. 2016; Pasam et al. 2017; Kumar et al. 2018; Pinto da Silva et al. 2018; Velu et al. 2018; 
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Sapkota et al. 2019; Cu et al. 2020; Joukhadar et al. 2020) in worldwide germplasm 

collection. 

A diverse CIMMYT-HarvestPlus association mapping panel (HPAMP) comprising 

landraces, synthetic hexaploids (durum and dicoccon-derived), spelt wheat and pre-breeding 

lines was characterised for rust resistance and mineral concentration in wheat grain. The aim 

of this study was to identify genomic regions favouring rust resistance and higher mineral 

accumulation as well as to validate previous findings. 

6.2 Materials and methods 

6.2.1 Plant materials 

An HPAMP containing 293 wheat lines comprising of 1) landraces, 2) T. dicoccon-based 

synthetic derivatives, 3) T. durum-based synthetic derivatives, 4) T. spelta derivatives and 

5) pre-breeding derivatives developed from diverse progenitors. The pedigree detail of these 

lines is given in Appendix III. 

6.2.2 Rust response assessments under field conditions  

The wheat diversity panel was evaluated in two field sites: Horse research unit (HRU) and 

Lansdowne research unit (LDN) of the University of Sydney Plant Breeding Institute in two 

replications during the first week of June in the 2018 and 2019 crop season. These field 

conditions offered natural rust infection. To build up the disease pressure at these sites, a 

mixture of four Pst  pathotypes (134 E16A+Yr17+Yr27+, 150 E16A+, 134 E16A+YrJ 

+YrT+ and 239 E237A-Yr17+Yr33+), a mixture of four Pt pathotypes [104-2,3,6,(7); 104-

1,2,3,(6),(7),(9),11,13+Lr24; 104-1,3,4,6,7,8,9,10,12+Lr37 and 76-

1,3,5,7,9,10,12,13+Lr37] and a mixture of three Pgt pathotypes (34-1,2,7+Sr38; 98-
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1,2,3,5,6,7 and 34-2,12,13) were artificially inoculated repeatedly at two-week intervals 

(Table 6.1) after a month of sowing. 

Every sixth row included a mixture of rust susceptible spreaders in addition to an 

early sown rust spreader block. To prepare suspensions for inoculation, 8 g of urediniospores 

were dissolved in 300 ml of light mineral oil (Isopar-L, Univar) and applied using a hand-

held sprayer (Micron Sprayers Ltd., Bromyard, Herefordshire, UK). The experimental area 

was irrigated twice a week to achieve optimised plant stand and to favour the development 

of rust epidemics. Rust response assessments were done at the Zadoks growth stage 69 

(anthesis complete stage; Zadoks et al. 1974) on a 1-9 scale described in Bariana et al. 

(2007b), where 1 and 9 indicate very resistant and very susceptible responses, respectively. 

6.2.3 Measurement of grain mineral concentration in 2018 and 2019 

The HPAMP and additional varietal checks were sown in a completely randomised block 

design that accounted 21 ranges and 29 rows with two replications at the IA Watson Grains 

Research Centre, Plant Breeding Institute, Narrabri in the first week of June 2018. Plots 

comprised 6 rows of 6 m length and 2 m width. Plots were reduced to 8 m2 (4 m x 2 m) at 

harvesting stage and grain yield was estimated plot-wise. The two replications hereafter 

were considered as 2018-Narr-I and 2018-Narr-II. The same panel was also sown in the 

second week of June 2019 in a completely randomised block design that accommodated 120 

ranges and six rows in two replications at LDN and HRU sites of the University of Sydney 

Plant Breeding Institute, Cobbitty, NSW (New south wales) and these experiments were 

named 2019-LDN and 2019-HRU, respectively. Individual rows include 20 ranges, and five 

lines were fitted into each range. Each line of the panel was sown in a short row of 70 cm.  
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Table 6.1 Virulence and avirulence pattern of rust pathotypes used in present study based 

Australian differential set 

Rust #PBI 

culture 

Pathotypes Virulent on genes Avirulent on genes 

Stripe 

rust 

617* 134 E16A+Yr17+Yr27+ Yr2,Yr6,Yr7,Yr8,Yr9,Yr17,Yr27 Yr1,Yr3,Yr4,Yr5,Yr10,YrSp 

598* 150 E16A+ Yr2,Yr6,Yr7,Yr8,Yr9,Yr10,Yr24 Yr1,Yr3,Yr4,Yr5,Yr17,YrSK,YrSp 

444* 110 E143A+ Yr2,Yr3,Yr4,Yr6,Yr7,YrA Yr1,Yr5,Yr8,Yr9,Yr10,Yr17,YrSK,YrSp 

674* 239 E237A-

Yr17+Yr33+ 

Yr1,Yr2,Yr3,Yr4,Yr6,Yr7,Yr9,Yr17,Yr25,

Yr32,Yr33,YrND,YrS92/O,YrSP 

Yr5,Yr8,Yr10,Yr15,Yr27,YrA,YrJ,YrT 

615 134 E16A+YrJ +YrT+ Yr2,Yr6,Yr7,Yr8,Yr9,YrJackie,YrToburu

k 

Yr1,Yr3,Yr4,Yr5,Yr8,Yr10,Yr17,YrSp 

Leaf 

rust 

231* 104-2,3,6,(7) Lr1,Lr2c,Lr3a,Lr10,Lr14a,(Lr17a),Lr23,

Lr27+31 

Lr13,Lr15,Lr16,Lr20,Lr24,Lr26,Lr28,

Lr3ka+13 

547* 104-

1,2,3,(6),(7),(9),11,13+ 

Lr24 

Lr1,Lr3a,Lr14a,(Lr17a),Lr20,Lr23,Lr24

,(Lr26),(Lr27+31) 

Lr13,Lr15,Lr17b,Lr28,Lr3ka+13 

621* 76-1,3,5,7,9,10,12+Lr37 Lr2c,Lr3a,Lr3ka,Lr10,Lr13,Lr14a,Lr17a

,Lr17b,Lr20,Lr26,Lr37 

Lr15,Lr16,Lr17a,Lr23,Lr24,Lr26,Lr27

+31,Lr28 

634* 104-

1,3,4,6,7,8,9,10,12+Lr37 

Lr1,Lr3a,Lr13,Lr14a,Lr15,Lr17a,Lr17b,

Lr20,Lr26,Lr27+31,Lr28,Lr37 

Lr3a+13,Lr23 

 630 76-

1,3,5,7,9,10,12,13+Lr37 

Lr3a,Lr3ka,Lr13,Lr14a,Lr17a,Lr17b,Lr

20,Lr24,Lr26,Lr37 

Lr1,Lr2a,Lr15,Lr23,Lr27+31 

Stem 

rust 

103* 34-1,2,3,4,5,6,7 Sr6,Sr11,Sr7b+9b,Sr7b+36,Sr7b+17,Sr

8a,Sr15 

Sr30,Sr8b,SrAgi,SrEm,Sr27,SrSatu 

205* 34-1,2,3,6,7,8,9 Sr6,Sr11,Sr7b+9b,Sr8a,Sr15,Sr30,SrAgi Sr7b+36,Sr7b+17,Sr8b,SrEm,Sr27,SrS

atu 

565* 34-1,2,7+Sr38 (VPM) Sr6,Sr11,Sr15,Sr38 Sr7b+9b,Sr7b+36,Sr7b+17,Sr8a,Sr8b,

Sr30,SrAgi,SrEm,Sr27,SrSatu 

580 98-

1,2,3,5,6,7(Wyalkatche

m) 

Sr6,Sr7b+9b,Sr7b+17,Sr8aSr11,Sr15 Sr7b+36,Sr8b,SrAgi,SrEm,Sr27,Sr30,S

rSatu 

427 34-2,12,13,(Satu) Sr11,Sr27,SrSatu Sr6,Sr7b+9b,Sr7b+36,Sr7b+17,Sr8a,S

r30,SrAgi,SrEm,Sr8b 

#PBI: Plant Breeding Institute; * Partial virulent against the gene(s) in parenthesis. 
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6.2.4 Sampling and nutrient analysis 

Five random wheat spikes per accession were collected at physiological maturity in 2018 

and 2019. These spikes were hand threshed and sub-sampled. One set containing 10 gm seed 

was oven-dried at 80°C for 4 hrs for nutrient analysis. Around 0.3 gm of each sub-sample 

was digested with solution of hydrogen peroxide and nitric acid in 50 ml polypropylene 

centrifuge tubes (covered to avoid any contamination) on a programable digestion system 

(Wheal et al. 2011). Each digested sample solution was analysed using inductively coupled 

plasma mass spectrometry (ICPMS 7500x; Agilent Santa Clara, CA) following the protocol 

described in Palmer et al. (2014). A certified reference material (CRM; NIST 1567a wheat 

flour) and a blank sample were also added in each digestion batch. Mineral concentrations 

on a dry weight basis, were estimated as mg/kg. Wheat seed of each individual plot was 

cleaned and 450 gm seed was used to measure grain protein content (%) at 11% moisture 

using near-infrared spectroscopy (FOSS, InfratecTM 1241, Sweden). 

6.2.5 Statistical analysis 

All variables assessed in the 2018 and 2019 field experiments were analysed using the linear 

mixed model function of Genstat 18th edition (VSN International, Hemel Hempstead, UK, 

2015). Analyses were performed for each dataset considering genotype as a fixed effect and 

row and range coordinates within replicates as random effects. An analysis across years was 

also performed where genotype (G) and year (Y) were considered fixed effects and rows 

and ranges within replicates and years as random effects in the model. The adjusted means 

were used for subsequent analyses. Pearson’s correlation coefficients were calculated 

between dataset of each environment of 2018 and 2019 for three rust diseases and across 

years for grain mineral concentration. The significance of mineral correlations was 

determined with a two-tailed test at P< 0.001 and P< 0.05. Means and standard deviations 
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were estimated using Genstat. The Shapiro-Wilk test was used to confirm the normal 

distribution (P>0.05) of the phenotypic datasets using the R program. The Box-cox 

transformation was performed to attain normal distribution of the original datasets using 

GenStat. The ‘Boxplot’ function was used to differentiate marker alleles and create boxplots 

for significant MTAs. Kruskal-Wallis H test (a rank-based nonparametric test) was 

performed to determine statistically significant differences between two groups carrying 

different alleles of associated DNA markers (R Core Team 2018). 

6.2.6 Genotypic data, population structure and linkage disequilibrium 

The iSelect 90K Infinium SNP array based genotypic data were available under the 

Australian Research Council project (Wang et al. 2014). Marker data were filtered for 

missing values, 0.05 minor allele frequency and heterozygosity greater than 10% resulting 

in 16,110 SNPs. The snpgdsLDpruning function in the SNPRelate package of R program 

was used to select SNPs with a high level of pairwise linkage disequilibrium (LD; LD 

threshold=0.9) (Calus and Vandenplas 2018) to produce a set of effective independent 

markers. The plot of the pairwise LD, measured as the squared correlation (r2) between 

phased alleles, was designed within a 10 cM window. The SNPs derived principal 

components (PCs) determined population structure (Q) of the HPAMP panel. A kinship 

matrix (K) using centred - identity by state (IBS) was constructed using TASSEL 5.2.60. 

The HELIUM pedigree visualisation tool was used to demonstrate relationships among 

pedigrees in the panel to identify key progenitors (Shaw et al. 2014). A VanRaden heat plot 

was created to describe genetic relatedness (VanRaden 2007). The GAPIT package in R 

program was used to plot LD decay (Tang et al. 2016). 
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6.2.7 Identification of known rust resistance genes 

The HPAMP panel was tested with markers linked with rust resistance genes Yr15, Yr34, 

Lr34/Yr18/Sr57/Ltn1, Lr46/Yr29/Sr58/Ltn2, Lr67/Yr46/Sr55/Ltn3, Lr16/Sr23, Lr23, 

Sr31/Lr26/Yr9, Sr38/Lr37/Yr17, Sr24/Lr24, Sr2/Lr27/Yr30/Pbc1, Sr22 and Sr15/Lr20. 

Table 6.2 shows markers’ name and types, and protocol for each marker were followed as 

per cited references. For non-KASP markers, PCR amplifications were performed in 10μl 

reaction volumes containing 60 ng genomic DNA, 0.5 μM of each marker (forward and 

reverse), 0.2 mM dNTPs, 1x PCR buffer containing 1.5mM MgCl2 and 0.2 U Immolase 

(Hotstart from Bioline Meridian Bioscience). For KASP assays, the protocol given in 

Nsabiyera et al. (2016) were followed. PCR amplifications were performed in 8μl reaction 

volumes containing 90 ng genomic DNA, 0.11 μl of KASP primer mix (12 μM each allele-

specific A1 and A2 primers and 30 μM of reverse primer), 4 μl PACE mix (3CrBioscience) 

and 0.89 μl of milliQ water. The end-point fluorescent images were detected with the CFX96 

Touch™ real-time PCR detection system and allelic discrimination was analysed using Bio-

Rad CFX Manager Software (Bio-Rad Laboratories Pty. Ltd., USA). The presence of 

Sr2/Lr27/Yr30 was also determined based on blackening of glumes and stem internodes 

referred to as pseudo-black chaff under field conditions (Hare and McIntosh 1979). 

6.2.8 Genome-wide association study (GWAS) 

Significant MTAs were identified from the mixed linear model (MLM) using TASSEL v 

5.2.60 software. Days to heading was used as a covariate in this analysis. Manhattan plots 

were generated for 2018 and 2019 data. Each plot depicts a chromosome name on the x-axis 

and -log10 (p-value) on the y-axis (Bradbury et al. 2007; Buckler et al. 2007). Population  
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Table 6.2 List of gene-linked markers used in this study 

Gene Chr arm Linked markers Marker class References 

Yr15 1BS kinI  KASP Klymiuk et al. (2018) 

Yr34 5AL sunKASP_112 KASP Qureshi et al. (2018) 

Yr18/ Lr34/Sr57 7DS csLV34 STS Lagudah et al. (2006) 

Lr46/Yr29/Sr58 1BL SNP1Lr46G22 KASP Lagudah unpublished 

Lr67/Yr46/Sr55 4DL TM4 KASP Moore et al. (2015) 

Lr16/Sr23 2BS 2BS_5175914_kwm847 KASP Kassa et al. (2017) 

Lr23 2BS sunKASP_16 KASP Chhetri et al. (2017) 

Sr31/Lr26/Yr9 1BL:1RS iag95 STS Mago et al. (2002) 

Sr38/Lr37/Yr17 2AS#2NS Ventrip and LN2  STS Helguera et al. (2003) 

Sr24/Lr24 3DL Sr24#12-F and Sr24#12-R STS Mago et al. (2005) 

Sr2/Lr27/Yr30 3BS csSr2 CAPS Mago et al. (2011) 

Sr22 7AL csIH81-BM STS Periyannan et al. (2011) 

Sr15/Lr20 7AL wri4 STS Jayatilake et al. (2013) 
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structure and relatedness among individuals in the panel can result in false positive 

associations (Falush et al. 2007). Therefore, population structure and total genetic effects of 

individuals were fitted as covariates in the MLM procedure (Yu et al. 2006). 

The identification of significant MTAs (P≤ 0.001) was based on adult plant rust 

responses and mineral concentrations using the MLM; which included an optimum 

compression level and P3D (Population parameter previously determined) as a variance 

component. The threshold for significant MTAs was set to 1/n (n is the number of markers) 

which is -log10 (P-value) ≥ 3.7 (P< 2×10−4) (Yang et al. 2014b). The ensuing r2 (%) 

explained the phenotypic variances and determined the magnitude of MTA effects. 

6.3 Result 

6.3.1 Adult plant rust response variation 

Adult plant response variation for stripe rust, leaf rust and stem rust is presented in Fig. 6.1. 

A high proportion of lines were score 2 (resistant; R) and only a few lines were scored 6 

(moderately susceptible; MS). Mean stripe rust responses ranged from 2.6±0.9 (HRU 2018) 

to 3.1±1.1 (LDN 2019). Leaf rust responses of 40% genotypes ranged from RMR (score 3) 

to moderately resistant to moderately susceptible (MRMS; score 5) with responses ranging 

from 2.2±0.7 (LDN 2018) to 4.7±1.4 (HRU 2018). Leaf rust scores of many lines varied 

from 6 (MS) to 8 (susceptible S) at the HRU sites in both years. More than 200 lines scored 

resistant (score 2) in all experiments and only a few lines were scored MRMS (score 5) at 

the HRU site in 2018 and 2019.  Mean stem rust responses ranged from 2.1±0.5 (LDN 2018) 

to 2.4±0.8 (HRU 2019).  
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Fig. 6.1 Frequency distribution of the diversity panel against a mixture of pathotypes (field study). X-axis shows 1-9 disease scale and Y-axis 

shows number of accessions. LDN and HRU indicate Lansdowne and Horse research unit experimental site, respectively. Stripe rust (YR), Leaf 

rust (LR), Stem rust (SR), and experimental site and year of study are written together. 
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6.3.2 Detection of known rust resistance genes using linked markers 

The mapping panel was genotyped with 13 markers linked to rust resistance genes listed in 

table 6.2 and results of genotypes carrying known genes are illustrated in Fig. 6.2. Ninety-

two per cent and 15% lines carried the pleiotropic APR gene Lr46/Yr29/Sr58 and 

Lr34/Yr18/Sr57, respectively. The Lr34/Yr18/Sr57 and Lr46/Yr29/Sr58 combination was 

present in 13% lines. Linked markers detected the presence of Lr23, Sr38/Lr37/Yr17, Yr34, 

Lr16/Sr23, Sr24/Lr24, Sr31/Lr26/Yr9, Sr15/Lr20, Yr15 and Lr67/Yr46/Sr55 in 19%, 15%, 

11%, 10%, 7%, 5%, 4%, 3%, 1% lines respectively. Sr2/Lr27/Yr30-linked marker csSr2 

tested positive in one line. Ten percent lines expressed Sr2-linked pseudo-black chaff (linked 

with Sr2/Lr27/Yr30) on stem internodes and glumes.  

Fig. 6.2 Marker survey: Distribution of known rust resistance genes among the diversity 

panel 
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6.3.3 Phenotypic variation for grain mineral accumulation and agronomical traits 

The wheat AM panel showed variation for grain concentration of five macronutrients (Ca, 

K, Mg, P and S) and five micronutrients (B, Fe, Cu, Mn and Zn) in four environments, 

namely 2018-Narr-I, 2018-Narr-II, 2019-LDN and 2019-HRU (Table 6.3). The 

accumulation of B and K was higher in 2019 at HRU and LDN sites compared to the 

Narrabri site in 2018. The concentrations of Ca, Cu, Fe, Mg, Mn and P were higher at 

Narrabri site in 2018. The accumulation of S and Zn was almost equal at all sites and across 

years.  

Table 6.3 Nutrients profile (mg/kg) of association mapping (HPAMP) panel across 2018 

and 2019 

Micro and macro 

nutrient/ 
2018   Micronutrient/ 2019 

location mean ± SD Max Min   location mean ± S Max Min 

B-Narr-I 0.79±0.15 2.5 0.52  B-HRU 0.94±0.15 1.7 0.64 

B-Narr-II 0.8±0.1 1.2 0.56  B-LDN 0.96±0.14 1.5 0.67 

Ca-Narr-I 525.99±61.55 760 380  Ca-HRU 504.93±82.02 910 320 

Ca-Narr-II 518.82±62.89 790 390  Ca-LDN 574.97±75.56 830 400 

Cu-Narr-I 4.96±0.65 7.4 3.2  Cu-HRU 2.72±0.64 5.5 1.2 

Cu-Narr-II 5.02±0.73 8.6 3.3  Cu-LDN 3.87±0.81 6.7 2.1 

Fe-Narr-I 41.49±4.48 61 32  Fe-HRU 34.14±5.01 53 24 

Fe-Narr-II 41.29±4.44 68 32  Fe-LDN 34.31±4.74 49 25 

K-Narr-I 4005.82±347.2 5300 3300  K-HRU 4238.28±508.76 8600 3200 

K-Narr-II 3907.61±324.7 5000 3200  K-LDN 3967.36±503.21 7100 3100 

Mg-Narr-I 1401.88±93.55 1790 1180  Mg-HRU 1355.07±144.4 2100 1020 

Mg-Narr-II 1412.04±96.65 1850 1190  Mg-LDN 1294.31±137.78 1870 1000 

Mn-Narr-I 46.1±5.18 62 34  Mn-HRU 44.7±7.17 63 25 

Mn-Narr-II 47.68±5.73 66 34  Mn-LDN 38.67±6.93 60 20 

P-Narr-I 3591.78±296.37 4800 2900  P-HRU 3443.45±444.62 5600 2400 

P-Narr-II 3500±291.07 4700 2800  P-LDN 3174.65±501.79 5300 2200 

S-Narr-I 1749.38±135.83 2300 1380  S-HRU 1760.59±141.82 2400 1470 

S-Narr-II 1734.39±122.12 2200 1380  S-LDN 1716.15±138.23 2400 1430 

Zn-Narr-I 32.49±4.55 58 22  Zn-HRU 33.66±6.52 64 22 

Zn-Narr-II 33.64±4.95 66 26  Zn-LDN 35.16±7.33 65 22 

Protein (%)-

Narr-I 
13.9±0.84 17 12      

Protein (%)-

Narr-II 
13.5±0.9 17 12           

*Narr-I and Narr-II represent two replications at I. A. Watson Grain research centre Narrabri; HRU and LDN represent Horse research and Lansdowne 

research unit at Plant Breeding Institute Cobbitty. SD indicates standard deviation. 



 

78 | P a g e  
 

6.3.4 Marker distribution 

SNP data were subjected to filtering and 5,099 independent SNPs were used in this study.  

Distribution of SNPs among the A, B, and D genomes is depicted in Fig. 6.3. The B genome 

had the highest number of SNPs (49.7%), followed by the A (39.4%) and D (10.8%) 

genomes. The average number of SNPs per chromosome was 242.8. Chromosome 7A was 

the longest (241.4 cM) and chromosome 4B was the shortest (119.4 cM; Fig. 6.3). Total 

map distance of the wheat genome was 3656.1 cM and average markers per cM interval was 

1.39. The genotypic data of the 13 rust resistance gene-linked markers were incorporated 

into the genetic map. 

 

Fig. 6.3 Distribution of SNPs across chromosomes and length of individual chromosome  

6.3.5 Population structure, kinship, and linkage disequilibrium 

The first two principal components explained 11.9 and 7.5% of total genetic variance, 

respectively and revealed four subpopulations (I-IV) in HPAMP (Fig. 6.4). Thirty-nine lines 

were present in subpopulation I; this group included derivatives of CIMMYT’s pre-breeding 

lines Quaiu, Tukuru and Kuruku. Subpopulation II (89 lines) was the second largest group 

and comprised derivatives of Chapio, Mutus, Babax, WBLL1 and Brambling. One hundred 

lines of the panel were grouped into subpopulation III. This subpopulation was primarily 

dominated by derivatives of Kachu, Kukuna, Chonte, Pastor, Danphe and T. spelta. 
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Subpopulation IV included 65 lines that share their parentage with Waxwing 

(ATTILA*2/STAR) and Francolin (Waxwing*2/Vivitsi). HELIUM was used to reveal 

parentage source and 632 parental lines were found depicting 929 relationships (Fig. 6.5.1). 

T. dicoccon PI94625, T. dicoccon CI9309, Kukuna, Francolin#1, Quaiu#2, Chonte, 

Brambling, Mutus, Solala and Waxwing*2/Tukuru*2 were the genotypes used as parents in 

the panel (Fig. 6.5.2 and 6.5.3).  

 

Fig. 6.4 Representation of population structure using first two major principal components 

The heat map revealed the cryptic relatedness among genotypes and the magnitude 

of genetic relatedness indicated by the intensity of red colour (Fig. 6.6). LD was assessed 

(Appendix IV) and each dot in the decay plot represents a pair of distances between two 

SNPs on the window and their r (correlation coefficient) squared value. The red line 

indicates the moving average of the 10 adjacent markers. The decay plot showed that LD 

dropped at 3 cM that corresponds to an r2 of 0.25. A confidence interval for QTL regions 

was considered ±3 cM. 
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Fig. 6.5.1 Representation of 929 relationships among the association mapping panel (HPAMP) using pedigree visualisation tool HELIUM 
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Fig. 6.5.2 Visualisation of wheat pedigrees derived using T. dicoccon PI94625 (A), T. dicoccon CI9309 (B), Kukuna (C) and Francolin#1 (D) 
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Fig. 6.5.3 Visualisation of wheat pedigrees derived using Quaiu#2(A), Chonte*2 (B), Brambling (C), Mutus (D), Solala (E) and 

 Waxwing*2/Tukuru*2 (F)  
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Fig. 6.6 Heat map presenting kinship among the diversity panel (red blocks indicate closely 

 related accessions) 

 

6.3.6 Genome wide association study for rust resistance 

Significant marker-trait associations conferring rust resistance, their position, phenotypic 

variation explained, and underlying genes are listed in Table 6.4 and Appendices V-VII. In 

total 17 QTL were observed for stripe rust resistance in different environments. 

Unfortunately, results were not conclusive, presumably due the dominance of one or the 

other pathotype in each experiment. Phenotypic variation (R2) of these MTA ranged from 

4.17-11.06 % and LOD ranged from 3.15-7.08. The 2B-markers explained the highest 

portion of variation (R2 = 7.87 and 11.06%) with LOD score (7.08 and 4.72), followed by 

the 5A-markers IWA2947 (R2 -7.65% and LOD- 4.84). 
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While nine and seven significant MTAs for leaf rust and stem rust resistance were 

detected, the presence of different pathotypes appears to have detected different MTAs in 

different environments. R2 values of leaf rust MTAs ranged from 4.17-5.44% and LOD 

scores varied from 3.22-3.95. R2 values of stem rust ranged from 4.03-5.1% and LOD scores 

varied from 3.08 to 3.86. 

6.3.7 Genome wide association study for grain mineral concentration 

The significant QTL conditioning enhanced mineral accumulation, their position, and 

phenotypic variation explained are given in Table 6.5 and Appendix VIII and IX. Sixteen 

QTL for B, 10 QTL for Ca, 8 QTL for Cu, 16 QTL for Fe, 9 QTL for K, 10 QTL for Mg, 9 

QTL for Mn, 14 QTL for P, 10 QTL for S and 15 QTL for Zn concentration were detected 

(Table 6.5). None of these QTL were detected across years and locations, except the 

chromosome 1B QTL for S. SNP IWB62537-1A was associated with higher accumulation 

of P, Mn and Mg. Considering average mineral content data, 75 wheat lines carrying the 

favourable allele (T:T) of IWB62537 showed increased mean concentration of P and Mn 

(3425 and 45.25 mg/kg, respectively) compared to 197 lines lacking this allele (3350 and 

42.25 mg/kg, respectively; Fig. 6.7). Markers linked with Sr31/Lr26/Yr9, Yr15, 

(Yr17/Lr37/Sr38) and Yr18/Lr34/Sr57 were also associated with accumulation of some 

minerals. Details of these linked markers are given in Fig. 6.8 and Appendices X-XII. Eight 

lines carrying the resistant allele of Yr15 and 44 lines carrying Lr34/Yr18/Sr57 showed 

improved Zn loading in wheat grain (Fig. 6.8). Sixteen wheat genotypes carrying the 

resistant allele of Yr9/Lr26/Sr31 (1B:1R) linked to iag95 showed a higher concentration of 

all minerals (Fig. 6.8; Appendices X-XII). Similarly, 43 wheat genotypes carrying positive 

allele of Yr17/Lr37/Sr38 linked to Ventrip and LN2 showed high accumulation of Cu and Fe 

(4.55 and 38.83 mg/kg, respectively) than other lines (4.08 and 37.66 mg/kg, respectively; 

Fig. 6.8; Appendices X-XI). 
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Table 6.4 List of significant marker-trait association (MTA) conferring triple rust resistance at field level 

SN Environments* Marker  Chromosome Position 

 (cM) 

Position LOD  R2 

(%) 

Postulation 

(No. of SNPs) (Mb)  

Stripe rust resistance              

1 HRU 2018 IWB9998 (3) 1B 64.95 298.1 4.34 6.35 Yr24/Yr26 (308.1-336.2 Mb; Wu et 

al. 2018 and Cheng et al. 2020) 

2 HRU 2019 and LDN 2019 IWB43583 (2) 1B 79.77 557.3 3.64 5.05 QYr‐1B_Sachem (562.3 Mb; Singh et 

al. 2013) 

3 LDN 2018 and 2019 IWB14343 1D 37.82 12.3 3.15 4.17 QYrst.orr-1DS (16.7 Mb; Vazquez et 

al. 2012) 

4 HRU 2019 and LDN 2019 IWA4323 (8) 2B 91.1 133.3 4.72 7.87 QYr.cim‐2BS_Francolin#1 (165.5 

Mb; Lan et al. 2014) 

5 HRU 2019 and LDN 2019 IWA5081 (3) 2B 130.62 751.2 7.08 11.0

6 

Yr5 (754.9 Mb; Marchal et al. 2018) 

6 HRU 2019 IWB19393 2D 81.41 614.7 3.44 5.22 Yr54 (639.09 Mb; Basnet et al. 2014); 

Yr8 

7 HRU 2019 and LDN 2019 IWB12194 3B 11.56 6.5 3.53 5.79 QYr‐3B_Opata85 (Singh et al. 2000);  

8 HRU 2019 and LDN 2019 IWB57629 4A 58.38 509.1 4.2 6.28 QYr-3B.1-Pavon76 (William et al. 

2006) 

9 HRU 2019 IWA6227 5A 26.51 10.3 3.47 5.54 New 

10 HRU 2019 and LDN 2019 IWB43526 (3) 5A 86.31 570.1 3.19 4.46 New 

11 HRU 2019 and LDN 2019 IWA2947 5A 131.42 688.3 4.84 7.65 Yr34? QRYr5A.1_T. boeticum (558.3 

Mb; Chhuneja et al. 2008)? QYr.cim-

5AL_Francolin#1 (536.9 Mb; Lan et 

al. 2014) 

12 LDN 2019 IWB63643 5B 28.35 26.2 4.37 6.39 Yr48 (698.0 Mb; Lowe et al. 2011) 

13 HRU 2019 IWB5837(2) 5B 144.12 665.8 3.99 5.81  QYr.uga-5B_AGS2000 (34.7 Mb; 

Hao et al. 2011)? 

14 LDN 2019 IWA4950 (2) 6A 100.12 581.7 3.26 4.35 QYr.sun-5B_Wollaroi (668.4 Mb; 

Bansal et al. 2014a) 

15 LDN 2019 IWA179 (2) 7A 219.59 724.1 3.76 6.08 QYr.cim-6AL_Francolin#1 (593.0 

Mb; Lan et al. 2014) 

16 HRU 2019 IWB14579 7D 47.38 - 3.71 5.38 Yr75 (717.0 Mb); QYr.sgi‐

7A_Kariega (Prins et al. 2011) 
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17 LDN 2019 IWB15318 7D 176.3 596.9 3.9 5.44 Yr18/Lr34  

Leaf rust resistance              

1 HRU 2018 and 2019  IWA3125 (2) 1D 3.4 0.4 3.95 5.44 Lr42 (Gao et al. 2016) 

2 HRU 2018 and 2019  Lr23_sunKasp_16 (4) 2B 82.47 - 3.23 4.17 Lr23 and Lr13 

3 LDN 2018  IWA2674(3) 2B 93.84 164 3.25 4.21 Lr23, IWA4894 and IWB37811 (158.0 

Mb; Gao et al. 2016 and Turner et al. 

2017),  

4 LDN 2018 IWB35521 4A 100.38 641.5 3.29 4.76 New 

5 HRU 2018 and 2019 IWB60219 6B 36.69 26.6 3.27 4.33 Lr61; QLr.wpt-6BS.2? (29.9 Mb; 

Gerard et al. 2018) 

6 HRU 2018 IWB25446 6B 82.56 645.6 3.22 4.37 Lr3a (631-720.5 Mb; Gao et al. 2016 

and Riaz et al. 2018) 

7 LDN 2018  IWA2196(2) 7A 42.08 12.1 3.49 4.58 Lr47 (11.5 Mb; Helguera et al. 2000) 

8 HRU 2018 and 2019 IWB34640 7A 216.36 711.8 3.88 5.21 Lr20? (733.8 Mb) IWA4175 (717 Mb; 

Turner et al. 2017)  

9 HRU 2018 and 2019 IWA5837 7B 136.26 701.1 3.22 4.24 Lr14b Lr68 (740 Mb; Herrera-Foessel 

et al. 2012) 

Stem rust resistance  

1 HRU 2018 and 2019  IWB8040 (2) 1A 110.68 538.6 3.22 4.22 QSr.cdl-1AL_Thatcher (Rouse et al. 

2014) 

2 HRU 2018 and 2019 IWB72463 2A 77.91 42.4 3.21 4.52 Sr32 (47.1 Mb; Mago et al. 2013 and 

Yu et al. 2014); Sr32+Sr38 

3 HRU 2018 and 2019  IWB29111 (2) 2A 106.86 534.9 3.55 5.1 Sr32+Sr38; unnamed CIMMYT QTL 

(Yu et al. 2014) 

4 HRU 2018 and 2019 IWB13993 2D 76.57 600.9 3.68 4.94 New 

5 HRU 2018 and 2019 IWB5927 3A 136.18 695.7 3.08 4.03 Sr35 (691.5 Mb; Saintenac et al. 

2013) 

6 LDN 2018 and 2019 IWA149 3B 139.62 818.1 3.86 5.52 New 

7 LDN 2018 and 2019 IWB36370 7A 117.61 85.4 3.22 4.2 Sr22 (Periyannan et al. 2011) 

* LDN and HRU indicate Lansdowne and Horse research unit experimental site, respectively. Experimental site and year of study are written together. 
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Table 6.5 List of significant marker-trait associations (MTA) conferring grain mineral concentration  

SN 
Trait- 

Environment* 

Significant 

MTA 
Chr 

Position 

(cM) 

Position 

(Mb) 
LOD# R2 (%) 

Postulation 

Boron        

1 B-Narr-I IWA1955 1B 59.86 319.1 3.11 7.62 New 

2 B-Narr-I IWB1411 2A 119.93 711.5 4.07 5.36 New 

3 B-Narr-I IWB2479 2A 123.11 709.6 4.27 5.46 New 

4 B-Narr-I IWB58213 2A 147.99 747.6 4.08 5.26 New 

5 B-Narr-I IWB21976 3A 26.01 - 5.03 6.74 New 

6 B-HRU IWB32527 3A 68.66 45.6 4.14 6.01 New 

7 B-Narr-I IWB4872 3B 14.1 7.6 3.93 4.94 New 

8 B-Narr-I IWB23357 3D 4.56 1.3 5.15 6.76 New 

9 B-HRU IWB20649 4A 47.53 56.5 3.82 5.5 New 

10 B-Narr-I IWB67908 4A 144.38 - 3.33 4.23 New 

11 B-Narr-I IWB574 4A 164.13 733.4 3.25 3.96 New 

12 B-Narr-I IWA5214 5B 69.19 - 3.92 4.93 New 

13 B-HRU IWB4550 5D 187.21 543.1 3.16 4.3 New 

14 B-Narr-I IWB42415 7A 35.31 4.9 4.11 5.37 New 

15 B-LDN IWB57105 7A 56.17 25.5 3.34 5.21 New 

16 B-Narr-II IWB55488 7B 160.43 732.4 3.24 4.26 New 

Calcium        

1 Ca-LDN IWB72107 1B 43.86 20.6 3.33 5.12 S1B_6867825 (6.8 Mb; Bhatta et al. 

2018) 

2 Ca-LDN IWB14686 1B 60.62 173.1 3.07 4.6 QGCa.sun-1B (143 Mb; Kapfuchira 

2015) 

3 Ca-Narr-I IWB11666 3B 80.13 723.4 3.2 4.61 QGCa.sun-3B (742.4 Mb; Kapfuchira 

2015); S3B_655010350 (655.0 Mb; 

Bhatta et al. 2018) 

4 Ca-LDN IWB63696 6A 25.53 9.7 3.32 4.56 S6A_50345873 (50.3 Mb; Bhatta et al. 

2018) 
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5 Ca-LDN IWA7994 6A 121.61 596.6 3.28 4.51 S6A_592562315 (592.5 Mb; Bhatta et 

al. 2018) 

6 Ca-Narr-I and 

Narr-II 

IWA2338 6D 9.47 - 4.06 5.69 New 

7 Ca-HRU IWB29043 6D 117.58 453 3.78 5.18 New 

8 Ca-Narr-II IWB10792 7A 212.66 694.7 3.84 5.22 New 

9 Ca-LDN IWB58295 7B 133.59 700.6 3.2 4.27 New 

10 Ca-HRU and 

Narr-I 

IWB4045 7D 95.68 68.4 3.66 4.97 New 

Copper        

1 Cu-HRU IWB8131 1D 82.82 356.2 3.09 4.13 New 

2 Cu-HRU IWB39800 2B 142.54 777.5 3.3 4.36 New 

3 Cu-Narr-II IWB21527 3A 77.57 56.7 4.2 6.37 S3A_23297031 (23.2 Mb; Bhatta et al. 

2018) 

4 Cu-Narr-II IWB57116 3D 69.57 - 3.47 4.46 New 

5 Cu-LDN IWB74227 4B 15.91 4.9 3.21 4.19 S4B_37424735 (37.4 Mb; Bhatta et al. 

2018) 

6 Cu-LDN IWA928 6A 137.03 599.8 3.23 4.5 S6A_613579920 (613.5 Mb; Bhatta et 

al. 2018) 

7 Cu-LDN IWA3297 6B 0.37 3.9 3.13 4.73 S6B_6241996 (6.2 Mb; Bhatta et al. 

2018) 

8 Cu-HRU IWA2710 7A 97.76 68 4.01 5.5 New 

Iron 
     

 

1 Fe-HRU* IWB59323 1A 30.99 11.6 3.2 QGFe.sun-1A.1 (23.1 Mb; Kapfuchira 

2015) 

2 Fe-HRU IWA6610 1B 43.86 109.7 3.41 New 

3 Fe-HRU IWB7923 1B 56.65 38.9 3.07 Fe and Protein content (57.7 Mb; 

Kumar et al. 2018) 

4 Fe-HRU IWB39764 1B 57.6 49.5 3.84 Fe and Protein content (57.7 Mb; 

Kumar et al. 2018) 

5 Fe-Narr-II IWB45407 1B 74.37 508.4 3.66 QGFe.sun-1B.1(438.1 Mb; 

Kapfuchira 2015) 

6 Fe-LDN IWB3677 1B 81.61 553.1 3.15 New 
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7 Fe-Narr-II IWA3151 2A 108.46 558.5 3.91 Fe and Zn content (Cu et al. 2020) 

8 Fe-HRU IWA6026 2B 80.77 75.6 3.08 New 

9 Fe-Narr-II IWB57730 2B 80.77 - 3.32 New 

10 Fe-Narr-II IWB27598 3A 53.32 32.1 3.19 New 

11 Fe-Narr-II IWB16311 3A 80.07 - 3.43 S3A_534535579 (534.5 Mb; Bhatta et 

al. 2018) 

12 Fe-Narr-I IWB4872 3B 14.1 7.6 3.21 Fe, Cu and Mn (Cu et al. 2020) 

13 Fe-Narr-I IWB771 3D 4 1.3 3.48 New 

14 Fe-Narr-II IWB6702 5A 74.76 552.1 3.08 New 

15 Fe-LDN IWA1110 7A 136.43 617.6 3.44 New 

16 Fe-Narr-II IWA4873 7B 64.59 111.9 3.29 New 

Potassium 
     

 

17 K-Narr-I IWB27962 1A 111.91 - 3.1 QGK.sun-1A (372.7 Mb; Kapfuchira 

2015) 

18 K-Narr-I IWB64556 1A 113.81 549.4 4.23 New 

19 K-Narr-I IWB9961 1A 130.09 547.9 3.4 New 

20 K-LDN IWB56774 1B 53.35 8 3.52 New 

21 K-Narr-I IWB63170 2A 95.75 70.1 3.44 New 

22 K-HRU IWB41295 2D 49.59 146.3 3.91 New 

23 K-LDN IWB53342 4A 95.45 631.9 3.39 New 

24 K-LDN IWB11035 5B 150.93 679.4 3.78 New 

25 K-LDN IWB23484 6A 133.74 609.4 3.33 QGK.sun-6A (557.5 Mb; Kapfuchira 

2015) 

Magnesium 
       

 

1 Mg-LDN* IWB62537 1A 113.19 - 4.8 6.95 New; Favours accumulation of Mn 

and P 

2 Mg-LDN IWB58556 1A 118.83 549.8 3.19 4.16 New 

3 Mg-LDN IWA8135 1A 133.15 553.1 5.09 7.16 New; Favours accumulation of Zn, 

Mn and P 

4 Mg-Narr-I IWA6530 1A 137.2 578.5 3.5 4.75 New 
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5 Mg-LDN IWB3934 1B 109.7 637.4 3.23 4.26 QGMg.sun-1B.2(582.3 Mb; 

Kapfuchira 2015) 

6 Mg-Narr-II IWB55767 2B 99.73 477.4 4.31 7.03 New 

7 Mg-HRU IWB60934 4A 91.23 627.8 3.11 4.15 QGMg.sun-4A (Kapfuchira 2015) 

8 Mg-Narr-I IWB23688 4A 147.28 732.5 3.94 5.43 S4A_740606543 (740.6 Mb; Bhatta et 

al. 2018) 

9 Mg-HRU IWB71708 6A 128.26 599.1 3.61 5.59 New 

10 Mg-Narr-II IWA7005 7A 226.07 730.4 3.31 4.79 New 

Manganese 
      

 

1 Mn-LDN IWB62537 1A 113.19 - 3.72 5.29 Cu et al. (2020); Favours 

accumulation of Mg and P 

2 Mn-LDN IWA8135 1A 133.15 553.1 4.24 5.9 QGMn.sun-1A (495.3 Mb; Kapfuchira 

2015) Favours accumulation of P and 

Zn 

3 Mn-Narr-II IWA7703 1B 51.1 46.8 3.58 4.9 New 

4 Mn-HRU IWB6730 1B 81.61 562.9 3.16 4.43 QGMn.sun-1B (543.5 Mb); 

QGMn.sun-1B (570.8 Mb)- 

Kapfuchira (2015) 

5 Mn-Narr-I IWB50475 3A 15.05 8.7 3.88 6.16 New 

6 Mn-HRU Sr24#12 3Ag# 3DL - - 3.55 4.73 New Sr24/Lr24 

7 Mn-Narr-I IWB67390 3D 4.56 - 3.43 4.78 New 

8 Mn-Narr-I IWB42628 6D 77.53 61.1 3.07 4.07 Cu et al. (2020) 

9 Mn-Narr-I IWB71691 7B 118.09 680.2 3.29 4.9 New 

Phosphorous 
      

 

1 P-LDN* IWB62537 1A 113.19 - 3.16 4.34 New 

2 P-LDN IWA8135 1A 133.15 553.1 3.59 4.85 New; Favours accumulation of Zn 

and Mn  

3 P-Narr-II IWB45937 1B 76.09 461.3 4.14 5.78 QGP.sun-1B (512.6 Mb) Kapfuchira 

(2015) 

4 P-Narr-I IWB9653 2A 124.5 717.8 3.21 4.2 Ku_c25175_1248 (722.1 Mb; Cu et 

al. 2020) 

5 P-Narr-I IWB3052 2D 76.39 722.2 3.35 4.67 New 



 

91 | P a g e  
 

6 P-HRU IWB8780 3B 144.74 - 3.11 4.11 QGP.sun-3B.2 (648.9 Mb; Kapfuchira 

2015) 

7 P-Narr-I IWB56874 3D 84.38 - 3.36 4.52 New 

8 P-LDN IWB22009 4A 103.04 679.3 3.3 4.48 New 

9 P-HRU IWB26650 5B 30.56 35.9 3.49 4.68 QGP.sun-5B.2 (Kapfuchira 2015) 

10 P-LDN IWB64255 6A 136.7 604.9 3.17 4.43 New 

11 P-Narr-I IWB50824 6D 82.14 310 3.76 5.23 New 

12 P-Narr-I IWB25416 7A 33.45 1.4 3.08 4.19 New 

13 P-LDN IWA7942 7A 126.4 118.2 3.19 4.31 New 

14 P-Narr-I IWB12233 7A 212.66 712.8 3.66 4.96 New 

Sulphur 
      

 

1 S-Narr-II IWB44655 1A 26.6 8.2 3.48 4.65 New 

2 S-HRU and LDN IWB46598 1B 43.86 670.2 3.37 4.64 Yr9/Lr26/Sr31; QGS.sun-1B (582.3 

Mb; Kapfuchira 2015) 

3 S-Narr-I and 

Narr-II 

IWB20686 1B 108.41 632.4 4.63 6.98 Yr9/Lr26/Sr31; QGS.sun-1B (582.3 

Mb; Kapfuchira 2015) 

4 S-LDN IWA6076 2B 107.49 632.9 3.11 4.2 New 

5 S-Narr-I IWB48388 2B 153.49 785.9 3.29 4.37 New 

6 S-Narr-II IWB8792 5B 37.18 41.6 3.84 5.36 New 

7 S-Narr-II IWB71672 5B 45.4 396.5 3.21 4.29 New 

8 S-Narr-I IWB56335 5B 49.01 395.6 3.2 4.26 New 

9 S-LDN IWA5670 5B 69.19 514.9 4.69 6.62 QGS.sun-5B (501.4 Mb; Kapfuchira 

2015) 

10 S-LDN IWB71785 7A 58.82 22.9 3.11 4.28 New 

Zinc 
      

 

1 Zn-LDN* IWA8135 1A 133.15 553.1 3.05 3.98 Favour’s accumulation of Mn and P; 

AX-158539950 (553.6 Mb; Alomari et 

al. 2018) 

2 Zn-Narr-I IWB8918 1A 144.41 585.8 4.07 6.04 New 

3 Zn-Narr-I IWB35116 1B 60.62 - 4.48 6.24 New 
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4 Zn-Narr-II IWB10413 1B 70.08 456.3 3.12 4.1 New 

5 Zn-LDN IWB3934 1B 109.7 637.4 3.45 4.89 Zn, Fe and protein content (626.2 Mb; 

Kumar et al. 2018) 

6 Zn-Narr-II IWB8907 2A 143.22 747.1 3.12 4.02 S2A_742969119 (742.9 Mb) and 

S2A_750621751 (750.6 Mb; Bhatta et 

al. 2018) 

7 Zn-HRU and 

Narr-II 

IWB64607 3B 107.15 772.4 3.73 5.68 S3B_813450132 (813.4 Mb; Bhatta et 

al. 2018) 

8 Zn-LDN IWB22009 4A 103.04 679.3 4.04 5.86 BobWhite_c3656_1155 (631.9 Mb; 

Cu et al. 2020); S4A_681683160 

(681.6 Mb; Bhatta et al. 2018) 

9 Zn-Narr-I IWA2365 5A 73.97 547.6 3.33 5.47 S5A_552354940 (552.3 Mb; Bhatta et 

al. 2018) 

10 Zn-HRU IWB29170 5A 117.67 666.9 3.4 4.55 AX-94416605 (673.7 Mb; Alomari et 

al. 2018) 

11 Zn-Narr-I IWB10135 5B 100.64 571.6 3.99 5.46 BS00073015_51 (555.1 Mb; Cu et al. 

2020) 

12 Zn-HRU IWB24648 5D 198.19 546.9 3.6 4.9 New 

13 Zn-Narr-II IWA5704 6A 136.85 602.7 4.47 6 New 

14 Zn-Narr-II IWB57103 7A 145.1 651 3.24 4.11 New 

15 Zn-Narr-I IWB8586 7B 158.11 730.9 3.12 4.2 QGZn.sun-7B (678.7 Mb; Kapfuchira 

2015) 
#LOD: Logarithm of odds; *Narr-I and Narr-II represent I. A. Watson Grain research centre Narrabri and year 2018. LDN and HRU indicate Lansdowne and Horse research unit experimental site, respectively and year 2019. 
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Fig. 6.7 Boxplot analysis depicting contribution of significant markers in grain mineral accumulation. X- and Y-axis represent alleles and 

 mineral concentration (mg/kg) in wheat grain, respectively. 

  



 

94 | P a g e  
 

Fig. 6.8 Boxplot analysis depicting contribution of significant markers including markers linked with rust resistance in grain mineral accumulation. 

X- and Y-axis represent alleles and mineral concentration (mg/kg) in wheat grain, respectively. 

  



 

95 | P a g e  
 

6.3.8 Identification of biofortified rust resistance donor sources 

Fifteen biofortified lines had resistant to moderately resistant (R-MR) rust responses (Table 

6.6). Of 31 QTL for grain Zn and Fe concentration, 28 were found in these lines (Table 6.6). 

Line number 45 tested positive for rust resistance genes (Lr46, Sr24, Sr31, Sr38) and carried 

25 favourable alleles. This line demonstrated good yield (5.11 t/ha), higher protein content 

(15.8%), and high grain Zn (39 mg/kg) and Fe content (46 mg/kg). Line number 271 with 

resistance genes (Lr46, Sr22, Sr38) carried 17 favourable alleles and had better yield (6.45 

t/ha), higher micronutrient content (>40 mg/kg) and protein content (14%). Line number 56 

demonstrated increased Zn and Fe loading (>46 mg/kg) and grain protein content (16%) but 

was inferior for grain yield (4.11 t/ha). 

6.4 Discussion 

The discovery of QTL conferring rust resistance and higher mineral accumulation is a 

constant challenge in wheat breeding programs. In this study, the HarvestPlus association 

mapping wheat panel was selected and grouped into four subpopulations using principal 

component analysis. Derivatives of the pre-breeding lines Quaiu, Tukuru and Kuruku 

clustered into the first subpopulation and these lines have been identified as sources of stem 

rust and stripe rust resistance against the race TTKST and Mexican pathotypes, respectively 

(Singh et al. 2000; Kosgey et al. 2015). Quaiu3, a high-yielding CIMMYT spring wheat 

line, was released as cultivars Koshan09 and Gambo in Afghanistan and Ethiopia, 

respectively. Rust resistance genes Lr42, Yr29, Yr30 and Yr54 were present in Quaiu3 

(Basnet et al. 2013; Basnet et al. 2014). The second and fourth subpopulations included half 

of the panel and were dominated by derivatives of synthetic hexaploid wheats (SHW). 

Subpopulation III comprised derivatives of Kachu, Kukuna, Chonte, Pastor, Danphe and T. 

spelta. These parental sources 
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Table 6.6 List of rust resistance and biofortified lines for stripe (YR), leaf (LR) and stem (SR) rust resistance on 1-9 disease scale and corresponding favourable 

 alleles  

ID  YR LR  SR  #CID SID GID Cross Fe 

(mg/kg) 

Zn 

(mg/kg) 

Yield 

(t/ha) 

Protein 

(%) 

Favourable alleles (33 MTAs 

for Rust + 31 MTAs for grain 

Zn and Fe + known genes) 

7 1.7 4.5 2.5 533510 73 6356390 REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 

(213)//PGO/4/HUITES/5/T.SPELTA 

PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 
(213)//PGO/4/HUITES/7/QUAIU 

40.25 38.75 6.11 13.8 9+15+Lr46+Sr38 

25 3 3 2 521101 139 6354150 NAC/TH.AC//3*PVN/3/MIRLO/BUC/4/2*PASTOR/5/T.DICOCCON 

PI94624/AE.SQUARROSA 
(409)//BCN/6/WBLL4//BABAX.1B.1B*2/PRL/3/PASTOR 

37.25 30.75 5.83 13.3 3+17+Lr46+Lr23 

35 2.1 3.5 2 522517 110 6354806 GARZA/BOY//AE.SQUARROSA (467)/3/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 
PI94625/AE.SQUARROSA (372)//3*PASTOR 

36.25 32.5 5.68 13.5 8+11+Lr46 

36 2.1 2.5 2 522517 112 6354808 GARZA/BOY//AE.SQUARROSA (467)/3/T.DICOCCON 
PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

39.25 36.5 5.23 14.2 8+10+Lr46 

45 2.8 3 2.5 533511 194 6356407 REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 
(213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 

(213)//PGO/4/HUITES/7/MUTUS 

46 39 5.11 15.8 9+16+Lr46+Sr31+Sr38+Sr24 

56 3.3 4 2 521104 235 6354171 REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 

(213)//PGO/4/HUITES/5/T.SPELTA 

PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 
(213)//PGO/4/HUITES 

47.5 46.5 4.11 16.0 10+6+Lr46+Sr31+Sr22 

58 2 4.5 2 521105 331 6354171 REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 

(213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 
(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA 

(213)//PGO/4/HUITES 

43 34 5.24 14.3 8+5+Lr34+Lr46+Yr34+Sr31 

62 2.3 2.5 2 522490 52 6354364 GTO95.1.20/HUW468/5/SITE/MO/4/NAC/TH.AC//3*PVN/3/MIRLO/BUC 40.75 40.25 5.21 14.0 12+5+Lr34+Lr46+Lr23+Yr34 
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73 2.5 2.5 2 522522 253 6354828 CROC_1/AE.SQUARROSA (444)/3/T.DICOCCON 
PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

39.25 32.75 4.55 15.6 8+3+Lr46+Lr23 

215* 2.9 5 2 537254 302 6575370 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 38.25 33 5.50 14.4 6+4+Lr46+Sr38 

236 2.3 2.5 2.5 537267 115 6575426 COAH90.26.31/4/3*BL2064//SW89-5124*2/FASAN/3/TILHI 38.75 33.5 4.92 13.5 5+14+Lr46+Yr34 

242 3.2 3 2.5 533466 83 6575441 COAH90.26.31/4/2*BL2064//SW89-5124*2/FASAN/3/TILHI 43 44.25 5.37 14.8 7+15+Lr34+Lr46+Yr34 

265 2.2 3 2.5 537144 111 6575508 VILLA JUAREZ F2009/3/T.DICOCCON PI94625/AE.SQUARROSA 
(372)//3*PASTOR/4/WBLL1*2/BRAMBLING 

37.25 31.5 5.86 13.4 4+6+Lr46+Lr23 

271* 3.4 5 2 537254 339 6575529 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 40.25 42.25 6.45 14.0 10+7+Lr46+Sr38+Sr22 

286^ 3.3 3.5 2.8 546234 54 6575660 KACHU/SOLALA 38.25 32 5.97 13.5 7+5+Lr46+Sr38+Lr23 

#CID:  Cross identifier; SID: Selection identifier; GID: Genotype identifier. *Released as wheat varieties HPBW01, WB2 (India) and ^BARI Gom33 (Bangladesh). 
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have been reported for enhanced rust resistance and grain minerals (Kosgey et al. 2015; Velu 

et al. 2018). This panel has 20 T. spelta derivatives that have not been explored for rust 

resistance. 

Confounding phenotypic variation attributable to population structure and genetic 

relatedness can increase the probability of false negatives (Atwell et al. 2010). MLM approach 

is widely accepted in the majority of GWAS (Yang et al. 2014a). Population structure and total 

genetic effects of individuals were fitted as covariates in the MLM approach to minimise false 

positives (Yu et al. 2006). MTAs identified for rust resistance and grain mineral accumulation 

in this study were compared with previously published literature to confirm their uniqueness 

(McIntosh et al. 1995; Yu et al. 2014; Kapfuchira 2015; Maccaferri et al. 2015; Gao et al. 2016; 

Turner et al. 2017; Wang and Chen 2017; Alomari et al. 2018; Bhatta et al. 2018; Kumar et al. 

2018; Pinto da Silva et al. 2018; Velu et al. 2018; Cu et al. 2020). 

Previous studies postulated presence of Yr3, Yr4, Yr6, Yr9/Lr26/Sr31, Yr17/Lr37/Sr38, 

Yr27, Yr34, Lr1, Lr3a, Lr10, Lr13, Lr16, Lr23, Sr8a, Sr8b, Sr12, Sr24/Lr24 and Sr30 in 

CIMMYT wheat germplasms (Singh 1993; Dadkhodaie et al. 2012; Chemayek 2016; Saffdar 

2019). Findings of these phenotypic assays and gene-linked markers were used in validation 

of identified MTAs representing field rust resistance. The outcome of the GWAS and physical 

position of linked markers (IWGSC RefSeq v 1.0; Appels et al. 2018) were used to align 

significant MTAs and underlying genes/QTL using Pretzel, a physical map viewing software 

(https://plantinformatics.io; Keeble-Gagnère et al. 2019) and Wheat@URGI portal (Alaux et 

al. 2018). 

Measurement of mineral content, especially micronutrients is a highly sensitive 

process. This investigation provided initial information and assessment of contrasting 
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genotypes for each mineral under different geographical conditions, but more replications will 

be required to select high yielding genotypes with high mineral loading across diverse 

environments. The use of rust resistant and high mineral loading genotypes in this study will 

be useful in tackling malnutrition issues in developing nations. 

Three new QTL for stripe rust resistance were observed on chromosome arms 4AS, 

5AS and 7DL. The short arm of chromosome arm 4A does not harbour any reported genes/QTL 

while Yr51 and Yr60 were reported on chromosome 4AL (Maccaferri et al. 2015; McIntosh et 

al. 2017; Wang and Chen 2017). QTL IWB57629 (4A-58.38 cM) was mapped at 509.1 Mb on 

chromosome 4A while Yr51 (715.5-744.3 Mb; Randhawa et al. 2014) and Yr60 (739.5Mb; 

Herrera-Foessel et al. 2015) were mapped beyond 715 Mb. Therefore, IWB57629 was 

considered a new locus. The short arm of chromosome 5A carries only one QTL QYr.cau-

5AS_AQ24788-53 (325.9 Mb; Quan et al. 2013). QTL IWA6227 was located at 10.3Mb (5A) 

and represents a new locus. Chromosome 7DL carried known gene Yr33 (450.5 Mb; Zahravi 

et al. 2003; Gebrewahid et al. 2020) that is ineffective in field due to prevalence of Yr33-

virulent Pst pathotype 239 E237A-Yr17+Yr33+. Therefore, IWB15318 (7DL-596.9 Mb) was 

considered a new QTL (Table 6.4). All nine QTL for leaf rust resistance were previously 

reported. 

Two new QTL for stem rust resistance were detected. The 2DL-QTL associated with 

marker IWB13993 (600.9 Mb) was considered new as no other gene/QTL was previously 

reported on this arm. Sr2, Sr12 (500.5 Mb; Hiebert et al. 2016) and other unnamed QTL were 

reported on chromosome 3B (Rouse et al. 2014 and Yu et al. 2014). However, these were 

mapped on the short arm or near the centromere on chromosome 3B. A new MTA involving 

IWA149 (818.1 Mb) was detected and placed at the telomeric position of chromosome 3BL. 

To confirm the uniqueness of potential new rust resistance genes, allelism test and additional 
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marker surveys of underlying QTL/genes are needed. Utilization of diverse sources of the 

disease resistance in wheat breeding program will enhance the durability of these genes. 

Sixteen QTL on chromosomes 1B, 2A, 3A, 3B, 3D, 4A, 5B, 5D, 7A and 7B for B 

concentration were detected (Table 6.5). None of the previous studies focussed on identifying 

QTL for B content in wheat. Therefore, all QTL were considered new. Five QTL for Ca 

accumulation were found on chromosomes 1B, 3B and 6A that coincide well with two previous 

studies by Kapfuchira (2015) and Bhatta et al. (2018). Five new QTL on chromosomes 6D, 

7A, 7B and 7D were identified for Ca accumulation. Four detected QTL on chromosomes 3A, 

4B, 6A and 6B for Cu content was aligned well with findings of Bhatta et al. (2018). Four new 

QTL for Cu accumulation were detected on chromosome 1D, 2B, 3D and 7A. Seven Fe-QTL 

on chromosomes 1A, 1B, 2B, 2A, 3A and 3B were previously reported. Nine new genomic 

regions on chromosomes 1B (2), 2B (2), 3A, 3D, 5A, 7A and 7B were detected for Fe content. 

The new MTAs associated with IWA6610 (1B-109.7 Mb) and reported QTL IWB7923 (1B-

38.9 Mb) and IWA3151 (2A-108.46 cM) had major effects on Fe accumulation. Cu et al. (2020) 

reported that Fe-QTL IWA3151-2A can accumulate Zn, and IWB4872-3B can favour 

accumulation of Cu and Mn. Two QTL on chromosomes 1A (IWB27962) and 6A (IWB23484) 

for K accumulation represented already known QTL (Kapfuchira 2015). Additional seven QTL 

for K accumulation were observed on chromosomes 1A, 1B, 2A, 2D, 4A and 5B, and 

considered new. One of them associated with IWB41295 (2D-146.3 Mb) had a major effect on 

the accumulation of K. 

Three QTL on chromosome 1B and 4A for Mg concentration were reported QTL by 

Kapfuchira (2015) and (Bhatta et al. 2018). Seven additional QTL on chromosomes 1A, 2B, 

6A and 7A including major effect MTAs IWB62537 (1A-113.19 cM) and IWA8135 (1A-133.15 

cM) were considered new. Beside Mg accumulation, the MTA involving IWB62537 also 
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enhanced loading of Mn and P concentration, and IWA8135 governed Zn, Mn and P loading in 

wheat grain. Cu et al. (2020) also reported that QTL spanning the 113.2-113.8 cM region on 

chromosome 1A that governed Mn, Zn and Fe accumulation in wheat grain. 

Three QTL on chromosome 1A, 1B and 6D for Mn content represented known QTL 

(Kapfuchira 2015; Cu et al. 2020). The remaining six QTL for Mn content was placed on 

chromosomes 1A, 1B, 3A, 3D and 7B and considered new. Sr24/Lr24 linked marker Sr24#12 

was associated with Mn accumulation in one environment only. Four QTL on chromosomes 

1B, 2A, 3B and 5B for P accumulation were found to be known QTL (Kapfuchira 2015; Cu et 

al. 2020). Ten new QTL for P accumulation were found on chromosomes 1A, 2D, 3D, 4A, 6A, 

6D and 7A. Three QTL for S concentration on chromosome 1B and 5B represented 

Sr31/Lr26/Yr9 and known QTL (Kapfuchira 2015; Table 6.5). Seven new QTL for S 

concentration were detected on chromosomes 1A, 2B, 5B and 7A. One QTL linked with marker 

IWB46598 expressed consistent and major effect for S content. Nine QTL on chromosomes 

1A, 1B, 2A, 3B, 4A, 5A, 5B and 7B for Zn concentration represented known QTL/MTAs 

(Kapfuchira 2015; Alomari et al. 2018; Bhatta et al. 2018; Kumar et al. 2018; Cu et al. 2020; 

Table 6.5). Six new QTL for Zn concentration were found on chromosomes 1A, 1B, 5D, 6A 

and 7A (Table 6). Of these, markers IWA8135 (1A-553.1Mb), IWB8918 (1A-585.8 Mb), 

IWB35116 (1B-60.6 cM), IWB64607 (3B-772.4 Mb), IWA2365 (5A-547.6 Mb) and IWA5704 

(6A-602.7 Mb) had major effects in Zn accumulation. 

Genotypes carrying rust resistance genes Yr15 and Lr34/Yr18/Sr57 had a major effect 

on Zn accumulation, and this is likely the first report of this dual effect. Sr31/Lr26/Yr9 (1B:1R) 

linked marker iag95 expressed a major effect for the accumulation of all ten minerals. Velu et 

al. (2019) reported association between the 1B:1R segment and higher Zn concentration. 

Enhanced Cu and Fe accumulation was found in lines carrying Yr17/Lr37/Sr38. This study 
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demonstrated the importance of 1B:1R and the 2NS translocations for enhanced mineral 

accumulation. There is unlikely to be linkage drag associated with these rust resistance genes 

as they have been used widely in wheat breeding (Bariana et al. 2007b). Two sister lines of this 

panel namely, T. dicoccon CI9309/Ae. squarrosa (409) //Mutus/3/2*Mutus (Line number 215 

and 271; GID 6575370 and 6575529) and another line Kachu/Solala (Line number 286; GID: 

6575660) are rust resistant, high yielding (≥5.5 t/ha), medium plant height (85.5-93 cm), 

medium bold seed type (average 1000-seed weight: ~44.2 gm), rich in micronutrients and 

protein content. These lines have been released as wheat varieties in India (Line number 215 

and 271 as varieties HPBW01 and WB2, respectively; Gupta et al. 2017) and Bangladesh (Line 

number 286 as variety BARI Gom33) (Khondoker et al. 2019; Table 6.6). These cultivars 

carried the 2NS segment and demonstrated high yield potential. This is a confirmation of the 

positive association between 2NS and yield as well as multiple disease resistance and higher 

accumulation of Cu and Fe. 

In summary, 33 significant QTL for rust resistance and 117 QTL for ten grain mineral 

accumulation were identified in this panel. Of the 33 rust resistance QTL, six QTL linked 

markers namely IWB57629 (Yr), IWA6227 (Yr), IWB15318 (Yr), IWB35521 (Lr), IWB13993 

(Sr) and IWA149 (Sr) located on chromosomes 2D, 3B, 4A, 5A and 7D were considered new. 

Of the 117 MTAs linked to grain mineral concentration, 41 were previously reported and 76 

are new. These new QTL valuable sources of rust resistance and mineral accumulation. 

Deployment of these QTL in future wheat varieties will provide rust resistance and 

biofortification of minerals. Fifteen elite donors carrying rust resistance, higher micronutrient 

concentrations and grain protein content were identified in this study for use in wheat 

improvement programs.  
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Chapter 7 

Conclusions 

The worldwide avoidance of yield losses due to rust diseases through resistance breeding is an 

important endeavour to sustain global food supply. It can also restrict fungicide application to 

combat environmental pollution. Selection of higher mineral content in future wheat cultivars 

is also important to alleviate malnutrition in developing nations. Wheat breeding programs rely 

on genetically diverse sources for economic traits such as disease resistance and end-use 

quality. The present investigation included high-resolution mapping of Lr49, characterisation 

of two bi-parental RIL populations for stripe rust resistance and association mapping targeting 

triple rust resistance and grain mineral concentration. This study identified diverse sources of 

rust resistance and higher micronutrient accumulating marker-trait associations for use in 

breeding programs. 

The development non-gel based kompetitive allele specific PCR markers sunKASP_21 

(0.4 cM proximal) and sunKASP_24 (0.6 cM distal) linked with Lr49 will enable pyramiding 

of this gene with other marker tagged sources of rust resistance. Fine mapping of rust resistance 

gene Sr45 (Periyannan et al. 2014), Sr56 (Bansal et al. 2014b), Yr47 and Lr52 (Qureshi et al. 

2017) and Yr34 (Qureshi et al. 2018) using currently available genomic resources including 9K 

and 90K SNP arrays, sequencing of flow sorted chromosome and genome sequence of Chinese 

Spring has been performed and closely linked markers were developed. Similarly, Bansal et al. 

(2020) fine mapped rust resistance genes Yr70 and Lr76 through sequencing of flow sorted 

chromosome 5D. Deployment of these genes in future wheat cultivars in different combinations 

through marker-assisted selection will facilitate release of tripe rust resistant cultivars. 
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To provide breeders with genetically diverse sources of rust resistance; a putatively new 

ASR gene, YrVL, was mapped on the long arm of chromosome 2B in 769.1-779.3 Mb region 

of the physical map of Chinese Spring (IWGSC RefSeq v1.0).  In addition to the discovery of 

this ASR in VL404, two new adult plant resistance loci QYr.sun-5AL and QYr.sun-6DS were 

also identified in a Tunisian landrace Aus26670. Of the total 83 catalogued stripe rust resistance 

genes, 37 have been designated in the last decade. This strong discovery record highlights the 

advancements in genomic resources and their implementation in research programs. 

Rosewarne et al. (2013) and Maccaferri et al. (2015) compiled QTL analysis results from 

various studies. Many QTL have been identified in more than one study indicating the presence 

of those loci at a higher frequency. The named APR loci Yr18 and Yr29 represented this class. 

A bi-parental mapping population segregating for a single new QTL can be used for detailed 

mapping. Bariana et al. (2016) isolated one of the QTL identified on chromosome 3D of 

Australian cultivar Sunco and reported markers linked closely with this locus. This locus was 

formally named Yr71. The transfer of genetically diverse sources of resistance into well 

adapted modern wheat backgrounds is important for achieving durable control. For example, 

stripe rust resistance genes Yr51 and Yr57 were transferred into stripe rust susceptible 

Australian and Indian cultivars under the Indo-Australian collaboration and material was 

distributed to wheat breeders (Randhawa et al. 2019). 

While disease resistance is an important objective in wheat improvement programs 

worldwide, breeding for nutritional quality has also attracted attention in the last couple of 

decades. Genome-wide association study of a HarvestPlus Association Mapping panel 

identified three new QTL for stripe rust (IWB57629-4A, IWA6227-5A, IWB15318-7D), one for 

leaf rust (IWB35521-4A), two for stem rust resistance (IWB13993-2D, IWA149-3B) and 76 for 

accumulation of 10 minerals. Accessions carrying 1B:1R translocation displayed higher 

accumulation of all the minerals. The 2NS segment from Aegilops ventricosa showed higher 
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accumulation of Cu and Fe compared to non-2NS lines. In addition to these alien 

translocations, some association for mineral accumulation were observed in the spelt and 

common wheat accessions. Enhanced Zn accumulation was observed in accessions carrying 

Yr15 and Yr18. A new pleiotropic locus accumulating Zn, Mg, Mn and P was identified on 

chromosome 1AL. Fifteen biofortified accessions expressing acceptable levels of rust 

resistance under field conditions were selected as donor sources. Various studies have 

identified genomic regions that control mineral accumulation in wheat grain using bi-parental 

populations or limited number of entries. These include QTL for Mn and P content (Kapfuchira 

2015; Cu et al. 2020), Zn content (Kapfuchira 2015; Alomari et al. 2018; Bhatta et al. 2018; 

Kumar et al. 2018; Cu et al. 2020), Mg content (Kapfuchira 2015; Bhatta et al. 2018), K content 

(Kapfuchira 2015) and Cu content (Bhatta et al. 2018). A careful comparison of results across 

different studies is essential to identify genotypes accumulating the target mineral in diverse 

geographical regions. 

Overall, this investigation delivered selection technology (markers closely linked with 

adult plant leaf rust resistance gene Lr49), new sources of rust (YrVL, QYr.sun-5AL and 

QYr.sun-6DS) and genotypes carrying combination of higher mineral content with triple rust 

resistance. The results of this study will enable breeders to release rust resistant and better 

nutritional quality wheat cultivars. 

 

Future directions 

The continuation of research on aspects studied in this project will enable: 

1. Cloning of Lr49 and development of a perfect marker. 

2. High resolution mapping of YrVL. 

3. Detailed mapping of QYr.sun-5AL and QYr.sun-6DS.  
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4. Incorporation of reported QTL/genomic loci in genomic selection of elite wheat lines. 

5. Development of donors carrying new loci for higher accumulation of micronutrients. 
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Appendix III List of genotypes of HarvestPlus AM panel (HPAMP) and their pedigree  

Line 

number 
#GID CID SID Cross 

1 6356229 533487 164 PICUS/3/KAUZ*2/BOW//KAUZ/4/KKTS/5/T.SPELTA PI348530/6/2*FRANCOLIN #1 

2 6356239 533487 174 PICUS/3/KAUZ*2/BOW//KAUZ/4/KKTS/5/T.SPELTA PI348530/6/2*FRANCOLIN #1 

3 6356248 533487 183 PICUS/3/KAUZ*2/BOW//KAUZ/4/KKTS/5/T.SPELTA PI348530/6/2*FRANCOLIN #1 

4 6356378 533508 53 OASIS/SKAUZ//4*BCN/3/2*PASTOR/4/T.SPELTA PI348449/5/BACEU #1/6/WBLL1*2/CHAPIO 

5 6356380 533508 55 OASIS/SKAUZ//4*BCN/3/2*PASTOR/4/T.SPELTA PI348449/5/BACEU #1/6/WBLL1*2/CHAPIO 

6 6356384 533508 59 OASIS/SKAUZ//4*BCN/3/2*PASTOR/4/T.SPELTA PI348449/5/BACEU #1/6/WBLL1*2/CHAPIO 

7 6356390 533510 73 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.SPELTA 

PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/QUAIU 

8 6356391 533510 74 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.SPELTA 

PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/QUAIU 

9 6356427 533511 214 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/MUTUS 

10 6356431 533511 218 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/MUTUS 

11 6356432 533511 219 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/MUTUS 

12 6356440 533511 227 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/MUTUS 

13 6356465 533512 185 KACHU #1/T.SPELTA PI348764//2*KACHU 

14 6356486 533513 230 KACHU #1/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/2*KACHU 

15 6356488 533513 232 KACHU #1/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/2*KACHU 

16 6356550 533519 43 INQALAB 91*2/TUKURU//T.SPELTA PI348599/3/2*INQALAB 91*2/KUKUNA 

17 6356552 533519 45 INQALAB 91*2/TUKURU//T.SPELTA PI348599/3/2*INQALAB 91*2/KUKUNA 

18 6353851 521088 98 FRET2/TUKURU//FRET2*2/3/T.SPELTA PI348530 

19 6353852 521088 99 FRET2/TUKURU//FRET2*2/3/T.SPELTA PI348530 

20 6353862 521091 217 FRET2/WBLL1//TACUPETO F2001*2/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN……………………..continue 

#GID: Genotype identifier; CID: Cross identifier; SID: Selection identifier 
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21 6353863 521091 218 FRET2/WBLL1//TACUPETO F2001*2/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN 

22 6354109 521095 109 WBLL1*2/TUKURU/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/WBLL1*2/TUKURU 

23 6354131 521101 120 
NAC/TH.AC//3*PVN/3/MIRLO/BUC/4/2*PASTOR/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/WBLL4//BABAX.1B.1B*2/PRL/3/PASTOR 

24 6354138 521101 127 
NAC/TH.AC//3*PVN/3/MIRLO/BUC/4/2*PASTOR/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/WBLL4//BABAX.1B.1B*2/PRL/3/PASTOR 

25 6354150 521101 139 
NAC/TH.AC//3*PVN/3/MIRLO/BUC/4/2*PASTOR/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/WBLL4//BABAX.1B.1B*2/PRL/3/PASTOR 

26 6354283 521112 576 BL 1724*2/3/T.DICOCCON PI272533/AE.SQUARROSA (458)//CMH81A.1261/VEE#10 

27 6354312 521112 605 BL 1724*2/3/T.DICOCCON PI272533/AE.SQUARROSA (458)//CMH81A.1261/VEE#10 

28 6354328 521112 621 BL 1724*2/3/T.DICOCCON PI272533/AE.SQUARROSA (458)//CMH81A.1261/VEE#10 

29 6354338 521113 121 INQALAB 91*2/TUKURU//T.SPELTA PI348599/3/INQALAB 91*2/KUKUNA 

30 6354373 522492 91 GTO95.1.20/KIRITATI//MUU 

31 6354760 522503 106 CROC_1/AE.SQUARROSA (210)//PBW343*2/KUKUNA/3/PBW343*2/KUKUNA 

32 6354772 522506 114 CROC_1/AE.SQUARROSA (210)//PBW343*2/KHVAKI/3/PBW343*2/KUKUNA 

33 6354773 522506 115 CROC_1/AE.SQUARROSA (210)//PBW343*2/KHVAKI/3/PBW343*2/KUKUNA 

34 6354794 522508 66 68.111/RGB-U//WARD/3/AE.SQUARROSA (321)/4/INQALAB 91*2/KUKUNA/5/PBW343*2/KUKUNA 

35 6354806 522517 110 
GARZA/BOY//AE.SQUARROSA (467)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

36 6354808 522517 112 
GARZA/BOY//AE.SQUARROSA (467)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

37 6354820 522522 245 
CROC_1/AE.SQUARROSA (444)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

38 6354821 522522 246 
CROC_1/AE.SQUARROSA (444)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

39 6354824 522522 249 
CROC_1/AE.SQUARROSA (444)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

40 6356234 533487 169 PICUS/3/KAUZ*2/BOW//KAUZ/4/KKTS/5/T.SPELTA PI348530/6/2*FRANCOLIN #1 

41 6356298 533493 97 BAV92//IRENA/KAUZ/3/HUITES/4/T.SPELTA PI348764/5/2*BAV92//IRENA/KAUZ/3/HUITES 

42 6356339 533503 216 WBLL1*2/VIVITSI/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/WBLL1*2/VIVITSI/5/WBLL1*2/BRAMBLING 

43 6356366 533504 176 PRL/2*PASTOR*3//T.SPELTA PI348530 

44 6356377 533508 52 OASIS/SKAUZ//4*BCN/3/2*PASTOR/4/T.SPELTA PI348449/5/BACEU #1/6/WBLL1*2/CHAPIO…………..continue 
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45 6356407 533511 194 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/MUTUS 

46 6356420 533511 207 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/7/MUTUS 

47 6356478 533513 222 KACHU #1/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/2*KACHU 

48 6356487 533513 231 KACHU #1/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/2*KACHU 

49 6356553 533519 46 INQALAB 91*2/TUKURU//T.SPELTA PI348599/3/2*INQALAB 91*2/KUKUNA 

50 6353841 521088 88 FRET2/TUKURU//FRET2*2/3/T.SPELTA PI348530 

51 6353871 521091 226 FRET2/WBLL1//TACUPETO F2001*2/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN 

52 6353875 521092 63 WBLL1*2/KKTS*2//T.SPELTA PI348449 

53 6353971 521093 112 WBLL1*2/KKTS*2/3/T.DICOCCON PI272533/AE.SQUARROSA (458)//CMH81A.1261/VEE#10 

54 6354118 521096 100 WBLL1*2/VIVITSI//T.SPELTA PI348764/3/WBLL1*2/VIVITSI 

55 6354143 521101 132 
NAC/TH.AC//3*PVN/3/MIRLO/BUC/4/2*PASTOR/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/WBLL4//BABAX.1B.1B*2/PRL/3/PASTOR 

56 6354171 521104 235 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.SPELTA 

PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES 

57 6354173 521104 237 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.SPELTA 

PI348599/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES 

58 6354200 521105 331 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES 

59 6354202 521105 333 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES 

60 6354210 521105 341 
REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES/5/T.DICOCCON PI94624/AE.SQUARROSA 

(409)//BCN/6/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES 

61 6354291 521112 584 BL 1724*2/3/T.DICOCCON PI272533/AE.SQUARROSA (458)//CMH81A.1261/VEE#10 

62 6354364 522490 52 GTO95.1.20/HUW468/5/SITE/MO/4/NAC/TH.AC//3*PVN/3/MIRLO/BUC 

63 6354368 522490 56 GTO95.1.20/HUW468/5/SITE/MO/4/NAC/TH.AC//3*PVN/3/MIRLO/BUC 

64 6354380 522493 54 MICH95.3.1.4/4/ALTAR 84/AEGILOPS SQUARROSA (TAUS)//OCI/3/VEE/MJI//2*TUI/5/SOKOLL …………..continue 
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65 6354383 522493 57 MICH95.3.1.4/4/ALTAR 84/AEGILOPS SQUARROSA (TAUS)//OCI/3/VEE/MJI//2*TUI/5/SOKOLL 

66 6354407 522494 264 DGO95.1.24/TUKURU//MONARCA F2007 

67 6354431 522494 288 DGO95.1.24/TUKURU//MONARCA F2007 

68 6354486 522496 588 MICH95.3.1.4/HUW468/5/SITE/MO/4/NAC/TH.AC//3*PVN/3/MIRLO/BUC 

69 6354506 522496 608 MICH95.3.1.4/HUW468/5/SITE/MO/4/NAC/TH.AC//3*PVN/3/MIRLO/BUC 

70 6354735 522501 346 CROC_1/AE.SQUARROSA (210)//2*PBW343*2/KUKUNA 

71 6354741 522501 352 CROC_1/AE.SQUARROSA (210)//2*PBW343*2/KUKUNA 

72 6354813 522517 117 
GARZA/BOY//AE.SQUARROSA (467)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

73 6354828 522522 253 
CROC_1/AE.SQUARROSA (444)/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/T.DICOCCON 

PI94625/AE.SQUARROSA (372)//3*PASTOR 

74 6354848 522524 81 IWA 8600211//2*PBW343*2/KUKUNA 

75 6354231 521107 299 KACHU #1/3/T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/4/KACHU 

76 6564264 537121 186 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

77 6564268 537121 190 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

78 6564270 537121 192 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

79 6564271 537121 193 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

80 6564274 537123 182 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

81 6564286 537123 194 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

82 6564290 537123 198 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

83 6564293 537123 201 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

84 6564298 537123 206 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

85 6564313 537124 59 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

86 6564321 537124 67 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

87 6564326 537125 103 DANPHE #1*2/SOLALA 

88 6564329 537125 106 DANPHE #1*2/SOLALA 

89 6564332 537125 109 DANPHE #1*2/SOLALA 

90 6564337 537125 114 DANPHE #1*2/SOLALA 

91 6564345 537125 122 DANPHE #1*2/SOLALA 

92 6564347 537125 124 DANPHE #1*2/SOLALA                                                                                                                        …………..continue 
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93 6564351 537126 201 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

94 6564355 537126 205 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

95 6564358 537126 208 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

96 6564371 537131 122 KINDE*2/SOLALA 

97 6564376 537131 127 KINDE*2/SOLALA 

98 6564378 537134 126 CHONTE*2/SOLALA 

99 6564380 537134 128 CHONTE*2/SOLALA 

100 6564387 537137 157 PAURAQ*2/SOLALA 

101 6564395 537137 165 PAURAQ*2/SOLALA 

102 6564397 537137 167 PAURAQ*2/SOLALA 

103 6564404 537137 174 PAURAQ*2/SOLALA 

104 6564410 537137 180 PAURAQ*2/SOLALA 

105 6564419 537139 245 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

106 6564422 537139 248 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

107 6564428 537139 254 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

108 6564435 537141 204 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

109 6564436 537141 205 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

110 6564438 537141 207 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

111 6564440 537142 117 FRNCLN*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

112 6564442 537142 119 FRNCLN*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

113 6564463 537143 127 FRNCLN*2/7/CMH83.1020/HUITES/6/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC 

114 6564468 537143 132 FRNCLN*2/7/CMH83.1020/HUITES/6/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC 

115 6564470 537143 134 FRNCLN*2/7/CMH83.1020/HUITES/6/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC 

116 6564478 537145 95 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING 

117 6564479 537145 96 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING 

118 6564483 537145 100 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING 

119 6564489 537145 106 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING 

120 6564490 537145 107 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING 

121 6564491 537145 108 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING                                        …………..continue 
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122 6564497 537147 95 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//3*PASTOR/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

123 6564498 537147 96 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//3*PASTOR/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

124 6564501 537147 99 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//3*PASTOR/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

125 6564511 537149 114 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

126 6564513 537149 116 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

127 6564514 537149 117 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

128 6564518 537149 121 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

129 6564523 537149 126 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

130 6564528 537149 131 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

131 6564539 537253 156 T.DICOCCON CI9309/AE.SQUARROSA (409)/4/3*CHIBIA//PRLII/CM65531/3/SKAUZ/BAV92 

132 6564541 537253 158 T.DICOCCON CI9309/AE.SQUARROSA (409)/4/3*CHIBIA//PRLII/CM65531/3/SKAUZ/BAV92 

133 6564554 537254 267 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

134 6564555 537254 268 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

135 6564559 537254 272 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

136 6564569 537256 99 T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/3/WAXWING/4/2*FRNCLN 

137 6564570 537256 100 T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/3/WAXWING/4/2*FRNCLN 

138 6564572 537256 102 T.DICOCCON PI94624/AE.SQUARROSA (409)//BCN/3/WAXWING/4/2*FRNCLN 

139 6564577 537257 56 KVZ/PPR47.89C//3*PBW65/2*PASTOR 

140 6564582 537257 61 KVZ/PPR47.89C//3*PBW65/2*PASTOR 

141 6564589 537257 68 KVZ/PPR47.89C//3*PBW65/2*PASTOR 

142 6564590 537257 69 KVZ/PPR47.89C//3*PBW65/2*PASTOR 

143 6564597 537258 89 KVZ/PPR47.89C//TACUPETO F2001*2/BRAMBLING/3/2*TACUPETO F2001*2/BRAMBLING 

144 6564600 537258 92 KVZ/PPR47.89C//TACUPETO F2001*2/BRAMBLING/3/2*TACUPETO F2001*2/BRAMBLING………continue 
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145 6564602 537258 94 KVZ/PPR47.89C//TACUPETO F2001*2/BRAMBLING/3/2*TACUPETO F2001*2/BRAMBLING 

146 6564610 537259 95 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

147 6564611 537259 96 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

148 6564618 537259 103 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

149 6564620 537259 105 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

150 6564622 537259 107 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

151 6564625 537262 37 HGO94.7.1.12/3/KIRITATI//PRL/2*PASTOR/4/KIRITATI//2*PRL/2*PASTOR/5/PRL/2*PASTOR 

152 6564626 537262 38 HGO94.7.1.12/3/KIRITATI//PRL/2*PASTOR/4/KIRITATI//2*PRL/2*PASTOR/5/PRL/2*PASTOR 

153 6564629 537262 41 HGO94.7.1.12/3/KIRITATI//PRL/2*PASTOR/4/KIRITATI//2*PRL/2*PASTOR/5/PRL/2*PASTOR 

154 6564631 537262 43 HGO94.7.1.12/3/KIRITATI//PRL/2*PASTOR/4/KIRITATI//2*PRL/2*PASTOR/5/PRL/2*PASTOR 

155 6564633 537266 74 CHIH95.2.6//WBLL1*2/KURUKU/3/WBLL1*2/KKTS/4/ND643/2*WBLL1 

156 6564634 537266 75 CHIH95.2.6//WBLL1*2/KURUKU/3/WBLL1*2/KKTS/4/ND643/2*WBLL1 

157 6564637 533453 65 T.DICOCCON CI9309/AE.SQUARROSA (409)//2*PANDORA 

158 6564638 533453 66 T.DICOCCON CI9309/AE.SQUARROSA (409)//2*PANDORA 

159 6564639 533455 22 KVZ/PPR47.89C//2*PBW65/2*PASTOR 

160 6564646 533460 32 HGO94.7.1.12/2*QUAIU #1 

161 6564647 533460 33 HGO94.7.1.12/2*QUAIU #1 

162 6564653 533462 18 HGO94.7.1.12//WBLL1*2/KUKUNA/3/WBLL1*2/KURUKU 

163 6564655 533462 20 HGO94.7.1.12//WBLL1*2/KUKUNA/3/WBLL1*2/KURUKU 

164 6564658 533462 23 HGO94.7.1.12//WBLL1*2/KUKUNA/3/WBLL1*2/KURUKU 

165 6564661 533467 55 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

166 6564662 533467 56 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

167 6564664 533467 58 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

168 6564666 533467 60 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

169 6575207 537121 224 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

170 6575208 537121 225 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

171 6575210 537121 227 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU 

172 6575214 537122 58 QUAIU #1/SOLALA//QUAIU #2 

173 6575215 537122 59 QUAIU #1/SOLALA//QUAIU #2 

174 6575216 537122 60 QUAIU #1/SOLALA//QUAIU #2                                       …………………………….. …………..continue 
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175 6575220 537122 64 QUAIU #1/SOLALA//QUAIU #2 

176 6575224 537123 260 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

177 6575225 537123 261 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

178 6575226 537123 262 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

179 6575228 537123 264 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

180 6575229 537123 265 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

181 6575231 537123 267 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

182 6575233 537123 269 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

183 6575234 537123 270 QUAIU #1/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/QUAIU #2 

184 6575241 537126 244 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

185 6575242 537126 245 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

186 6575246 537126 249 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

187 6575261 537126 264 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

188 6575266 537126 269 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

189 6575273 537126 276 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

190 6575274 537126 277 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

191 6575275 537126 278 DANPHE #1*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

192 6575276 537130 219 KINDE*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

193 6575280 537130 223 KINDE*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

194 6575283 537130 226 KINDE*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

195 6575292 537135 165 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

196 6575294 537135 167 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

197 6575295 537135 168 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

198 6575296 537135 169 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

199 6575297 537135 170 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

200 6575301 537135 174 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

201 6575311 537135 184 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

202 6575321 537135 194 CHONTE*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

203 6575326 537137 218 PAURAQ*2/SOLALA 

204 6575327 537137 219 PAURAQ*2/SOLALA                             …………….. …………………………….. …………..continue 
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205 6575328 537137 220 PAURAQ*2/SOLALA 

206 6575331 537137 223 PAURAQ*2/SOLALA 

207 6575332 537137 224 PAURAQ*2/SOLALA 

208 6575336 537139 272 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

209 6575350 537141 224 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

210 6575354 537141 228 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

211 6575358 537141 232 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

212 6575363 537141 237 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

213 6575365 537146 48 VILLA JUAREZ F2009/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/WBLL1*2/BRAMBLING 

214 6575367 537146 50 VILLA JUAREZ F2009/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/WBLL1*2/BRAMBLING 

215 6575370 537254 302 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

216 6575376 537254 308 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

217 6575377 537254 309 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

218 6575378 537254 310 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

219 6575379 537254 311 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

220 6575380 537254 312 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

221 6575381 537254 313 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

222 6575383 537254 315 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

223 6575384 537254 316 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

224 6575393 537254 325 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

225 6575395 537258 112 KVZ/PPR47.89C//TACUPETO F2001*2/BRAMBLING/3/2*TACUPETO F2001*2/BRAMBLING 

226 6575396 537258 113 KVZ/PPR47.89C//TACUPETO F2001*2/BRAMBLING/3/2*TACUPETO F2001*2/BRAMBLING 

227 6575398 537259 127 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

228 6575403 537259 132 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

229 6575406 537259 135 KVZ/PPR47.89C//FRANCOLIN #1/3/2*PAURAQ 

230 6575408 537261 27 HGO94.7.1.12/2*QUAIU #1//QUAIU #2 

231 6575409 537261 28 HGO94.7.1.12/2*QUAIU #1//QUAIU #2 

232 6575411 537261 30 HGO94.7.1.12/2*QUAIU #1//QUAIU #2      …………….. ……………………………………….. …………..continue 
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233 6575417 537264 127 CHIH95.2.6/5/BABAX/LR42//BABAX*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/6/2*BABAX/LR42//BABAX*2/3/TUKURU 

234 6575420 537264 130 CHIH95.2.6/5/BABAX/LR42//BABAX*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/6/2*BABAX/LR42//BABAX*2/3/TUKURU 

235 6575421 537264 131 CHIH95.2.6/5/BABAX/LR42//BABAX*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/6/2*BABAX/LR42//BABAX*2/3/TUKURU 

236 6575426 537267 115 COAH90.26.31/4/3*BL2064//SW89-5124*2/FASAN/3/TILHI 

237 6575427 537267 116 COAH90.26.31/4/3*BL2064//SW89-5124*2/FASAN/3/TILHI 

238 6575428 537267 117 COAH90.26.31/4/3*BL2064//SW89-5124*2/FASAN/3/TILHI 

239 6575430 537267 119 COAH90.26.31/4/3*BL2064//SW89-5124*2/FASAN/3/TILHI 

240 6575435 533460 50 HGO94.7.1.12/2*QUAIU #1 

241 6575437 533466 79 COAH90.26.31/4/2*BL2064//SW89-5124*2/FASAN/3/TILHI 

242 6575441 533466 83 COAH90.26.31/4/2*BL2064//SW89-5124*2/FASAN/3/TILHI 

243 6575442 533466 84 COAH90.26.31/4/2*BL2064//SW89-5124*2/FASAN/3/TILHI 

244 6575444 533466 86 COAH90.26.31/4/2*BL2064//SW89-5124*2/FASAN/3/TILHI 

245 6575446 533466 88 COAH90.26.31/4/2*BL2064//SW89-5124*2/FASAN/3/TILHI 

246 6575451 533467 75 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

247 6575453 533467 77 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

248 6575454 533467 78 COAH90.26.31//KIRITATI/WBLL1/3/KIRITATI/2*WBLL1 

249 6575457 537253 176 T.DICOCCON CI9309/AE.SQUARROSA (409)/4/3*CHIBIA//PRLII/CM65531/3/SKAUZ/BAV92 

250 6575458 537254 327 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

251 6575460 537122 66 QUAIU #1/SOLALA//QUAIU #2 

252 6575462 537125 153 DANPHE #1*2/SOLALA 

253 6575463 537125 154 DANPHE #1*2/SOLALA 

254 6575471 537125 162 DANPHE #1*2/SOLALA 

255 6575480 537137 225 PAURAQ*2/SOLALA 

256 6575484 537138 181 PAURAQ*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

257 6575486 537138 183 PAURAQ*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//SHA4/CHIL 

258 6575489 537139 280 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR 

259 6575490 537139 281 WAXWING*2/TUKURU*2/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR …………..continue 
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260 6575494 537142 126 FRNCLN*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

261 6575502 537142 134 FRNCLN*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

262 6575503 537142 135 FRNCLN*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

263 6575505 537142 137 FRNCLN*2/4/T.DICOCCON PI94625/AE.SQUARROSA (372)//TUI/CLMS/3/2*PASTOR 

264 6575507 537144 110 VILLA JUAREZ F2009/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/WBLL1*2/BRAMBLING 

265 6575508 537144 111 VILLA JUAREZ F2009/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/WBLL1*2/BRAMBLING 

266 6575510 537145 130 VILLA JUAREZ F2009/SOLALA//WBLL1*2/BRAMBLING 

267 6575513 537147 123 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//3*PASTOR/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

268 6575514 537149 171 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

269 6575518 537149 175 
WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1/4/T.DICOCCON PI94625/AE.SQUARROSA 

(372)//SHA4/CHIL/5/WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 

270 6575522 537254 332 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

271 6575529 537254 339 T.DICOCCON CI9309/AE.SQUARROSA (409)//MUTUS/3/2*MUTUS 

272 6575531 537267 120 COAH90.26.31/4/3*BL2064//SW89-5124*2/FASAN/3/TILHI 

273 6575533 537260 60 CROC_1/AE.SQUARROSA (210)//WBLL1*2/BRAMBLING/3/2*VILLA JUAREZ F2009 

274 6575536 537260 63 CROC_1/AE.SQUARROSA (210)//WBLL1*2/BRAMBLING/3/2*VILLA JUAREZ F2009 

275 6575538 537260 65 CROC_1/AE.SQUARROSA (210)//WBLL1*2/BRAMBLING/3/2*VILLA JUAREZ F2009 

276 6575540 537260 67 CROC_1/AE.SQUARROSA (210)//WBLL1*2/BRAMBLING/3/2*VILLA JUAREZ F2009 

277 6575736 546257 79 KINDE/4/CMH75A.66//H567.71/5*PVN/3/SERI 

278 6575553 537264 137 CHIH95.2.6/5/BABAX/LR42//BABAX*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/6/2*BABAX/LR42//BABAX*2/3/TUKURU 

279 6575554 537264 138 CHIH95.2.6/5/BABAX/LR42//BABAX*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/6/2*BABAX/LR42//BABAX*2/3/TUKURU 

280 6575555 533451 58 T.DICOCCON CI9309/AE.SQUARROSA (409)/4/2*CHIBIA//PRLII/CM65531/3/SKAUZ/BAV92 

281 6575558 533451 61 T.DICOCCON CI9309/AE.SQUARROSA (409)/4/2*CHIBIA//PRLII/CM65531/3/SKAUZ/BAV92 

282 6575560 533457 21 KVZ/PPR47.89C//FRANCOLIN #1/3/PAURAQ 

283 6575562 533457 23 KVZ/PPR47.89C//FRANCOLIN #1/3/PAURAQ 

284 6575563 533457 24 KVZ/PPR47.89C//FRANCOLIN #1/3/PAURAQ      …………….. …………………………….. …………..continue 
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285 6575565 537144 113 VILLA JUAREZ F2009/3/T.DICOCCON PI94625/AE.SQUARROSA (372)//3*PASTOR/4/WBLL1*2/BRAMBLING 

286 6575660 546234 54 KACHU/SOLALA 

287 6575681 546248 40 KIRITATI/4/2*SERI.1B*2/3/KAUZ*2/BOW//KAUZ/5/CMH81.530 

288 6575708 546253 41 WHEAR/KIRITATI/3/C80.1/3*BATAVIA//2*WBLL1/4/CMH75A.66/SERI 

289 6575715 546253 48 WHEAR/KIRITATI/3/C80.1/3*BATAVIA//2*WBLL1/4/CMH75A.66/SERI 

290 6575720 546254 30 HUW234+LR34/PRINIA//PFAU/WEAVER/3/CMH83.30 

291 6575725 546257 68 KINDE/4/CMH75A.66//H567.71/5*PVN/3/SERI 

292 2430154 8890 1549 PBW343 

293 2673706 313209 45 WAXWING 

#GID: Genotype identifier; CID: Cross identifier; SID: Selection identifier 
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Appendix IV Representation of decay of linkage disequilibrium over distance. Each dot shows a pair of distances between two markers and 

their squared correlation coefficient (r2). The red line indicates the moving average of the 10 adjacent markers.   
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Appendix V Manhattan plots depicts significant SNPs detected against mixture of stripe rust (YR) pathotypes in field environments. 

Chromosome name on x-axis and the -log10 (p-value) on the y-axis have been plotted.  Site (Horse research unit- HRU and Lansdowne 

research unit-LDN) is suffixed with the rust type and year e.g. HRU-YR2018.      Continue. 
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                 Continue. 

P-values by Chromosomes for LDN-YR2018 
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P-values by Chromosomes for HRU-YR2019

 

             Continue.  
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P-values by Chromosomes for LDN-YR2019  
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P-values by Chromosomes for HRU-LR2018 

Appendix VI Manhattan plots depicts significant SNPs detected against mixture of leaf rust (LR) pathotypes in field environments. 

Chromosome name on x-axis and the -log10 (p-value) on the y-axis have been plotted.  Site (Horse research unit- HRU and Lansdowne 

research unit-LDN) is suffixed with the rust type and year e.g. HRU-LR2018.                                                                          Continue. 
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                P-values by Chromosomes for LDN-LR2018 

 

                                                                                                                                                                                                Continue. 
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         P-values by Chromosomes for HRU-LR2019 

 

                                                                                                                                                                                                           Continue. 
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      P-values by Chromosomes for LDN-LR2019 
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   P-values by Chromosomes for HRU-SR2018 

Appendix VII Manhattan plots depicts significant SNPs detected against mixture of stem rust (SR) pathotypes in field environments. 

Chromosome name on x-axis and the -log10 (p-value) on the y-axis have been plotted. Site (Horse research unit- HRU and Lansdowne 

experimental unit-LDN) is suffixed with the rust type and year e.g. HRU-SR2018                                                                   Continue. 
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      P-values by Chromosomes for LDN-SR2018 

  Continue. 
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                P-values by Chromosomes for HRU-SR2019  

                                                                                                                                               Continue. 
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                                                     P-values by Chromosomes for LDN-SR2019 



 

169 | P a g e  
 

 

Appendix VIII Manhattan plots depicts significant grain Zn MTAs detected in field environments. Chromosome name on x axis and the -log10 

(p-value) on the y-axis have been plotted. Narr-I, Narr-II, HRU and LDN  represent 2018-Narr-I, 2018-Narr-II, 2019-Horse research unit and 

2019-Lansdowne experimental unit, respectively.                                                                                                          Continue. 

  



 

170 | P a g e  
 

                                                                                                                                                                                                    Continue. 
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                                                              P-values by Chromosomes for Zn-HRU                                                                                                                                                                                                              
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Appendix IX Manhattan plots depicts significant grain Fe MTAs detected in field environments. Chromosome name on x axis and the -log10 

(p-value) on the y-axis have been plotted. Narr-I, Narr-II, HRU and LDN represent 2018-Narr-I, 2018-Narr-II, 2019-Horse research unit and 

2019-Lansdowne research unit, respectively.                                                                                                                                 Continue.  
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                                                                                                                                                                                                         Continue. 
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                                                      P-values by Chromosomes for Fe-HRU                                                                                                                                                                                                          

              Continue. 
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Appendix X List of significant markers and their alleles displaying their effects in accumulating higher grain minerals 

SN Trait Major effect marker Chr Genetic 

position 

(cM) 

Favourable 

allele 

Alternate 

allele 

Average 

mineral 

concentration 

(mg/kg) of 

lines 

carrying 

favourable 

allele 

Average mineral 

concentration (mg/kg) 

of lines carrying 

alternate allele 

1 P IWB62537 1A 113.19 75 C:C 197 T:T 3425 3350 

2 Mn IWB62537 1A 113.19 75 C:C 197 T:T 45.25 42.25 

3 P IWA8135 1A 133.15 212 G:G 76 A:A 3425 3350 

4 Mn IWA8135 1A 133.15 212 G:G 76 A:A 45.25 42.25 

5 Zn IWA8135 1A 133.15 212 G:G 76 A:A 33.88 32 

6 S IWB46598 1B 43.86 30 C:C 256 A:A 1888 1717.5 

7 Zn IWB64607  3B 107.15 90 G:G 174 A:A 35 32.25 

8 Zn IWA5704 6A 136.85 158 G:G 126 T:T 34.12 32.25 

9 K IWB41295 2D 49.59 54 A:A 235 G:G 4200 3950 

10 Ca IWB72107 1B 43.86 130 C:C 119 T:T 538.75 502.5 

11 Fe IWA6610 1B 43.86 34 C:C 253 T:T 40.25 37.49 

12 Fe IWB7923 1B 56.65 30 G:G 252 T:T 40.3 37.25 

13 Zn IWA2365 5A 73.97 74 G:G 158 A:A 34.13 33 

14 Fe IWA3151  2A 108.46 50 G:G 239 A:A 38.87 37.25 

15 Zn IWB35116 1B 60.62 32 G:G 260 C:C 36.25 33 

16 Zn IWB8918 1A 144.41 45 C:C 219 T:T 34.5 33 

17 Cu Yr15-KinI 1BS 
 

8 Res 271 Sus 4.39 4.14            Continue. 

18 Zn Yr15-KinI 1BS 
 

8 Res 271 Sus 35.78 33.62 



 

178 | P a g e  
 

19 Ca Yr15-KinI 1BS 
 

8 Res 271 Sus 567.8 530.8 

20 Zn Lr34-csLV34 7DS 
 

44 Res 242 Sus 34.8 33.5 

21 B Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 0.95 0.87 

22 Cu Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 4.81 4.11 

23 Fe Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 40.6 37.67 

24 Zn Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 36.96 33.53 

25 Mn Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 46.5 44.2 

26 Ca Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 559.5 529.5 

27 Mg Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 1421.2 1362.9 

28 S Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 1860.4 1732.8 

29 P Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 3526.5 3423.4 

30 K Sr31/Lr26/Yr9-iag95 1BL:1RS 
 

16 Res 277 Sus 4204.6 4019.4 

31 Cu Sr38/Lr37/Yr17- Ventrip 

and LN2 

2AS:2NS 
 

43 Res 250 Sus 4.55 4.08 

32 Fe Sr38/Lr37/Yr17- Ventrip 

and LN2 

2AS:2NS 
 

43 Res 250 Sus 38.83 37.66 
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 Appendix XI Boxplot analysis depicting contribution of significant markers in grain S, K, Ca, Cu, Fe and P accumulation. X- and Y-axis 

represent alleles and mineral concentration (mg/kg) in wheat grain, respectively. 
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Appendix XII Boxplot analysis depicting contribution of Sr31/Lr26/Y9 linked marker iag95 in grain mineral accumulation. X- and Y-axis 

represent alleles and mineral concentration (mg/kg) in wheat grain, respectively 

 


