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			Abstract

			Rust diseases are economically the most important constraints to global wheat production. Breeding for resistance to diseases involves the understanding of genetic systems of both the host and pathogen simultaneously. Knowledge of host-pathogen interaction is essential for breeding disease resistant crops, because both host and pathogen populations are genetically diverse. Resistance to rust diseases can be classified into two broad categories; seedling/ all stage resistance (ASR) and adult plant resistance (APR). All stage resistance genes confer resistance at all growth stages against avirulent pathogen isolates. However, ASR genes often succumb to evolution in pathogen populations, whereas APR genes are expressed at later growth stages of the plant, show uniform response to all races of the pathogen and do not encourage pathotypic evolution and the nature of resistance they offer is usually durable. Characterization of resistance to rusts involves gene postulation (multi-pathotype test), genetic analyses and identifying the number and location of the gene(s) conferring resistance. Chromosomal location and mapping genes have been done using cytogenetic analysis; however, since 1990s the advancement of molecular genetics and biotechnology enabled to replace the tedious, time, labor and resource consuming cytogenetic analyses method of locating genes using molecular mapping techniques.
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			Introduction

			Wheat is prone to both biotic and abiotic stresses that cause significant yield losses. Among the biotic stresses, fungal diseases are the most important production constraints to wheat [1,2]. Among the fungal diseases of wheat, rusts are economically the most important diseases [3]. Rusts of wheat might be the oldest plant parasites (pathogens) as evidenced by the excavations of Urediniospores of stem rust in Israel that dated back to 1300BC and were reported as serious diseases of cereals in Italy and Greece before 2000 years ago [3-5]. The occurrence of widespread epidemics of wheat rusts at the beginning of the 20th century initiated the need for in-depth studies in genetics of disease resistance in plants, life cycle of plant pathogens and genetics of host-parasite interactions [3,6]. Rust diseases are still the major threats of wheat plant causing significant yield losses and decreased qualities of grains [7,8] particularly, the emergence of the new race of stem rust of wheat (Ug99) brought a major anxiety in the world wheat production (McIntosh and Pretorius, 2011). Wheat is affected by three different types of rust diseases; leaf rust (caused by P.triticina Eriks), stripe rust or yellow rust (caused by P.striiformis Westend.f. sp. tritici Eriks) and stem rust (caused 

by P.graminis Pers. f. sp. tritici Eriks) [5,9-11]. Leaf rust or brown rust is the most common and widespread rust of wheat across the world as compared to stem and stripe rusts [5,11,12]. It attacks mostly the leaf blades, and under more favorable conditions can also attack leaf sheaths and glumes [5,13]. The causal agent (P.triticina) is an obligate parasite, which has the capacity to create infectious urediniospores only on live leaf tissues. It has primary (telial or uredinal) and secondary (pycnial or aecial) hosts to complete its full life cycle. The known primary hosts are bread wheat, durum wheat, cultivated and wild emmer wheat, Ae.speltoides, Ae.cylindrica and triticale; the secondary or alternate hosts are Thalictrum speciosissimum and Isopyrum fumaroides [11,14]. Under suitable environmental conditions (about 10-25°C and availability of free water on the leaf surface), the wheat plant produces dark brown, two-celled teliospores [6,14,15]. Black rust or stem rust has been one of the most devastating diseases of cereal crops across the world known to cause famines and economic as well as political crises particularly in south Asia that led to the inception of Green Revolution [16]. Stem rust incidence had been significantly reduced by eliminating its alternate host (barberry species) particularly in North America and Western Europe, which assisted to reduce early infection of the wheat plant [11]. The distribution of semi-dwarf, high yielding and stem rust resistant varieties controlled the adverse effect of the disease [16].Pgt usually causes damage to the above ground parts of the wheat plant, and contaminated plants frequently produce smaller number of tillers and fewer kernels per spike and even total loss of yield can occur due to breakage of the stem [8,17]. The spores of Pgt can germinate from 2oC as the minimum temperature, while the optimum and maximum temperatures are 15-24°C and 30°C, respectively. Formation of spores starts from 50C; however, sporulation optimizes at 30°C and can even go up to 40°C as the maximum temperature [5].

			Puccinia striiformis f. sp. tritici (Pst), a causal agent of stripe rust of wheat, has a potential to be equally destructive as stem rust of wheat, though its low temperature requirement restricts its widespread attack across all wheat growing regions of the world [5,6,18,19]. Nonetheless, past evidences confirmed that stripe rust epidemics could be an important threat to the major wheat growing areas of the world such as China, USA, Southern Asia, Northern Europe and Australia [18-20]. The disease infects the wheat plant at any of the growth stages starting from single leaf stage up to maturity as long as the plant is green and causes chlorotic spots that produce yellow coloured stripes of uredinia [18,21]. The uredinia of Pst are lesser in size than uredinia of both stem and leaf rusts. They grow mostly in the upper surface of the leaf and to some extent particularly in susceptible plants, it can parasitize on the lower surface of the leaf, leaf sheaths, glumes, awns and even on immature green kernels [6,18]. The uredinial spores can germinate on the surface of the leaf with minimum requirement of 3 hours for dew formation and 0oC as the minimum, 12-16 oC the optimum and 20 oC maximum temperature [6,18,21,22].

			Breeding for Rust Resistance 

			Resistance refers to the ability of plants to remove or minimize insect pests and pathogens by genetic and molecular mechanism [23]. Breeding for resistance to pest involves the manipulation of genetic systems of both the host and parasite simultaneously [24,25]. Knowledge of host-pathogen interaction is essential for breeding crops to be resistant against a certain pathogen because populations of both the host plant and the pathogen entail genetic diversity [26]. Particularly in rusts where the pathogens have a series of physiological races, it is imperative to use and apply the hypothesis developed by H. H. Flor for flux and flux rust disease reaction that stated “for each gene conditioning resistance in the host there is a corresponding gene conditioning pathogenicity in the fungus” [27].Flor’s hypothesis was further extended as a general principle to disease reactions between a host and parasite system [28]. However, there are exceptions that the gene-for-gene concept does not hold true; such as presence of race non-specific single APR genes [22], two or three genes of the host control resistance, presence of modifiers or suppressors in major genes, epistasis and the major exception is several genes (quantitative trait loci) each with minor contribution but additive effects control resistance [29,30].Prior to planning a plant breeding project for resistance against a particular pest there should be a concrete evidence on the economic importance of the host-pathogen systems prevailing between the crop and the pest which can be justified by the significant yield losses due to the pest and knowledge on the level of genetic diversity of the pest population [31]. True disease resistance has its root in the plant’s genetic material (genes) and can be manipulated using plant breeding methodologies to develop a resistant cultivar [24]. Breeding wheat for resistance to rust diseases has been and still is an economically as well as environmentally sound strategy, which is also handy for farmers to apply without additional production expenses [9,31,32].

			For effective rust control program, anticipatory breeding should be in place to reduce the pathogen population and ensure a stable production by being ahead of the pathogen through a continuous germplasm development process of characterization and identification of novel resistance genes [33]. They further opined that anticipatory breeding could be realized by conducting annual country wide pathotypes surveillance program and cataloguing cultivars with resistant genes and their respective races of pathogen. There are two major categories of genetic resistances of wheat plants against rust diseases and commonly described as seedling and adult plant resistances. 

			Types of genetic resistance of wheat against rust pathogens

			Seedling resistance/ race-specific resistance: This type of plant resistance to biotic stresses is known by different names such as specific, complete, simple, qualitative, race specific, overall, vertical, non-uniform, differential, hypersensitivity, oligogenic, major and non-durable resistance [24,31]. It is characterized by a low infection type of disease reaction in host-isolate interaction of host genotypes with different races (isolates) of a pathogen [24]. The occurrence of stable physiological races was first demonstrated by Stackman and his coworkers who tested a range of wheat genotypes and pathogen cultures of P.graminis f.sp.tritici during 1914-1919 cropping seasons [3,34] and laid the foundation for the knowledge of pathogenic variation and inheritance studies of resistance genes. This method was further extrapolated for leaf and stripe rusts of wheat and eventually applied for selection and breeding works for the development of rust resistant wheat cultivars [3]. Seedling resistance genes once expressed, they confer resistance to the plant throughout its growth stage [19,35]. Except in few cases, race specific resistance genes in wheat rusts follow simple or Mendelian pattern of inheritance, have complete dominant gene action and the avirulence genes in the pathogen is mostly dominant [5,19]. Hence, they are relatively easy to select and transfer using the conventional breeding procedures for crop improvement work [36-38]. Vertical or major gene resistance is usually successful in conferring resistance to the host up until new races of the pathogen established (about 4-5 years) and become succumbed to it, which is termed as the ‘boom and bust’ cycles [36,37].The boom and bust cycle operate when a cultivar with major gene resistance becomes widely adopted in a particular region, it is called the ‘boom’ phase. Consequently, the pathogen undergoes selection pressure against the virulent race and the other less virulent gene that the cultivar lacks major gene keeps on multiplying until it reaches epidemic level across the region which is the ‘bust’ phase [24,19]. Few exceptions to this are the case of ASR gene Sr31 remained resistant for over three decades [16,39,40]. In the same manner, Lr24 remained resistant in Australia from 1983 up to 2000 until it was broken by a new virulent race of P.triticina [40]. To date over 59 stem rust, 81 stripe rust and 79 leaf rust resistance genes have been identified and catalogued among which some are adult plant resistance genes [41-45].

			Adult plant resistance (APR)/ Race non-specific resistance: APR genes are also called complex, quantitative, general, mature plant, horizontal, polygenic, partial, minor gene, durable, slow-rusting, field resistance, etc. [9,24,31]. This type of resistance shows uniform reaction to all isolates or races of the pathogen population hence it is called non-specific or uniform resistance [38,46]. The genes controlling one race non-specific resistance could be either single [22] or many (polygenic) and each gene has small (miner) effect individually but possesses additive gene effect where the presence of more genes indicates higher level of resistance [47]. Quantitative traits are highly influenced by the environment and segregate at many loci, which is the main reason for the continuous variation observed in their phenotypic expression [48]. An interesting characteristic of APR genes is they have high heritability as they are mostly linked genes [49,50] and hence positively respond to selection and breeding [24,31,48]. Generally, APR displays longer latent period, lower infection frequency, smaller uredinial size, shorter duration of sporulation and a smaller amount of spore production per infection site [51]. With regard to wheat rust, adult plant resistance is expressed at later growth stage of the plant, which is characterized by susceptible disease reaction but with reduced rate of disease development [9,22,31]. Some studies conducted in adult plant resistance of wheat rust diseases revealed that a few of these resistances were race specific [5]. Furthermore, greenhouse studies confirmed presence of virulent races for APR genes Lr12, Lr13, Lr22b [52]and quite recently for Lr37 [13].

			Unlike to race specific genes, APR genes are expressed at later growth stage of the plant, show uniform response to all races of the pathogen and do not induce mutation of avirulent genes of the pathogen; because of these reasons, the nature of resistance they offer is usually durable [22].Exhaustively studied genes with pleiotropic effects that confer resistance to leaf rust, stripe rust and powdery mildew diseases are Lr34/Yr18/Sr57/Pm38/Ltn1, Lr46/Yr29/Sr58/Pm39/Ltn2 and Lr67/Yr46/Sr55/Pm46/Ltn3 [53-56]. Presence of a single or couple of APR genes in a cultivar may not provide enough resistance levels in high disease pressure areas, however, cultivars with high levels of resistance were developed by pyramiding three to five APR genes [8,47,57-19]. To facilitate development of wheat cultivars with durable resistance to rusts, researchers continue to mine new APR genes from new and available sources of germplasm [42]. Recent additions to the already existing APR genes with complete details including their respective chromosomal locations are Sr55, Sr56, Sr57, Sr58, Yr46, Yr48, Yr52, Yr54, Yr59, Yr62, Yr68, Yr71, Yr75, Yr76, Lr67, Lr68 and Lr74 [42-44]. 

			Characterization of Wheat Germplasm for Resistance to Rusts

			Gene postulation (multi-pathotype test), genetic analyses and cytogenetic analyses were the general methods used for spotting rust resistant genes [5]. However, since 1990s the advancement of molecular genetics and biotechnology enabled to replace the tedious, time, labor and resource consuming cytogenetic analyses method of locating genes which involves the use of monosomics, telosomics and nullisomics using molecular mapping techniques [60].

			Multi-pathotype Testing

			Table 1: Responses of Arbitrary Genotypes Carrying Known Stem Rust Resistance Genes to the Different Arbitrary Pathotypes.
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			* =Usual low infection types; **= high infection type; ***=low infection type, Pt=pathotype.

			It is the classical application of the gene-for-gene association, which is a primary practical screening method of germplasm for identifying seedling resistance genes [36].Multi-pathotype testing entails the use of the available isolates of the rust disease, resistance sources to be evaluated and the differential cultivars for the known resistance genes. The infection types (low and high) observed in the seedling test (Table 1) could be correlated with the response of the differential cultivars included in the seedling test to postulate resistance genes that showed gene-for-gene relationship [3,5]. The genotypes that showed resistance reaction to all the virulent races (e.g. R5, R6, R7, R8; Table 1) may possess the new resistance gene(s) or combination of two or more R genes [37]. Those resistance genes that couldn’t be recognized in the multi-pathotype test could be subjected to further genetic and cytogenetic analyses for identification and locating their specific place in the plant genome. However, multi-pathotype tests cannot help in identifying adult plant resistance genes as the test is performed in the seedling stage, hence, it should be supplemented with field screening of the same germplasm to get a complete picture of the germplasm as a source of resistance for practical plant breeding research works [36,61].

			In the above table a genotype with similar phenotyping data as R1 do not possess effective seedling resistance gene for the pathotypes used in the study, however, it may be resistant in the field due to presence of adult plant resistance genes [62]. Genotypes with similar infection types like R2, R3 and R4 are effective only to pathotype Pt.2; however, they can be categorized by their respective low infection types displayed (Table 1). Several authors postulated rust resistance genes in different sets of wheat genotypes. [63] postulated Yr2, Yr3, Yr4, Yr6, Yr7, Yr9 & YrA either singly or in combination in a set of 42 Ethiopian bread wheat cultivars where 67% carried Yr9 and five cultivars showed resistance reaction to all races of stripe rust used for seedling tests. A multi-pathotype test conducted on 41 emmer (Triticum dicoccon Schrank) and 56 durum (T. durum Desf.) wheat accessions from Ethiopia using 5 stem rust pathotypes resulted in the postulation of Sr7b, 8b, 9a, 9b,10, 14, 24, 27, 28, 29, 30, 31, 32 and Tt-3+10 in the sixteen of the emmer and five of the durum wheat germplasm accessions [64]. Randhawa, et al. [65] postulated stem rust and leaf rust resistance genes Sr7b, Sr8a, Sr12, Sr15, Sr17, Sr23, Sr30, & Lr1, Lr3a, Lr13, Lr14a, Lr16 & Lr20 either singly or in different combinations among 87 Nordic spring wheat genotypes using 8 stem rust and 7 leaf rust Australian pathotypes. They further confirmed the presence of APR genes Yr48, Lr34/Yr18/Sr57, Lr68 & Sr2 using molecular markers linked with these genes. 

			Genetic Analysis

			It is conducted to determine the number and inheritance characteristics (dominant, codominant or recessive) of a gene(s) of interest in a particular genotype (cultivar, landrace, wild plant, etc.). Roelfs, et al. [5]described that genetic analyses studies may involve crossing resistant and susceptible cultivars or crossing various parents with one or more known gene(s) for resistance where the latter is called ‘test of allelism’. If the resistance gene is fully expressed in the F1 plant, it may indicate the dominance characteristics of the gene and vice versa, an intermediate response indicates partial dominance. For a self-pollinated crop like wheat the inheritance of resistance and number of genes involved in the expression of the trait can be determined using tests on F2 populations and F3 families, backcross/test cross (BC/TC) F1 and F2 families, doubled haploid (DH) or RILs of single-seed descent (SSD) populations and mixtures of more than one of these methods [5,31]. Chi-squared analyses are usually computed to estimate the number of genes by testing the goodness of fit of observed ratios to the theoretically expected values. Nearly all of the loci in wheat rust resistance genes discovered, mapped and catalogued so far have gone through the process of genetic analysis followed by chromosomal location through monosomic-cytogenetic analysis and more recently through bulked segregant analysis and/or selective genotyping [66]. Genetic analysis of the stripe rust differential cultivar Strubes Dickkopf conducted by phenotyping the backcross population Taichung 29/(Taichung 29*6/Strubes Dickkopf) using Pst pathotype CYR26 at seedling stage resulted in a single dominant gene YrSD located on chromosome 5B [67]. Singh, et al. [45] identified two independent APR genes for stripe rust in old American durum wheat cultivars Leeds and Wells by phenotyping Leeds/Bansi and Wells/Bansi populations using Pst pathotypes 110 E143A+ and 134 E16A+ at adult stage, respectively. Similarly, genetic analysis carried out on the durum wheat population Yavaros 79/Kingfisher for stem rust resistance at seedling stage confirmed the presence of Sr9e and Sr12 in cultivar Yavaros79 [68]. Nazari & Wellings [69] identified two independent seedling stripe rust resistance genes YrBat1 and YrBat2 with their respective distinct infection types 12=C and 23=C in the Australian wheat cultivar Batavia by phenotyping the F3 families of Batavia/AvS using Pst pathotypes 110 E143 A+ and 134 E16 A+.

			Chromosomal location of new resistance loci

			Several wheat rust resistance loci have been successfully mapped using cytogenetic analysis, which involves the use of aneuploids (particularly monosomics and monotelosomics) as one parent to be crossed with the genotype possessing the resistance gene [5,70]. In bread wheat, E.R. Sears developed the 21 complete sets of monosomic plants including the 41 possible telosomic (one chromosome arm missing plant) from Chinese Spring wheat variety [70]. The rust resistance genes mapped using cytogenetic analysis include Yr10 on chromosome 1B [67], Yr10vav on 1BS [71], Yr17/Lr37/Sr38 on chromosome 2A [72], Yr3a and Yr3c on chromosome 1B, Yr4a and Yr4b on 6B, YrMin and YrND on 4A, YrDru on 5B, YrSte on 2B, YrH46 and YrDru2 on 6A, YrSte2 on 3B, YrV23 on 2B, Yr2 on 7B and YrYam on 4B [73] Yr32 on chromosome 2A [74], Yr27 on 2B [75], Yr15 on 1BS [76], Yr35/Lr53 on 6BS [77]. To date, the use of cytogenetic analysis for chromosomal location and mapping of genes is very limited or rare due to the advent of molecular markers in the 1980s [78] and the relatively tedious, laborious and time-consuming nature of monosomic and cytogenetic analyses. Genomic location and mapping of disease resistance genes like wheat rusts has become more simplified with a novel method called bulked segregant analysis developed by Michelmore, et al. [79]. Based on the phenotyping data of a population for a particular rust pathotype bulked segregant analysis (BSA) can be conducted by using two pooled DNA samples constituted from each of the selected homozygous resistant and homozygous susceptible genotypes of a segregating population [79]. The BSA results in identification of the genomic (chromosomal) location of the gene of interest through marker-trait association with list of markers linked to the gene(s). 

			Those markers that showed polymorphism between the two pooled DNA samples are used as references to identify the chromosomal location of the gene of interest [79]. After obtaining the polymorphic markers screening of the entire mapping population including the parents is done [80]. BSA is currently the most widely used technique for marker identification in the majority of plant breeding marker development programs [66]. Wheat rust resistance genes Yr47 [81], Sr49 [82], Yr51 [83] & Yr57 [84] have been successfully located using BSA.Selective genotyping of few representative resistant and susceptible lines of a population using 90K infinium assay [85]is the latest approach for locating resistance genes in the wheat genome [86,87]. 

			Plant genetic markers

			Genetic markers characterize genetic discrimination between different organisms and genotypes of a species by serving as ‘signs’ or ‘flags. The markers tightly linked to the desirable gene(s) may be referred as gene ‘tags’ [80,88]. Genetic markers are basically benchmarking on chromosomes that assist as reference points to the position of genes of interest when a genetic map is created. In order to map genes using markers, knowledge of the association (linkage) of markers to genes of interest is a prerequisite. The logic behind in using markers is that “an easy to observe trait” is tightly linked to an invisible and required trait or gene. Plant genetic markers could be morphological and agronomic traits (visually assessable traits), biochemical (gene products or proteins/isozymes) and DNA markers [1,24,31,89-91].

			Plant morphological markers: Morphological markers or classical markers are phenotypic expressions of the organism as a product of the interaction of genes and the environment such as flower color, seed shape, growth habit, pigmentations, etc., which are most frequently observed in adult plants [60,80]. Morphological markers produce phenotypes which can be readily identified, but not necessarily of direct economic importance [60,92]. In breeding of wheat for disease resistance, association of phenotypic markers with low disease reaction permits indirect selection of the resistance gene [31].The use of morphological markers has been proved valuable in progeny breeding where appropriate crosses are made to transfer a gene of interest from a donor parent to an elite genotype (a recurrent parent in backcross breeding).To mention some of the phenotypic expressions of wheat associated with rust resistance are: ‘brown chaff color’ linked with stripe rust resistance gene Yr10, pseudo black chaff and seedling chlorosis linked with stem rust resistance gene Sr2, and leaf tip necrosis linked with genes for resistance to leaf rust (Lr34), stripe rust (Yr18), and barley yellow dwarf virus (Bdv1) [31,60,93]. However, their lack of stability in expression across environments and being dependent on growth stages plus their limited number is the major bottleneck to use them for marker assisted selection [80,88,89].

			Biochemical (Isozyme) Markers:  The most common biochemical markers are the multiple forms of the enzymes called allozymes or isozymes [60]. Isozymes are structural variants of an enzyme with variable molecular weights and electrophoretic mobility but have the same catalytic activities [94]. Since isozymes are proteins, the difference in electrophoretic mobility is caused by point mutation in the DNA leading to amino acid substitution and results in change of the shape and charge of a molecule [95]. Such polymorphic genes or allelic variations have been known to be associated with economically important traits in many agriculturally important crops including wheat [94]. In wheat, the proteins produced by the genes encoding for both the high and low molecular weight subunits of glutenin are known to be polymorphic and readily detected by polyacrylamide gel electrophoresis, making these genes useful markers for linked genes on Group 1 chromosomes. These genes are located at the Glu-A1, Glu-B1, Glu-D1, & Glu-A3, Glu-B3, Glu-D3 loci of the long and short arms of chromosomes 1A, 1B, and 1D, respectively [92]. Stripe rust resistance gene Yr10 and resistance gene to fusarium head blight of wheat has been reported to be linked with gliadin proteins [31]. Since it does not require DNA extraction, sequence information and primers, isozyme analysis is fast, cheaper and simple to use.However, the limited number of isozymes available, their uneven distribution in the genetic map and being dependent on developmental stages of plants or tissues for expression undermines their importance as genetic markers [24,60,94,95].

			Molecular (DNA) markers: A molecular (DNA) marker is a specific segment of DNA with identifiable DNA sequences found at specific locations of the genome and is representative of the differences at the genome level [89]. Since molecular markers do not have any biological effect, they cannot be considered as genes; instead can be regarded as persistent landmarks in the genome transmitted by the standard laws of inheritance from one generation to the next [91,96]. The detection of polymorphisms in fragmented (at specific sites) plant genomic DNAs radically accelerated the development of molecular markers for plant breeding applications [94,96]. DNA markers are currently the most widely used markers worldwide as they have several advantages over both morphological and isozymes markers. Some of the benefits of using DNA markers are their number is nearly unlimited, they are not dependent of developmental stage of the organism and not influenced by environmental factors, they are distributed evenly across the genome of the plant and all markers can be detected with a single technique [89,91,94,96,97]. The likely sources of DNA markers in the genome of an organism could be point mutations and the errors occurring in replication of tandemly repeated DNA of an organism [80].

			Mapping populations for DNA markers: Mapping population for a particular trait should be segregating plant population derived from a single cross between contrasting parents for one or more traits [80,91,96]. In self-pollinating species like wheat, mapping populations are developed from parents that are naturally highly homozygous in nature (such as landraces and wild genotypes of closely related species of wheat as doners) and inbred lines such as commercial cultivars or isogenic lines as susceptible or recurrent parent [88]. For preliminary genetic mapping studies, population sizes can range from about 50 to 250 individual plants [80]; however, larger populations are required for high-resolution mapping [97]. Mapping populations could be progenies from the second filial generation (F2), BCF1/F2s, RILs, DHs, and near isogenic lines (Badea, et al.), however, BCF2s, RILs and DH are prefered for accurately identifying closely linked markers and for mapping of QTL [88]. In case of mapping of a disease resistance gene such as wheat rusts, mapping population is developed by a single cross between a resistant genotype (low infection type) and a susceptible genotype (high infection type) in order to get segregating population for a particular trait [79]. 

			Gene mapping using DNA markers: Genetic mapping is the positioning (locating) of gene(s) to a particular region of a chromosome and determining the location and relative distances between genes on the chromosome, which is quite similar to signs or benchmarks along a highway that may be termed as a ‘road map’ [80]. Markers that are tightly linked with a gene of interest will be transmitted from generation to generation more often than markers or genes located distantly [98]. The relative distance between genes and/or genetic markers in the chromosomes is computed in terms of recombination frequency obtained from the segregating population as a result of crossing over during meiosis. Less number of recombinant genotypes indicates the closeness of the linkage and vice versa (http://en.wikipedia.org/wiki/Genetic_linkage). The distance between genes and/or closely linked markers is expressed in terms of centimorgans (cM), which is defined as the distance between genes for which one product of meiosis in ١٠٠ is recombinant. A recombinant frequency (RF) of ١٪ is equivalent to ١cM. The maximum proportion of recombinants cannot go beyond ٥٠٪ that would be the condition where the two genes are unlinked and could be located either at the farthermost opposite ends of the same chromosome or possibly in different chromosomes [80].

			Since markers segregate in Mendelian fashion, we compare the observed genetic ratios to the expected ones and compute chi-square tests to detect significant deviations. The final step of linkage map construction is to code the data for each DNA marker on each individual plant and conduct linkage analysis by calculating odds ratios (ratio of linkage versus no linkage) termed as logarithm of odds value or LOD score using one of the commonly used statistical software programs such as Mapmaker/EXP, MapManager QTX or Join Map [80]. So far about 210 rust resistance genes has been named and mapped [42] where closely linked markers ready to be used for marker assisted selection have been reported for the following genes Sr2, Sr15, Sr22, Sr24/Lr24, Sr25/Lr19, Sr26, Sr31/Lr26/Yr9, Sr33,Sr36, Sr38/Lr37/Yr17, Sr39/Lr35, Sr40, Sr45, Sr50, Lr17a, Lr21, Lr34/Yr18, Lr42,Lr47, Lr51, Lr57/Yr40, Lr58, Lr67/Yr46/Sr55, Yr4, Yr10, Yr15, Yr24, Yr32, Yr35,Yr36, Yr47, & Yr49 [26].

			Mapping QTL genes: The genomic region related to quantitative traits is termed as quantitative trait loci (QTL) [97]. The discovery of DNA technology and molecular markers realized QTL mapping [80,97]. QTL analysis is a powerful tool for identifying the genomic locations as well as estimating the number of genes involved either for simple or complex inheritance [99]. In QTL analysis, advanced backcross generations, DH, or RILs (developed by SSD method) populations are commonly used for identifying linkage between molecular markers and polygenes [91]. Markers help in dividing the mapping population into various genotypic classes based on presence or absence of a certain marker locus and conclude whether significant variation exists between phenotypic means with respect to the trait being measured [80,97]. Linkage analysis in QTL is performed using three widely used methods; single marker analysis (single point analysis), simple interval mapping (SIM) and composite interval mapping (CIM) [80]. The most efficient method of QTL detection that combines interval mapping with multiple linear regression is composite interval mapping (CIM) analysis [100,101]. CIM analysis includes additional markers apart from the adjacent pair of linked markers used in SIM; it is considered as the most precise and widely used method of detecting QTL in the genome [80,97,100,101]. So far over 80 leaf rust and 140 stripe rust resistance QTL were identified and mapped mostly using CIM analysis [51,102].

			Evolution of molecular marker system: The application of restriction enzyme endonucleases to cut DNA of interest into fragments at specific sites that can be revealed by polyacrylamide gel electrophoresis [103], paved the way for application of Random Fragment Length Polymorphisms (RFLP) in genetic studies. RFLP was used for the first time in 1974 for the physical mapping of temperature sensitive mutants of adenovirus [78,88]. Consequently, construction of the first map of the human genome based on molecular markers using RFLP method launched the use of DNA markers for construction of linkage and/or genomic maps in other organisms [24,94]. The invention of polymerase chain reaction (PCR) in 1990 was another breakthrough in molecular marker technology that has introduced a new cohort of DNA markers into the modern plant breeding systems [104]. Based on their detection methods, DNA markers can be categorized in to three groups:

			
					Hybridization based markers: RFLP 

					PCR based markers: RAPD, SCAR, SSR, STS, AFLP, CAPS

					 DNA chip, sequence based and high throughput DNA markers such as SNP, DArT, DArTseq, GBS [89,98,105-107].

			

			The choice of DNA markers is mainly based on reliability, the quantity and quality of DNA needed for analysis, simplicity and time taken for performing the assay, level of polymorphism and overall cost needed to perform the task [107,108].

			Restriction fragment length polymorphism (RFLP): RFLP is the first molecular marker [78] and the most widely used non-PCR or hybridization-based technique [96,98,109]. This technique employs DNA restriction enzymes which recognize specific sequences in DNA and catalyze endonucleolytic cleavages, yielding fragments of defined lengths [78]. The restriction enzymes depict a pattern of variations among DNA fragment sizes in individual plants or animals of the same species. The likely sources of these variations between individuals could be point mutations, insertion/deletion, translocation, inversion and duplication [78,88,89,104].Because of these, digestion of DNA with restriction enzymes leads to production of fragments whose number and size can vary among individuals, populations, and species [91]. RFLP analysis undergoes several steps. It includes extraction of DNA from plant, digestion of the DNA with one or more restriction enzymes (e.g. Msel, EcoRI, Pstl, etc.), separation of the restriction fragments in agarose gel using electrophoresis, transfer of separated fragments from agarose gel to a filter by southern blotting (cloning of individual fragment into a plasmid), labeling of cloned DNA sequences with radioactive (32P) probe and hybridization of labeled single stranded probe to its single stranded DNA counterpart on the filter, finally autoradiography is done (washing of the filter followed by exposure to x-ray film) [91,104] Several rust resistance genes have been successfully mapped with RFLP markersincluding Lr1, Lr9, Lr10, Lr13, Lr19, Lr23, Lr24, Lr27, Lr31, Lr34 & Lr35 [110], Rpg1 [111], & Yr15 [112]. 

			Random Amplified Polymorphic DNA (RAPD): This technique is based on differential PCR amplification of genomic DNA that infers DNA polymorphisms produced by shifting or deletions at or between oligonucleotide primer binding sites in the genome using short arbitrary oligonucleotide sequences (often 10 bases long) [89,113]. Since RAPD technique does not require prior sequence information of the genome to be assayed, it can be applied to any species of plants or animals by using common primers.RAPD method was [89,113] popular due to its speed, high efficiency and simplicity, free from radioactivity and low cost of agarose gel electrophoresis. However, it has low reproducibility and lacks codominant markers [88,89,94]. Rust resistant genes mapped by using RAPD markers include Lr24, Lr28, Lr29, Lr37 [110], Yr5 [114], Lr41 [115], Rpg4 [116].

			Amplified Fragment Length Polymorphism (AFLP): AFLP is another PCR based technique that generates DNA fingerprints without prior sequence information of the genome for DNA analysis of any species [104]. According to Vos, et al. [117], AFLP has 3 major steps: i) restriction of the DNA and ligation of oligonucleotide adaptors, ii) selective amplification of sets of restriction fragments, and iii) gel analysis of the amplified fragments. The number of fragments generated depends on the recognition of the unique nucleotides flanking the restriction sites [104]. The primers so called the rare cutter and frequent cutter together can generate about 50-100 restriction fragments [89,117]. AFLP can be used in genetic and physical mapping, to distinguish closely related individuals at sub-species level. The AFLP mapping applications in plants include forming linkage groups in crosses, locating genomic regions with markers for gene pyramiding and measuring the degree of relatedness and/or diversity between cultivars [89]. Wheat rust resistance genes tagged using AFLP markers include Lr9 & Lr19 [118], Lr41 [115] & Lr26/Sr31/Yr9 [119].

			Microsatellites markers: Microsatellites are the smallest classes of repeated DNA sequences ranging from one to five nucleotide motifs found scattered in all eukaryotic genomes, which are commonly called simple sequence repeats (SSR), short tandem repeats (STR) or simple sequence length polymorphisms (SSLP). These markers usually arise due to strand slippage or the so called ‘slipped strand mispairing’ occurring during DNA replication, which leads to gain or loss of one or more repeat units [88,89]. The variation in the numbers of repeat units is the source of SSR allelic differences within the microsatellite structure. The repeated sequence usually includes two, three or four nucleotides; the familiar example of a microsatellite is a di-nucleotide repeat (CA)n, where ‘n’ refers to the total number of repeats that ranges between 10 and 100. In bread wheat, the microsatellites (GA)n/(GT)n, (AC)n, and (AG)n are found every 270kb, 292kb and 212kb of DNA, respectively [106]. Microsatellites are PCR based sequence specific molecular markers, which require prior sequence information of the genome of the species to be assayed. SSR markers are the most widely used and accepted DNA markers as they are codominant, plentiful, possess high degree of allelic diversity, highly reproducable, require low amount of DNA, highly transferable between populations, easy to assess their size variation by PCR with pairs of ﬂanking primers [89,91,120]. In the last two decades SSR markers have been extensively used to map several rust resistance genes (both ASR and QTL) some of the genes linked to SSR markers include Sr2, Sr13, Sr17, Lr48, Lr49, Lr63 and Yr26 [121], Sr9h, Sr42, Sr49, Yr51, Yr57, Yr69 [42].

			Single Nucleotide Polymorphism (SNP): SNPs are the new generation DNA markers for individual genotyping necessary for marker-assisted selection [122]. SNPs represent the most abundant DNA markers distributed across the genome and compose about 90% of genetic variation in any organism [89,91,104,105]. They are created by a single base change (insertion, deletion or substitution) in a DNA sequence, with an alternative of two possible nucleotides at a given loci, hence they are bi-allelic markers [91,104,122]. The SNPs are often found in the non-coding regions of the genome [88,89]. Their abundance in the plant genomes made them an important tool for mapping, marker assisted breeding and map-based cloning [91,105]. The SNPs are made available through sequencing of candidate genes/PCR products/whole genomes of more than one genotype [91,105]. Ravel C, et al. [123] reported an average of 1 SNP every 334 bases in hexaploid wheat from a sequence of 21448bp size of DNA composed of 21 genes. These authors found significant variations between the coding (1 SNP every 267 bases) and non-coding (1 SNP every 435 bases) regions. The progress in DNA marker technology has made possible for the development of high throughput genotyping by sequencing (GBS) platforms like 9K SNP array [124] and later the Illumina iSelect 90K Infinium SNP genotyping array [125] to be used for identification and mapping of genes in wheat.These microarray-based markers has become markers of choice for bulked segregant analysis construction of high density maps [57,126], quantitative trait loci (QTL) mapping [12,49,127,128] and genome wide association mapping [129-132] with a limited expense in terms of time and money [133-135]. 

			References

			
					Duminil J, Di Michele M (2009) Plant species delimitation: A comparison of morphological and molecular markers. Plant Biosystems. An International Journal Dealing with all Aspects of Plant Biology 143: 528-542. 

					Duveiller E, Singh P, Mezzalama M, Singh R, Dababat A (2012) Wheat diseases and pests: a guide for field identification.

					McIntosh R, C Wellings, RF Park (1995) Wheat Rusts: An Atlas of Resistance Genes.  CSIRO Publishing, Australia.

					Kislev M (1982) Stem Rust of Wheat 3300 Years Old Found in Israel. SCIENCE 216(4549): 993-994.

					Roelfs AP, Singh RP, Saari EE (1992) Rust Diseases of Wheat: Concepts and methods of disease management CIMMYT, Mexico.

					Carver BF (2009) Wheat Science and Trade.  Hoboken : John Wiley & Sons.

					Reynolds MP, Borlaug NE (2006) Applying innovations and new technologies for international collaborative wheat improvement. The Journal of Agricultural Science 144: 95.

					Singh RP, Hodson DP, Huerta EJ, Jin Y, Bhavani S, et al. (2011) The emergence of Ug99 races of the stem rust fungus is a threat to world wheat production. Annual review of phytopathology 49: 465-481.

					Bariana HS, Brown GN, Bansal UK, Miah H, Standen GE, Lu M (2007a) Breeding triple rust resistant wheat cultivars for Australia using conventional and marker-assisted selection technologies. Australian Journal of Agricultural Research 58: 576. 

					Carena JM (2009) Hand book of Plant Breeding-Cereals.  Springer.

					Kolmer J (2013) Leaf Rust of Wheat: Pathogen Biology, Variation and Host Resistance. Forests 4: 70-84. 

					Lan C, GM Rosewarne, RP Singh, SA Herrera-Foessel, J Huerta-Espino et al. (2014) QTL characterization of resistance to leaf rust and stripe rust in the spring wheat line Francolin#1. Molecular Breeding 34: 789-803. 

					Huerta-Espino J, RP Singh, S Germán, BD Mc Callum, RF Park et al. (2011) Global status of wheat leaf rust caused by Puccinia triticina. Euphytica 179: 143-160. 

					Bolton MD, Kolmer JA, Garvin DF (2008) Wheat leaf rust caused by Puccinia triticina. Molecular plant pathology 9(5): 563-575. 

					FAO (2002) Bread Wheat. 

					CABI (2012) Disease resistance in wheat 1ed. CABI Wallingford, Oxfordshire ; Cambridge, MA. 

					Toor AK, Bansal UK, Bhardwaj S, Badebo A,  Bariana HS (2013) Characterization of stem rust resistance in old tetraploid wheat landraces from the Watkins collection. Genetic Resources and Crop Evolution 60: 2081-2089. 

					Bux H, Rasheed A, Siyal MA, Kazi AG, Napar AA, Mujeeb-Kazi A (2012) An overview of stripe rust of wheat (Puccinia striiformisf. sp.tritici) in Pakistan. Archives Of Phytopathology And Plant Protection 45: 2278-2289. 

					Herrera-Foessel SA, RP Singh, CX Lan J, Huerta-Espino, V Calvo-Salazar, et al. (2015) Yr60, a Gene Conferring Moderate Resistance to Stripe Rust in Wheat. Plant Disease 99(4): 508-511. 

					Wellings CR (2011) Global status of stripe rust: a review of historical and current threats. Euphytica 179: 129-141. 

					Line RF (2002) Stripe rust of wheat and barley in North America: a retrospective historical review. Annual review of phytopathology 40: 75-118. 

					Chen X (2013) High-Temperature Adult-Plant Resistance, Key for Sustainable Control of Stripe Rust. American Journal of Plant Sciences 4: 608-627. 

					Ney B, MO Bancal, P Bancal, IJ Bingham, J Foulkes, et al. (2013) Crop architecture and crop tolerance to fungal diseases and insect herbivory. Mechanisms to limit crop losses. Eur J Plant Pathol 135: 561-580. 

					Acquaah G (2007) Principles of Plant Genetics and Breeding.  Blackwell Publishing.

					Loegering,WQ, Ellingboe AH (1987) HH FLOR: Pioneer in phytopathology. Ann. Rev. Phytopathol. 25: 59-66.

					Bariana HS, Bansal UK, Basandrai D, Chhetri M (2013) Disease resistance. In: C. Kole, editor Genomics and Breeding for Climate-Resilient Crops. Springer, Heidelberg New York Dordrecht London. pp. 291-314.

					Flor HH (1959) Genetic controls of host-parasite interactions in rust disease.

					Person C (1959) Gene-for-gene relationships in host:parasite systems Can J Bot 37: 1101-1130.

					Chen X, Line RF (1992) Inheritance of stripe rust in wheat cultivars used to differentiate races of Puccinia striiformis in North America. Phytopathology 82: 633 - 637.

					Christ BJ, Person CO, Pope DO (1987) The genetic determination of variation in pathogenicity. In: Wolfe.M.S. and Caten C.E. (eds.). Populations of Plant Pathogenes-their dynamics and genetics. Blackwell Scientific Publications, Oxford, London, Edinburgh.

					Bariana HS (2003) DISEASES/Breeding for Disease Resistance.Thomas, Brian. In: Murray BG, Murphy DJ (eds) Encyclopedia of Applied Plant Sciences. Academic Press, Oxford  Elsevier Ltd. pp. 244-253.

					Singh RP, Singh PK, Rutkoski J, Hodson DP, He X, et al. (2016) Disease Impact on Wheat Yield Potential and Prospects of Genetic Control. Annual review of phytopathology 54: 303-322.

					McIntosh RA, Brown GN (1997) Anticipatory breeding for resistance to rust diseases in wheat. Annu. Rev. Phytopathol 35: 311-326.

					Knott DR (1989) The wheat rust breeding for resistance. In: Monographs on Theor Appl Genet, Springer-Verlag Berlin: 201.

					Chen XM (2005) Epidemiology and control of stripe rust [Puccinia striiformis f. sp. tritici ] on wheat. Can. J. Plant Pathol.  27: 314-337.

					CIMMYT (1988) Breeding Strategies for Resistance to the Rusts of Wheat. CIMMYT, Mexico.

					Flor HH (1971) Current status of the gene-for-gene concept Annu. Rev. Phytopathol. 9: 275-296.

					Klarquist E, X Chen, A Carter (2016) Novel QTL for Stripe Rust Resistance on Chromosomes 4A and 6B in Soft White Winter Wheat Cultivars. Agronomy 6: 4. 

					Park RF (2008) Breeding cereals for rust resistance in Australia. Plant Pathology 57: 591-602.

					Park RF, Bariana HS, Wellings CR, Wallwork H (2002) Detection and occurrence of a new pathotype of Puccinia triticina with virulence for Lr24 in Australia. Aust. J Agric Res 53: 1069-1076.

					Dracatos PM, Zhang P, RF Park, McIntosh RA, Wellings CR (2016) Complementary resistance genes in wheat selection ‘Avocet R’ confer resistance to stripe rust. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 129(1): 65-76.

					McIntosh R, J Dubcovsky, W Rogers, C Morris, R Appels, et al. (2015 – 2016) Catalogue Of Gene Symbols For Wheat.

					McIntosh RA, J Dubcovsky, WJ Rogers, C Morris, R Appels, et al.  (2013-2014) Catalogue Of Gene Symbols For Wheat.

					McIntosh RA, J Dubcovsky, WJ Rogers, C Morris, R Appels, et al. (2012) Catalogue Of Gene Symbols For Wheat. 

					Singh A, Pandey MP, Singh AK, Knox RE, Ammar K, Clarke JM, et al. (2013) Identification and mapping of leaf, stem and stripe rust resistance quantitative trait loci and their interactions in durum wheat. Molecular breeding : new strategies in plant improvement 31: 405-418. 

					Zhou XL, Wang MN, Chen XM, Lu Y, Kang ZS, Jing JX (2014) Identification of Yr59 conferring high-temperature adult-plant resistance to stripe rust in wheat germplasm PI 178759. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 127(4):935-945.

					Singh RP, Huerta EJ, Bhavani S, Herrera FSA, Singh D, Singh PK, et al. (2010) Race non-specific resistance to rust diseases in CIMMYT spring wheats. Euphytica 179: 175-186. 

					Allard RW (1999) Principles of plant breeding 2nd ed. Wiley, New York.

					Chhetri M, Bansal U, Toor A, Lagudah E, Bariana H (2016) Genomic regions conferring resistance to rust diseases of wheat in a W195/BTSS mapping population. Euphytica 209: 637-649. 

					Zhou XL, Han DJ, Chen XM, Mu JM, Xue WB, Zeng QD, et al. (2015) QTL mapping of adult-plant resistance to stripe rust in wheat line P9897. Euphytica 205: 243-253.

					Li Z, C Lan, Z He, RP Singh, GM Rosewarne et al. (2014) Overview and Application of QTL for Adult Plant Resistance to Leaf Rust and Powdery Mildew in Wheat. Crop Science 54: 1907.

					Park RF, McIntosh RA (1994) Adult plant resistances toPuccinia reconditaf. sp.triticiin wheat. New Zealand Journal of Crop and Horticultural Science 22: 151-158.

					Ellis JG, Lagudah ES, Spielmeyer W, Dodds PN (2014) The past, present and future of breeding rust resistant wheat. Frontiers in plant science 5: 641. 

					Herrera-Foessel SA, ES Lagudah J, Huerta-Espino, MJ Hayden, HS Bariana et al.  (2011) New slow-rusting leaf rust and stripe rust resistance genes Lr67 and Yr46 in wheat are pleiotropic or closely linked. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 122: 239-249. 

					Herrera-Foessel SA, RP Singh, M Lillemo, J Huerta-Espino S. Bhavani S et al. (2014) Lr67/Yr46 confers adult plant resistance to stem rust and powdery mildew in wheat. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 127(4): 781-789. 

					Lagudah ES (2011) Molecular genetics of race non-specific rust resistance in wheat. Euphytica 179: 81-91. 

					Bansal UK, Kazi AG, Singh B, Hare RA, Bariana HS (2014) Mapping of durable stripe rust resistance in a durum wheat cultivar Wollaroi. Molecular Breeding 33: 51-59.

					Bariana HS, McIntosh RA (1995) Genetics of adult plant stripe rust resistance in four Australian wheats and the French cultivar Hyhride-de-Bersee. Plant Breeding 114: 485-491.

					Lillemo M, CXM, ZH He, RP Singh (2005) Leaf rust resistance gene Lr34 is involved in powdery mildew resistance of CIMMYT bread wheat line Saar. In: H. T. Buck, J. E. Nisi and N. Solomon, editors, Wheat Production in Stressed Environments Mar del Plata, Argentina p. 17.

					Sandhu KS (2011) Genetic and Molecular Analyses of Barley for Seedling and Adult Plant Resistance against Rust Diseases. PhD Dissertation, The University of Sydney, Plant Breeding Institute, Sydney, Australia.

					Haile JK, MM Nachit, K Hammer , A Badebo, MS Röder (2012) QTL mapping of resistance to race Ug99 of Puccinia graminis f. sp. tritici in durum wheat (Triticum durum Desf.). Molecular Breeding 30: 1479-1493. 

					Singh D, Park RF, RA. McIntosh (2001) Postulation of leaf (brown) rust resistance genes in 70 wheat cultivars grown in the United Kingdom. Euphytica 120: 205–218.

					Badebo A, Stubbs RW, Ginkel MV, Gebeyehu G (1990) Identification of resistance genes to Puccinia striiformis in seedlings of Ethiopian and CIMMYT bread wheat varieties and lines. Neth J P1 Path 96: 199-210.

					Beteselassie N, Fininsa C, Badebo A (2007) Sources of Resistance to Stem Rust (Puccinia graminis f. sp. tritici) in Ethiopian Tetraploid Wheat Accessions. Genetic Resources and Crop Evolution 54: 337-343.

					Randhawa M, Bansal U, Lillemo M, Miah H, Bariana H (2016) Postulation of rust resistance genes in Nordic spring wheat genotypes and identification of widely effective sources of resistance against the Australian rust flora. Journal of applied genetics 57(4): 453-465.

					Lörz H, G Wenzel (2005) Biotechnology in Agriculture and Forestry: Molecular Marker Systems in Plant Breeding and Crop Improvement.Springer-Verlag, Berlin Heidelber, Germany.

					Jing F, X Jiao-Jiao, L Rin-Ming, H Yue-Qiu, X Shi-Chang (2013) Genetic analysis and location of gene for resistance to stripe rust in wheat international differential host Strubes Dickkopf. J Genet 92(2): 267-272. 

					Singh R, Bechere E, Abdalla O (1992) Genetic analysis of resistance to stem rust in ten durum wheats. Phytopathology 82: 919-922.

					Nazari K, Wellings CR (2002) Genetic analysis of seedling stripe rust resistance in the Australian wheat cultivar ‘Batavia’.

					Knott DR (1988) The wheat rusts : breeding for resistance. Springer-Verlag: Berlin, New York.

					Bariana SH, Brown NG, Ahmed UN, Khatkar S, Conner LR, et al. (2002) Characterisation of Triticum vavilovii-derived stripe rust resistance using genetic, cytogenetic and molecular analyses and its marker-assisted selection. Theoretical and Applied Genetics 104(2-3): 315-320. 

					Bariana HS, McIntosh RA (1993) Cytogenetic studies in wheat. XV. Location of rust resistance genes in VPMl and their genetic linkage with other disease resistance genes in chromosome 2A. Genome 36(3): 476-482.

					Chen X, Jones SS, Line RF (1996) Chromosomal location of genes for resistance to Puccinia striiformis in seven wheat cultivars with resistance genes at the Yr3 and Yr4 loci. Phytopathology 86: 1228-1233.

					Eriksen L, Afshari F, Christiansen MJ, McIntosh RA, Jahoor A, et al. (2004) Yr32 for resistance to stripe (yellow) rust present in the wheat cultivar Carstens V. Theoretical and Applied Genetics 108(3): 567-575. 

					Mc Donald DB, RA McIntosh, CR Wellings, RP Singh, JC Nelson (2004) Cytogenetical studies in wheat XIX. Location and linkage studies on gene Yr27 for resistance to stripe (yellow) rust. Euphytica 136: 239-248. 

					McIntosh RA, J Silk, TT The (1996) Cytogenetic studies in wheat XVII. Monosomic analysis and linkage relationships of gene Yr15 for resistance to stripe rust. Euphytica 89: 395-399. 

					Marais GF, ZA Pretorius, CR Wellings, B Mc Callum, AS Marais et al. (2005) Leaf rust and stripe rust resistance genes transferred to common wheat from Triticum dicoccoides. Euphytica 143: 115-123. 

					Botstein D, Raymond LW, Skolnick M, Davis RW (1980) Construction of a Genetic Linkage Map in Man Using Restriction Fragment Length Polymorphisms. Am J.Hum Genet 32(3): 314-331.

					Michelmore RW, I Paran, RV Kesseli (1991) Identification of markers linked to disease-resistance genes by bulked segregant analysis: A rapid method to detect markers in specific genomic regions by using segregating populations (random amplified polymorphic DNA/restriction fragment length polymorphism). Genetics. Proc. Natl. Acad. Sci., USA 88(21): 9828-9832.

					Collard BCY, Jahufer MZZ, Brouwer JB, Pang ECK (2005) An introduction to markers, quantitative trait loci (QTL) mapping and marker-assisted selection for crop improvement: The basic concepts. Euphytica 142: 169-196.

					Bansal UK, Forrest KL, Hayden MJ, Miah H, Singh D, et al. (2011) Characterisation of a new stripe rust resistance gene Yr47 and its genetic association with the leaf rust resistance gene Lr52. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 122(8): 1461-1466.

					Bansal UK, Muhammad S, Forrest KL, Hayden MJ, Bariana HS (2015) Mapping of a new stem rust resistance gene Sr49 in chromosome 5B of wheat. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 128: 2113-2119. 

					Randhawa M, Bansal U, Valarik M, Klocova B, Dolezel J, et al. (2014) Molecular mapping of stripe rust resistance gene Yr51 in chromosome 4AL of wheat. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 127(2): 317-324. 

					Randhawa MS, Bariana HS, Mago R, Bansal UK (2015) Mapping of a new stripe rust resistance locus Yr57 on chromosome 3BS of wheat. Molecular Breeding 35.

					Wang S, Wong D, Forrest K, Allen A, Chao S, et al. (2014) Characterization of polyploid wheat genomic diversity using a high‐density 90,000 single nucleotide polymorphism array. Plant Biotechnology Journal 12(6): 787-796.

					Bariana H, Forrest K, Qureshi N, Miah H, Hayden M, Bansal U (2016) Adult plant stripe rust resistance gene Yr71 maps close to Lr24 in chromosome 3D of common wheat. Molecular Breeding 36. 

					Nsabiyera VN, Qureshi HS, Bariana WD, Forrest KL, Hayden MJ, et al. (2016) Molecular markers for adult plant leaf rust resistance gene Lr48 in wheat. Molecular Breeding 36. 

					Semagn K, Bjørnstad Å, Ndjiondjop MN (2006) An overview of molecular marker methods for plants. African Journal of Biotechnology 5: 2540-2568.

					Agarwal M, Shrivastava N, Padh H (2008) Advances in molecular marker techniques and their applications in plant sciences. Plant cell reports 27(4): 617-631.

					Ellis THN, Knox MR, Mackay I (2005) Molecular Marker Techniques for Crop Improvement Part II Genetic Mapping. Course Manual pp. 181.

					Semagn K, Bjørnstad Å, Ndjiondjop MN (2006) Principles, requirements and prospects of genetic mapping in plants. African Journal of Biotechnology 5(25): 2569-2587.

					Thomson BR (2011) Genetic Diversity in Wheat: Analysis using Diversity Arrays Technology (DArT) in bread and durum wheats. PhD dissertation, The University of Sydney, Australia.

					Shah SJA, Hussain S, Ahmad M, Farhatullah, Ali I, Ibrahim M (2011) Using leaf tip necrosis as a phenotypic marker to predict the presence of durable rust resistance gene pair Lr34/Yr18 in wheat. J Gen Plant Pathol 77: 174-177. 

					Winter P, Kahl G (1995) Molecular marker technologies for plant improvement. World Journal of Microbiology & BiotechnoIogy 11(4): 438-448.

					Jiang GL (2013) Molecular Markers and Marker-Assisted Breeding in Plants. 

					Jones N, H Ougham, H Thomas (1997) Markers and mapping: we are all geneticists now. New Phytologist 137: 165-177.

					Tanksley SD (1993) Mapping Polygenes. Annu Rev Genet 27: 205-233.

					Mohan M, S Nair, A Bhagwat, TG Krishna, M Yano, et al. (1997) Genome mapping, molecular markers and marker-assisted selection in crop plants. Mol Breed 3: 87-103.

					Chu CG, Friesen TL, Xu SS, Faris JD, Kolmer JA (2009) Identification of novel QTLs for seedling and adult plant leaf rust resistance in a wheat doubled haploid population. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 119(2): 263-269. 

					Jansen R (1993) Interval mapping of multiple quantitative trait loci. Genetics 135(1): 205-221.

					Zeng ZB (1994) Precision mapping of quantitative trait loci. Genetics 136(4): 1457-1468.

					Rosewarne GM, Herrera FSA, Singh RP, Huerta EJ, Lan CX , He ZH (2013) Quantitative trait loci of stripe rust resistance in wheat. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 126: 2427-2449. 

					Danna K, Nattans D (1971) Specific Cleavage of Simian Virus 40 DNA by Restriction Endonuclease. Proc. Nat. Acad. Sci. USA 68(12): 2913-2917.

					Farooq S, Azam F (2002a) Molecular markers in plant breeding I: Concepts and characterization. Pakistan J Biol Sci 5: 1135-1140.

					Gupta PK, S Rustgi, RR Mir (2008) Array-based high-throughput DNA markers for crop improvement. Heredity 101(1): 5-18. 

					Gupta PK, RK Varshney, PC Sharma, B Ramesh (1999) Review: Molecular markers and their applications in wheat breeding. Plant Breeding  118(5): 369-390.

					Jones N, H Ougham, H Thomas, I Pasakinskiene (2009) Markers and mapping revisited: finding your gene. The New phytologist 183(4): 935-966. 

					Collard BC, DJ Mackill (2008) Marker-assisted selection: an approach for precision plant breeding in the twenty-first century. Philosophical transactions of the Royal Society of London. Series B, Biological sciences 363(1491): 557-572. 

					Joshi SP, PK Ranjekar, VS Gupta (1999) Molecular markers in plant genome analysis. Curr Sci 77: 230-240.

					Chelkowski J, Stepien L (2001) Molecular markers for leaf rust resistance genes in wheat. J Appl Genet 42(2): 117-126.

					Kilian A, B Steffenson M, Saghai Maroof,  A Kleinhofs (1994) RFLP markers linked to the durable stem rust resistance gene Rpg1 in barley. MPMI-Molecular Plant Microbe Interactions 7: 298-301.

					Sun G, Fahima T, Korol A, Turpeinen T, Grama A, Ronin Y, et al. (1997) Identification of molecular markers linked to the Yr15 stripe rust resistance gene of wheat originated in wild emmer wheat, Triticum dicoccoides. Theoretical and Applied Genetics 95: 622-628.

					Williams JGK, Kubelik AR, Livak KJ, Rafalski JA, Tingey SV (1991) DNA polymorphisms amplified by arbitrary primers are useful as genetic markers. Nucleic Acids Research 18(22): 6531-6535.

					Zhong M, Niu Y, Xu S, Wu L (2001) RAPD markers linked to the stripe rust resistance gene Yr5 in the wheat variety Triticum spelta album. Yi chuan xue bao Acta genetica Sinica 29: 719-722.

					Lottering JM, AM Botha, FJ Kloppers (2002) AFLP and RAPD markers linked to leaf rust resistance geneLr41in wheat. South African Journal of Plant and Soil 19: 17-22. 

					Borovkova I, Steffenson B,  Jin YA, Rasmussen J, Kilian A, Kleinhofs A, et al. (1995) Identification of molecular markers linked to the stem rust resistance gene rpg4 in barley. Phytopathology 85: 181-185.

					Vos P, Hogers R, Bleeker M, Reijans M, Lee TVD, et al. (1995) AFLP: a new technique for DNA fingerprinting. Nucleic Acids Research 23(21): 4407-4414.

					Dhillon NK, Dhaliwal HS (2011) Identification of AFLP Markers Linked to Leaf Rust Resistance Genes Using Near Isogenic Lines of Wheat. American Journal of Plant Sciences 02: 683-687. 

					Mago R, W Spielmeyer, J Lawrence, S Lagudah, G Ellis et al. (2002) Identification and mapping of molecular markers linked to rust resistance genes located on chromosome 1RS of rye using wheat-rye translocation lines. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 104(8): 1317-1324. 

					Gupta PK, R Varshney (2000) The development and use of microsatellite markers for genetic analysis and plant breeding with emphasis on bread wheat. Euphytica 113: 163-185.

					McIntosh R, J Dubcovsky, W Rogers, C Morris, R Appels et al. (2009) Catalogue of gene symbols for wheat.

					Gupta PK, JKRoy, M Prasad (2001) Single nucleotide polymorphisms: A new paradigm for molecular marker technology and DNA polymorphism detection with emphasis on their use in plants. Current Science 80(4): 524-535.

					Ravel C, Praud S, Murigneux A, Canaguier A, Sapet F, et al. (2006) Single-nucleotide polymorphism frequency in a set of selected lines of bread wheat (Triticum aestivum L.). Genome 49(9): 1131-1139. 

					Cavanagh CR, Chao S, Wang S, Huang BE, Stephen S, Kiani S, et al. 2013. Genome-wide comparative diversity uncovers multiple targets of selection for improvement in hexaploid wheat landraces and cultivars. Proceedings of the National Academy of Sciences 110: 8057-8062.

					Wang S, Wong D, Forrest K, Allen A, Chao S, et al. (2014) Characterization of polyploid wheat genomic diversity using a high‐density 90,000 single nucleotide polymorphism array. Plant Biotechnology Journal 12(6): 787-796.

					Edae EA, Olivera PD, Jin Y, JA Poland and M.N. Rouse (2016) Genotype-by-sequencing facilitates genetic mapping of a stem rust resistance locus in Aegilops umbellulata, a wild relative of cultivated wheat. BMC Genomics 17: 1039. 

					Chemayek B (2016) Studies on Resistance to Biotic and Abiotic Stresses in Wheat. PhD dissertation, University of Sydney, Sydney, Australia.

					Zwart RS, Thompson JP, Milgate AW, Bansal UK, Williamson PM, Raman H, et al. (2010) QTL mapping of multiple foliar disease and root-lesion nematode resistances in wheat. Molecular Breeding 26: 107-124.

					Bansal UK, Arief VN, DeLacy IH, Bariana HS (2013) Exploring wheat landraces for rust resistance using a single marker scan. Euphytica 194: 219-233.

					Kertho A, S Mamidi JM Bonman, PE  McClean, M Acevedo (2015) Genome-Wide Association Mapping for Resistance to Leaf and Stripe Rust in Winter-Habit Hexaploid Wheat Landraces. Plos One 10(6): e0129580. 

					Letta T, P Olivera, M Maccaferri, Y Jin, K Ammar, A et al. (2014) Association Mapping Reveals Novel Stem Rust Resistance Loci in Durum Wheat at the Seedling Stage. The Plant Genome 7: 0. 

					Maccaferri M, J Zhang, P Bulli, Z Abate, S Chao et al. (2015) A genome-wide association study of resistance to stripe rust (Puccinia striiformis f. sp. tritici) in a worldwide collection of hexaploid spring wheat (Triticum aestivum L.). G3: Genes| Genomes| Genetics 5(3): 449-465.

					Badea A, Eudes F, Laroche A, Graf R, Doshi K, Amundsen E, et al. (2013) Antimicrobial peptides expressed in wheat reduce susceptibility to Fusarium head blight and powdery mildew. Can J Plant Sci 93: 199-208.

					Bansal U, Bariana H, Wong D, Randhawa M, Wicker T, et al. (2014) Molecular mapping of an adult plant stem rust resistance gene Sr56 in winter wheat cultivar Arina. TAG. Theoretical and applied genetics. Theoretische und angewandte Genetik 127(6): 1441-1448.

					Singh B, Bansal UK, Hare RA, Bariana HS (2013) Genetic analysis of durable adult plant stripe rust resistance in durum wheat cultivars. Australian Journal of Crop Science 7(5).

			

		

		
			
			

		

		
			
			

		

	OEBPS/toc.xhtml

		
			
						
					ARTOAJ.MS.ID.556216
				


			


		
	

OEBPS/image/275677.png
7 Agricultural Research & Technology Junlp

YA Open Access Journal % UBLISHERS
ISSN: 2471-6774 RSP o Jkey to the Researchers

Review Article
Volume 22 Issue 5 - October 2019

Agri Res & Tech: Open Access ]

Copyright @ All rights are reserved by Mesfin Kebede Gessese






