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Abstract

The main aim of this study was to develop closely linked markers for rust resistance

landrace Aus27284 was also performed.

Close SNP-Ar45 associations were identified using the iSelect 90K. Infinium

array, five SNP markers co-segregated with Lr48 and IWB70I47 mapped 0.3 cM

proximal to this gene. Kompetitive allele-specific PCR (K.ASP) assays were developed

for linked SNPs. In contrast, the K.ASP markers developed from the iSelect 90K

Infinium SNP array for Lr49 did not result in close marker-trail association. Sequence

comparison of How sorted chromosome 4B from parents VL404 (Lr49) and WL711

(Jr49) resulted in dose association of sunKASP_21 (0.4 cM) with Lr49.

The Arina/Cezanne RIL population was used to develop markers linked with

Sr48 using the DArTseq platform and the iSelect 90K Infinium SNP array. DArTseq

based linkage map located Sr48 on the short arm of chromosome 2D. Marker siin590

derived from a DArTseq marker mapped 0.4 cM distal to Sr48. Sr48 was earlier mapped

repulsion linkage with Yrl. The detection of 2AL-2DS translocation in Fomo through

genomic in-situ hybridisation (GISH) appears to have resulted in pseudo-linkage to

locate Sr48 in chromosome 2AL.

Aus27284 was susceptible to stripe rust at the seedling stage and exhibited

resistance in field experiments. Genetic analysis showed monogenic segregation and

the resistance gene was temporarily designated YrAlVH. YrAWll was located on

xi

I

genes Lr48, Lr49 and Sr48. In addition, mapping of adult plant stripe rust resistance in a

in the long ami of chromosome 2A in the Arina/Fomo RIL population based on



chromosome KASP 65624/KASP 58449and3 BL andthe centromerenear

KASP 53113 flanked this locus.

The closely linked markers identified in this study were tested on a set of

Australian and/or Nordic wheat genotypes to validate their suitability for marker-

assisted selection (MAS). The results indicated that IWB70147, simKASP_21, sun590

and KASP 53113 can be used for MAS of Lr48, Lr49, Sr48 and YrA W11. respectively.

xii



Chapter 1

Introduction

The human population is projected to reach 9.6 billion by 2050 (UN-DESA 2013) and

70% increase in food production by 2050 is required (World Bank 2008; Godfray et al.

2010; Ray et al. 2013). Increased food production is expected from new technologies

related to increased yield potential and resistance to biotic and abiotic stresses,

agronomic practices and mechanisation (Sharma 2012).

Common wheat is among the most important global food crops providing

proteins, carbohydrates, and minerals (IWGSC 2014). Several biotic and abiotic

stresses often hinder wheat productivity (Edae et al. 2014). The adverse effects of

emergence of new diseases, shift in the virulence of pathogens

and variations in temperatures and humidity, affect wheat crop at different growth

stages thereby limiting its productivity (Rosenzweig et al. 2001; Chakraborty and

Newton 2011; Elad and Pertot 2014).

Three diseases namely; caused by Puccinia triticinain st

Erikss. (Pt), stem rust caused by P. graniinis f. sp. irilici (Pgt) and stripe rust caused by

P. striiformis f. sp. tritici (Pst) are the among the major biotic constraints to global

wheat production. These diseases have resulted in severe yield losses globally varying

from 5 to 70% (McIntosh et al. 1995; Chen 2005; Singh et al. 2012) depending on the

grown under favourable conditions

for disease development (Chen 2005; Leonard and Szabo 2005; Singh ct al. 2012).

1
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climate change; such as

susceptibility of cultivars grown. Stripe rust and stem rust have the potential to cause

100% yield loss if susceptible cultivars arc

leaf rust



I'he cultivation of rust resistant cultivars (Biffen 1905; Knott 1989; McIntosh et al. 1995;

McIntosh and Brown 1997) along with other control and/management practices; such as

chemical (Knott 1989; Wanyera et al. 2006; Hodson 2011) and cultural (Knott 1989:

Roells et al. 1992; Kolmer 2005) measures have been used to protect wheat crop against

rust diseases. However, the deployment of resistance genes has been the most preferred

means of control over other measures (Bariana 2003; Chen 2005; Singh et al. 2006).

Many rust resistance genes have been described and formally named and

majority of these condition all stage resistance (ASR) (McIntosh et al. 1995; 2013;

2015), which is prone to be defeated by evolution of virulence among pathogen

populations. In contrast, only a few adult plant resistance (APR) genes have been

formally named; Lr34ISr57IYrl8 (Dyck 1977, 1987; Singh et al. 2000), Lr46/Sr58/Yr29

(Singh et al. 1998; William et al. 2003), Lr67/Yr46 (Hiebert et al. 2010; Herrera-Foessel

et al. 2011), Lr68 (Herrera-Foessel et al. 2012) and Sr2ILr27IYr30 (Singh et al. 2000;

Mago et al. 201 1; Li et al. 2015) and these genes are considered to be durable. When

present alone, APR genes do not provide adequate protection and four to five genes

have to be pyramided to achieve near-immune levels of resistance (Singh et al. 2000).

enhance cultivar durability against wheat

rusts (Johnson 1984; Bariana and McIntosh 1995; Pedersen and Leath 1988; Mundt

2014; McCallum et al. 2016). Such pyramiding is expected to make deployed resistance

genes to be more difficult for the pathogen to overcome as multiple mutations in

pathogens will be required (Schafer and Roelfs 1985; Ayliffe et al. 2008). Therefore, a

continued search for new sources of ASR and APR genes is necessary.

2
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Combinations of ASR and APR genes can



Combining ASR and APR in cultivars can be challenging as the presence of

more than one ASR genes can be difficult to confirm without genetic analysis (Bariana

2003). Molecular markers closely linked with resistance genes facilitate accelerated

selection of effective gene combinations in new high yielding rust resistant wheat

cultivars in an anticipatory manner (Bariana et al. 2007a; Singh et al. 2008). The

development of high throughput genotyping platforms (Akbari et al. 2016; Cavanagh et

al. 2013; Semagn et al. 2014; Wang et al. 2014) and publicly available genomic

reference(1WGSC 2014 and of wheatresources sequence

https://urei.vcrsailles.inra.fr/blast-iwusc/blast.php ) have enabled the construction of

highly saturated genetic linkage maps for accelerated gene discovery.

This investigation was planned to develop molecular markers linked with

resistance to rust diseases for their marker-assisted pyramiding with other widely

effective and marker-tagged loci in future wheat cultivars. The objectives of this

investigation include:

• Development of molecular markers closely linked with adult plant leaf rust

resistance genes Lr48 and Lr49

• Identification of molecular markers closely linked with wheat stem rust

resistance gene Sr48

• Characterization and chromosomal location of adult plant stripe rust resistance loci

in Aus27284

3
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Chapter 2

Review of literature

2.1 Rust diseases of wheat

Wheat production is constrained by various biotic factors which include diseases and

insects. Fungal pathogens are the major causes of wheat diseases (Rajaram and Van

Ginkel 1996; McIntosh 1998) and rust diseases namely; leaf or brown rust caused by

Pucciuici triticina (formerly known as P. recondita f. sp. tritici), stem or black rust

caused by P. graniinis f. sp. tritici and stripe or yellow rust caused by P. striiformis f.

sp. tritici are estimated to cause AS 12 million, 8 m and 127 m in losses in Australia,

respectively (Murray and Brennan 2009).

Leaf rust is the most widely distributed disease in all areas where wheat is grown

(Chester 1946; Roelfs et al. 1992). It has the potential to cause yield losses more than

15% (Samborski 1985) and in the event of severe epidemics losses can reach 50%

(Roelfs et al. 1992; McIntosh et al. 1995). Significant losses by wheat stem rust have

been reported with the most severe epidemic that occurred in Australia in 1973 (Park

2007). Upto 50% losses due to stem rust are estimated to occur in the USA (Leonard

and Szabo 2005). China looses about 1 million metric tons of wheat production from

stripe rust infection annually (Chen 2005). Stripe rust also affects wheat production in

Central Asia (Ziyaev et al. 2011) and South Asia (Singh et al. 2004) annually. Wellings

(2007) estimated the annual expenditure of SAUD 40-90 million in chemical control of

stripe rust in Australia.

4
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major aim of wheat breeding

programs worldwide and it relies on availalability of genetically diverse and marker-

tagged sources of resistance (Bariana et al. 2007a)

2.2 Control of wheat rust diseases

Several means of control can be used to mitigate rust diseases including the use of rust

resistant cultivars (Biffen 1905; Knott 1989; McIntosh et al. 1995; McIntosh and Brown

1997), chemical (Knot 1989: Wanyera et al. 2006; Hodson 2011), cultural (Knott 1989;

Roelfs et al. 1992; Kolmer 2005) and biological (Fleming 1980; Spencer and Atkey

1981; Roh et al. 2009; Hcnk et al. 2011) measures. The use of rust resistant cultivars is

preferred over other measures because its efficient, economical and environmentally

friendly nature (Bariana 2003; Chen 2005; Singh et al. 2006).

2.3 Resistance to rust diseases in wheat

2.3.1 Types of resistance

Resistance to rust diseases is broadly divided into two catcogies; simply inherited and

all stage resistance (ASR)

and adult plant resistance (APR), repectively (Bariana 2003; Fu and Chen 2005).

2.3.1.1 AH stage resistance (ASR)

The ASR genes interact differentially with pathogen isolates to follow ‘gene-for-gene’

hypothesis (Flor 1946) and express hypersensitive responses (McIntosh et al. 1995,

1998). A single ASR gene can confer complete protection at all growth stages of plant

and is prone to breakdown as a result of pathotypic evolution to acquire virulence (Singh

et al. 2000). Several rust resistance genes that condition ASR have been

1

complex resistance and these types are often reffered to as

Therefore, breeding for rust resistance is a



60 for stemand rust) and

(McIntosh ct al. 2013, 2015).

2.3.1.2 Adult plant resistance (APR)

This category of resistance can be either race specific or race non-specific. The race­

specific APR genes are characterized by hypersensitive response similar to ASR genes.

Leaf rust resistance genes Lrl2, Lr22a and Lr22b represent this category

(Kolmer 1996; Rubiales and Niks 1995). Like ASR, race specific APR can become

ineffective in a short period of time due to the emergence of new virulent pathotypes.

The race non-specific APR is also known as polygenic, non-hypersensitive.

horizontal, general, minor, slow rusting (Caldwell 1968; Johnson 1984), partial

(Parlevliet 1985) and durable (Johnson 1984). The genes conditioning race non-specific

combinations of such genes is essential (Bariana and McIntosh 1995; Singh et al. 2000).

example of race non-specific pleitropic APR locus that conditions APR to all three rust

chromosome IB (Singla et al. 2017) and Sr56 (Bansal et al. 2014a) on chromosome 5B

only reported to impart APR to stripe rust, leaf rust and stem rust, repectively. Future

studies are needed to prove their pleiotropic nature.

6

Lr34ISr57IYrl8 on chromosome 7D (Dyck 1977; Singh et al. 2000) represents an

on chromosome 3D (Bariana et al. 2016), Lr75 on

APR do not provide adequate protection when used singly and hence use of

diseases. In contrast, Yr7l

identified (76 for leaf rust, 
fomally named

75 for stripe rust
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Identification and characterization of new rust resistance genes2.4

2.4.1 Screening of diverse germplasm and genetic analysis

The process of discovering new genetic variation involves screening of diverse

germplasm against an array of isolates of the respective pathogen differing in virulence

phenotypes at the seedling stage for ASR genes and at multilocations under field

conditions for APR genes (Bariana 2003). The genotypes that showed resistance to all

pathogen isolates and scored resistant at all field locations were then crossed with

susceptible parent to develop segregating populations.

An ideal mapping population should be genetically diverse with sufficient

phenotypic contrast for the trait of interest (Saxena et al. 2010). Bi-parental mapping

populations are derived from hybridising two parents possessing contrasting alleles for

the trait under study. These include F2 backcrosses (BC), doubled haploid (DH) and

recombinant inbred line (R1L) populations. The heterozygous nature of Fn and backcross

populations limits their use in experiments that require to be replicated at various

sites; for eample APR to rust diseases (Collard et al. 2005). In contrast, DH and R1L

populations can be used in replicated trials to enhance the power of QTL detection

(Varshney et al. 2009). A

generated from multi-parent cross designs (MpCD) to overcome many limitations of

biparental QTL mapping and association mapping (Morrell et al. 2012; Dell'Acqua et

al. 2015). These include collaborative cross, diversity outbred, heterogenous stock.

(MAGIC) or recombinant inbred advanced intercross lines (RIAIL) (Cavanagh et al

7

nested association mapping (NAM) and multi-parent advanced generation inter cross

new generation of genetic-mapping populations has been



2008; Morrell et al. 2012; Dell’Acqua el al. 2015). The NAM and MAGIC populations

have been used to map traits in several crops including wheat (Morrell et al. 2012;

Bandillo et al. 2013).

Randhawa et al. (2016) screened a set of Nordic wheat cultivars against three

rust diseases both under the greenhouse and field conditions to identify genotypes for

detailed genetic analysis. There are many other studies published on identification of

putatively new sources of resistance (Pathan and Park 2006; Pathan et al. 2008). Qureshi

et al. (2017b) identified durum landraces carrying resistance against durum-specific

pathotypes of the leaf rust pathogen and showed that geneotypes Aus26579 and

Aus26582 carried one and two leaf rust resistance genes, respectively.

2.4.2 Identification of genomic location of new rust resistance loci

Genetic analysis is followed by identification of chromosomal location of resistance

gene(s). The process is simple if the resistance is controlled by a single locus and in the

case of involvement of more than one locus conditioning rust resistance, development of

single gene mapping populations is required (Bariana and Bansal 2017). These

researchers reviewed the use of different technologies used for genomic locations of

disease resistance loci. Bi-parental linkage mapping is

successfully map loci (Mackay el al. 2009). Association mapping was recently

introduced to overcome some limitations of bi-parental populations by taking advantage

of linkage disequilibrium defined as the non-random association of alleles at two loci

(Falconer and MacKay 1996) from many more generations of recombination into a

8
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single analysis. This increases mapping resolution and also avoids the generations of

time-consuming crosses used for linkage mapping (Myles el al. 2009). This approach is

however limited by the high probability of false-positives (Type 1 error) and false

negatives (type 11 error) resulting from confounding effects of the population structure

and phenology (Brachi et al. 2011). It also excludes markers with low allele

frequencies from the association analysis (Edae et al. 2014).

2.4.3 Mapping of ASR genes

2.4.3.1 Bulked Segregant Analysis (BSA)

Michelmoore et al. (1991) described the ‘BSA‘ method. It was initially applied to

resistance controlled by ASR genes (Michelmoore et al. 1991). It has been extended to

quantitative trail loci (QTL) (Wang and Paterson 1994). It involves genotyping of

pooled DNA of segregating progenies corresponding to the two phenotypic extremes

(Michelmore et al. 1991) to identify markers linked with the gene of interest through

marker-trait associations. The DNA pooling strategies to identify QTL in different

mapping populations were discussed by Wang and Paterson (1994). The polymorphic

markers between the two pools are used to genotype the whole mapping population to

identify markers linked with the trait. Although this method is cheap and quick

(Michelmoore et al. 1991), the use of extreme tails may fail to detect QTL with smaller

effects and the interactions between different loci (Vikram et al. 2012). Various

markers for mst resistance in wheat have been developed using BSA including, Yr4

(Bansal et al. 2010), Yr47 (Bansal et al. 201 1), Yr51 (Randhawa et al. 2014) and Yr57

(Randhawa et al. 2015) and Lr72 (Herrera-Foessel et al. 2014).

9



2.4.3.2 Selective genotyping

method progenies are grouped into different classes based on the trait values and marker

allele frequencies and are compared between the classes. Lander and Botstein (1989)

used this approach for QTL mapping based on selected groups of progeny instead of

the whole population. It can be unidirectional (one tail of distribution is used) or

bidirectional (two tails of the distribution is used) (Navabi et al. 2009). Bidirectional

SG approach is more effective and commonly used because it eliminates the effect of

segregation distortion, but unidirectional SG is appropriate for traits that have been

subjected to strong negative or lethal selection pressure in unfavorable environments

(Sun el al. 2010). In bidirectional SG, individuals from two tails are genotyped and

marker-trait association is inferred by analyzing the differences in allelic frequency

between the two tails (Stuber et al. 1980, 1982). Several loci have been mapped using

this approach including seed size in wheat (Ammiraju et al. 2001), a-amylase activity in

rye grain (Masojc et al. 2011). stripe rust resistance in barley (Vales et al. 2005) and

rust resistance in wheat (Bariana et al. 2010; Qureshi et al. 2017a).

2.4.4 Mapping of APR genes

Understanding the genetic control of complex traits such as APR to rust diseases

requires genotyping and phenotyping of large mapping populations (Vikram et al.

2012). It is necessary to phenotype mapping populations over multiple environments to

ensure identification of QTL with stable effects (Vikram et al. 2012). Marker trait

associations in most QTL mapping experiments arc determined by genotyping the

whole population with markers evenly covering the whole genome (Soller et al.

10

The term selective genotyping (SG) was coined by Lebowitz et al. (1987). In this



1976; Huang et al. 2014; Edae et al. 2016). Although there is no substitute for whole

population phenotyping, two approaches; bulk segreganl analysis (BSA) and selective

genotyping (SG) have been suggested to reduce on the extra cost of whole population

genotyping.

In plants, QTL mapping was initiated more than 20 years ago (Bernardo 2008)

and has been successfully used in the genetic analysis of several traits including abiotic

and biotic stress tolerance (Crossa et al. 2014). QTL are detected based on marker-trait

associations (Collard et al. 2005).

Various QTL mapping methodologies have been developed. These include:

single marker analysis (SMA) (Sax 1923 ; Soller et al. 1976; Mott et al. 2000). simple

interval mapping (SIM) (Lander and Botstein 1989), multiple trait/QTL mapping

(MQM) (Jansen 1994); composite interval mapping (CIM) (Zeng 1994; Jansen 1993).

multiple interval mapping (M1M) (Kao et al. 1999), whole genome average interval

mapping (WGAIM) (Verbyla et al. 2007; Verbyla et al. 2012) and Bayesian model

(Corander et al. 2003). SMA is the simplest method that compares mean trait values

among genotypic classes at each marker locus (Edwards et al. 1992). The limitation of

this approach includes difficulty to detect and accurately estimate the effects of QTL

located far from the markers because of recombination between the markers and the

QTL. It needs prior knowledge of marker positions in order to detect the QTL

position relative to a marker locus (Collard et al. 2005). SIM involves testing marker­

trait associations at positions within marker intervals along each chromosome (Lander

and Botstein 1989). Other methods CIM, MQM and MIM extend SIM to include

11



additional markers outside a defined window as co-factors to the variation associated

with other QTL present within the genome. WGAIM also extends from SIM and uses R

simultaneously considered for QTL analysis (Verbyla et al. 2007; Verbyla et al. 2012).

2.5 Genomic resources for marker development in wheat

Despite the large genome size of common wheat, ample progress has been made to

develop saturated maps for all seven chromosome groups (Somers et al. 2004; Roder et

al. 1998). The genome of wheat has been sequenced and assembled (IWGSC-RefSeq-

vl) (IWGSC 2014). This resource has been successfully utilised to identify, fine map

and develop markers closely linked with genes of interest (Hulbert et al. 2007; Houde

2014a, 2015; Qureshi et al. 2017a) and cloning (Fu et al. 2009; Periyannan et

al.

2013; Saintenac et al. 2013).

Several bioinformatics tools have also been developed and applied to identify

and functions alignment:predict suchgene sequenceas

(https://blast.ncbi.nlm.nih.uov/Blast.cei?PAGE=Mei’aBlast&PROGRAM=blastn&BI.A

ST-PROGRAMS=meuaBlast&PAGE-TYPE=BlastSearch&BLAST-

SPEC=blast2seo&DATABASE=n/a&QUERY=&SUBJECTS=L BLAST search

(https://urui.vcrsaillcs.inra.fr/blast/?db<>roup=wheat-all&program=blastii). phylogenetic

PrimerHaploSNPer (Tang et al. 2008) and primcr3 (Untergasscr et al. 2012).

12

package (R Development Core Team 2013) where all intervals of the linkage map are

analysis, and domain and motif analysis (Bailey et al. 2006) using programs such as

and Diallo 2008; He et al. 2009; Cao et al. 2012; Gunnaiah et al. 2012; Bansal et al.

https://blast.ncbi.nlm.nih.uov/Blast.cei?PAGE=Mei%25e2%2580%2599aBlast&PROGRAM=blastn&BI.A
https://urui.vcrsaillcs.inra.fr/blast/?db%253c%253eroup=wheat-all&program=blastii
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2.6 Isolating (cloning) wheat rust candidate genes and development of robust

markers

Gene cloning allows the development of diagnostic molecular markers for rapid

introgression of genes into new cultivars (Fu et al. 2009; Krattinger et al. 2009). Map­

based cloning (MBC) or positional cloning is the method that has been used to isolate

resistance genes of economic importance from different crop plants. The MBC strategy

relies on the genetic to physical distance, the size of the population, accurate genetic

map and accurate phenotyping to correctly position a gene of interest between close

Hanking markers (Peters et al. 2003). It has also benefitted from the availability of

arrayed bacterial artificial chromosome (BAC) libraries of the wheat diploid ancestors in

particular with respect to Ae. tcmsc/iii, the donor of the D genome (Luo et al. 2003) and

the hexapioid wheat BAC libraries including high-density filters and PCR screenable

BAC pools (Nilmagoda et al. 2003). The high-density maps have greatly improved to

narrowdown the number of possible bacterial artificial clones (BACs) harbouring the

gene.

In wheat, a majority of the so-far isolated and sequenced seedling resistance

genes encode for CC-NBS-LRR group of proteins that are similar in

plants (Collins et al. 1998; Mago et al. 1999; Meyers et al. 2003). These include:

Lrl (Cloutier et al. 2007), LrlO (Feuillet et al. 2003), Lr21 (Huang et al. 2009),

T;70(Temel et al. 2008), Sr33 (Periyannan et al. 2013) and Sr35 (Saintenac et

al. 2013). The cloned race non-specific resistance genes encode different proteins;

Lr34 is an ABC transporter (Krattinger et al. 2009), Yr36 is Kinase-START (Fu cl

13
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al. 2009), Lr67 is a predicted hexose transporter (LR67res) that differs from the

susceptible form of the same protein (LR67sus) by two amino acids that are conserved

in orthologous hexose transporters (Moore et al. 2015). Other method (MutRenSeq)

that reduces the complexity of the wheat genome has been recently used to clone

stem rust resistance genes Sr22 and Sr45 (Steuemagel et al. 2016). Markers for many

rust resistance genes have been developed in the last decade and protocols are posted on

MAS Wheat website (http://maswheat.ucdavis.edu/protocols/).

Marker validation2.7

Marker validation studies are conducted to confinn allelic associations to ensure that

markers are diagnostic and useful in different backgrounds (Cakir et al. 2003; Collins et

al. 2003). A robust marker for marker-assisted selection (MAS) should not amplify

gene-linked allele in genotypes lacking the target gene. Molecular markers can be

background specific depending upon the extent of linkage. Loose linkage results in

recombination between the marker and gene/QTL (Sharp et al. 2001; Thomas 2003). To

ensure greater effectiveness in MAS, marker validation should be performed across

diverse genetic backgrounds (Sharp et al. 2001; Bariana 2003; Spielmeyer et al. 2003).

14
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Common wheat (Triihuin at stivum L) is the second 
mod important global cereal crop after rice (Ortiz 
el al. 2008; Khan anti Iqbal 201 I) and is affected by 
many biotic stresses that hinder its production (Mcin- 
losh 1998). Among the biotic sires'Cs. fungal diseases 
including the three ni'i di'-c. 'C' lc.it ruM. stripe rus4 
and stem rust adveisdy affect the yield and quality of 
wheat grain (Gowda et al. 2014). I eaf rust caused by 
Puctiniu iriiicina (Pt) is the most widely spread 
among the rust diseases and occurs in all wheat­
growing areas of the world (Roell's ci al 1992; Bolton 
et al. 2008) Because of its regular and worldwide 
occurrence, global losses from leaf nisi damage 
surpass those from stem rust and stripe rust (lluerta- 
l-spino et al 201 I i Losses due to leaf rust vary from
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Abstract I.eat rust of wheat, caused by Puccinia 
n iiii an important disease throughout the world. 
Tire adult plant leaf rust resistance gene Lr4* rqiorted 
ini SP44 was previously mapped in chromosome 2B, 
bin the marker-gene association was weak. In this 
study, we confirmed the location of /./-/A’ to be in the 
slK>rt ann of chromosome 2B and identified closely 
linked markcis suitable for use in breeding The 
CSIU4 \\ I ' I I rccombinan I inbred line (RIL) popu- 
lation (W lines) showed monogenic segregation for 
Z./9A Twelve resistant and 12 susceptible Rll.s were 
used for selective genotyping using an iSclect 90K 
I illinium SNP assay Closely linked SNPs were 
converted into Kompctiti \c allele-specific primers 
(KASP) and tested on the parental lines KASP 
markers giving clear clusters for alternate genotypes 
were assayed on tlx- entire RIL population. SNP 
markers IH7337OO2. 7117339*32. 7117334324. 71V872 
*94 and 1117336920 co-segregated with /./-/A and tire 
marker /IV/370147 was mapped <13 cM proximal to

Tsydrry.cdu.au
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Ivvo -ct- ol R I s (4-5 seeds c.ich) and pnents were 
sown in 9-etn diameter pots as tbui lines per jx>l 
Twenty grains of Aquasol fertilizer dissolved in 1<l L 
of tap w ater was applied to pots tilled w ith polling mix

The mapping population used comprised 90 Fsr 
recombinant inbred line' (RILs) developed by cross­
ing the resistant parent ( Sl’44 and the susceptible 
parent WI.7I I. In addition,susceptible parent \\ 1.711 
carries a temperature-sensitive seedling tesistance 
gene lr/3 (Bansal ct al. 2008: Pretori us et al. 1984) 
Parents and R||> were screened for leaf rust resistance 
in the greenhouse Io test the utility of the developed 
markers for marker-assisted selection (MAS) closely 
linked markers were tested on th Australian and 
Nordic wheat genotype- listed in lablc 3.

region to region. I or example, in the I s \ leaf rust 
eau-ed yield losses worth USS35O million dollais 
between 2000 and 2004 (Huctta-Espino cl al. 201 1). In 
Australia, actual losses of AU$12 million and esti­
mated potential national losses of AUSI97 million 
were repined by Murray .'nd Brennan (2009)

leal rust can be controlled by chemical application 
and or through the deploy ment of genetic resistance in 
commercial cultivars. Use of resistant cultivars is 
preferred over chemical control due to its economic 
and eco-friendly nature (Banana cl al 2007. Singh 
cl al. 2013). leaf rust resistance can be conditional by 
cither all stage resistance (ASR) or adult plant 
resistance (APR) genes ASR is controlled by major 
genes w hich confer a high level of resistance (Kolmcr 
2005). hut can be ea-iI y overcome by the evolution of 
new virulent pathotypcs (Kolmcr ct al. 2013). Conse­
quently, cultivars carrying ASR genes usually become 
susceptible within a few years of their release 
(Priyamvada ct al. 2011). In contrast. APR is 
often controlled by non race-sped fie genes that are 
effective at the post-seedling stages APR genes are 
considered to be mon: durable. Many wheat breeding 
piograms around the world have recent I y shifted from 
ASR to APR (Bansal ct al. 2008). and deployment of 
com binations of more than two APR genes is neces­
sary to achieve adequate levels of protection (Banana 
and Mcintosh 1995; Singh cl al. 2000). APR genes that 
condition leaf rust resistance can be either hypersen­
sitive (c g„ Lr22b) or non-hypersensitivc in ex pression 
(e g.. /./•.>’<;(Mcintosh ct al 1995).

Currently, more than 70 leaf rust resistance genes 
have been identified and tbnnally named (Mcintosh 
ct al. 1995. 2013.2014) Most of these genes condition 
ASR. and only a few have remained effective over a 
long period (Singh and Dubin 1997. Lowed al. 2<>1 .). 
To achieve durable leaf rust control, there is an 
ongoing need to identify and incorporate new sources 
of APR into modem cultivars alongvv ith other major 
and or minor genes Combining both types of resis­
tance in culti vars can be challenging a< the presenceof 
more titan one gene can be difficult to confinn without 
genetic analysis.Closely linked molecular markers are 
best suited to confirm gene combinations in breeding 
material and potential donor sources

I he advent of next-generation sequencing and 
high-throughput genotyping technologies has revo­
lutionized wheat research (Morozova and Marra 
2008: I rick et al. 2012). High-throughput

sequence-bared markers such a- Diversity *\nay- 
Technology (www diversity auav s com) and -• nglc- 
nucleotidc polymorphism (SNP) (Wangct al. 2014) 
have lx come mark-, i ••Icin of choke due to their 
cost-efleetivene.^ (M.»mmad«>v vi al 201 2) and have 
COntubutcd to a rapid inciv.i •.• in lite identification of 
markers closely linked with di-c. -c resistance traits 
(Randhaw.i et al. 2014).

I he adult plant leaf nisi resistance gene Z./-M was 
identified by Saini ct al. (2002) in ( oiidor single 
plant selection 44 (( SP44) It is reported to be 
effective against P.tnti.uia pathotypcs prevalent in 
India (Dhariwal cl al. 2015) and Australia (Bansal 
and Bariana unpubl ished). Ban-al ct .J. (2008) 
mapped Z.r-Z.v on chromosome aim 2 BV Hanked by 
markers g»»7«42V/> (6 I cM) and han (73 cM) 
Samsampour ct al. (2010) reported clo-c.'y linked 
RAPD markers 53* and 5336 . in a Ic + L25! 
Agra Local I population Si ngh el al. (20 11 ) located 
LrJ8 in 2BI with 5336-;< (103 cM) and \mhc332 
(25 cM) as Hanking markers This study was 
undertaken to identify closely linked markers for 
use in breeding and to clarify disagreements among 
published report- for the position of Z/4.V in chro­
mosome 2B.
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Ihc method described by Sani'ampour cl al. <2<»IO) 
was ii'cd i»’ amplify the icponed R API) markers, 
•abile ihc SSR markcis weic amplified using the 
conditions dcscri lx d in Bansal cl al. (2“l lb).

Alleles for the SM’ and SSR maikcis were as 
pre»e I i X and B for the resistant and susceptible 
allele, respectively ) or’-’ lot missing values (tailed to 
amplify). ( hi-squared test was perfonned to test the 
goodness of nt of the observed segregation io the 
expected genetic ratio Map Manager Version 
(,)IX’b20 (Maith et al. 2001 • was used to delect 
trait—marker associations Ilk K< -ainbi map function 
(KoSainbi 1943) was used to convert recombination 
fractions to centimorga ns Ihc linkage map diagram 
was constructed using Map( hail twaic (Voonips 
2002) Markers with U)l) "cou ■ o'. ?u and higher

1)NA was extracted fn>m the entire RII I'Opulation 
using a Cl AB method (Bansal cl al 2014a) The 
quality and quantity ol l)NA were assessed on I % 
agarose gel and u ing a Nanodrop spectrophotometer 
(Nan.drop Technologies).

Msu.di/cd using the (1X96 |uikhrM teal time PGR 
detection svstem (BioRad l’S.\). ;.nd (he data vvcie 
aiiah/cd using Bio R.id ( l\ Manage! Software 
(BioRad I SA)

Ixifore ‘•owin/ One cik-old - cdling were fertil­
ized using me. .u the same rate as Aquasol. One set 
was inoculated at the 2-leaf saagc with h pathotype 
104-1.(?) 3 (6).(7j. || ,13 (culture 54") io observe 

segregation lor Ir!3. The second set was •.•town to 
4-leaf stage at 20 OCin.i lU't-ii.c microclimate room 
prioi lo in *. ulalion I rca wa* . pplicd iothis"ct every 
week prior to inoculation with Lr 3* virulent Pt 
pathotype 76-1 ; 5. 10,1? i culture no 53“) Tlie inoc­
ulation procedure described in Bansal cl al. (2008) was 
followed. Rust response assessments were made 
14 days post-inoculation u ng tile scale as 

detailed in Mcininsh et al. (1995)

Page . c( 9 65

Ihc icsisiant parent CSP44 f J produced infection 
types (II-) 7" to 2 at the 4 Ic. f stage against Pt 
pathotype 76-1 ..'.5.10,12, and \VI 71 1 was scored 
susceptible (113 ) In contrast. Wl "11 exhibited ITs 
23N io X against Pi pathotype 104-1 ,< 2).3.(6) (7). 
11.13 at the 24eaf Mage and C.XP44 was rated 
susceptible (J T3 ) I he RII population segregated 
lor Lr4S (4-lcaf si.gc) again?! palhotypc 
76-1.3.5,10,12 (36 resistant 54 susceptible.
/ — 3.6, non-significant at /’ ~ 0.05 and I and 
tor // 5 (2-leaf s(age) against pathotype 104-1 ,i 2k 
3.(6),(7».11J 3 (41 resistant- 47 susceptible,
/ —0 41 non-significant at /-• --0<i5 ;ind 1 dj)

Selective genotyping was carried out on 12 icsisiant 
and 12 susceptible Rll.s u-ine an Illumina iSclcct 90K 
Infmium S\P genotyping array (\\.. g cl al. 2014). 
Closely linked SNft vvcieconvened into Kompctnivc 
allele-specific primers (KASP) and genet y ped on the 
parents using KASP technology (I GC genomics, 
I K). Genotyping assays were earned out in a final 
volume of S II consisting of 3 111 genomic DN.A 
(30 ng/tl), 4 o12x KASP mix |a mixture of FAM 
and HHX lluoicsccncc Resonance Energy Transfer 
(I RI I ) cassette". ROX™ pa">i\c dye. an optimized 
buffer containing MgCk laq polymerase and 
dN'fPs], 0.1 I tl primer mix c.-ntaining two allele- 
sp/cillc forward primers each 12 IIM and 30 IM of 
common primer . nd O.su of sterile water. I’CR 
amplification was pci formed in a T1OO1M lliemud 
cycler (BioRad) U'ing ihc cycling conditions- “5 C 
for 15 min tbi hol-Hart laq l)N.\ p«lymer.isc actixa 
lion, followed by a touchdown profile of 9 cyCe" at 
94 C for 20 s and 61 C for I min with a 0.6 C 
reduction per cycle, follow cd by ,'Neycics at 94 C for 
20 sand 55 C for I min fire reactions were held at 
I2 0C for 3 min. 1 nd-point iluoiesccnt images were

I caf ni'i tests on CSP44 W1.7I I RII population 
in ihc greenhouse

O.su
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Profiling <•! I r-b I inked markers 

and Nordic wheal genotypes

291 ’
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Enggc natt accapgct reel

gcaraaapaggalcaccccacaa 

gucucuaacate.'UK t .k i 
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gaggcaattaccaggctcccg 
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/\ <ct of S3 XuMralian and 118 Nordic wheats were 
genotyped with KASP markers developed for SNPs 

IWB3IOO2 1WB39832, IWB34324. 1WB.U92O. 
/IVB72894 and IWB70I47. Results .tic uimnari/cd 

in Table 3.1’ixe markers t hat co-segregated with 1j4\ 

among the RII. population amplified tire alleles 

alternate to that linked with h48 in 63 Australian 

cultivars. Thirteen cultivars earned the Lr4 8-linked 

allele. Seven Xu-uralian and seven Nordic cultivars 

produced variable results with these markers How­

ever. the marker WB70147 amplified the lr48-linkc/l 

allele *C‘ in only 13 Australian cultivars (Batavia. 

( aniamah. Cobra. I (i.A(iregory. I < > \ Wylie. Kunjin, 

Phantom. Sentinel. Shield. Strzclccki. Suntop, Tio- 
ian and We stoma) and a Nordic cultivar Karn All 

remaining cultivars (7<l Australian and IT Nordic) 

carried the alternate allele T’. Although marker 

HIB70147 was mapped 0.3 cM away from />•/•'. it

the i Select WK probe sequences lor the live >NP 
(IWH3IOO2. H'B39832. IHB34324. IIIB~?^4 and 

HVB3692O) markers co egteva ting with 1/48 had 

beat previously aligned (Wang cl <i! 2014) revealed 

that four of the SNPs (IWB3IOO2. IWB3V832. 

IUB34324 1WB36920) redded in the same CSS 

contig. 2BS_ S2O9173.

’ Genetic map position r;k-::c»! in \V..n- ct .' (> 14)

• Al primer labeled v ith FAM: (>A \(»(i !<• \( < X \<i 11( AIG( I

’ A2 prime: labeled with HEX: GAAG(il( GGAC.K \A( GGA 11

Selectivegenolyping identified linkageof 30 SNR> with 

/14\< oncsponding sequence from the Inlint um a^.o 
was used to develop allele specific KASP primers, 

which were tested on 11k parental hues u ing tlx* KASP 

technology. Thirteen KASP markers produced clear 
clusters lor accurate genotype assigmnent. These 
markers were assayed on the entire RIL population 

( I able I ). Previously reported SSR and RAPI) markers 

fi’uni42'7. barc07.harc55.S33677s.S3jy, and uni<332) 

and SSR markers derived fn»in the chromosome 2BS 
Zipper (Miroslav Valank per> comm) were also 
genotyped. Markers developed al the University of 
Sydney were named with a prefix sun (Sydney 

Iiniversity) and marker sequences arc shown in 

Table 2. Independent assortment of markers 533/>--5. 
S3^so an<i (Samsainpour cl al. 2010: Singh

cl a!. 2011) with respect to l.r48 was observed.

A total of 17 markers (11 SNPs and 6 SSRs) were 

used to constinct the genetic map covering a 17 6 eM 

interval that included Li48 and lr3 (Fig. 1). Five 
SNP markers (IWB3IOO2. 11VB39832, 1II B34324. 

. H\'B728')4 and I\\'B36920) co-segreealed with Ij48.

Markers xun563 and stm497 mapped distal (1.7 cM) 

and 1WB7(H4~ proximal (0.3 eM) lo />48. l.i 3 was 
mapped 11.7 eM proximal to Lr48.

I xamination of the Chinese Spring flow-sorted 

chromosome survey sequence (CSS) contigs to which

on Australian
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appears lo be a heller choice lor marker-assisted 
selection of this gene

Breiding for ru*l resistance is a continuous process as 
rust pithogens evolve to produce pall»*typc< with new 
virulence phenotypes that overcome ASR genes 
IX-phn incut of diverse sources of resistance in 
commercial cultivars and breeding material is neces­
sary io sustain increase wheat production I he con­
ventional method of deploying combinations of 
resistance genes is difficult, especially in the case of 
similar resistance expression and absence ol epistatic

additive interactions (Randhawa ct al 20141. Closely 
I inkid molecular markets can facilitate the creation of 
gene combinations in breeding material and potential 
donor sources.

To develop diagnostic markerts) for / r48. the 
previously published map (Bansal cl al. 2008) was 
enriched with SNR markers live SNR markers 
!0'B.i 002. IWB39832. 101334324. 107336920 and 
1O'B~2894 co-scgregated with l.i4S. The first four 
markers were previously assigned to Chinese Spring 
flow-sorted chromosome survey sequence (< SS) con­
tig 2BS_5209l~3 (Wang el al. 2014). and the last 
marker corrcspoiKlcd to the contig 2BS_5185O93 We 
also queried thcTGACv I shotgun assembly of Chinese 
Spring (http> u rgi Versaillestnra frlblast > and the 
synthetic W7984 whole genome sequence scaffolds 
(Chapman ct al. 2015; http ldx.doi.org 10.5447 1PK 
2014114). each of which contains scaffolds much 
longer than the CSS contigs Markets W3SW32 
WttJ/002. 107336920. 107334324 and IWB72894 
(which co-segrcgale with Ij48> were located on a 
single ( hincse Spring I (i.A( v 1 >caffold (Trim »»// a< v 
ovum ( S42,/RJACvI scaffold 147085 2BS) and a 
single synthetic W~9S4 scaffold tScaffold 1352988). 
while tlx- flanking markers were located 
folds Additionally. three markers that 
with b48 ('ll B39832 H73I 002 and II7372894! were 
all found .it a CRt soo di starve of 1012 4 on a radiation 
hybrid map of 2BS. which was reported to reflect 
physical distance more accurately thin genetic maps 
( liwari etal 2016) ( orn parwm of markrorder again.*4 
the NIAB 8 way MACiK map (( ockram ct al 2015) 
also showed that these markersare located within. 4 5- 
cM interval laken together. .41 evidence suggests that 
these markers arc closely linked to Lr48 and arc suit 
able for marker-assisted selection

ldx.doi.org
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The pre-ent study identified closcl y linked marker- for 
adult leaf rust resistance gene /.r-M’ and confirmed its 
location in chromcwome 2BS. TIk* liaploty pcs re\calcd 
bx six KASP markets -how cd strung association with 
/./•M in a large -ci of Australian and Nordic wheat 
genotypes, demonstrating then utility in marker 
assisted pyramiding of /.;•/* with other market-tagged 
resistance gene- The KASP marker WB~‘0l47 was 
ob-erxed to be the most robust of the six markers. Five

Ack nowledf maiU \’alienee Nsabneia tivuiks Au-A ID fol 

iIk scholarship .nxaid ;nd XXROlm hd. leave We dunk the 

Aiicirallan Giain* Ke-«.*i'ch ami Development ( urpui aliwn 
• i. RIX’) H I'lnanci.'d j’j-n tlu.n.h die Australian Ceieat 

Rr-t Control Plopinin ' i tin- study

other KASP markers (JWB31002. IHB39832. 
IWB34324. /IIW.W4 and /IIB36920 ) can also be 
used for markci-assislcd -election of //-M following 
u-c—incut of parental polymorphisms.
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When relative! \ small-sized population- arc used, 
like in the ptc-cni sludx. mmkcr-tiaii associations 
ob-erxed among mapping p‘pulalions need to be 
xalidated on a di\ei-e -cl of gcitnpla-m Io a—c— lltcir 
xaluc in marker-assisted selection. I’hc-e fixs- SN’P 
marker ampli lied alleles alternate to that linked with 
/./-/A in 63 1 Australian and III (94 Nordic
euhixai- Although the marker IWB7O147 exhibited 
recombination (0.3 cM) with h4.\. it xxas more 
infonnatixe than the above fixe markers xxhen tested 
on the .me -cl of genotypes (Table 3). I hi- market 
amplified the b4\ /inkcd allele 'C m 13 Australian 
cultixars (Batavia. Caniamab. ('obra. I (• \ Gregory. 
I(i.\ Wxlic. Kunjin. Phantom. Sentinel. Shield. 
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trait— marker associations ha.-cd on -mall populations 
followed-by validation on a dixer.-c set of gcmlplasm 
could replace the use of large population for initial 
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Genetic independence of markers 5336 •• 53;., and 
u//k 332 -hoxx n to be linked x\ ith /.i4^ by Samsampour 
ct al. (2010) and Singh ct al. (2011 ) suggested tint the 
target gate in mapping populations used by tlwse 
workers was different The tight linkage of chromo* 
some 2BS derixed SNR> with Lr48 supported the 
results of Bansal ct al. (2008)
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Chapter 4

4.1 Introduction

threaten food and nutrition security. By 2050, the world population is projected to reach

World

al. 2013). Common wheatUN-DESA 2013; Ray2010;God fray al. etet

(Triticum aestivum L.) is one of the protein, carbohydrate and mineral rich staple food

source for

30% of the global population (1WGSC 2014). The Green Revolution in the mid-1960’s

through the incorporation of reduced height genes together with improved production

technologies led to significant increase in wheat production (Khush 2003; Pingali 2012).

Wheat production is affected by many biotic and abiotic stresses. Wheat diseases alone

are estimated to cause loss of 22 million tonnes in annual production (Kosina et al.

2007).

Leaf rust, caused by Puccinia triticina is among the important diseases of wheat

that affect its productivity and quality throughout the world (Kolmer 2005, Singh et al.

2012) leading to losses varying from 5 to 70% (McIntosh et al. 1995). Wheat has

inherent defense mechanisms to resist diseases; however, emphasis on selection for high

yield and other desirable traits resulted in narrow genetic base for disease resistance

(Davis et al. 1990; Khush 2001; Borlaug 2007). Consequently, farmers started using
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Molecular mapping of adult plant leaf rust resistance gene 
Lr49 using high throughput technologies and flow sorted 

chromosomes

The ever-increasing global population, diminishing land resource and climate change

9.6 billion and more than 70% increase in food will be needed (Bank 2008;



synthetic chemicals to control diseases which resulted in environmental pollution and

higher production costs (Goutam ct al. 2015). The best strategy to control diseases is to

environmental pollution due to fungicide usage (Singh ct al. 2006).

Many leaf rust resistance genes have been identified and named in wheat

(McIntosh el al. 1995; 2015). These genes represent two categories; all stage resistance

(ASR) and adult plant resistance (APR). A majority of the formally named genes confer

conditioning high levels of resistance against avirulent pathogen isolates and can be

identified at the seedling stage under greenhouse conditions (McIntosh et al. 1995). ASR

genes are prone to breakdown due to evolution in pathogen to acquire virulence. On the

contrary, APR genes express at the post-seedling stages and confer low level of

resistance singly. APR genes Lr34ISr57IYrl8 (Dyck 1977, 1979, 1987; Singh et al.

2000), Lr46/Sr58/Yr29 (Singh et al. 1998; William et al. 2003), Lr67/Yr46/Sr55 (Hiebert

et al. 2010; Herrera- Foessel et al. 2011; Herrera-Foessel et al. 2014), Lr68 (Herrera-

Foessel et al. 2012) and Lr75 (Singla et al. 2017)

considered durable. Lrl2 (McIntosh et al. 1995) and Lr22b (Dyck 1979; Pretorius et al.

1989; Hiebert et al. 2007) belong to the race-specific hypersensitive APR gene category.

monocyclic flag leaf tests assigned them to the hypersensitive category. However,

Banana and Bansal (unpublished results) observed these genes to be slow rusting under

polycyclic infection conditions in the field.
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Saini et al. (2002) identified adult plant resistance genes Lr48 and Lr49 and based on

are race non-specific and are

deploy genetic resistance in new cultivars to reduce production costs and risk of

ASR (McIntosh et al. 1995; 2013). ASR genes exhibit hypersensitive reaction



Traditionally, the development of new wheat cultivars has followed followed

conventional phenotypic selection of desirable traits. Although this approach remains

Selection for disease resistance is further hampered by lack of appropriate pathogen

isolates and the effect of environment on disease expression (Singh et al. 2012). The

recent advances in wheat genomics have led to the development of more efficient and

precise molecular tools to revolutionize marker-assisted selection of economic traits in

wheat improvement programs (Varshney et al. 2006; Dubcovsky and Dvorak 2007;

Fleury et al. 2010). The identification of DNA markers linked with rust resistance genes

provided alternative selection technology to overcome the limitations of phenotypic

2007a; Singh et al. 2012; Bariana et al. 2013, Bariana and Bansal 2017).

The availability of high-throughput DArTseq (Diversity Arrays Technology.

Bruce, Australia; Cruz et al. 2013) and iSelect 90k Infinium Arrays (Wang et al. 2014)

has expedited mapping of new loci (Bariana and Bansal 2017). Conversion of SNP to

kompetitive allele specific PCR (KASP; LGC Genomics, UK) assays for routine use

has provided gel-free alternative. DArTseq (Cruz et al. 2013; Bansal et al. 2014a;

Randhawa et al. 2014; Li et al. 2015; Ren et al. 2015; Chhetri et al. 2016) and iSelect

90k Infinium platform followed by KASP assays (Cabral et al. 2014; Bariana et al. 2016:

Nsabiyera et al. 2016; Qureshi et al. 2017a; Tan et al. 2017) have been used recently for

developing closely-linked markers for various disease resistance genes. The Centre of

Plant Structural and Functional Genomics, the Institute of Experimental Botany,
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effective, it has significant number of challenges including a lengthy cycle to release a

new cultivar (Lammerts et al. 2011; Shimelis and Laing 2012; Forster et al. 2015).

selection and to pyramid two or more genes in breeding programs (Bariana et al.



Czech Republic has developed high-throughput chromosome isolation using flow

cytometry (Vrana et al. 2000). Chromosome flow sorting enables sequencing of

individual chromosomes. This approach reduces the complexity associated with the

assembly of samples and allows analysis of next generation sequencing data (NGS) data

of complex polyploid genomes at the subgenomic level (Dolczel et al. 2007). This

technology has added new dimensions to marker development and gene cloning in

allopolyploids including wheat (Simkova et al. 2011; Dole^el et al. 2012; IWGSC

2014; Sanchez-Martin et al. 2016).

An Indian cultivar VL404 was susceptible at the two-leaf stage but showed

resistance at the adult stage against Indian leaf rust pathotypes and the underlying

resistance locus was formally named Lr49 (Saini et al. 2002). Lr49 was mapped in the

long ami of chromosome 4B (Bansal et al. 2008b) using VL404/WL711 RIL population.

The flanking markers were not close enough for marker-assisted selection of Lr49. This

study covers molecular mapping of the Z.r49-carrying genomic region using the cutting-

edge genomic resources to identify closely linked markers for marker-assisted selection

of Lr49 in breeding programs.

4.2 Materials and Methods

4.2.1 Plant and pathogen material

The Ffrg derived recombinant inbred line (RIL) population used in this study comprised

VL404 (Pedigree; Kentana/Bage/ZFrontana/General Urquiza/3/ST464/PI74106) and the

susceptible parent WL711 (Pedigree; S308/Chris//Kalyansona). A set of Australian (75)
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of 181 lines developed from a cross between two Indian cultivars; the resistant parent



and European (90) cultivars was used to test the usefulness of closely-linked markers in

marker-assisted selection.

4.2.2 Green house tests

Eight to 10 seeds of each RIL and parents were sown in 9 cm-diameter pots as four lines

per pot. The greenhouse screening protocol is described in Chapter 3.

4.2.3 Molecular mapping

The sequences of previously published SSR markers in linkage map (Bansal et al.

2008b) were obtained from the GrainGenes Database (http://wheat.pw.usda.gov/). These

SSR markers were amplified following conditions given in Bansal et al. (2014a).

Methods used for molecular mapping are detailed in Chapter 3.

Suspensions of intact mitotic chromosomes were prepared from synchronized root

meristems of parental lines VL404 and WL711 according to Vrana et al. (2000, 2012)

and GAA microsatellites on chromosomes were labelled in suspension by fluorescein

isothiocyanate (F1TC) using the protocol for Fluorescent In Situ Hybridization In

Suspension (FISH1S) (Giorgi et al. 2013). Genomic DNA was stained by 4',6-diamidino-

2-phenylindole (DAP1) and chromosomes were analysed on a FACSAria II SORP high

speed flow sorter (BD Biosciences, San Jose, USA) as described in Kubalakova el al.

(2002). One thousand chromosomes from each cluster were sorted onto a microscopic

slide into a drop of 10 pl of PRINS buffer supplemented with 5% sucrose (Kubalakova

et al. 1997). To assign chromosomes to an individual cluster on a dot plot, FISH with

probes for GAA and Afa repeats was used to identify flow-sorted chromosomes and to
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4.2.4 Flow cytometric chromosome sorting and sequencing library preparation for 
chromosome 4B

http://wheat.pw.usda.gov/


Multiple Displacement Amplified (MDA) using the lllustra GenomiPhi V2 DNA

amplification kit (GE Healthcare, http://www.gehealthcare.com) as described in

Sample preparation kit (Illumina Inc, San Diego, CA, USA) using 50ng of amplified

DNA according to the manufacturer's instructions. Only difference was usage of 3pl of

TDE1 for DNA fragmentation compared to the protocol given by manufacturer.

Libraries with insert sizes 600-800 bp were selected for sequencing. The insert sizes

The libraries were sequenced as pair-end reads using HiSeq Rapid SBS Kit v2 (2x250

bp) (Illumina Inc, San Diego. CA, USA).

GYDLE software (Gydle Inc. Bioinformatics Sendee, Quebec City, Canada;

sequence reads (minimum

phred score 20; minimum read length 50 bp) derived from flow sorted 4B chromosome

sequences of VL404 and WL711, resistant and susceptible parent, respectively and to

align the filtered reads to the IWGSC-RefSeq-vl Chromosomes Chinese Spring contigs

(https://tiriii.versailles.inra.fr/blast-iwesc/blast.php). SNP variant discovery was

designed to interrogate nucleotide variation between the resistant and susceptible
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4.2.5 Detection of polymorphism across flow sorted chromosome 4B reads and 
development of KASP markers

were verified by Agilent DNA 1000 Kit (Agilent Technologies, Inc.) and concentrations

were assessed by KAPA Library Quantification Kit (Kapa Biosystems, Woburn, USA).

http://www.gydle.com) was used to quality filter the raw

performed using the GYDLE findsnp function. Single-marker KASP assays were

Simkova et al. (2008). Sequencing libraries were generated using Nextera DNA

assess purity of sorted chromosome fraction. Chromosomal DNA of 4B was

http://www.gehealthcare.com
https://tiriii.versailles.inra.fr/blast-iwesc/blast.php
http://www.gydle.com


differentiate them from iSelect 90K Infinium SNPs.

4.2.6 KASP assay

All KASP markers were tested on parental lines and population using a protocol

described in Chapter 3 Materials and methods.

4.2.7 Data analyses

homozygous resistant or homozygousThe RIL population

susceptible based on the phenotypic scores of respective parents. The marker alleles

were scored as A (VL404 allele), B (WL711 allele) or missing [-] (failed to amplify).

Chi-squared (%2) tests were used to determine the goodness of fit of observed

segregation to the expected segregation ratios.

A genetic map was established by MapManager Version QTXb20 (Manly et al.

2001) at P = 0.05 linkage criterion. Recombination frequencies were converted to

centiMorgans using the Kosambi map function (Kosambi 1943). The linkage map was

drawn using MapChart software v2.2 (Voorrips 2002). A LOD score of 3.0 was used as

the threshold for linkages among loci.

4.3 Results

4.3.1 Genetic analysis

VL404 (Lr49) exhibited infection type (IT) X and WL711 was scored IT 3+ when

inoculated with Pt pathotype 76-1,3,5.10,12 at the 5lh leaf stage under the greenhouse

conditions. The RIL population segregated at a single leaf rust resistance locus (99

resistant: 82 susceptible; x2i:i = 1 -59, non-significant at P - 0.05 and 1 </./.').
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parental samples. The KASP markers from this experiment were prefixed with ’sun' to

was categorized as



4.3.2 Chromosome sorting and sequencing

Thirty five thousand copies each from VL404 and WL711 chromosome 4B were sorted

with 97 and 98% purity, respectively. Chromosomal DNA was amplified by MDA

according to Simkova at al. (2008). To minimize the risk of representation bias, the

products from three independent amplification reactions were pooled. Amplification and

pooling of 4B chromosomal DNA from VL404 and WL711 yielded 7.88 and 8.36pg

DNA and pair-end sequencing provided 70519221 and 70685036 reads representing

19.78 and 19.83 fold coverage, respectively.

4.3.3 Molecular mapping

Forty five SNPs from the iSelect 90K infinium array showed linkage with Lr49. KASP

primers (Table 4.1) were designed from the Infinium sequences flanking SNP. Twenty

KASP markers produced clear discrimination between parents and were subsequently

tested on the entire RIL population. Data generated from these markers defined the Lr49

interval (Fig. 4.1a). The SSR markers (barc!99, gwm251, gwni495. gwm513 and

Chromosome sorting and sequencing identified 40 SNPs between VL404 and WL711

within the Lr49 interval. Twenty-eight sunKASP markers were developed (Table 4.2)

and flanking sequences around SNP were not enough to design KASP for 12 SNPs.

unambiguously scored on the entire VL404/W1711 RIL population. In total, 32 markers
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Seven out of 28 KASP markers produced clear clusters between parents and were

wmc34) were also included in the map with the aim to refine map locations.

including 5 SSRs (bare 199, gwm251, gwm495, gwni513 and wmc349) generated a

partial linkage map of Lr49 covering a distance of 30.5 cM (Fig. 4.1a). KASP marker



sunKASP_21 mapped 0.4 cM proximal and sunKASP_24, KASP_20289. KASP_20288,

KASP_35049 KASP_21440 and KASP_39484 mapped 0.6 cM distal to Lr49 (Fig. 4.1a).

A— gwm495
1.9 —

---- gwm513

3.5-

----bard 99

7.6 —

8.1 ~
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10.1 —

z)— wmc349
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b
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Figure 4.1 Genetic linkage map of chromosome 4BL of VL404/WL711 RIL population 
(a) Present study; (b) Bansal et al. 2008b
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Table 4.1 Primer sequences for KASP markers designed from SNP sequences linked 
with Lr49 region on chromosome 4BL 
KASP marker 
KASPJ109 
KASPJ606 
KASPJ998 
KASP_5827* 
KASP_6418 
KASP_6562 
KASP_7042* 
KASP_7O77 
KASP_7783* 
KASP_8082* 
KASP_8302* 
KASP_8517 
KASPJ3708* 
KASP_8945 
KASP_8980* 
KASPJ0342 
KASPJ2434* 
KASP_20288 
KASP_20289* 
KASP_21440 
KASP_2I707 
KASP_26845* 
K ASP_31674 
KASP_35049 
KASP_35851 
KASP_36054 
KASP_36379* 
KASP_38423 
KASP 39484* 
KASP_39515 
KASP_42264 
KASP_5I855 
KASP_51856 
KASP_53740* 
KASP_54629* 
KASP_54642 
KASP_54728* 
KASP_59160* 
KASP 72709* 
KASP_74301 
KASP_76214 
KASP_76849 
KASP_77275 
KASPJ7276 
KASPJ7324 

primer

Forward (Allele 2) primer1' 
catcttacgatlcttaaatacttccaac 
cagaaaagctcctlcaaggggc 
agcttgatgacgaagaaggagac 
gaagcagctggc ageac tc g 
gtactacalttatcagactttatatgactgt 
clgatcagaactttgctgacgaca 
ccaagttgactcaagagacgagg 
cagttccgctccacccacg 
aagaggcactaccgltcagatc 
gctttgctggtctttagaaatcccta 
ctacccnttacaacaacttcatlcgl 
gcggcggcggcggcg 
gtcgtggtgacgcacgcag 
gccaactgacgaacaattctagttc 
agagcagaatlgattgctgcaacc 
agtgtcaaaattacaagcaatcgcac 
gcacgacgagtgctgccc 
gtcctcaatttggagatgcgctg 
cttttatactcacattctgaatcaggac 
ccccagctaatcctgtggag 
ctgctcatcctggagttgagtc 
ctcagutaatatgcagcagcacttc 
catccaaagatttgattgacaaaaggg 
ctaagcgaaagagaaactatttacagc 
gttcggcgtcaacgacagcg 
agalccccaaggaagacaaggc 
cctgtgaccltatgactggtagaaa 
aaagtttcacggttgcggcataac 
etagteaatgeaaggaggagaag 
catgtctacatcgcttgcaccg 
cctgtggtaacgcaacttggc 
gcatgaatttgctgaaggaagcc 
caaggtgtgcaaaacactggcc 
gtcatcttcattltcagcatctgcg 
gtctccaagtgacagugaatgc 
gtcgacccagacaatacgagtc 
atgacatcgacggcgaactgg 
agatttgctttcgatccgtacttcg 
gatcctaatgaaccgacgtaltgc 
ccaglacctcttgacttggacg 
aacaagtgtgcctggaatgatgc 
aaaacaagctgatgccttccgc 
agaaaggcaaagcatgaagccg 
caccaacgcctccacacgc 
acgacatclaccgcatcgtacg 

GAAGGTGACCAAGTICAKK I;

Forward (zMIcle 1) primer’ 
tattcatcttacgattcttaaatacttccaat 
atcagaaaagctccttcaaggggt 
gagcltgatgacgaagaaggagat 
gaagcagctggcagcaclca 
aclacatttatcagactttaiatgactgc 
galcagaactttgclgacgacg 
tccaagttgactcaagagacgaga 
gcagttccgctccacccaca 
agtaagaggcactaccgtlcagatt 
llgctggtctttagaaatccctc 
acccttttacaacaacttcattcgc 
gcggcggcggcggca 
gglcgtggtgacgcacgcaa 
atgccaactgacgaacaattctagttt 
agagcagaaltgattgctgcaact 
catagtgtcaaaattacaagcaatcgcat 
cgcacgacgaglgctgcca 
gtcctcaatttggagalgcgclt 
tcttttatactcacattctgaatcaggat 
glccccagctaatcctgtggaa 
gctcatcctggagttgagtt 
cagtttaatatgcagcagcactta 
cacatccaaagatttgattgacaaaagga 
aagcgaaagagaaactatttacagt 
ggttcggcgtcaacgacagca 
gagatccccaaggaagacaaggt 
gtgaccitatgaclggtagaag 
caaagtttcacggltgcggcataat 
agtcaatgcaaggaggagaaa 
gcatgtctacatcgcttgcacca 
aattcctgtggtaacgcaacttggt 
cgcatgaalttgctgaaggaagcl 
gcaaggtglgcaaaacactggct 
tgtcatcttcattttcagcatctgca 
gtgtclccaagtgacagitgaatgl 
atgtcgacccagacaatacgagtt 
gatgacatcgacggcgaaclga 
aagatttgctttcgatccgtacitca 
cgatcctaatgaaccgacgtattgt 
accagtacctcttgacttggaca 
gaacaagtgtgcctggaatgatgt 
aaaacaagclgatgccttccgt 
tagaaaggcaaagcatgaagcca 
aacaccaacgcctccacacgt 
gacgacatctaccgcatcgtaca 

’Al primer labelled with FAM: 
GAAGGTCGGAGTCAACGGATT 
•marker mapped in Lr49 region

Common reverse primer 
ccagggttgtgtgccttcclttatt 
gtgtccacaaagttctgagagtaatcatt 
tgacgctgtcgttgacgccgaa 
gctcagcctcaaggtcggtgtt 
tcaccatgcagagacaccacttcat 
gcttlgcttgattctgcgccaactt 
cctcctacgcaacaaccgacacaa 
cgaccttgaaglggcctcggtt 
agagggcgtgctttccaagtgaat 
cttgcactaacatcacaacccccat 
gggaataatcagggattgaccccta 
gttgccctaccttagtagaggtgaa 
ttcacatgaccatggccaggagat 
gccggatatggattaagatgtaattagctt 
ctccacttcctcactgtcatctgtt 
ccatgtgtccaaaictgaagattcagtat 
gtcaaggtcgaccaacccctgaa 
atcaagatgtaattctggattcagcaagaa 
ctccgagagtcaaaatacaagaagtgttt 
tagtttctgtagcttcggttgatacctt 
tcgtgaaagccttgtaacatctgagaaa 
gacgcagatccatctcagaaggtaa 
ccaacttactccaacaatgaatgattaaaa 
tttagacacagcgatacgttgtacatgtt 
ctccttalggatggtggcctggat 
ccatgccgccgcctcccat 
aaatcgcaatttsaacatgaattcagtctt 
ttaagtgccatagagaacaaccagaagaa 
gccgcttgttaggcttctggctt 
gcatatgccactacagcaactgagaa 
gaggggaaccaccgcataaggat 
caagtclgcgcacactctaaaggat 
aacatgagattgcaaggtlgtgttgcaat 
gatccagaggagaaaggttctgcta 
atccagcttcttgtacagcggagaa 
atcgcglacgtcatctgctgtgtat 
acaccggctggtatgccaccaa 
gtaacaacgattcaaatgtggacacgaaa 
accgtagctgacttggttgcagaa 
gtgatgagee tgatggc ggcat 
gattgcaatgaagcaaggagtattgactt 
gaaaaaaaacygtgttgctaatcacgagat 
getgttacccagcatctacictgaa 
ctgctcacac tgccac ggac 11 
cgaagggcaaggacatcgaggaa 
primer labelled with HEX:



Table 4.2 Primer sequences for KASP markers designed from SNP discovered from the

flow soi led chromosome 413 of parental genotypes
Common reverse primerAllele 2 primerAllele I primerKASP marker

tagagcccagtgccaat I tcaactcaaaaacaaggaaaaagagaaallctalaaaactcaaaaacaaggaaaaag
ctattaacgtagagcccaglgcUcagatctaaaatcacggcaclgattegaalgtttttgtaggatuc
atcaaacaaaccccatcaggsunKASP 23 itcgattacccgggagcgtgcttgttggiggtgga
cagtgatgggttggatgagasunKASP 25 agtaccaaatgcagcaaaaaaacaaaaagaaaacatlcigtagtaatctgta
aggcagucctgaacaaaatgsunKASP 27 ttcttgacaccagcattgagagcgcaaacaggteatcatcitc
tgggttaagggcaagaaacasunKASP 29 aacacaaagagagcatcatgaaataccagaaattcciatattttactggaacg
cacgtccaccaatttatgtcasunKASP_31 gaaatgtaattttattltgttttgcttgttcaalcalttacittcatgcgaa
ctttggcccaagttgtgtetsunKASP 33 aatctttttgctagccttcatctlcatgtcaatagtlatgcactcaaalta
gattgatgtccatgccctctsunKASP 35 gaglacggcggtaatagggattccaaatcctaaaagccaagatgt
aaaaaggucggtgtgttggsunKASP 37 atatgcttcatgatgctccctlcctittgaggcaaaggacaa
aaaaattctgaaacattacgaaaacasunKASP_39 catcctclagaacaatggtggtlcaccalctcctcctcattatcg
tcccaaaaattgttttctcacasunKASP 4! tcacaagiucagttgcagaagagactcttctggtccatctcca

sunKASP_43 caagcgcttltctttaacgtcactacalgcgcaaaaagcaattcttatatgcatgattatttalagcctca

sunKASP 45 ggtagctatgtgaggactctctcuitatcaatgaccltttgaattggtcgtggagaccggtgcitcit

sunKASPJ 9 cactgaataatgcaacactagtagga(tctataaaactcaaaaacaaggaaaaac aactcaaaaacaaggaaaaagagaac

sunKASP 21 cgcatcttggcttttaggatgattcgaatgtttttgiaggatttt cagatctaaaatcacggcacc

aggatggcacagaaataccgttcgattacccgggagttgctlgttggtggtggg
tcttitcatttcgggaciggcaaaaagaaaacattctgtagtaatctgtt cagtaccaaatgcagcaaaaaat

sunKASP 27 ttcugacaccagcatlgagac tcccgtgtaccctcaagaaccgcaaacaggtcatcatcltt

sunKASP 29 gclaggcatgalgaltlcaatggcagaaattcctataltttactggaaca aacacaaagagagcatcatgaaatag

sunKASP_3I caccgaccaccattgtlctatcaatcatttacttteatgcgag aatgtaaltttattltgtntgcttgc

sunKASP 33 catgtcaatagltatgeactcaaaltg tggtccaaglacaggtctaceaaatctttttgctagccttcatctc

sunKASP 35 ttcatttcgggaclgggacaaatcciaaaagccaagatgc cggagctatltttggaccag

sunKASP_37 atgcttcatgatgctccctc ugcaeagggtgagcacttaccttttgaggcaaaggacag

sunKASP 39 caccatctcctcctcattatca ctcttcccgttgcaagaaatcatcctctagaacaatggtggtc

sunKASP_41 actcttctggtccatctccg cacaagtttcagttgcagaagc tgtcgaataccaccttgcag

sunKASP 43 cltalatgcatgaltatttatagcctcg clacatgcgcaaaaagcaac cacgggcacgaacaaatag
sunKASP 45 tggagaccggtgcttctc ttatcaatgaccttttgaattggtca atccgaagtggcaatctgac

4.3.4 Validation of Lr49 linked markers

Markers that showed close associations with Lr49 were tested on a set of European and

Australian cultivars and compared to the parental genotypes as checks. The marker

allele variation among these cultivars and parental genotypes is presented in Table 4.3.

Markers sunKASP_2I amplified WL711 (T:T) haplotype in all Australian cultivars.
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sunKASP_19
sunKASP_21

sunKASP_23

sunKASP 25



simKASP 2!Cultivars/lines 

T:T

T:T

T:T
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Table 4.3 Validation of closely linked K.ASP markers on Australian and European

wheat varieties/genotypes 

VL404 (Lr49)

WL71 1

AGT Katana, Axe, Baxter, Beaufort, Bolac, Calingiri, Camamah, 

Catalina, Chara, Cobra, Corack, Correll, Crusader, Dart, Derrimut, 

Diamondbird, EGA Bonnie Rock, EGA Bounty, EGA Burke, EGA 

Gregory, EGA Wedgetail, EGA Wylie, Elmore CL PLus, Emu Rock, 

Envoy, Espada, Estoc, Forrest, Fortune, Gauntlet, GBA Sapphire, 

Giles, Gladius, Grenade CL Plus, Impala, Impose CL Plus, Janz, 

Justica CL Plus, King Rock, Kord CL Plus, Kunjin, Lang, Lincoln, 

Livingston, Mace, Mackellar, Magenta, Merinda, Merlin, Naparoo, 

Orion, Phantom, Preston, Scout, Sentinel, Shield, Spitfire, SQP 

Revenue, Strzelecki, Sunco, Sunguard, Suntop, Sunvale, Sunvex, 

Sunzell, Ventura, Waagan, Wallup, Wedin, Westonia, Wyalkatchem, 

Wylah, Yandanooka, Yitpi, Young

Gazelle, JO 8023, Safir

Apu, Aros, Atson, Avle, Bastian, Bjame, Blanka, Borsum, Bom, 

Canon, Dala, Dalama, Diamant, Diamant 11, Drabant, Dragon, ELS 

6404  102  3, Ergo, Eroica, Extra Kolben, Fagott, Fram 1, Fram 11, 

Fylgia 1, Fylgia 11, Haarajarvi MEO 102 Apu, Halland, Horsmanaho 

ME201 Timantti, J_03, Jarvenkyla ME0302 Timantti, JO 3524, 

Jokikyla ME0505 Apu, Kadett, Kam 11, Kenya Fanner, Kimmo. Kiuru, 

Kota, Laitiala APO 103, Landvarkveite, Lantvete fran Dalama, Lantvcte 

fran Halland, Lavett, Manu, Monola ME1301, Moystad, MS 273  150, 

Naxos, Nemares, Nora, Norrona, ostby, Polkka, Pompe, Pondus, Prins, 

Progress, Rang, Reno, Ring, Rival, Rollo, Rubin. Runar, Ruso, Saffian, 

Sappo, Sibirian, Skime, Snogg II. Snogg 1. Sober, Sopu, Sport, Svenno, 

Timantti , Timantti Paavo, Tjalve. Touko, Troll, Trym, Ulla. Vinjett, 

Vitus, Walter, William, WW 20299, Zebra,



Markers KASP_20289,except Gazelle which carried the VL404 allele (C:C).

KASP_20288, KASPJ5049, KASP_21440 and KASP_39484 showed the presence of

VL404 allele (A:A) in nineteen cultivars (data not given). Marker sunKASP_21

amplified WL711 haplotype in 88 European cultivars and genotypes Safir and JO 8023

canied the VL404 haplotype (C:C) (Table 4.3). These results demonstrated the

usefulness of simKASP_2l in marker-assisted selection of Lr49 following assessment of

parental polymorphism.

4.4 Discussion

Conventional phenotype based selection for disease resistance has been performed in

various wheal breeding programs around the globe. While cultivars carrying durable

resistance to diseases were released, the understanding of genetic basis of resistance was

obscure. It is challenging to combine ASR and APR genes with confidence in a single

genotype based on phenotypic assay due to high levels of resistance conditioned by

effective ASR genes singly. The retrospective genetic analysis can however confirm the

genetic basis of resistance. Bariana and McIntosh (1995) reported the involvement of

four genes for resistance to stripe rust in cultivar Hybride-de-Bersee that showed durable

resistance.

Rust response-linked molecular markers can facilitate pyramiding of two or

more rust resistance genes in a single genotype. This investigation identified and

validated Lr49-sunKASP 21close association. Previously. molecular marker

ver>' laborious low throughput marker systems. The

identification of a high number of SSR markers assigned to all chromosomes in wheat
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development was based on



(Roder et al. 1998) made the process faster than that based on RFLP and RAPD

technology. SSR markers linked with several economic traits in wheat were developed

and protocols are available on the MASWheat website (http://maswheat.ucdavis.edu/).

The technological developments including high throughput genotyping platforms and

the next-generation sequencing (Zhang et al. 2011; Visendi et al. 2013) in the last

decade have offered opportunities for developing ‘designer’ cultivars through marker-

assisted selection (MAS) of economic traits. SNP markers linked rust resistance genes

Yr57 (Randhawa et al. 2016), Lr48 (Nsabiyera et al. 2016) and Lr67 (Forrest et al. 2014)

were identified.

Although 90K SNP markers mapped close to Lr49 in this study, none of these

markers produced in useful information when tested on a validation panel of 165

genotypes. The flow sorted chromosome technology has made identification of

trait-marker associations and cloning of loci of economic interest faster in many crops

including wheat (Vrana et al. 2000; Sanchez-Martin et al. 2016). This technology was

also employed in this study and resulted in close association of marker sunKASP_21

with Lr49. This marker amplified VL404 haplotype in three genotypes (Gazelle, JO

8023 and Safir), whereas the alternate haplotype was carried by 162 genotypes. These

results confirmed the close association of sunKASP 21 with Lr49.

To achieve durable control of leaf rust resistance in wheat, deployment of

combinations of ASR and APR genes is essential. Marker linked with ASR genes Lrl

(Cloutier et al. 2007), Lr23 (Chhetri et al. 2017), Lr24 (Mago ct al. 2005; Bariana et al.

2016) and Lr37 (Helguera et al. 2003; Blaszczyk 2004) are available and combinations
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effective against all Australian Pt pathotypes. Markers for APR genes

Lr34 (Lagudah et al. 2006), Lr46 (E. Lagudah personal communication), Lr67 (Forrest

el al. 2014) and Lr68 (Herrera-Foessel et al. 2012) are also available. All of these genes

Foessel et al. 2012; Spielmeyer et al. 2013). Leaf tip necrosis is associated with slight

yield reduction in disease free environments (Singh and Huerta-Espino 1997). Therefore,

it is not advisable to combine two-three slow rusting genes. Combinations of APR

genes with effective ASR genes should be deployed in new cultivars. Stacking Lr49 with

another APR gene and at least two ASR genes can provide long lasting resistance that is

hard to overcome by a single step mutation in the pathogen.

Overall, this investigation demonstrated the use of different genomic resources

for identification of close trait-marker associations. The molecular map generated in this

population will be useful for cloning of Lr49. Phenotypic assays were almost impossible

to track Lr49 among breeding populations segregating for ASR genes and the

identification of sunKASP_21 will be useful for pyramiding of this gene with other

marker-tagged ASR and APR genes.

39

of these genes are

are associated with leaf tip necrosis (Singh 1992; Rosewame et al. 2006; Herrera-



Chapter 5

5.1 Introduction

Common wheat (Triticum aestivum L., 2n = 6.v — 42, AABBDD) is the most widely

grown crop with an annual global acreage of 220 million ha (Curtis 2002; Shiferaw et

al. 2013) and in the developing countries its acreage is ranked second. Its global trade

volume exceeds all other major food crops combined (Atchison and Head 2010). Wheat

provides about 20% of daily calories and its contribution to protein is more than maize

(Shiferaw et al. 2013).

Stem rust also known as black rust, caused by Pitccinia gramims f. sp. tritici

(Pgt), has historically been a devastating disease of wheat in Africa, Asia, Australia,

Europe, Middle East and New Zealand (Watson 1974, 1981; Luig 1977; Roeifs 1985;

Saari and Prescott 1985; Leonard and Szabo 2005). Yield losses of 20-30% from stem

Asia, Australia, Europe and the United States (Zadoks 1963; Roeifs 1978; Leonard and

Szabo 2005). Under favourable environment for disease development and cultivation of

susceptible cultivars, stem in st has the potential to destroy the whole crop within three

weeks of its onset (Leonard and Szabo 2005; Singh et al. 2012).

The detection of Pgt pathotype Ug99 (TTK.SK.) in Uganda in 1998 (Pretorius et

al. 2000) rendered a high proportion (90%) of global wheat cultivars susceptible (Singh

et al. 2006; Singh et al. 2011). From Uganda, 1'TK.SK. rapidly migrated to neighbouring
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Identification of molecular markers closely linked with wheat 
stem rust resistance gene Sr48

rust were reported in the middle of the 20Ih century in many wheat growing regions in



wheat growing countries including Tanzania, Kenya, Ethiopia, and Sudan and it has

subsequently been detected in the Middle East and South Africa (Singh et al. 2006;

Nazari et al. 2009; Pretorius et al. 2010; Visser et al. 2011). This pathotype acquired

virulence for stem rust resistance genes Sr24 and Sr36 in Kenya in 2006 and 2007,

respectively (Jin 2008. 2009). In 2013-2014, a Pgt pathotype TKTTF acquired virulence

for SrTmp and caused an epidemic that destroyed 10,000 ha of the widely cultivated

wheat variety Digalu in Ethiopia (Olivera et al. 2015).

Various stem rust control measures have been used and these included the

removal of alternate host (Berberis vulgaris L.) of Pgt coupled with the use of host plant

resistance (Kolmer et al. 1991; Singh et al. 2011) and application of fungicides

(Wanyera et al. 2009; Macharia et al. 2013). To date, more than 60 stem rust resistance

genes have been identified, located to specific chromosome positions and formally

named in wheat (McIntosh et al. 2015). The deployment of rust resistance genes to

control stem rust was estimated to save Australian wheat fanners AUD 12 million

annually (Murray and Brennan 2009). The deployment of resistance genes singly

resulted in boom and bust cycles through the emergence of new pathogen variants in

Australia (Watson 1984). Watson and Singh (1952) emphasized the deployment of

combinations of resistance genes following the demise of singly deployed genes Sr6

(Eureka) and Sri 1 (Gabo) in Australia. Although it is possible for the pathogen to

acquire virulence for more than

very low.
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one gene at once, the probability of such an event is



A successful breeding for disease resistance program relies on the continuous

technologies to deploy them in combinations (Bariana 2003; Bariana et al. 2007a;

Bariana and Bansal 2017). Bansal et al. (2009) mapped stem rust resistance gene Sr48

population. Attempts to identify markers closely-linked with Sr48 using several

genomic resources available in the distal region of chromosome 2AL failed to identify

close 5r4cV-marker association (Bansal and Bariana unpublished). In this study, we used

the Arina/Cezanne RIL population to identify markers closely-linked with Sr48 for use

in marker-assisted pyramiding of this gene with other marker-tagged resistance genes.

5.2 Materials and methods

5.2.1 Host material

The Swiss winter wheat cultivar Arina (Zenith/Moisson) was crossed with a stem rust

single Fi plant were used to produce F6:7 recombinant inbred line (RIL) population. This

population comprised of 172 RILs. A panel of 82 Australian and 90 Nordic wheat

cultivars was used for validation of markers linked with Sr48.

5.2.2 Greenhouse screening

Five seedlings of cultivars Arina and Cezanne were raised in 9 cm diameter pots filled

with potting mix consisting of pine bark and coarse sand (2:1). The stem rust
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on the long arm of chromosome 2A based on its repulsion linkage (16.5 cM) with stripe

susceptible cultivar Morocco was included as a control. The experimental material was

susceptible winter wheat cultivar Cezanne (Thesee/87B29). F; seeds generated from a

supply of genetically diverse sources of resistance and development of selection

rust resistance gene Yrl using the Arina/Fomo recombinant inbred line (RIL)



fertilized at sowing with Aquasol11 (25g/10L of water) and six days after germination

McIntosh (1993) using the Pgt pathotype 98-1,2,3,5,6,7 (PBI culture no. 580).

Inoculated seedlings were incubated in the greenhouse at 18-20°C for 48 h on water-

filled steel trays covered with hoods made from translucent polythene sheets to allow

natural light and to provide 100% relative humidity. After incubation, infected seedlings

high (27±2°C) temperatures to observe the effect of temperature on the expression of

Sr48. Rust response assessments were performed 14-16 days after inoculation using the

0 to 4 infection type (IT) scale described by Stakman et al. (1962).

5.2.3 Mapping of Sr48

5.2.3.1 DNA extraction and genotyping

Genomic DNA was extracted from seedlings of each Arina/Cezanne RIL according to

Bansal et al. (2014b). The quality and quantity of DNA were measured on 1% agarose

gel and using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies),

respectively. The DNA samples of 92 RILs and parents were sent to Diversity Arrays

Technology Pty Ltd, Canberra, Australia for wheat DArTseq 1.0.

S.2.3.2 Development of PCR based SSR and sequcnce-tagged-site (STS) markers

Phenotypic data for segregation at Sr48 were converted to geneotypes (A = Sr48 from

Arina and B = sr48 from Cezanne) and incorporated into the DArTseq map. The

sequences (about 40 bp) of .SWA'-linked DArTseq markers were used to identify Chinese

Spring (CS) Chromosome Survey Sequence (CSS) contigs using the BlastN
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were transferred to two microclimate growth rooms maintained at low (17±2°C) and

with Urea (25g/10L of water). Inoculations were performed according to Bariana and



The(https://urgi. versail les. inra.fr/blast/?dbgroup=wheat-all&program=blastn) query.

CSS contigs were searched for repeats using the simple sequence repeat (SSR)

(http://archive.grainene.org/db/markcrs/ssrtool). Primerstoolidentification were

designed using the Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/primcr3). Three

STS and 1 1 SSR markers were designed and named with the prefix ‘sun ’ denoting

Sydney University followed by consecutive number on the marker list (Table 5.1). The

forward primers were labelled with M13 sequence: CACGACGTTGTAAAACGAC.

These markers were tested for polymorphism on parental DNA. Polymorphic markers

were tested on the entire RIL population according to the procedure described in Bansal

et al. (2014a). In addition to ‘sun’ markers mentioned above, we also used 2DS specific

markers; barcl24, barc95, gdm5, gwm296, gwm455, xib3, xib58, xib59, xib66, xib87.

xih89, xib90, xiblOO and xib!28 reported by Cao et al. (2012) and gwm210, cfd36 and

wind 11 reported by Yu et al. (2015).

5.2.3.3 Development of SNP markers

Genomic DNA (300ng/pl) from 14 resistant and 14 susceptible RILs and parents were

sent to AgriBioscience, La Trobe University, Melbourne for selective genotyping using

primers designed using BatchPrimer3 softwarevl.Owere

(http://probes.pw.usda.gov/batchprimer3/). The detailed procedure of designing primers

and running KASP assays is given in Chapter 3.

5.2.3.4 Genomic in situ hybridisation
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an Illumina iSelect 90K Infinium SNP array to identify SNPs linked with Sr48. KASP
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Cultivars Arina, Forno and Cezanne were subjected to genomic in situ hybridisation

(GISH) following the procedure of Zhang et al. (2001). Total genomic DNA from T.

Fluorescein-12-dUTP and Rhodamine-5-dUTP (Roche Diagnostic Australia, Castle Hill,

NSW, Australia), respectively using nick translation. The unlabelled total genomic DNA

of Ae. speltoides (SS genome) was used as a blocker. The probe to blocker ratio was

1:10.

(Invitrogen Life Science, Carlsbad, CA) and fluoresced blue. Slides were analysed with

EXi CCD (charge-coupled device) camera (Qlmaging, Surrey, BC, Canada) operated

with Image-Pro Plus version 7.0 software (Media Cybernetics Inc., Bethesda, MD) and

processed with Photoshop version CS6 software (Adobe Systems, San Jose, CA).

5.2.4 Statistical analysis

Chi-squared test of goodness of fit was used to compare the observed stem rust response

segregation against the expected genetic ratio for a single gene. Map Manager Version

QTXb20 (Manly et al. 2001) was used to create linkage groups using a LOD score of 3

as threshold for significance. Genetic distances were determined using the Kosambi

mapping function (Kosambi 1943) by transforming recombination fractions into

centimorgans (cM). MapChart software v2.2 (Voorrips 2002) was used to generate

linkage map.

5.3 Results

5.3.1 Rust response assessments
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a Zeiss Ax io Imager epi fluorescence microscope. Images were captured with a Retiga

urartu (AA genome) and Aegilops tauschii (DD genome) were labelled with

with 4', 6-diamidino-2-phenylindoleChromosomes were counterstained



Cultivar Arina displayed IT 22'

susceptible parent Cezanne displayed IT 3 at both temperature regimes (Fig. 5.1). The

segregation for seedling stem rust response against the Pgt pathotype 98-1,2,3,5,6,7 (84

RILs with ITs 22' to 22 and 88 RILs with ITs 33 to 3‘; %2 l:i = 0.29, non-significant at

P = 0.05 and 1 df).

1T22', 17±2°C

IT23C, 27±2°C

IT3

5.3.2 Construction of DArTseq linkage map

In total, 32,679 DArTseq markers were received and were subjected to analysis to-

identify markers with significant deviations from the expected 1:1 ratio. Overall, 6576

markers displayed segregation distortion (x- 3.84), 8606 markers had more than 10%

missing data and 9940 markers did not differentiate between parents. These markers

construction, 4498 markers were not assigned to any known chromosome and 3059

markers were distributed across 21 chromosomes. After hiding the redundant loci, 2202

markers were used for constructing the linkage map. A total of 1391 markers constituted

49 linkage groups, whereas 811 markers remained unlinked. Nineteen of the 21

chromosomes (except chromosomes 5D and 6B) had good marker coverage. The

Arina/Cezanne linkage map covered a genetic distance of 3795.3 cM with marker
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Figure 5.1 Infection types produced by Arina (Sr48) and Cezanne against pathotype Pgt 
98-1,2,3,5,6,7

were excluded. Out of 7557 markers that passed the quality test for linkage map

Arina/Cezanne R1L population was evaluated at 17 °C and showed monogenic

at 17±2°C and IT 23C at 27±2°C while the



density of at least one marker per 2.7 cM. The number of markers mapped varied, with

chromosome 413 having the smallest number of markers (9) while chromosome IB had

the largest number (458). The A, B and D genomes had 454, 722 and 215 mapped loci,

respectively with the A genome exhibiting the most uniform coverage.

5.3.3 Marker discovery

Sr48 was incorporated in the DArTseq linkage map. Sr48 showed co-segregation with

12 markers located in the chromosome arm 2DS and 2AL (Fig. 5.2b). A BlastN search

of the DArTseq marker sequences linked with Sr48 was performed. Markers 1211448,

1094958, 1148652, 1000216, 1064890, 1093453, 1104800 and 1246029 did not have

good match with CSS contigs and the remaining four markers (1109505, 2258266,

1141405 and 1375819) identified four CSS contigs (Table 5.1). These contigs were used

to develop 3 STS and 11 SSR markers. These markers were tested for polymorphism

between the parents. Markers sun590 and sun592, both from the CSS contig 2DS-

5324961 were polymorphic. Marker sun590 was co-dominant and amplified 161 bp

and 157 bp fragments in Arina and Cezanne, respectively and sun592 was dominant

and amplified 159+153 bp amplicons in Arina and 153 bp amplicon in Cezanne.

identified by selective genotyping (Table 5.2). Four markers, KASP_56436 (2A),

KASP_6976 (2A), KASP 42132 (2A) and KASP 78815 (2D) differentiated parents

clearly and were genotyped on the entire R1L population. In addition, chromosome 2DS

specific markers xib58, xib59 and cfd36 (Cao et al. 2012; Yu et al. 2015) were also

tested on the R1L population. The final Sr48 map (Fig. 5.2c) covered a 29.9 cM interval

comprised of markers sim590, stm592, KASP 56436, KASP 6976, KASP 42132,
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Twenty seven KASP primers were designed from the 5r45-linked SNPs



KASP 78815, xib58, xib59 and cfd36. Markers sun590 and sun592 mapped distal and

the rest of the markers mapped proximal to Sr48. Markers sun590 and xib59 flanked

Sr48 at 0.4 cM and 3.5 cM, respectively.

Table 5.1 Primer sequences of STS and SSR markers derived from the wheat

chromosome survey sequences (CSS) that matched .SW&-linked DArfscq marker

sequences

Forward’ primer Reverse primerMarker nameCSS contig RepeatDArTseq marker

sun582STS2AL-6421726 atgtcgceaagttcgcatagagtaeaggtcgtggctgctt1109505

sun583 teeatceatgttectgatgaggcaaaatggcaggataltg

sun5842DS-4785040 STS ccgacetcataccggtaeat2258266 aaggctgacctttgacctga

sun 585(GCG)32DS-532496I aetctgcatcgtaagtcacc/141405 glgaatcgtacaagtggaalg

egatacaaaggcagalgg(CCG)3 sun586 ttaaggctaaaacaaateagg

(AGA)3 sun 58 7 aatacttgcacatetcctttgaagtagcatttctggaacaca

(AGAGA)5 sun588 gcttgcttccagttccag cteaagcaageaaatagtcat

(TCGCCGJ6 sun589 (ctgaaccaaacacatcctacccgtcccacaggtgtctc

(TCCT)4 sun590 ggecattacatggtaetagttttactctagtgaccaaecaaea

(AGCT>4 sun 591 ttattccatttcaalctgagc cclcaetaataatigaaacacg

(GTGTGO6 sun 592 tctggtgatttttgttaggaa aactclgtgcatgctagtttc

(CTGGAAJ6 sun 593 tcctecatcctctcttec tttatgggtaegtgctgtatt

1375819 2AL-6422050 (AG)6 sun594 ttgactctctaecatccagaa aacatatgaetgaaggaecaa

(CGG}4 sun 595 gatgtggagaaecaaglcatgtacagegagaeatgtgagae

5.3.4 Molecular cytogenetic analysis

The linkage of markers from chromosome 2D with Sr48 was in disagreement with the

original location of this gene in chromosome 2A (Bansal et al. 2009) based on its

repulsion linkage with stripe rust resistance gene Yr J. These results suggested the

involvement of a chromosomal rearrangement. Genomic in situ hybridisation (GISH) of

cultivars Arina, Fomo and Cezanne was carried out to determine if there were any
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translocations between chromosomes 2A and 2D. GISH results indicated an interstitial

translocation of A genome chromatin in the short arm of chromosome 2D in Fomo (Fig.

5.3). In addition, the common 4AL-5AL-7BS cyclic translocation was observed in all

three cultivars. These results indicated that translocation in Fomo might have played a

role in the location of Sr48 on 2AL in Arina/Fomo RIL population. The genetic

association of SNPs located in chromosomes 2A and 2D also supported this observation.
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Allele 2 primerAllele 1 primer' Common reverse primerSea fold**
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tctacgatagcccaacccat 
ctagagcttctctcctcccata 
atcggctggattattltgttigi 
tgctcaacaagataaaagaggga 
gggcaittctcaalcaccaaat 
ccgggagcagaattatggct 
aaaggatggaggatctgggl 
igccccaagatacatggcaa 
acgtgtgctgggtggtaa 
ccagatgaagaaccaccagtatat 
gcagcttcatggatactctctcta 
gaggtagtaigtcacaaatgaacaa 
actggaatcttatgttcccacaata 
ggcccccaacaccatcit 
icttaicattaggaacatggeitca 
agccaccgalgcctgttagt 
gatgagaagaggggaaagcga 
tgtcagcatgtgtccctgt 
ggctgttcgaaagtctnggta 
gagictcctggttctgcca 
glccgccgaagactgeaa 
accggatgacntgacaaiaaaca 
ggatcttccagiagagaaaggga 
gagaatagcccattggtcga 
gagegeegggagaggtat 
ggtgiatcatttcccttgcgt 
gctcigccigaagagaagaaa

letacgalagcccaacccac 
ctagagcttctctcctcccatg 
atcggctggattattttgttlgc 
tgcteaacaagataaaagagggg 
gggcatttclcaatcaccaaac 
ccgggagcagaattatggcg 
aaaggatggaggatctgggc 
tgccccaagatacaiggcag 
acgtgtgctgggtggtag 
ccagatgaagaaccaccagtatac 
gcagcttcatggatactctctctg 
gaggtagtatgicacaaatgaacag 
aclggaatctiatgitcccacaatg 
ggcccccaacaccatctg 
tcttatcatlaggaacatggcttcg 
agccaccgatgcctgiiagg 
ga tgagaaga ggggaaagcgg 
tgtcagcatgtgtccctgc 
ggctgttcgaaagtcitiggtg 
gagtctcctggttctgccg 
gtccgccgaagaclgcag 
accggatgactitgacaataaacc 
ggatcttccagtagagaaagggg 
gagaatagcccattggtcgg 
gagcgccgggagaggtac 
ggtgtatcatucccltgcgc 
gclctgcctgaagagaagaag

33664 
73235 
60956 
60956 
60956 
60956 
7356 
108478 
82164 
46174 
58116 
47476 
22440 
117850 
78889 
52744 
52744 
32556 
32556 
32556 
87109 
87109 
87)09 
87109 
S7I09

2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2A 
2D 
2D 
2D 
2D
2D 
2D 
2D 
2D

cgaatgccagccaggttcta 
tcttcaggtgggcaatctct 
taactgelgaaactacgggc 
aggag I tagaa t aa gc ea el tacc 
ctcugtgtagtctccttggg 
catgitcettcagcagggt 
aggaccgagacagcagaae 
CCtllgglgllClggtggtg 
agtccaCctttgaaagcaca 
ggacaglaagaaatccacaltcag 
aacaatgctcttatctactccctt 
tgcatgcaagtclacegagt 
agccagaggaggagalgc 
ttcatccgggtgcatgagtt 
clgactgclacaalglctallgg 
igagcalactggtgtgttccc 
atcttcttcctatccgctactctg 
ccccnagccaagaaigcaac 
tcllggciaaggggaggaaa 
cataacaacaatcctggcgac 
ttatgaagccgtectgcicc 
cccgglctggagaaaetcaa 
tciggccgtltcacalcg 
latgaggtggeggggcag 
ttagatccctcggtaccggc 
cagtttctacttgaagcgacaaat 
caggtcttcaggatgicgtag

4.6
11.3
11.9
11.9
11.9
11.9
11.9
12.6
49.4
52.2
59.2 
59.-2 
59.2
59.2
74.4
75.9
75.9
7.5
7.5
7.5
9.7
9.7
9.7
9.7
9.7

KASP 6982
KASP8331
KASP 47559
KASP_77910
KASP 25308
KASP_53165
KASP 56436
KASP_65059
KASP_6976
KASP 42132
KASP 73038
KASPJ0489
KASP 71620
KASP 8846
KASP_65638
KASP_23044
KASP 41062
KASP 36583
KASPJ6584
KASP 12110
KASP 12364
KASPJ2369
KASP_7748
KASP 8864 
KASP 10460 
KASP 78506
KASP_788I5
•based on isclcct 90K Infinium genot>ping array
••based on IWGSC_RcfScq_v I
Al primer labelled with FAM: GAAGGTGACCAAGTlCATGCr. A2 primer labelled with HEX: GAAGGTCGGAGTCAACGGA1 F

Table 5.2 List of KASP markers developed from the 5r4S-linked SNPs identified from selective genotyping of resistant and 
susceptible RILs using 90K SNP array 
KASP marker Chromosome PopSeq position 

cM*



Arlna/CezanneArina/Cezanne-2DSArina/F orno-2 AL

0.7~

4.0-

—fbaSa

---- xib59

12.6-

— xib58
3.0 -

---- KASP 5643616.9-

\d-Sr48
b ca

5.3.5 Comparison of Sr48 with Sr46

The revised location of Sr48 on the short arm of chromosome 2D suggested that it could

either be Sr46 or an allele at that locus. Genotypes carrying Sr48 and Sr46 were tested

against Pgt pathotypes 98-1,2,3,5,6,7 and 34-l,2,7+Sr38. Pathotype 34-l,2,7+Sr38

carries virulence for Sr48. Both genes exhibited resistance against pathotype 98-

1,2,3,5,6,7. The ineffectiveness of Sr48 and effectiveness of Sr46 against Pgt pathotype

34-1,2,7+Si38 demonstrated the uniqueness of these loci (Table 5.3).
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Figure 5.2 Genetic linkage maps showing location of Sr48 a) Arina/Fomo - Bansal et al. 
(2009), b) Arina/Cezanne - DArTseq of 92 RILs and c) Arina/Cezanne - PCR based 
marker map of 172 RILs



5.3.6 Validation of 5r45-linked markers

Markers sun590 and sun592 mapped close to Sr48. These markers were tested on a set

value inof Australian and Nordic cultivars (Table 5.4)

in all Australian cultivars
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marker-assisted selection of Sr48. Marker sun590 amplified the Cezanne allele (157 bp)

the

Table 5.3 Comparison of resistance expression by stem rust resistance genes Sr46 and
Sr48
Temperature
Pathotype
Genotype
Aus 18913 (Sr46)
Arina (Sr48)
Morocco

to determine their diagnostic

Figure 5.3 GISH image of a mitotic metaphase cell of cultivar Fomo. A- and D-genome 
chromosomes were fluoresced green and red, respectively, and unlabelled B-genoine 
chromsoomes were brown. Arrows point to 4AL-5AL-7BS translocations found in all 
hexapioid wheats. A nowheads point to a. short segment of chromosome 2 A (green 
colour) interstitially translocated to chromosome 2D (red colour)

17°C
34-1,2,7 +Sr38 98-1,2,3,5,6

except a winter wheat cultivar Naparoo which carried

27°C
34-1,2,7 +Sr38 98-1,2,3,5,6



Arina allele (161 bp). Thirty three Australian cultivars amplified Arina allele (159 bp)

when tested with sun592 indicating that this marker is not as close as observed in this

study. Among the Nordic cultivars, both markers amplified the Arina alleles in nine

genotypes (Bastian, Blanka, Dacke, Lavett. Nemares, Sport, Troll, Zebra and Pompe).

Lantvete fran Halland and Prins carried the Arina allele with sun590 and the Cezanne

allele with sun592. These results indicated that sun590 is more robust in differentiating

cultivars and can be used for marker-assisted selection following parental polymorphism

checks.
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Arina*
Cezanne**

AGT Katana, Axe. Catalina, Cobra, Corack, Correll. Crusader. Dart, 
EGA Burke. Elmore CL Plus, Emu Rock. Gauntlet, GBA Sapphire, 
Giles. Impose CL Plus, Janz. Lang. Mace. Merlin, Orion, Spitfire. Sunco, 
Sunguard, Sun vale. Sun vex. Trojan, Waagan. Wallup, Westonia. 
Wyalkatchem. Wylah.
Naparoo

Norwegian cultivars
Bastian, Blanka, Dacke, Lavett. Nemares. Pompe. Sport. Troll, Zebra.

Apu. Atson, Avle, Batalj Bjarne. Borsum. Boru, Brons, Canon. Dala. 
Dalarna. Diamant, Diamant 11. Drabant. Dragon. ELS 6404 - 102 - 3, 
Extra Kolben. Fagott. Fram I. Fram 11. Fylgia I, Fylgia II. Haarajarvi 
ME0102 Apu. Halland, Horsmanaho ME201 Timantti. J-03. Jarvenkyla 
MEO3O2 Timantti, JO 3524. JO 8023, Jokikyla ME0505 Apu. Kadett. 
Karn. Karn II, Kimmo. Kiuru, Kota. Laitiala AP0103. LandvSrkveite. 
Lantvete ffan Dalarna. Manu. Monola ME1301. Moystad, MS 273 - 150, 
Naxos, Nora, Norrona, Ostby. Polkka. Pondus, Progress. Rang. Reno. 
Ring, Rival. Rollo. Rubin. Runar. Ruso. Saffran. Safir. Sappo, Sibirian. 
Skirne. Snogg II, Snogg 1. Sober. Sopu, Svenno. Timantti. Timantti 
Paavo, Tjalve, Touko, Trym, Ulla. Vinjett. Vitus. Walter, William, WW 
20299.

Table 5.4 Validation of closely-linked SSR markers on Australian and Norwegian 
wheal cultivars 
Cultivar

Prins, Lantvete fran Halland.
‘Resistant control and **Susccptible control

Amplicon size
SIU159I) sun592
”T6i 153+159

157 153

Australian cultivars
Baxter. Beaufort, Bolac, Calingiri, Carnamah, Chara, Derrimut. 
Diamondbird, EGA Bonnie Rock, EGA Bounty, EGA Gregory. EGA 
Wedgetail, EGA Wylie. Envoy, Espada, Estoc. Forrest. Fortune. Gazelle. 
Gladius, Grenade CL Plus. Harper, Impala, Justica CL Plus, King Rock. 
Kord CL Plus, Kunjin, Lancer, Lincoln, Livingston, Mackellar, Magenta. 
Mansfield, Merinda, Phantom, Preston, Scout, Sentine. SF Adagio. SF 
Scenario. Shield, SQP Revenue, Strzclecki. Suntop. Sunzell, Ventura. 
Wedin. Yandanooka, Yitpi, Young.



5.4 Discussion

This study demonstrated better expression of Sr48 at a lower temperature (17±2°C).

This resulted in robust phenotyping of Arina/Cezanne R1L population in contrast to

Arina/Fomo population where the presence of Sr 17 in Fomo may have interfered with

low temperature regime. The temperature-sensitive

expression of stem rust resistance genes Sr6 (Green et al. 1960; Tsilo et al. 2009), Sr 12

(Singh and McIntosh 1986), Sr 15 (Watson and Luig 1966), Sr 17 (Roelfs and McVey

1979), Sr21 (Chen et al. 2015), Sr38 (Bariana and Mclntsoh 1993), Sr43 (Niu et al.

2014), Sr46 (Yu et al. 2015) and Sr52 (Qi et al. 2011) has been reported.

produced to Mendelize the QTL QSr.sun-

5BL which was named Sr56 (Bansal et al. 2014a). Surprisingly, Sr48 was mapped to the

short arm of chromosome 2D using the Arina/Cezanne DArTseq map. This finding was

contrary to the previous location of Sr48 on the long ami of 2A in Arina/Fomo RIL

population (Bansal et al. 2008, 2009). PCR based markers (stm590 and sun592)

developed from the CSS contig 2DS-5324961 that showed homology with DArTseq

markers also confirmed the location of Sr48 in 2DS in Arina/Cezanne RIL population.

This observation prompted us to test Arina and Cezanne with markers previously

reported to map on chromosome 2DS (Somers et al. 2004; Cao et al. 2012; Yu et al.

2015) and the marker xib59 mapped 3.3 cM proximal to Sr48. Based on the

the Chinese Spring deletion map (Sourdille et al.

2004) and the microsatellite consensus map (Somers et al. 2004). the 2DS specific

markers linked with Sr48 are located in the 2DS5-0.47-1.00 deletion bin. These results

supported the location of Sr48 in the distal region of the short arm of chromosome 2D.
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microsatellites in the deletion bins on

Arina/Cezanne RIL population was

evaluation of that population at a



GISH results confirmed an interstitial translocation of chromosome 2A at the distal end

of the short arm of chromosome 2D in cultivar Fomo. According to Endo and Gill

(1996), the 2A and 2D chromosomes of wheat are sub-metacentric and metacentric,

respectively. Hence, the observed sub-metacentric nature of chromosome 2D in Fomo

could have resulted from the interstitial translocation from the long arm of chromosome

2A to chromosome 2DS. This translocation might be producing quadrivalents and

resulting in pseudo linkage between Yr J and Sr48 observed by Bansal et al. (2009).

By applying two different marker systems (SSRs and SNPs) using different next­

generation sequencing and genotyping technologies (GBS, 90K Illumina iSelect SNP

Arina/Cezanne R1L because of the locations of linked markers on chromosomes 2A and

2D. However, because Sr48 was flanked by markers on chromosome 2DS, examining

its uniqueness from other stem rust resistance loci reported in this region was necessary.

Two other stem rust resistance genes; Sr6 (Tsilo et al. 2009, 2010) and Sr46 (Yu et al.

2015) have been mapped to chromosome 2DS (bin 2DS5-0.47-1.00). Sr6 produces low

seedling infection type (IT 0-;) (Tsilo et al. 2009, 2010) contrary to the intermediate IT

displayed by Sr48 (IT 22’ to 22 ) at low temperatures. In addition, Sr6 is linked with

mapped at 69 cM position (Somers et al. 2004). In the

present study, cfd36 mapped 25.6 cM proximal to Sr48, whereas it was located al the 7

cM position by Somers et al. (2004). Marker cfd36 mapped 62 cM distal to wnic453.

Therefore, Sr6 and Sr48 represent different loci. Sr46

al. 2015). The origin,
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Clae 25 which was

marker wmc453 which was

was first identified from Ae.

originally derived from Aus 18913 (Yu et

chip), this study has failed to ascertain the exact location of Sr48 based on

tauschii accession Aus 18913 and was later observed in another Ae. tauschii accession



pathogenic specificity and comparative location of Sr46 and Sr48 made us believe that

these genes are different.

SSR markers were breeders choice in the late 1990s and at the beginning of the

polymorphism and genome specificity (Roder et al. 1998). Despite the low level of

polymorphism and highly repetitive nature of the wheat genome, SSRs have been

widely used for linkage analysis studies (Roder et al. 1998; Somers et al. 2004).

However, their major drawback has been the high cost of their detection due to the lack

of amenability for high-throughput systems (Cortes et al. 2011). The recent discovery

of the next-generation sequencing, technologies enables sequencing, discovery and

genotyping of thousands of markers in hundreds of individuals at a much faster rate

(Davey et al. 2011). SNP markers are replacing SSRs because of their amenability to

high and ultra-high-throughput automation (Mammadov et al. 2012). The 90K. SNP

Illumina chip (Wang et al. 2014) and subsequent development of K.ASP (LGC

However, none of the SWS-linked KASP markers

assisted selection. One would expect the KASP-78815 marker developed from the 2D

genome to map closer to Sr48 than those developed from the 2A genome (KASP-56436,

Close trait-marker associations need validation across a diverse set of genotype

marker-assisted selection. The level of polymorphism of
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L

to assess their usefulness in

were close enough for use in marker-

Genomics) genotyping assays were used to identify breeder friendly SNP markers.

KASP-6976 and KASP-42132) but it mapped more distant than the above 2A markers

21st century (Mammadov et al. 2012) due to their abundance, co-dominance, high rate of

suggesting the involvement of chromosomal rearrangement.



such markers may vary among populations and/or cultivars. The co-dominant marker

sun590 demonstrated its usefulness in marker-assisted selection of Sr48 in all Australian

wheat backgrounds in the panel except Naparoo. Naparoo is a winter wheat and it is

difficult to assess whether it carries Sr48 or not due to the presence of Sr24 which is

effective against all Australian Pgt pathotypes. Pedigree of Nordic wheat cultivars was

not informative enough to determine the presence of Sr48 in a small set of genotypes

that amplified the Arina allele. However, the presence of Sr48 in these cultivars can be

expected due to the European origin of Arina. Overall, a marker that can facilitate

marker-assisted pyramiding of Ug99-effective stem rust resistance gene Sr48 with other

marker-tagged genes was developed and validated.
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Chapter 6

6.1 Introduction

biotrophic fungus Puccinia striiformis Westend. f. sp. tritici

Erikss. (Pst) incurs severe damage to wheat production in many regions worldwide

(Chen 2005; Milus et al. 2008). It was previously considered to be endemic in regions

with cool and temperate climatic conditions and higher altitudes; such as Europe,

Australia, Western USA, China and East African highlands (Zadoks 1963; Roelfs et al.

1992). It has recently spread to areas with warm temperatures (Milus etal. 2008;

Hovmoller etai. 2010; Wellings 2011) making it a threat to all wheat growing regions.

Losses from stripe rust vary from 10 to 70 % depending on prevailing climatic

susceptible cultivars under favourable climatic conditions for disease development

(Chen 2005; Bariana et al. 2016). The crop protection costs due to shift in Pst

population in 2003 in Australia were estimated to be S40-90 million annually (Wellings

2007). In another estimate, annual losses from stripe rust infection were reported to be

$127 million (Murray and Brennan 2009).

The use of fungicides and cultivation of resistant cultivars are the two most

widely used measures to control stripe rust on large scale production systems. Although

the timely application of fungicides can effectively control the disease (Chen 2005). it

imposes additional cost and causes environmental pollution. The use of fungicides often

fails to prevent yield losses in highly susceptible cultivars under high disease pressure
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Characterization and mapping of adult plant stripe rust 
resistance in Aus27284

conditions, cultivars grown and disease pressure. However, 100% losses can occur on

Stripe rust, caused by a



Consequently, deployment of genetic resistance in cultivars is(Zegeye et al. 2014).

viewed to be the most attractive option to control stripe rust (Pu et al. 2010; Chen

2013) and it is dependent on the availability of genetically diverse sources of

resistance.

Resistance to stripe rust can be classified into two types based on its expression

at different growth stages; seedling/all stage resistance resistance (ASR) and adult plant

resistance (APR) (Bariana 2003; Chen 2005; Rosewame et al. 2013). ASR is often

controlled by genes that condition high level of resistance individually at all growth

avirulent pathogen isolate and are prone to be defeated by

evolution in pathogen population through acquisition of virulence (Bariana et al. 2007a).

On the other hand, APR is controlled by genes that express at the post-seedling stages

and often provide low level of resistance when present alone. More than 75 stripe rust

resistance genes have been formally catalogued and most of these condition ASR

(McIntosh et al. 1995; 2015). Rosewame et al. (2013) summarized 140 quantitative trait

loci (QTL) for stripe rust resistance identified in various studies.

Continuous evolution in Pst population gives rise to new pathotypes with

different virulence and avirulence phenotypes and this evolution is reported to be caused

by step-wise mutation in the initial exotic introductions in Australia (Wellings 2007;

Park and Wellings 2012). Several stripe rust epidemics have occurred in various regions

of the world including Ethiopia, USA, China and Australia causing loss of several

million dollars (Wellings 2011) due to virulence on major genes including YrA, Yr2,

Yr6, Yr7, Yr8, Yr9, Yr 17 and Yr27 genes (Wellings and McIntosh 1990; Chen 2007;
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stages of the plant against an



Singh et al. 2008). This constant evolution and subsequent breakdown of resistance

especially of major genes necessitates continuous identification and deployment of

diverse sources of resistance in new cultivars.

century, but they

were ineffective in determining location of APR genes (Chhetri et al. 2016). The recent

discovery of high-throughput single nucleotide polymorphism (SNP) 90K array has

revolutionized mapping of economic traits in wheat (Wang et al. 2014). The

development of kompetitive allele specific PCR (KASP) genotyping system makes it

use (Semagn et al. 2014). Most of the genes in the 21s' century have been characterized

and mapped in classical bi-parental populations through bulk segregant analysis (BSA),

selective genotyping or genotyping the whole population using high-throughput
*

genotyping technologies.

Aus27284 was identified to be resistant under field conditions across three crop

to determine the inheritance and chromosomal location of stripe rust resistance in

Aus27284.

6.2 Materials and methods

6.2.1 Plant material and mapping population development

RILs developed by

crossing a susceptible genotype Avocet S (AvS) and the landrace Aus27284.

Aus27284 was collected from Afghanistan and was received from the Australian
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even more robust due to its simplicity, cost-effectiveness and flexibility for in-house

seasons by Bariana and Bansal (unpublished results). This investigation was planned

Cytogenetic techniques were used to map genes in the 20'11

The mapping population used in this study comprised 137 F5:t,



Winter Cereal Collection, Tamworth (now Australian Grains Genebank, Horsham).

Three F| plants were grown in field to produce Fi seed. F; seeds were sown and

harvested as whole plant individually to generate F3 population. The material was

enhanced to F5 generation through single head descent and single F5 plants were

harvested to generate Iv, generation. A set of 81 Australian wheat cultivars were used to

test the effectiveness of closely-linked markers for marker-assisted selection.

6.2.2 Pathogen material and resistance phenotyping

The RIL population was phenotyped under the greenhouse and field conditions. A

mixture of Pst pathotypes (134 E16A+Yrl7+Yr27+, 134 E16A+YrJ+YrT+, 150 E16A+

and 110 E143A+) was used for field inoculations, while seedling evaluation was carried

out using the predominant Pst pathotype 134 El6A+Yrl7+Yr27+. Details of the

virulence pattern of these pathotypes are provided in Table 6.1.

110 E143A+ Yr2, Yr3, Yr4, Yr6, Yr7, Yr25, Yr A

615 134 E16A+YrJ+YrT+ Yr2, Yr6, Yr7. Yr8, Yr9, Yr25, YrJ. YrT, YrA

134 E16A+Yrl7+Yr27+617

598 150 E16A+
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I

Yr2. Yr6, Yr 7, Yr8, Yr9, Yr 17, Yr27, Yr25, 
YrA
Yr2, Yr6, Yr7. Yr8, Yr9, Yr 10, Yr24, Yr25, 
YrA

♦based on reactions on Australian P. striiformis f. sp. tritici differential lines (McIntosh et al. 1995) having >77.
Yr2, Yr3, Yr4, Yr5, Yr7. Yr8. Yr9. YrlO, Yrl5, Yrl7. Yr25, Yr27. Yr32, Yr33. YrA, YrSP resistance genes

Table 6.1 Puccinia striiformis f. sp. tritici pathotypes used for artificial inoculation in 
the field and their virulence on the known genes

PB1 Pathotype Virulence for genes*
culture no 
444



6.2.3 Seedling stripe rust screening

The Aus37284/AvS R1L population, parents and the susceptible control (Morocco)

were evaluated at the seedling stage in the greenhouse. The material was sown following

inoculated by atomising two mg of urediniospores of Pt 134 E16A+Yrl7+Yr27+

hydrocarbon propellant

for 24 h. Pots were then shifted to a temperature-controlled (17±2°C) microclimate

inoculation following a 0-4 scale outlined in McIntosh et al. (1995).

6.2.4 Adult plant stripe rust screening

The RIL population and parents were evaluated for adult plant stripe rust response at the

Plant Breeding Institute, Cobbitty experimental sites; Karalee (KAR). Horse Research

Unit (HRU) and Lansdowne (LDN) during the 2016 crop season. These locations are

each separated by a radius of approximately 1K.M and therefore, have similar climatic or

environmental conditions; however, soil texture varies. Sowing was earned out in mid­

May towards the end of autumn and beginning of winter. The susceptible cultivar.

both sides throughout the field to facilitate uniform disease development and spread.

mixture of pathotypes (Table 6.1) starting from the 3-leaf stage. About 30 g of

urediniospores were mixed in 300 ml of light mineral oil (Jsopar-L, Univar) and sprayed
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suspended in 10 mL light mineral oil (IsoparL, Univar) using a

Nyabing 3 (Nyb-3) was planted after every 4 blocks of 35 experimental lines and on

the procedure given in Nsabiyera et al. (2016). At the two-leaf stage, seedlings were

The experiment was artificially inoculated three times (at 2 week intervals) using a

warm water to create humid environment and incubated in dark conditions at 9-12°C

atomizer. Inoculated seedlings were then transferred to enclosed hoods filled with

growth room. Seedling rust response assessment was carried out 14-16 days after



irrigated twice a week with

overhead sprinklers throughout the cropping season to promote disease development.

Stripe rust response variation was scored on a 1 -9 scale (Bariana et al. 2007b)

with 1 being very resistant and 9 very susceptible. Rust responses were noted at

weekly intervals after the emergence of flag leaf till the susceptible check was scored

8 to 9. The final rating of each line was used for analysis.

6.2.5 Molecular mapping

6.2.5.1 DNA extraction and bulked segregant analysis (BSA)

Genomic DNA was extracted from young leaves collected from F6 plants using the

modified CTAB (cetyltrimethyl ammonium bromide) method (Bansal et al. 2014b).

The DNA quality and quantity were assessed using NanoDrop ND-1000 (Thermo

scientific, Wilmington, DE, USA) and diluted to a concentration of 300 ng/50 pl for

BSA. Equal amount of DNA from 10 RILs each with scores 5 and 9 were bulked to

make resistant and susceptible bulks, respectively. An artificial Fi was generated by

pooling equal amounts of DNA from 50 RILs. DNA from parents, artificial F| and the

two bulks were subjected to genotyping using the iSelect 90K Infinium array (Wang et

al. 2014) to identify SNPs linked with resistance in Aus27284. The linked SNPs were

converted into K.ASP primers and were used to test the entire RIL population

according to Nsabiyera et al. (2016). The end-point fluorescent images were visualized

real-time PCR detection system (Bio-Rad Laboratories Pty.
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using the CFX96 Touch™

on the experimental block using a Herbiflex4 hand-held sprayer (Micron Sprayers Ltd.,

Bromyard. Herefordshire, UK). The experimental field was



Ltd., USA) and allelic discrimination analysed using Bio-rad CFX Manager Software

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

The RIL population was screened with markers linked with previously characterized

pleiotropic APR genes; SNPLr46G22 for Yr29/Lr46/Sr58/Pin39/Ltn2 (Evans Lagudah,

unpublished), csLv34 for Yr 18/Lr34/Sr57/Pm38/Ltn 1 (Lagudah et al. 2006) and csSNP-

856 for Yr46/Lr67/Sr55/Pm46/Ltn3 (Forrest el al. 2014).

6.2.6 Statistical analysis

The RIL population was scored susceptible at the seedling stage and therefore the

phenotypic status of each RIL was deduced from the adult plant stripe rust response

data. The final disease score for each RIL in the field over the three test locations were

used for further analysis. The resistance was classified into two classes based on the

rating of the parental types: homozygous resistant (RILs exhibiting score 5 to 7) and

homozygous susceptible (8 to 9). Pearson’s correlation coefficients (r) for the severity

scores were calculated between the locations to evaluate the consistency in disease

expression. The goodness of fit of the observed segregation with the expected genetic

single locus among RIL population was performed using the test. Map Manager QTX

version b20 (Manly et al. 2001) was used to develop linkage group using linkage

criteria set at 0.1% probability level (P 0.001). Kosambi (1943) mapping function

was used to convert recombination fractions between markers into map distances in
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6.2.5.2 Genotyping with markers linked with other characterized stripe rust APR 
genes

segregation ratios of adult plant stripe nist response variation and marker data at a



constructed and drawn using MapChart

(Voorrips 2002) software.

6.3 Results

6.3.1 Stripe rust response assessments

Aus27284 expressed seedling stripe rust infection type (IT) 33 C, while AvS was

produced IT 3+. The entire Aus27284/AvS RIL population exhibited ITs 33 to 3+.

These results indicated that stripe nisi resistance in Aus27284 was not controlled by

ASR genes.

The resistant parent Aus27284 was consistently scored lower (5) than the

susceptible parent AvS (8 to 9) at all locations (Fig 6.1). RILs were grouped into two

categories; homozygous resistant and homozygous susceptible based on rust response

variation at different locations and monogenic inheritance of adult plant stripe rust

excluded from the analysis. The resistance locus was temporarily named Fr.4 Wil.
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centimorgans (cM). The final linkage map was

e.i 

a b 
Figure 6.1 Disease severity of parental line a) Aus27284 and b) Avocet S

resistance was observed (Table 6.2). Sixteen RILs showing heterozygosity were



6.3.2 Co-efficient of correlation

The Pearson correlation coefficients (r) for stripe rust responses across locations were

0.0001) with r values ranging from 0.88 to 0.93 (Table 6.3).highly significant (7?

6.3.3 Genotyping with gene specific/linked markers

Aus27284 and Avocet S amplified alleles alternate to those linked with the target genes

when tested using markers linked with APR genes Yr 18 (csLv34), Yr29 \SNPLr46G22)

and Yr46 (csSNP-856) indicating their absence in both parents.

KAR HRU

LDN 0.88*** 0.92***
KAR 0.93***

Highly significant (P<0.001)
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4
6
5

0.08
0.08
0.03

Z'mNo of Missing
RILs

Table 6.3 Pearson's correlation co-efficient across various stripe rust response data sets 

of Aus27284/AvS R1L population during the 2016 crop season 

Location

Rust response of RILS 
Homozygous Homozygous
resistant (4-6) susceptible (8-9) 

KAR 57 60-
HRU 56 59
LDN___________ 57___________________ 59
table value at P = 0.05. Id.f=3.84

Table 6.2 Distribution of Aus27284/AvS RILs when tested against stripe rust under 
field conditions 
Location



6.3.4 Molecular mapping of YrAIVJJ

Linkages of 155 SNPs from chromosome 3B with YrAJVl 1

90K SNP assay. Markers from the 60-75 cM region (Wang el al. 2014; total map length

of chromosome 3B is 156 cM) in the 90K consensus map of chromosome 3B showed

the strongest association with YrAlVll. Many SNPs were clustered together at one

location and a set of 28 KASP primers (Table 6.4) were designed by selecting a single

SNP from each cluster. These KASP markers were tested for clustering on the resistant

and susceptible bulks together with parents. Fourteen markers produced good clusters

and were tested on the entire R1L population.

gwm274, cfd4, wmc625

Centromere

gwm3 76

24.3-

------- >d~ gwm 108

a b
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KASP 77793
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“H KASP 53292 KASP 65624
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u

was observed in BSA using

Figure 6.2 a) Partial genetic linkage map showing the location of resistance gene 
YrA 1V11 on the long ann of chromosome 3B b) SSR marker location in chromosome 3B 
deletion bins (Sourdille et al. 2001).
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Allele 2 primer'' Common reverse primerAllele I primer*eM*

KASP 79920 60.3
KASP 54174 60.6
KASP 58591 60.7 ttteatectcagtcgccacgtaatagtgtccctcgctcgc

KASP 26756 62.3
KASP 8418 62.6

KASP 24225 63.8 tgcaagtgaggeaaattccc tgtataaaecaetgeaeeaeatgeaagtgaggcaaattcet

64.8 cecgtgggetageaaatatttattggactggaaggcttgacgattggactggaaggettgaca

65.6 tgggaeaaattcagaecaaaetgttagtccggattctgttctca

KASP 35317 65.7 ggaaectaegeeetgatttaetaetactgtcagceaccatcac
67.5 gttgattgctggctggcccctcctcctggatctcategcctectcctggatctcatca

67.7 aatggagcteetcggtgctetggecaggatgeaccggetggccaggatgcaccgt

67.8 gtcagtaaecgcgatagattgt gtcagtaaeegcgatagattgc

68.1
68.4 getggteagagttttggtgc

68.7 geagagaaggttgetgtltecgcagagaaggttgctgttlct
KASP 63444 68.9 agglagtttggagtgtgaggt
KASP 56763 88.0 gaggtaaaccgctatcateataatt
KASP 73763 68.9 gtgagtatatccagtcgcaca
KASP 77336 69.4

69.5 gatgttttgtctgggcaagttac
69.7 gctggctatcggatcactacc

KASP 48415 70.1
KASP 65624 71.3
KASP 28376 71.7 ctccagcaecggaaeetc
KASP 28184 72.2
KASP 53113 73.9

74.2
75.0

Markers located near the centromere of chromosome 3B gwm274, cfd4.

barc73, wmc625, gwtnl08, gwmll2, gwm!31 and gMv«376 were also tested on the

population. Nine KASP markers (KASP_79685, KASP_25353, KASP_56763,

KASP_281, KASP_65624, KASPJ3292, KASP_53113, KASP 58449 and

69

KASPJ8449

KASP 77793

KASP_37750
KASP 53292

KASPJ5353
KASP 281

KASP_66016

KASP 79685

KASP46345
KASP 7502

KASP42364

KASP 38240

cgttggataggaaagctatgtgt 
acacctctaaataacattggaagga
gatgttttgtctgggcaagttat 
gttgegegetgaaagagt 
accactgtggcatgagtct 
ttgtaagactgttgagtgtaagga 
ctceagcaccggaacctt
ttacagggtatgtgctctgt 
tgtacaatgactcctcgactaaea 
aacectcgccaagctcat 
acctgctgtgaeaaatagtactt

actggaaagtggagagetctt
ctccttcaagctcaagggttat

acaggattgggcggtctttctat 
tageategtgtgtggccgat 

taatagtgtccctcgctcgt 

agacgttgttgccgctgt 
tteetgcgatggtggatgt

ttacagggtatgtgctctge

tgtacaatgactcctegactaacg

gttgegegetgaaagage

accactgtggcatgagtcg
ttgtaagactgttgagtgtaaggg

aggtagtttggagtgtgaggg
gaggtaaaccgctatcateataatc

cgttggataggaaagctatgtgc
acacctciaaataaeattggaagge

actggaaagtggagagctclc
ctccttcaagctcaagggttag

gttagtccggattctgtteteg
ctactgteagccaccatcag

agacgttgttgcegctge

ttcctgcgatggtggalgg

aeaggattgggcggtetttetae
tagcatcgtgtgtggcegac

cettttatagagcttctgtgacet
' tcttaccaatetcagaagtteeg 

gtgatatcgaggactgcaetg

gccaegcaatatcaccatcg
agtatecaatcacgacgacg
ggatgagttaaaacgagaccet

gtagtcaaggctcttattttccatg
gtgtgecaaggataggecc

gcagateaagatttcagagalctg
tcgaggctggtcatttactg

gccatttaactgcacagataaagac

eaagtaggtgtageaggge

eagagatatatgggcgtggaat
aagatccgcccttgtccttg

cetagcgcctcctgatteag
gtggtttgtttggtggtttgt

tgttgtgaaaaactttgagcagtag
geattccttcggaaaeagcc

Table 6.4 KASP primer sequences of YrA IV1 /-linked SNPs and their map locations
KASP 
marker

aaccctcgecaagcteae

acctgctgtgacaaatagtactc
* Marker position in 313 90K SNP consensus map (Wang el al. 2014) '
’Al primer labelled with FAM: GAAGGTGACCAAGTTCATGCT
'A2 primer labelled with HEX: GAAGGTCGGAGTCAACGGATT



KASP_77793) and two SSR markers gwni376 and gwml08 that showed linkage with

YrAlVl 1 were used to construct the genetic linkage map. KASP_65624, KASP_53292

mapped at 3 cM distal to YrAlVl 1 and KASP_53113 mapped at 4.9 cM proximal to

this resistance locus (Fig 6.2).

6.3.5 Polymorphism of YrAW1 /-linked markers

K.ASP markers KASP_65624, KASP_53113 and KASP_58449 were tested on a set of

81 Australian wheat cultivars (Table 6.5). KASP_53113 produced YrA IVI /-linked

‘A:A‘ haplotype in 5 cultivars Catalina, Mackellar, Naparoo, SF Scenario and Estoc,

while KASP_58449 produced YrA \V1 /-linked ‘G:G’ haplotype in 14 cultivars and one

cultivar was heterozygous. KASP_65624 carried the YrA IVI1-linked (C:C) haplotype

in more than 50% of the cultivars. These results indicated that the KASP 53113 can be

used for marker-assisted selection of YrAlVl 1 in 94% of these cultivars.
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T:TG:G A:A

6.4 Discussion

Disease resistance is an integral component of grain yield in wheat and hence is a major

new

temporarily named YrAlVl 1. Aus27284 produced adult plant stripe rust response 5 at all

experimental sites and the response scores among homozygous resistance RILs varied

from 4 to 6. Although monogenic segregation for adult plant stripe rust resistance

among Aus27284/AvS RILs was observed, the variation in expression of YrAlVl 1
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G:G
G:G

G:G
G:G

A:G
A:A

C:T
C:T

G:G
A:A

C:T

A:A 
G:G 
A: A 
A:A
A:A 
G:G

C:C 
T:T 
CC 
T:T 
T:T 
C:C

Table 6.5 Haplotype of Australian cultivars at KASP markers flanking YrA Wil
Genotypes KASP 53113 KASP 58449 KASP 65624
Aus26582 (YrAlVl 1) 
Avocet S
Catalina, Mackellar, Naparoo 
SF Scenario
Estoc
AGT Katana, Axe, Beaufort, Fortune, Gauntlet, 
Merlin, SQP Revenue, Wedin, SF Adagio 
Lincoln
Bolac, Calingiri, Correll, Diamondbird, Emu 
Rock, Envoy, Espada, Gazelle, Impose CL Plus, 
Justica CL Plus, King Rock, Magenta, 
Mansfield, Orion, Scout, Shield, Strzlecki, 
Sunzell, Ventura, Wallup, Wyalkatchem, 
Yandanooka, Yitpi 
Spitfire
Camamah, EGA Bonnie Rock, EGA Bounty, 
EGA Burke, EGA Wedgetail, GBA Sapphire, 
Gladius, Mace
Baxter, Chara, Cobra, Corack, Crusader, Dart, 
Derrimut, EGA Gregory, EGA Wylie, Elmore 
CL Plus, Forrest, Giles, Grenade CL Plus, 
Harper, Impala, Janz, Kord CL Plus, Kunjin, 
Lancer, Lang, Livingston, Merinda, Phantom, 
Preston, Sentinel, Sunco, Sunguard, Suntop, 
Sunvale, Sunvex, Trojan, Waagan, Wylah, 
Young

KASP58449
G?G
A:A
CFG
G:G
A:A
G:G

source of APR to stripe rust on the long arm chromosome 3B of Aus27284 and it was

objective in wheat improvement programs worldwide. This study identified a



among RILs points to the fact that another very minor-effect gene may be present and

interacts to lower its expression to 4. Since adult plant stripe rust response data across

three sites in 2016 were consistent, we plan to conduct BSA using bulks comprising

scores of 5 versus 9. The absence marker-trait association on any other chromosome in

addition to chromosome 313 also points to the very minor contribution of this locus.

Williams et al. (2006), Lillimo et al. (2008) and Rosewame et al. (2012) reported

presence of minor genes contributed by Avocet S in chromosomes 4B, 6A and 7A,

respectively. The expression of adult plant response 4 produced by some RILs in

Aus27284/AvS could be due to contribution of minor gene from AvS. Other stripe rust

resistance genes with intermediate effects have been reported and include Yr31

(Rosewame et al. 2012) and Yr60 (Herrera-Foessel et al. 2015). Some APR genes are

classified as high temperature adult plant resistance (HTAP); for example Yr36 (Uauy

et al. 2005), Yr39 (Lin and Chen 2007) and Yr52 (Ren et al. 2012). Genetic stocks

carrying these genes show susceptible responses at the seedling stage and show high

levels of resistance at the adult plant stages under high temperature incubation regimes

(Lin and Chen 2007). Stripe rust resistance genes Yr58 (Chhetri et al. 2016), Yr75

YrAWll more appropriately fits into the APR category

different conditions in the greenhouse (data not presented).

located near the centromere. SSR
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markers gwm376 and gwni!08 located in deletion bin

as it failed to express under

to 4lh leaf stage.(McIntosh et al. 2015) and YrSen (Chemayek 2017) express at the 3rd

Y/AIYJ1 was mapped using SNPs from the 90K map (Wang et al. 2014) and the 

comparison of marker positions in the consensus map indicated that YrAlVll was



C-3BL2-0.22 (Sourdille et al. 2001) mapped proximal and distal to YrAJVl1 confinning

its location in the long ami. Recently 90K SNPs have been assigned to chromosome

Markers KASP_65624 and KASP_58449 belong toarms (M. Hayden Pers comm).

scaffolds, chr3B-superl03 and chr3B-super!08, respectively, in chromosome 3BL and

YrAJVl 1 is present between these two scaffolds. No seedling or adult plant stripe rust

resistance gene and/or QTL has been reported in chromosome 3BL (Rosewarne et al.

locus.

The usefulness of a molecular marker in MAS depends on its close linkage with

the gene of interest and its ability to predict the gene in diverse genetic backgrounds.

The flanking marker KASP_53113 showed polymorphism in 94% of the Australian

cultivars indicating that it can be used for MAS after testing the parental polymorphism.

YrAJVl 1 provides moderate resistance at adult plant stage and can be utilised along with

other marker-tagged ASR and APR genes; such as Yrl8/Lr34 (Lagudah et al. 2006),

Yr46/Lr67 (Moore et al. 2015), Yr47/Lr52 (Qureshi et al. 2017a), Yr70/Lr76 (Bansal et

al. 2017), Yr51 (Randhawa et al. 2014), Yr57 (Randhawa et al. 2015), Yr58 (Chhetri et

al. 2016b) and Yr71 (Bariana et al. 2016) to achieve durable stripe rust control.

scored 5 at Kenya against stem rust (Bariana and Bansal unpublished data). YrAJVl 1 is

either pleiotropic or an additional locus for resistance to leaf rust and stem rust is present

in Aus27284. Some APR loci described previously have been shown to be
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Aus27284 exhibits resistance to leaf rust under Australian conditions and was

2013; McIntosh et al. 2016;), therefore YrAJVl 1 represents a new stripe rust resistance



pleiotropic (McIntosh et al. 2016). Screening of Aus27284/AvS R1L population at a

stripe rust free location is needed to examine whether YrAWU is a pleotropic locus or

not. The stripe rust susceptible parent Avocet S carries Sr26 and hence only 50% of the

population will be useful for screening against stem rust. The stem rust response

variation among 60 to 70 RILs that would lack Sr26 will be useful for initial evaluation.
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Chapter 7

General discussion

Wheat breeders have been selecting combinations of APR genes based on additive

interaction and this type of selection relics on good epidemics in field nurseries (Bariana

et al.

resistance gene Sr38 (IT X) with other Sr genes that express ITs varying from 1 to

2+ based on a lower IT ; have been made (Bariana and McIntosh 1993). This would

however require greenhouse screening facilities and collection of appropriate pathogen

isolates. The simultaneous selection of ASR and APR genes among segregating

populations is not feasible in a single step using conventional technologies. Hence,

development of markers linked with diverse sources of APR and ASR will be important

to resolve this issue. This investigation focused on identification of markers linked

with adult plant leaf rust resistance genes Lr48, Lr49 and all stage stem rust resistance

gene Sr48 using diverse genomic resources. In addition, a new adult plant stripe rust

resistance locus YrAlVJI was described and markers linked with this locus were

identified.

Markers linked with pleitropic APR genes Lr34IYrl8ISr57 (Lagudah et al. 2006),

Lr46/Yr29/Sr58 (Evans Lagudah Unpublished) and Lr67/Yr46/Sr55 (Forrest et al. 2014)

have previously been reported and are being used in marker-assisted selection (MAS) of

these genes in breeding programs. The development of robust nisi resistance linked

markers in this study is a significant addition to breeder's toolbox. Pyramiding of at

least two of these resistance genes with marker-lagged and currently effective linked
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2003, 2007a). Similarly, selection for combinations of all stage stem rust



resistance genes Lr52/Yr47 (Qureshi et al. 2017), Lr57/Yr40 (Kuraparthy et al. 2009)

and Lr53/Yr35 (Dadkhodaie el al. 2011) can provide durable leaf rust and stripe rust

control.

Markers closely linked with a Ug99-cffective resistance gene Sr48 have also

been identified in this study. Various workers previously reported markers linked with

stem rust resistances Sr2 (Spielmeyer et al. 2003), Sri3 (Peyiannan et al. 2014), Sr26

(Mago et al. 2005), Sr22 (Periyannan et al. 2011), S436 (Bariana et al. 2007a), Sr39

(Mago et al. 2009), Sr45 (Periyannan et al. 2014), Sr 250 (Mago et al. 2015) and Sr56

(Bansal et al. 2014). Deployment of combinations of more than one gene in new

cultivars will provide sustained stem rust control. Transfer of stem in st resistance genes

linked stripe rust and leaf rust resistancein genotypes marker-taggedcarrying

mentioned

cultivars. Markers for many other resistance genes listed on MAS Wheat website could

be useful in diversifying the genetic base of rust resistance in wheat.

A continuous effort on detection and mapping of diverse sources of resistance is

important to combat highly evolving rust pathogens. Tliis study identified a putatively

new APR locus, YrAWU, from a landrace Aus272£4 to increase genetic diversity

KASP_53113 showed genetic association with Yr-^Wll and did not show the
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resistance-linked allele in 94% wheat cultivars in the val Nation experiment. This marker

test betweencan be used for marker assisted selection following polymorphism

the recurrent parent and donor source. Many other rust resistance genes identified from

in the previous paragraph can assure triple rust resistance in future wheat

among a very narrow APR gene pool among common wheat cultivars. Marker



r
pre-Green Revolution lanrdraces include Sr49, Yr47!Lr52, Yr51, Yr57, Yr58, Y>63 and

Yr72 (Bariana and Bansal 2017). Similarly, wild relatives of wheat have also contributed

several rust resistance loci and these include Yr37!Lr54 from Aegilops kotchyii (Marais

et al. 2005), Yr40!Lr57 from Ae. geniculata (Kuraparthy et al. 2009), Yr42!Lr62 from

Ae. neglecta (Marais et al. 2010) and Yr70/Lr76 from Ae. umbehillata (Bansal et al.

2017).

In conclusion, the objectives set out for this study were successfully achieved.

The genomic location of Lr48 on 2BS was confirmed. Markers closely-linked with

resistance genes Lr48, Lr49 and Sr48 were developed using different genomic

resources. These markers can be used for marker-assisted pyramiding of respective

genes with other marker-tagged genes for other economic traits. Sr48 has been relocated

from 2AL to 2DS; however, this observation needs to be confirmed. A putatively new

resistance gene YrAlVl 1 conditioning moderate resistance in a landrace Aus27284 was

characterized and mapped.

Recommendations

This study provided markers for pyramiding of ASR and APR genes. Some suggestions

for future work are:

• Markers linked with Lr48, Lr49 and Sr48 should be made available to breeders

for MAS

closely linked with this locus
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• Saturation of the YrAlVl 1 region should be carried out to identify markers more



■

• A permanent gene symbol should be requested for YrAJVl 1

• The Aus27284/AvS RIL population should be screened against leaf rust and

stem rust to assess if YrA W11 is a pleiotropic locus

• High resolution families should be screened with markers developed in this

study to conduct map based cloning of Lr48, Lr49 and Sr48
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