
 

 

ABSTRACT 

XIONG, MAI. Marker Enrichment of a Fusarium Head Blight (FHB) Resistance QTL on 

Chromosome 3B in Soft Red Winter Wheat. (Under the direction of Dr. Gina Brown-

Guedira). 

 

Fusarium head blight (FHB) is one of many fungal pathogens that affect wheat 

production resulting in significant economic losses. Phenotypic selection for FHB resistance 

in wheat is confounded by the large role of the environment, requiring many replications in 

inoculated nurseries to obtain reliable assessment of disease resistance. FHB resistance in 

wheat is a quantitative trait, requiring selection of plants with multiple resistance genes since 

no single gene provides complete resistance. Development of easily assayed molecular 

markers closely linked to FHB resistance genes will improve the efficiency of marker-

assisted selection for desirable gene combinations. The objective of this study was to enrich a 

region harboring an FHB QTL on the long arm of chromosome 3B with molecular markers 

and to map the resistance as a Mendelian trait. SSR and SNP markers were selected to target 

an 18.4 cM interval distal to the centromere on the long arm of chromosome 3B. In order to 

fine map the Qfhs.vt-3BL QTL, sib lines were derived from a cross between the resistant line 

Massey backcrossed to SSMPV57. Pairs of BC1F2-derived sib lines that were homozygous 

recombinant and non-recombinant in the QTL region were evaluated in greenhouse and field 

experiments to asses Type II resistance. The Qfhs.vt-3BL QTL was mapped to a 1.3 cM 

region between SNP markers XIWA1467 and XIWA2124. High-throughput gel free KASP 

assays were developed having strong linkage to Qfhs.vt-3BL QTL. These markers can be 

used to streamline the breeding process through marker-assisted selection for this resistance 

gene.  
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CHAPTER I 

Literature Review 

Wheat Production 

 

Cereals grains such as wheat (Triticum asetivum L.), rice (Oryza sativa L.), and maize (Zea 

mays L.) are major crops that humans use for food (Food and Agriculture Organization, 

2002). Wheat has become the world’s largest and most important crop with an annual harvest 

of more than 620 million tons (McFall and Fowler, 2009). The United States produces 

approximately 55 to 60 million tons of wheat and is a major exporter (McFall and Fowler, 

2009). Wheat demands are projected to increase as the human population continues to 

expand. To meet future needs, wheat production improvements are critical. The increased 

demands will require pairing of new technological innovations and traditional breeding 

strategies to increase yield potential. 

In the United States, winter and spring wheats are grouped into six classes: Hard Red 

Winter, Hard Red Spring, Soft Red Winter, Soft White, Hard White, and Durum Wheat. 

These classes are based on kernel color, kernel hardness, growth habit, and planting time. 

Each class has unique characteristics relating to milling, baking, and other end use. Where 

each group is grown depends on the environment, rainfall, soil quality, and temperature 

because these factors affect productivity and plant survival. 

Hard red spring wheats (HRSW) are produced in the United States from central 

Wisconsin, Minnesota, the Dakotas, Washington, and central and western Montana (Busch 

andThomas, 2001). Spring wheats are produced in these regions because the long, cold 
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winter prohibits winter wheat varieties from being cultivated. Breeding objectives of spring 

wheat are focused on improving yield, reducing lodging, and developing resistance to 

pathogens (Busch and Thomas, 2001). Spring wheat is used in dough bread baking products 

because of its excellent milling and baking profile. 

Hard red winter wheat (HRWW) is predominantly produced in the central Great 

Plains states of Nebraska, Oklahoma, Colorado, Kansas, New Mexico, Wyoming, North and 

South Dakota, and Montana (Carver et al., 2001). Within the Central Plains region, nine 

production zones determine the types of wheat that can be planted (Carver et al., 2001). Each 

growing zone presents unique environmental challenges ranging from extreme cold, low 

rainfall, soil acidity, and disease. Breeding efforts are focused on end-use quality, drought 

tolerance and resistance to diseases, including leaf rust, septoria leaf blotch, and Barley 

Yellow Dwarf Virus (Carver et al., 2001). High protein and gluten properties make HRWW 

wheat useful for bread rolls, bread baking, noodles, and all-purpose flour products. 

Soft red winter wheats (SRWW) are primarily grown in North and South Carolina, 

Louisiana, Georgia, Virginia, Maryland, Pennsylvania, Arkansas, Missouri, Illinois, Indiana, 

Tennessee, Kentucky, Ohio, and Michigan. SRWW is the dominant market class in the 

Eastern and the Atlantic regions (Bacon, 2001). This region represents the largest and most 

diverse growing region in the United States that is characterized by high humidity, high 

insect pressure, frequent epidemics caused by fungal pathogens and viral diseases (Bacon, 

2001). The primary agronomic traits that breeders target for improvements are grain yield, 

winter-hardiness, test weight, and resistance to diseases such as Fusarium head blight, 
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Stagonospora nodorum blotch, Septoria tritici blotch, wheat rusts, and powdery mildew 

(Bacon, 2001). The lower protein and gluten content of SRWW are ideal for baked goods 

such as cakes, pastries, and crackers. 

Soft and hard white wheat are wheat classes grown in the United States that have 

similar characteristics to soft red and hard red wheat. Soft white wheats are primarily grown 

in the Pacific Northwest states of Washington, Oregon, Idaho, and parts of Northern 

California, and the Northern states of Michigan and New York. Hard white wheats are grown 

in a limited numbers of states in the central plains: Nebraska, Kansas, Colorado and 

Oklahoma (National Association of Wheat Growers, n.d.).  

Of all the wheat classes grown in the United States, durum wheat is the only 

tetraploid wheat grown commercially and production is limited to North Dakota, Montana, 

and California (National Association of Wheat Growers, n.d.). 

 

Polyploidy  

Common wheat (T. aestivum) is an allohexaploid (genomes: AABBDD) believed to have 

originated 10,000 years ago after the domestication of tetraploid wheat Triticum turgidum L. 

(BBAA) by hybridizing with diploid wheat Aegilops tauschii Coss (DD) (Gustafson et al., 

2009). Tetraploid durum wheat (T. turgidum) is a polyploid that originated from the 

hybridization of the two diploid species Agelipops speltoides Tausch (SS) and Triticum 

urartu Tum. (A
u
A

u
) (Gustafson et al., 2009). 
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Polyploidy is an evolutionary process resulting from the integration of two or more 

genomes into an organism by hybridization and/or chromosome doubling. Polyploidy is a 

unique process that can give rise to new species. As a result of this evolutionary process, 

polyploids are genetically unique resulting in increased fitness and plasticity to adapt to 

various biotic and abiotic challenges (Levy and Feldman, 2002); but this is not always the 

case because detrimental effects can result from polyploidization. Dosage responses can be 

expected in polyploidy resulting in positive effects, compensation, or negative effects (Galili 

et al., 1986). Dosage effects can have an impact on gene expression resulting in either 

increase gene activity or reducing the effects of other genes. 

Two classes of polyploidy are often described, autopolyploids and allopolyploids. 

Autopolyploids contain multiple sets of the same genome often the result of intraspecific 

crosses follow by chromosome doubling. In comparison, allopolyploids contain two or more 

diverged genomes. Allopolyploid are derived from interspecific hybridization between 

similar species with diverged genomes. Allopolyploids are often maintained in higher 

heterozygosity levels with multiple allele per locus (Levy and Feldman, 2002). 

Polyplodization is often follow by genome shuffling and reorganization causing physical 

genome alteration that may affect chromatin structure, gene expression, chromosome pairing, 

and methylation (Shaked et al., 2001). Polyploid genomes can contain both homologous and 

homeologous chromosomes. Homologous chromosomes are similar in shape, size, and gene 

order while homeologous chromosomes can have similar gene content but have diverged.  

Despite the evolutionary complexity of hexaploid and tetraploid wheat genomes, wheat 
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chromosome pairing behaves in a diploid nature (Riley, 1960). Homologous chromosomes 

will only pair together and will not pair with diverged homeologous chromosomes. The 

ability to distinguish between homologous and homeologus chromosomes is control by 

Paring homeologus 1 (Ph1) locus on chromosome 5B (Riley and Chapman, 1967; Dvorak et 

al., 2006). 

 

Wheat Genome 

The grass family Poaceae is one of the most species rich and economically important 

families in the Angiosperms (Devos, 2010). The hexaploid (T. aestivum) wheat genome is 

approximately 17 gigabases (Gb) and is the largest compare to the diploid barley (Hordeum 

vulgare L.) genome size 5 Gb, the diploid maize genome is 2.5 Gb, and the diploid rice 

genome is 0.4 Gb (Feuillet et al., 2011). Each genome presents unique challenges for whole 

genome sequencing because of difficulties assembling repetitive and transposable elements. 

The task to fully sequence the wheat genome is coordinated by the International Wheat 

Genome Sequencing Consortium (IWGSC; www.wheatgenome.org) which involves more 

than 17 countries. The goal of IWGSC is to completely sequence all 21 chromosome of 

hexaploid Chinese Spring wheat to provide a high quality reference sequence. At present, 

only one complete reference sequence is available for the largest chromosome 3B (~1 Gb) 

(Paux et al., 2008), and partial reference sequences are available for chromosome 7B 

(Hossain et al., 2004; Olsen et al., 2013). Despite current technical limitation of assembling 
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sequenced DNA of large complex genomes, future advances will reveal novel genes and 

open new possibilities in plant breeding and biotechnology. 

 

Transposable Elements 

TEs have significantly contributed to the size, organization, and evolution of plant genomes 

(You et al., 2010). Transposable elements (TE) exist in large proportions of many eukaryotic 

genomes, and usually are dispersed throughout the genome that can produce genetic changes 

at the point of insertion. Multiple insertions can contribute to increase genome size, as has 

been the case with the wheat genome. TEs are classified into two major classes based on the 

mechanism of transposition. Class I TE (retrotransposons) transpose by a copy-and-paste 

mechanism first by transcribing DNA into RNA and are represented by long terminal repeat 

(LTR), long terminal interspersed nuclear elements (LINES), and short interspersed nuclear 

elements (SINES) (Feschotte et al., 2002). Class II TE (DNA transposons) transpose by a 

cut-and-paste mechanism without an RNA intermediate and are represented by short terminal 

inverted repeats (TIR) (Feschotte et al., 2002). Chromosomal distribution of both classes of 

TE is uneven across the genome (Peterson-Burch et al., 2004).  

The proportion of repetitive DNA can vary dramatically in the genomes of related 

species. For example, TEs are estimated to make up about 35% of the rice genome and about 

90% of hexaploid wheat genome (You et al., 2010). TE estimates from wheat chromosome 

3B BAC sequences demonstrated a wide distribution of TE classes. BAC sequencing of 

revealed that wheat chromosome 3B consist of approximately 61.9% retrotransposons, 
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16.2% DNA transposons, and 1.0% were unclassified (Charles et al., 2008). The distribution 

of TEs across all three wheat genomes also shows distinct differences. The A genome has 

higher TE content than the B and D genomes (Sabot et al., 2005; Charles et al., 2008). 

In plants, retrotransposons make up the majority of transposable elements and are 

often located in intergenic regions (Feschotte et al., 2002). Active retrotransposons can 

interfere with transcriptional activity and have been demonstrated to disrupt normal gene 

expression and generate new gene expression patterns (Kashkus et al., 2002). Although, TE 

represents a sizeable proportion of the plant genome, their activity is repressed by epigenetic 

silencing. Genetically inactive retrotransposon elements are hypermethylated (Feschotte et 

al., 2002). Not all families of retrotransposons are represented equally in the genome since 

genome size expansion results from short intense retrotransposon activity (Wicker and 

Keller, 2007). The proportions of TE classes vary in the genome because of the historical 

evolution and expansion of TEs. 

Although retrotransposons dominate in maize and wheat genomes, DNA transposons 

are more prevalent in the rice genome (Kejnovsky et al., 2012). Most DNA transposons are 

associated with the gene-rich fraction of the genome (Schnable et al., 2009). DNA 

transposons are more constant across species, and unlike retrotransposons, do not appear to 

be correlated with genome size (Yu et al., 2002). 

 

Genetic Recombination of Wheat Chromosome 3B 

Recombination along the length of wheat chromosomes is not uniform and occurs 

preferentially in distal chromosome regions (Gill et al., 1993). Studies have shown that 
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recombination increases the further the region is from the centromere and crossovers are 

predominantly observed in the distal portion of chromosome arms (Akhunov et al., 2003). In 

addition, recombination frequency in the short arm is frequently higher than the long arm 

(Akhunov et al., 2003; Lukaszewski and Curtis, 1993). Gene density is not constant along the 

chromosome, since gene rich regions are often distributed heterogeneously on both 

chromosome arm and are regions of increased recombination (Sandhu et al., 2002). 

Suppression of recombination in the proximal part of the chromosome is thought to be due to 

its proximity to the centromere. 

The physical map of wheat chromosome 3B has been used to study the distribution of 

recombination along the chromosome (Saintenac et al., 2009). Unequal distribution of 

recombination was observed with an estimated frequency of crossover ranging from 0 in the 

centromeric region to 0.85 in the terminal portion of the short arm. Crossovers occurred 

mostly in the distal 40% of the chromosome arms. Seventy percent of the observed 

recombination occurred between in deletion bins 3BS8-0.78-0.87 and 3BL7-0.63-1.00. In the 

long arm, the average crossover frequency was the highest (0.21 cM/Mb) while the short arm 

displayed an average crossover frequency of 0.14 cM/MB. Furthermore, the teleomeric 

region showed reduced or suppressed recombination. 

The results of Saintenac et al. (2009) also indicated uneven crossover frequency 

across chromosome 3B and suggested positive crossover interference. Positive crossover 

interference was greatest within distances of 10 cM or less and gradually weakened as 

distance increased (Saintenac et al., 2009). Positive crossover interference is the result of the 
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non-random formation of crossover sites. Crossover interference has an important effect on 

genetic studies that are reliant on recombination. For example, linkage drag may not be 

removed because of the lack of recombination, so getting rid of linkage drag may require 

double crossovers or additional cycles of meiotic recombination. As observed, crossover 

frequency is not constant, and obtaining desirable recombinants in the region of a gene 

depends on the location of the locus. 

 

Fusarium Head Blight 

Fusarium head blight (FHB) or scab is a disease caused by phytopathogens in the genus 

Fusarium (Parry et al., 1995). Fusarium fungi can cause several diseases in cereals including 

seedling blight, stalk rot, and ear rot in maize. The most common species of Fusarium 

pathogens in wheat, oats and barley are Fusarium graminearum Schwabe (Gibberella zeae 

(Schwein) Petch), F. culmorum (W.G. Sm), F. poae (Peck), F. avenaceum (Fr.), and 

Microdochium nivale  (formerly Fusarium nivale (Fr.) Ces) (Parry et al., 1995). Fusarium 

graminearum can occur on a wide range of Graminaceous species (Booth, 1971). Fusarium 

head blight of wheat is a significant problem causing reduction of yield, grain quality, and 

seed quality, leading to negative economic impacts for growers and end users.  

Secondary metabolites known as mycotoxins produced by the pathogen can be 

harmful when contaminated grains are consumed (Placinta et al., 1999). There are four major 

classes of Fusarium toxin that are harmful to human and animal health: Trichothecences, 

Fumonisins, Moniliformin, and Zearalenone (Placinta et al., 1999). The tricothecence 
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deoxynivalenol (DON) and its derivatives are frequently found in FHB contaminated wheat 

and barley grains. Depending on the Fusarium species, different classes of tricothecene 

toxins can be produced. For example, Type A tricothecene are primarily produced by F. 

sporotrichiodes, and Type B trichothecences are commonly produced by F. graminearum 

(Placinta et al., 1999). The use of elevated mycotoxin contaminated wheat in food products 

poses a major public health concern. The acceptable levels of DON in wheat grain for human 

consumption ranges from 0.5 to 2 mg/kg (Yu et al., 2008).  

 

Life Cycle of the Fusarium Pathogen 

Both F. graminearum and F. culmorum pathogens reproduce asexually via macroconidia, 

and F. graminearum also reproduces sexually via ascospores (Sutton, 1982; Wagacha and 

Muthomi, 2007). Their life cycles consist of a saprophytic and pathogenic phase (Sutton, 

1982). During the saprophytic life cycle, the pathogen derives nutrients from decaying 

organic matter and in the pathogenic phase, the pathogen invades and feeds on a living host. 

The germination of Fusarium conidia is influenced and dependent on environmental 

conditions such as temperature, spore density (Colhoun et al., 1968), and water potential 

(Sung and Cook, 1981). When favorable growth conditions are met, the germination of 

Fusarium conidias can be accelerated, and their explosive growth can severely devastate a 

field of wheat having little or no resistance to the pathogen. Moreover, the incidence and 

severity of FHB is highly influenced by weather during the growing season. According to 

Anderson (1948), infection of wheat ears by F. graminearum occurred most frequently at 
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25°C during moist periods, and the time which symptoms starts to develop ranged from 36 to 

72 hours, depending on temperature and growth stage. When susceptible plants flower during 

these favorable conditions, the spikelets become highly prone to infection.  

Fusarium fungi can survive as mycelium, ascospores, macroconidia, chlamydospores, 

and perithicia. The multiple modes of survival and wide range of host species ensure their 

survival, proliferation, and dissemination in the environment. The source of primary 

inoculum for wheat scab is often from crop residue. For example, debris such as wheat, corn, 

or rice can be potential reservoirs of the fungus. Fusarium can enter cereal florets passively 

through natural openings such as the stomata or during anthesis. In order to maintain physical 

contact with the host, fungal adhesion is crucial to avoid displacement from the plant surface 

(Bushnell et al., 2003). An active route for entry is the penetration of the epidermal cuticle 

and cell wall by hyphae (Wanjiru et al., 2002). In wheat, anthers provide the initial path for 

FHB infection (Pugh et al., 1933). The inner surface of the spikelet palea, lemma, and glumes 

are more easily invaded than the outer surface of the plant (Kang and Buchenauer, 2000). 

The enclosed structure provides favorable conditions for infection since it can trap moisture. 

Host tissue penetration by hyphae is likely facilitated by hydrolysing enzymes such as 

cutinasese and lipases secreted by the pathogen (Walter et al., 2010). After penetrating the 

cuticle, the hyphaes grow subcuticularly in cereal spike tissues (Kang and Buchenauer, 

2000). The initial symptoms of infections will appear as small water soaked spots at the base 

of the glume or on the rachis. Infected grains become shriveled and discolored. The 

continued restriction of nutrient to the developing head causes the premature death or 
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bleaching of the spikelets. Thereafter, the pathogen can spread systematically through the 

plant. 

 

Types of Fusarium Head Blight Resistance 

Host plant resistance to FHB can be classified either as morphological or physiological. 

Generally, morphological characteristics which are associated with FHB susceptibility are 

awned genotypes with short peduncle and compact spikes compared to awnless and long 

peduncle varieties (Rudd et al., 2001). Another susceptibility character is timing of grain 

filling. FHB severity is reduced in rapid grain filling varieties compared to slow grain filling 

varieties (Mesterházy, 1995; Rudd et al., 2001). Plant height and flowering time are also 

associated with FHB resistance (Gervais et al., 2002; Srinivasachary et al., 2009). The GA 

insensitive dwarfing genes Rht-B1b (Rht1) and Rht-D1b (Rht2) are located on chromosome 

4B and 4D, respectively. Both Rht-B1b and Rht-D1b were derived from Norin 10, a dwarf 

cultivar from Japan (Gale and Youssefian, 1985). Reports from Mesterhazy (1995) indicated 

a negative correlation between plant height and FHB resistance. Research indicated that 

dwarfing genes themselves may also lead to higher symptoms of FHB (Hilton et al, 1999). 

Despite the generally negative effects reported for the dwarfing genes, a few studies have 

found FHB resistance loci associated with or coinciding with Rht-B1b (Srinivassachary et al., 

2009; Miedaner and Voss, 2008). Flowering time has also been associated with FHB severity 

where early flowering types were more susceptible than later flowering types (Gervais et al., 

2002; Buerstmayr et al., 2011).  
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The most important indicators for FHB resistance are physiological responses to the 

pathogen. Generally, the ability to prevent Fusarium infection of wheat head has been 

classified in five resistance types: 

Type I - resistance to initial infection (Schroeder and Christensen, 1963), 

Type II - resistance to infection spreading (Scroeder and Christensen, 1963), 

Type III - resistance to mycotoxin accumulation (Miller et al., 1985), 

Type IV - resistance to Fusarium damage kernel (Mesterházy, 1995), and 

Type V - resistance to yield loss (Mesterházy, 1995). 

Host plant resistance to FHB is most effective when multiple mechanisms of resistance are 

present, including resistance to initial infection (Type I), resistance to the spread of infection 

(Type II), and resistance to mycotoxin accumulation (Type III) (Yu et al., 2008). The degree 

of FHB resistance varies among wheat cultivars and evaluation of disease resistance can be 

confounded by environmental conditions, selection methods, and other factors. Type I 

resistance is not the most reliable assessment criteria for FHB selection (Yu et al., 2008). 

Type I resistance is difficult to score because initial infections are often difficult to 

determine. As a result, the use of Type II resistance for FHB assessment has been favored, 

because the spread of pathogen infection can visually be assessed and scored. Generally, 

DON concentrations are lower when less pathogen spreading is observed (Yu et al., 2008). 

Consequently, DON toxin, Fusarium damaged kernels (FDK), and percent scabby seed (PSS) 

are measures in which breeders are increasingly interested as they are more directly related to 

grain quality and may be measured post-harvest.  
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Breeding for Fusarium Head Blight Resistance 

With increasing concern of mycotoxin contamination and economic losses due to FHB, the 

subject of FHB control has been focused on the development and utilization of resistant 

cultivars. The development of new FHB resistant cultivars adapted for regional growing 

environments is made difficult due to the significant amount of time needed for breeding and 

multiple crossing cycles needed to recover agronomic and quality traits with reliable FHB 

resistance (Anderson, 2007). Due to the quantitative nature of resistance, conventional 

methods for identifying and selecting resistant plants are time consuming and expensive. 

Wheat breeding for FHB resistance is confounded by the quantitative nature of disease 

resistance, genotype by environment interaction, and cost of phenotyping. Therefore, intense 

international efforts have been made to characterize and map genes for resistance so that 

marker-assisted selection (MAS) can be done to improve the efficiency of developing 

cultivars with improved and stable resistance. 

QTL mapping has been instrumental in the analysis and discovery of novel FHB 

resistance genes. In a recent meta-analysis of FHB QTLs in wheat by Liu et al. (2009b), they 

revealed 249 FHB QTL that were mapped in 46 unique lines from 45 different experiments. 

The meta-analysis revealed that more than one QTL on a chromosome conditioning 

resistance was often observed. They identified 32 QTL condition Type I, 130 QTL condition 

Type II, 25 QTL condition Type III, 22 QTL condition Type IV resistance, and 40 QTL were 

unable to be assigned to the International Triticeae Mapping Initiative (ITMI) consensus 

map. The distributions of these identified meta-QTLs were distributed evenly across the three 
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wheat genomes. Due to the complexity of the disease and the large number of QTL, detecting 

and selecting a single QTL with large, consistent effects is problematic.  

Currently, the most widely use sources of FHB resistance are from the Chinese spring 

wheat cultivar Sumai 3 and many of its derivatives (Rudd et al., 2001). FHB resistance from 

Sumai 3 has provided stable heritable resistance across various environmental conditions 

(Rudd et al., 2001), and for this reason it is a good cultivar to transfer resistant alleles into 

susceptible lines. Although Sumai 3 is a good source of FHB resistance it is not well adapted 

to winter wheat growing regions of the United States due to the spring growth habit and 

susceptibility to other diseases. 

Even though there is a wide diversity of potential resistant FHB QTLs at the present, 

complete resistance to the pathogen has not been found within T. aestivum (Bai and Shaner, 

2004). To date four major FHB QTL derived from common wheat and one from wild 

ryegrass (Leymus racemosus (Lam.) Tzvelev) have been fine mapped: Fhb1 (Cuthbert et al., 

2006), Fhb2 (Cuthbert et al., 2007), Fhb3 (Qi et al., 2008), Fhb4 (Xue et al., 2010), and Fhb5 

(Xue et al., 2011). 

Fhb1 (Qfhs.ndsu-3BS) on chromosome 3BS was fine mapped on the distal segment of 

the short arm of chromosome 3B. The Fhb1 QTL is located between markers Xgwm533 and 

Xgwm493. Fhb1 was fine mapped to a 1.27 cM interval in the Sumai 3*5/Thatcher mapping 

population and to a 6.05 cM interval in the HC374/3*98B69-L47 mapping population 

showing strong Type II resistance in greenhouse studies. 
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Fhb2 was mapped on chromosome 6BS proximal to the centromere. Fhb2 is flanked 

by markers Xgwm133 and Xgwm644 mapped in a 2 cM interval in the RIL mapping 

population BW278 X AC Formost. Marker Xgwm644 explained 21% of the phenotypic 

variation for Type II resistance, reducing FHB severity by 56% in greenhouse studies.  

Fhb3 was mapped from a wheat-Leymus introgression line. Cytogenetic mapping 

placed Fhb3 on the wheat-Leymus translocation chromosome T7AL·7Lr#1S on the long arm 

of wheat chromosome 7A. Greenhouse study showed that lines carrying the translocation 

exhibited higher Type II resistance than lines that did not. The effects of lines carrying Fhb3 

was not significantly different than the most resistant cultivar Sumai 3. 

Fhb4 (Qfhi.nau-4B) on chromosome 4BL was fine mapped in the RIL mapping 

population derived from the cross between the susceptible parent Nanda2419 and the 

resistant parent Wangshuibai. Fhb4 is flank by two markers Xhbg226 and Xgwm149 in a 1.7 

cM interval. Resistant genotypes demonstrated 60% less infection when compared to 

susceptible genotypes from field evaluations. Fhb4 conditions only Type I resistance. 

Fhb5 (Qfhi.nau-5A) on chromosome 5AS was mapped in two mapping populations, 

these were a backcross population and a recombinant inbred line both derived from crosses 

between Nanda2419 x Wangshuibai. Fhb5 is flank by markers Xgwm304 and Xgwm415 in a 

0.3 cM interval. The resistant genotypes had 55% less infection than susceptible genotypes. 

Fhb5 has been implicated in Type I resistance explaining 16.6 to 27% of phenotypic 

variation for incidence (Lin et al., 2006). 
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Intermediate levels of FHB resistance are present in some SRW wheat cultivars from 

the eastern United States, such as Ernie (McKendry et al., 1995), NC-Neuse (Murphy et al., 

2004), Tribute (Griffey et al., 2005), Roane (Griffey et al., 2001), Truman (McKendry et al., 

2005), Bess (McKendry et al., 2007a), Massey (Starling et al., 1984), and line VA00W-38 

(Liu et al., 2012a). These sources of resistance can be employed directly in wheat breeding 

programs to develop resistant cultivars. Given the importance of FHB resistance breeding in 

the eastern United States, QTL studies of these locally adapted cultivars have been conducted 

to understand the architecture of resistance. Characterization of the resistance in adapted 

cultivars will improve the ability of breeders to make strategic breeding decisions. 

At present, QTL mapping of FHB resistance has been reported for only a few SRWW 

lines including Ernie (Liu et al., 2005, 2007), Truman (Islam, et al., 2011ab), Massey (Liu et 

al., 2009ab, 2012b, 2013), Patton,  IL94-1653 (Bonin and Kolb, 2009), and VA00W-38 (Liu 

et al., 2012a).  

The cultivar Ernie has moderate Type II resistance with high heritability (Liu et al., 

2005). Five FHB QTL regions were identified in Ernie and named Qfhs.umc-2B, Qfhs.umc-

3B, Qfhs.umc-4BL, Qfhs.umc-5A, and Qfhs.umc-2DS (Liu et al., 2007, 2013). Two QTL with 

the largest effect for Type II resistance were located on chromosome 3B with r
2
 of 12.5 % 

and on chromosome 5A with r
2
 of 17.4 % (Liu et al., 2007). The cultivar Truman exhibits 

strong levels of Type I and Type II resistance (Mckendry, 2007b; Islam et al., 2012 ab). In a 

multi-location experiment conducted by Islam et al.(2012a,b), they detected QTL on 

chromosome 2A, 2D, 3B,5D, and 7D explaining about 6.7 to 21.4% of phenotypic variation 
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for Type I resistance. For Type II resistance, four QTL were identified on chromosome 2A, 

2D, 3B, and 5D ranging from 7.2 to 10.1% of phenotypic variation. 

In the cultivar Massey, Liu et al (2009a, 2012b, 2013) identified multiple QTLs for 

FHB incidence (2DS), greenhouse severity (1D, 3BL), FHB index (2BL, 4BS, 4DS, 6B), 

Fusarium damaged kernels (4BS), and DON (4DS). The highest QTL effect was detected on 

chromosome arm 3BL for greenhouse severity and was named Qfhs.vt-3BL. In a population 

from the cross between experimental line IL94-1653 and SRWW cultivar Patton, FHB 

resistance QTLs conferring minor levels of Type II resistance were identified on 

chromosomes 2B, 3B, 4B, and 6B (Bonin et al., 2009). Fusarium damage kernel QTLs were 

detected on chromosome 2B, 4B, and 6B. One QTL was detected for DON resistance on 

chromosome 4B. Resistance QTLs on chromosome 3B and 6B were derived from the 

cultivar Patton while resistance on 2B and 4B were contributed from IL94-1653 lines.  

The characterization of wheat line VA00W-38 identified eight QTLs conditioning 

FHB resistance (Liu et al., 2012a). The QTLs were identified on chromosomes 1B, 2A, 2D, 

5B, 6A, and 7A explaining 6.5% to 21.3% of phenotypic variation for FHB resistance traits. 

Three major QTLs on chromosome 2D, 6A, and 5B were found to reduce all three of the 

highly correlated traits FHB index, Fusarium damaged kernel, and DON.  

The allelic relationships of QTL identified in United States SRW wheat germplasm 

are not known. In many cases, QTL were detected in similar chromosomal regions, 

suggesting that lines may harbor the same genes for resistance. Also, there are no published 

reports verifying the FHB resistance QTL in genetic backgrounds different from the original 
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mapping populations. Additional studies are needed to reveal which are unique and useful 

FHB QTLs for marker assisted breeding. 

 

Marker Assisted Breeding (MAS) 

The development of DNA molecular markers has revolutionized modern plant breeding 

practices. In wheat, molecular markers are now used to determine genotypes for genes 

associated with height, photoperiod, vernalization, kernel color, and several disease 

resistance loci. There are several advantages for employing MAS in breeding programs: (1) 

selection can be carried out at earlier developmental stages, (2) genotyping can increase the 

reliability of plant selection, and (3) complex traits can be more easily assessed compared to 

conventional phenotyping (Collard and Mackill, 2008). Complex traits can be difficult to 

screen using conventional methods and the use of markers can minimize errors. Making 

selections at earlier developmental stages can save the breeder time, money, and resources.  

The discovery and implementation of useful QTL follows four general steps: (1) 

identifying unique germplasm with useful QTL, (2) find linked markers for QTL of large 

effects for the trait, (3) confirm the effect of the major QTL in different genetic background, 

and (4) deploy the QTL in a breeding program where it can be tested and implemented 

(Bernardo, 2008).  

The QTL discovery procedures above provide a sound basis for marker based 

selection, but when genetic variation is controlled by multiple QTL of small effects it may be 

inadequate. Often, the problem associated with QTL of minor effects is their inconsistent 
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effect because they are confounded by undetected segregating QTL in the mapping 

population, QTL x genetic background interaction, and QTL x environment interaction 

(Bernardo, 2008). Consequently, these uncontrolled factors may limit the number of true 

QTLs detected and their potential use in MAS. Another major factor affecting QTL detection 

is the mapping population size and type. Studies have shown that when small population 

sizes are used for QTL detection, they often result in bias estimates of the true QTL effect 

(Bernardo, 2008). Bias estimates of QTL effects will lead to erroneous conclusions of the 

existence of the QTL, declaring the presence of an otherwise false QTL. Therefore, 

population sizes of N=500 to 1,000 are recommended for QTL mapping of complex traits to 

increase the statistical power of detecting a true QTL (Beavis, 1994). Although large 

population sizes will increase the probability of detecting true QTLs, in practice the 

population size is often smaller than ideal due to resource limitations. 

The next phases of marker development involve the critical assessment to validate the 

QTL in different genetic backgrounds, validating marker polymorphism in broad germplasm, 

and narrowing the marker resolution to ensure linkage to the QTL (Collard et al., 2005). The 

efficiency of QTL transfer from donor to recipient may be hindered if the genetic background 

of the recipient does not interact favorably with the donor QTL. Insufficient marker-QTL 

linkage can result in loss of the QTL during transfer from the donor since recombination can 

break the linkage. To improve the transfer of resistance, markers in strong linkage and high 

association for the QTL should be used. 
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The successful development of markers in this manner results in assays that can be 

used by many plant breeders to simplify trait selections. An example of this is the transfer, 

mapping and validation of Barley Yellow Dwarf Virus resistance from wheatgrass 

(Thinopyrum intermedium (Host)) to wheat where resistance is not naturally found (Sharma 

et al., 1995). The Bvd2 gene present on the alien segment is effective in diverse backgrounds, 

linked markers are polymorphic with most wheat cultivars and reduced recombination with 

the wheat homeoelogous region maintains close linkage between the markers and gene. 

The use of molecular marker for making selection is a valuable approach when 

phenotypic screening does not reflect the true target environment. For example, wheat FHB 

screening in greenhouse and field experiments do not always correlate resulting in the 

inconsistent measurement of the trait (Campbell and Lipps, 1998). In this situation, marker 

based selection can increase the genetic gain per unit time and per unit cost when 

phenotyping for the traits is time consuming, expensive, and inconsistent (Bernardo, 2008). 

Notably, marker based selection will be most efficient relative to phenotypic selection when 

markers are identified in environments where the trait heritability is high, and the validated 

marker is subsequently used in selection environments where heritability is low (Dudley, 

1993). 

 

Molecular Markers 

The development of molecular markers and its use in plant breeding have become an integral 

part of the breeding paradigm. Molecular markers used for the genetic analysis of cereals 
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have led to many novel discoveries. These techniques have been used with success for 

monitoring changes in genetic variation between and among species, and the introgression of 

new genes into a recipient host. 

 

Expressed Sequence Tags 

Plant expressed sequence tag (EST) can provide robust sequence resources for utilization in 

gene discovery, genome annotation, and comparative mapping (Rudd, 2003). ESTs are 

derived from unedited, automatically processed, single read sequences from cDNA libraries. 

The cDNA and its ESTs are highly informative pieces of information that can be used to link 

back to the genome. Currently, the most widely available EST sequences are either plant 

model species or agriculturally important species such as wheat, rice, and soybean (Glycine 

max (L.) Merr) (Rudd, 2003). The usefulness of ESTs is limited by their overall 

representation of the host genes within the available library and the quality of sequences 

within a collection (Rudd, 2003). Poorly expressed genes will not be equally represented 

when a library of ESTs are generated. Second, many genes that are not expressed will be 

absent from the ESTs library. Third, housekeeping genes are generally over represented in an 

EST library. To circumvent some of these problems, mRNA from various cell types, 

developmental stages, and disease states have been utilize to increase the range of ESTs 

(Rudd, 2003). Another aspect of poor representation of host genes is the result of low quality 

ESTs. Low quality ESTs are often attributed to poor cDNA quality resulting either from poor 

performance of reverse transcriptase or the reactions used in the sequencing of cDNA (Rudd, 
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2003). Although some limitations are unavoidable, ESTs are very useful for gene discovery, 

genome annotation and other studies. 

 

Single Nucleotide Polymorphism  

Genetic markers based on a single nucleotide polymorphism (SNP) are rapidly becoming the 

marker of choice to implement in molecular breeding because of their prevalence in the 

genome. The use of next generation sequencing (NGS) technology such as Roche 454 

(Roche, Applied Science, Indianapolis, IN), HiSeq (Illumina, San Diego, CA), SOLid (Life 

Technologies, Carlsbad, CA), Ion Torrent (Life Technologies, Carlsbad, CA) and cost 

effective computational approaches for SNP detection has enabled routine SNP discovery in 

many complex genomes. SNP are classified according to their genomic structural elements 

and functional effects. SNPs may be present in exons, introns, and promoters (Khlestkina and 

Salina, 2006). Functional effects of SNPs are either anonymous, where polymporphism 

results in unknown effects, or a candidate SNP is where polymorphisms are suggestive of 

some functional effect (Khlestkina and Salina, 2006). In theory, four alleles can occur at each 

nucleotide position, but usually only two variants occurs (Brooks, 1999). Therefore, SNP 

markers are biallelic. 

The increasingly large collection of wheat ESTs has been enhanced by new 

sequencing technologies that have provided adequate routes for SNP marker discovery. The 

major key step in SNP discovery is based on in-silico analysis of wheat ESTs (Somers et al., 

2003). Although, in-silico alignment of wheat ESTs is an efficient method, the alignment of 
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sequences detects both true SNPs and paralogous sequences (Somers et al. 2003). Without 

stringent quality control, false detection of SNPs can hinder successful marker development 

and deployment.  

In addition, the polypoidy nature of wheat makes SNP detection difficult because of 

the presence of three homeoelogous A, B and D genomes (Ganal et al., 2009). As a 

consequence, only a small subset of EST sequence alignments actually detect and reveal true 

SNPs while the remaining ones are homologous sequence variants (HSV) (Khlestkina and 

Salina, 2006). In general, SNPs are commonly detected at 1 SNP per 540 bp while HSV are 

detected at a much higher frequency at 1 HSV per 24 bp (Somers et al., 2003). SNP marker 

detection from wheat ESTs are estimated at 1 SNP per 10-60 ESTs screened (Somers et al., 

2003). Once true SNPs are identified and validated, they can be adapted for use as molecular 

markers.  

Methods used for genotyping SNP loci can vary in cost and techniques. Some SNP 

assays are gel and non-gel gel based. Examples of gel base SNP assays are amplified 

fragment length polymorphism (AFLP) or restriction fragment length polymorphism (RFLP). 

Non-gel based examples are KASP, Taq-man assay, and molecular beacons, and highly 

parallel assays developed by Illumina. The automation of non-gel based genotyping 

platforms is a cost effective method for genotyping tens of thousands of SNPs per individual 

or few SNP on many individuals. High throughput SNP genotyping with the Illumina 

developed assays offers comprehensive genome coverage making it possible to develop 
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saturated genetic maps, enabling association mapping, targeted fine mapping, and facilitating 

the cloning of QTLs and genes.  

To overcome the bottleneck of developing and identifying SNPs, next generation 

sequencing based technology are used to develop and map large numbers of SNP from wheat 

cDNA and EST sequences (Akhunove et al., 2009; Chao et al., Allen et al., 2011; Allen et 

al., 2012; Winfield et al., 2012). Transcriptome resequencing using NGS technologies avoids 

repetitive regions of the genome, and it allows rapid and inexpensive SNP discovery within 

genes (Morozova and Marra, 2008). Cavanagh et al. (2013) employed this method to 

discover SNPs in the wheat transcriptome. Nine wheat accessions were targeted for 

transcriptome sequencing and were assembled into 477,291 reference transcripts for SNP 

discovery. The assembled transcripts represented only individual expressed genes. This 

avoided problems associated with false positive SNP detection from homeologous and 

paralogous genes in polyploid species. A total of 25,454 unique SNPs were detected from 

44,688 SNPs that were discovered. An Illumina Infinium bead chip assay was developed 

with 9,000 SNPs that comprehensively covered all three wheat genome. When a diverse set 

of 2,994 hexaploid wheat accession was genotyped, approximately 86% to100% of the SNPs 

was polymorphic. A consensus map was constructed using six mapping population; a total of 

7,504 polymorphic markers were positioned in the consensus map. A 90,000 SNP chip assay 

is currently being developed by Akhunov et al. (2013) and will increase the throughput 

dramatically. The development of SNP marker resources for wheat breeding is accelerating 

the construction of high resolution genetic maps for understanding complex traits. 



26 

 

 

 

 

Sequencing of large complex genomes like that of wheat from many individuals is 

not currently possible. However, genotype by sequencing (GBS) is a low cost method to 

explore the genetic diversity in populations or new species by producing high quality 

polymorphism data (Elshire et al., 2011). GBS employs a reduced representation library 

method to target a fraction of the genome for sequencing (Altshuler et al, 2000). GBS uses 

restriction enzymes for targeted complexity reduction follow by multiplex sequencing 

(Poland et al., 2012). GBS provides a de novo method for genotyping tens of thousands of 

SNP without the need for SNP discovery (Poland et al., 2012). GBS is a promising 

methodology to develop and genotype SNP markers in non-model species such as wheat. 

In conclusion, the bi-allelic nature SNP markers that can be fully automated allows 

the simultaneous analysis of several thousands of markers. With the use of modern 

genotyping technology, the efficiency of SNP markers is greater than that of multiallelic 

marker systems. 

 

Simple Sequence Repeats 

Simple sequence repeats (SSR) have been the marker of choice for use in a variety of plant 

applications. Although SNP markers are becoming the marker of choice for genotyping, SSR 

markers are still relevant and useful since they provide a link to existing linkage maps and 

other genomic resources. SSR have been used in genome mapping, gene tagging, germplasm 

characterization, and DNA fingerprinting. Many PCR based SSR markers have been 

developed and successfully applied to plant breeding applications. These markers have 
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assisted the indirect selection of traits at early developmental stages (Gupta andVarshney, 

2000). SSR occurs in different repeat motifs, for example, either as trinucleotides (ATT)n, 

dinucleotide (AT)n, or tetranucleotide (ATTT)n (Varshney et al., 2005). In cereal species, 

trinucleotide repeats are most frequently observed, followed by dinucleotide repeats 

(Varshney et al., 2005). The frequency of these three SSR motifs are: trinucleotide (54-78%), 

dinucleotide (17.1-40%), and trinucleotide (3-6%) (Varshney et al., 2005). The most 

common dinucleotide repeats in cereal crops are (AC)n and (GA)n. Research has suggested 

that SSR are not clustered in any particular region of the genome, but rather SSR are 

uniformly distributed in different regions of the wheat genome (Varshney et al., 2002). Most 

genomic SSRs are of nuclear origin, but SSRs are also found in mitochondria and 

chloroplasts (Kalia et al., 2011). Advantages of SSRs are the large number (10
4
 to 10

5
) per 

genome that are randomly dispersed and have a high degree of length polymorphism (Kalia 

et al., 2011). Size polymorphisms are caused by the different number of repeats in the 

microsatellite region, ranging from 5 to100 repeats per locus. This characteristic makes SSR 

highly desirable for PCR detection of polymorphism based on size separation. 

Although the use of SSR markers is widespread their development remains a major 

limiting step in a majority of minor crop species (Kalia et al., 2011). This is due to the fact 

that these markers must be developed de novo for each species. However, once SSR markers 

are developed their costs of use is reduced. Two methods for isolation of SSR loci from 

genomic libraries include selective hybridization and primer extension enrichment. The 

selective hybridization approach utilizes fragment generation from genomic DNA or 
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subsequent digestion by endonucleases. Then DNA fragments are ligated to a known vector 

or an adapter creating libraries of genomic DNA. After ligation, the DNA libraries are 

denatured and then hybridize with a DNA probe containing the repeat sequence. The probes 

can be bound to nylon membrane or biotinylated and captured on streptavidin coated beads 

(Kalia et al., 2011). After hybridization, the probes are washed with buffer to remove non-

specific binding. The bound DNA are eluted and recovered by PCR amplification. Finally, 

the recovered fragments are cloned and screened for SSR by southern blotting, PCR, or direct 

sequencing (Kalia et al., 2011). Primer extension enrichment operates under the same 

concept as selective hybridization with the exception that ssDNA are used as templates for 

primer extension. Primers contain repeat specific oligonucleotide, which generates a double 

strand product only from vectors containing the desired repeats.  

ESTs from random sequencing cDNA libraries give flexibility for streamlining SSR 

marker discovery in silico because EST sequences are widely available in the public domain 

for some species. SSRs derived from EST databases involve the use of software to scan and 

identify SSR motifs. The SSRs identified using ESTs are termed EST-SSRs or genic 

microsatellites. The cost of developing genic SSR is reduced because of the publicly 

available EST data (Varshney et al., 2005). The advantage of using EST-SSR over genomic 

SSR is because they detect expressed sequences of the genome (Gupta et al., 2003).This 

advantage makes EST-SSR’s effective at marker trait association studies because once 

develop these markers may be use across related species (Kalia et al. 2011).The cross 

transferability of a marker makes it suitable for comparative genome studies. Although EST-
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SSR identification is useful, it is flawed by sequence redundancy which produces multiple 

sets of markers at the same locus (Parida et al., 2006). However, when microsatellite markers 

are developed they are usually found to be highly polymorphic, easily visualized, stable, and 

co-dominant (Song et al., 2005). 

 

Transposable Element Markers 

The frequency of transposable element (TE) amplification and random transposition in the 

genome creates junction sites (You et al., 2010). TE junction sites are unique and can be 

treated as single copy markers. This has important implications in wheat marker development 

because the genome specificity of TE junction-based markers makes it particularly desirable 

for mapping polyploidy species (You et al., 2010). Several TE junction markers have been 

developed and applied successfully in many cereal species. Some examples of TE markers 

include sequence-specific amplification (SSAP), retrotransposon-microsatellite amplified 

polymorphism (REMAP), retrotransposon based insertion polymorphism (RBIP), and 

recently developed insertion site-based polymorphism markers (ISBP). These classes of TE 

markers utilize PCR for their amplification and detection. Primers are designed to the long 

terminal repeat (LTR) junction sites (You et al., 2010). The difference between the various 

TE markers used is the nature of the second primer during the PCR amplification reaction. 

The secondary primer may be designed from any feature of the genome such as coding or 

non-coding regions (Schulman, 2007). 
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The study of the wheat genome revealed that nested TE display unique insertion sites 

that are highly polymorphic which makes them ideal for MAS (Paux et al., 2006). Since TEs 

are under less selection pressure than genes, TE can tolerate a higher mutation rate (Paux and 

Sourdille, 2009). The recombination of TE during meiosis can generate polymorphic 

sequences. This makes TE ideal for marker development as they can reveal polymorphism 

between related species. The wide distribution of TEs in the wheat genome increases the 

possibility for marker coverage compared to SSRs. The limiting factor for designing new TE 

markers is the need to sequence unique insertion sites (Paux and Sourdille, 2009). 

 

Mapping Population Types 

The simplest mapping populations are from F2 and backcross populations. The advantage for 

using these two types of populations is ease of development. These populations are often 

inadequate for replicated studies, since they are not immortalized lines, and cannot be easily 

reproduced to maintain a homozygous genetic background for indefinite evaluation. In 

contrast, recombinant inbred lines (RIL), near isogenic line (NIL), and double haploids (DH), 

provides a series of homozygous lines each containing unique sets of chromosome segments 

that can be multiplied without genetic changes. Using these types of immortal lines enables 

the analysis of various traits in different environments and replicated studies for accurate 

estimate of QTLs and their effects. The prohibitive factor for their use is the time and cost 

needed to develop the lines. 

The near isogenic line (NIL) mapping strategy involves creating a set of lines in 

which each NIL carries only a small region of the donor parent genome. This should in 
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theory minimize the effect of genetic background noise. Therefore, the observed phenotypic 

differences between the recurrent parent and a NIL can be attributed to allelic differences 

surrounding the introgressed target locus (Kaeppler, 1997). This method of QTL detection 

has less statistical power when compared to RIL, but the power to detect significant 

phenotypic differences can be increases significantly when the numbers of individual 

replicates are increased (Kaeppler, 1997). NILs can offer more accurate QTL effect estimates 

than RILs when multiple QTLs are segregating in a population since RIL mapping studies 

are often confounded by many segregating QTLs (Szalma et al., 2007). Consequently, this 

can lead to reduce QTL detection power and overestimation of the effects (Beavis, 1998). In 

addition, when QTLs of large effects are present, the power of NILs to detect QTL is 

comparable to RIL populations (Keurentjes et al., 2007). Once a QTL has been identified in a 

particular region, a set of NIL lines with more refined introgression can be utilized to further 

investigate the QTL. Despite some limitation, NIL remains a viable option to map, verify, 

and incorporate QTLs into adapted cultivars (Eshed and Zamir, 1995). NILs have been 

suggested as a resource to theoretically improve QTL detection and estimation because of the 

importance of background effects. 

The RIL mapping procedure involves crossing two inbred lines, and follow by 

repeated selfing to create an inbred line whose genome is a mosaic representation of the two 

parental genomes. Recombination frequency in a RIL population is higher than in equally 

sized NIL populations (Keurentjes et al., 2007); therefore, the number of RILs needed in a 

QTL analysis is often less than NIL. If there is a desire to increase the number of 
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recombinants, additional new RIL must be added to the population since the existing 

population is already homozygous fixed at all loci.  In theory, each RIL should contain 

several introgression fragments with each parental genotype equally represented in the 

population (Keurentjes et al., 2007). RIL populations often exhibit a wide range of 

phenotypic variation and morphological development and the analysis of traits requiring 

similar developmental states may be difficult (Lister and Dean, 1993). Large effect QTLs 

may also mask the detection of QTL with small effects (Beavis, 1998). Segregation 

throughout the genome often affects the expression of QTLs because of genetic interaction. 

For this reason, RILs provides unique genetic material for the study of epistasis, which is not 

possible with NIL (Kaeppler, 1997). 

Doubled haploids (DHs) have been used for QTL mapping in a variety of species 

rice, maize, wheat, and barley. DHs can achieve homozygosity from the F1 in a short time 

compared to RILs and NILs. Selection in breeding programs can be carried out earlier 

because homozygous DH lines can be evaluated in replicated testing (Baenziger et al., 2009). 

DHs are important resources for genetic studies as well because the time needed to develop 

homozygous lines for replicated QTL mapping is greatly reduced. The disadvantage of this 

method is largely due to the cost associated with the generation of double haploid from 

anther or microspore culture. The practical usefulness of DHs is restricted by the technical 

difficulty of producing a sufficiently large population in a desired genetic background 

(Seymour et al., 2012), and somaclonal variants that are unpredictable in nature can occur 

(Baenziger et al., 2001). Since colchicine is a mutagen which is often used for chromosome 
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doubling in the development of DH lines, structural DNA changes by mutagens can modify 

regions of chromosomes leading to loss of valuable genetic information. 

 

Genetic Mapping 

Linkage maps are useful for identifying chromosomal locations containing genes or QTL that 

are associated with a trait (Collard et al., 2005). QTL mapping is based on the principle that 

genes and markers located on the same chromosome will segregate together during meiosis; 

therefore, linkage maps are instrumental in QTL mapping. The quality of a linkage map is 

dependent on the mapping population and must be carefully selected. For preliminary linkage 

mapping studies, the population size used ranges from 50 to 250 individuals but for higher 

resolution a larger population should be use (Collard et al., 2005). Population size used for 

linkage mapping has an effect on marker coverage and map density. Small population size 

often results in low or undetected linkage because of limited sampling of recombination 

events (Liu, 1998). By analyzing the segregation pattern of markers, the order and distance 

between markers can be used to construct a linkage map. The lower the recombination 

frequency between markers, the closer in proximity the markers are inferred to be (Collard et 

al., 2005). Generally these markers are considered to be in linkage. In contrast, higher 

recombination frequency usually implies greater distances between markers. Recombination 

frequencies of 50% or more are usually considered unlink (Collard et al., 2005).  

Ideally genes or genetic markers are organized linearly and their position should be 

additive. Mapping functions provides a means to convert recombination frequency into an 
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additive model. Two mapping functions are often use for recombination fraction conversion, 

but not limited to only these two mapping function, and they are the Haldane function 

(Haldane, 1919) and Kosambi function (Kosambi, 1944). Each mapping function behaves 

differently, and they should be used with careful consideration. The Haldane map function 

assumes that crossover occur randomly along the length of the chromosome. When no 

crossover interference is assume, the Haldane mapping function would be appropriate for 

map distance conversion. However, in cases where crossover interference is assumed, the 

Kosambi function should be used. Experimental evidence has supported crossover 

interference and crossover do not always occur randomly (Muller, 1916). 

Different linkage grouping criteria can result in different linkage group patterns. The 

wrong gene order may inflate the size of a genomic map, resulting in the overestimated map 

coverage and under-estimated map density. Similarly, different mapping functions will often 

provide different estimates of genetic map lengths. Furthermore, when recombination is 

suppressed, genetic distance decreases, and the resulting genetic map will be small. Likewise, 

when recombination is high, genetic distance increases. Even with increased markers and 

population size in a mapping study, a high density linkage map may not be obtainable. 

Physical mapping of chromosomes by ordering genomic DNA sequences in physical 

distance is becoming increasingly important for understanding how genomes evolve.  As 

DNA sequencing technology improves and the cost reduced, the numbers of whole genome 

sequencing projects in many animal and plant species are underway. Physical maps will 

provide the essential framework for ordering and joining sequenced data and markers 
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(Meyers et al., 2004). Despite the promise of low cost whole genome sequencing, physical 

maps remains useful because whole genome sequencing is insufficient to produce linearly 

ordered set of sequences if the contigs are not coupled to a physical map (Lander and 

Waterman, 1988; Myers et al., 2002; Waterston et al., 2002). Therefore, physical maps 

remain useful for verifying assembled contigs from whole genome sequencing projects. 

Cytogenetic physical mapping using deletion, aneuploid, and substitution lines are 

useful resources to map genes and markers from genetic maps to their locations on specific 

chromosomes. The disadvantage of cytogenetic mapping technique is limited to the number 

of viable lines and identifying chromosome deletions (Hass-Jacobus and Jackson, 2005).  

Despite these limitations, deletion mapping using deletion and aneuploid lines has been 

successfully applied for validating genetic markers orders and assigning gene locations to 

many subregions of the chromosome (Kota et al., 1993, Randhawa et al., 2004, Qi et al., 

2004). 

Radiation hybridization mapping technique has been successfully implemented for 

building physical maps in both plant and animal genomes. This method utilizes radiation to 

break the chromosome into fragments. Then the fragments are hybridized in somatic cells of 

another species (Cox, 1990). These fragments are then analyzed using sequenced tagged site 

(STS) DNA markers. Unique STS markers are derived from ESTs or random genomic 

sequences are instrumental in the development of physical maps.  Maps are obtained by 

analyzing the chromosome breakage between STS markers. Map distance is then calculated 
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similar to genetic linkage mapping. Radiation hybrid map does not always represent the 

actual orders of markers on the chromosomes (Cox, 1990). 
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Chapter II 

Marker Enrichment of a Fusarium Head Blight (FHB) Resistance QTL on 

Chromosome 3B in Soft Red Winter Wheat  
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Abstract 

Phenotypic selection for Fusarium head blight (FHB) resistance in wheat is 

confounded by the large role of the environment, requiring many replications in inoculated 

nurseries to obtain reliable assessment of disease resistance. FHB resistance in wheat is a 

quantitative trait, requiring selection of plants with multiple resistance genes since no single 

gene provides complete resistance. Development of easily assayed molecular markers closely 

linked to FHB resistance genes will improve the efficiency of marker-assisted selection for 

desirable gene combinations. The objective of this study was to enrich a region harboring a 

QTL for FHB resistance on the long arm of chromosome 3B (3BL) with molecular markers 

and to map the resistance as a Mendelian trait. SSR and SNP markers were selected to target 

an 18.4 cM interval distal to the centromere of chromosome 3BL. Sib lines were derived to 

fine map the Qfhs.vt-3BL QTL from an F2 population from the cross between the resistant 

line Massey backcrossed to SSMPV57. Pairs of BC1F2-derived sib lines that were 

homozygous recombinant and non-recombinant in the QTL region were evaluated in the 

greenhouse and scab screening nursery for Type II resistance. The Qfhs.vt-3BL QTL was 

mapped to a 1.3 cM region between SNP markers XIWA1467 and XIWA2124 in a greenhouse 

study. High-throughput gel free KASP assays were developed having strong linkage to 

Qfhs.vt-3BL QTL and can be used to streamline the breeding process through marker-assisted 

selection. Field validation of the sib lines did not confirm the effect of the Qfhs.vt-3BL QTL 

detected in greenhouse experiments.  
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Introduction 

Fusarium head blight (FHB) or scab is a major disease of wheat (Triticum asetivum L.) 

caused by the phytopathogens in the genus Fusarium (Parry et al., 1995). Fusarium fungi can 

cause several diseases in cereals species including seedling blight, foot rot, ear rot, and head 

blight. Wheat scab can result in devastating yield loss and DON mycotoxin contamination 

where the pathogen is pervasive. FHB is an economically important disease with severe 

epidemic outbreaks occurring in Asia, Europe, and the United States (Gilchrist and Dubin, 

2002). The direct impact of FHB on all market classes of wheat and barley (Hordeum 

vulgare L.) in the United States from 1993 through 2001 was estimated at 2.49 billion USD 

(Nganje et al., 2004). 

Developing cultivars with FHB resistance has been a primary research focus to 

provide a more economical and effective means of control than fungicide application (Bai 

and Shaner, 2004). Many sources of FHB resistance have been discovered in wheat landraces 

from Asia and South America but these lines often carried undesirable agronomic traits 

making it difficult to develop adapted breeding lines having resistance (Bai and Shaner, 

2004). The most widely used source of FHB resistance is the Fhb1 gene from the Chinese 

spring wheat cultivar Sumai 3 (Wilcoxson, 1993). This source of resistance has been shown 

to be consistent, heritable, and stable across different environments. However, Fhb1 carrying 

lines from Asia are often not adapted to local growing conditions and may be susceptible to 

other diseases (Rudd et al., 2001). Ideally, breeders would like to utilize FHB resistance 

present in locally adapted cultivars instead of or in combination with genes like Fhb1. 
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There are no wheat cultivars in the United States that are immune to FHB, but 

intermediate sources of resistance have been identified. Evaluation of resistance in soft red 

winter (SRW) wheat germplasm has indicated that a few lines possess FHB resistance QTL 

that are different from Asian sources (Sneller et al., 2010). Intermediate levels of FHB 

resistance have been reported in SRW wheat cultivars including Massey (Starling et al., 

1984), Ernie (McKendry et al., 1995), Roane (Griffey et al., 2001), NC-Neuse (Murphy et 

al., 2004), Truman (McKendry et al., 2005), Bess (McKendry et al., 2007), and line VA00W-

38 (Liu et al., 2012a). Evaluation of adapted cultivars in scab screening nurseries indicates 

that developing moderately resistant elite cultivars is possible since some lines harbor 

resistance with high heritability (Verges et al., 2006; Sneller et al., 2010). This is a promising 

prospect for accumulating FHB resistance QTLs already present in adapted lines without 

utilizing exotic donors. Although these adapted genetic resources are available for use, the 

genetic basis of their FHB resistance has not been well characterized. At present, QTL 

mapping of FHB resistance has been reported for SRW wheat cultivars Ernie (Liu et al., 

2005, 2007), Truman (Mckendry, 2007a; Islam, et al., 2011ab), Massey (Liu et al., 2009ab, 

2012b, 2013), Patton and experimental lines IL94-1653 (Bonin and Kolb, 2009), and 

VA00W-38 (Liu et al., 2012a). These analyses have not identified a QTL of major effect 

similar to the Fhb1 locus. 

Genetic analysis of resistance in the SRW wheat cultivar Massey identified QTL for 

FHB severity in the greenhouse on chromosome 1D and on the long arm of 3B (3BL) (Liu et 

al. 2009ab, 2012b, 2013). These studies also reported QTL for disease incidence on 2DS, 
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FHB index on 2BL, 4BS, 4DS, and 6B. QTL for percent Fusarium damaged kernels (FDK) 

and DON toxin were identified on the short arms of 4B and 4D, co-incident with the reduced 

height genes Rht-B1b and Rht-D1b, respectively. Dwarfing genes Rht-B1b and Rht-D1b have 

been correlated with reduced resistance to initial infection (Type I), and Rht-B1b was 

associated with reduced disease spread (Type II) in other populations (Srinivasachary et al., 

2009, Liu et al., 2013). The QTL of largest effect from Massey was detected for greenhouse 

severity, located on chromosome arm 3BL and was named Qfhs.vt-3BL. This resistance QTL 

is thought to be different from Fhb1 that is located distally on the short arm of 3B 

(Buerstmayr et al., 2009; Liu et al., 2009ab, 2012b, 2013). 

The objective of this study was to fine map the Qfhs.vt-3BL QTL reported in Massey 

and to develop SNP markers tightly linked to the underlying gene for marker assisted 

selection. 

 

Materials and Method 

 

Plant Material 

The mapping population was developed from a backcross of FHB resistant cultivar Massey 

(CI 17953; Starling et al., 1984) to the susceptible cultivar SSMPV57 (VA97W-24). Massey 

was derived from the cross Blueboy/Knox 62 and SSMPV57 was derived from the cross 

FFR555W/VA89-22-52. SSMPV57 was selected as the recurrent parent because it was 

thought to be more susceptible than Massey and does not have either Rht-B1b or Rht-D1b 

dwarfing alleles. Selection was done on BC1F2 plants to eliminate the Rht-B1b dwarfing 
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allele present in Massey from the fine-mapping population. Therefore, the effect of the QTL 

under study would not be confounded by segregation for the Rht-B1b or Rht-D1b dwarfing 

genes. 

 

DNA Extraction and Genotyping 

Genomic DNA was isolated from BC1F2, BC1F2:3, and BC1F2:4 seedlings. Tissue was 

harvested in to a 96-well plate and frozen at -80°C for 24 hr, and then it was ground using 

steel beads for two minutes at 400 strokes/minutes with a GenoGrinder 2000 (SPEX 

CertiPrep, Metuchen, NJ). DNA extraction was performed according to the protocol of 

Pallotta et al. (2003). Genotyping was conducted with simple sequence repeat (SSR) and 

single nucleotide polymorphism (SNP) markers targeting the Qfhs.vt-3BL region on the long 

arm of chromosome 3B (Table 1). 

To identify SNP markers in the Qfhs.vt-3BL region, linkage disequilibrium (LD) 

analysis was used since at the time of marker selection, no genetic map of wheat SNPs was 

available. A set of 384 wheat lines from the eastern United States was evaluated for 

polymorphism at 9,000 SNP markers using the Illumina Infinium assay (Cavanagh et al., 

2013) at the Northern Plains Genotyping Lab at Fargo, ND. These same lines were evaluated 

with six SSR markers in the QTL region. LD analysis was conducted using Tassel 2.1 

(Bradbury et al., 2007). Eight SNP markers determined to be in LD with the SSR markers 

with r
2
 > 0.5 were selected (Table S1). Contextual sequences were used to develop allele-

specific and common primers for SNP genotyping using the KASP technology (KBioscience 
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Ltd., Hoddeson, UK). After plants were evaluated in the greenhouse in 2012, additional 

markers were selected in the QTL region based on the consensus map of SNP markers on 

9,000 SNP Illumina Infinium assay (Cavanagh et al., 2013). In addition, SNP markers on 

chromosome 3B were selected from the Cereals database (www.cerealsdb.uk.net) and 

evaluated using the KASP assays (Table 1). KASP assays were performed according to 

manufacture protocol (KBioscience Ltd., Hoddeson, UK). End point genotyping was 

conducted on a Roche Lightcycler® 480 Real-Time PCR instrument (F. Hoffmann-La Roche 

Ltd., Basel, Switzerland). 

Polymerase chain reaction (PCR) amplification of SSR was performed in a 12 µL 

reaction volume consisting of  2 µL (40-80 ng/µL) genomic DNA template, 1.20 µl 10X 

PCR buffer (10 mM Tris-HCL, 50 mM KCl, 1.5 mM MgCl2, pH 8.3), 0.96 µl 2.5 mM 

mixture of dNTPs, 0.30 µl forward primer (5 µM), 0.30 µl reverse primer (5 uM), 0.09 µl of 

Taq polymerase (5,000 U/mL), and 7.15 µl of sterile deionized water. The forward 5’ primer 

was labeled with a fluorescent dye (VIC, HEX, FAM, or NED). PCR amplification was 

performed using an Eppendorf Mastercycler (Eppendorf AG, Hamburg, Germany) and the 

PCR conditions are as followed: 2 min denature at 95°C, then follow by 35 amplification 

cycles consisting of 30 sec denature at 94°C, 30 sec annealing at 60°C or 55°C, and 45 sec 

extension at 72°C, 5 min final extension at 72°C, and 4°C incubation. Capillary 

electrophoresis using an ABI3730xl Genetic Analyzer (Applied BioSystems, Foster City, 

CA) was used for PCR product sizing. The data was then analyzed using GeneMarker 1.85 

(SoftGenetics, State College, PA). 
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Development of Sib-Lines 

A large population of BC1F1 plants from the backcross SSMPV57*2/Massey was genotyped 

with four SSR markers (Xwmc1, Xwmc291, Xwmc418, and Xwmc827b) flanking the Qfhs.vt-

3B QTL. Plants were selected that carried Massey alleles (heterozygous) for all four SSR 

markers at the 3B QTL region, and that were homozygous for the SSMPV57 parent alleles at 

the other FHB resistance QTL from Massey reported on chromosome 4B (Figure 1). Selected 

plants were used to develop a BC1F2 population consisting of 945 plants that was screened 

with six SSR markers (Xwmc1, Xwmc291, Xwmc471, Xwmc527, Xwmc762, and Xwmc827b) 

to identify plants where recombination had occurred in the 3B QTL region. In the spring of 

2011, seed was harvested from 120 BC1F2 recombinant plants and 361 BC1F2:3 seedlings 

were planted in early summer of 2011. Seven SSR markers (Xwmc1, Xwmc291, Xwmc418, 

Xwmc471, Xwmc527, Xwmc762, and Xwmc827b) were used to identify homozygous 

recombinant and non-recombinant plants. Seven classes of BC1F2:3 homozygous 

recombinants and homozygous non-recombinant genotypes for the Qfhs.vt-3BL QTL were 

identified. In each case, the pairs of recombinant and non-recombinants plants can be traced 

to a common BC1F2 individual (Table 2). The selected F3 plants were transplanted into pots 

and grown in the greenhouse to increase seed. This resulted in pairs of BC1F2:4 sib lines that 

are expected to be homozygous at 87.5% of loci when the lines were derived. Homozygous 

recombinant and sister lines representing the different types of recombination events were 

used for replicated greenhouse and field screening. 
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Linkage Mapping 

Genotypes of 945 BC1F2 plants from the cross SMPV57*2/Massey were used to construct a 

linkage map of the Qfhs.vt-3B QTL region (Figure 2). JoinMap® 3.0 (Van and Voorpis, 

2001) was used to determine marker order and linkage grouping using the Kosambi mapping 

function with LOD score of 9. 

 

FHB Resistance Evaluation 

A total of 36 BC1F2 derived sib lines (18 pairs) were evaluated for greenhouse FHB severity 

during the spring of 2012, and in 2013, 22 BC1F2 derived sib lines (11 pairs), including 

parents, were evaluated using a completely randomized design. Seeds were wrapped in 

brown paper towels, vernalized in a growth chamber at 6°C for eight weeks then seedlings 

were transplanted into containers. To minimize powdery mildew growth, newly transplanted 

seedlings were sprayed with the fungicide Caramba™ (BASF, Research Triangle Park, NC). 

Thereafter, powdery mildew was control by burning sulfur in a closed greenhouse 

environment for three hours, twice a week until the booting stage. As each wheat spike 

reached anthesis, inoculation was carried out by the single floret inoculation method. A bulk 

of three isolates of Fusarium graminearum Schwabe (telomorph Gibberella zea (Schwein) 

Petch) collected from Clayton, NC, Kinston, NC and Raleigh, NC were used for production 

of inoculum. For conidia production, spores from each Fusarium isolate were inoculated into 

liquid CaboxyMethyl-Cellulose (CMC) medium. The stock conidia culture was stored at 4°C 

until use. For point inoculation treatment, spore suspensions from the three isolates were 
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combined and calibrated to 50,000 spores/mL with sterile water. Fresh inoculum was 

prepared every three days and stored at 4°C. A central floret was injected with 10 μl of a 

conidia suspension containing approximately 500 spores using a pipette. After plants had 

been inoculated, they were moved into a misting chamber for four consecutive days. The 

greenhouse misting chamber temperature was maintained between 75°F - 85°F with 100% 

humidity. Misting by overhead sprayer was set for five seconds every five minutes. Plants 

were removed from the misting chamber on the fourth day and returned to the greenhouse 

bench. Plants were scored for disease severity 21 days post inoculation. FHB severity was 

calculated as the number of infected spikelets over the total number of spikelets to evaluate 

Type II resistance. 

FHB field evaluations of the BC1F2-derived sib lines were conducted at two scab 

screening nursery: Kinston, NC and Raleigh, NC in the spring of 2013 using a split plot 

design. Four replications of the BC1F2-derived sib pairs were planted side by side at both 

locations in the fall of 2012. Both locations were treated with scabby corn to increase disease 

pressure. Plants were spray inoculated at anthesis. FHB severity, plant height, and heading 

dates were collected at each location. FHB severity data was collected thirty days post 

inoculation to evaluate Type II resistance by visual rating from a scale of 0% to 100%. 

 

Statistical Analysis  

Analysis of variance (ANOVA) of greenhouse disease severity from the 2012 and 2013 

experiments, and field severity data from the 2013 Kinston, NC location were performed 
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using the PROC GLM procedure in SAS 9.2 (SAS Institute Inc, Cary, NC). Field severity 

from the Raleigh, NC location was not analyzed because of low disease pressure. In 2013, 22 

BC1F2 derived sib lines (11 pairs) and parents were combined with the 2012 greenhouse data. 

A hierarchal ANOVA was analyzed with lines nested within family because the pairs of sib 

lines were derived from a common ancestor. No contrasts were made for three of the sib 

pairs because of small sample size (N < 25). Field severity ratings from 24 BC1F2 derived sib 

lines (12 pairs) and parents from the Kinston, NC location were analyzed with block and 

lines nested within family as fixed effects. Least square means (LSMEAN) for severity was 

calculated and mean differences were performed using the t-test for both field and 

greenhouse evaluations.  

Plant height and heading dates from the 24 lines (12 pairs) including parents from 

both Kinston, NC and Raleigh, NC locations were analyzed using PROC MIXED in SAS 9.2 

(SAS Institute Inc, Cary, NC). Lines effects were nested within family and are considered 

fixed effects, and location and blocks were considered random effects. Hypothesis testing of 

location and lines(family) by location interaction was evaluated to asses environmental 

effects on heading and height. LSMEAN for height and heading date were calculated and 

mean differences were tested to assess phenotypic similarity of the 12 pairs of lines and 

parents. 
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Results 

Linkage Map and Marker Enrichment of the Qfhs.vt-3BL Region  

A linkage map of the Qfhs.vt-3BL QTL region was constructed using a population of 945 

BC1F2 plants derived from the cross SSMPV57*2/Massey (Figure 2). The linkage group 

generated consists of 37 markers that span a distance of 18.4 cM with an average marker 

density of 0.5 cM. The map includes 17 SSR markers, 14 of which had been assigned to 

deletion bins and located to sequenced contigs of chromosome 3B (Paux et al., 2008). 

Physical location of SSR markers indicated that our linkage map spans the centromere (Table 

1). 

Linkage disequilibrium analysis identified 96 SNP markers from the Illumina 

Infinium assays having r
2
 values greater than 0.5 with SSR markers Xwmc1, Xwmc307, 

Xwmc418, Xwmc612, or Xgwm285 (Table S1). The contextual sequences of eight of the SNP 

markers were used to develop KASP assays to interrogate the SNP in the BC1F2 population 

(primer sequences are listed in Table S2). Successful assays were obtained for markers 

IWA3046, IWA6105, and IWA8137 and linkage analysis placed them in the QTL region. 

The observed r
2
 of markers IWA3046 and IWA8137 with Xgwm471 are 0.89 and 1.0, 

respectively, and were good indicator of linkage as locus XIWA8137 was placed within 0.2 

cM of Xgwm471 while XIWA3046 co-segregated with Xgwm471 (Figure 2). The level of LD 

between SNP marker IWA6105 with Xwmc418 in our data set was less (r
2 

= 0.60), however 

these two loci were also closely linked (0.2 cM). 
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Incorporation of the new wheat SNP markers into our linkage map allowed us to 

select additional markers from the consensus map of wheat SNP present on the Illumina 

Infinium assay having 9,000 SNP (Cavanagh et al., 2013). Thirteen additional markers in the 

QTL region were converted to KASP assays and placed on the linkage map (Figure 2). 

 

Development and Greenhouse Evaluation of Sib-lines  

Fifty-seven pairs of BC1F2:3 homozygous lines contrasting for recombinant and parental 

haplotypes were obtained. The line pairs represented seven unique haplotypes identified 

between markers Xwmc762 and Xwmc291 that resulted from four detectable recombination 

breakpoints (Table 2). The largest number of recombinant individuals was observed between 

markers Xwmc471 and Xwmc291 located in the terminal 37% of the long arm of 3B and 

between Xwmc1 located proximally on the long arm and Xwmc762 on the short arm  

(Table 2). Fewer lines were developed in the interval between markers Xwmc418 and 

Xwmc471 where less recombination occurred. 

Greenhouse disease severity data from 2012 and 2013 were combined and analyzed 

for 22 BC1F2 derived sib lines and parents (Table 3a). Due to small sample sizes (N < 25), 

six lines were not consider in paired sib line contrasts. Significant variation was observed 

among lines within pairs (family) and significant year by lines(family) interaction was also 

observed (Table 3a). This was likely due to different greenhouse environments in the two 

years as disease evaluations were done during Spring in 2012 and during winter in 2013. 

Mean disease severity of greenhouse inoculation was higher in spring 2012 (35.1 %) and 
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lower in winter 2013 (24.5 %) evaluation. Preplanned contrast revealed significant 

differences for greenhouse severity between the parents and the derived pairs of sib lines 

(Table 4). 

The contrast of lines are hereafter referred to as BC1F2-derived sib sets 1 through 18 

(Table 4; Table S3) that represented pairs of closely related lines where recombination had 

occurred in the Qfhs.vt-3BL QTL region in the line designated “HR” while the “SL” line has 

parental alleles in the region. Parental alleles may have been derived from either the resistant 

parent Massey or susceptible parent SSMPV57. Two comparisons were significant in the 

2012 evaluation, between the parents Massey and SSMPV57 (p <0.0001), and the contrast of 

line sib pair three (HR-3 and SL-3, p = 0.005). This contrast indicated that the putative 

position of the QTL was flanked by markers Xwmc418 and XIWA3046 (Table S3). 

Based on the 2012 greenhouse results, a subset of 11 BC1F2 sib line pairs were 

selected for further greenhouse evaluation in 2013 and additional SNP markers were 

evaluated to resolve breakpoints between markers Xwmc418 and XIWA3046. However, three 

pairs of lines were dropped from the analysis and no contrasts were made for these pairs due 

to inadequate numbers of replicates (N < 25). Thus, eight pairs of lines were included in the 

combined 2012 and 2013 analysis (Table 4). Large differences in response to the pathogen 

were observed (p < 0.0001) between the resistant donor parent Massey (mean disease 

severity = 7.4 %) and the recurrent susceptible parent SSMPV57 (mean disease severity = 

38.9 %). Paired contrast of BC1F2 derived sets one (HR-1 and SL-1) and two (HR-2 and SL-

2) placed the QTL distal to marker Xbarc268 since no significant differences were observed 
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for disease severity between these pairs of lines (Table 4). The most distal recombination 

breakpoints were evaluated using comparison of BC1F2 derived sets seven and eight that 

were also not significantly different, indicating that the QTL was not located distal to marker 

XIWA1468. 

The addition of SNP markers in the Xwmc418 and XIWA3046 region resulted in a 

more precise location of the QTL. A significant difference in disease severity (p = 0.012) 

observed between lines HR-3 and SL-3 in the combined analysis placed the disease 

resistance QTL distal to the breakpoint between markers XIWA1467 and XIWA2124 (Table 

4). Line HR-3 having alleles derived from the susceptible parent SSMPV57 distal to this 

breakpoint exhibited a 15% increase in disease severity compared to line SL-3 having alleles 

from Massey. 

Similarly, comparison six was statistically significant in the combined analysis (p = 

0.032). The recombinant line HR-6 having SSMPV57 derived alleles proximal to XIWA2204 

was more susceptible than the respective sister line having alleles derived from Massey. This 

contrast indicated that the QTL was proximal to the breakpoint between markers XIWA3601 

and IWA2204. Contrast four further delimited the QTL position, placing the resistance 

gene(s) proximal of marker XIWA2124. Although markers distal to XIWA2124 in HR-4 were 

derived from Massey, the line showed no difference in the reaction to the pathogen than line 

SL-4 where alleles were derived from SSMPV57. A conflicting result was observed for 

comparison five having the same breakpoint as comparisons three and four (Table 4). This 
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contrast was not statistically significant, although the recombinant line (HR-5) was slightly 

more resistant than the susceptible non-recombinant sister line (SL-5). 

In summary, comparison three and six represented two unique recombination 

breakpoints along chromosome 3BL. The comparison of these sib-lines located the QTL to 

the XIWA1467-XIWA3601 region, representing 1.6 cM on our linkage map (Figure 2). We 

were unable to resolve differences in the breakpoints for line pairs three, four and five. For 

pairs four and five, the comparison of lines was not significant while comparison three was 

significant. This suggests that these lines represent different recombination breakpoints in the 

1.3 cM interval flanked by SNP markers XIWA1467-XIWA2124 (Figure 2; Table 6). 

 

Deletion Bin Assignment of the Qfhs.vt-3BL QTL 

To determine the physical position of Qfhs.vt-3BL QTL, eight contigs harboring fourteen 

SSR markers were used to assign eight deletion bins that have been physically mapped (Paux 

et al., 2008). Five SSR markers were located on the short arm, two near the centromere of the 

long arm, and seven on the long arm of chromosome 3B (Table 1). The marker interval 

XIWA1146-XIWA2124 is flanked by SSR markers Xwmc418 and Xwmc471 located in 

deletion bins 3BL10-0.50-0.63 and 3BL7-0.63-1.00, respectively. This places the QTL in the 

distal half of the long arm of chromosome 3B. 

 

Field Evaluation of Sib-lines 

Twenty-four BC1F2 derived lines (12 pairs) and the parents were evaluated for field reaction 

to FHB in inoculated nurseries at Kinston, NC and Raleigh, NC to confirm the location of 
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Qfhs.vt-3BL determined in the greenhouse study. Field severity was low at Raleigh, NC and 

variation among lines was not significant (data not shown); disease severity data from this 

location was not considered further. Analysis of field severity at Kinston, NC did not detect 

significant differences among the 12 BC1F2 sib pairs, however a significant difference (p < 

0.001) was observed between the parents (Table 1). A large difference in mean disease 

severity of 38.8% was observed between the resistant parent Massey and the susceptible 

parent SSMPV57. Differences in disease severity for the sib line pairs three (HR-3 and SL-3) 

and six (HR-6 and SL-6) that were significant in the combined 2012 and 2013 greenhouse 

analysis were not significantly different in field evaluations (Table 4).Thus, the Qfhs.vt-3BL 

QTL detected in the greenhouse study could not be validated in the field study. 

Heading date and plant height was measured to assess phenotypic similarities 

between the pairs of sib-lines at both field locations. Generally, the line pairs were similar in 

heading time and plant height. No significant differences among lines pairs were detected for 

plant height at either location (Table 5). Significant heading date differences were detected 

for sib pairs two (HR-2 and SL-2) and five (HR-5 and SL-5) (Table 5). Mean heading date of 

line HR-2 was six days earlier than line SL-2. Line SL-5 headed 8.3 days earlier than line 

HR-5. Location variation was not significant in affecting plant height (p = 0.26) and heading 

time (p = 0.25) although the lines(family) by location interaction was significant for plant 

height (p = 0.007). 
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Discussion 

The transfer of FHB resistance from adapted cultivars is desirable, and the identification of 

novel sources will facilitate the pyramiding of multiple resistances. Studies by Liu et al. 

(2009a, 2012b, 2013) identified multiple FHB QTLs in the cultivar Massey with the largest 

QTL detected on chromosome 3B (3BL). FHB resistance QTL have been identified in the 

proximal region of chromosome 3B in other SRW wheat lines, including the cultivars Ernie 

(Liu et al., 2007) and Truman (McKendry, 2007ab; Islam, 2011ab) that have been important 

sources of FHB resistance in the SRW wheat growing region. 

In this study, we set out to evaluate the Qfhs.vt-3BL QTL in the mapping population 

SSMPV57*2/Massey using a fine-mapping approach. One approach for improving FHB 

resistance is the introgression of one or several genes from a donor into the background of an 

adapted variety and recovering the recurrent parent’s genome. This approach can also be 

used to do targeted mapping of a chromosome region. In our study, recombinant and non-

recombinant sib-lines were developed as a means to study the behavior of the QTL in similar 

genetic backgrounds. We utilized molecular markers to make precise transfer of the Qfhs.vt-

3BL region while selecting against the Rht-B1b dwarfing gene segregating the population that 

is known to also influence FHB resistance. SSR markers were targeted to the location of the 

QTL during line development to ensure that recombinants were recovered in the region. 

Similar strategies using near-isogenic lines (NILs) have proven to be useful for quantitative 

trait studies since they can reduce confounding factors from other segregating QTLs by 

eliminating known (or unknown) QTL effects (Kaeppler, 1997). NILs and heterozygous 
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inbred lines has been successfully used to fine map FHB resistance genes similar studies 

(Cutbert et al., 2006, 2007; Xue et al., 2010). One generation of backcrossing and two 

generations of selfing were done to derive the sib-line pairs used in this study. Thus, the lines 

pairs were expected to be homozygous at 87.5% of loci when the HR and SL lines were 

derived. Given that 12.5% of the genetic background is still segregating, other unknown loci 

that may be contributing directly to the phenotype or interacting with the region of interest 

could confound our fine mapping results. In addition, during line development contrasting 

pairs were not recovered from all plants in which recombination had taken place and small 

sample sizes limited the number of lines pairs included in the statistical analysis of the 

greenhouse data. One strategy to recover additional recombinants in a homogeneous 

background that may be applied to future studies is to intercross the closely related sib-lines 

to provide additional segregating populations in which recombinants may be identified to 

refine the mapping of Qfhs.vt-3BL. 

The markers that were selected to characterize the Qfhs.vt-3BL region reported in 

previous studies spanned the centromere based on SSR anchor markers from the physical 

map of chromosome 3B (Paux et al., 2008), deletion bin maps (Paux et al., 2008), and 

genetic maps (Röder et al., 1998; Somers et al., 2004). Our data place a QTL for FHB 

severity in the greenhouse in the distal half of the long arm of 3B in the same region reported 

by Liu et al. (2013) to exhibit strong Type II resistance linked to SSR marker Xwmc418 in 

the Massey x Becker mapping population (Figure 2). 
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Although physical location of the wheat SNP markers used in this study were not 

determined, SSR markers Xwmc418 and Xwmc471 flanking SNP XIWA1146 and XIWA3046 

were located in deletion bins 3BL10-0.50-63 and 3BL7-0.63-1.00, respectively. Our map 

places Xwmc827 0.1 cM proximal to Xwmc418, which conflicts with the location of 

Xwmc827 in distal deletion bin 3BL7-0.63-1.00 (Table 1) and with the marker order reported 

by Liu et al. (2013). Inspection of the marker data indicate that Xwmc827 and Xwmc418 

likely co-segregated in our BC1F2 population. Order of these markers by the mapping 

software was based on missing marker data that slightly inflated map distances as no 

recombination observed between the two markers. In addition, no pair of lines having 

recombination between Xwmc418 and Xwmc827 was developed (Tables 2 and 4). 

We targeted SNP markers to the Xwmc418-Xwmc471 region and placed 16 new 

markers in a 2.2 cM region (Figure 2). These markers were not evenly distributed. Six of the 

SNP markers were placed into a cluster spanning 0.2 cM that included Xwmc418 and 

Xwmc827. Ten SNP were located in a group including Xwmc471 that spanned 0.7 cM. We 

were unable to locate markers to the 1.3 cM interval between these two groups and our 

analyses located Qfhs.vt-3BL to this interval. Saintenac et al. (2009) determined that 87% of 

crossovers on 3BL occurred in deletion bin 3BL7-0.63-1.00 while recombination was lower 

in deletion bin 3BL10-0.50-63. Our data suggest that Qfhs.vt-3BL is located in the distal 

deletion bin, which is a region with sufficient recombination to facilitate map based cloning 

of the underlying gene. Further studies of this locus can take advantage of the available 
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genomic resources for chromosome 3B, which was the first wheat chromosome to be 

sequenced (Paux et al., 2008). 

In our field study we were unable to validate the Qfhs.vt-3B effect. The 

environmental conditions under disease evaluation play a large and important role in 

determining FHB infection and resistance (Parry et al., 1995). Field and greenhouse 

environmental factors can impact the assessment of FHB infection and development which 

can result in the detection of different QTL (Argyris et al., 2005). Correlations between field 

and greenhouse FHB studies are often not consistent (Hall and Sanford, 2003; Somers et al. 

2004; Yu et al., 2008; Bonin and Kolb, 2009). Despite these inconsistencies, in most cases, 

greenhouse evaluation remains useful for controlled evaluation of FHB by minimizing 

confounding factors. 

The inconsistencies between our greenhouse and field study suggest that multiple 

QTL are involve in expressing resistance in Massey since we did detect differences between 

the parents of the mapping population in both environments. Most QTL mapping studies can 

detect QTL of major effects but it becomes increasingly difficult when mapping intermediate 

or minor QTL (Beavis, 1994). The difficulty of mapping true QTL involved in FHB 

resistance is complicated by pleiotropic effects from morphological or developmental traits 

that may be linked to resistance genes (Buerstmary et al., 2009). Disease pressure at the two 

field locations was distinctly different in our study. Disease pressure was low at the Raleigh, 

NC location and was not used in the analysis, thereby reducing power to detect the QTL. 

Despite the confounding effects of FHB resistance and environmental interaction, field 
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evaluations remains critical for assessing and utilizing resistance under natural conditions. 

Consequently, the negative results obtained from our field study may limit the potential use 

of Qfhs.vt-3BL and the usefulness of the markers developed in this study. Additional analyses 

need to be done with the markers developed in this study to evaluate their efficacy in large 

multi-location scab screening nurseries. 
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Tables 

 

Table 1. SSR and SNP marker allele genotypes of Massey and SSMPV57. Genotypes for 

SSR markers are in base pair (bp), and SNPs are in nucleotide bases. Markers are ordered 

based on linkage mapping of the Massey and SSMPV57 BC1F2 mapping population, and 12 

SSR markers were assigned to deletion bins and BAC contigs (Paux et al., 2008). 

 

 
 

1
Deletion bin names indicate the chromosome arm, line number and the length of the deletion lines in fraction 

length; C indicates the centromere. 
2
Each contig is a set of overlapping DNA sequence harboring the SSR 

marker that forms the physical 3B map.  

Marker Massey SSMPV57 Deletion Bin BAC Contig

XBS00011570 G T - -

XBS00019018 G A - -

Xwmc612 284 273 3BS1-0.33-0.55 ctg931

Xwmc762 122 81 3BS1-0.33-0.55 ctg2181

Xbarc234 130 117 - -

Xwmc751 185 115 3BS5-0.07-0.33 ctg65

Xgwm285 245 220 3BS5-0.07-0.33 ctg3070

Xgwm376 163 154 C-3BL2-0.22 ctg161

Xwmc653 194 188 C-3BL2-0.22 ctg966

Xwmc307 141 144 3BS8-0.78-0.87 ctg308

Xwmc1 153 151 3BL1-0.31-0.38 ctg214

Xgpw4431 233 267 3BL7-0.63-1.00 ctg3037

Xwmc527 383 382 3BL9-0.38-0.50 ctg1143

Xbarc268 190 192 - -

XIWA1196 T C - -

XBS00010083 G A - -

Xwmc827b 209 187 3BL7-0.63-1.00 ctg1582

XIWA6105 A G - -

Xwmc418 262 271 3BL10-0.50-0.63 ctg2382

XIWA4847 G A - -

XIWA2721 G T - -

XIWA1467 C T - -

XIWA2124 G A - -

XIWA2510 G A - -

XIWA3244 A G - -

XIWA1331 C A - -

XIWA2204 C T - -

XIWA3601 C T - -

XIWA8137 C T - -

XIWA3046 A G - -

Xwmc471 260 214 3BL7-0.63-1.00 ctg538

XIWA2720 A G - -

XIWA1468 A G - -

XBS00023190 G C - -

XIWA7889 G A - -

XBS00022084 G A - -

Xwmc291 224 238 3BL7-0.63-1.00 ctg1908
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Table 2. Identified BC1F2:3 homozygous recombinant haplotype classes. Marker names are 

listed in map order. Blue represent Massey alleles, and SSMPV57 alleles are yellow. 

 

 

Haplotype # Plants Xw
m

c7
62

Xw
m

c5
27

Xw
m

c1

Xw
m

c8
27

b

Xw
m

c4
18

Xw
m

c4
71

Xw
m

c2
91

1 16

2 5

3 12

4 14

5 3

6 4

7 3
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Table 3a. ANOVA from SAS PROC GLM for the combined 2012 and 2013 greenhouse 

evaluation of disease severity.  

 

 
 

 

Table 3b. ANOVA from SAS PROC GLM for 2013 Kinston, NC location field disease 

severity evaluation.  

 

 
 

 

Model Df Mean Squares F p-value

Year 1 21099.40 27.3 < 0.0001

Family 12 10755.90 14.0 < 0.0001

Year*Family 12 3856.20 5.0 < 0.0001

Lines(Family) 11 1623.00 2.1 0.02

Year*Lines(Family) 11 1623.80 2.1 0.02

Error 755 772.30

Total 802

Model Df Mean Squares F p-value

Block 3 1958.01 8.6 0.0002

Family 13 1094.10 4.8 < 0.0001

Block*Family 39 228.22 0.99 0.52

Lines(Family) 12 261.60 1.13 0.36

Error 33 230.70

Total 100
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Table 4. Summary statistics of greenhouse and field FHB evaluation of recombinant and non-recombinant sister NILs for Type II 

resistance. Blue blocks = Massey alleles, Yellow blocks= SSMPV57 alleles. Marker designated by “x” from the BC1F2 derived 

pairs 9 through 12 were imputed based on linkage analysis. HR = Homozygous recombinant. SL = Non-recombinant sister. DP= 

Donor parent. RP = Recurrent parent. Markers in bold are SNP markers tightly linked to the Qfhs.vt-3BL QTL. 

 

 
1
LS Means of combined 2012 and 2013 greenhouse evaluation. 

2
LS Means from Kinston, NC 2013 field evaluation. 

3
Contrasts for BC1F2 derived sib line 

pairs 9 through 11 were not evaluated because of small sample sizes (N <25). 
4
 Sib pair 12 was not evaluated in greenhouse studies. 

BC1F2 

derived 

set
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A
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A
14
68

X
B
S0
00
23
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0

X
IW

A
78
89

X
B
S0
00
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08
4

X
w
m
c2
91

N

Greenhouse 

Disease 

Severity1 (%)

Std. 

Error

Mean 

Differences p-value

Field 

Disease 

Severity2 

(%)

Std. 

Error

Mean 

Differences p-value

DP Massey 42 7.44 4.29 25.00 7.57

RP SSMPV57 35 38.85 4.74 63.80 7.57

HR-1 32 24.75 4.92 48.30 8.79

SL-1 26 34.53 5.72 31.25 7.57

HR-2 49 11.28 1.91 30.25 7.57

SL-2 40 20.04 11.28 43.75 7.57

HR-3 45 49.02 4.32 40.25 7.57

SL-3 45 33.69 4.27 40.75 7.57

HR-4 27 31.16 5.44 45.00 7.57

SL-4 33 26.11 5.26 57.50 7.57

HR-5 31 35.14 5.21 17.50 7.57

SL-5 31 38.85 5.21 38.50 7.57

HR-6 30 71 6.80 66.90 8.79

SL-6 37 53.35 4.60 53.75 7.57

HR-7 31 37.61 5.01 15.00 7.57

SL-7 44 30.94 4.30 25.00 7.57

HR-8 53 22.67 3.98 38.75 7.57

SL-8 40 19.94 4.50 37.50 7.57

HR-9 x x x x x x x x x x x x x x - - - - 60.00 7.57

SL-9 x x x x x x x x x x x x x x - - - - 55.40 8.79

HR-10 x x x x x x x x x x x x x x - - - - 27.25 7.57

SL-10 x x x x x x x x x x x x x x - - - - 31.25 7.57

HR-11 x x x x x x x x x x x x x x - - - - 17.50 7.57

SL-11 x x x x x x x x x x x x x x - - - - 35.00 7.57

HR-12 x x x x x x x x x x x x x x - - - - 32.50 7.57

SL-12 x x x x x x x x x x x x x x - - - - 41.25 7.57

0.651 1.25 0.910

124 - 8.75 0.420

10 - 4.00 0.710

11 0.120

93 - 4.60 0.690

0.350

6 17.65 0.032 11.30 0.260

8 3.73

8.72 0.147 13.50

31.40 < 0.0001 38.80

2

7 3.00 0.321 10.00

- 17.50

0.210

5 3.71 0.072 21.00 0.054

4 5.05 0.504 12.50 0.250

3 15.33 0.012 0.50 0.960

<0.001

1 9.78 0.188 17.05 0.150
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Table 5. Height and heading date summary statistics of the BC1F2 derived sib lines that were 

evaluated at Kinston, NC and Raleigh, NC. Contrasts were made for each set of pairs to 

determine heading and height differences. 

 

 
* p-value < 0.05, ** p-value < 0.0001. 

 

BC1F2 
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set Line Name

LS Mean 

Height (cM)

Std 

Error

Mean 

Difference 

(cM)

LS Mean 

Heading Date 

(Julian Days)

Std 

Error

 Mean 

Difference 

(Julian Days)

DP Massey 95.60 4.53 114.60 1.63

RP SSMPV57 86.90 4.53 113.40 1.63

HR-1 98.13 4.53 119.40 1.63

SL-1 100.60 4.53 117.80 1.63

HR-2 83.80 4.53 111.40 1.63

SL-2 88.80 4.53 117.40 1.63

HR-3 81.90 4.53 111.80 1.63

SL-3 82.50 4.53 109.00 1.63

HR-4 90.60 4.53 112.90 1.63

SL-4 91.90 4.53 112.40 1.63

HR-5 100.63 4.53 120.30 1.63

SL-5 90.63 4.53 112.00 1.63

HR-6 81.60 6.01 118.92 2.20

SL-6 90.70 4.60 115.40 1.63

HR-7 109.40 4.50 120.00 1.63

SL-7 108.10 4.50 120.00 1.63

HR-8 106.90 4.50 119.40 1.63

SL-8 113.60 4.50 119.10 1.63

HR-9 86.60 4.70 118.92 2.20

SL-9 79.20 6.01 118.90 2.20

HR-10 73.75 4.53 108.40 1.63

SL-10 75.00 4.50 109.10 1.63

HR-11 103.10 4.53 118.50 1.63

SL-11 101.40 4.60 118.60 1.68

HR-12 91.25 4.53 113.30 1.63

SL-12 91.25 4.60 112.00 1.63

10

11

12

1

2

3

4

5

6

7

8

9

1.20

1.60

6*

2.80

0.50

8.3**

1.70

0.00

6.70

7.40

9.10

1.30

1.30

4.60

0.00

0.30

0.80

0.70

0.10

0.60

1.30

10.00

8.70

2.50

5.00

1.25
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Table 6. The proposed location of the Qfhs.vt-3BL QTL if the recombination breakpoints were resolved between the 1.3 cM 

interval flanked by SNP markers XIWA1467 and XIWA2124 for sib line pairs 3, 4, and 5. Hypothetical markers are designated by 

“X”. R = resistant locus. S = susceptible locus. Blue blocks = Massey alleles, Yellow blocks = SSMPV57 alleles.  
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Figures 

 

 

 
 

Figure 1. Diagram of sib line development from the Massey and SSMPV57 cross.  
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Figure 2. Linkage map of SSMPV57*2/Massey BC1F2 population (left) aligned with the 

Massey/Becker RIL map (right). SSR markers common in both maps are highlighted in bold. 

Xwmc418 is the most significant marker linked to the Qfhs.vt-3BL QTL in the 

Massey/Becker mapping population for greenhouse severity (Linkage map provided by S. 

Liu). Fine mapping of the Qfhs.vt-3BL QTL is flanked by marker XIWA1467-XIWA2124 to a 

1.3 cM interval. 
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Supplementary Tables 

 

Table S1. IWA markers identified by linkage disequilbrium mapping. Markers in bold black 

were successfully validated to amplify after conversion to KASP markers. Markers in red 

failed to amplify. 

 

 
  

SSR Marker SNP Marker LD r2 SSR Marker SNP Marker LD r2 SSR Marker SNP Marker LD r2

Xgwm285 XIWA211 0.54 Xwmc1 XIWA7595 0.42 Xwmc471 XIWA2361 1.00

Xgwm285 XIWA292 0.90 Xwmc1 XIWA7905 0.52 Xwmc471 XIWA2661 1.00

Xgwm285 XIWA2492 0.43 Xwmc1 XIWA8196 0.41 Xwmc471 XIWA2720 1.00

Xgwm285 XIWA3504 0.40 Xwmc307 XIWA3021 0.66 Xwmc471 XIWA2721 1.00

Xgwm285 XIWA5677 0.42 Xwmc307 XIWA6655 0.46 Xwmc471 XIWA3046 0.90

Xgwm285 XIWA5788 0.71 Xwmc307 XIWA211 0.44 Xwmc471 XIWA3439 0.73

Xgwm285 XIWA5813 0.71 Xwmc307 XIWA3021 0.72 Xwmc471 XIWA4427 0.50

Xgwm285 XIWA6014 0.71 Xwmc307 XIWA6655 0.44 Xwmc471 XIWA4429 0.50

Xgwm285 XIWA59 0.67 Xwmc418 XIWA1196 0.40 Xwmc471 XIWA4847 0.50

Xgwm285 XIWA184 0.67 Xwmc418 XIWA3018 0.40 Xwmc471 XIWA4942 1.00

Xgwm285 XIWA376 0.67 Xwmc418 XIWA5805 0.42 Xwmc471 XIWA6158 0.55

Xgwm285 XIWA380 0.67 Xwmc418 XIWA6104 0.60 Xwmc471 XIWA6552 1.00

Xgwm285 XIWA628 0.57 Xwmc418 XIWA6105 0.60 Xwmc471 XIWA7131 0.73

Xgwm285 XIWA629 0.57 Xwmc418 XIWA6223 0.65 Xwmc471 XIWA7221 1.00

Xgwm285 XIWA2622 0.57 Xwmc418 XIWA7225 0.46 Xwmc471 XIWA7225 0.53

Xgwm285 XIWA5792 0.59 Xwmc418 XIWA7745 0.46 Xwmc471 XIWA7745 0.53

Xgwm285 XIWA5880 0.60 Xwmc418 XIWA2614 0.67 Xwmc471 XIWA7870 1.00

Xgwm285 XIWA6017 0.51 Xwmc418 XIWA3383 0.45 Xwmc471 XIWA8136 1.00

Xwmc1 XIWA292 0.52 Xwmc418 XIWA4218 0.57 Xwmc471 XIWA8137 1.00

Xwmc1 XIWA3383 0.52 Xwmc418 XIWA5710 0.57 Xwmc612 XIWA59 0.40

Xwmc1 XIWA3504 0.47 Xwmc418 XIWA5711 0.59 Xwmc612 XIWA184 0.40

Xwmc1 XIWA4195 0.51 Xwmc418 XIWA5886 0.45 Xwmc612 XIWA376 0.40

Xwmc1 XIWA4452 0.43 Xwmc418 XIWA7905 0.45 Xwmc612 XIWA380 0.40

Xwmc1 XIWA4630 0.49 Xwmc418 XIWA8583 0.57 Xwmc612 XIWA5977 0.41

Xwmc1 XIWA5788 0.44 Xwmc471 XIWA7679 0.47 Xwmc612 XIWA6243 0.41

Xwmc1 XIWA5813 0.44 Xwmc471 XIWA7680 0.47 Xwmc612 XIWA6244 0.41

Xwmc1 XIWA5886 0.52 Xwmc471 XIWA8490 0.48 Xwmc612 XIWA7004 0.42

Xwmc1 XIWA6014 0.44 Xwmc471 XIWA1196 0.61 Xwmc612 XIWA292 0.49

Xwmc1 XIWA6300 0.51 Xwmc471 XIWA1334 0.95 Xwmc612 XIWA5788 0.41

Xwmc1 XIWA6793 0.42 Xwmc471 XIWA1467 0.53 Xwmc612 XIWA5813 0.41

Xwmc1 XIWA6794 0.42 Xwmc471 XIWA1468 0.53 Xwmc612 XIWA5843 0.43

Xwmc1 XIWA7519 0.41 Xwmc471 XIWA2204 1.00 Xwmc612 XIWA6014 0.41
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Table S2. IWA KASP assay primer sequences. 

 

 

1
Each KASP marker has two allele specific primers and one common primer. The allele specific primers are in 

bold.  

  

Marker Primer Sequences Marker Primer Sequences

5'-GTTGATTTTGATGGCAGTAGCTAGT-3' 5'-AATATGGTAGTAATTTGTATGGATGTAGAG-3'

5'-GTTGATTTTGATGGCAGTAGCTAGC-3' 5'-GAATATGGTAGTAATTTGTATGGATGTAGAT-3'

5'-CTCCCAGTGAATCATCAAATTGTTTACTAT-3' 5'-GTAGCACTAGCTTATTAGGGCACCAA-3'

5'-TTCAGACATGTCTACTTGTCGTTGA-3' 5'-AATGCTATGCTGAATCTGGAGCAC-3'

5'-CAGACATGTCTACTTGTCGTTGC-3' 5'-CTAATGCTATGCTGAATCTGGAGCAT-3'

5'-ATGAGTCTGTTTCTCAATTCACCGTACAT-3' 5'-AAATGCCTCCGTGTATTTATTCCCTGAT-3'

5'-CACACAACTTGATGTAGTACACTGTATT-3' 5'-GGATCATAGCAGAATATGGTCAGGAA-3'

5'-ACACAACTTGATGTAGTACACTGTATC-3' 5'-GATCATAGCAGAATATGGTCAGGAG-3'

5'-TGACTGGGTGACCCCGTTGCAT-3' 5'-GTAGTGCCCATAACCGTCGTAAAGAA-3'

5'-CCCTAGGACCTTACACACCAATAA-3' 5'-CACAAGCTCGTCCATCCTCCT-3'

5'-CCTAGGACCTTACACACCAATAG-3' 5'-CACAAGCTCGTCCATCCTCCC-3'

5'-AATGCGGCATCGGAGCAAGAAAGAA-3' 5'-TTTGGCACCTCATGAAYGACGAAGAA-3'

5'-AAGAATGCACCGATGCTTCCTGTAA-3' 5-CCTGCTTAGTTGCAGGGCATGTT-3

5'-GAATGCACCGATGCTTCCTGTAG-3' 5'-CTGCTTAGTTGCAGGGCATGTC-3'

5'-GGCACGAGTTCTCGTATTAGCTGTA-3' 5'-GGAGATGCTTACTCTTCACACCGTT-3'

5'-CAATAAAGGATGGCGCCGACGTT-3' 5'-CGAGTTCTGACTTCTGGCTACC-3'

5'-AATAAAGGATGGCGCCGACGTC-3' 5'-ACGAGTTCTGACTTCTGGCTACT-3'

5'-CGCCCACTCAAAGTTATCCAGGAAT-3' 5'-GCACCTGTAGTAGCTTTTTAGAAGATGTA-3'

5'-GCATCTTGTTGTCAAAGTGAAAATATAGTA-3' 5'-CCTTTGGTACAACCGTTCAACAATCA-3'

5'-CATCTTGTTGTCAAAGTGAAAATATAGTG-3' 5'-CTTTGGTACAACCGTTCAACAATCG-3'

5'-ATCTCGAACCTGCCCCTTTGTTTATAATA-3' 5'-CTATGGGTTGGGGGTGGATATGTAA-3'

5'-ACCTCCCATGTGCAAGCTAGAATA-3' 5'-CAGCACTTACCACAGCTTCTGGT-3'

5'-CCTCCCATGTGCAAGCTAGAATG-3' 5'-AGCACTTACCACAGCTTCTGGC-3'

5'-GGTGCTTTTGCCATGGTCAATGACTA-3' 5'-AGGACCAAGGAATCCTTGCAGGAAA-3'

XIWA8137XIWA2720

XIWA3046

XIWA3244

XIWA3601

XIWA4847

XIWA2721

XIWA2204

XIWA2510

XIWA1196

XIWA1331

XIWA1467

XIWA1468

XIWA2124

XIWA6105

XIWA7889



86 

 

 

 

 

Table S3. Summary statistics of 2012 greenhouse FHB inoculated recombinant and non-

recombinant sister NILs for Type II resistance. Blue blocks = Massey alleles, Yellow 

blocks= SSMPV57 alleles. HR = Homozygous recombinant. SL = Non-recombinant sister. 

DP= Donor parent. RP = Recurrent parent. 
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Std. 
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Mean 

Differences p-value

DP Massey 22 8.58 1.71

RP SSMPV57 20 47.14 8.72

HR-1 18 19.26 5.80

SL-1 9 36.77 12.56

HR-2 19 7.75 1.91

SL-2 20 20.09 6.96

HR-3 16 68.79 10.63

SL-3 17 36.58 8.43

HR-4 18 32.16 8.85

SL-4 10 23.96 12.69

HR-5 11 41.93 12.34

SL-5 12 31.35 10.44

HR-6 5 100.00 0.00

SL-6 6 74.04 10.20

HR-7 14 52.02 10.69

SL-7 17 34.67 9.13

HR-8 19 21.93 6.81

SL-8 15 19.68 7.98

HR-9 16 88.19 8.06

SL-9 6 71.04 15.27

HR-10 7 62.56 14.57

SL-10 18 62.33 10.51

HR-11 6 10.38 4.45

SL-11 6 15.24 7.45

HR-12 17 13.94 4.94

SL-12 15 21.07 7.55

HR-13 17 35.95 9.49

SL-13 11 36.14 10.98

HR-14 15 13.24 3.45

SL-14 15 28.85 9.58

HR-15 7 89.47 10.53

SL-15 3 100.00 0.00

HR-16 20 38.77 8.76

SL-16 16 39.06 8.89

HR-17 14 25.49 8.49

SL-17 17 24.35 7.59

HR-18 19 12.66 2.64

SL-18 14 25.36 8.50

2 12.35 0.237

38.56 < 0.0001

1 17.51 0.188

3 32.20 0.005

4 8.20 0.523

5 10.58 0.436

6 25.96 0.120

7 17.35 0.140

8 2.25 0.841

9 17.16 0.271

10 0.23 0.987

11 4.86 0.796

12 7.13 0.536

13 0.18 0.989

14 15.60 0.190

15 10.53 0.639

16 0.29 0.979

17 1.14 0.923

18 12.71 0.268


