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Genetic and Molecular Characterization of Barley Net Blotch Resistance Genes  

Patrick Daniel O‟Boyle 

ABSTRACT 

Net blotch is one of the most devastating diseases of barley (Hordeum vulgare L.) and occurs in 

two distinct forms, net-type net blotch (NTNB) and spot-type net blotch (STNB), caused by the 

fungal pathogens Pyrenophora teres f. sp. teres Smedeg. and P. teres f. sp. maculata Smedeg., 

respectively.  Several sources of resistance have been previously reported, however, few barley 

cultivars with high levels of resistance have been developed from these sources.  Efficient 

utilization of available resistance sources is dependent upon successful characterization of genes 

governing resistance in each resistant parent.  Five net blotch resistant parents and one 

susceptible parent were crossed to identify novel resistance genes, postulate gene number and 

mode of inheritance, and conduct linkage mapping of novel genes for net blotch resistance.  

Results indicate that the highly resistant spring barley lines CIho 2291 and CIho 5098, and the 

winter barley cultivar Nomini each have single dominant genes for NTNB resistance.  Resistance 

to NTNB in CIho 5098 is controlled by the same dominant gene conferring resistance in Nomini.  

Resistance to NTNB in CIho 2291 is controlled by one dominant gene which putatively is the 

same gene conferring resistance in ND B112, but differs from the resistance genes carried by the 

other parents in this study.  An F2 population of 238 individuals derived from a cross between 

Nomini and the susceptible parent „Hector‟, and an F2 population of 193 individuals derived 

from a cross between CIho 2291 and Hector were used to map the genes governing NTNB 

resistance in Nomini and CIho 2291.  The dominant gene governing resistance in Nomini, 

temporarily designated Rpt-Nomini, was mapped to a 9.2 cM region near the centromere of 

barley chromosome 6H between the flanking microsatellite markers Bmag0344a (r
2
=0.70)  and 

Bmag0103a (r
2
=0.90), which were 6.8 cM and 2.4 cM away from Rpt-Nomini, respectively.  The 
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dominant gene governing resistance in CIho 2291, temporarily designated Rpt-CIho2291, was 

mapped to the distal region of barley chromosome 6H between the flanking microsatellite 

markers Bmag0173 (r
2
=0.65) and Bmag0500 (r

2
=0.26), which were 9.9 cM and 24.4 cM from 

Rpt-CIho2291, respectively.  Previous studies have reported genes governing net blotch 

resistance in this region; however, allelism tests have not been conducted to determine the 

relationship between these genes.  Identification of the chromosomal location of Rpt-Nomini and 

Rpt-CIho2291 will facilitate future efforts in pyramiding multiple independent genes for net 

blotch resistance.        
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Barley (Hordeum vulgare L.) is one of the most important crops grown throughout the world, 

ranking fourth among the world‟s cultivated cereal crops.  Barley originated in the Middle East 

with a possible secondary center of domestication in Ethiopia.  The major regions of barley 

production are concentrated in the northern hemisphere, most notably:  northern Europe, the 

former USSR, the United States, and Canada (Poehlman, 1994).  Early spring-type barley can be 

cultivated in far northern regions where conditions are unsuitable for production of other cereal 

crops (Poehlman, 1994).  Although it is grown under a wide range of environments and is 

relatively tolerant to abiotic stresses, barley performs best in regions of average rainfall with long 

and cool grain-filling seasons (Poehlman, 1994; Mathre, 1997). 

 

The major region of barley production in the U.S. is from the upper Midwest to the Pacific 

Northwest (e.g. Minnesota, Montana, North Dakota, Idaho, and Washington), where large 

amounts of both feed and malt barley is cultivated.  Nationwide barley plantings in 2008 totaled 

1.71 million hectares, with North Dakota (0.67 million hectares) accounting for over a third of 

the production.  The national total hectares of harvested barley increased from 1.19 million 

hectares in 2006 to 1.52 million hectares in 2008, as reported by the USDA National Agricultural 

Statistical Service (NASS, 2009).  In Virginia, barley production is modest, with the major 

production areas located in the eastern half of the Commonwealth.  Statewide barley production 

from 2003 to 2006 ranged from 16,187 to 18,211 harvested hectares, followed by a decline to 

12,141 harvested hectares in 2007.  Harvested hectares increased to 14,569 in 2008 following an 

increase in price.  Planted barley not harvested for grain in Virginia has gradually increased from 

2,456 hectares in 2004 to 4,422 hectares in 2008.  
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Cultivated barley (H. vulgare L.) is an annual diploid species, having a basic chromosome 

number of 7 (2n = 2x = 14).  Barley has many diploid, tetraploid, and hexaploid wild relatives.  

Hordeum vulgare is the only species (of approximately 28 Hordeum species) that is cultivated on 

a large scale.  Cultivated barley includes both two-rowed and six-rowed head types.  Production 

of both spring and winter type barley further differentiates the types of cultivated barley 

(Poehlman, 1994).  Spring barley, primarily used for malt production, is cultivated over a much 

larger area, as its higher value and early maturity allow it to be cultivated under conditions where 

winter barley production is limited by winter hardiness.  In the United States, winter barley, 

primarily used for feed, is typically grown in regions where spring barley is not cultivated.  In 

Virginia, where only winter barley is grown, it is usually incorporated as part of a 3-crop rotation 

of corn (Zea mays L.)-barley-soybeans (Glycine max L.), where it can be double-cropped with 

early maturing soybeans.  Cultivated barley is a self-pollinated crop, and certified seed is sold as 

an inbred pure-line.   

 

Barley grain is used for a variety of purposes throughout the world.  The majority of barley 

produced in the world is used as feed for animal consumption.  Large amounts of barley grain are 

also used for malting processes (for making beer and other types of alcoholic beverages).  In 

addition, barley is used for various food products, for human consumption (e.g. soups, cereals, 

baked goods, baby food) (Poehlman, 1994).  Barley is also an important food crop in northern 

African, where the soils and environmental conditions are not suitable for production of other 

grain crops (Poehlman, 1985).  In recent years, the development of hulless barley has increased 
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in the United States, with the potential of creating new markets for feed barley and the 

production of ethanol (Thomason et al., 2005). 

 

 Net Blotch of Barley 

Net blotch, caused by the fungal pathogen Pyrenophora Drechs. teres Smedeg. (anamorph:  

Drechslera teres [Sacc.] Shoem. f. teres Smedeg.), is among the most widely occurring foliar 

diseases of barley.  The host range of the pathogen includes all cultivated and wild species of 

Hordeum.  Estimates of yield loss due to net blotch range from trace to nearly 100%, and vary 

from 10% to 40% in average years (Mathre, 1997).  Yield losses are typically more severe in 

regions with high humidity and precipitation (Ma et al., 2004).  Net blotch may reduce grain 

quality affecting kernel size and malt extract yield (in malting barley cultivars).  The yield 

component most severely affected by net blotch is kernel weight, which is commonly reported in 

terms of 1,000-kernel weight (Mathre, 1997). 

 

Symptoms of Barley Net Blotch and Spot Blotch 

Net blotch symptoms are separated into two distinct categories, net-type and spot-type.  These 

two categories of symptoms are the result of two different pathogenic forms of P. teres.  The net-

type net blotch (NTNB) symptoms are caused by P. teres f. teres, while the spot-type net blotch 

(STNB) symptoms are caused by P. teres f. maculata (Mathre, 1997).  Although these 

subspecies are not distinguishable on the basis of morphological traits in culture, they cause 

distinct symptoms on diseased barley plants (Leisova et al., 2005).  The net-type of net blotch is 
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characterized by the appearance of net-like lesions which consist of dark brown necrotic tissue 

with marginal chlorosis, while the spot-type lesions are more round or elliptical in shape (lacking 

the „net-like‟ lesions).  Amplified fragment length polymorphism (AFLP) and randomly 

amplified polymorphic DNA (RAPD) markers can be used to distinguish between net-type and 

spot-type causing isolates of P. teres (Williams et al., 2001; Leisova et al., 2005).  Initial 

symptoms of net blotch on barley plants are observed as small water-soaked lesions, which 

become brown blotches on the leaves.  Lesions are often constricted by the leaf veins.  A 

characteristic net pattern of narrow dark lines may be observed at the interior of lesions, which 

are surrounded by a chlorotic border.  Severely colonized leaves may become entirely necrotic as 

the disease progresses (Mathre, 1997).  Inoculated leaves of genotypes with net blotch resistance 

may display small necrotic flecks with a border of chlorotic tissue.  Net blotch symptoms may 

also be observed on glumes and kernels in addition to leaves, however they are much less 

characteristic.  Brown streaks, lacking the net pattern observed on leaves, may be observed on 

glumes.  Kernel lesions are small, brown, and difficult to distinguish from other fungal disease 

symptoms of barley (Mathre, 1997). 

 

Net blotch symptoms, in particular those of the spot-type (STNB), may often be confused with 

the symptoms of spot blotch in barley.  Barley spot blotch is caused by the fungal pathogen 

Cochliobolus sativus (Ito & Kuribayashi) Drechs. ex Dastur (anamorph Bipolaris sorokiniana 

(Sacc.) Shoemaker).  Spot blotch symptoms on diseased barley plants can be variable, depending 

on various environmental and genotypic (for both host and pathogen) factors.  Symptoms can 

develop during any stage of barley development.  Lesions are typically round, but may also 

appear oblong.  On moderately resistant genotypes, lesions may be small and brown, surrounded 
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by slight chlorosis.  On highly susceptible genotypes, however, lesions may be larger (2 x 10 

mm) and appear as dark brown lesions surrounded by a large yellow border of chlorotic tissue.  

As the disease progresses, lesions may begin to appear black (Mathre, 1997; Fetch and 

Steffenson, 1999).  Cochliobolus sativus may also cause kernel blight (or black point) later in the 

growing season, if conditions are favorable.  Barley spot blotch symptoms are also often 

confused with symptoms of tan spot, caused by the fungal pathogen Pyrenophora tritici-repentis 

(Fetch and Steffenson, 1994). 

 

 

Pyrenophora teres taxonomy and diversity 

Pyrenophora teres is an ascomycete, and produces ascospores as one form of inoculum.  These 

ascospores are contained in asci prior to their release.  Other forms of inoculum produced by the 

fungus consist of conidia (on conidiophores) and pycnidiospores (in pycnidia).  Additionally, the 

imperfect state (Drechslera teres (Sacc.) Shoemaker) produces pseudothecia on colonized barley 

tissue.  Pseudothecia, which contain asci (as well as seedborne mycelium) likely are the primary 

overwintering inoculum.  Conidia and ascospores are the major sources of primary inoculum, 

and conidia are the major source of secondary inoculum.  In some cases, however, environmental 

conditions may not permit the production of ascospores, and condia are the primary inoculums 

(Mathre, 1997).   
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Extensive variation in terms of virulence exists among P. teres isolates.  A set of 91 isolates of P. 

teres collected from infested barley fields during three different years in California was 

comprised of 13 distinct pathotypes, based on reaction of 22 differential barley genotypes 

(Steffenson and Webster, 1992).  Such variability (14.3% of the isolates collected were distinct 

pathotypes) is not unexpected, as occurrence of the sexual stage of the pathogen has been 

observed in field studies (Steffenson and Webster, 1992).  The same set of 22 differential 

genotypes and three additional genotypes were used to study the variability of 23 P. teres f.sp. 

teres isolates, which comprised 15 distinct pathotypes (Wu et al., 2003).  The pathotype 

representing the lowest virulence (designated pathotype 0), was not virulent on any of the 25 

barley genotypes, while the most complex pathotype (designated pathotype 1-2-3-6-7-10-13-16-

18-25) was virulent on 10 of the 25 barley genotypes.  Additionally, a collection of 15 isolates 

obtained from various locations in Morocco displayed a diverse virulence spectrum when 

evaluated in greenhouse and field screening trials of 38 barley genotypes (Douiyssi et al., 1998).  

Isolate by cultivar interactions were significant in this study, illustrating that the selection of 

appropriate isolates for screening is a critical component for successful characterization of net 

blotch resistance sources and breeding for resistance to barley net blotch.  For example, barley 

genotypes previously described as resistant to net blotch (ND B112 and CIho 12034) displayed 

either resistant or susceptible responses, depending on which isolate was used for inoculations 

(Douiyssi et al., 1998). 

 

Reaction of barley genotypes to a particular P. teres isolate is also dependent upon plant 

developmental stage.  Douiyssi et al. (1998) reported that 40% of the 38 barley genotypes 

evaluated were resistant to a specific isolate at the heading stage, yet were susceptible to the 
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same isolate at the seedling stage.  However, in response to other isolates, the barley genotypes 

were more resistant in the seedling stage and more susceptible at the heading stage.  

Interestingly, the barley cultivar Rabat 071, which was used as the susceptible spreader for field 

inoculations, displayed a resistant reaction for seedling inoculations (Douiyssi et al., 1998). 

 

The diversity of P. teres isolates both within and between barley growing regions has major 

implications on the success of breeding resistant cultivars.  Prior to the development of a net 

blotch resistant cultivar, an examination of the P. teres pathotypes present in the regions where 

the cultivar will be produced is considered necessary.  Use of the predominant pathotypes in the 

region of production will help ensure effectiveness of cultivar resistance.  Although the level of 

pathogen diversity may appear daunting, the identification of barley genotypes with a broad 

spectrum of resistance is possible.  Steffenson and Webster (1992) noted that 10 of the 22 

differential barley genotypes used in characterization of virulence of 91 P. teres isolates were 

resistant to all 13 pathotypes identified in the study.  Additionally, Gupta and Loughman (2001) 

included the same 22 differential barley genotypes in a survey of P. teres diversity in Western 

Australia and identified seven genotypes that were resistant to all 79 Western Australian isolates 

used in their study. 

 

Net Blotch Epidemiology 

Net blotch may occur under a wide range of environmental conditions, however, it is typically 

most severe under conditions of high rainfall and humidity.  Sporulation occurs most frequently 

at temperatures of 15 to 25°C, with relative humidity near 100%.  However, it also may occur at 
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temperatures outside of this range, and infection by seedborne mycelia is more common at lower 

temperatures (10 to 20°C).  Pyrenophora teres overwinters on colonized seeds and straw, which 

serves as a primary inoculum source in successive barley crops.  As a result, conservation tillage 

or failure to practice crop rotation may increase the potential of a severe net blotch epidemic 

(Mathre, 1997).  In locations where irrigation of barley fields is necessary, occurrence of net 

blotch epidemics may be more likely, as the disease is favored by moist conditions and may be 

spread to some extent by irrigation water (Mathre, 1997).  Infection of barley plants by P. teres 

occurs most frequently when prolonged periods of humidity or rainfall cause leaves to be moist 

for 10 to 30 h.  Wind and rain dispersal both contribute to the spread of conidia in the field 

(Mathre, 1997).  Host nutrition has an effect on disease severity, which is positively associated 

with high nitrogen levels in the barley plant (Mathre, 1997).   

    

Control of Barley Net Blotch 

The use of pathogen-free seed is the most effective means of preventing or reducing the 

introduction of P. teres inoculum into new fields and/or regions.  Often seed treatment fungicides 

are utilized to circumvent seedborne transmission of the pathogen.  Foliar fungicides are also 

highly effective in controlling net blotch.  Because conidia may survive on barley debris for at 

least two years, crop rotation is strongly recommended as a control measure in regions that have 

a history of net blotch epidemics.  Production of barley in a no-tillage system may permit 

inoculum to persist within colonized tissue.  Additionally, wild barley relatives and volunteer 

barley can serve as reservoirs of inoculum, and should be removed from fields using 

recommended cultural practices.  Foliarly-applied fungicides have been used successfully in 
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controlling epidemics of net blotch, however, this option may not be economically feasible for 

growers in all situations.  Resistant cultivars are the most promising means to restrict/prevent net 

blotch epidemics.  In the United States, cultivars with complete resistance are not available; 

however some cultivars have moderate levels of resistance.  In addition to production of resistant 

cultivars, crop rotation should be used to minimize the primary sources of inoculum (Mathre, 

1997). 

  

Sources of Resistance to Barley Net Blotch 

Single dominant major-gene resistance to NTNB has been identified, including genes Rpt1a, 

Rpt3d, Rpt1b, and Rpt2c.  The barley lines „Tifang‟, CIho 7584, and CIho 9819 are the 

respective donor parents of Rpt1a, Rpt3d, and Rpt1b and Rpt2c.  These genes were assigned to 

chromosomes 3H, 2H, 3H, and 5H respectively, using trisomic analysis (Bockelman et al., 

1977).  A single dominant gene for resistance to NTNB-causing isolate WRS 1240 was mapped 

using a doubled haploid (DH) population derived from a cross between the winter barley 

cultivars Igri and Franka (Graner et al., 1996).  This gene mapped to barley chromosome 3H and 

was temporarily named Pt,,a until allelism tests are conducted with Tifang (Rpt1a), and CIho 

9819 (Rpt1b) which were also mapped to chromosome 3H.  In addition to the genes mapped for 

NTNB resistance, a single gene Rpt4 conferring resistance to STNB, was mapped to 

chromosome 7H.  The donor parent of this resistance gene was the cultivar Galleon (Williams et 

al., 1999). 
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Relatively few sources of net blotch resistance have been extensively characterized and deployed 

in barley breeding programs.  One of the most widely used sources is the breeding line ND 

B112, which has both seedling and adult-plant resistance to net blotch (Steffenson et al., 1996).  

This line has also been used as a parent to successfully introgress resistance to spot blotch into 

six-rowed malting barley cultivars (Fetch and Steffenson, 1994; Wilcoxson et al., 1990).  

Although it has high levels of resistance to both net blotch and spot blotch, attempts to transfer 

resistance to both diseases into cultivars that possess favorable agronomic traits have largely 

been unsuccessful (Steffenson et al., 1996).  The 6-rowed Swiss barley cultivar Chevron has 

considerable promise as a donor parent for improving the level of net blotch resistance in barley 

cultivars (Ma et al., 2004).  However, the average resistance level (on a 1-10 scale, with 10 being 

the most severely diseased) of Chevron (3.8) is not as high as that of ND B112 (1-2).  A single 

gene for net blotch resistance was mapped to chromosome 6H in a DH population derived from a 

cross between Chevron and the susceptible cultivar Stander and was temporarily named Rpt until 

allelism tests are conducted with previously reported Rpt genes on 6H (Ma et al., 2004).  The 6-

rowed Canadian barley cultivar Heartland is currently being used as a net blotch resistance 

source in the University of Minnesota barley breeding program, however the resistance carried 

by this cultivar is currently uncharacterized (Steffenson and Smith, 2006).  

 

Resistance to net blotch has been identified in several Hordeum species, and the introgression of 

resistance from diverse sources into cultivated barley may facilitate achievement of more 

effective and durable resistance.  Sato and Takeda (1997) evaluated the net blotch resistance of 

13 species (or subspecies) of Hordeum by screening them for reaction to four different P. teres 

isolates.  Relatively high levels of resistance were observed in most of the species, most notably 
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H. spontaneum, in which 162 of 175 accessions were resistant.  In addition, most H. spontaneum 

accessions displayed similar reactions to all four isolates.  Hordeum marinum subsp. 

gussoneanum also exhibited high levels of resistance to net blotch, with 5 of 22 accessions being 

completely resistant (no visible lesions) to all four isolates.   

 

While many Hordeum species may have desirable levels of net blotch resistance, only H. 

spontaneum and H. bulbosum are sufficiently cross-compatible with H. vulgare.  While 

accessions of these two related species have net blotch resistance that can be introgressed into 

cultivated barley, transfer of resistance from unadapted wild species into barley will be difficult 

using traditional breeding methods due to the transmission of unfavorable agronomic traits and 

linkage drag (Sato and Takeda, 1997).  If flanking molecular markers tightly linked to net blotch 

resistance loci in wild barley species can be developed, this would facilitate the introgression of 

resistance into elite barley breeding lines and reduction or alleviation of linkage drag. 

 

In an attempt to identify additional H. vulgare sources of net blotch resistance for use in barley 

breeding programs, 5,036 barley accessions were screened in North Dakota (Fetch et al., 2008).  

Barley accessions were evaluated for seedling resistance in the greenhouse (using three different 

isolates) and adult plant resistance, conducted at two field locations in North Dakota (using 

isolate ND89-19).  A group of 18 accessions that displayed field resistance to both net and spot 

blotch were further examined, eight of which were identified as having superior levels of both 

seedling (greenhouse) and adult (field) resistance to both diseases.  This group included the 
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accessions CIho 2291, CIho 5098 (PI 83794), and PI 434771, which originated from Virginia 

(USDA), North Korea and Quebec, respectively. 

 

Genetics of Barley Net Blotch Resistance 

Many different populations have been used in genetics and mapping studies of resistance to net 

blotch in barley, however, the lack of common parents, P. teres isolates, and DNA markers used 

in these various mapping studies make it difficult to directly compare their results.  Several 

researchers have reported the presence of QTL/genes for resistance on barley chromosome 6H.  

Although some of these studies may be reporting the same loci for net blotch resistance, it 

appears that 6H carries multiple independent genes for resistance (Abu Qamar et al., 2008).  

Single resistance genes and/or QTL have been reported on other barley chromosomes as well.  

Richter et al. (1998) used an F2 population derived from a cross between „Arena‟ (susceptible 

barley cultivar) and Hor 9088 (resistant European landrace) to study the inheritance of resistance 

to P. teres isolate 04/6 T.  QTL mapping was conducted using phenotypic data from two 

different leaves (leaf 1 and leaf 2) at two different growth stages (7 and 9 days post inoculation), 

and identified 12 different QTL associated with resistance for various leaf/growth stage 

combinations.  The QTL were mapped to all barley chromosomes except 5H and 7H, while four 

of the 12 QTL mapped to chromosome 6H, various other genomic regions also have loci 

associated with net blotch resistance.   

 

The genetics of net blotch resistance was studied in a DH population derived from a cross 

between „Steptoe‟ and ‟Morex‟ (Steffenson et al., 1996).  The objectives of their study were to 
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determine how many genes and/or QTL conferred resistance to net blotch in this population, as 

well as determining their chromosomal location.  Qualitative analysis indicated that two to three 

independent genes conferred resistance at the seedling stage.  Quantitative analysis of the 

seedling reaction of DH lines to net blotch agreed with the qualitative data, identifying three 

QTL associated with resistance (including two major QTL that accounted for a total of 47% of 

the phenotypic variation).  The two major QTL mapped to chromosomes 4H (near the 

centromere) and 6H (on the long arm) and are flanked by the restriction fragment length 

polymorphism (RFLP) markers ABG387/ABG484 and ksuD17/ksuA3D, respectively.  A minor 

QTL, flanked by the RFLP markers ABG458 and Rrn1, was mapped to the short arm of 

chromosome 6H.  The QTL for seedling resistance were all donated by the resistant parent 

Steptoe.  Resistance to net blotch in the Steptoe/Morex population at the adult plant stage was 

quantitative in nature, wherein 7 QTL in various genomic regions (barley chromosomes 1H, 3H, 

2H, 3H, 7H, 6H, and 4H in order of descending effect on phenotypic variation explained) 

accounted for a total of 67.6% of the phenotypic variation.  Four of the QTL for resistance were 

contributed by Steptoe, while the other three were contributed by Morex.  

 

Net blotch resistance in the 6-rowed barley cultivar Chevron was examined in a DH population 

derived from a cross between Chevron and the susceptible parent Stander (Ma et al., 2004).  An 

initial qualitative examination of net blotch resistance in 147 DH lines indicated that a single 

gene governed resistance in Chevron.  When QTL mapping analysis was conducted, however, 

two QTL were identified, one of which accounted for 64% of the phenotypic variation.  This 

QTL mapped to the same region on barley chromosome 6H as a major QTL for net blotch 

resistance mapped in the Steptoe/Morex mapping population (Steffenson et al., 1996).  The other 
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QTL, accounting for only 7% of the phenotypic variation in the DH population, was mapped to 

barley chromosome 2H.  The resistant allele of the minor QTL originated from the susceptible 

parent Stander. 

 

Another major QTL for net blotch resistance was mapped to barley chromosome 6H, using 

AFLP and simple sequence repeat (SSR) markers in a DH population derived from a cross 

between SM89010 and Q21861 (Friesen et al., 2006).  This QTL explained 89% of the 

phenotypic variation for NTNB in the DH population.  Segregation analysis of an F2 population 

derived from a cross between SM89010 and Q21861 indicated that resistance to NTNB is 

controlled by a single dominant gene.  An additional QTL for resistance to STNB was mapped to 

4H and accounted for 64% of the phenotypic variation.     

 

Cakir et al. (2003) also identified a major QTL for seedling NTNB resistance on chromosome 

6H, closely linked to the SSR marker Bmag0173 in two DH populations.  The QTL accounted 

for 83% of the phenotypic variation for resistance to NTNB in a cross between „Tallon‟ and 

„Kaputar‟ (TK) and 66% of the phenotypic variation in a cross between VB9524 and ND 11231 

(VN).  This QTL was subsequently validated in an adult plant field study and in two DH 

validation populations („Pompadour‟/‟Stirling‟ and WPG8412/Stirling).  Additional minor QTL 

accounting for 20% to 29% and 31% of the phenotypic variation were mapped to barley 

chromosomes 2H and 3H in the TK population.  The SSR marker Bmag0173 was also closely 

linked to the QTL on 6H reported by Emebiri et al. (2005) and Friesen et al. (2006), suggesting 

the same gene was mapped independently in these studies.  An alternate possibility, however is 
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that there are multiple alleles or closely linked genes for NTNB resistance in this region of 

chromosome 6H.  The minor QTL on chromosome 2H was also identified in a DH population 

derived from the cross VB9524/ND11231*12 (Emebiri et al., 2005).  

 

A single dominant gene conditioning seedling resistance to net blotch was also mapped to barley 

chromosome 6H using retrotransposon markers.  While this locus explained 65% of the 

phenotypic variation, a second locus, which is epistatic to the one on 6H, mapped to 

chromosome 5H.  The resistant parent was the Ethiopian barley line CIho 9819 and the 

susceptible parent was „Rolfi‟ (Manninen et al., 2000).  Although the resistance gene mapped to 

the same region of chromosome 6H as previously reported resistance genes, it is unknown if this 

QTL is distinct from other reported QTL on 6H (Steffenson et al., 1996), as allelism tests have 

not been conducted.     

 

The NTNB-causing isolates WRS858 and WRS1607, as well as the STNB-causing isolate 

WRS857 were used by Grewel et al. (2008) to map QTL for net blotch resistance in a DH 

population derived from a cross between „CDC Dolly‟ (susceptible) and „TR251‟ (resistant).  A 

major QTL on chromosome 6H (QRpt6) was identified and accounted for 65% and 60% of the 

phenotypic variation for seedling resistance to isolates WRS858 and WRS1607, respectively.  

QRpt6 was also associated with high levels of adult-plant resistance in field studies conducted in 

2005 and 2006.  Additionally, minor QTL (accounting for <10% of the phenotypic variation for 

seedling resistance individually) were mapped to chromosomes 2H, 4H, and 5H (QRptts2, 

QRpts4, and QRptts5).  Three minor QTL were also associated with adult plant resistance to 
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NTNB in the field in 2005, mapping to chromosomes 3H, 5H, and 7H (QRptta3, QRptta5, and 

QRpt7).  Resistance to NTNB and STNB are generally considered to be under separate genetic 

control, however, three QTL (QRpts4, QRpt7, and QRpt6) were associated with resistance to 

both forms of net blotch.  These QTL accounted for 21%, 13%, and 6% of the phenotypic 

variation for seedling resistance to the STNB-causing isolate WRS857 respectively (Grewal et 

al., 2008).  

 

Abu Qamar et al. (2008) mapped two major recessive genes for net blotch resistance in a „Rika‟ 

x „Kombar‟ DH population of 118 individuals, with each parent contributing one of the alleles 

for resistance.  These resistance genes (named rpt.r and rpt.k) each conditioned resistance to a 

different isolate of the fungus, while conferring susceptibility to the other isolate, and are linked 

in repulsion on barley chromosome 6H, approximately 1.8 cM apart.  One recombinant was 

identified that carried both alleles for net blotch resistance and was resistant to both isolates (6A 

and 15A) used in screening.  Many of the other net blotch resistance genes which have been 

mapped to this region of 6H are dominant, suggesting that this region may contain multiple 

alleles or resistance genes of varying gene action, some of which are pathotype-specific (Cakir et 

al., 2003; Friesen et al., 2006; Abu Qamar et al., 2008).   

 

A population of 146 DH progeny derived from a cross between „Harrington‟ and TR306 was 

used to map resistance to several diseases, including net blotch, and was screened in seven 

different field environments (Spaner et al., 1998).  Three different QTL donated by TR306 were 

mapped to chromosomes 4H, 6H and 7H.  The QTL on 4H was detected in all seven 
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environments and was mapped to the same region as QTL conferring resistance to scald (caused 

by the fungal pathogen Rhynchosporium secalis) and stem rust (caused by the fungal pathogen 

Puccinia graminis f. sp. tritici).  An additional QTL donated by Harrington was mapped to 

chromosome 5H (Spaner et al., 1998). 

 

Molnar et al. (2000) studied the inheritance of net blotch resistance in a DH population derived 

from a cross between „Leger‟ and CIho 9831, using bulked segregant analysis (BSA) for RAPD 

marker discovery followed by linkage mapping.  The population was screened with the STNB-

causing P. teres f. sp. maculata isolate WRS857.  Leger is a Canadian cultivar that is resistant to 

WRS857 and susceptible to NTNB-causing isolates WRS102 and WRS858, while CIho 9831 is 

an introduction line that has the opposite reaction to all three isolates.  Qualitative disease 

reaction data from this population indicated that one dominant gene controlled resistance to 

STNB; however linkage mapping of seven markers that were polymorphic between the bulks 

detected the involvement of loci on three independent linkage groups.  One of these linkage 

groups was assigned to barley chromosome 2H, while the chromosomal location of the other two 

is unknown.  Previous research on the inheritance of resistance to isolates WRS102, WRS857, 

and WRS858 in F2 and DH lines of Leger/CIho 9831 had indicated that resistance to WRS102 is 

controlled by three recessive genes (one of which was mapped to chromosome 2H).  Resistance 

to WRS858 is controlled by a single recessive gene (linked to one of the recessive genes for 

resistance to WRS102), and resistance to WRS857 is controlled by either one dominant gene or 

two complementary genes (Ho et al., 1996). 
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Raman et al. (2003) mapped NTNB resistance in four different populations, including three DH 

populations („Alexis‟/„Sloop‟, „Arapiles‟/„Franklin‟, Sloop/„Halcyon‟) and one recombinant 

inbred line (RIL) population (Sloop-sib/Alexis).  Five QTL were mapped in genomic locations 

where loci for net blotch resistance have been previously reported, on chromosomes 2H, 3H, 4H.  

The QTL on chromosome 4H, mapped in the Sloop/Halcyon DH population, explained 64% of 

the phenotypic variation for NTNB resistance, making it the largest effect QTL mapped in this 

study.  The remaining QTL individually accounted for 7% to 17% of the phenotypic variation.  

  

Four net blotch resistant spring barley accessions (CIho 2330, CIho 5791, CIho 5822, and CIho 

9776) were used to study the inheritance of net blotch resistance, using a Swedish P. teres isolate 

(Jonsson et al., 1999).  These four resistance sources were all crossed to each other, as well as the 

susceptible parent Alexis.  Analysis of the net blotch reaction of F1, F2 and F3 generations of both 

R x R and R x S crosses indicated that the same two dominant genes governed resistance in three 

of these barley accessions (CIho 5791, CIho 5822, and CIho 9776), while the remaining 

accession (CIho 2330) appeared to carry the allele for resistance at only one of the two loci.  The 

chromosomal location of these resistance genes was not determined.  

 

Currently, information is not available regarding the number and location of genes controlling 

net blotch resistance in „Nomini‟, CIho 2291, or CIho 5098 (Fetch et al., 2009; Steffenson, 

personal communication).  Genetic analysis and linkage mapping of novel resistance genes in 

these sources would facilitate their use in barley breeding programs.  Identification of the genetic 

determinants of resistance and their chromosomal location, as well as the development of 
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molecular markers closely linked to the resistance loci would facilitate a marker-assisted 

selection (MAS) based program, allowing breeders to identify resistant lines without relying 

solely on low-throughput, complicated, direct-screening using inoculations.   
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Genetic Characterization of Barley Net Blotch Resistance Genes 
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Abstract 

 

Net blotch is one of the most devastating diseases of barley (Hordeum vulgare L.) and occurs in 

two distinct forms, net-type net blotch (NTNB) and spot-type net blotch (STNB), caused by the 

fungal pathogens Pyrenophora teres f. sp. teres and P. teres f. sp. maculata respectively.  

Several sources of resistance have been previously reported, however, few barley cultivars with 

high levels of resistance have been produced.  Pathogen variability may complicate breeding 

efforts, thus the best strategy for developing highly resistant cultivars is pyramiding of multiple 

novel resistance genes for net blotch resistance.  Efficient utilization of available resistance 

sources is dependent upon successful characterization of genes conditioning resistance in each 

resistant parent.  A partial-diallel mating scheme including five net blotch resistant parents and 

one susceptible parent was created to identify novel resistance genes, postulate gene number and 

mode of inheritance, and identify F2 populations for linkage mapping of novel genes for net 

blotch resistance.  Results indicate that the highly resistant spring barley lines CIho 2291 and 

CIho 5098, and the winter barley cultivar Nomini, each have single dominant genes for NTNB 

resistance.  Resistance to NTNB in CIho 5098 is governed by the same dominant gene conferring 

resistance in Nomini.  Resistance to NTNB in CIho 2291 is controlled by one dominant gene 

which putatively is the same gene conferring resistance in ND B112, but differs from the 

resistance genes carried by the other parents in this study.  Two F2 populations („Hector‟/Nomini 

and Hector/CIho 2291) were identified for use in linkage mapping of the novel NTNB resistance 

genes in Nomini and CIho 2291. 
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Introduction 

Barley is one of the most important crops worldwide.  In the United States alone, over 4.23 

million acres of barley were grown in 2008, with the harvested crop worth over 1.21 billion 

dollars (NASS, 2009).  Net blotch is one of the most devastating foliar diseases of barley 

worldwide, causing yield losses ranging from trace to 100%, but typically ranging from 10% to 

40% (Mathre, 1997).  The disease has two forms which cause different symptoms.  Pyrenophora 

teres f. sp. teres causes the net-type of net blotch (NTNB) and P. teres f. sp. maculata causes the 

spot-type of net blotch (STNB).  Symptoms of the NTNB form include net-like lesions of 

necrotic tissue extending longitudinally along the leaf, while STNB symptoms lack the net-like 

lesions and are smaller, round or elliptical in nature (Mathre, 1997).  The NTNB-causing isolate 

ND89-19 is one of the most virulent isolates in North America (Wu et al., 2003; Fetch et al., 

2008). 

 

While chemical and cultural control methods may help reduce net blotch incidence, genetic 

resistance is the most efficient method of controlling the disease (Mathre, 1997).  Resistance to 

NTNB has been reported in several studies.  The net blotch resistance genes Rpt1a, Rpt3d, 

Rpt1b, and Rpt2c were assigned to barley chromosomes 3H, 2H, 3H, and 5H respectively, using 

trisomic analysis (Bockelman et al., 1977).  The donor parents of these resistance genes are 

„Tifang‟ (Rpt1a), CIho 7584 (Rpt3d), and CIho 9819 (Rpt1b and Rpt2c).  An additional gene for 

NTNB resistance was mapped to chromosome 3H in the cultivar Igri and was assigned the 

temporary designation Pt,,a until an allelism test is conducted with Rpt1a and Rpt1b to determine 

the uniqueness of these independently mapped genes (Graner et al., 1996).  The resistant six-

rowed barley „Chevron‟ has a gene for NTNB resistance on chromosome 6H (Ma et al., 2004), 
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tentatively designated Rpt until allelism tests are conducted with previously mapped NTNB 

resistance genes which have been reported on 6H (Steffenson et al, 1996; Manninen et al., 2000).     

  

Relatively few net blotch resistance sources have been extensively characterized, mapped, and 

successfully deployed in barley breeding programs.  The breeding line ND B112 has been 

reported as a source of resistance to both net blotch and spot blotch, caused by the fungal 

pathogen Cochliobolus sativus (Wilcoxson et al., 1990; Steffenson et al., 1996).  The spring 

habit barley lines FR926-77 and ND 5883 also have been identified as potential sources of net 

blotch resistance (B. Steffenson, personal communication).  Additional sources of net blotch 

resistance for use in barley breeding programs were identified by screening 5,036 barley 

accessions in North Dakota (Fetch et al., 2008).  Eight accessions with broad resistance to 

multiple isolates of P. teres as well as C. sativus were identified as potential donors of resistance.  

These accessions included CIho 2291 (a spring-type barley from Virginia), CIho 5098 (a spring-

type barley from North Korea), and PI 434771 (a spring-type barley from Quebec).  The winter 

feed barley Nomini also has been identified as a source of net blotch resistance (Starling et al., 

1994). 

 

The objectives of this research were to (i) compare the net blotch resistance of barley accessions 

CIho 2291, CIho 5098, and Nomini to identify loci conditioning novel resistance to net blotch, 

(ii) conduct a genetic analysis of F2 populations derived from resistant by resistant (R x R) and 

resistant by susceptible (R x S) crosses; and R x S F2:3 families to postulate gene number, mode 
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of inheritance, and uniqueness for net blotch resistance, and (iii) identify R x S F2 populations 

useful for linkage mapping of novel sources of net blotch resistance. 

 

Materials and Methods 

Plant Materials 

Five net blotch resistant and one susceptible parent were mated in a partial-diallel scheme to 

produce a set of populations comprised of pairwise combinations of the parents.  Additionally, 

the previously reported net blotch resistance sources PI 434771 (Fetch et al., 2008) and FR926-

77 (B. Steffenson, personal communication) were included in the partial-diallel, however both 

parents were moderately susceptible in the current study.  Analysis of F2 progeny of populations 

derived from crosses between PI 434771 or FR926-77 and various resistant or susceptible 

parents confirmed the susceptibility of these lines (data not shown).  The net blotch resistant 

parents genetically characterized in this research included the primary sources CIho 5098, CIho 

2291, and Nomini, and additional resistance sources ND 5883 and ND B112, which were 

included in allelism tests (Table 1).  The net blotch susceptible parent was Hector.  In addition to 

net blotch resistance, most of the parents also have high levels of resistance to spot blotch.  

Development of agronomically desirable barley lines having resistance to both of these 

devastating fungal diseases would be facilitated by genetic characterization and mapping of 

genes conferring resistance to both pathogens.   

Crosses among the six parents listed in Table 1 were made at Virginia Polytechnic Institute and 

State University (Virginia Tech), by Wynse Brooks in 1998-99.  The F1 seed was planted in a 

field at Langdon, North Dakota by B. Steffenson in 1999 to produce F2 seed, which was kept in 
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cold storage prior to use in these experiments.  The F2:3 seed was generated at Virginia Tech in 

the greenhouse.  

 

Fungal Culture and Inoculum Preparation 

Fungal culture and inoculum preparation was conducted according to the procedures described 

by Steffenson et al. (1996).  The isolate used in inoculations was ND89-19 (APHIS Permit 

P526P-07-04647), a highly virulent isolate from North Dakota with pathotype 1-2-6-7-10-13-16-

18-25, based on disease response on 25 barley genotypes (Wu et al., 2003).   For long-term 

storage of P. teres f. sp. teres isolates, cultures were prepared from single-spore isolations, 

adhered to silica gel crystals, and stored at 4°C in glass vials.  Inoculum preparation was initiated 

approximately 2 weeks prior to inoculations by placing several silica gel crystals containing 

conidia onto petri dishes containing V-8 juice agar (Tuite, 1969).  Pyrenophora teres cultures 

were incubated at room temperature (20 to 25 ° C) for approximately 5 d under 12 h fluorescent 

lighting (14.3 μmol s
-1

 m
-2

).  After 5 d, cultures were transferred to new V-8 juice agar plates and 

cultured under the same conditions for an additional 9 d prior to the inoculation of barley plants.  

Immediately prior to inoculation, petri dishes were scraped with a sterile plastic spatula after 

adding approximately 10 to 20 ml of sterile distilled water.  Because mycelia and media may 

clog inoculation equipment, the harvested conidial suspension was filtered through a single layer 

of cheesecloth (grade #40).  After straining conidial suspensions, the inoculum was placed 

immediately on ice to inhibit spore germination.  A hemacytometer was used to calculate and 

adjust inoculum concentration to approximately 2 x 10
4
 conidia/mL.  A single drop of Tween 

20
®
 per 100 mL of inoculum was added after adjusting the concentration (Dill-Mackey, personal 
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communication; Steffenson et al., 1996).   Materials used in fungal cultures and plant materials 

were steam sterilized for 3 h prior to disposal.  

 

Growth Chamber Inoculations 

Barley plants were grown in square plastic pots (6 cm x 6 cm x 5.5 cm) with four seeds/pot and 

32 pots/flat.  The F2 population sizes ranged from 122 individuals to 643 individuals and were 

planted in five to seven flats per population.  Resistant and susceptible parents of each cross were 

included as check treatments along with the susceptible cultivar Stander as an additional check.  

Six pots of checks were included in each flat and location of the pots containing checks were 

randomized within each flat.  Data for F2 plants derived from different F1 plants were tested for 

homogeneity using a chi-square test prior to pooling data.  The 267 Hector/Nomini F2:3 families 

were planted in a total of 122 flats and included 8 to 52 plants/family.  The 112 Hector/CIho 

2291 F2:3 families were planted in a total of 22 flats and included 8 to 40 plants/family.  The 124 

Hector/CIho 5098 F2:3 families were planted in a total of 32 flats and included 8 to 28 

plants/family.  Plants were fertilized approximately 10 d after planting with 20-20-20 (N-P2O5-

K2O) water-soluble fertilizer.  Barley seedlings were inoculated at the 2 to 3 leaf stage 

(approximately 14 d after planting) with conidia suspended in water, using a glass atomizer and 

an air pump.  Inoculated seedlings were placed in complete darkness in a dew chamber (Percival 

Scientific, Perry, IA) at 20°C for approximately 24 h post-inoculation.  Following removal from 

the dew chamber, plants were placed in a growth chamber in which the temperature was 

maintained at approximately 20°C with 16 h florescent light (59.2 μmol s
-1

 m
-2

).  Evaluation of 

disease symptoms was recorded at approximately 9 to 14 d after inoculation. 
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Classification of Barley Reaction to Pyrenophora teres f. sp. teres 

Barley plants inoculated with P. teres f. sp. teres were rated using the 0 to 10 scale described by 

Tekauz (1985).  Plants receiving a rating of 1 through 5 were categorized as resistant (R) and 

plants receiving a rating of 6 through 10 were categorized as susceptible (S).  The scale accounts 

for the size, shape, and degree of chlorosis/necrosis associated with typical net blotch lesions on 

diseased barley plants.  Resistant and moderately resistant disease reactions of NTNB consist of 

small, necrotic lesions and lack the surrounding chlorosis associated with susceptible reaction 

types.  Susceptible and moderately susceptible disease reactions of NTNB are composed of 

larger, necrotic lesions with varying degrees of chlorotic border.  For highly susceptible reactions 

types, the lesions will coalesce, and in extreme cases, necrosis of the entire leaf may occur 

(Tekauz, 1985).  Chi-square tests were used to test segregation ratios in F2 and F2:3 populations. 

 

Results 

Genetic Analysis of R x R F2 Progeny 

R x R F2 Populations Including Nomini  

Segregation patterns of progeny derived from crosses between the resistant parents Nomini and 

ND B112 (152R:10S), Nomini and ND 5883 (142R:12S), and Nomini and CIho 2291 

(285R:11S), all fit a 15R:1S ratio (Table 2).  This indicates that each of these parents possess a 

single independent dominant resistance gene governing resistance to net blotch.  Progeny derived 

from a cross between Nomini and the resistant parent CIho 5098 segregated 358R:4S, fitting a 
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63R:1S ratio and indicating that the progeny were segregating for three independent dominant 

resistance genes.  Overall, segregation analysis of R x R F2 populations including Nomini 

indicates that it possesses a single dominant gene governing resistance to net blotch.  The gene in 

Nomini is different from and independent of those in ND B112, ND 5883, and CIho 2291.  

R x R F2 Populations Including CIho 2291 

Progeny derived from a cross between CIho 2291 and ND B112 segregated 247R:5S, fitting a 

63R:1S ratio and indicating that the progeny were segregating for three dominant resistance 

genes (Table 2).  Progeny derived from a cross between CIho 2291 and CIho 5098 segregated 

113R:9S and fit a 15:1 ratio.  This indicated that the progeny were segregating for two dominant 

resistance genes.  Overall, segregation analysis of R x R F2 populations including CIho 2291 

indicates that it possesses a single dominant gene governing resistance to net blotch.  The gene in 

CIho 2291 is different and independent of those in Nomini and CIho 5098. 

R x R F2 Populations Including CIho 5098 

Progeny derived from a cross between CIho 5098 and ND B112 segregated 129R:7S, fitting a 

15:1 ratio.  This indicated that these parents have single independent dominant genes governing 

net blotch resistance (Table 2).  Overall, segregation analysis of R x R F2 populations including 

CIho 5098 indicates that it possesses a single dominant gene governing resistance to net blotch.  

The gene in CIho 5098 is different and independent of those in CIho 2291 and ND B112. 

R x R F2 Populations Including ND B112 and ND 5883 

The resistant parents ND B112 and ND 5883 were included in allelism tests.  F2 Progeny derived 

from a cross between ND B112 and ND 5883 segregated 288R:32S, which was significantly 
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different from the expected 15R:1S ratio (Table 2).  Overall, segregation analysis of R x R F2 

populations including ND B112 and ND 5883 indicate that they each possess a single dominant 

gene governing resistance to net blotch.  The gene in ND B112 is different and independent of 

those in Nomini, CIho 5098, and ND 5883.  The gene in ND 5883 is different and independent 

of those in Nomini, CIho 2291, CIho 5098, and ND B112. 

Conclusions of Genetic Analysis of R x R F2 Progeny    

Results of genetic analysis of F2 progeny derived from R x R crosses indicate that Nomini has a 

single dominant gene governing net blotch resistance which differs from those in CIho 2291, ND 

B112, and ND 5883.  In contrast, these results indicate that Nomini and CIho 5098 have the 

same single dominant net blotch resistance gene.  Results of the genetic analysis of the F2 

progeny also indicate that CIho 2291 and ND B112 may share the same single dominant net 

blotch resistance gene.  

 

Genetic Analysis of R x S F2 Progeny 

Hector x ND B112 

The mode of inheritance and number of genes controlling net blotch resistance in five resistant 

parents was postulated using chi-square analysis of resistant versus susceptible F2 progeny 

derived from crosses of each resistant parent with the susceptible cultivar Hector.  ND B112 was 

given an average infection type rating of 2 (ranging from 1 to 3), while Hector was given an 

average rating of 7.5 (ranging from 5 to 10) for reaction to net blotch.  The 134 Hector/ND B112 
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F2 progeny segregated 108R:26S, fitting a 3R:1S ratio (Table 3).  This indicates that ND B112 

has a single dominant gene for net blotch resistance.  

Hector x ND 5883 

ND 5883 was given an average rating of 3.3 (ranging from 2 to 5), while Hector was given an 

average rating of 8.2 (ranging from 7 to 9).  The 144 Hector/ND 5883 F2 progeny segregated 

113R:31S, which fit a 3R:1S ratio, indicating that ND 5883 has a single dominant gene for net 

blotch resistance (Table 3). 

 Hector x Nomini 

Nomini was given an average rating of 1.6 (ranging from 1 to 3), while Hector was given an 

average rating of 8.8 (ranging from 7 to 10).  The 236 Hector/Nomini F2 progeny segregated 

167R:69S, fitting a 3R:1S ratio.  This indicates that Nomini has a single dominant gene for 

seedling resistance to net blotch (Table 3). 

Hector x CIho 2291 

The resistant parent CIho 2291 was given an average rating of 1.9 (ranging from 1 to 4), while 

the susceptible parent Hector was given an average rating of 8 (ranging from 7 to 9).  The 643 

Hector/CIho 2291 F2 progeny segregated 489R:154S, fitting a 3R:1S ratio.  This indicates that 

CIho 2291 has a single dominant gene for resistance net blotch (Table 3). 

Hector x CIho 5098 

The resistant parent CIho 5098 was given an average rating of 2.5 (ranging from 1 to 5), while 

the susceptible parent Hector was given an average rating of 7.5 (ranging from 6 to 9).  The 252 

Hector/CIho5098 F2 progeny segregated 195R:57S, fitting a 3R:1S ratio.  This indicates that 
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CIho 5098 has a single dominant gene for seedling resistance to P. teres isolate ND89-19 (Table 

3).  

Conclusions of Genetic Analysis of R x S F2 Progeny    

Results of the genetic analysis of F2 progeny derived from R x S crosses indicate that ND B112, 

ND 5883, Nomini, CIho 2291, and CIho 5098 each have a single dominant gene governing 

resistance to net blotch.  Overall these results confirm those from genetic analysis of progeny 

derived from R x R crosses.  

 

 

Genetic Analysis of R x S F2:3 Progeny 

Hector x Nomini F2:3 Families 

 Chi-square analysis of 267 Hector x Nomini F2:3 families (Table 4) confirmed data from 

F2 populations that Nomini has a single dominant gene for net blotch resistance.  The 267 F2:3 

families were classified as 61 homozygous resistant lines, 128 heterozygous lines (segregating 

3R:1S), and 78 homozygous susceptible lines.  These data fit the expected 1:2:1 genotypic ratio 

for the segregation of a single dominant gene conferring resistance to net blotch. 

Hector x CIho 2291 F2:3 Families 

 Chi-square analysis of Hector x CIho 2291 F2:3 families (Table 4) confirmed data from F2 

populations that CIho 2291 has a single dominant gene for net blotch resistance.  The 112 F2:3 

families were classified as 30 homozygous resistant lines, 52 heterozygous lines (segregating 
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3R:1S), and 30 homozygous susceptible lines.  These data fit the expected 1:2:1 genotypic ratio 

for the segregation of a single dominant gene conferring resistance to net blotch. 

Hector x CIho 5098 F2:3 Families 

 Chi-square analysis of Hector x CIho 5098 F2:3 families (Table 4) confirmed data from F2 

populations that CIho 5098 has a single dominant gene for net blotch resistance.  The 124 F2:3 

families were classified as 33 homozygous resistant lines, 59 heterozygous lines (segregating 

3R:1S), and 32 homozygous susceptible lines.  These data fit the expected 1:2:1 genotypic ratio 

for the segregation of a single dominant gene conferring resistance to net blotch. 

 

Discussion 

The efficient utilization of disease resistance sources in plant breeding programs is dependent 

upon successful characterization of the resistance gene(s) carried by such sources.  Breeding for 

disease resistance may be complicated by pathotype variability in the pathogen.  Moderate 

variability in virulence between pathotypes of P. teres f. sp. teres was reported by Steffenson and 

Webster (1992), suggesting that pyramiding of novel resistance genes from multiple sources may 

be required to develop barley cultivars having effective, broad, and durable resistance (Douiyssi 

et al., 1998; Gupta et al., 2003; Raman et al., 2003; Wu et al., 2003; Ma et al., 2004).   

 

In the current study, two recently identified NTNB resistant barley lines (CIho 5098 and CIho 

2291) and the resistant winter barley cultivar Nomini were characterized for their potential use as 

NTNB resistance sources in barley breeding programs.  These three resistance sources were 
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compared to each other and to two previously described resistance sources, ND B112 and ND 

5883 (Wilcoxson et al., 1990; Steffenson et al., 1996), using a partial-diallel mating scheme, 

which included the susceptible parent Hector.  A combination of F2 and F2:3 progeny derived 

from crosses between the six parents were used to determine novelty of the resistance genes in 

each of the resistant parents as well as to postulate gene number and mode of inheritance.  

 

Genetic analysis of F2 populations indicated that ND B112 has one dominant gene for seedling 

resistance to NTNB (Tables 2 and 3).  This resistance gene segregated independently and is 

different from those in Nomini, CIho 5098, and ND 5883 (Table2).  Genetic analysis of F2 

populations also indicated that ND 5883 has a single dominant gene for NTNB resistance.  This 

gene was novel in comparison to the resistance gene(s) in ND B112, Nomini, CIho 5098 and 

CIho 2291 (Tables 2 and 3).  Despite being previously reported as resistant (Wu et al., 2003; 

Fetch et al., 2008), FR926-77 and PI 434771 were susceptible to seedling infection with NTNB 

isolate ND89-19 in the current study and did not appear to have any genes for resistance (data 

not shown).      

 

Genetic analysis of F2 progeny derived from a cross between Nomini and CIho 5098 indicated 

that three independent, dominant genes for resistance to NTNB were segregating in this 

population (Table 2).  However, other F2 data overwhelmingly indicates that both CIho 5098 and 

Nomini have a single dominant resistance gene (Tables 3 and 4).  An alternative explanation for 

this discrepancy given the small number of susceptible individuals (4) in the Nomini x CIho 

5098 F2 population is that the four susceptible individuals were either misclassified or the result 
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of a seed mixture.  The interpretation of this scenario is that Nomini and CIho 5098 have the 

same dominant gene for NTNB resistance.  Genetic analysis of additional F2 populations 

indicated that the resistance gene(s) in CIho 5098 differ from those in CIho 2291 and ND B112.  

Genetic analysis of F2 and F2:3 populations indicated that NTNB resistance in CIho 2291 is 

conditioned by one dominant gene, which differs from the NTNB resistance genes in Nomini 

and CIho 5098  (Tables 2-4).  Genetic analysis of F2 progeny derived from a cross between ND 

B112 and CIho 2291 indicated that three independent, dominant genes for resistance to NTNB 

were segregating in this population (Table 2).  Other F2 data however, strongly indicates that 

both ND B112 and CIho 2291 have a single dominant resistance gene (Tables 3 and 4).  The 

small number of susceptible individuals (5) in the ND B112 x CIho 2291 F2 population likely 

were misclassified or the result of a seed mixture.  The implication of this scenario is that ND 

B112 and CIho 2291 have the same dominant gene for NTNB resistance.  

 

In conclusion, results of these genetic experiments have several implications for utilization of net 

blotch resistance genes carried by resistant parents included in this study.  The resistant barley 

lines Nomini, CIho 5098, and CIho 2291 all have a single dominant NTNB resistance gene.  The 

monogenic and dominant nature of net blotch resistance in these sources should allow for easy 

transfer of resistance genes into high-yielding breeding lines with favorable agronomics and end-

use quality in variety development programs.  Also, the discovery that Nomini and CIho 5098 

have the same net blotch resistance gene affords breeders wishing to utilize this resistance gene 

with a choice of donor parents.  Spring barley breeders can use CIho 5098, while winter barley 

breeders can use Nomini, thus avoiding crosses between barley parents having spring and winter 

growth habits.  The resistance gene in Nomini or CIho 5098 could be pyramided with the 
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resistance gene in CIho 2291 (or ND B112).  This strategy has been suggested as a method of 

ensuring the durability of resistance as well as providing resistance against a wide spectrum of P. 

teres isolates (Douiyssi et al., 1998).  The resistant parents Nomini, CIho 5098, and CIho 2291 

are all potential parents for linkage mapping of single dominant genes conditioning NTNB 

resistance.   
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Table 1.  Pedigree, spike type, growth habit and net blotch (caused by the fungal pathogen P. 

teres f. sp. teres) reaction of five resistant and one susceptible barley lines included as parents in 

a partial-diallel mating scheme used to derive F2 and F2:3 progeny for characterization of net 

blotch resistance genes.  

Line Pedigree Spike 

Type 

Growth 

Habit 

Net Blotch  

Reaction
†
 

ND B112 „Kindred‟/CIho 7117-77 6-rowed Spring R (1-3) 

ND 5883 „Clipper‟/6/‟Betzes‟// 

CIho 5791 

/2*‟Parkland‟/3/ 

‟Betzes‟/ 

‟Piroline‟/4/‟Akka‟ 

/5/‟Centenial‟ 

2-rowed Spring R (2-5) 

Nomini „Boone‟/‟Henry‟ 

//VA77-12-41
‡
 

6-rowed Winter R (1-3) 

CIho 2291 Selection from CIho 1326 2-rowed Spring R (1-4) 

CIho 5098 Unknown 6-rowed Spring R (1-5) 

Hector Betzes/‟Palliser‟ 2-rowed Spring S (5-10) 

† R= resistant (1 to 5) and S=susceptible (6 to 10) reactions to net blotch using the 1 to 10 scale 

developed by Tekauz (1985), based on growth chamber inoculations.  The numbers in 

parentheses represent the range of infection types for each parent on the 1 to 10 scale.  

‡ VA 77-12-41 was derived from a composite of crosses including CIho 9623, CIho 9658, CIho 

9708, and „Atlas‟, each crossed to a „Cebada Capa‟/‟Wong‟//Awnletted „Hudson‟ selection 

(Starling et al., 1994). 
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Table 2.  Chi-square test analysis of the number of genes controlling resistance to barley net 

blotch (caused by Pyrenophora teres) in five resistant barley parents.  Each population consisted 

of F2 progeny derived from resistant by resistant parental crosses. 

Parent 1 Parent 2 Resistant† Susceptible† Ratio‡ Chi-Square§ 

Nomini ND B112 152 10 15:1 0.0 

Nomini ND 5883 142 12 15:1 0.6 

Nomini CIho 2291 285 11 15:1 3.2 

Nomini CIho 5098 358 4 63:1 0.5 

CIho 2291 ND B112 247 5 63:1 0.3 

CIho 2291 CIho 5098 113 9 15:1 0.3 

CIho 5098 ND B112 129 7 15:1 0.3 

ND B112 ND 5883 288 32 15:1 7.7** 

† R= number of F2 progeny which received a rating of 1 to 5 and S= number of F2 progeny  

which received a rating of 6 to 10 using the scale described by Tekauz (1985) in response to P. 

teres f. sp. teres isolate ND89-19. 

‡ Ratio used in chi-square test where 15:1 indicates segregation of two dominant genes, and 63:1  

indicates segregation of three dominant genes. 

§ * indicates significance at P = 0.05, ** indicates significance at P = 0.01, *** indicates 

significance at P = 0.001. 
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Table 3.  Chi-square analysis of the number of genes controlling resistance to net blotch (caused 

by Pyrenophora teres) in five resistant barley parents.  Each population consisted of F2 progeny 

derived from resistant by susceptible parental crosses. 

Parent 1 Parent 2 R
†
 S

†
 Ratio

†
 Chi-square

§
 

Hector ND B112 108 26 3:1 2.2 

Hector ND 5883 113 31 3:1 0.9 

Hector Nomini 167 69 3:1 2.3 

Hector CI 2291 489 154 3:1 0.4 

Hector CI 5098 195 57 3:1 0.8 

† R= number of F2 progeny which received a rating of 1 to 5 and S= number of F2 progeny 

which received a rating of 6 to 10 using the scale described by Tekauz (1985) in response to P. 

teres f. sp. teres isolate ND89-19. 

‡ Ratio used in chi-square test where 3:1 indicates segregation of one dominant gene, 15:1 

indicates segregation of two dominant genes, and  63:1 indicates segregation of three dominant 

genes. 

§ * indicates significance at P = 0.05, ** indicates significance at P = 0.01, *** indicates 

significance at P = 0.001. 
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Table 4.  Chi-square analysis of the number of genes controlling resistance to net blotch (caused 

by Pyrenophora teres) in F2:3 families of three resistant by susceptible barley crosses. 

  # of F2:3 Families    

 R
†
 Heterozygous

†
 S

†
 Ratio

‡
 Chi-square

§
 

Hector/Nomini 61 128 78 1:2:1 2.6 

Hector/CIho 2291 30 52 30 1:2:1 0.6 

Hector/CIho 5098 33 59 32 1:2:1 0.3 

† R= number of F2:3 families in which all seedlings tested received a rating of 1 to 5 using the  

scale described by Tekauz(1985) in response to P. teres f. sp. teres isolate ND89-19.   

Heterozygous= number of F2:3 families for which seedlings segregated 3R:1S, indicating the F2 

plant from which they were derived was heterozygous.  S= number of F2:3 families 

which received a rating of 6 to 10 in response to P. teres f. sp. teres isolate ND89-19. 

‡ Ratio used in chi-square test.  1:2:1 indicates segregation of one dominant gene. 

§ * indicates significance at P = 0.05, ** indicates significance at P = 0.01, *** indicates 

significance at P = 0.001. 
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CHAPTER III 

Linkage Mapping of Barley Net Blotch Resistance Genes in Hector/Nomini and 

Hector/CIho 2291 F2 Populations 
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Abstract 

Net blotch is one of the most devastating diseases of barley (Hordeum vulgare L.) and occurs in 

two distinct forms, net-type net blotch (NTNB) and spot-type net blotch (STNB), caused by the 

closely related fungal pathogens Pyrenophora teres f. sp. teres and P. teres f. sp. maculata 

respectively.  An effective strategy for developing highly resistant cultivars is pyramiding of 

multiple genes for net blotch resistance.  Identification of diagnostic molecular markers is 

reported, which will facilitate the pyramiding of independent genes for net blotch resistance.  

Linkage mapping was used to identify the chromosomal locations of the independent, dominant 

genes conditioning NTNB resistance in the barley genotypes „Nomini‟ and CIho 2291.  An F2 

population of 238 individuals derived from a cross between Nomini and the susceptible parent 

„Hector‟ was used to map the gene governing NTNB resistance in Nomini.  An F2 population of 

193 individuals derived from a cross between CIho 2291 and Hector was used to map the gene 

governing NTNB resistance in CIho 2291.  The dominant gene governing resistance in Nomini, 

temporarily designated Rpt-Nomini, was mapped to a 9.2 cM region near the centromere of 

barley chromosome 6H between the flanking microsatellite markers Bmag0344a (r
2
=0.7) and 

Bmag0103a (r
2
=0.9), which were 6.8 cM and 2.4 cM away from Rpt-Nomini, respectively.  The 

dominant gene governing resistance in CIho 2291, temporarily designated Rpt-CIho2291, was 

mapped to a 34.3 cM interval on the distal region of barley chromosome 6H between the 

flanking microsatellite markers Bmag0173 (r
2
=0.65) and Bmag0500 (r

2
=0.26), which were 9.9 

cM and 24.4 cM away from Rpt-CIho2291, respectively.  Identification of the chromosomal 

location of Rpt-Nomini and Rpt-CIho2291 will facilitate future efforts in pyramiding multiple 

independent genes for net blotch resistance.        

 



49 
 

Introduction 

Net blotch is one of the most widespread foliar diseases of barley, occurring in most regions 

where barley is produced.  Net blotch epidemics can cause yield losses ranging from a trace to 

100%, but typically cause losses from 10% to 40% (Mathre, 1997).  The disease occurs in two 

forms, Pyrenophora teres f. sp. teres causes the net-type of net blotch (NTNB) and P. teres f. sp. 

maculata causes the spot-type of net blotch (STNB).  Although relative distribution of the NTNB 

and STNB-causing isolates is uncharacterized on a world-wide scale, NTNB-causing isolates 

were more prevalent in western Canada (Tekauz, 1990) and Australia (Gupta and Loughman, 

2001).  NTNB-causing isolates have also been reported as more virulent than STNB-causing 

isolates (Wu et al., 2003).  The NTNB-causing isolate ND89-19 is one of the most virulent 

isolates in North America (Wu et al., 2003; Fetch et al., 2008) and has the pathotype 1-2-6-7-10-

13-16-18-25 (Wu et al., 2003). 

 

Resistance to NTNB has been characterized in several studies.  The net blotch resistance genes 

Rpt1a, Rpt3d, Rpt1b, and Rpt2c were assigned to barley chromosomes 3H, 2H, 3H, and 5H 

respectively, using trisomic analysis (Bockelman et al., 1977).  The donor parents of these 

resistance genes are „Tifang‟ (Rpt1a), CIho 7584 (Rpt3d), and CIho 9819 (Rpt1b and Rpt2c).  An 

additional gene for NTNB resistance derived from the winter barley cultivar Igri was mapped to 

chromosome 3H and was assigned the temporary designation Pt,,a until an allelism test is 

conducted with Rpt1a and Rpt1b to determine the uniqueness of these independently mapped 

genes (Graner et al., 1996). 
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Several linkage mapping studies have reported genes for NTNB on barley chromosome 6H 

(Table 1).  One study reported a single gene for NTNB resistance, which was mapped to 

chromosome 6H using retrotransposon markers (Manninen et al., 2000).  This gene accounted 

for 65% of the phenotypic variation for net blotch resistance in a doubled haploid (DH) 

population derived from a cross between the resistant Ethiopian barley line CIho 9819 and the 

susceptible parent „Rolfi‟.  A gene for NTNB in the barley cultivar Chevron, temporarily 

designated Rpt, was mapped to chromosome 6H, between the flanking RFLP markers Xksua3b 

and Xwg719d (Ma et al., 2004).  Cakir et al. (2003) identified a major QTL for NTNB resistance 

in two DH barley populations.  This QTL was mapped to chromosome 6H, closely linked to the 

SSR marker Bmag0173 and explained 83% and 66% of the phenotypic variation for resistance to 

NTNB in DH populations derived from the crosses „Tallon‟/‟Kaputar‟ and VB9524/ND11231, 

respectively.  A major QTL which explained 89% of the phenotypic variation for NTNB 

resistance in a DH population derived from a cross between SM89010 (resistant) and Q21861 

(susceptible) mapped to chromosome 6H (Friesen et al., 2006).  Segregation analysis of an F2 

population derived from the same cross confirmed that NTNB resistance in the population was 

governed by a single dominant gene.  This gene was linked to the SSR marker Bmag0173, 

suggesting it is the same gene reported by Cakir et al. (2003) in ND11231 and Kaputar.  A major 

QTL for net blotch resistance derived from the resistant barley genotype TR251, designated 

QRpt6 was mapped to chromosome 6H and explained 65% and 60% of the phenotypic variation 

for resistance to P. teres f. sp. teres isolates WRS858 and WRS1607, respectively (Grewel et al., 

2008).  It is unknown whether the gene derived from CIho 9819 (Manninen et al., 2000) is 

identical to previously reported net blotch resistance genes, as no common markers were used 

and allelism tests were not conducted.  Steffenson et al. (1996) identified a QTL on chromosome 
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6H that explained 14% of the phenotypic variation for seedling resistance to NTNB in a DH 

population derived from a cross between the resistant cultivar Steptoe and the susceptible 

cultivar Morex.  An additional QTL on chromosome 6H that explained 10% of the phenotypic 

variation for adult plant resistance to NTNB was derived from Steptoe (Steffenson et al., 1996).  

A QTL analysis using an F2 population derived from a cross between the resistant parent „Hor 

9088‟ and the susceptible cultivar Arena identified four QTL on chromosome 6H that 

conditioned resistance to the NTNB-causing isolate 04/6T and accounted for 10.3% to 26.9% of 

the phenotypic variation, depending on the leaf used in phenotypic variations (Richter et al., 

1998).  A QTL conditioning net blotch resistance which explained 21% of the phenotypic 

variation was mapped to chromosome 6H, using a DH population derived from a cross between 

the resistant parent TR306 and the susceptible parent „Harrington‟ (Spaner et al., 1998). 

 

A lack of common markers between mapping studies reporting genes for net blotch resistance on 

barley chromosome 6H, as well as a lack of allelism tests between the resistant sources from 

which these genes were derived prohibits direct comparison of these genes for uniqueness.  

Another possibility, however, is that chromosome 6H may contain several distinct gene loci or 

multiple alleles governing net blotch resistance.  Abu Qamar et al. (2008) mapped two recessive 

genes for net blotch resistance in a DH population derived from a cross between „Rika‟ and 

„Kombar‟.  These genes, designated rpt.r and rpt.k were linked in repulsion at approximately 1.8 

cM apart, and each condition resistance to different isolates of P. teres.  Previously mapped net 

blotch resistance genes on chromosome 6H were dominant, indicating that this region either 

contains multiple net blotch resistance genes, or the other genes mapped to this region are allelic 

variants of rpt.r or rpt.k having different modes of gene action depending on the P. teres isolates.      
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Simple sequence repeat (SSR), or microsatellite makers are highly polymorphic and widely 

distributed throughout the barley genome (Saghai Maroof et al., 1994).  A consensus map was 

developed for barley, consisting of 775 SSR loci distributed across all seven chromosomes, 

averaging 111 SSR markers per chromosome.  Although chromosome 6H was the most sparsely 

mapped chromosome, 93 markers were mapped, spanning 139.9 cM and averaging 1.5 markers 

per cM (Varshney et al., 2007).  

 

Previous results (Chapter II) indicate that the winter barley cultivar Nomini and the spring barley 

genotype CIho 2291 each have a different single dominant gene conditioning NTNB resistance.  

The identification of tightly linked molecular markers flanking the NTNB resistance genes in 

Nomini and CIho 2291 would facilitate pyramiding these genes into a common barley breeding 

line.  The objective of this research was to utilize SSRs to map the genes governing NTNB 

resistance in Nomini and CIho 2291 using F2 populations derived from crosses of Nomini and 

CIho 2291 with the susceptible parent Hector. 

Materials and Methods 

Plant Materials 

Crosses between the resistant parents Nomini („Boone‟/‟Henry‟//VA77-12-41) and CIho 2291 

(selection from CIho 1326), and susceptible parent Hector („Betzes‟/‟Palliser‟) were made at 

Virginia Polytechnic Institute and State University (Virginia Tech) by Wynse Brooks in 1998-

99.  The breeding line VA77-12-41 was derived from a composite of crosses including CIho 
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9623, CIho 9658, CIho 9708, and „Atlas‟, each crossed to a „Cebada Capa‟/‟Wong‟//Awnletted 

„Hudson‟ selection (Starling et al., 1994).  The F1 seeds were planted in a field in Langdon, 

North Dakota by B. Steffenson in 1999 to produce F2 seed, which was kept in cold storage prior 

to use in these experiments.  The Hector/Nomini F2 mapping population consisted of 235 

individuals and the Hector/CIho 2291 F2 mapping population consisted of 193 individuals. 

 

Fungal Culture and Inoculum Preparation 

Fungal culture and inoculum preparation were conducted according to the procedures described 

by Steffenson et al. (1996).  The P. teres isolate used in the genetics study was ND89-19 (APHIS 

Permit P526P-07-04647), a highly virulent isolate from North Dakota with pathotype 1-2-6-7-

10-13-16-18-25, based on infection response of 25 barley genotypes (Wu et al., 2003).  Details 

of conditions for fungul culture and inoculum preparation were described in Chapter II.    

 

Growth Chamber Inoculations and Classification of Barley Reaction to Pyrenophora teres f. 

sp. teres 

Growth chamber inoculations and NTNB ratings were conducted using the procedures described 

in Chapter II.  The Hector/Nomini F2 population used for mapping included 238 individuals and 

the Hector/CIho 2291 F2 population used for mapping included 193 individuals.  The reduction 

in population size between the original F2 populations reported in Chapter II and the current 

study is due to a lack of either reliable F2:3 or DNA from some F2 individuals in the original F2 

populations. 
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DNA Isolation and Polymerase Chain Reaction 

Barley leaf tissue was harvested from young leaves from F2 plants of both Hector/Nomini and 

Hector/CIho 2291 F2 populations.  Leaf tissue was bulked from 3 to 6 plants of each parent.  

Leaf tissue from both populations and their respective parents was stored at -80°C prior to 

grinding using a GenoGrinder (Spex CertiPrep, Metuchen, NJ).  DNA was isolated from parental 

materials and the Hector/Nomini F2 population using the protocol described by Saghai Maroof et 

al. (1984).  DNA was isolated from the Hector/CIho 2291 F2 population using the protocol 

described by Pallotta et al. (2003), which allows for faster DNA isolation but with lower yields.   

 

Polymerase chain reaction (PCR) was conducted using two comparable methods differing only 

in the technique used to fluorescently label primers.  Primers obtained from ABI (Applied 

Biosystems Inc., Foster City, CA) were synthesized to directly contain a fluorophore (PET, 6-

FAM, VIC, or NED), and are referred to as direct labeled primers.  PCR amplifications using 

direct labeled primers were multiplexed and performed in 12 μl reactions including 1.2 μl of 10X 

PCR buffer (containing 1.5 mM magnesium chloride), 0.97 μl of pooled dNTPs (2.5 mM each 

dNTP), 0.15 μl of each forward and reverse primer (10 μM/μl) and approximately 25 ng of 

DNA.  Primers ordered from IDT (Integrated DNA Technologies Inc., Coralville, IA) were 

utilized via the nested PCR method reported by Schuelke (2000) and are referred to as M13 

labeled primers.  PCR amplifications using M13 labeled primers were completed in 12 μl 

reactions including 1.2 μl of 10X PCR buffer (containing 1.5 mM magnesium chloride), 0.97 μl 

of pooled dNTPs (2.5 mM each dNTP), 0.96 μl of the forward primer (1 μM/μl) with an M13 tail 
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at its 5‟ end, 0.72 μl of the reverse primer (10 μM/μl), 0.72 μl of a fluorescent-labeled M13 

primer (either PET, 6-FAM, VIC, or NED) and approximately 20 ng of DNA.   All PCR was 

performed in either an Eppendorf Mastercycler® (Brinkmann Instruments, Inc., Westburg, NY) 

or a Bio-Rad C1000® Thermal Cycler (Bio-Rad, Hercules, CA).  Amplification conditions for 

all primers except GBM1215 consisted of an initial denaturation at 95°C for 5 min, followed by 

35 cycles of 95°C for 1 min, 55°C to 58°C (primer dependent) for 1 min, 72°C for 2 min, and a 

final extension at 72°C for 10 min.  Amplification conditions for GBM1215 consisted of an 

initial denaturation at 95°C for 3 min, followed by 10 cycles of 95°C for 30 s, 60°C for 40 s 

(decreasing by 1°C/cycle), 72°C for 90 s and an additional 25 cycles of  95°C for 5 min, 

followed by 35 cycles of 95°C for 30 s, 50°C for 40 s, 72°C for 90 s, and a final extension at 

72°C for 10 min.  

 Bulked Segregant Analysis 

Bulked segregant analysis (BSA), as described by Michelmore et al. (1991), was initially used to 

screen SSR markers in both Hector/Nomini and Hector/CIho 2291 F2 populations.  Two resistant 

bulks and two susceptible bulks based on individual F2 plant phenotype were created for each 

population and included equal amounts of DNA from 11 to 20 individuals per bulk.  Although 

182 microsatellite primer pairs were screened in the initial BSA, only 10 and 3 SSR markers 

were polymorphic between resistant and susceptible bulks of the Hector/Nomini and 

Hector/CIho 2291 F2 populations.  The low level of polymorphism between bulks was due to the 

inclusion of heterozygous individuals in the bulks resulting from a lack of F2:3 data prior to the 

selection of F2 individuals comprising the bulks.  The level of polymorphism between the parents 

was higher, and 59% (108/182) and 49% (89/182) of the SSR primer pairs produced 

polymorphic bands between Hector and Nomini, and Hector and CIho 2291 respectively.  
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Following reconstruction of resistant and susceptible bulks including equal amounts of DNA 

from 10 to 15 homozygous F2 individuals (based on F2:3 data) per bulk, an additional 60 SSR 

primer pairs were screened using BSA for the Hector/Nomini population, 35 (58%) of which 

were polymorphic.  The second round of BSA for the Hector/CIho 2291 population consisted of 

80 SSR primer pairs, 40 (50%) of which were polymorphic.    Microsatellite markers that were 

polymorphic between the respective parents, and the corresponding susceptible and resistant 

bulks were then used to genotype the two F2 populations.  In total, 28 and 25 microsatellite 

primer pairs were used to screen the Hector/Nomini and Hector/CIho 2291 F2 populations, 

respectively, and were used in linkage mapping.   

 

Linkage Mapping 

PCR products were resolved using an ABI Prism 3130XL Genetic Analyzer (Applied 

Biosystems, Foster City, CA) following the manufacturer‟s instructions using GeneScan® -500 

LIZ® (Applied Biosystems, Foster City, CA) as an internal size standard for each sample.  

Fragment analysis was conducted with GeneMarker v1.4 (SoftGenetics LLC, State College, PA).  

Linkage maps were generated using MAPMAKER 3.0 software (Whitehead Institute, 

Cambridge, MA).  The Kosambi function was used to determine cM estimates between adjacent 

markers.   
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Results 

Linkage Mapping in a Hector/Nomini F2 Population 

The initial BSA identified 10 microsatellite markers that were polymorphic in the Hector/Nomini 

F2 population, 8 of which had been previously mapped to barley chromosome 6H.  A secondary 

BSA was conducted using 60 additional microsatellite primer pairs, 35 of which were 

polymorphic between Hector, Nomini, and the corresponding resistant and susceptible bulks.  A 

set of 28 microsatellite primer pairs ultimately selected to screen the entire Hector/Nomini F2 

population included markers which had been previously mapped to each of the barley 

chromosomes, with the exception of chromosome 3H.  Results of preliminary linkage analysis 

(not shown) based on polymorphic microsatellite markers identified in BSA (Table 2) indicated 

the gene governing NTNB resistance in Nomini was on chromosome 6H. 

 

The linkage map of chromosome 6H developed using the Hector/Nomini F2 population included 

ten SSR markers and spanned a total of 84.1 cM, averaging 8.41 cM between adjacent markers.  

Fragment size amplified by each parent for each marker on the Hector/Nomini linkage map is 

presented in Table 3.  The gene governing NTNB resistance in Nomini was mapped to a 9.2 cM 

region near the centromere of chromosome 6H flanked by SSR markers Bmag0344a and 

Bmag0103a, which were 6.8 and 2.4 cM from the gene and explained 70% and 90% of the 

phenotypic variation, respectively.  The linkage map of barley chromosome 6H developed for 

the Hector/Nomini F2 population is presented in Figure 1.  
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Linkage Mapping in a Hector/CIho 2291 F2 Population 

The initial BSA identified three microsatellite markers which were polymorphic in the 

Hector/CIho 2291 F2 population, each of which had been previously mapped to barley 

chromosome 6H.  A secondary BSA was conducted using 80 additional microsatellite primer 

pairs, 40 of which were polymorphic between Hector, CIho 2291 and the corresponding resistant 

and susceptible bulks.  A set of 25 microsatellite primer pairs ultimately selected to screen the 

entire Hector/CIho 2291 F2 population included markers which had been previously mapped to 

all seven of the barley chromosomes.  Results of linkage analysis based on polymorphic 

microsatellite markers identified in BSA (Table 4) indicated the gene governing NTNB 

resistance in CIho 2291 was on chromosome 6H. 

 

The linkage map of chromosome 6H developed using the Hector/CIho 2291 F2 population 

included seven SSR markers and spanned 83.9 cM, averaging 12 cM between markers.  The 

fragment size amplified by each parent is presented in Table 5.  The gene governing NTNB 

resistance in CIho 2291 was mapped to a 34.3 cM region on the short arm of chromosome 6H 

(Ramsay et al., 2000) with the flanking markers Bmag0500 and Bmag0173, which were 24.4 and 

9.9 cM from Rpt-CIho2291, and explained 26% and 65% of the phenotypic variation 

respectively.  The only other SSR markers which have been previously mapped to the 

Bmag0500-Bmag0173 interval are from the GBM set (Varshney et al., 2007) and did not amplify 

in the Hector/CIho 2291 mapping population, preventing the identification of markers which are 

more tightly linked to Rpt-CIho2291.  The linkage map of chromosome 6H developed for the 

Hector/CIho 2291 population is presented in Figure 2.  
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Discussion 

Several authors have previously reported barley net blotch resistance genes at different locations 

on chromosome 6H (Steffenson et al, 1996; Manninen et al., 2000).  While it is difficult to 

ascertain whether these studies have mapped a common gene or multiple loci for net blotch 

resistance on chromosome 6H, Abu Qamar et al. (2008) demonstrated that at least two 

independent recessive net blotch resistance genes are on 6H.  Other studies have identified 

dominant genes conferring net blotch resistance on chromosome 6H (Table 1), suggesting that 

these genes may be independent of those mapped by Abu Qamar (2008).  It is therefore possible 

that several independent loci conditioning net blotch resistance are on chromosome 6H.  In the 

current study, two net blotch resistance genes were mapped to chromosome 6H.  These two 

genes are temporarily designated Rpt-Nomini and Rpt-CIho2291, until their relationship with net 

blotch resistance genes previously mapped to barley chromosome 6H is determined in allelism 

tests. 

 

Genetic analysis of an F2 population derived from a cross between CIho 2291 and Nomini 

segregated 285R:11S, fitting a 15:1 ratio (Chapter II).  This indicated that these parents each 

have a single dominant gene governing NTNB resistance.  Although the NTNB resistance genes 

in both CIho 2291 and Nomini mapped to chromosome 6H, they segregated with a 

recombination frequency of approximately 40%.  Based on their relationship to the SSR marker 

Bmag0344a, which was mapped in both Hector/CIho 2291 and Hector/Nomini F2 populations, it 

can be inferred that  Rpt-Nomini and Rpt-CIho2291 are at least 30 cM apart on chromosome 6H. 
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Previous studies mapping genes for net blotch resistance have reported the presence of loci 

conditioning resistance in the region of barley chromosome 6H to which Rpt-Nomini was 

mapped.  Steffenson et al. (1996) mapped two QTL conditioning 10% and 14% of the 

phenotypic variation for seedling net blotch resistance derived from the resistant parent „Steptoe‟ 

to chromosome 6H.  Grewal et al. (2007) identified a major QTL governing NTNB resistance in 

the resistant barley line TR251, designated as QRpt6, on chromosome 6H, between the flanking 

SSR markers Bmag0009 and Bmag0496.  These markers were both mapped in the current study 

and were 17.7 cM and 18.5 cM distal to Rpt-Nomini, respectively.  The gene conditioning NTNB 

resistance in the resistant barley line CIho 9819 was also mapped to barley chromosome 6H 

(Manninen et al., 2000), however, retrotransposon-based markers were used for linkage mapping 

in this study, thus preventing a direct comparison with the current study.        

 

Previous studies mapping net blotch resistance genes have also reported the presence of loci 

conditioning resistance near the region of barley chromosome 6H where Rpt-CIho2291 was 

mapped in the current study.  The closely linked recessive net blotch resistance genes rpt.r and 

rpt.k are both linked at <5 cM to the SSR marker Bmag0173 (Abu Qamar et al., 2008), which is 

one of the markers flanking Rpt-CIho2291.  The location of Rpt-CIho2291 on 6H is 9.9 cM distal 

to Bmag0173, while both rpt.r and rpt.k were proximal in relation to Bmag0173.  This suggests 

that a third gene for net blotch resistance may be located in this region of chromosome 6H, or a 

chromosomal inversion or deletion may have occurred.  Allelism tests will be necessary to 

further examine the relationship of Rpt-CIho2291 with rpt.r and rpt.k.  A dominant gene 

conditioning resistance to three P. teres isolates in the barley line SM89010 also mapped to 

chromosome 6H and was proximal to Bmag0173 (Friesen et al., 2006).  It is unknown whether 
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the gene conditioning NTNB resistance in SM89010 is either a dominant allele of rpt.r or rpt.k, 

or an independent net blotch resistance gene.  Cakir et al. (2003) also identified a major QTL 

linked to Bmag0173 in two distinct doubled haploid (DH) mapping populations.  This QTL 

accounted for 83% and 66% of the phenotypic variation for NTNB resistance in Tallon/Kaputar 

and VB9524/ND11231 DH populations, respectively.   

 

In conclusion, the dominant net blotch resistance genes Rpt-Nomini and Rpt-CIho2291 were 

mapped to distinct regions of barley chromosome 6H and were at least 30 cM apart.  The 

approximate chromosomal location of these genes is based on flanking SSR markers which have 

been previously reported to be associated with net blotch resistance.  Future research that would 

facilitate pyramiding of multiple genes for net blotch resistance includes conducting allelism 

tests between barley lines which reportedly have net blotch resistance genes on chromosome 6H, 

and saturation of the Rpt-CIho2291 region with additional molecular markers to identify markers 

which are tightly linked to Rpt-CIho2291 and could be used in marker-assisted selection.  

Marker-assisted selection (MAS) for NTNB resistance derived from Nomini can be conducted 

using the flanking microsatellite markers Bmag0103a and Bmag0344a, as in the current study, as 

these markers accounted for 90% and 70% of the phenotypic variation for net blotch resistance, 

respectively.  In the event of monomorphism of these markers in a breeding population, the 

microsatellite marker Bmgtttttt0001 may provide an alternative for use in MAS based on its 

location 2.6 cM distal to Bmag0344a.  Additionally, MAS for NTNB resistance based on the 

microsatellite marker Bmag0173, which accounted for 65% of the phenotypic variation in the 

current study, may be applied in breeding populations with NTNB resistance derived from CIho 

2291, ND11231 (Cakir et al., 2003; Emebiri et al., 2005), Kaputar (Cakir et al., 2003), or 
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SM89010 (Friesen et al., 2006).  While allelism tests have not been conducted to compare the 

resistance genes in these resistant parents, Bmag0173 was linked to net blotch resistance derived 

from each of these parents.  Ultimately, pyramiding of Rpt-Nomini and Rpt-CIho2291 into elite 

backgrounds will provide a sound net blotch control strategy and help ensure the durability of net 

blotch resistance.      
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Table 1. Summary of net blotch resistance genes or major QTL (R
2
 > 0.50) mapped to barley 

chromosome 6H. 

 

Gene/QTL
†
 Flanking Markers Interval

‡
 Resistance Source Isolate

§
 

 

Unnamed Gene
1
 HVM65 

HVM14 

2 cM 

 

CIho 9819 P8 

Rpt
2
 Xksua3b 

Xwg719d 

36.7 cM Chevron ND89-19 

QRpt
3
 Bmag0173 

 

1.7 to 4.8 cM ND11231 and 

Kaputar 

NB77 

Unnamed QTL
4
 EBmac0874 

M49-P40-650 

9.3 cM SM89010 15A, 0-1, and 

ND89-19 

QRpt6
5
 HVM74 

Bmag0496/Bmag0009 

3 cM 

 

TR251 WRS858 and 

WRS1607 

rpt.k
6
 ABC02895/Bmag0173 

GBS0468/ABC01797 

5.9 cM 

 

Kombar 6A 

rpt.r
6
 ABC02895/Bmag0173 

GBS0468/ABC01797 

5.9 cM 

 

Rika 15A 

Rpt-Nomini
7
 Bmag0344a 

Bmag0103a 

9.2 cM 

 

Nomini ND89-19 

Rpt-CIho2291
7
 Bmag0500 

Bmag0173 

34.3 cM CIho 2291 ND89-19 

 

 † Reference in which gene/QTL was reported: 1 – Manninen et al. (2000), 2 – Ma et al. (2004), 

3 – Cakir et al. (2003) and Emebiri et al. (2005), 4 – Friesen et al. (2006), 5 – Grewal et al. 

(2007), 6 – Abu Qamar et al. (2008), 7 – Current study. 

‡ Genetic distance between the two closest markers flanking the gene/QTL as reported in the 

study in which the gene/QTL was mapped. 

§ Pyrenophora teres f. sp. isolate used in mapping study 
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Table 2. Marker name and chromosome location of polymorphic microsatellite markers 

identified using BSA and included for preliminary linkage analysis of the gene governing net 

blotch resistance in an F2 barley population derived from a cross between the net blotch 

susceptible parent Hector and the net blotch resistant parent Nomini. 

 

 

Marker Name Chromosome
†
 Reference

‡
 

Bmac0144 1H Ramsay et al. (2000) 

Bmac0154 1H Ramsay et al. (2000) 

Bmag0345 1H Ramsay et al. (2005) 

EBmac0659 1H Ramsay et al. (2000) 

Bmac0218 2H Ramsay et al. (2000) 

HVBKASI 2H Mesfin et al. (2003) 

EBmac0415 2H Ramsay et al. (2000) 

Bmac0175 4H Ramsay et al. (2000) 

EBmac0788 4H Ramsay et al. (2000) 

Bmag0223 5H Ramsay et al. (2000) 

EBmac0684 5H Ramsay et al. (2000) 

Bmac0316 6H Ramsay et al. (2000) 

Bmag0500 6H Ramsay et al. (2000) 

Bmag0173 6H Ramsay et al. (2000) 

GBM1215 6H Varshney et al. (2007) 

hvm65 6H Liu et al. (1996) 

Bmac0018 6H Ramsay et al. (2000) 

Bmag0496 6H Ramsay et al. (2000) 

Bmag0009 6H Ramsay et al. (2000) 

hvm14 6H Liu et al. (1996) 

Bmgtttttt0001 6H Ramsay et al. (2000) 

Bmag0344a 6H Ramsay et al. (2000) 

Bmag0103a 6H Ramsay et al. (2000) 

Bmac0040 6H Mesfin et al (2003) 

ABC156 7H Li et al. (2003) 

Bmag0217 7H Ramsay et al. (2000) 

EBmac0764 7H Ramsay et al. (2000) 

EBmac0827 7H Ramsay et al. (2000) 

 

† Reported chromosomal location of SSR markers based on a barley consensus map reported by 

Varshney et al. (2000). 

‡ Reference in which SSR markers were originally reported. 
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Table 3. Marker name, fragment-size amplified by the susceptible parent Hector and resistant 

parent Nomini, fluorescence method, and annealing temperature of markers used to map Rpt-

Nomini to barley chromosome 6H. 

 

Marker Name Hector Allele
†
 Nomini Allele

†
 Fluorescence

‡ 

 

Annealing
§
 

Bmag0500 181 167 M13 tailed 58 °C 

GBM1215 237 229 M13 tailed Touchdown 

hvm65 124 122 Direct labeled 58 °C 

Bmac0018 137 131 Direct labeled 58 °C 

Bmag0496 202 190 Direct labeled 58 °C 

Bmag0009 170 172 Direct labeled 58 °C 

hvm14 162 160 Direct labeled 58 °C 

Bmgtttttt0001 225 207 Direct labeled 58 °C 

Bmag0344a 176 180 M13 tailed 58 °C 

Bmag0103a 166 164 M13 tailed 58 °C 

 

† Values represent the fragment size in base pairs (bp) amplified by the susceptible parent Hector 

and the resistant parent Nomini.  PCR products were resolved using an ABI Prism 3130XL 

Genetic Analyzer (Applied Biosystems, Foster City, CA). 

‡ Designates the method used for fluorescent labeling of amplified fragments.  Direct labeled = 

primers ordered from ABI (Applied Biosystems Inc., Foster City, CA) with a fluorescent dye 

label.  M13 tailed = primers ordered from IDT (Integrated DNA Technologies Inc., Coralville, 

IA) and labeled using a nested PCR method (Schuelke, 2000). 

§ Indicates the annealing temperature used in amplification.  GBM1215 was amplified using a 

touchdown PCR method with the initial annealing temperature of 60°C and a final annealing 

temperature of 50°C. 
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Figure 1. Linkage map of barley chromosome 6H based on simple sequence repeat (SSR) 

markers screened in an F2 population of 235 individuals derived from a cross between the net 

blotch susceptible parent Hector and the resistant parent Nomini.  The gene conditioning net 

blotch resistance in Nomini, Rpt-Nomini, is flanked by the SSR markers Bmag0344a and 

Bmag0103a.  
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Table 4. Marker name and chromosome location of polymorphic microsatellite markers 

identified using BSA and included for linkage analysis of the gene governing net blotch 

resistance in an F2 barley population derived from a cross between the net blotch susceptible 

parent Hector and the net blotch resistant parent CIho 2291. 

 

Marker Name Chromosome† Reference
‡
 

Bmac0144 1H Ramsay et al. (2000) 

Bmag0105 1H Ramsay et al. (2000) 

Bmag0345 1H Ramsay et al. (2005) 

EBmac0659 1H Ramsay et al. (2000) 

Bmac0134 2H Ramsay et al. (2000) 

Hvm36 2H Liu et al. (1996) 

HVBKASI 2H Mesfin et al. (2003) 

Bmac0067 3H Ramsay et al. (2000) 

Bmag0131 3H Ramsay et al. (2000) 

Bmac0310 4H Ramsay et al. (2000) 

EBmac0788 4H Ramsay et al. (2000) 

Bmag0223 5H Ramsay et al. (2000) 

EBmac0684 5H Ramsay et al. (2000) 

Bmag0500 6H Ramsay et al. (2000) 

Bmag0173 6H Ramsay et al. (2000) 

GMS006 6H Struss et al. (1998) 

hvm65 6H Lui et al. (1996) 

Bmag0496 6H Ramsay et al. (2000) 

Bmag0009 6H Ramsay et al. (2000) 

Bmgtttttt0001 6H Ramsay et al. (2000) 

Bmag0344a 6H Ramsay et al. (2000) 

Bmac0040 6H Mesfin et al (2003) 

Bmag0341 7H Ramsay et al. (2000) 

EBmac0764 7H Ramsay et al. (2000) 

EBmac0827 7H Ramsay et al. (2000) 

 

† Reported chromosomal location of SSR markers based on a barley consensus map reported by 

Varshney et al. (2000). 

‡ Reference in which SSR markers were originally reported. 
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Table 5. Marker name, fragment-size amplified by the susceptible parent Hector and resistant 

parent CIho 2291, fluorescence method, and annealing temperature of markers used to map Rpt-

CIho2291 to barley chromosome 6H. 

 

Marker Name Hector Allele
†
 CIho 2291 Allele

†
 Fluorescence

‡
 Annealing

§
 

Bmag0500 181 183 M13 tailed 58 °C 

Bmag0173 170 172 M13 tailed 58 °C 

GMS006 173 171 M13 tailed 58 °C 

Bmag0496 202 196 Direct labeled 58 °C 

Bmgtttttt0001 225 222 Direct labeled 58 °C 

Bmag0344a 176 182 M13 tailed 58 °C 

Bmag0040a 215 244 M13 tailed 58 °C 

 

† Values represent the fragment size in base pairs (bp) amplified by the susceptible parent Hector 

and the resistant parent CIho 2291.  PCR products were resolved using an ABI Prism 3130XL 

Genetic Analyzer (Applied Biosystems, Foster City, CA). 

‡ Designates the method used for fluorescent labeling of amplified fragments.  Direct labeled = 

primers ordered from ABI (Applied Biosystems Inc., Foster City, CA) with a fluorescent dye 

label.  M13 tailed = primers ordered from IDT (Integrated DNA Technologies Inc., Coralville, 

IA) and labeled using a nested PCR method (Schuelke, 2000). 

§ Indicates the annealing temperature used in amplification.  
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Figure 2. Linkage map of barley chromosome 6H based on simple sequence repeat (SSR) 

markers screened in an F2 population of 193 individuals derived from a cross between the net 

blotch susceptible parent Hector and the resistant parent CIho 2291.  The gene conditioning net 

blotch resistance in CIho 2291, Rpt-CIho2291, is flanked by the SSR markers Bmag0500 and 

Bmag0173. 
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