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ABSTRACT  

Barley spot form net blotch (SFNB) caused by Pyrenophora teres f. maculata (Ptm) and 

Fusarium head blight (FHB) caused by Fusarium graminearum are devastating diseases of 

barley requiring advanced molecular breeding tools for disease management. I used genetic 

mapping and host-induced gene silencing (HIGS) to identify novel host genes and target existing 

pathogen genes to improve disease resistance in barley. Barley resistance to SFNB is often 

isolate specific and the Idaho isolate 13MI8.3 has a unique virulence profile. Two recombinant 

inbred mapping populations were utilized to characterize and map 13IM8.3 resistance. 

Quantitative trait loci (QTL) analysis revealed 10 significant resistance/susceptibility loci, 

including a previously unidentified QTL on chromosome 5H and the Rpt4 locus on chromosome 

7H containing a dominant susceptibility gene (Sptm1) for broad-spectrum susceptibility to 

SFNB. Fine mapping of the Rpt4 locus in a F2:3 population derived from the cross Tradition (S) × 

PI 67381 (R) anchored the Sptm1 gene to a 400 kb region on chromosome 7H, and a putative 

cold-responsive protein kinase gene (HORVU.MOREX.r3.7HG0735560) was identified as a 

strong candidate and potential target for gene editing. As for the FHB management, HIGS was 

employed to silence the fungal gene FgGCN5 using the barley line Golden Promise. The 

FgGCN5 gene encodes a histone acetyltransferase which is essential for the F. graminearum 

growth. Despite demonstrated production of FgGCN5 small-interfering RNAs in the transgenic 

barley; the disease severity, DON accumulation, and fungal biomass showed no difference from 

wild-type. This research allows for more in depth analysis for the use of HIGS against FHB. Use 

of genetic maps, QTL, molecular markers, and transgenic technology in this research will benefit 

barley breeders, growers, and the industry in developing resistance to these important diseases. 
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CHAPTER 1: LITERATURE REVIEW 

Barley 

Global and Local Barley Production 

Barley (Hordeum vulgare L.) is one of the earliest and the most important cultivated 

cereal crops globally. In 2022, the United States produced 3.80 million tons of barley, ranking 

9th behind the European Union, Russia, Australia, Canada, Turkey, the United Kingdom, 

Ukraine, and Argentina (USDA-FAS, 2022). After corn, wheat, and rice, barley is the fourth 

most-produced cereal crop in the United States. North Dakota (ND), along with Idaho (ID) and 

Montana (MT), is a leading producer and ranks second in barley production. North Dakota 

produced 48.18 million bushels of barley in 2022, while the total US yield was 174.33 million 

bushels (NASS, 2022). In the US, barley is primarily produced for malting, with minor uses as 

animal fodder and human consumption (Poehlman, 1994). Recently, the use of barley in the 

production of pet food has emerged as a new market for North Dakota and Minnesota barley 

growers, accounting for up to 30% of total barley production (Bailey, 2022). In other countries, 

approximately 75% of barley is used for animal feed, 20% for malting, and 5% for food 

consumption (IBGSC, 2012). Barley is an essential source of food in areas such as the Middle 

East, North Africa, Asia, and North and Eastern Europe. It contains 65 to 68% starch, 10 to 17% 

protein, 4 to 6% β-glucan, 2 to 3% free lipids, 1.5 to 2.5% minerals, and 11 to 34% total fibers 

(Fastnaught, 2001; Quinde et al., 2004). There are two types of barley produced: two-rowed and 

six-rowed barley. The florets of the six-row type are all fertile, whereas only the central florets of 

the two-row type are fertile. Moreover, six-row varieties were more widely planted and preferred 

by farmers, particularly in the malting industry during the 20th century in the US. However, 

modern malting industries prefer two-row varieties due to their advantageous malting 
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characteristics, such as a more robust malt flavor in beers and an increase in malting extract 

production (Knutson, 2020; Mathre).  

History of Barley Production in the USA 

In 1494, the second voyage of Christopher Columbus brought barley to North America 

(Newman and Newman, 2006). Though, production began in 1602 in New England due to 

increased European settlement using English two-row landraces that were poorly adapted to the 

region (Schwarz et al., 2011). In the 1700s, production increased and expanded westward into 

New York, following the Scottish six-row landraces that were more suitable for the region. Until 

the late 19th century, New York remained a leading producer of barley (Schwarz et al., 2011). In 

the late eighteenth century, the Spanish Missions contributed to the development of barley 

production in California, which was a major producer of barley until the 1970s, with production 

increasing during the mid-19th century gold rush. The coastal barley varieties of California are 

descended from North African six-row varieties that were brought from Spain (Schwarz et al., 

2011). Barley would continue its westward migration from the East to the Midwest of the US 

with the Manchurian Oderbrucker line, and then to the western seaboard, including the Pacific 

Northwest (Schwarz et al., 2011; Slafer et al., 2002). North Dakota became a major producer of 

barley in the early 1900s, followed by Idaho and Montana in the mid-1950s (Schwarz et al., 

2011).  

Evolution of Barley  

Within the Pooideae, the monophyletic Triticeae tribe contains 400-500 species, 

including wheat, barley, and rye (Middleton et al., 2014). Barley separated from wheat and rye 

9.2 million years ago (Middleton et al., 2014; Brassac and Blattner, 2015); as a result, the 

genomes of these three species are highly syntenic (Moore et al., 1995). There are 33 
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hybridizable species within the Hordeum genus, which comprises diploid (2n = 2x = 14), 

tetraploid (2n = 4x = 28), and hexaploid (2n = 6x = 42) (Brassac and Blattner, 2015). The wild 

subspecies progenitor (H. vulgare ssp. spontaneum, Hsp) is the ancestor of domesticated barley 

(H. vulgare ssp. vulgare) (Pourkheirandish and Komatsuda, 2007). A second barley species (H. 

bulbosum) is the most closely related Hordeum species to domesticated barley diverged 4 Mya 

(Brassac and Blattner, 2015). There are four types of Hordeum genome: H, Xu, Xa and I. Both 

H. vulgare and H. bulbosum share a basic H genome. The wild barley and H. bulbosum (also 

known as bulbous barley), have been used as genetic sources in breeding programs to establish 

disease resistance and other desirable traits in cultivated barley (Jouve et al., 2018). 

 Domestication of Barley 

The earliest evidence of barley grain collection dates back to 23 thousand years ago 

(KYA) on the shores of the Sea of Galilee (Pourkheirandish et al., 2015). Archaeological 

evidences of beer fermentation occurred 13 KYA indicate the beginning of cereal domestication 

(Liu et al., 2018). Approximately 10-12 KYA, the domestication of barley from its wild ancestor 

began at the emergence of Neolithic agriculture, (IBGSC, 2012; Paterson et al., 2003; Wang et 

al., 2019). Seed size, ear rachis stiffness, and seed release are the three primary physical traits 

that distinguish wild cereals from domesticated cereals (Salamini et al., 2002). Barley 

domestication resulted in wider leaves, shorter stems, shorter smooth awns, reduced seed 

dormancy, semi-brittle rachis if harvested before full maturity (Pourkheirandish and Komatsuda, 

2007; Salamini et al., 2002), and white/yellow grain (Pourkheirandish and Komatsuda, 2007; 

Salamini et al., 2002; Jia et al., 2017). In addition, the winter and spring growth habits, two- and 

six-row spikelets, hulled and hulless variants, and semi-dwarf types are four major post-
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domestication characteristics, but they are not fixed in all barley classes of current barley 

cultivars (Pourkheirandish and Komatsuda, 2007; Xu et al., 2017). 

The brittle rachis and rough awns permit the ear to shatter and aid in seed dispersal 

(Pourkheirandish and Komatsuda, 2007). Two dominant complementary genes (Btr1 and Btr2) 

that are closely linked (100kb apart) on the short arm of chromosome 3H (3HS) govern the 

Brittle rachis trait of wild barley (Civáň and Brown, 2017). The non-brittle rachis was caused by 

a loss-of-function mutation resulting from a 1-bp deletion or single point mutation in Btr1 or an 

11bp deletion in Btr2 (Civáň and Brown, 2017). The development of naked/hulless barley, which 

makes it easier to remove the husk, occurred after the selection of non-brittle rachis. The 

prevalence of naked barley in Asian may indicate the origin of the trait (Pourkheirandish and 

Komatsuda, 2007). One recessive gene, nud, located within a 17 kb deletion on the long arm of 

chromosome 7H (7HL), is responsible for the characteristic (Sang, 2009). This gene encodes an 

ethylene response factor (ERF) controlling the caryopsis covered/naked phenotype. Homolog of 

this gene identified in Arabidopsis encodes the WIN1/SHN1 transcription factor, which is 

presumed to regulate a lipid biosynthesis pathway. Thus, staining with a lipophilic dye (Sudan 

black B) revealed a lipid layer on the pericarp epidermis only in barley with covered caryopsis 

(Taketa et al., 2008). Hulless barley is often used for human consumption only, while hulled or 

covered types are used as animal feed and malting kinds (Sang, 2009). 

The temporary inability of a viable seed to germinate under optimal environmental 

conditions is controlled by seed dormancy. For wild types to endure challenging circumstances 

or to propagate across a larger area, seed dormancy was necessary (Pourkheirandish and 

Komatsuda, 2007). A delicate balance between non-dormant seed and resistance to pre-harvest 

sprouting is desired in modern agriculture, notably for the malting barley (Pourkheirandish and 
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Komatsuda, 2007). Seed dormancy is a quantitative feature that is heavily influenced by the 

environment. On chromosome 5H, two seed dormancy loci, SD1 and SD2, have been found thus 

far (Li et al., 2004).  

The presence of the two-rowed phenotype in wild barley suggests that the two-rowed 

spike is the ancestral form, which was transformed into a six-rowed spike during domestication 

(Pourkheirandish and Komatsuda, 2007). Due to the reduced tillering (basal branching) and 

rachis node number, cultivated six-rowed barleys do not produce three times as much grain as 

their potential (Kirby and Riggs, 1978; Lundqvist et al., 1997). In addition, lateral rows produce 

smaller and lighter grains than their central counterparts, resulting in less uniform grain size or 

weight in six-rowed spikes (Gupta et al., 2010; Lang et al., 2013). Two-row and six-row types of 

barley are determined by the Vrs1.b and vrs1.a alleles of the Vrs1 gene on chromosome 2HL, 

respectively (Komatsuda et al., 2007).  In addition, allelic variation at this locus (vrs1.a, Vrs1.b, 

vrs1.c, Vrs1.p, Vrs1.t) has been demonstrated to partially affect awn length (Komatsuda et al., 

2007; Liller et al., 2017). Additional Vrs1 alleles are designated according to the mutations 

present, such as vrs1.a1, vrs1.a2, vrs1.a3, and vrs1.a4. Four additional row-type determining 

genes have been found, Vrs2, Vrs3, Vrs4, and Vrs5 on 5HL, 1HL, 3HS, and 4HS, respectively 

(Pourkheirandish and Komatsuda, 2007).   

 The molecular identities of the five major row-type genes were revealed. The highly 

conserved Vrs5 (Int-c) gene was a cloned as an inhibitor of lateral branching which is an 

architecture comparable to a six-row spike (Ramsay et al., 2011; de Souza Moraes et al., 2021). 

VRS1 encodes a homeodomain-leucine zipper class I (HD-ZIP1) protein orthologous to 

maize grassy tillers1 (gt1) which inhibits tiller bud outgrowth at the downstream of teosinte 

branched1 (Tb1), another major domestication locus controlling tillering and lateral 
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branching (Komatsuda et al., 2007; Whipple et al., 2011). VRS2 is a homolog of the Arabidopsis 

SHORT INTERNODES gene, the loss of which causes hormonal imbalances between auxin and 

cytokinin in the spike (Youssef et al., 2017). VRS3 encodes a possible Jumonji C-type (JMJC) 

H3K9me2/3 histone demethylase (Bull et al., 2017; van Esse et al., 2017), which is orthologous 

to the rice gene OsJMJ706 controlling rice spikelet morphology (Sun and Zhou, 2008). 

According to comparative transcriptomics, VRS3 promotes the expression of other VRS genes 

(Bull et al., 2017; van Esse et al., 2017). VRS4 encodes a transcription factor that prevents 

ectopic branching in maize ears and tassels and is orthologous to the maize ramosa2 gene 

(Koppolu et al., 2013). VRS5 encodes a class II TCP transcription factor, and its orthologs 

suppress tiller bud outgrowth to promote apical dominance in maize, rice, wheat, and 

Arabidopsis (Ramsay et al., 2011; Dixon et al., 2018).  

Vernalization is the process by which a plant transitions from a vegetative to a 

reproductive state by requiring a period of low temperature. The vernalization pathway genes 

prevent flower development during the winter, protecting floral organs from cold 

(Pourkheirandish and Komatsuda, 2007). Apart from a few strains that are considered hybrids 

with spring cultivars, almost all wild barleys grow in the winter. Three genes are responsible for 

vernalization: sgh1, Sgh2, and Sgh3 on 4H, 5H, and 7H, respectively (Pourkheirandish and 

Komatsuda, 2007). The dominant mutation from sgh2 to Sgh2 is considered to have occurred 

first, with alleles Sgh2I and Sgh2II demonstrating a gradation of vernalization requirements 

(Pourkheirandish and Komatsuda, 2007).  

Finally, compared to landraces and previous non-semi-dwarf cultivars, the average yield 

of semi-dwarf barley types carrying the uzu1 gene is increased by 4.7-fold (Xu et al., 2017). 

There are more than 30 varieties of dwarf barley, but the three most important semi-dwarf 
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mutations in cultivars cultivated in Asia, early Europe, and modern Europe/America/Australia 

are semi-brachytic 1 (uzu1; 3HL), breviaristatum-e (ari-e; 5HL), and semi-dwarf 1 (sdw1/denso; 

3HL), respectively (Xu et al., 2017). The sdw1 locus includes the alleles sdw1.a, sdw1.c (denso), 

sdw1.d, and sdw1.e (Xu et al., 2017). 

Genetic Tools and Resources in Barley 

The restriction fragment length polymorphisms (RFLPs), isozyme, and morphological 

trait loci were used as markers in the first genetic map of barley. The first genetic map of barley 

covered an area of 870 cM and contained 114 RFLP markers using the Igri x Franka (IF) 

doubled haploid (DH) population. This population was chosen because it had different Mla gene 

alleles conferring resistance to powdery mildew (Graner et al., 1991).  

Subsequent maps employed RFLPs, random amplified polymorphic DNA markers 

(RAPDs), isozymes, and morphological trait loci or amplified fragment length polymorphism 

(AFLPs) with the Steptoe x Morex (SM) DH population (Kleinhofs et al., 1993) and the L94 x 

Vada recombinant inbred lines (RILs) population (Qi et al., 1998). Parental lines were selected 

based on their distinct agronomic characteristics and leaf rust resistance and spanned 1250 and 

1062 cM, respectively (Kleinhofs et al., 1993; Qi et al., 1998). A total of 253 simple sequence 

repeats (SSR) markers were mapped with the Lina x Canada Park DH population (Ramsay et al., 

2000). Utilization of DH mapping populations continued to be prevalent in QTL mapping and 

development of varieties in winter barley breeding programs (Behn et al., 2005; Hearnden et al., 

2007; Powell et al., 1997; Sato et al., 2011; Szűcs et al., 2009; Thomas et al., 1998; Thomas et 

al., 1995). Using six DH populations and one F2 population, the first barley consensus map was 

generated (Langridge et al., 1995). As part of the North American Barley Genome Mapping 

Project which combined various mapping populations and molecular markers, four DH 



8 
 

populations were used to create maps anchoring SSR markers to already-existing RFLP maps 

(Close et al., 2009).  

Following the development of two barley oligonucleotide pool assays (BOPAs) 

containing 1,536 SNPs each, the first genetic barley maps based on SNP genotyping were 

generated. Four DH mapping populations of SM, Morex x Barke, Oregon Wolfe Barley, and 

Haruna Nijo x OHU602 were utilized to generate a consensus map of barley using these two 

assays, which resulted in a genetic map consisting of 2,943 SNPs from the two BOPAs in 975 

unique bins spanning 1,010 cM (Close et al., 2009). In addition, increased population genotyping 

has improved the consensus map and contributed to the creation of the 9K iselect SNP array and 

later the 50K SNP array (Bayer et al., 2017; Comadran et al., 2012). Also, custom SNP targeting 

has been created, enabling the use of novel SNPs or fewer SNPs using the Illumina BeadXpress 

platform (Moragues et al., 2010), restriction site associated digest-genotyping by sequencing 

(Elshire et al., 2011), polymerase chain reaction-genotyping by sequencing (Richards et al., 

2016; Sharma Poudel et al., 2018), or genotyping by multiplex sequencing (Ruff et al., 2020).  

The first draft genome of barley was derived from the six-row spring malting cultivar 

Morex in North America by integrating the BAC physical map with the genetic map and whole 

genome shotgun sequencing. Approximately 84% of the barley genome contains mobile 

elements or repeated structures. The barley genome is approximately 5.1 GB harboring ~ 26,159 

high-confidence genes (IBGSC, 2012). In the second version of the Morex genome assembly, 

two paired-end and three mate-pair libraries, linked reads from the 10X Genomics 

(ChromiumTM) library, and chromosome conformation capture from Dovetail (DovetailTM Hi-

C and ChicagoTM) were employed (Monat et al., 2019). New sequencing technology 

demonstrated the ability of modern sequencing platforms in resolving difficult-to-assemble 
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regions by sequencing the Morex reference genome at 20X coverage using a PacBio Sequel II 

for version 3 (Mascher et al., 2021). Moreover, the TRITEX pipeline of Morex version 2 was 

used to publish the barley pangenome, which included twenty unique barley genotypes. The 

barley pan-genome indicated approximately 37,000 gene annotated per line (Jayakodi et al., 

2020).  

Host-Parasite Interactions  

Plant pathogens are divided into three distinct types according to their feeding styles on 

their suitable hosts, biotroph, hemi-biotroph, and necrotroph. Biotrophic pathogens obtain 

nutrients from living host tissues, whereas necrotrophic pathogens obtain nutrients from 

decomposing or dying host cells. Certain pathogens can be classified categorically as biotrophs 

or necrotrophs. Many others, on the other hand, exhibit both biotrophic and necrotrophic 

behavior, depending on their environment or growth stage. These pathogens are referred to as 

hemi-biotrophs. Numerous fungi that are commonly classified as necrotrophs are actually hemi-

biotrophs, as they undergo a biotrophic stage early in the infection process and shortly after 

switch to a necrotrophic phase (Glazebrook, 2005).  

Unlike mammals, plants do not have mobile defender cells or a somatic adaptive immune 

system. Instead, they rely on the innate immunity in each cell, as well as the systemic signals 

initiated from the infected cells. Upon plant pathogen invasion, two branches of immune 

responses are elicited in hosts (Jones and Dangl, 2006). First, the immune system is activated 

when recognition of conserved and exposed pathogen molecules, referred to as pathogen-

associated molecular patterns (PAMPs) or microbe-associated molecular patterns (MAMPs), by 

host membrane-localized pattern recognition receptors (PRRs) results in the initiation of PAMP-

triggered immunity (PTI) to stop pathogen colonization (Newman et al., 2013; Nürnberger and 
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Brunner, 2002). Bacterial flagellin (Flg), elongation factor (EF-TU), and fungal chitin are all 

well-known PAMPs or MAMPs from pathogens. Similarly, extracellular plasma membrane-

localized receptor-like kinases (RLKs) or receptor-like proteins (RLPs) are examples of general 

pattern recognition receptors (PRRs) in plants that recognize PAMPs/MAMPs. The recognition 

of bacterial flagellin (flg22) by the flagellin receptor (FLS2), a leucine rich repeat (LRR)-RLK, 

initiates an early PTI response in Arabidopsis (Gomez-Gomez and Boller, 2002).  Adaptive 

pathogens may be able to overcome the PTI but may not when the second line of immune 

response is activated (Jones and Dangl, 2006). 

Successful pathogens suppress host PTI responses by secreting effectors referred to as 

avirulence (Avr) proteins via a specialized structure that allow pathogens to promote infection 

and complete their life cycle (Thomma et al., 2011). However, hosts responded by evolving 

cytoplasmic R genes encoding nucleotide binding (NB) and leucine rich repeat (LRR) proteins 

(NB-LRR) that detect the presence of these effectors and generate an effector triggered immunity 

(ETI) as the second line of immune response in the form of hypersensitive response (HR) which 

is localized, and dramatic programmed cell death (PCD) that restricts pathogen growth.   

To overcome ETI response, pathogens evolve or diversify their effectors to establish 

effector triggered susceptibility (ETS). These shifts in responses illustrate the continuous arm 

race between plants and pathogens interactions, which was mechanically explained by the zig-

zag model (Jones and Dangl, 2006; Petre and Kamoun, 2014; Selin et al., 2016).  

The host interaction with biotrophic pathogens such as Puccinia graminis, which causes 

stem rust disease on barley, follows a gene-for-gene model when a pathogen-produced effector is 

recognized by a dominant host resistance (R) gene, resulting in an incompatible (resistant) 

interaction. The absence of pathogen Avr protein (or effector) results in a compatible interaction 
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or susceptibility. On the other hand, necrotrophic pathogens, such as Pyrenophora teres, which 

causes net blotch disease on barley, follows an inverse gene-for-gene model by which 

recognition of effectors by host resistance genes lead to susceptibility. Friesen et al., (2007) first 

proposed the inverse gene-for-gene model, in which a single necrotrophic effector (NE) 

(synonym = host-selective toxin) targets a corresponding susceptibility gene in the host. Thus, 

necrotrophic pathogens can hijack the resistance signaling pathways to biothrophs by releasing 

NEs to induce necrotrophic effector-triggered susceptibility (NETS) (Liu et al., 2015). NETS 

triggers the production of reactive oxygen species (ROS) and hypersensitive response (HR), 

which results in uncontrolled PCD and the release of nutrients for the necrotrophs (Liu et al., 

2015).  

Net Blotch Diseases 

Pyrenophora species are ascomycetes within the Dothideomycetes class (Ellwood et al., 

2012). One of the critical Pyrenophora pathogens is Pyrenophora teres, causing net blotch 

diseases in barley. Two forms of P. teres are present: P. teres f. teres (Ptt) and P. teres f. 

maculata (Ptm). They are indistinguishable morphologically but can be differentiated based on 

the symptoms observed on susceptible barley plants (McLean et al., 2009; Smedegård‐Petersen, 

1971). Ptt causes the formation of transverse and longitudinal net-like lesions surrounded by 

chlorotic regions, hence the disease is named net form net blotch (NFNB) (Mathre, 1997). The 

Ptm pathogen produces elliptical necrotic lesions surrounded by chlorosis, which leads to the 

spot form net blotch (SFNB) disease (McLean et al., 2009; Smedegård‐Petersen, 1971). Net 

blotch pathogens favor high humidity, precipitation, and cool conditions (Mathre, 1997). 

Moreover, both Ptt and Ptm can infect leaves, stems, and kernels, leading to reduced kernel size 

and compromised malting quality (Liu et al., 2011). Both forms can cause up to 10 to 40% yield 
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losses in barley production when environmental conditions are favorable and a susceptible 

variety is present (Mathre, 1997). It was estimated that every 1% increase in SFNB severity 

results in a 0.77% yield loss in barley production in ND (Duellman, 2015). Since SFNB was first 

reported in North Dakota in 2006, it has become a significant issue for the state's barley 

production (Liu and Friesen, 2010). 

Net Blotch Disease Cycle and Infection Process  

The life cycles of Ptt and Ptm pathogens are polycyclic and almost identical. They start 

with primary inoculum which comes from overwinter-structure pseudothecia (sexual fruiting 

bodies) as ascospores on infected barley residues. Ascospores are produced within asci, and each 

ascus contains 8 ascospores that are disseminated by the wind. Conidia and mycelia from 

infected seeds or plant stubbles can also act as a primary source of inoculum (Mathre, 1997). 

After primary infections occur, conidia are produced and dispersed by rain splash as the 

secondary inoculum to cause additional infections throughout the season (Mathre, 1997).  

The infection process of the disease starts with spores landing, adhesion, germination, 

penetration, and infection. After Ptm spores land on the leaf surface, they germinate and form a 

germ tube within a few hours if moisture and temperature conditions are favorable (Kenneth, 

1962; Shipton et al., 1973; Van den Berg and Rossnagel, 1990). The germ tubes are germinated 

from almost every cell within a spore (Van Caeseele and Grumbles, 1979). Each tube forms an 

appressorium, a swollen club-shaped structure that puts pressure on the leaf surface and aids 

penetration. Multiple factors, such as enzymatic hydrolysis of the cuticle and appressoria induced 

leaf pressure, contribute to direct penetration of the leaf surface (Keon and Hargreaves, 1983; 

Van Caeseele and Grumbles, 1979) Following penetration, the hypha grows into a large 

intracellular vesicle (primary vesicle) which forms secondary vesicles within the epidermal cells. 



13 
 

Eventually, the intracellular hypha expands within the mesophyll cells and transforms into 

intercellular hypha. Unlike Ptt, Ptm grows near the epidermal cells and forms haustoria-like 

intracellular vesicles to absorb nutrients as a biotroph, followed by a transition to the 

necrotrophic phase. Ptt growth is mostly intercellular and able to infect and feed on other cells 

further from the penetration site. Compared to Ptt, Ptm has slower germination and growth. 

(Keon and Hargreaves, 1983; Lightfoot and Able, 2010).   

Net Blotch Diseases Management  

           Management of net blotch diseases is essential to reduce disease pressure and avoid 

economic losses. Chemical treatments using fungicide application on seeds or upper leaves could 

reduce the primary inoculum during seed filling. Cultural practices such as tillage, crop rotation, 

and lower crop density may help to control the disease at lower levels. However, most varieties 

cultivated in the US, especially in ND, are susceptible to the disease, which reduces the efficacy 

of cultural practices. Therefore, the deployment of resistant varieties is the most effective and 

environmentally friendly method for disease management (Liu et al., 2011; Mclean et al., 2009). 

Nevertheless, the virulence profiles of both pathogen populations are very variable, and this may 

cause challenges for resistance breeding against these diseases (Liu et al., 2011). Compared to 

NFNB, resources and knowledge of deploying resistance against SNFB are limited for the upper 

Midwestern barley breeding programs.  

Screening for SFNB Resistance 

In comparison to NFNB, fewer studies have been conducted to explore SFNB resistance 

or susceptibility. In Williams et al., (1999), 96 barley lines were screened with five different 

isolates of Ptm, and only four lines showed broad-spectrum resistance to SFNB (Galleon 

(Australia), WI2976 (Australia), OK82850 (USA), and Dairokkaku (Japan). Also, McLean et al., 
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(2012) tested 95 barley lines at the seedling stage against two diverse Ptm isolates, and only two 

lines, Esperance Orge 289 and TR3189, were resistant to all isolates. In the further screening, 15 

lines expressed resistant responses at the adult stage when challenged with 19 diverse isolates 

(McLean et al., 2012). Neupane et al., (2015) evaluated a core collection of 2,062 barley lines 

with 4 Ptm isolates collected from different regions including the United States (FGO), Australia 

(SG1), New Zealand (NZKF2), and Denmark (DEN 2.6), and only 15 lines were resistant to all 

the isolates used at the seedling stage. Regional differences in virulence of the isolates were also 

identified, with the FGO isolate being more virulent than the others. Furthermore, Clare et al., 

(2022) evaluated 177 Ptm isolates collected from ND, MT, and ID. Results showed that the 

virulence profiles of ID isolates were distinct from the others when tested on 30 differential 

barley lines. In summary, the Ptm-barley pathosystem is complex due to the variation in both 

Ptm virulence profiles and host responses. 

Genetic Resistance to SFNB  

It was initially thought that the genetics of barley reactions to Ptm was simple in 

comparison to Ptt, given only three major genes designated Rpt4, Rpt6, and Rpt8 (all reviewed in 

Clare et al., 2020). However, the persistence of Ptm as a significant agricultural problem 

suggests that Ptm resistance/susceptibility is more quantitative than it was first perceived. Since 

then, many significant and minor quantitative trait loci (QTL) correlated with 

resistance/susceptibility to Ptm have been identified on all seven barley chromosomes (Clare et 

al., 2020). In addition, some of the Ptt-resistant QTL were identified to be effective against Ptm 

as well, even though further investigations are needed to determine if the associated genes are the 

same (Clare et al., 2020). Different genetic mapping studies have identified these QTL using 
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biparental mapping populations derived from RILs, DH populations, and genome-wide 

association studies (GWAS) (Clare et al., 2020). 

  The first major resistance QTL, named Rpt4, was identified on chromosome 7H by using 

a DH population derived from Galleon x Haruna Nijo population in Australia (Williams et al., 

1999). The Rpt4 resistance was used in breeding lines for adult plant resistance (APR), but these 

lines had lower levels of resistance compared to seedlings stage, suggesting that additional genes 

were required (Williams et al., 2003). This locus was confirmed by other independent studies via 

GWAS (Tamang et al., 2015; Wang et al., 2015) and using different resistant lines, such as 

CI9214, Keel, Tilga, and Chebec (Williams et al., 2003), PI67381, and PI84314 (Tamang et al., 

2019), TR251 (Grewal et al., 2008), and Baudin (Cakir et al., 2011), CI9214 and Tifang 

(Alhashel et al., 2021). Rpt6 was identified as the second major locus on chromosome 5H, 

contributing 65-84% of the disease variation in the line CI9819 against isolates P1332 and P1333 

collected from Finland (Manninen et al., 2006; Tamang et al., 2015). Friesen et al., (2006) 

identified the third locus, Rpt8, against New Zealand Ptm isolate NZKF2 on chromosome 4H.  

Rpt8 explained 64% of the phenotypic variation contributed by barley line Q21861 (Franckowiak 

and Platz, 2013), and subsequent GWAS confirmed this locus (Daba et al., 2019; Tamang et al., 

2015). Some QTL conferring NFNB resistance/susceptibility have been found to be involved in 

reactions to SFNB as well, such as Rpt1 (Burlakoti et al., 2017; Tamang et al., 2015), Rpt5/Spt1 

(Daba et al., 2019; Grewal et al., 2008; Tamang et al., 2015; Wang et al., 2015) and Rpt7 

(Grewal et al., 2008; Tamang et al., 2015). Tamang et al., (2015) discovered Rpt1 on 3H 

chromosome as a possible locus against the isolate Ptm NZKF2 and the North Dakota isolate 

FGOB10Ptm-1, and Burlakoti et al., (2017) identified that Rpt1 was also effective against the 

Montana isolate SNFB-MT09. The Rpt5/Spt1 locus on 6H chromosome was discovered in the 
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Ptm-barley interaction via two bi-parental mapping studies (Grewal et al., 2008 and Tamang et 

al., 2019) and GWAS (Daba et al., 2019; Tamang et al., 2019; Wang et al., 2015). Tamang et al., 

(2019) identified Rpt5/Spt1 against four isolates: isolate FGOB10Ptm-1, Montana isolate PA14, 

Danish isolate DEN2.6, and NZKF2, confirming prior GWAS results with the same isolates 

except the Montana isolate (Tamang et al., 2015). Grewal et al., (2008) found Rpt7 against the 

Canadian isolate WRS857, and Tamang et al., (2015) identified Rpt7 against the strains DEN2.6, 

NZKF2, and Australian isolate SG1. In addition, four GWAS studies on Ptm resistance in barley 

have identified additional QTL that are not mapped to the previously described major loci. Wang 

et al., (2015) used elite breeding lines from the Northern region of Australia and identified a few 

resistance QTL. Of those, 2, 5, and 22 QTL are linked to the resistance at seedling stage, adult 

stage, and both stages, respectively. Tamang et al., (2015) tested disease reactions of 1480 

worldwide barley lines to globally collected Ptm isolates. A total of 27 QTL were identified, and 

21 of those were novel. Using Ptm MT09 isolate and 76 advanced barley lines, 10 QTL were 

identified on chromosomes 2H, 3H, 5H, 6H, and 7H (Burlakoti et al., 2017). Recently, Daba et 

al., (2019) conducted GWAS study using Ethiopian, ICARDA, and NDSU-barley panels and 

found one unique locus against Ptm ND111 isolate. Additional research is required to determine 

if these loci could effectively improve resistance to Ptm in barley breeding programs. 

Net Blotch Effectors 

Effectors are used by plant pathogens to inhibit the host's immune system and cause 

disease. Effectors are described as small-secreted proteins or metabolites that are essential for 

pathogenicity and virulence (Friesen et al., 2008). These effectors function in the apoplast or 

cytoplasm of the plant. Candidate effectors are commonly characterized by being small in size 

(less than 300 amino acids), having a predicted N-terminal signal peptide (SP) sequence, and 
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being expressed during host colonization (lo Presti et al., 2015). To facilitate subcellular 

localization to the mitochondria, chloroplast, or nucleus, many effectors contain an N-terminal 

post-SP translocation domain (Petre and Kamoun, 2014). Effectors also have a high cysteine 

content that aids in the tertiary structural stability via disulfide bonds (lo Presti et al., 2015). 

Effectors are typically secreted into the plant either through the general secretory pathway of 

hyphae or through specific feeding and infection structures such as appressoria or haustoria 

(Petre and Kamoun, 2014; Toruño et al., 2016). Effectors are essential for several tasks, 

including host entrance, defense suppression, and nutrition uptake (Toruño et al., 2016). 

Necrotrophic pathogens can produce these effectors, and they interact with corresponding host 

sensitivity genes, which result in a susceptible response following an inverse-gene-for-gene 

model (Friesen et al., 2008). As a result, PCD, oxidative burst, accumulation of ROS, and DNA 

laddering are triggered in sensitive hosts, allowing necrotrophs to obtain their nutrients from 

dead cells and continue their life cycle. (Liu et al., 2015). Biotrophic and necrotrophic 

interactions show distinct effector expression patterns. Biotrophic effectors suppress disease 

resistance throughout all the infection stages, unlike necrotrophic effectors which typically 

initiate fast and uncontrolled PCD at the beginning of the infection (Toruño et al., 2016). 

Both Ptt and Ptm produce necrotic lesions encompassed by chlorosis on the susceptible 

leaves of barley. These chlorotic regions are typically free of filamentous growth of the 

pathogen, but they contain diffusible toxins or effectors (Smedegard-Peterson, 1977 ; Liu et al., 

2011). Smedegård-Petersen (1977) isolated two effectors/toxins A and B from a culture filtrate 

of both Ptt and Ptm isolates, and infiltration assay showed that both toxins caused a sensitive 

response on susceptible barley. It was indicated that toxin A had a greater effect than toxin B. 

However, the symptoms induced by these two toxins were not consistent with those caused by 
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the pathogen. Thus, it was concluded that additional factors were involved during infection, and 

that toxins A and B contributed to virulence rather than determine pathogenicity. Then, Bach et 

al., (1979) used the same isolates in Smedegård-Petersen (1977) and identified an additional 

toxin named toxin C.  

Toxin A was characterized as N-(2-amino-2-carboxyethyl) aspartic acid, toxin B as 

anhydroaspergillomarasmine A and toxin C as aspergillomarasmine A (Weiergang et al., 2002).  

Toxin B was found to be the least active toxin, producing light symptoms, whereas toxin A 

produced dark yellowish chlorotic symptoms with minimal necrosis. Toxin C was the most 

active and caused distinct necrotic symptoms with light-yellow chlorosis (Weiergang et al., 

2002). Additionally, the structural characteristics and biosynthetic pathways of these toxins were 

investigated. Under low pH level in culture, toxin A was converted directly to toxin C which is a 

precursor of toxin C (Friis et al., 1991). 

Furthermore, culture filtrates contained a mixture of proteinaceous metabolites and low 

molecular weight compounds (LMWCs) present in Ptt and Ptm were reported to induce necrosis 

and chlorosis on sensitive barley (cv. Sloop) similar to net blotch symptoms, respectively. 

However, they were less virulent on resistant cultivars (CI9214) and did not cause symptoms on 

non-host plants, such as wheat, triticale, rye, or non-relative faba bean (Sarpeleh et al., 2007). 

These LMWCs were thermally stable while the proteinaceous toxins were light- and 

temperature-sensitive, similar to SnTox1 and PtrToxA produced by Parastagonospora nodorum 

and Pyrenophora tritici-repentis, respectively (Manning et al., 2009, Liu et al., 2012). Toxins or 

effectors that are identified in both forms, could be used to rapidly determine the susceptibility or 

resistance of barley lines early in the breeding process (Liu et al., 2011). 
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     Given the high number of loci identified within the Ptm-barley pathosystem, it was 

indicated taht a complex interaction involving a variety of diverse effectors produced by Ptm. 

Only two studies for mapping of the Ptm virulence were reported (Carlsen et al., 2017 and Skiba 

et al., 2022). A bi-parental population comprising 105 progenies derived from the cross 

FGOB10Ptm-1 (US isolate) x SG1 (Australian isolate) were evaluated on barley differential lines 

Skiff, TR326, 81-82/033 and PI392501. Genotyping was conducted using a restriction-site 

associated – genotype by sequencing (RAD-GBS) approach. Genetics mapping only identified 

six loci from 5 linkages groups out of 12 associated with virulence, with one QTL contributed by 

SG1 and five by FGOB10Ptm-1. vQTL4, located on linkage group 1.1 (chromosome 2) 

accounted for 30-37% of the phenotypic variation by SG1 on barley lines 81-82/033 and 

PI392501. Virulence conferred by vQTL5 on linkage group 5.1 (chromosome 3) of 

FGOB10Ptm-1 accounted for 26 % to 34 % disease variation (Carlsen et al., 2017).  

Another bi-parental population was generated by crossing the virulent isolate P-A14 with 

the avirulent isolate CAWB05-Pt-4, and two major virulent loci were localized on chromosomes 

Chr1 and Chr2 that explained 25% and 51% of disease phenotype variation, respectively. In 

addition, single-virulence progenies were evaluated with the RIL population derived from 

Hockett (S) x PI 67381 (R) to identify the susceptibility targets on the host. The results 

demonstrated that virulence loci on Chr2 and Chr1 targeted the Rpt4 locus on chromosome 7H 

and a locus on chromosome 2H short arm, respectively. Segregation ratios of F2 plants 

inoculated with single-virulence genotypes fit 3:1 (S:R), suggesting that Rpt4 and the locus on 

2H both confer susceptibility to Ptm (Skiba et al., 2022). 
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Fusarium Head Blight (FHB) and Host Resistance 

Fusarium graminearum Schwabe is the most common causal pathogen of Fusarium head 

blight (FHB, also known as scab) globally. This disease affects barley production in quality and 

quantity (Huang et al., 2018).  Between 1993 and 2001, an estimated $485 million in economic 

losses were resulted in three states, North Dakota, Minnesota, and South Dakota (Nganje et al., 

2004). Prolonged high humidity and warm temperatures at flowering time, coupled with a lack of 

effective resistant varieties, contribute to FHB epidemics. Worse than the yield loss, the FHB 

pathogen produces mycotoxins, known as DON, which can contaminate harvested grain and 

pose health risks to humans and animals. The mycotoxin is chemically and thermally stable and 

remain in grains from harvesting throughout end use (Miedaner et al., 2017). Advisory limits on 

consumption of DON and its derivatives established by the FDA have resulted in huge price 

discounts and increasing management costs, motivating farmers to shift to less risky crops (Dahl 

and Wilson 2018).  

 FHB disease symptoms on infected barley include shrunken kernels and spikelet 

discoloration ranging from tan to dark brown. When prolonged wet periods occur, pinkish to 

salmon-colored masses of fungal mycelium and conidia can be observed on the infected spikelets 

and glumes (Huang et al., 2018). F. graminearum survives as mycelium, perithecium initials, or 

chlamydospores in host crop residues from small grains such as corn, wheat, and barley. In 

spring, both sexual (ascospores) and asexual (conidia) spores from infected crop residues are 

windblown or splashed into barley spikes during wet weather (Wegulo et al., 2015). Barley 

spikes are most vulnerable to infection during flowering, when the heads break through the leaf 

sheath. In North Dakota, prolonged high humidity (48 to 72 hours) and warm temperatures 

ranging from 23 to 30°C are favorable for infection (NDSU-extension, 2018). Disease 
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occurrence and severity varies among growing seasons because FHB development is dependent 

on environmental conditions. Therefore, a mixture of factors, such as abundance of inoculum, 

prolonged or repeated periods of wetness and high humidity during flowering and kernel 

development, and the use of susceptible cultivars, can result in significant yield and quality 

losses (NDSU-extension, 2018). The infection process in barley begins with spores landing on 

florets, followed by hyphal growth across the surface before entry. The fungus then enters the 

floret through natural cervices between the palea and the lemma, causing yellow and brown 

lesions, and once inside, uses cervices at the base of the caryopsis to spread to the rachis 

(Lewandowski et al., 2006).  

In order to control FHB disease under the acceptable levels, an integrated approach based 

on multiple methods is recommended. Planting barley varieties with type II resistance is 

preferable, so that the spread of the infection throughout the spike is limited. Seed treatment with 

the appropriate fungicide helps to avoid seedling blight caused by the pathogen. Common 

methods for reducing inoculum sources include burying infected crop residues through tillage 

and rotation of non-host crops (Wegulo et al., 2015). Staggered sowing could help avoid all the 

crop flowering at the same time during favorable conditions for infection. When barley heads are 

fully emerged, fungicide application using a board-spectrum triazole fungicide can reduce the 

FHB severity (NDSU-extension, 2018).  

To identify FHB resistance, numerous research teams from all over the world have 

conducted extensive screenings of tens of thousands of gene bank accessions. Screening efforts 

were conducted in the United States in the late 1920s, and several moderately resistant 

accessions were discovered. The six-rowed Swiss landrace variety Chevron (CIho 1111) was 

identified with moderate resistance to FHB (Shands, 1939). Another line called MNBrite, which 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6638126/#mpp12616-bib-0037
https://www.tandfonline.com/doi/full/10.1080/07060661.2020.1861102
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is a Chevron-derived accession, demonstrated a moderate resistance to FHB as well. This line 

was developed inadvertently by selecting plants with bright kernals. MNBrite was crossed with 

the two-row accession Zhedar 2 to breed Quest, a six-row variety with superior malting qualities 

and moderate resistance to FHB (Rasmusson et al., 1999). Similar to MNBrite, the American 

two-rowed cultivar Conlon, released by North Dakota State University, was not bred for FHB 

resistance in mind but demonstrated moderate resistance nonetheless (Fernando et al., 2021).  

After FHB epidemics in the mid-1990s, North American screening efforts to identify 

resistance sources were increased, and some Asian lines were also adopted in barley breeding 

programs. However, those lines showed poor malting qualities due to being poorly adapted to the 

different photoperiod conditions in North America, which posed some difficulties in terms of 

breeding utility (Fernando et al., 2021; Urrea et al., 2005). In addition, somaclonal lines resistant 

to FHB were generated via in vitro selection (IVS) and the presence of DON in the media. The 

use of a DH system that fixes alleles in a single generation by eliminating heterozygosity appears 

to be effective when combined with IVS. Norman, a DH two-row barley variety developed by 

adding DON to the anther culture medium, exhibited a 25-30% decreased DON accumulation 

compared to its parent cultivar CDC Kendall (Legge et al., 2011). 

The identification of FHB resistance has been involved the screening of numerous gene 

bank accessions using diverse methodologies by multiple research groups. Resistance to FHB 

and DON buildup in barley is conferred through multiple loci on all seven chromosomes. Most 

revealed QTL are linked to resistance to both FHB and DON accumulation, but not always. 

Furthermore, some QTL were accompanied with poor agronomic features, making them 

unsuitable for the breeding program. For example, two important QTL, Qrgz-2 H-8 and Qrgz-2 

H-10 confer FHB resistance, but they are linked to the late heading date, plant height, and the 

https://www.tandfonline.com/doi/full/10.1080/07060661.2020.1861102
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row-type controlling gene Vrs1 (Fernando et al., 2021). The QTL on chromosomes 1H and 7H 

contributed by Chevron are also linked with late heading and tall stature (Fernando et al., 2021). 

The QDON-4 H-2 locus on chromosome 4H (bin 2) derived from a Chinese accession CI4196      

explained 9–14% of the variation in DON accumulation (Horsley et al., 2006). However, this 

locus is correlated with plant height but not heading date (Zhu et al., 1999). Only a few of the 

many QTL reported for FHB resistance (78) and DON accumulation (42) are independent from 

other agronomic characters. Therefore, incorporating these QTL into breeding lines is difficult 

due to their minor effects, association with undesirable traits, and vulnerability to genotype and 

environmental interaction (Steffenson et al., 2016). 

RNA Interference  

 RNA-silencing (RNAi) is a post-transcriptional gene silencing that utilizes small RNA 

molecules to degrade sequence-specific mRNA. This process has been observed in eukaryote 

kingdoms, including plants, animal, and fungi (Chang et al., 2012). RNA interference (RNAi) 

offers a new tool to control FHB in cereals, given that current management strategies only 

partially reduced the impact of FHB. The reduced pathogenicity was demonstrated in RNAi-

based host-induced gene silencing (HIGS) by targeting key fungal genes upon host infection 

(Chen et al., 2016; Cheng et al., 2015).  

RNAi is usually initiated by the introduction of long double-stranded RNAs (dsRNA) 

into the cell. dsRNAs can be synthesized in a variety of ways: replicating RNA from an RNA 

template (RNA viruses), hybridizing complementary RNA transcripts, and synthesizing hair-

pinned RNAs (hpRNAs) (Chang et al., 2012). These dsRNAs are cleaved by the RNase-III-like 

Dicer protein into 21–24 bp RNA duplexes with two-nucleotide 3′-overhangs, which are referred 

to as small interfering RNAs (siRNAs). The guide strand of siRNA is loaded into an RNA-
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induced silencing complex (RISC), whereas the passenger strand is degraded. The RISC's 

catalytic center is formed by the RNase protein ARGONAUTE. RISC degrades target mRNAs 

with nearly identical sequences to the siRNAs (Chang et al., 2012).  

 The RNAi system in F. graminearum consists of five RNA-dependent RNA-polymerases 

RdRps (FgRdRp1–5), two Argonaute proteins (FgAgo1 and FgAgo2), and two Dicer proteins 

(FgDicer1 and FgDicer2) (Machado et al., 2018). The Dicer-dependent RNAi machinery 

controls the growth of the sexual perithecia, but it does not participate in fungal growth, asexual 

conidiation, abiotic stress, or disease development. However, it appears that FgAgo1 and 

FgDicer2 are crucial in the suppression of endogenous F. graminearum genes triggered by the 

introduced hpRNA. This method made use of an RNAi vector with an intron sequence 

sandwiched between two inversely oriented and self-complementary target sequences, which, 

when expressed, result in the formation of a hairpin-shaped dsRNA molecule (Machado et al., 

2018). 

siRNA Movement  

 Locally initiated gene silencing in plants can spread to other parts of the organism via 

systemic or cell-to-cell transport of the silencing signal. In plants, the silencing signal is 

transmitted in long distances by the phloem, following the source-to-sink dynamics. Signals for 

short- and long-distance silencing can also be transmitted symplastically via plasmodesmata 

(Machado et al., 2018). The RNAi signals can also travel between organisms of the same or 

different species, and even across kingdoms, providing an additional level of communication, 

interaction, and pathogen–host warfare. In 2010, HIGS was first demonstrated in filamentous 

fungi through the silencing of a β-glucuronidase (GUS) reporter gene in a transgenic strain of F. 

verticillioides during infection of transgenic tobacco plants expressing a hairpin GUS-RNAi 
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(Tinoco et al., 2010). Consequently, transgenic barley and wheat plants were engineered to 

express dsRNA targeting transcripts of the virulence factor to combat other pathogens. It is 

hypothesized that the transport of siRNAs from the plant to the invading organism, such as a 

fungal pathogen, is mediated by exosomes (secreted vesicles) formed by the fusion of early 

secretion pathway-derived vesicles with the plasma membrane (Rutter and Innes, 2017). 

However, other mechanisms, such as passive diffusion, membrane-associated transporters, and 

receptors, can be involved in siRNA trafficking (Machado et al., 2018). Moreover, the RNAi 

signals can travel in the opposite direction, from the pathogen to the host, and suppress target 

genes of the host. As with the necrotrophic pathogen Botrytis cinerea, which has been shown to 

transfer siRNA into Arabidopsis and tomato cells. The fungal siRNAs are capable of utilizing the 

plant RNAi machinery, including the Argonaute proteins, to silence transcripts involved in innate 

immunity, thereby facilitating plant infection (Weiberg et al., 2013). 

RNAi for FHB Control  

Researchers have investigated the effect of RNAi silencing to attain higher resistance 

against pathogenic Fusarium species using HIGS or spray-induced gene silencing (SIGS). SIGS 

is an alternative way of non-transgenic applications of RNAi, uses either long dsRNA or siRNA 

that can be taken up by host or pathogen target cells to achieve higher resistance as well. The 

sterol 14-demethylase (CYP51) genes are required for ergosterol biosynthesis to maintain 

membrane integrity and fungal virulence. HIGS targeting CYP51 genes resulted in a decrease in 

F. graminearum growth in transgenic Arabidopsis and barley plants (Koch et al., 2013). Chitin is 

the primary structural component of fungal cell walls. Two independent transgenic wheat lines 

expressing three RNAi constructs targeting the chitin synthase (Chs3b) gene, which catalyzes the 

biosynthesis of chitin, exhibited enhanced FHB and seedling blight resistance (Cheng et al., 
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2015). Transgenic wheat plants with an RNAi hairpin construct targeting the most abundant 

fungal cell wall polysaccharide, β-1, 3-glucan synthase gene FcGls1 in F.culmorum, showed 

increased resistance when infected with the pathogen in leaves and spikes (Chen et al., 2016). 

Furthermore, Koch et al., (2016) demonstrated in barley spraying with long dsRNAs targeting 

CYP51 genes inhibited the fungal growth of F. graminearum. This study also revealed that the 

fungal growth suppression occurred at the site of spray application as well as the distal tissues, 

indicating the movement of CYP3-dsRNA through the plant's vascular system and the 

processing of CYP3-dsRNA into siRNAs by fungal DICER-LIKE 1 (FgDCL-1) after the 

pathogen's uptake. The function of FgDCL-1 was demonstrated by a dcl-1 mutant strain that did 

not exhibit decreased expression of CYP51 genes compared to the wild type (Koch et al., 2016). 

HIGS and SIGS may be effective for FHB and other diseases; however, both have 

advantages and disadvantages. The implementation of SIGS would solve the problem posed by 

HIGS regarding public acceptance of genetically modified organisms (GMOs) (Machado et al., 

2018). However, there are still a number of technological obstacles that could prevent the 

implementation of SIGS as a conventional control method. First, because the effect of a single 

SIGS application in the field may only last a few days, timing is crucial for success. A recent 

study investigated the use of nanosheets of double-layered hydroxide clay loaded with dsRNA, 

which can remain on sprayed leaves for up to 30 days (Mitter et al.,2017). Second, the cost of 

producing and applying SIGS is significantly higher than that of conventional fungicides. 

However, new technologies are being developed to enable the cost-effective mass production of 

RNA for topical RNAi applications in agriculture, with the ultimate goal of producing RNAs for 

less than $2/g (Le Page, 2017).  
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Controlling multiple pathogens with a single strategy across is highly desirable. This can 

be achieved by carefully designing the HIGS construct using the gene sequences highly 

conserved in different fungal species (Panwar et al., 2016). Off-target of gene silencing may 

occur in host plants as well as in beneficial plant-associated organisms, such as mycorrhizas, 

rhizobia, and biocontrol species. For instance, a HIGS study in maize to reduce the production of 

aflatoxin in Aspergillus flavus resulted in stunting and reduced kernel placement in transgenic 

plants, possibly because of off-target silencing of other genes. Alternatively, transgenic maize 

with a different RNAi construct targeting a different pathogen gene produced less aflatoxin and 

displayed no morphological changes (Masanga et al., 2015; Thakare et al., 2017). Nonetheless, 

the off-target effect could be reduced by investigating the vast data sets of genomic and 

transcriptomic information during the initial construct design phase of any project. In addition, 

multiple silencing constructs that target multiple genes could be created and used in a 

concatenated/stacked HIGS cassette to confer control against multiple pathogens from a single 

genetic locus that is simply inherited within a breeding program (Machado et al., 2018). Lastly, 

pathogens could develop a suppression system and circumvent HIGS, which would be one 

potential defense mechanism. It was observed that Phytophthora species secreted 

effector/suppressor proteins through unidentified mechanisms, to prevent the accumulation of 

plant siRNAs (Qiao et al., 2013). 
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Abstract 

Spot form net blotch (SFNB), caused by the necrotrophic fungal pathogen Pyrenophora 

teres f. maculata (Ptm), is a foliar disease of barley that results in significant yield losses in 

major growing regions worldwide. Understanding the host-parasite interactions between 

pathogen virulence/avirulence genes and the corresponding host susceptibility/resistance genes is 

important for the deployment of genetic resistance against SFNB. Two recombinant inbred 

mapping populations were developed to characterize genetic resistance/susceptibility to the Ptm 

isolate 13IM8.3, which was collected from Idaho (ID). An Illumina Infinium array was used to 

produce a genome wide marker set. Quantitative trait loci (QTL) analysis identified ten 

significant resistance/susceptibility loci, with two of the QTL being common to both populations. 

One of the QTL on 5H appears to be novel, while the remaining loci have been reported 
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previously. Single nucleotide polymorphisms (SNPs) closely linked to or delimiting the 

significant QTL have been converted to user-friendly markers. Loci and associated molecular 

markers identified in this study will be useful in genetic mapping and deployment of the genetic 

resistance to SFNB in barley. 

KEYWORDS 

Barley Spot form net blotch Genetic mapping SNP array Disease resistance 
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Introduction 

Barley (Hordeum vulgare L.) is one of the most important and first-cultivated cereal 

crops globally. It belongs to the monocotyledonous grass family Poaceae. It is mostly utilized for 

malting, but also as animal fodder and human food (Poehlman 1994). However, barley 

production is severely compromised by many diseases. Of those, net blotch, caused by the 

necrotrophic fungal pathogen P. teres, has emerged as one of the most prevalent foliar diseases 

resulting in significant yield losses (Liu et al., 2011).  

Net blotch occurs in two forms, spot-form net blotch (SFNB) and net-form net blotch 

(NFNB) caused by P. teres f. maculata (Ptm) and P. teres f. teres (Ptt), respectively. Although 

morphologically identical, Ptm and Ptt are genetically distinct and induce different symptoms on 

susceptible host genotypes. Recently, SFNB has become more prevalent in barley growing 

regions worldwide (Liu et al., 2011). The Ptm pathogen favors high humidity, precipitation, and 

cool temperatures, resulting in elliptical necrotic lesions surrounded by chlorosis on susceptible 

barley plants. Management strategies to reduce disease pressure and avoid economic losses 

include fungicide application and cultural practices such as tillage, crop rotation, and low crop 

density. It is well known that the deployment of host resistance is the most effective and 

environment-friendly strategy for SFNB control (McLean et al., 2009, Liu et al., 2011). 

However, compared to NFNB, our understanding on the SFNB resistance is limited. 

Ptm populations can be sexually and asexually reproduced and thus their virulence 

profiles have the potential to change rapidly (Arabi et al., 2003, McLean et al., 2014). Due to the 

diversity of Ptm virulence effectors, host resistance to SFNB is usually quantitative and under 

complex genetic control (Wang et al., 2015). Many QTL across all seven barley chromosomes 

conferring SFNB resistance at seeding or adult stages have been identified by several mapping 
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studies using various pathotypes (Clare et al., 2020). A few major QTL conferring seedling 

resistance/susceptibility to SFNB were consistently identified in most of these studies, such as 

Rpt4 (or QRpt7) on 7H (Grewal et al., 2008, Manninen et al., 2006, Richards et al., 2016), Rpt6 

on 5H (Manninen et al., 2006), Rpt8 on 4H (Franckowiak and Platz 2013, Friesen et al., 2006, 

Daba et al., 2019), Rpt7 (QRpts4, Rpt-4H-5-7, or QPt.4H‐3) on 4H (Franckowiak and Platz 

2013, Raman et al., 2003, Yun et al., 2005, Vatter et al., 2017), and QRpt6 (or Rpt5/Spt1) on 6H 

(Manninen et al., 2006, Richards et al., 2016, Grewal et al., 2008, Grewal et al., 2012). In a 

recent effort to determine if susceptible or resistant elite lines contained common 

susceptibility/resistance loci to diverse Ptm isolates, a major QTL on 7H, named QRptm-7H-119-

137, was found to be a dominant susceptibility gene in susceptible barley lines (Tamang et al., 

2019). Very likely, this locus is the same as those previously reported, because it resides in the 

same region as Rpt4 and QRpt7 (Tamang et al., 2019). 

Moreover, due to the diversity of Ptm virulence effectors (Duellman 2015), a specific 

resistance locus may be effective against a certain pathotype, but it may be susceptible to other 

pathotypes from other regions. Regional differences in virulence and variation in pathotypes of 

Ptm populations have been identified in several independent studies. Khan and Tekauz (1982) 

compared 16 barley genotypes challenged with two groups of Ptm isolates, each from Western 

Australia and Canada. Fourteen responded similarly but two cultivars showed differential 

reactions to the two groups of isolates (Khan and Tekauz 1982). Differential reactions were also 

observed when 20 barley genotypes were challenged with 15 and 5 Ptm isolates from Montana 

and Mediterranean regions, respectively. The Montana isolates tended to cause more necrosis 

and chlorosis than the Mediterranean isolates (Karki and Sharp 1986). Neupane et al., (2015) 

also found that an isolate from the United States appeared to be more virulent than isolates from 
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Australia, New Zealand, and Denmark. Virulence of 177 Ptm isolates collected from six regions 

in North Dakota, Montana and Idaho was assessed with thirty barley genotypes (Duellman 

2015). It was shown that the Idaho isolates, including 13IM8.3, were differentiated from others 

based on the population structure analysis and virulence profile. The Idaho isolates possessed a 

significantly different virulence profile in comparison with isolates collected from other regions, 

suggesting a distinct set of virulence/avirulence effectors. However, host genes conferring 

resistance/susceptibility to these unique Idaho isolates have not been identified.  

Since the migration of pathogen populations among barley growing regions commonly 

occurs, there was a need to identify resistance to the Idaho Ptm isolates before they migrated to 

other barley growing regions. In the meanwhile, novel loci or alleles for SFNB resistance may be 

discovered and can be exploited for breeding purposes. Therefore, in the present study, we 

conducted genetic analysis with two bi-parental populations to identify QTL conferring 

resistance/susceptibility to the unique Idaho Ptm isolate 13IM8.3. 

Materials and Methods 

Plant Materials 

Genetic mapping was carried out using two recombinant inbred line (RIL) populations 

developed by single-seed descent. One RIL population (CI97_CI92) consisted of a total of 143 

F2:6 progenies derived from a cross between the six-rowed South Korean landrace CIho 9214 

(CI9214) and the two-rowed Morroccan line CI9776. Previously used by Koladia et al., (2017), 

the second population (CT) contained 117 F2:6 progenies derived from a cross between an 

Ethiopian breeding line CI5791 and a Manchurian line Tifang. Both CI5791 and CI9776 are 

susceptible, whereas CI9214 and Tifang are resistant to the Ptm isolate used in this study 

(Duellman 2015).   
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Disease Phenotyping 

The Ptm isolate 13IM8.3, collected from Idaho, USA, was used to phenotype the 

CI97_CI92 and CT RIL populations. Inoculum preparation, inoculation, phenotyping, and rating 

scale were conducted as described previously by Neupane et al., (2015) with some 

modifications. In brief, the inoculum was cultured on V8-PDA media (150 ml V8 juice, 10 g 

Difco PDA, 3 g CaCO3,10 g agar, and 850 ml H2O) under a 12h/12h - light/dark condition for 

good sporulation. The conidial concentration was adjusted to 2,000 conidia/ml for inoculation 

after conidia were harvested using sterile distilled water. Two drops of Tween 20 were applied to 

every 100 ml inoculum. Each RIL was planted in a single cone (3.8 cm diameter x 20 cm long) 

with three seeds per cone, and all cones were placed on racks bordered with the susceptible 

check (Pinnacle) to reduce any edge effect. Each rack also contained the two parental lines, 

resistant check (PI67381) and susceptible check (Pinnacle). A complete randomized design was 

used for each rack, and plants were placed inside a growth chamber with a 16 h light, 21°C/8 h 

dark, 21°C regime. Inoculation was performed at the seedling stage when the second leaf was 

fully expanded (~ two weeks) using an air sprayer at 15 to 20 psi. Before the inoculated plants 

were moved back into the growth chamber, they were kept at 100% relative humidity for 24 

hours under continuous light. Phenotyping was conducted 7 days post inoculation (DPI) using a 

1–5 rating scale with 1 being highly resistant (small pinpoint lesions with no surrounding 

necrosis) and 5 being highly susceptible (necrotic lesions coalescing and covering greater than 

70% of the leaf area) (Neupane et al., 2015). Plants displaying approximately equal amounts of 

two reaction types were rated as intermediate. For example, equal amounts of reaction type 2 and 

3 were given a 2.5 rating. The three plants in each cone were scored collectively as a single 
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replicate, and three independent replicates for each RIL population were sequentially assessed. 

The average value of the three replicates was used as the phenotypic score. 

SNP Genotyping 

DNA was extracted according to the CTAB protocol (Murray and Thompson 1980). 

Around 100 mg leaf samples were collected from plants at the three-leaf stage and quantified 

using a NanoDrop 8000 spectrophotometer (NanoDrop, Thermo Fisher Scientific) according to 

the manufacturer’s instructions. The final concentration was adjusted to 100 ng/µL for further 

analysis. The CI97_CI92 RIL population was genotyped with the barley 50k iSelect SNP Array 

(Bayer et al., 2017). Genotype calling was performed with the de novo calling algorithm in 

GenomeStudio V3.0 (Illumina). Clusters of polymorphic SNPs were inspected and manually 

adjusted if necessary. Genotyping data for the CT population was obtained from the previous 

study (Koladia et al., 2017), which was conducted by using the 9k iSelect SNP Array including 

7824 markers (Comadran et al., 2012). 

Linkage Mapping 

Called SNPs derived from the CI97_CI92 population were filtered to maintain a minor 

allele frequency (MAF) > 0.05 and missing data < 10%, and used to generate a genetic map with 

Mapdisto version 2.1.7 (Lorieux 2012). Linkage groups were identified using the default 

minimum LOD of 3.0, rmax of 0.3, and the Kosambi mapping function (Kosambi 1943) was used 

to estimate genetic distance. Redundant co-segregating markers were thinned to a single marker, 

and linkage groups were then refined and validated using the ‘ripple order’, ‘check inversions’, 

and ‘drop locus’ commands. Linkage analysis for the CT population was adopted from Koladia 

et al., (2017).  
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Assessment of Map Order and Quality  

Marker sequences were aligned to the H. vulgare cv. ‘Morex’ v3 reference genome 

assembly (Mascher et al., 2021) via standalone BLAST version 2.12.0 using ‘makeblastdb’ and 

‘blastn’ with default parameters and an e-value of 1 × 10-5. The highest bitscore was used to 

determine approximate physical position. In instances where sequences were best aligned 

(highest bitscore) to unassembled scaffolds (chrUn), the next best pseudomolecule hit was 

returned. For both mapping populations, pairwise recombination fractions and LOD linkage 

between markers were visualized using heatMap (lmax =12, rmin = 0) in ASMap (Taylor and 

Butler, 2017) in R (R Core Team, 2021).  

QTL Analysis 

Average disease score from four independent replicates and the MapDisto marker 

positions were used for QTL analysis with QGene version 4.4.0 (Joehanes and Nelson 2008). 

The single-trait multiple interval mapping-generalized liner model (MIM-GLZ) method was 

applied to locate significant QTL conferring resistance/susceptibility to 13MI8.3. A permutation 

test was conducted with 1000 iterations to identify LOD thresholds at significance levels of α = 

0.05 and α = 0.01. The consistency of genetic and physical locations for markers linked to QTL 

were checked manually. 

Marker Development 

The linked SNPs to resistance/susceptibility in either populations were used to develop 

semi-thermal asymmetric reverse PCR (STARP) markers to genotype the selected  RILs from 

both populations (Long et al., 2017). PCR was conducted in a 10 μl reaction volume consisting 

of 100 ng genomic DNA, 0.9x NH4+ buffer, 1.5 mM MgCl2, 50 uM dNTPs, 0.8 M betaine, 

0.04% (w/v) bovine serum albumin (BSA), 200 nM common reverse primer, 200 nM of each 
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priming element-adjustable primer (PEA-primer 1 and PEA-primer 2), 40 nM of each 

asymmetrically modified allele-specific primer (AMAS forward primer1 and AMAS forward 

primer 2), and 1 U of Taq DNA polymerase (without 3’ -> 5’ exonuclease activity). Sequences 

of PEA-primer 1 and 2 are 5′-AGCTGGTT-SP9-GCAACAGGAACCAGCTATGAC-3’ and 5’-

ACTGCTCAAGAG-SP9-GACGCAAGTGAGCAGTATGAC-3’, respectively. PCR conditions 

were 94°C for 5 min followed by 6 cycles of 94°C for 30 s, 56°C for 2 min, and the annealing 

temperature decreased 1°C each cycle. This touchdown cycle was followed by 40 cycles of 94°C 

for 20 s, 62°C for 30 s, 72°C for 1 min, and a final extension at 72°C for 10 min. Amplicons 

were electrophoresed on 6% polyacrylamide gels, stained with GelRedTM nucleic acid stain 

(MilliporeSigma), and imaged using a TyphoonTM FLA 9500 variable mode laser scanner (GE 

Healthcare Life Sciences, Marlborough, MA).  

Results 

Trait Evaluations 

Based on the rating scale of 1-5 described by Neupane et al., (2015), resistant parental 

lines CI9214 and Tifang exhibited average disease reactions of 1.25 and 1.08, while CI9776 and 

CI5791 were intermediately susceptible with average disease reactions of 3 and 2.8, respectively 

(Table 2.1). The CI97_CI92 population appeared to be more susceptible based on the higher 

susceptibility of the parents and progenies in comparison to those of CT (Table 2.1, Tables A1 

and A2). The CT population expressed average disease reactions that ranged from 1 to 3.1 in 

response to the pathogen (Table 2.1, Tables A1 and A2). It is noteworthy that, although we did 

not observe RILs that were more resistant than Tifang or CI9214 in the respective populations, 

some lines displayed higher reaction types than their susceptible parents. Therefore, 

transgressive segregation for susceptibility might be present in both evaluated populations.  
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Table 2.1. Summary of phenotype evaluations for both RIL populations. 

Population Resistant parent (RP) Susceptible parent (SP) Range Average 

CI97_CI92 1.25 ± 0.25 3.0 ± 0 1.3 ± 0.38 — 3.9 ± 0.25 2.47 ± 0.5 

CT 1.08 ± 0.14 2.8 ± 0.14 1 ± 0 — 3.1 ± 0.42 1.92 ± 0.54 

Mean value and standard deviation were given for disease severity. Value represents rating scale, 
with a higher value indicating more susceptibility and a lower value indicating more resistance. 
 
QTL Mapping with the CI97_CI92 Population 

A total of 11756 SNPs was called with the CI97_CI92 population, selected with MAF > 

0.05 and missing data < 10%. Of those, 1750 non-redundant markers were identified by 

Mapdisto for linkage mapping (Table S3). Seven linkage groups (LGs) were constructed with a 

total map length of 920.53 cM and an average marker density of 0.53 cM/locus (Table A3). The 

genetic map quality was evaluated by generating a heat map using pair-wise recombination 

values for the mapped SNPs (Figure 2.1A). The LGs are distinctly clustered, and strong linkage 

between nearby markers was indicated by the consistent heat across the markers within LGs 

(Figure 2.1A). The genetic positions of the SNPs were plotted against their physical positions to 

highlight the potential ordering errors (Figure 2.1B). Although one outlier each in LG2 and LG7, 

in general, marker order was extensively conserved on each chromosome (Figure 2.1B). 

Significant QTL were detected with LOD thresholds of 3.807 and 5.654 calculated with 1000 

permutation at significant levels of 0.05 and 0.01, respectively.  

A QTL associated with the SNP SCRI_RS_165434, designated QRptm-1H-108-122 

(based on the LG and genetic location), was mapped on chromosome 1H with a LOD value of 

5.556 and R2 = 16.4% (Figure 2.1C, Table A5). Flanked by SNPs JHI-Hv50k-2016-55796 (516.6 

Mb) and SCRI_RS_175218 (520.65 Mb), QTL QRptm-3H-45-52 with a LOD value of 6.97 and 

R2 = 20.1% was detected on 3H. Two significant QTL were mapped on chromosome 4H. QTL 
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QRptm-4H-93-109 contributes the largest effect to the disease phenotype with R2 = 36.8% and 

the highest LOD score of 14.24, delimited by SNPs JHI-Hv50k-2016-268933 (609.39 Mb) and 

JHI-Hv50k-2016-272270 (616.55 Mb) (Figure 2.1C, Table A5). The other locus on 4H, 

designated as QRptm-4H-43-57 between SNPs SCRI_RS_188822 (876.2 Mb) and 

SCRI_RS_10607 (457.88 Mb), was identified as the second largest major QTL (LOD = 12.65, 

and R2 = 33.5%) (Figure 2.1C, Table A5). A significant QTL on 5H (QRptm-5H-12-21), flanked 

by SNPs JHI-Hv50k-2016-278862 (4.663 Mb) and JHI-Hv50k-2016-281470 (9.353 Mb), only 

contributed a minor effect on disease phenotype. Positioned between SNPs JHI-Hv50k-2016-

500801 (597.29 Mb) and SCRI_RS_130990 (602.19 Mb), one QTL was mapped on 7H, named 

QRptm-7H-96-107, accounting for only 20.6% phenotypic variation and exhibiting a LOD score 

of 7.174 (Figure 2.1C, Table A5). 
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Figure 2.1. QTL mapping of SFNB resistance/susceptibility with the CI97_CI92 population. A 
Heat map showing a matrix of pair-wise recombination values for markers along LGs. The X-
axis and Y-axis represent markers. The markers of each row and column were ordered according 
to the genetic map. The colors represent the strength of linkage in recombination values between 
all pairs of markers. The blue color indicates the highest recombination scores, which suggest no 
linkage between markers. The red color indicates the lowest recombination scores, which suggest 
a strong linkage between markers. B Scatter plots showing comparison between genetic and 
physical positions for the markers on LG1 - LG7. Physical distance is on the X-axis, and genetic 
distance is on the Y-axis. The physical positions with low recombination rates represent the 
centromere regions, and telomeres have higher recombination rates. C QTL mapping. Position of 
markers is shown on the X-axis and LOD values on the Y-axis. The LOD threshold lines were 
represented by the blue and black lines at 0.05 and 0.01 significance levels, respectively.  A total 
of 6 significant QTL (α = 0.05) were identified in this population. 

QTL Mapping with the CT Population 

Genetic maps for the CT population were obtained from Koladia et al., (2017). In brief, 

827 non-redundant SNP markers (Table S5) were used to create 7 linkage groups with a total 

length of 1012.2 cM and marker density of 1.2 cM/locus (Table A4). Tight linkage between 

adjacent markers on each LG was indicated by the heat map, and it changed to weak gradually 
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when genetic distance increased (Figure 2.2A). A one-to-one correspondence was observed 

when we compared genetic and physical positions for the mapped markers (Figure 2.2B). It was 

showed that the SNPs were well ordered. Therefore, the genetic map was generated with high 

quality and reliability for QTL analysis. Significant QTL were identified with LOD thresholds of 

4.774 and 6.307 calculated by 1000 permutation at significant levels of 0.05 and 0.01, 

respectively. Overall, four significant QTL were detected in this population (α = 0.05) and three 

were highly significant (α = 0.01).  

A major QTL was mapped on 4H, QRptm-4H-4-8, accounting for 71.64% phenotypic 

variation with the highest LOD value and additive effect of 31.95 and 0.4, respectively (Figure 

2.2C, Table A6). This QTL (chr4: 612295812-624215195) resides at the similar physical 

position with QRptm-4H-93-109 (chr4: 606875364-621950894) which was identified in 

CI97_CI92 (Tables A5 and A6), suggesting they may be allelic. The QTL on 5H, QRptm-5H-81-

88 was identified with a LOD value of 5.38 and R2 = 19.1% (Figure 2.2C, Table A6). This QTL 

was positioned between SNPs SCRI_RS_231239 (519.31 Mb) and SCRI_RS_88710 (514.85 

Mb) (Figure 2.1C). One minor QTL each was detected on 6H and 7H with similar R2 values, 

named QRptm-6H-60-64 (R2 = 25.1%) and QRptm-7H-34-38 (R2 = 28.8%), respectively (Figure 

2.2C, Table A6). Indicated by positions of closely linked SNPs, QRptm-7H-34-38 on 7H may be 

at the same locus with QRptm-7H-96-107 which was identified in CI97_CI92.  
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Figure 2.2. QTL mapping of SFNB resistance/susceptibility with the CT population. Heat map 
indicated strong linkage between nearby markers (A). Scatter plots showed genetic position is 
consistent with physical positions for the mapping SNPs on LG1 -LG7 (C). QTL mapping 
idented a total of 4 significant QTL (α = 0.05) (C). The LOD threshold lines were represented by 
the blue and black lines at 0.05 and 0.01 significance levels, respectively. 

Development of User-Friendly Markers  

QTL with major effect have great potential in breeding applications. Therefore, user-

friendly markers are required for effective breeding selection. Based on the high-resolution 

genetic maps generated in the present study, we converted the peak SNPs to PCR-based STARP 

markers for the significant QTL (Table A7). Different alleles for each locus can be distinguished 

unambiguously with these markers (Figures A1-2). These markers also can be used to develop 

segregating sub-populations to finely localize the major QTL for the purpose of gene cloning. 

Moreover, marker analysis also indicated susceptible alleles were contributed by the resistant 

parent at several loci, such as QRptm-3H-45-52 and QRptm-5H-12-21 in CI97_CI92, and 

A B 
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QRptm-5H-81-88 and QRptm-6H-60-64 in CT (Figures A1-2, Tables A5 and A6). We tested an 

SFNB differential set of 31 barley lines for reaction response to 13IM8.3 (Table 2.2). 

Genotyping survey showed that the QTL peak markers were not diagnostic across these 31 lines 

(Fig. A3). It was indicated novel resistance/susceptibility QTL might be carried by the 

differential lines.  

Table 2.2. Reaction response of 31 differential lines to 13IM8.3. 

Genotype Disease severity Category
a
  

Pinnacle 4.83 ± 0.14 

Susceptible 

81-82/033 4 ± 0.43 
Arimont 3.83 ± 0.76 
Chebec 4.33 ± 0.14 
Skiff 5 ± 0 
CI3576 3.5 ± 0.25 
CIho3694  3.92 ± 0.63 
Ciho4050  4.92 ± 0.14 
MXB468 4.5 ± 0.25 
PI269151 4.83 ± 0.14 
PI369731 2.75 ± 0.66 
PI392501  3.58 ± 0.58 
PI467375 4.25 ± 0.25 
PI467729  5 ± 0 
PI485524  3 ± 0 
PI498434  4.42 ± 0.38 
PI573662 5 ± 0 
TR250 2.58 ± 0.38 
TR326 3.08 ± 0.14 
Golden Promise 4.83 ± 0.29 
Tradition 4 ± 0.25 
Keel 2.17 ± 0.58 

Resistant 

Kombar 1.75 ± 0.43 
CI9819 1.83 ± 0.14 
CI7584 1.5 ± 0 
CI14219 2.25 ± 0.25 
CI2353 2.17 ± 0.63 
PI513205 1.42 ± 0.14 
PI565826 1.5 ± 0.25 
PI67381 1.67 ± 0.14 
PI84314 1.42 ± 0.29 
a Disease score ≥ 2.5 was considered as susceptible in this study. 
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Discussion 

Localization of QTL is important for the development of genetic markers, determination 

of novel loci, and for the ultimate cloning of responsible genes to understand genetic 

mechanisms underlying disease resistance/susceptibility. This Ptm isolate 13IM8.3, collected 

from Idaho, exhibited a virulence profile distinct from isolates collected from other nearby 

regions in the US (Duellman 2015). The regional differentiation might be caused by the 

susceptibility of locally predominant varieties. To cope with the potential prevalence and 

invasion of this unique isolate in new barley growing areas, effective resources for advanced and 

higher resistance is needed.  

Using two biparental populations, we conducted QTL mapping to identify loci 

resistant/susceptible to 13IM8.3 in this study. High quality and reliability of genetic maps was 

demonstrated by heat maps and the scatter plots of marker genetic position against physical 

position. Six and four significant QTL (α = 0.05) were detected in the CI97_CI92 and CT 

population, respectively. Although the additive effect exerted by the QTL on the phenotype 

value ranges 0.12 - 0.23 or 0.12 - 0.4, total additive effect is 1.06 or 0.83 in the populations 

(Tables A5 and A6). Considering the phenotype difference between parental lines is 1.8 in both 

populations (Table 2.1), pyramiding the homozygous resistant QTL alleles will significantly 

improve barley resistance to 13IM8.3. However, due to the complex nature of resistance to 

SFNB, the putative QTL need to be validated in different populations or under different 

environments. 

Several Ptm resistance QTL have been identified on 1H using double haploid populations 

and association mapping panels (Wang et al., 2015, Tamang et al., 2015). Most of them are 

distant from QRptm-1H-108-122, the QTL we identified in the CI97_CI92 population. However, 
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the QRptms1 locus, which provides resistance against the Canadian isolate WRS857 at the 

seedling stage is contiguous to this location (Grewal et al., 2012). Furthermore, the Qns-1H QTL 

conferring resistance to net blotch under field conditions is also physically close to this position 

(Daba et al., 2019). The QTL identified on 1H, QRptm-1H-108-122, may reside at the same 

locus with QRptms1 and Qns-1H (Table A5).   

Closely linked to the SNP SCRI_RS_152172, QRptm-3H-45-52 was flanked by SNPs of 

BOPA1_10126_999 (446.7Mb) and SCRI_RS_222102(476.6 Mb) (Table A5). Various studies 

have identified QTL for resistance/susceptibility to both forms of net blotch, and several of them 

are close to or overlapped with QRptm-3H-45-52, such as QTL_Tamang_3H_65.16, QRptms3-2 

and SFNB-3H-58.64 (Wang et al., 2015, Burlakoti et al., 2017, Tamang et al., 2015). These QTL 

only provide minor effects to their corresponding isolates with R2 values of < 10%. However, 

two other QTL identified in the same location with QRptm-3H-45-52, Qns-3H.3 and QRptm-3H-

56-65, explained >20% disease variation against isolates ND111 and SG1, respectively (Daba et 

al., 2019, Tamang et al., 2019). Thus, the QTL on 3H reported here might be the same as those 

previously detected to interact with different Ptm isolates at this location.   

Strikingly, the loci on 4H identified in both populations contributed major effects to the 

13IM8.3 susceptibility/resistance. Flanked by SCRI_RS_188822 (876.2 kb) and 

SCRI_RS_10607 (457.88 Mb), QRptm-4H-43-57 was detected in the CI97_CI92 population only 

(Table A5, Figure 2.1C). Based on the physical location, it may be same with 

QTL_Tamang_4H_47.17 (against the Ptm isolate SG1), and QTL_Tamang_4H_53.67-59.22 

(against Ptm isolates of DEN2.6 and NZKF2), (Tamang et al., 2015, Tamang et al., 2019). This 

locus was also identified as QRpts4, AL_QRptt4-1, and Rpt7 showing significant effectiveness to 

various Ptt isolates (Franckowiak and Platz 2013, Raman et al., 2003, Grewal et al., 2008). As 
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for the second QTL (QRptmB-4H-42-49.2 or QRptm-4H-4.4-8.9), it functions in both 

populations as a major locus. Particularly in CT, it accounts for 72% of disease phenotype, acting 

as a major susceptibility gene. This locus may have been detected and designated as Rpt8 (Table 

A6) (Franckowiak and Platz 2013). It was previously identified as QRpts4 or Qns-4H.2 for 

seedling resistance to net blotch (Daba et al., 2019, Grewal et al., 2008), an unnamed major 

locus on 4H for seedling resistance to SFNB (Friesen et al., 2006), and QNFNBAPR.Al/S-4Hb 

for adult resistance to NFNB (Lehmensiek et al., 2007). Therefore, this QTL provides broad-

spectrum resistance to net blotch and has a significant potential for barley genetic improvement.  

The QTL QRptm-5H-12-21 on 5H was identified with the CI97_CI92 population, and is 

flanked by JHI-Hv50k-2016-278862 (466.37 kb) and JHI-Hv50k-2016-281470 (935.35 kb) 

(Figure 2.1C, Table A5). Although it is a minor gene in the present study, this locus may be the 

same as Rpt6, a major isolate-specific resistance gene explaining up to 84% of the phenotypic 

variation in infection response to Ptm in the Ethiopian line CI9819 (Manninen et al., 2006). 

Another QTL on 5H identified with CT, QRptm-5H-81-88, spans a 5.5 Mb region (Table A6). 

This locus has not been reported for resistance to any forms of net blotch. Therefore, it appears 

to be a novel locus for the resistance to Ptm.  

The QTL on 6H, QRptm-6H-60-64, was identified in the CT population only. Its physical 

position indicated it might be QRpt6 or the Rpt5/Spt1 locus (Table A6) (Franckowiak and Platz 

2013, Manninen et al., 2006, Shjerve et al., 2014, Friesen et al., 2006, Martin et al., 2018, Liu et 

al., 2015, Liu et al., 2010, Richards et al., 2016). The Rpt5 region is highly complex and has 

been extensively studied for resistance to NFNB (Richards et al., 2016, Abu Qamar et al., 2008, 

Liu et al., 2010). The Rpt5 allele in CI5791 provides dominant resistance to certain Ptm isolates, 

but it also confers dominant susceptibility in other barley genotypes. Differential disease 
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phenotype may depend on the allele-effector combinations underlying the barley-Ptt interaction 

(Richards et al., 2016, Clare et al., 2020). Genetic mapping delimited this locus within a ∼9.5 

Mb region, and six putative immunity receptor-like genes were selected as candidates (Richards 

et al., 2016). However, it has been inconclusive if this locus contains a single gene, two tightly 

linked genes, or a “susceptibility island” comprising multiple genes in recognition of various 

necrotrophic effectors (Richards et al., 2016). The further confirmation and validation of these 

candidate genes will help understand the molecular basis of the Rpt5/Spt1 function.  

The QTL on 7H identified in CI97_CI92 and CT locate to a similar position, which is 

overlapped with Rpt4, QRpt7 or QRptm7-6 providing resistance/susceptibility to Ptm at both 

seedling and adult stage (Tables A5 and A6) (Williams et al., 2003, Wang et al., 2015, Grewal et 

al., 2008, Clare et al., 2020). A major locus at the same location was once identified in Tradition 

and Pinnacle conferring broad susceptibility to Ptm isolates collected from different countries 

(Tamang et al., 2019). In the present study, this locus only explained 20-28% of phenotype 

variation.  

Although six and four QTL were identified respectively by the 50k and 9k SNP array, it 

does not mean that the 9k array has a lower power for QTL detection. A simulation study for 

interval mapping showed that a marker density of 10–20 cM is sufficient for precise QTL 

detection, and higher marker densities had no advantages in precision of QTL localization and 

estimation of genetic effects (Darvasi et al., 1994). Similar findings were also reported by Piepho 

(2000) that marker densities below 10 cM have insignificant effects on QTL analysis. Another 

simulation based on linkage maps with marker densities of 1, 2, and 5 cM confirmed that high-

density maps neither improved the QTL detection power nor the valuation of QTL effect (Stange 

et al., 2013). In our study, while the ‘CI97_CI92’ map more completely saturated the barley 
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genome, genetic to physical distances were not appreciably dissimilar from the ‘CT’ population 

(Figures 1B and 2B). Nevertheless, Hori et al., (2003) demonstrated that high-density mapping 

presented tightly QTL-linked markers that are beneficial and can be used directly for marker-

assisted breeding. Given the marker densities of 0.53 cM and 1.2 cM we used, both 50k and 9k 

SNP arrays provide sufficient precision for QTL analysis, as well as genetic markers for 

breeding selection. 

The distinct virulence profile of isolates collected from Idaho suggests this isolate 

possibly contains unique effectors. Although Ptm and Ptt both produce necrotrophic effectors to 

trigger disease susceptibility, a brief biotrophic growth is established in Ptm before it switches to 

necrotrophic stage (Liu et al., 2011). Therefore, besides the susceptibility protein-necrotrophic 

effector interaction for compatible infection, the Ptm-barley pathosystem may involve R-

Avirulence (Avr) recognition as well for dominant resistance (Clare et al., 2020). Numerous 

QTL have been identified for the Ptm susceptibility/resistance in barley, but the nature of 

quantitative resistance and high diversity of virulent effectors impedes the development of 

SFNB-resistant varieties (Duellman 2015). QTL mapping conducted in this study indicated that 

the previously reported susceptibility/resistance loci, such as Rpt4, Rpt5, Rpt6, and Rpt8, may 

also function in response to Idaho isolates. Particularly, the Rpt8 allele in CI5791 acts as a major 

susceptibility gene within CT. Fine mapping and cloning of this gene will help unravel the 

complicated molecular basis for the Ptm susceptibility. In the meantime, the user-friendly 

markers associated with the major QTL and the recessive rpt8 allele will be utilized to enhance 

the immunity for unarmed barley varieties to the specialized Idaho isolates. 
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Supplementary Information 

Data availability 

All data are included in the paper, tables, figures, or the associated supplemental materials. 

Tables S1 and S2 showed the average disease scores for the segregating populations. Tables S3 

and S5 provided genotype scores used for generation of linkage maps. Tables S4 and S6 showed 

the summary of seven genetic linkage groups generated with different RIL populations. Tables S7 

and S8 provided detailed summary for the identified QTL. Table S9 included primer sequences 

for the STARP markers used in the present study. Figures S1 and S2 presented the STARP markers 

designed to assist breeding selection. Sequences for barley 50k and 9k SNP arrays are available at 

https://ics.hutton.ac.uk/50k and https://wheat.pw.usda.gov/GG3/node/483, respectively. All other 

reagents are commercially available or can be sent upon request. Supplemental material available 

at figshare: https://doi.org/10.6084/m9.figshare.14414588. 
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Abstract 

Spot form net blotch (SFNB), caused by the necrotrophic fungal pathogen Pyrenophora 

teres f. maculata (Ptm), is an economically important foliar diseases in barley. Although various 

resistance loci have been identified, breeding for SFNB-resistant varieties has been hampered 

due to the complex virulence profile of Ptm populations. One resistance locus in the host may be 

effective against one specific isolate, but it may confer susceptibility to other isolates. A major 

susceptibility QTL on chromosome 7H, named Sptm1, was consistently identified in many 

studies. In the present study, we conduct fine mapping to localize Sptm1 with high resolution.  A 

segregating population was developed from selected F2 progenies of the cross Tradition (S) × PI 

67381 (R), in which the disease phenotype was determined by the Sptm1 locus alone. Disease 

phenotypes of critical recombinants were confirmed in the following two consecutive 

generations. Genetic mapping anchored the Sptm1 gene to an ⁓400 kb region on chromosome 

 
3 SY conceived and designed the project. AFA performed most of the experiments in collaboration 
with all other authors. JDF and RN contributed new reagents/analytic tools. All authors analyzed 
the experimental data. AFA and SY wrote the first draft of the manuscript. All authors commented 
on previous versions and approved the final version of the manuscript.  
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7H. Gene prediction and annotation identified six protein-coding genes in the delimited Sptm1 

region, and the gene encoding a putative cold responsive protein kinase was selected as a strong 

candidate. Therefore, providing fine localization and candidate of Sptm1 for functional 

validation, our study will facilitate the understanding of susceptibility mechanism underlying the 

barley-Ptm interaction and offers a potential target for gene editing to develop valuable materials 

with broad-spectrum resistance to SFNB.    

Key message  

Genetic characterization of a major susceptibility locus to spot form net blotch using linkage 

mapping to identify the candidate gene and user-friendly markers in barley. 
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Introduction 

Barley (Hordeum vulgare L.) is an important cereal crop in the grass family Poaceae. It is 

the fourth largest cereal crop in both yield and cultivation area globally, after wheat, rice, and 

corn (Poehlman 1987). Barley is primarily grown for animal feed and malt which is important in 

the brewing and distilling industries. In some developing countries, it is also a staple food for 

human consumption. However, barley production is seriously threatened by various diseases. 

One of the important foliar diseases in barley is net blotch (NB) caused by the fungal pathogen 

Pyrenophora teres, resulting in up to 10-40% yield losses when susceptible varieties are grown 

(Mouchacca 1999).  

Net blotch occurs in two forms, spot form (SFNB) and net form (NFNB) caused by P. 

teres f. maculata (Ptm) and P. teres f. teres (Ptt), respectively. Although hybrids can be obtained 

in the lab, Ptm and Ptt are genetically distinct, and they induce different symptoms on 

susceptible hosts (Liu et al. 2011). Diagnostic markers have been developed to differentiate the 

two forms of P. teres (Leisova et al. 2006). Moreover, Ptt infects as a necrotroph and grows 

mostly in the apoplast. In contrast, Ptm intially forms intracellular vesicles near the penetration 

site before switching to intercellular growth resulting in necrosis (Lightfoot and Able 2010). The 

early laten phase indicated that Ptm may secrete additional effectors to suppress host defense 

responses at the intial infection stage (Whisson et al. 2007). Both forms of P. teres secreted 

phytotoxins or necrotrophic effector responsible for the necrosis and chlorosis, while Ptt 

produces significantly more toxins in the culture medium (Lightfoot and Able 2010; Sarpeleh et 

al. 2007; Sarpeleh et al. 2008). Many of these host specific toxins or necrotrophic effectors are 

proeinatious (Sarpeleh et al. 2007). Hijacking the host defense in an inverse gene-for-gene 

manner, necrotrophic effectors manipulate host susceptibility proteins or targets to induces 
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programmed cell death (PCD) for necrotrophs to acquire nutrients from destroyed cells (Friesen 

and Faris 2021).  

SFNB has been increasingly damaging in barley growing regions (Liu et al. 2011). 

Harnessing genetic resistance is an effective and sustainable means for disease control. 

Nevertheless, due to the sexual recombination in Ptm populations, the rapid evolution of 

effectors diversifies the virulence profiles. As a result, host reactions to Ptm are complex and 

controlled by various quantitative trait loci (QTL). Additionally, a QTL effective against certain 

isolates may be susceptible to others. Genome-wide association and linkage mapping studies 

have identified only a few major QTL which have been consistently detected using various Ptm 

isolates, including Rpt4 (on chromosome 7H), Rpt5 (6H), Rpt6 (5H), Rpt7 (4H), and Rpt8 (4H) 

(Alhashel et al. 2021; Daba et al. 2019; Franckowiak and Platz 2013; Friesen et al. 2006; Grewal 

et al. 2008; Manninen et al. 2006; Raman et al. 2003; Richards et al. 2016; Tamang et al. 2019; 

Vatter et al. 2017; Yun et al. 2005). These QTL provide valuable resources for breeding broad-

spectrum resistance to SFNB. However, the identity and functional mechanisms of the genes 

underlying these QTL have been elusive.  

The Rpt4 locus is strikingly important among the major QTL. This locus confers broad 

spectrum resistance/susceptibility to Ptm including some isolates with unique virulence profiles, 

and it is effective against multiple Ptt isolates as well (Alhashel et al. 2021; Daba et al. 2019; 

Duellman 2015; Grewal et al. 2008; Wonneberger et al. 2017). Furthermore, although Rpt4 was 

identified as a dominant seedling resistance, it also contributed to adult plant resistance (APR) 

(Williams et al. 1999). The broad specificity of Rpt4 was confirmed by Tamang et al. (2019) 

using six geographically distinct isolates, but segregation ratios in the biparental population 

suggested that Rpt4 conditioned dominant susceptibility to SFNB (Tamang et al. 2019). Recent 
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research in barley-Ptm interactions identified two major virulence loci located on Ptm Chr1 and 

Chr2, respectively, with the Ptm virulence on Chr2 targeting a dominant susceptibility gene at 

the Rpt4 locus on barley 7H (Skiba et al. 2022). An inverse gene-for-gene association was 

demonstrated by the host and pathogen genetics in the barley-Ptm pathosystem (Skiba et al. 

2022).   

In the present study, we conducted genetic and physical mapping to identify the gene 

underlying the Rpt4 locus. To avoid misperception, the gene is designated Susceptibility to Ptm 1 

(Sptm1) hereafter. Genetic mapping delimited the Sptm1 gene within a ⁓400 kb region on 7H. A 

total of six protein-coding genes were identified in the Sptm1 region. Of those, one gene 

encoding a putative protein kinase was selected as a promising candidate for functional 

validation. Therefore, our research lays a foundation to isolate this agronomically and genetically 

important Sptm1 gene, which will facilitate our understanding of the molecular mechanisms 

regulating the barley-Ptm interactions and provide a target for gene manipulation to develop 

SFNB-resistant resources.  

Materials and Methods 

Ptm Isolate and Plant Materials  

Ptm isolate Cel-A17 (CA17) collected in Montana State was used to map Sptm1 in this 

study. Using a recombinant inbred line (RIL) population derived from the cross between 

Tradition (six-rowed, susceptible) and PI 67381 (two-rowed, resistant). Tamang et al. (2019) 

identified a total of three QTL against CA17 including the susceptibility gene Sptm1 on 7H. The 

other two QTL were located on 2H (QRptm-2H-1-31) and 3H (QRptm-3H-81-88) (Tamang et al. 

2019). Using SNP markers flanking these three loci, we identified six plants from 200 Tradition 

× PI 67381 F2 population that were heterozygous for Sptm1 and homozygous recessive for 
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QRptm-2H-1-31 and QRptm-3H-81-88. Segregating populations used to map Sptm1 were 

developed by selfing the selected six F2 plants. A total of 702 F2:3 plants were used for genetic 

mapping. Critical recombinants were assessed in the next generation with at least 40 F3:4 plants, 

and the derived homozygous F3:4 recombinant representing immortal critical recombinant (ICR) 

were used to increase seeds for further phenotyping. At least 30 ICRs (F4:5) were used to confirm 

the phenotype for each original F2:3 recombinant.  

Inoculum Preparation and Phenotyping 

The CA17 inoculum preparation, inoculation, and phenotyping was conducted as 

described by Neupane et al. (2015). Briefly, spores were collected with sterilized distilled water 

from V8-PDA culture plates (150 ml V8 juice, 10 g Difco PDA, 3 g CaCO3,10 g agar, and 

850 ml H2O). The spore concentration was adjusted to 2000 spores/ml with two drops of Tween-

20 per 100 ml added. Barley segregants together with Tradition and PI 67381 were individually 

grown in super-cell cones placed in RL98 trays. Inoculation was performed when the second leaf 

was fully expanded (∼2 weeks) using an air sprayer at 15 to 20 psi. The inoculated plants were 

kept in a mist chamber at 100% relative humidity for 24 h under continuous light, and then 

moved to a growth chamber under a 12 h/12h—light/dark cycle at 21 ℃. Disease reactions were 

assessed 7 days post inoculation (DPI) using a 1–5 rating scale with 1 being highly resistant and 

5 being highly susceptible (Neupane et al. 2015).  

Barley genotypes used for pangenome sequencing were also tested for disease responses 

with at least eight plants for each line planted in racks (Jayakodi et al. 2020). A complete 

randomized design was used for each rack, and plants were placed inside a growth chamber with 

the same conditions mentioned above. All racks were bordered with the susceptible check 

(Pinnacle) to reduce any edge effect. Two plants in each cone were scored collectively as a 
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single replicate, and at least four independent replicates for each genotype were conducted. The 

average value of all replicates was used as the phenotypic score. 

Genotyping, Marker Development, and Linkage Mapping 

The CTAB protocol was used to extract DNA (Murray and Thompson 1980). Around 

100 mg of leaf tissue were collected from plants at the three-leaf stage. DNA concentration was 

quantified using a NanoDrop spectrophotometer (NanoDrop 8000, Thermo Fisher Scientific) 

according to the manufacturer's instructions. The parental lines Tradition and PI 67381 were 

genotyped using the barley 50k iSelect SNP Array to identify markers (Bayer et al. 2017). 

GenomeStudio V2.0 (Illumina) was used for genotype calling with the de novo calling algorithm. 

The called SNPs, together with those flanking Sptm1, QRPtm-2H-1-31 (2H), and QRPtm-3H-81-

88 (3H) reported by Tamang et al. (2019), were converted to semi-thermal asymmetric reverse 

PCR (STARP) markers (Table B1) (Long et al. 2017). PCR protocol and conditions were 

followed as previously described (Long et al. 2017). Amplicons were assayed on a 6% 

polyacrylamide gel stained with GelRedTM (MilliporeSigma), which was imaged using a 

TyphoonTM FLA 9500 variable mode laser scanner (GE Healthcare Life Sciences, Marlborough, 

MA). Simple sequence repeats (SSRs) markers were also developed using the barley cv. Morex 

v3 reference assembly (Mascher et al. 2017). 

More SNPs were obtained to saturate the Sptm1 genetic region by genome re-sequencing 

of Tradition and PI 67381. Paired-end sequencing of the genomic libraries was performed on an 

Illumina Novaseq 6000 system with 150 bp paired ends. All the Illumina paired end reads were 

cleaned with bbduk using the following parameters, ktrim=r; K=23; mink=11 and hdist=1 

(Bushnell 2021). The cleaned reads are aligned to the Morex v3 reference genome, and 

alignment files were then sorted and indexed using SAMtools (Danecek et al. 2021; Langmead et 
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al. 2009). Filtered with a minimum mapping quality score of 30 and a minimum reads depth 

coverage of 4, raw single nucleotide variants and indels were called using SAMtools and 

bcftools v1.14, (Li 2011). SNP and indel variants were annotated with BEDtools (Quinlan and 

Hall 2010). A Genetic map was constructed using JoinMap 3.0 (Stam 1993). All markers used 

for genetic mapping of Sptm1 are listed in Table B2.  

Physical Mapping and Sequence Analysis of Candidate Genes in The Sptm1 Region 

The programs FGENESH and Pfam 32.0 were used to perform gene prediction and 

annotation. The predicted gene structure was verified using BaRTv1.0, a high-quality, non-

redundant barley reference transcripts database (Barley Reference Transcripts – BaRTv1.0) 

(Rapazote-Flores et al. 2019). We extracted the fasta sequences of the annotated genes from the 

Morex v3 genome assembly corresponding to the Sptm1 region (Chr7H:592631221-593037317). 

with extra 1000 bp flanking coding region for each of the annotated gene. Genome re-sequencing 

reads of parental lines were mapped to the Morex v3 genome, and the aligned bam files were 

subset to the Sptm1 region using bcftools to generate variant call format files (VCFs). The 

generated variant files were visualized along with the bam files using Integrative Genomics 

Viewer (IGV) to identify sequence polymorphisms between alleles.  

Results 

Population Development and Phenotype Evaluation 

Tamang et al. (2019) identified 3 QTL associated with susceptibility to Ptm isolate CA17 

using RILs of Tradition (S) × PI 67381 (R), including Sptm1, QRptm-2H-1-31 (2H) and QRptm-

3H-81-88 (3H). Using the SNP markers flanking these three QTL (Table B1) we identified six 

plants from 200 F2 lines of Tradition × PI 67381 that contained homozygous PI 67381 alleles at 

the 2H and 3H loci but heterozygous Sptm1 alleles at the 7H locus. Segregating populations were 
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developed by selfing the six selected F2 plants. Besides the resistant and susceptible F2:3 extremes, 

we identified a large number of plants showing intermediate disease types. F2:3 plants carrying 

homozygous PI 67381 allele (n = 15), indicated by Sptm1-flanking SNP markers, exhibited an 

average disease reaction of 1.38 which was not significantly different from the score of PI 67381 

(1.5) (Table 3.1). F2:3 plants carrying homozygous Tradition allele (n = 15) showed typical SFNB 

symptoms 7 DPI with large necrotic lesions surrounded by a chlorotic halo on infected leaves, 

although their average disease type (3.3) was lower that of Tradition (4.5) (Fig. 3.1, Table 3.1). 

Therefore, based on the disease types of homozygous segregants, plants were considered to be 

resistant, intermediate, and susceptible if they displayed a reaction type ≤ 1.5, ≥ 2 but < 3, and ≥ 

3, respectively. Phenotyping of an initial 178 F2:3 plants identified 35 resistant, 97 intermediate, 

and 46 susceptible. The segregation ratio fits 1:2:1 (χ² = 2.80, df = 2, P = 0.25), suggesting that the 

disease reaction is controlled by a single gene with dosage effect.  

Table 3.1. Phenotype analysis with Tradition, PI67381, and homozygous F2:3 plants. Disease 
severity for each genotype was indicated by the average reaction type and standard deviation. 

Genotype Average Reaction Type 
PI 67381 1.5

a
 ± 0 

Tradition 4.53
c
 ± 0.41 

F2:3 with homozygous PI 67381 allele of Sptm1 1.38
a
 ± 0.44 

F2:3 with homozygous Tradition allele of Sptm1 3.30
b 

± 0.51 
Note: the average values with different letters were significantly different based on Tukey test at 
the 0.05 level of probability. 
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Figure 3.1. Phenotypic responses of parental lines Tradition and PI 67381 and homozygous F2:3 
plants to Ptm isolate CA17. Typical SFNB symptom with large necrotic lesions was shown in 
Tradition homozygous susceptible F2:3 plant, while PI 67381 and homozygous resistant F2:3 
plant were incompatible with the pathogen. 

Genetic and Physical Mapping 

SNP markers on 7H were identified through genotyping of parental lines using the barley 

50k SNP array (Table B2). Genetic mapping of Sptm1 was first conducted with the 178 F2:3 

plants. Using 81 resistant and susceptible F2:3 extremes, we initially delimited the Sptm1 gene to 

a 6 Mb region flanked by SNP markers M24 and M33 (Fig. 3.2A). Plants including intermediate 

individuals genotyped as recombinants by M24 and M33 were saved for seed increase. All 

recombinants went through phenotype confirmation using both F3:4 plants and the derived 

homozygous ICRs. Relying on the critical recombinants TP1-15 (the 15th plant in batch 1 tested), 

TP1-169, and TP1-25, the Sptm1 region was narrowed down to 1.2 Mb flanked by M28 and M29 

(Fig. 3.2A). To increase the mapping resolution, we enlarged the population to 702 F2:3 

individuals (Fig. 3.2B). More SNPs were called using short-read sequencing of Tradition and PI 

67381 to saturate the Sptm1 region (Table B2). A total of 20 recombinants were identified 

between M28 and M29. Taking advantage of the same phenotyping strategy involving F3:4 plants 

and ICRs, the Sptm1 gene was finally delimited to an ⁓400 kb region (Chr7H: 592631221-
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593037317) flanked by M69 and M87 based on three critical recombinants TP2-64, TP3-32, and 

TP5-78 (Fig. 3.2B).  

 

Figure 3.2. Fine mapping of Sptm1. Genetic mapping was conducted sequentially with 178 (A) 
and 524 (B) F2:3 individuals representing 356 and 1048 gametes, respectively. Phenotypes of 
critical recombinants were first confirmed with F3:4 plants from which ICRs were selected. At 
least 30 ICRs for each recombinant were also tested to verify the disease response. Each 
recombinant is shown by a combination of differential boxes. Black box represents homozygous 
susceptible genotype, empty for homozygous resistant, and gray for heterozygous. Numbers 
below the linkage group indicate the number of recombination breakpoints separating the marker 
from Sptm1. A total of six protein-coding genes were identified in the Sptm1 region spanning 
~ 400 kb (C). The maps are drawn to scale. M, marker; ICR, immortal critical recombinant; Seg, 
segregating; R, resistant; S, susceptible; G, gene. 
 

Gene annotation and prediction identified a total of six putative protein-coding genes 

according to the Morex v3 genome assembly (Fig 3.2C, Table 3.2). Of those, four genes (G1-G4) 

encode either hypothetical or uncharacterized proteins (Table 3.2). The coding product of G5 

(HORVU.MOREX.r3.7HG0735550) is homologous to human protein Werner Syndrome 

Exonuclease (WEX) with an exonuclease domain. G6 (HORVU.MOREX.r3.7HG0735560)  

encodes a protein with homology to Cold-responsive Protein Kinase 1 (CRPK1, At1G16670)  in 

Arabidopsis thaliana (Table 3.2) (Liu et al. 2017). Because protein kinases play crucial roles in 
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various signal transduction cascades, particularly in plant-microbe interactions, we focused on 

G6 for further analysis. 

Table 3.2. Predicted genes in the Sptm1 region. G, gene 

Gene Gene id Homology 
G1 HORVU.MOREX.r3.7HG0735510 Hypothetic protein with unknown function 
G2 HORVU.MOREX.r3.7HG0735520 No homology 
G3 HORVU.MOREX.r3.7HG0735530 No homology 
G4 HORVU.MOREX.r3.7HG0735540 Hypothetic protein with unknown function 
G5 HORVU.MOREX.r3.7HG0735550 Werner Syndrome-like exonuclease 
G6 HORVU.MOREX.r3.7HG0735560 Cold-responsive protein kinase 1 

 Allelic Polymorphisms Between Resistant and Susceptible G6 Alleles  

The coding region of G6 contains 6 exons and 5 introns, encoding a protein of 384 amino 

acids (aa) with a molecular weight of 42.8 kDa, composed of the catalytic domain of 

serine/threonine-specific and tyrosine-specific protein kinases (Fig. 3.3A). Allelic sequences of 

G6 were obtained by mapping WGS reads to the Morex v3 genome reference. A total of five 

SNPs, three in exons and two in introns, were identified between Tradition and PI 67381 alleles, 

resulting in only one aa substitution D19N at the N-terminus (Fig. 3.3A-B). All SNPs were 

confirmed by Sanger sequencing as well.  
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Figure 3.3. Sequence analysis of G6. The coding region of G6 contains 6 exons and 5 introns 
(A), encoding a protein of 384 aa (B). Exons are shown as empty boxes, and black line for 
introns. The SNPs identified between Tradition and PI 67381 alleles are indicated by red arrows. 
The catalytic domain of protein kinase is highlighted in blue. The aa substitutions identified 
among allele products are highlighted in red (B). Three G6 isoforms were identified using 
pangenome references and Bowman, and the D19N substitution is associated with disease type 
(C). 

The pangenome derived from 20 barley accessions representing the global diversity 

provides an important tool to reveal the hidden allelic variations (Jayakodi et al. 2020). To 

investigate if the protein haplotype is associated with disease phenotype, we assessed 17 

available pangenome references and a transformable variety Bowman. The result showed that 17 

accessions including Morex were susceptible or intermediately susceptible, but ZDM02064 

(Chiba) was the only line resistant to CA17 (Fig. 3.3C, Table 3.3). Two protein isoforms were 

identified among the susceptible lines, distinguished by an aa substitution at the distal C-

terminus, G368S. Most susceptible lines (13 lines) carry the same protein isoform as Tradition 

(Fig. 3.3C). Notably, although the aa substitution D19N is outside of the conserved functional 

domain (Fig.3.3B), the resistant line ZDM02064 shares the same protein isoform as the resistant 

parental line PI 67831 (Fig. 3.3C), which therefore strengthens the candidacy for this protein 

kinase gene. 
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Table 3.3. Disease response of barley pan-genome lines to Ptm isolate CA17.  

Genotype Average disease score Score category 
ZDM02064 1 ± 0 Resistant 
HOR 13942 2.25 ± 0.25 Intermediate 
Akashinriki 2.5 ± 0  
HOR 9043 2.75 ± 0.25  
Igri 2.75 ± 0.25  
HOR 13821 3 ± 0 Susceptible 
Golden Promise 3 ± 0  
HOR 3365 3 ± 0  
HOR 7552 3.25 ± 0.25  
HOR 21599 3.5 ± 0  
Bowman 4 ± 0  
HOR 8148 3.75 ± 0.25  
HOR 10350 4 ± 0  
OUN333 4± 0  
Barke 4.25 ± 0.25  
HOR 3081 4.25 ± 0.25  
Morex 4.5 ± 0  
Hockett 4.5 ± 0  

Discussion 

SFNB has been increasingly damaging for barley production. Genetic resistance has been 

identified in barley and its wild relatives, and the introgression of resistance from various sources 

into barley may facilitate achievement of more effective and durable resistance. However, the 

complex and quantitative nature of host responses has posed a major challenge to deploying 

effective and durable resistances (Wang et al. 2015), which also limits the understanding of 

molecular mechanisms controlling barley-Ptm interactions. Conferring broad spectrum 

recognition to both Ptm and Ptt, the Sptm1 locus provides a valuable resource for breeders and 

geneticists in barley improvement and genetic studies (Alhashel et al. 2021; Skiba et al. 2022; 

Tamang et al. 2019; Williams et al. 1999; Williams et al. 2003). In the present research, we 

conducted genetic and physical mapping towards cloning of the molecular determinant of Sptm1. 

Using ICRs derived from selected F2 lines of Tradition × PI 67381, we precisely anchored the 
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Sptm1 gene to an ⁓400 kb region on 7H, and G6 (HORVU.MOREX.r3.7HG0735560) 

homologous to AtCRPK1 was identified as a promising candidate. In addition, the SNP identified 

between resistant and susceptible alleles can be used as a diagnostic marker to assist breeding 

selection.  

In a joint genetic analysis of Ptm virulence and host susceptibility, Skiba et al. (2022) 

reported that the Sptm1 allele of Hockett on 7H interacted with the virulence locus on Ptm Chr2 

in an inverse gene-for-gene pattern. Of the six putative genes in the Sptm1 region, G6 is the only 

one whose coding product are known to be involved in protein-protein interactions and signal 

transduction. Although a transmembrane domain for signal sensing is missing in G6, several 

kinases containing only the catalytic domain have been identified to function in responses to 

plant pathogens, such as the tomato bacterial speck resistance gene Pto (Martin et al. 1993), 

wheat powdery mildew resistance gene Pm21 (Cao et al. 2011), wheat stripe rust resistance gene 

Yr15 (Klymiuk et al. 2018), wheat stem rust resistance gene Sr60 (Chen et al. 2020), barley stem 

rust resistance gene Rpg1 (Brueggeman et al. 2002), and wheat septoria nodorum blotch 

susceptibility gene Snn3 (Zhang et al. 2021). It is noteworthy that Pto, lacking a transmembrane 

domain, interacts directly with the corresponding avirulence factor avrPto (Frederick et al. 

1998). Therefore, under these scenarios, G6 encoding a protein kinase was designated a strong 

candidate for Sptm1. 

An intriguing question is how a protein homologous to AtCRPK1 is involved in plant-

microbe interactions. Loss-of-function mutation in AtCRPK1 results in increased cold tolerance 

in Arabidopsis thaliana (Liu et al. 2017). Located on the plasma membrane, AtCRPK1 

phosphorylated 14-3-3 proteins, and the phosphorylated 14-3-3 proteins translocate from cytosol 

to the nucleus where they destabilize the key cold-responsive C-repeat-binding factor (CBF) 
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proteins. In line with this, overexpression of 14-3-3 reduced freezing tolerance, while mutations 

in 14-3-3 improved freezing tolerance. The prominent role of CBF proteins in cold acclimation 

have been extensively characterized, but there is no precedent for CBFs being involved in plant 

responses to biotic stress (Shi et al. 2018; Yamaguchi-Shinozaki and Shinozaki 2006). In 

contrast, 14-3-3 proteins, acting as sensors for the phosphorylation status at specific sites, play 

significant roles in plant-pathogen interaction as the targets of pathogen effectors or interacting 

with defense-related proteins (Oh and Martin 2011; Teper et al. 2014; Yang et al. 2009). 

Therefore, 14-3-3 proteins may be the potential link between the putative CRPK1 encoded by G6 

and the susceptibility to Ptm pathogen. 

The aa substitution D19N associated with disease phenotype is outside the conserved 

functional domain (CFD) in G6 (Fig. 3.3), but it is not uncommon that nonsynonymous 

mutations beyond the CFD disrupts protein function (Li et al. 2021; Li et al. 2016). The specific 

localization of AtCRPK1 on the plasma membrane indicated the presence of a signal peptide in 

the protein, although an obvious signal peptide is missing (Liu et al. 2017). The N-terminal 

sequence of G6 harboring the D19N substitution is homologous to that in AtCRPK1. There may 

be an uncharacterized signal peptide at the N-terminus, and the aa substitution disturbs protein 

localization. 

  In summary, as one of the few genes conferring broad recognition specificity to Ptm, 

Sptm1 is valuable for variety improvement and fundamental research in barley. The high-

resolution mapping in this study provides user-friendly markers and a candidate gene for Sptm1. 

Cloning of Sptm1 will unravel the genetic mechanism underlying barley susceptibility to this 

important fungal pathogen, and it will provide a target for gene editing to develop resistant 

materials. Moreover, it is interesting to investigate if Sptm1 is also involved in cold tolerance. 
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Nevertheless, the candidate of Sptm1 will be functionally validated with genetic transformation 

or CRISPR/Cas9-mediated mutagenesis in barley. 
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CHAPTER 4: HOST-INDUCED GENE SILENCING OF THE FUNGAL GENE FGGCN5 

IN BARLEY FOR IMPROVING RESISTANCE TO FUSARIUM HEAD BLIGHT 

Abstract 

Fusarium head blight (FHB), caused by the mycotoxin-producing fungus Fusarium 

graminearum, is a devastating disease in barley, jeopardizing both grain yield and quality. Host-

induced gene silencing (HIGS), in which hosts express double-stranded RNA (dsRNA) to silence 

plant pathogen genes in a sequence-specific manner, has been proposed as a potential approach 

for disease control. In this study, a transgenic barley line containing an RNA interference (RNAi) 

construct was developed to target the histone acetyltransferase-encoding gene FgGCN5, which is 

known to play significant roles in F. graminearum morphogenesis, DON biosynthesis, and 

pathogenicity. Small RNA sequencing confirmed the production of target-specific short 

interfering RNAs (siRNA) in the transgenic line. However, the post-infection expression level of 

the FgGCN5 gene in the transgenic plant was not affected, suggesting the FgCNG5-siRNAs 

were either ineffective at silencing the target gene or were not taken up by the pathogen. The 

gene expression data is in line with that the comparable levels in disease severity, DON 

accumulation, and fungal biomass between transgenic plants and the wild type. Further 

investigations are needed to address why HIGS of the FgGCN5 gene is unable to improve FHB 

resistance in barley. 
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Introduction 

Acetylation of histone lysine is a post translational histone modification which plays 

essential roles in the dynamic changes of chromatin and epigenetic regulation of gene expression 

(Verdone et al., 2005). Hyperacetylation of histones is associated with the relaxed chromatin 

(euchromatin) and gene activation, while hypoacetylation leads to the condensed 

heterochromatin (heterochromatin) and transcriptional repression (Strahl and Allis, 2000). 

Histone acetylation is balanced by the histone acetyltransferases (HATs) and histone 

deacetylases (HDACs). The General Control Non-repressed 5 (GCN5) acetyltransferase is a 

prominent HAT which is one of the first identified and best characterized histone 

acetyltransferases (Brownell et al., 1996). Maintaining proper cellular function and development, 

transcription regulation through the activity of GCN5 is tightly linked to diverse metabolic 

pathways in the cell (Mutlu and Puigserver, 2021). Although the importance of HATs is well 

known for various biological processes in eukaryotes, the relevance of HATs in plant fungal 

pathogens has been neglected (Jeon et al., 2014).   

Crop yield is seriously affected by various plant diseases, escalating the food insecurity 

triggered by the increasing population globally. Fusarium head blight (FHB), caused by the 

fungal pathogen Fusarium graminearum (Gibberella zeae), is a devastating disease of wheat and 

barley. FHB not only results in enormous loss of crop yield, but also deteriorates the food quality 

due to the pathogen-produced mycotoxins including deoxynivalenol (DON) (McMullen et al., 

1997). DON is chemically stable and not damaged during processing. Presence of toxins in the 

final products of wheat and barley is harmful for both human and animal (Schwarz et al., 2017). 

Multiple major resistance genes to FHB have been identified and extensively harnessed in wheat 

production, such as Fhb1 - Fhb7 (Cuthbert et al., 2006; Cuthbert et al., 2007; Qi L et al., 2008; 
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Xue et al., 2010; Xue et al., 2011; Cainong et al., 2015; and Wang et al., 2020), but effective 

resources has not been available to enhance the FHB resistance in barley. Besides the protection 

by chemical fungicides, barley, as the fourth important cereal, is vulnerable to this notorious 

disease.  

Host-induced gene silencing (HIGS) provides an innovative strategy for efficient control 

of plant pathogens. Using the RNA interference (RNAi) mechanism, HIGS suppresses genes of 

plant pathogens in a sequence-specific manner by hosts expressing the double stranded RNA 

(dsRNA) (Chang et al., 2012 and Machado et al., 2017). Processing of the dsRNA by Dicer or 

Dicer-like proteins (DCL) gives rise to small interfering RNAs (siRNAs) with small sizes of 21-

22 nucleotides. These siRNAs are mobile signals which can be transported systemically in the 

host and even into the cells of plant pathogen (Chang et al., 2012). SiRNAs guides RNA-induced 

silencing complex (RISC) to bind to the target mRNA, resulting in the enzymatic cleavage and 

silencing of the target (Chang et al., 2012 and Machado et al., 2017). Secondary siRNAs 

(secsiRNAs) are produced by cleavage of target mRNA, acting as a magnifier of RNA silencing 

(Chang et al., 2012). Therefore, HIGS is applied as a powerful tool to target pathogen genes 

critical for survival or pathogenicity through engineering the host genome. Moreover HIGS-

mediated plant protection has been proven effective for disease resistance in wheat and barley 

(Qi et al., 2019 and Machado et al., 2017).  

Targeting the sterol 14-demethylase (CYP51) genes regulating ergosterol biogenesis 

essential for membrane integrity and fungal virulence, HIGS suppressed F. graminearum growth 

in transgenic Arabidopsis and barley plants (Koch et al., 2013). Wheat plants expressing RNAi 

constructs targeting the F. graminearum chitin synthase Chs3b gene displayed increased FHB 

resistance (Cheng et al., 2015). In addition, wheat plants carrying an RNAi hairpin to knock 
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down FcGls1 in F.culmorum, a gene responsible for the biosynthesis of an important fungal cell 

wall polysaccharide β -1, 3-glucan, showed enhanced FHB resistance in the leaf and spike (Chen 

et al., 2016). Therefore, the efficacy of HIGS in controlling cereal FHB has been exemplified. 

However, development of durable disease resistance using HIGS require the selection of new 

targets and highly efficient stable transformation systems.  

To increase barley resistance to FHB, in the present study we used HIGS to silence 

FgGCN5, a significant histone acetyltransferase-encoding gene in F. graminearum. Although 

HAT proteins function redundantly at considerable levels, distinct roles of GCN5 in 

reprogramming of the genome have been identified (Xue-Franzen et al., 2013). The importance 

of FgGCN5 was also indicated in F. graminearum morphogenesis, DON biosynthesis, and 

pathogenicity (Kong et al., 2018). In the loss-of-function Fggcn5 mutant (ΔFgGCN5), 

acetylation levels of histone H3 were significantly decreased at several specific lysins, leading to 

a genome-wide differential expression and impaired metabolic processes affecting pathogenicity 

of F. graminearum. The ΔFgGCN5 mutant losses its ability to generate conidia or to form 

perithecia for discharge of spores. When wheat spike is inoculated with the ΔFgGCN5 mutant, 

FHB symptoms were observed on the inoculated kernels only, but spread of infection to 

neighboring spikelets on the same head is completely blocked. The in vitro DON production 

levels of ΔFgGCN5 are almost zero compared to wild type (Kong et al., 2018). Therefore, the 

critical and unique roles of FgGCN5 in pathogenicity and genome-reprogramming make it a 

potential target for HIGS to control FHB in barley. 
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Materials and Methods 

Plant Materials 

Barley cv. Golden Promise (WT) was used for transformation. All transgenic plants were 

grown in a greenhouse under a 16 h light/8 h dark photoperiod at 25 °C.  

DNA Extraction 

Plant DNA was extracted according to the CTAB protocol. Around 100 mg leaf samples 

were collected from plants at the three-leaf stage and quantified using a NanoDrop 

spectrophotometer (NanoDrop 8000, Thermo Fisher Scientific) according to the manufacturer’s 

instructions. The final concentration was adjusted to 100 ng/uL for PCR amplification. 

Vector Construction and Barley Transformation 

The HIGS vector was constructed using pANIC-8B through the gateway cloning method 

to target FgSCN5 (XM_011317624) (Mann et al., 2012). An ⁓300 bp fragment in the 

bromodomain of FgSCN5 was amplified with primers attached with the attB recombination sites, 

5’-attB1-GTTGGGGGAATCACATATCG-3’ and 5’-attB2-GTTGGGGGAATCACATATCG-

3’. The destination vector was transferred into the Agrobacterium tumefaciens strain AGL1 using 

electroporation. Barley transformation followed a previously developed protocol (Bartlett et al., 

2008; Harwood, 2014). Briefly, developing spikes of the spring barley cv. Golden Promise 

growing in the greenhouse were harvested when the immature embryos (IEs) were 

approximately 1–2mm in diameter. After surface sterilization, IE was isolated from the seed with 

the embryo axis removed under a stereomicroscope. After three days of co-cultivation, the 

embryos were transferred to callus induction (CI) medium containing 50 mg/L Hygromycin for 

selection. Timentin (250 mg/L) was used to eliminate Agrobacterium. The IEs were transferred 

to fresh CI media every two weeks for three times. Six weeks after callus induction, the calli 
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were placed on transition medium for two weeks. The green developing shoots were then 

transferred to the regeneration medium for shooting and rooting. After 2–3 roots at least 2 cm 

and the shoot 3-4 cm in length were developed, the plantlet was transferred to soil. The 

preparation for transformation media followed the recipes described by Bartlett et al. (2008).  

Small RNA Sequencing  

Total RNA was extracted from three biological replicates of barley spikes in WT and the 

homozygous transgenic line T51. Each replicate consisted of three spikes growing in a distinct 

pot and collected at the boot stage. NucleoSpin RNA Plant kit (Macherey-Nagel, Düren, 

Germany) was used for RNA extraction. M-MLV reverse transcriptase was used to generate 

first-strand cDNA (Invitrogen). Small RNA libraries were prepared using the TruSeq Small 

RNA Library Preparation Kit, and single-end sequencing was performed on the Illumina Hiseq 

2500 platform to generate 50-bp reads (SE50) (Novogene, Beijing, China). Results of small 

RNA sequencing total reads and quality can be found in (Table C3-4). The alignment of sRNA 

reads to FgGCN5 were performed in CLC Genomics Workbench using the "map reads to 

reference" function, and the read counts per nucleotide were exported to a comma separated 

values file and graphed in Microsoft Excel. 

Pathogen Inoculation Assay 

The F. graminearum isolate GZFGO5 was used for inoculation. For inoculum 

preparation, dried fungal mycelial plugs were used for macroconidia production by scraping the 

surface of mung bean agar plates (MBA) (40g of filtered mung bean broth/L, and 15g of agar) 

(Evans et al., 2000). Plates were placed under alternate fluorescent and near UV light cycle 12/12 

at room temperature for 7 to 14 days for sporulation. Spores were collected and filtered with 

sterile deionized H2O water using two lairs of cheese cloth. Spore concentration was determined 
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using a hemocytometer, and a final concentration of 5 x 105 spore/ml was used for the 

inoculation assay in 0.025% Tween-20. Dip-inoculation was conducted for barley infection as 

described in (Baldwin et al., unpublished). Spikes at boot stage were immersed in the spore 

suspension and immediately covered with plastic bags. Three days later, the infected spikes are 

either covered with a glycine bag or exposed in the air. Disease phenotype was scored at 14 day 

post infection (dpi). The disease severity was calculated as a percentage of diseased spikelets per 

spike. Conlon and WT were used as susceptible and resistant controls, respectively. Plants used 

for disease evaluation were sown in cones (3.8 cm diameter × 20 cm depth) placed in RL98 trays 

with one seed per cone. The plants were grown in growth chambers under fluorescent and 

incandescent lighting with a 13-h photoperiod at temperatures optimal for the rapid and healthy 

growth of barley: 1 h at 16 °C, 1 h at 18 °C, 10 h at 20°C, 1 h at 18 °C (light level between 54-90 

μmol m2), followed by 11 hours of darkness at 16 °C. At least 5 to 9 spikes per replicate were 

dip-inoculated for each genotype and the average of 4 replicates were used in the final statistical 

analysis (Baldwin et al., unpublished). A one-way analysis of variance (ANOVA) was used to 

test for statistically significant differences between treatments at the 0.05 level. 

DON-Measurement 

DON measurement was conducted by the Malting Barley Quality Laboratory in the 

Department of Plant Sciences at North Dakota State University (NDSU). Bulked infected 

samples at 14 dpi from all genotypes WT and T51 per experiment were collected for DON 

measurement. All samples were freeze-dried before being grounded. Approximately 1g of 

pulverized infected tissue was used for DON extraction with 10 mL of acetonitrile-water (v/v 

84:16) mixture, followed by filtration and dilution for sample analysis on GC-MS. Statistical 

significance differences among treatment were calculated using Student’s t-test at 0.05 level. 



96 
 

Fungal Biomass Measurement  

Bulked infected samples at 14 dpi from all genotypes, including WT and T51, were 

collected for fungal biomass analysis with three technical replications per each. All samples were 

freeze-dried for four days before being grounded. Total genomic DNA was isolated using 

Plant/Fungi DNA Isolation Kit (Norgene Bioteck Corp) following the manufacturer's protocol. 

Utilizing the following primers/probe gene-specific for TRI5 gene TRI5QPF2 5’-

CTCACCCAGGAAACCCTACA-3’, TRI5QPr2 5’-CATCACCTGAGGGTCCTTGT-3’, and 

TRI5QPP2 5’-GATGGTTGCTGTCTTCTCGG-3’, the fungal biomass was quantified. Actin-

specific primers/probe ActinQPF2 5’-CCAGGTATCGCTGACCGTAT-3’, ActinQPP2 5’-

GCTGAGTGAGGCTAGGATGG-3’, ActinQPR2 5’-GAAGATCAAGGTCGTCGCTC-3’ were 

utilized to determine the quantity of barley DNA. Taqman-probe-based multiplex qPCR assay 

was used for quantification of both targets within each sample. The amount of genomic DNA in 

each sample was standardized to 10ng/µl. PCR reaction contained qPCR reaction contained 5 ul 

of Bio-rad iTaq Universal Probes Supermix (2X), 0.5 ul of each forward and reverse primer (10 

uM), 0.2 ul of each probe (10 uM), and 1 ul of genomic DNA per sample added with Invitrogen 

Nuclease-Free water to reach final volume of 10 ul per reaction. qPCR conditions were as 

denaturation step of 95°C for 2:45 min followed by 35 cycles of 95°C for 0:15 s, and 58°C for 30 

s. Relative biomass of F. graminearum in the infected tissue was quantified by qPCR. The Ct 

value of the F. graminearum gene TRI5 was calculated relative to the corresponding Ct values of 

the Actin gene using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Statistical significance 

differences among treatment were calculated using Student’s t-test at 0.05 level. 
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Quantitative Real-Time PCR (qRT-PCR) 

Infected spikes were sampled with 3 biological replicates at 4 and 14 dpi for RNA 

extraction from WT and T51. NucleoSpin RNA Plant kit (Macherey-Nagel, Düren, Germany) 

was used to extract RNA following the manufacturer’s instructions. Quantitative reverse 

transcription PCR was performed in a two-step assay. First-strand cDNA was synthesized using 

iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA) following the manufacturer’s 

instructions. Fluorescent qPCR was performed using the Bio-Rad CFX96 Touch Real-Time PCR 

Detection System (Bio-rad). For each reaction, 2 μL cDNA (equivalent to 100 ng of total RNA), 

1.35μL (for actin gene) or 0.75 μL (for FgSCN5 gene) of each gene-specific primer (10 μM), and 

7.5 μL of SsoAdvanced universal SYBR Green supermix 2x (Bio-rad) and nuclease-free water 

were added, giving a final volume of 15 μL. The Actin gene was used as the internal control for 

real-time analysis and amplified with primers 5′- CGACAATGGAACCGGAATG -3′ and 5′-

CCCTTGGCGCATCATCTC -3′. Primers 5′-GCCTTCATCTCCTACACCATC-3′ and 5′- 

GATTTCACCATTGCGCTCTTC -3′ were used to quantify FgSCN5 gene expression. 

Amplification conditions were conducted as instructed by manufacture protocol for 

SsoAdvanced universal SYBR® Green supermix with some modifications as follows: initial 

denaturation at 95° for 30 s, followed by 40 cycles of 95° for 30 s, and annealing/extension at 

60° for 45 s. Two technical replications were used per biological replicate. Statistical significant 

differences among treatment were calculated using ANOVA. 
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Results 

Identification of Homozygous Transgenic Plants  

The presence of the transgene was determined in transgenic plants using PCR with a 

gene-specific primer GCN5-1F 5′- TGTTATCGAAGAGCGCAATG-3′ and a vector-specific 

primer Nos-R 5′- CCCATCTCATAAATAACGTCATGC-3′. To identify homozygous 

transgenic plants derived from two independent transformation events, six T1 plants each were 

selected and at least 30 T2 plants for each T1 family were subjected to PCR analysis. As a result, 

T34 and T51, one for each transformation event, were genotyped as homozygous (data not 

shown). However, further confirmation using 18 additional plants revealed that only T51 was 

homozygous for the transgene (Figure 4.1).  

 

Figure 4.1. Molecular analysis of two independent T2 lines T51 and T34 to confirm the 
integration of FgCNG5-RNAi fragment. WT (wild type) and EV (empty vector) were used as 
negative controls.  

Small RNA Sequencing 

The siRNA from both WT and the transgenic line T51 were sequenced to determine if the 

transgenic line produced siRNA that inhibits the expression of FgGCN5. Three biological 

replicates of WT and transgenic T51 were used for total RNA extraction at the booting stage. 

According to sequencing results, siRNA that targets FgGCN5 was not detected in WT but only 
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in T51 when all three biological replicates were examined (Table C1-2). Total mapped reads 

from the three T51 replications were 6889, 4330, and 11692, respectively, representing a small 

proportion of FgGCN5-siRNA produced, between 0.06 and 0.08 percent of the total siRNA 

sequenced. Most siRNAs targeting FgGCN5 produced had an average length of 21±0.12 bp 

(Table C1-2) (Figure 4.2A). The siRNAs were mapped to distinct positions within the FgGCN5 

gene (Figure 4.2B). 

 

Figure 4.2. Small RNA profile of FgCNG5-RNAi from spikes of barley transgenic line T51. A. 
total count and length of the siRNA species target FgCNG5 produced by the transgenic line T51 
and B. map position of the siRNA within the target gene FgCNG5. 
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Disease Phenotype 

The effect of siRNA targeting FgGCN5 produced by transgenic line T51 on the responses 

to FHB was assessed. Conlon and WT, as resistant and susceptible controls, were used to 

compare the responses of the transgenic line T51. At the boot stage, dip-inoculation was used to 

inoculate the spikes of the tested lines with 5 x 105 spores/ml of the isolate GZFGO5. At 14 dpi, 

the disease severity to FHB infection was calculated by counting the number of infected and 

uninfected spikelets across the entire spike. For final analysis, all phenotypic scores across 3 

independent experiments per genotype were averaged. The data shows that the disease severity 

of T51 was not significantly different from that of the WT plant. Nonetheless, the only 

statistically significant difference was observed when comparing the resistant check Conlon with 

the transgenic line T51 and the WT. Notably, transgenic line T51 had a higher disease 

percentage equal to 63.6% when compared to the WT which had a lower disease percentage 

equal to 53.2%. Conlon as resistant check showed the lowest disease percentage equal to 38.2% 

(Table 4.1) (Figure 4.3). 

Table 4.1. Descriptive statistics for disease severity of 14 dpi with F. graminearum isolate 
GZFGO5 from three treatments Conlon, WT, and T51.  

Treatments Meana 

 (%) 
Median 

(%) 
Minimum (%) Maximum (%) Standard deviation 

Conlon 38.25 * 32.5 0 73 22.7 
WT 53.25 50 12 79 16.55 
T51 63.6  68 19 96 18.1 

* Indicates significant differences attested by ANOVA Pr > F = 0.0019  
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Figure 4.3. Visualization representing disease severity of 14 dpi spikes of Conlon, WT, and T51 
genotypes inoculated with F. graminearum isolate GZFGO5. 

Fungal Biomass Measurement  

For measuring fungal biomass, 14 dpi-samples per genotype were pooled from all 

independent experiments and measured as a whole. Three technical replicates of qPCR were 

performed for each combined sample. TRI5 and Actin genes were utilized to quantify and 

normalize fungal biomass, respectively. Results showed no significant differences between the 

two treatments WT and T51 (T-test= 0.69; P > 0.05). However, the fungal mass in T51 was 35% 

less than that in WT plants (Figure 4.4). 
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Figure 4.4. Fungal biomass analysis. Relative gene copy of Tri5 was used to quantify the fungal 
mass in barley lines sampled at 14 dpi. The fold change of Tri5 was normalized by using barley 
specific β-Actin, and relative gene copy number was calculated using equation 2−ΔΔCT.  Data 
represents the mean ± SE of three biological replicates. Statistical significance differences 
among treatment were calculated using Student’s t-test at 0.05 level. 

DON Measurement of T3 Transgenic Line  

DON was measured in the same samples used for fungal biomass analysis. GC-MS 

analysis was utilized for DON measurement. Results showed no significant difference between 

the two treatments (T-test= 0.43; P > 0.05). Nonetheless, transgenic line T51 accumulated a 

greater DON content (34.6 μg g-1 DON) than the WT (27.27 μg g-1 DON) (Figure. 4.5). 
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Figure 4.5.  DON measurement. Data was represented by the mean ± SE of three biological 
replicates. Statistical significance differences among treatment were calculated using Student’s t-
test at 0.05 level. 

Expression Profile of the Target Gene FgGCN5 Post Infection 

To test if in planta-derived silencing affected the target gene FgGCN5 in F. 

graminearum, the transcript level of FgGCN5 was evaluated in both WT and transgenic line 

T51. Comparing infected barley spike samples from WT and T51 at 4 and 14 dpi revealed no 

significant differences between the two lines at both time points based on absolute quantification 

of the target gene. The transgenic line T51 had less quantities of the target gene transcript than 

the WT line only at 14 dpi, but the difference was not statistically significant (Figure 4.6). 
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Figure 4.6. Absolute quantification of the target gene FgGCN5 at 4 and 14 dpi. Data represents 
the mean ± SE of three biological replicates. Statistically significant differences among 
treatments per each time point were calculated using ANOVA, Pr > F = 0.871. 

Discussion 

 Fusarium head blight is a devastating disease that reduces crop yield and grain quality. 

Breeding for disease resistance to FHB is the most efficient method of controlling the disease. 

However, due to the limited availability of disease-resistant germplasm and the rapid 

deterioration of resistance by new virulent races, there are no effective means to enhance FHB 

resistance in barley (Wegulo et al., 2015; Machado et al., 2017). Recently, HIGS has been used 

as novel method for the effective management of plant pathogens including F. graminearum, 

which also provided a new strategy for the safe, pesticide-free, potentially sustainable protection 

of plants from plant pathogens (Koch et al., 2013; Cheng et al., 2015; Chen et al., 2016). The 

purpose of this research was to identify a new HIGS target gene FgGCN5 within the F. 
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graminearum genome and determine whether it influences the pathogen's pathogenicity, disease 

severity, DON accumulation, and fungal biomass. 

 RNAi is a biological phenomenon capable of inhibiting gene expression at the 

transcriptional, post-transcriptional, or translational levels (Chang et al., 2012). Plants contain 

RNAi, which is highly conserved and essential for the development and growth of organisms. 

HIGS uses the plant's RNAi system to produce silencing molecules (dsRNA and siRNAs) that 

can be translocated into fungus by an unidentified mechanism, and then uses the fungus's RNAi 

system to downregulate the expression of fungal genes (Qi et al., 2019; Cai et al., 2018). It has 

been proposed that host-derived mobile silencing signals may enter the cytosol of the target 

fungus and result in gene downregulation. This was demonstrated by planta-generated siRNAs 

directed against GFP mRNA in GFP-expressing transgenic F.verticillioides, which were able to 

translocate to fungal cytosol and diminish GFP signal (Tinoco et al., 2010).  

In this study, small RNA sequencing results showed that the transgenic line T51 

produced siRNAs which were specifically mapped to different locations of the target gene 

FgGCN5. It was suggested that the transgenic line T51 did generate dsRNAs through 

transcription which were then transformed into siRNAs by the plant RNAi system. However, 

there was no significant differences in the gene expression levels of the target gene FgCNG5 at 4 

and 14 dpi between the transgenic line T51 and the WT. The possible explanation is that 

FgCNG5-specific siRNAs were not sufficiently produced, or were ineffective at silencing the 

gene, or were not absorbed by the pathogen at all. As a result, there was no significant 

differences based on the disease severity, fungal biomass, and DON measurements between the 

WT and T51.  

https://onlinelibrary.wiley.com/doi/10.1111/pbi.12158#pbi12158-bib-0034
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The precise siRNA sequence and concentration produced by the transgenic plant, affects 

how effectively it silences the target gene (Baldwin et al., 2018). The length of the siRNAs that 

mapped with FgGCN5 specificity were varied, with 21 nt being the most redundant; however, 

only a small fraction was produced between 0.06-0.08%. Wang et al. (2020) showed that two 

independent transgenic wheat plants with FgSGE1-STE12-PP1-RNAi construct expressed 

greater amounts of siRNA to knock down three critical genes in F.graminearum upon infection: 

a regulator gene for DON biosynthesis (FgSGE1), a transcription factor gene for penetration 

structure formation (STE12), and a phosphatase gene (PP1). The derived target-specific small 

RNAs attained up to 1.38 - 3.90% of total small RNAs, resulting in an increase in FHB 

resistance and a decrease in DON biosynthesis. In addition, transgenic banana lines containing 

separate vector constructs producing ERG6-siRNAs and ERG11-siRNAs exhibited suppressed 

ergosterol biosynthesis, and the produced target-specific siRNAs were approximately 2.02-

2.38% and 3.35-5.22 of the total sRNA, respectively. The ERG11-RNAi construct generated 

more siRNAs than ERG6-RNAi because of the presence of multiple copies of T-DNA insertions. 

Nonetheless, both mutant banana lines demonstrated increased resistance to fusarium wilt 

disease (Dou et al., 2020). In comparison with these positive precedents, the amount of 

FgGCN5-siRNA produced in the T51 line were deemed negligible, and therefore an even smaller 

amount of FgGCN5-siRNA were delivered to the pathogen. Consequently, the severity of the 

disease and other indicators were not significantly affected. 

Although the mutation of FgSCN5-deletion displayed negative effects on pathogen 

virulence, pathogenicity, and DON contents (Kong et al., 2018), some undesirable effects can be 

trigged by HIGS of FgGCN5. Cheng et al. (2015) demonstrated that different RNAi constructs 

targeting the Chs3b gene in F.graminearum transgenic strains had varying silencing efficacy 
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under the same genetic background. Furthermore, the strain carrying the Chs3bRNAi-4 construct 

had higher virulence and chitin content than the WT, possibly as a result of compensation for the 

down-regulation of this Chs3b gene by the other eight Chs gene members (Chen et al., 2015). 

Although these mutation effects were caused by the stable transformation in F.graminearum, it 

could be the same if HIGS was used to target the same gene (Chen et al., 2015). Therefore, the 

slight increase in the disease severity and DON contents present in the transgenic line T51 could 

be due to the gene compensation by other HATs genes in F.graminearum. Alternatively, the 

transgenic line was less resilient to diseases due to the possible regeneration-induced mutations 

during tissue culture for barley transformation.  

Based on the exogenous application of dsRNA to silence CYP51 of F. graminearum, this 

necrotrophic fungal pathogen responds more efficiently to dsRNA than to siRNA, and thus 

spray-induced gene silencing (SIGS) was more powerful than HIGS in suppression of the F. 

graminearum infection (Koch et al., 2019). SIGS was found to be 50% and 30% in more 

effective in the controlling of two tomato pests Tuta absoluta (leaf miner) and Tetranychus 

urticae (two-spotted spider mite) than HIGS (Camargo et al., 2016; Suzuki et 

al., 2017). However, both strategies, HIGS and SIGS, achieved similar effects when they were 

used to control the biotrophic fungal pathogen of Asian soybean rust, Phakopsora 

pachyrhizi (Hu et al., 2020). Therefore, the effect of HIGS-trigged disease restriction is 

associated with lifestyle and feeding behavior of the pathogen. 

To conclude, we investigated the effect of HIGS targeting FgGCN5 in barley for FHB 

resistance. Despite the production of the FgGCN5-siRNA, there was no significant silencing 

effect in the target gene, and the transgenic line T51 did not show the improved resistance 

according to the analysis of disease severity, DON accumulation, and fungal biomass. I admit 
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that the HIGS effect may be biased because only one transgenic line was used in this study. More 

independent transgenic lines will be included in the follow-up study to identify if higher number 

of FgSCN5- specific siRNAs are produced in other lines. Spray-induced gene silencing (SIGS) 

will also be used to determine the efficacy of delivering dsRNA for silencing FgGCN5. 

Therefore, additional efforts are needed to systematically characterize the effect of HIGS 

targeting FgGCN5 on barley FHB resistance.  
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APPENDIX A: CHAPTER 2 SUPPLEMENTARY MATERIALS 

Table A1. The average seedling disease scores for the CI97_CI92 population with the Ptm 
13IM8.3 isolate using a 1-5 rating scale. 

RIL # Average score 
CI97_CI92-1 2.4 
CI97_CI92-2 2.4 
CI97_CI92-3 2.8 
CI97_CI92-4 2.4 
CI97_CI92-5 2.1 
CI97_CI92-6 2.3 
CI97_CI92-7 2.2 
CI97_CI92-8 2.2 
CI97_CI92-9 3.2 
CI97_CI92-10 2.2 
CI97_CI92-11 2.2 
CI97_CI92-12 2.5 
CI97_CI92-13 3 
CI97_CI92-14 3.9 
CI97_CI92-15 2.4 
CI97_CI92-16 2.3 
CI97_CI92-17 2.2 
CI97_CI92-18 2.6 
CI97_CI92-19 2 
CI97_CI92-20 2.7 
CI97_CI92-21 2 
CI97_CI92-22 3 
CI97_CI92-23 2.7 
CI97_CI92-24 1.5 
CI97_CI92-25 2.3 
CI97_CI92-26 2.8 
CI97_CI92-27 2 
CI97_CI92-28 2 
CI97_CI92-29 2.7 
CI97_CI92-30 1.9 
CI97_CI92-31 1.7 
CI97_CI92-32 2.4 
CI97_CI92-33 2 
CI97_CI92-34 2.7 
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Table A1. The average seedling disease scores for the CI97_CI92 population with the Ptm 
13IM8.3 isolate using a 1-5 rating scale (Continued). 
 

RIL # Average score 
CI97_CI92-35 1.7 
CI97_CI92-36 3 
CI97_CI92-37 3.6 
CI97_CI92-38 2.4 
CI97_CI92-39 2.1 
CI97_CI92-40 2.3 
CI97_CI92-41 2.3 
CI97_CI92-42 2.5 
CI97_CI92-43 2.6 
CI97_CI92-44 2 
CI97_CI92-45 2.4 
CI97_CI92-46 2.8 
CI97_CI92-47 2.3 
CI97_CI92-48 3.1 
CI97_CI92-49 2.1 
CI97_CI92-50 2.3 
CI97_CI92-51 1.9 
CI97_CI92-52 2.7 
CI97_CI92-53 1.8 
CI97_CI92-54 2.3 
CI97_CI92-55 2.3 
CI97_CI92-56 2.7 
CI97_CI92-57 3.8 
CI97_CI92-58 2.7 
CI97_CI92-59 2.2 
CI97_CI92-60 1.7 
CI97_CI92-61 2.4 
CI97_CI92-62 2.2 
CI97_CI92-63 2.3 
CI97_CI92-64 2.8 
CI97_CI92-65 3.5 
CI97_CI92-66 2.9 
CI97_CI92-67 2.5 
CI97_CI92-68 2.8 
CI97_CI92-69 3.6 
CI97_CI92-70 2.7 



114 
 

Table A1. The average seedling disease scores for the CI97_CI92 population with the Ptm 
13IM8.3 isolate using a 1-5 rating scale (Continued). 
 

RIL # Average score 
CI97_CI92-71 3.8 
CI97_CI92-72 3.1 
CI97_CI92-73 2 
CI97_CI92-73 2 
CI97_CI92-74 2.5 
CI97_CI92-75 2 
CI97_CI92-76 2.8 
CI97_CI92-77 2.8 
CI97_CI92-78 3.8 
CI97_CI92-79 2.9 
CI97_CI92-80 3 
CI97_CI92-81 2.6 
CI97_CI92-82 2.6 
CI97_CI92-83 2.4 
CI97_CI92-84 1.6 
CI97_CI92-85 2.5 
CI97_CI92-86 2.5 
CI97_CI92-87 2.8 
CI97_CI92-88 1.3 
CI97_CI92-89 2.8 
CI97_CI92-90 1.8 
CI97_CI92-91 3 
CI97_CI92-92 2.3 
CI97_CI92-93 1.5 
CI97_CI92-94 2.3 
CI97_CI92-95 2.4 
CI97_CI92-96 2.8 
CI97_CI92-97 2 
CI97_CI92-98 2.7 
CI97_CI92-99 2.6 
CI97_CI92-100 2.8 
CI97_CI92-101 1.5 
CI97_CI92-102 1.8 
CI97_CI92-103 2.5 
CI97_CI92-104 2.9 
CI97_CI92-105 2.9 
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Table A 1. The average seedling disease scores for the CI97_CI92 population with the Ptm 
13IM8.3 isolate using a 1-5 rating scale (Continued). 
 

RIL # Average score 
CI97_CI92-106 2.9 
CI97_CI92-107 2.7 
CI97_CI92-108 2.5 
CI97_CI92-109 2.1 
CI97_CI92-110 2.5 
CI97_CI92-111 2.8 
CI97_CI92-112 1.7 
CI97_CI92-113 2.2 
CI97_CI92-114 2.2 
CI97_CI92-115 2.9 
CI97_CI92-116 3 
CI97_CI92-117 1.8 
CI97_CI92-118 2.3 
CI97_CI92-119 2.8 
CI97_CI92-120 2.4 
CI97_CI92-121 3.3 
CI97_CI92-122 2.7 
CI97_CI92-123 2 
CI97_CI92-124 2.4 
CI97_CI92-125 3.1 
CI97_CI92-126 2.4 
CI97_CI92-127 1.5 
CI97_CI92-128 2.6 
CI97_CI92-129 2.5 
CI97_CI92-130 3.1 
CI97_CI92-131 2.3 
CI97_CI92-132 2.3 
CI97_CI92-133 1.8 
CI97_CI92-134 2.9 
CI97_CI92-135 1.9 
CI97_CI92-136 2 
CI97_CI92-137 2.4 
CI97_CI92-138 1.9 
CI97_CI92-139 2.8 
CI97_CI92-140 2.6 
CI97_CI92-141 2.8 
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Table A1. The average seedling disease scores for the CI97_CI92 population with the Ptm 
13IM8.3 isolate using a 1-5 rating scale (Continued). 
 

RIL # Average score 
CI97_CI92-142 2.4 
CI97_CI92-143 2 

 
Table A2. The average seedling disease scores for the CT population with the Ptm 13IM8.3 
isolate using a 1-5 rating scale. 

RIL # Average score 
CT-1 2.9 
CT-2 1.4 
CT-3 2.3 
CT-4 2.4 
CT-5 3 
CT-6 1.6 
CT-7 1.8 
CT-8 2.6 
CT-9 2.3 
CT-10 1.6 
CT-11 1.4 
CT-12 2.1 
CT-13 2.7 
CT-14 1.5 
CT-15 1.5 
CT-16 2.2 
CT-17 2.3 
CT-18 1.9 
CT-19 1.3 
CT-20 1.4 
CT-21 1 
CT-22 2.3 
CT-23 1.4 
CT-24 2.2 
CT-25 2.3 
CT-26 2.3 
CT-27 2 
CT-28 2.1 
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Table A2. The average seedling disease scores for the CT population with the Ptm 13IM8.3 
isolate using a 1-5 rating scale (Continued). 

RIL # Average score 
CT-29 1 
CT-30 2 
CT-31 1.4 
CT-32 2.3 
CT-33 2 
CT-34 2.8 
CT-35 1.5 
CT-36 1.7 
CT-37 1.2 
CT-38 1.9 
CT-39 2.7 
CT-40 2.6 
CT-41 2.8 
CT-42 1.6 
CT-43 2.1 
CT-44 2.3 
CT-45 1.5 
CT-46 2 
CT-47 2.5 
CT-48 2 
CT-49 2.5 
CT-50 2.2 
CT-51 2.1 
CT-52 2.1 
CT-53 1.1 
CT-54 1 
CT-55 3.1 
CT-56 2.5 
CT-57 1.9 
CT-58 1.1 
CT-59 1.6 
CT-60 1.8 
CT-61 1.3 
CT-62 2 
CT-63 2.4 
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Table A2. The average seedling disease scores for the CT population with the Ptm 13IM8.3 
isolate using a 1-5 rating scale (Continued). 

RIL # Average score 
CT-64 2.3 
CT-65 2.9 
CT-66 2 
CT-67 1.6 
CT-68 1.8 
CT-69 1.3 
CT-70 2.1 
CT-71 1.4 
CT-72 1.7 
CT-73 3.1 
CT-74 1.1 
CT-75 1.3 
CT-76 1.8 
CT-77 1.9 
CT-78 2.3 
CT-79 2.5 
CT-80 1.3 
CT-81 2.6 
CT-82 1.2 
CT-83 1.9 
CT-84 1.9 
CT-85 1.3 
CT-86 1.7 
CT-87 2.6 
CT-88 2.8 
CT-89 2.1 
CT-90 2.5 
CT-91 2.1 
CT-92 1.5 
CT-93 1.4 
CT-94 1.8 
CT-95 1.6 
CT-96 2.3 
CT-97 1.3 
CT-98 1.6 
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Table A2. The average seedling disease scores for the CT population with the Ptm 13IM8.3 
isolate using a 1-5 rating scale (Continued). 

RIL # Average score 
CT-99 1 
CT-100 1.8 
CT-101 1.8 
CT-102 2.5 
CT-103 2.9 
CT-104 1.1 
CT-105 1.4 
CT-106 2.6 
CT-107 2.2 
CT-108 1.7 
CT-109 1.2 
CT-110 1.1 
CT-111 2.4 
CT-112 2.5 
CT-113 1.8 
CT-114 1.4 
CT-115 2.1 
CT-116 1.4 
CT-117 1.1 

 
Table A3. Summary of seven genetic linkage groups for the CI97_CI92 population. 

Chromosome No. of markers Length (cM) Marker density (cM/locus) 

1H 217 122.7 0.57 
2H 263 144.47 0.55 
3H 280 143.38 0.51 
4H 223 107.18 0.48 
5H 300 154.87 0.52 
6H 221 110.23 0.50 
7H 246 137.7 0.56 

Total 1750 920.53 0.53 
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Table A4. Summary of seven genetic linkage groups for the CT population described by Koladia et al., (2017). 

Chromosome No. of markers Length (cM) Marker density (cM/locus) 

1H 90 133.5 1.5 
2H 143 161.2 1.1 
3H 122 156.7 1.3 
4H 91 115.3 1.3 
5H 146 184.6 1.3 
6H 103 113.6 1.1 
7H 132 147.3 1.1 

Total 827 1012.2 1.2 
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Table A5. QTL detected in the CI97_CI92 population. 

QTLs Ch SNPsa 
Physical 

 position (bp)b 
Support  

interval (cM) 
LOD  
value R2 (%) 

Additive 
effectc 

QTL 
donor Infrared Locusd 

QRptm-1H-108-122 1H 

JHI-Hv50k-2016-55796 516668348 

108-122 5.556 16.4 0.2 CI9776 QRptms1 (Grewal et al., 2012), Qns-1H 
QTL (Daba et al., 2019) SCRI_RS_165434 517300519 

SCRI_RS_175218 520656756 

QRptm-3H-45-52 3H 

BOPA1_10126_999 446718447 

45-52 6.97 20.1 0.15 CI9214  

QTL_Tamang_3H_65.16 (Tamang et al., 
2015), QRptms3-2 (Wang et al., 2015), 
Qns-3H.2 (Duba et al., 2019), SFNB-3H-
58.64 (Burlakoti et al., 2017), QRptm-
3H-56-65 (Tamang et al., 2019) 

SCRI_RS_152172 447867326 

SCRI_RS_222102 476003071 

QRptm-4H-43-57 4H 

SCRI_RS_188822 87623430 

43-57 12.65 33.5 0.21 CI9776  

Rpt7 (Williams et al., 2003), QRpts4 
(Grewal  et al., 2008), 
QTL_Tamang_4H_47.17 (Tamang et al., 
2015), QTL_Tamang_4H_53.67-59.22 
(Tamang et al., 2019) 

BOPA1_3193-671 396185414 

SCRI_RS_10607 457888731 

QRptm-4H-93-109 4H 

JHI-Hv50k-2016-268933 609391481 

93-109 14.24 36.8 0.23 CI9776  

Rpt8 (Franckowiak and Platz 2013), 
QRptm-4H-58-64 (Tamang et al., 2019), 
QTL_Friesen/Rpt8 (Friesen  et al., 
2006), QRptm4-2 (Wang et al., 2015), 
QRpts4 (Grewal et al., 2008), Qns-4H.2 
(Daba et al., 2019) 

SCRI_RS_151357 615823408 

JHI-Hv50k-2016-272270 616555836 

QRptm-5H-12-21 5H 

JHI-Hv50k-2016-278862 4663752 

12-21 4.478 13.4 0.12 CI9214  Rpt6 (Manninen et al., 2006) JHI-Hv50k-2016-280523 6916305 

JHI-Hv50k-2016-281470 9353471 

QRptm-7H-96-107 7H 

JHI-Hv50k-2016-500801 597294111 

96-107 7.174 20.6 0.15 CI9776 

Rpt4 (Williams et al., 1999, 2003), 
QRpt7 (Grewal et al., 2008, Tamang et 
al., 2015), QTL_Tamang_7H_133.84 
(Tamang et al., 2015), QRptm-7H-119-
137 (Tamang et al., 2019), QRptm7-6 
(Wang et al., 2015) 

JHI-Hv50k-2016-501312 598670417 

SCRI_RS_130990 602198212 
a SNPs flanking the QTL interval and the peak SNP in between were listed for marker development and position determination. 
b Physical position of linked SNPs were based on the Morex genome assembly V3. 
c Additive effect was used to represent QTL effect size. 
d Infrared locus was probably reported previously.  
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Table A6. QTL detected in the CT population. 

QTLs Ch SNPsa 
Physical  

position (bp)b 
Support  

interval (cM) 
LOD 
value R2 (%) 

Additive 
effectc 

QTL  
donor Infrared Locusd 

QRptm-4H-4-8     
(Allelic to QRptm-

4H-93-109) 
4H 

SCRI_RS_235762 624215195 

4-8 31.95 71.64 0.4 CI5791 

QTL_Tamang_4H_117.13 (Tamang 
et al., 2015), QRptm-4H-120-125 
(Tamang et al., 2019), QRptm-4H-
58-64 (Tamang et al., 2019) 

SCRI_RS_188829 616364353 

SCRI_RS_216855 612295812 

QRptm-5H-81-88   5H 
SCRI_RS_231239 519318035 

81-88 5.38 19.1 0.12 Tifang Novel SCRI_RS_106306 516074168 

SCRI_RS_88710 514858623 

QRptm-6H-60-64  6H 
SCRI_RS_5787 481349544 

60-64 7.36 25.1 0.15 Tifang 
QTL_Tamang (Tamang et al., 2015), 
QRptm-6H-55-64 (Tamang et al., 
2019), QRpt6 (Grewal et al., 2008) 

SCRI_RS_209210 483149579 

SCRI_RS_217187 522956072 

QRptm-7H-34-38 
(Allelic to QRptm-

7H-96-107) 
7H 

SCRI_RS_1383 607325324 

34-38 8.24 28.8 0.16 CI5791 

Rpt4 (Williams et al., 1999, 2003), 
QRpt7 (Grewal et al., 2008, Tamang 
et al., 2015), 
QTL_Tamang_7H_133.84 (Tamang 
et al., 2015), QRptm-7H-119-137 
(Tamang et al., 2019), QRptm7-6 
(Wang et al., 2015),  

SCRI_RS_146324 605845045 

SCRI_RS_152144 
604624987 

a SNPs flanking the QTL interval and the peak SNP in between were listed for marker development and position determination. 
b Physical position of linked SNPs were based on the Morex genome assembly V3. 
c Additive effect was used to represent QTL effect size. 
d Infrared locus was probably reported previously. 
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Table A7. Primer sequences designed for the STARP markers linked to QTL identified in the present study.   

Marker name CH Population Forward primer 1 Forward primer 2 Revers primer 

SCRI_RS_165434 1H CI97_CI92  GCAACAGGAACCAGCT-
ATGACATTTGCAGGATCAACAACTC 

GACGCAAGTGAGCAGTATGACATTTGCAGG
ATCAACAGTTT CCAGGTCAACATGGCATTTGG 

SCRI_RS_152172 3H CI97_CI92  GACGCAAGTGAGCAGTATGACTGCCACACGTGCT
CA 

GCAACAGGAACCAGCTATGACTGCCACACG
TGACCG TCCGGTCACAATTTAGGATGACC 

BOPA1_3193-671 4H CI97_CI92  GACGCAAGTGAGCAGTATGACATGCAACTGCTCC
AGCCTT 

GCAACAGGAACCAGCTATGACATGCAACT-
GCTCCAGACCC TGCACATAGCAGCAGCTGT 

SCRI_RS_151357 4H CI97_CI92  GACGCAAGTGAGCAGTATGACATTTGCAATACTT
AATCTTCATTCT 

GCAACAGGAACCAGCTATGACATTTGCAAT
ACTTAATCTTCATCT-G AGAAGCTCACCGATGTCTACG 

JHI-Hv50k-2016-
280523 5H CI97_CI92  GACGCAAGTGAGCAGTATGACATCAACTGACATG

TATCACATGCTT 
GCAACAGGAACCAGCTATGACATCAACTGA

CATGTATCACATGTCC AGATGTTCCCAACGTCGTATGG 

JHI-Hv50k-2016-
501312 7H CI97_CI92  GCAACAGGAACCAGCTATGACACAGTCAAGGAG

AAGATTACCT 
GACGCAAGTGAGCAGTATGACACAGTCAA

GGAGAAGATTCACA GCACATCTTGCGCATGTTCC 

SCRI_RS_188829  4H CT GCAACAGGAACCAGCTATGACGACAATTAGACG
CGAG 

GACGCAAGTGAGCAGTATGACGACAATTAG
ACGCAGA GTGTGCAACGCCCTGTTG 

SCRI_RS_106306  5H CT GACGCAAGTGAGCAGTATGACGTAATAGAACCC
GGAAGTAAATACCG 

GCAACAGGAACCAGCTATGACGTAATAGA
ACCCGGAAGTAAATCACC CGGCTACAGCCAATAGTTCTT 

SCRI_RS_209210  6H CT GCAACAGGAACCAGCTATGACCAACATTTACATG
GCACTC 

GACGCAAGTGAGCAGTATGACCAACATTTA
CATGGCATCA AGATACCGATTGTATGCTGCTGG 

SCRI_RS_146324 7H CT GCAACAGGAACCAGCTATGACAATGGCGTCGAG
AAACC 

GACGCAAGTGAGCAGTATGACAATGGCGTC
GAGAAGTG TGCCACACCCGATGAATGATG 
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Figure A1. STARP markers designed based on the SNPs linked to QTL detected in the CI97_CI92 mapping population. RIL57 and 
RIL101 are susceptible and resistant RILs, respectively. F1, hybrid; CI92, CI9214; CI97, CI9776. 
  

QRptm-1H-108-122 
QRptm-3H-45-52 
 

QRptm-4H-93-109 
 

QRptm-4H-43-57 
 

QRptm-7H-96-107 

QRptm-5H-12-21 
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QRptm-4H-4-8   QRptm-5H-81-88 

QRptm-6H-60-64 

QRptm-7H-34-38 

Figure A2. STARP markers designed based on the SNPs linked to QTL detect-ed in the CT mapping 
population. RIL54 and RIL34 are resistant and susceptible RILs, respectively. F1, hybrid; Tif, Tifang; 
CI57, CI5791. 
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Figure A3. Genotyping survey of 31 differential lines with 8 peak markers. Lines on the left of the dashed were categories as 
susceptible, and they were loaded onto the gel in the following order (from left to right):  Pinnacle, 81-82/033, Arimont, Chebec, 
Skiff, CI3576, CIho3694, Ciho4050, MXB468, PI269151, PI369731, PI392501 PI467375, PI467729, PI485524, PI498434, PI573662, 
TR250, TR326, Golden Promise, and Tradition. Ten resistant lines were arranged in the following order on the right of the dashed line 
(from left to right): Keel, Kombar, CI9819, CI7584, CI14219, CI2353, PI513205, PI565826, PI67381, PI84314. The last three lines 
are resistant parent (RP), susceptible parent (SP) and F1. 
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APPENDIX B: CHAPTER 3 SUPPLEMENTARY MATERIALS
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Table B1. Markers used to select F2s which carry heterozygous Sptm1 on 7H but homozygous recessive alleles on 2H and 3H.   

Marker Chr Type Forward primer 1 Forward primer 2 Revers primer 

11_21377 2H STARP GCAACAGGAACCAGCTATGACGCAAACT
GGCCTTATGAGG 

GACGCAAGTGAGCAGTATGACGCAAACT
GGCCTTATAGGA 

ACCACTACGCCAGTCCTTTG 

12_30631 2H STARP GACGCAAGTGAGCAGTATGACCGCGTGA
TCTTCTGAATTGTT 

GCAACAGGAACCAGCTATGACCGCGTGA
TCTTCTGAATCATC 

TGATAGCGGGGAGAACTGGA 

SCRI_RS_159340 3H STARP GCAACAGGAACCAGCTATGACGATTGGG
ATCCAAAGTCGCC 

GACGCAAGTGAGCAGTATGACGATTGGG
ATCCAAAGTTACT 

ACTGCAAAGTCATTGGTGGC 

12_31018 3H STARP GCAACAGGAACCAGCTATGACCCAGACG
CGTTCTTTTCC 

GACGCAAGTGAGCAGTATGACCCAGACG
CGTTCTCCTCT 

CCGAAAACAGGCTTGCACTC 

12_30368 7H STARP GCAACAGGAACCAGCTATGACATTTCCTC
TCTCCTGATG 

GACGCAAGTGAGCAGTATGACATTTCCTC
TCTCCTAGTA 

TCAAGTTTGGCACCGTCGA 

11_11243 7H STARP GACGCAAGTGAGCAGTATGACTTCCTCGT
TATAACTTCAGCGTA 

GCAACAGGAACCAGCTATGACTTCCTCGT
TATAACTTCAGAGCG 

TGCAGATGATCCATCCGACA 
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Table B2. Markers used for genetic mapping of Sptm1 in this study.   

Marker 
ID Source Type Forward primer 1 Forward primer 2 Revers primer 

M24 JHI-Hv50k-2016-500174 STARP GACGCAAGTGAGCAGTATGACCCCAAAGAG
ACATCTTCA 

GCAACAGGAACCAGCTATGACCCCAA
AGAGACATCCTTG CCAGGCATGTGTTGCACA 

M25 JHI-Hv50k-2016-500418 STARP GACGCAAGTGAGCAGTATGACAAATGTGAA
GTACCTGTCAGCCAA 

GCAACAGGAACCAGCTATGACAAATG
TGAAGTACCTGTCAGCTCT CAGGTTCACAGTAGACCAAGGT 

M27 JHI-Hv50k-2016-500744 STARP GACGCAAGTGAGCAGTATGACTTCGTATCAC
TGATGGAACT 

GCAACAGGAACCAGCTATGACTTCGT
ATCACTGATGGAGTG GACAGTTTCGGTCTGCACA 

M28 JHI-Hv50k-2016-500794 STARP GACGCAAGTGAGCAGTATGACGCACTTGTT
ATTGCCTTTGT 

GCAACAGGAACCAGCTATGACGCACT
TGTTATTGCCTCTAG TTGCATGGTACATGGGTAAACA 

SSR3 Morex V3 genome SSR AACAACCACATACCGAAATC  AAGAAAAGATATCCTGCTGCT 

M50 owbGBS37491 STARP GCAACAGGAACCAGCTATGACTGAGAGAAT
GGTACGGAG 

GACGCAAGTGAGCAGTATGACTGAGA
GAATGGTACGAGT TCAAACTTCATGCATGTCATGC 

M57 3_HID_SNP1 STARP GACGCAAGTGAGCAGTATGACCAGACAAGG
TTTTGGAAAATAACTA 

GCAACAGGAACCAGCTATGACCAGAC
AAGGTTTTGGAAAATAAACC AAGAGATGCAGATCGGTACCT 

M69 Schr7H_592631221 STARP GCAACAGGAACCAGCTATGACAGTATCCAC
TACGATGAAGTG 

GACGCAAGTGAGCAGTATGACAGTAT
CCACTACGATGAAACA CACTTGTTACGGGGACAGAATC 

M77 Schr7H_592807876 STARP GACGCAAGTGAGCAGTATGACTTCCCTTTCC
TTGCATCA 

GCAACAGGAACCAGCTATGACTTCCC
TTTCCTTGCACTG CAGACGACTGGAGGTTCTGAT 

k1 Kinase coding gene STARP GCAACAGGAACCAGCTATGACAGGCATTCG
ATTCAAGCAATCC 

GACGCAAGTGAGCAGTATGACAGGCA
TTCGATTCAAGCAACAT GCCGTGGAAACATGCCAT 

M29 JHI-Hv50k-2016-501140 STARP GACGCAAGTGAGCAGTATGACGCTAGAAGA
ACTTATTTTGAAATGT 

GCAACAGGAACCAGCTATGACGCTAG
AAGAACTTATTTTGAAGTAC AACCGTCTGTGTGGCCAAT 

M30 JHI-Hv50k-2016-501103 STARP GACGCAAGTGAGCAGTATGACGCATAAGCA
TTGGCATGT 

GCAACAGGAACCAGCTATGACGCATA
AGCATTGGCGTAG GGTTGACGACCAGTTGCTACT 

M46 mbGBS19440 STARP GCAACAGGAACCAGCTATGACTATGGACTA
GAAATACTCTGCAGCG 

GACGCAAGTGAGCAGTATGACTATGG
ACTAGAAATACTCTGCCGTA CTGTCACGGACTGAATTGACCAT 

M33 JHI-Hv50k-2016-501301 STARP GACGCAAGTGAGCAGTATGACGTGGAACAC
GCTCAGCTA 

GCAACAGGAACCAGCTATGACGTGGA
ACACGCTCAGTCG TGCTTGCGAGAAAATCTAGAGTTG 

12_30368 Barley 50K SNP chip STARP GCAACAGGAACCAGCTATGACATTTCCTCTC
TCCTGATG 

GACGCAAGTGAGCAGTATGACATTTC
CTCTCTCCTAGTA TCAAGTTTGGCACCGTCGA 

SSR32 Morex V3 genome SSR ATCTGAAGCATGTGATGTGTA  AGCAGATGCTTTGTTAATTTG 

M87 Schr7H_593037317 STARP GACGCAAGTGAGCAGTATGACATTTATACCC
ACCAAAAATGTCCAA 

GCAACAGGAACCAGCTATGACATTTA
TACCCACCAAAAATGTTCCG TGAATGGCGATCAACTTCACATG 



 

130 
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Table C1. Mapping summary report for Small RNA targeting FgGCN5 produced by T51 replicates.  

Category Line Count 
Percentage of reads 

(%) 
Average 
length 

Number of 
bases 

Percentage of bases 
(%) 

References 

T51-1 

1 - 385 385 - 
Mapped reads 6,889 0.06 21.35 147,085 0.06 

Not mapped reads 10,760,672 99.94 21.44 230,671,316 99.94 
Total reads 10,767,561 100 21.44 230,818,401 100 
References 

T51-2 

1 - 385 385 - 
Mapped reads 4,330 0.03 21.6 93,521 0.03 

Not mapped reads 13,319,495 99.97 22.9 304,995,160 99.97 
Total reads 13,323,825 100 22.9 305,088,681 100 
References 

T51-3 

1 - 385 385 - 
Mapped reads 11,692 0.08 21.45 250,782 0.07 

Not mapped reads 14,361,867 99.92 23.67 339,952,030 99.93 
Total reads 14,373,559 100 23.67 340,202,812 100 
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Table C2. Mapping summary report for Small RNA produced by WT replicates.  

  
Category Line Count 

Percentage of reads 
(%) 

Average 
length 

Number of 
bases 

Percentage of bases 
(%) 

References 

WT-1 

1 - 385 385 - 
Mapped reads 1 0 27 27 0 

Not mapped reads 12,377,346 100 18.94 234,424,527 100 
Total reads 12,377,347 100 18.94 234,424,554 100 
References 

WT-2 

1 - 385 385 - 
Mapped reads 8 0 24.12 193 0 

Not mapped reads 20,445,666 100 21.49 439,474,527 100 
Total reads 20,445,674 100 21.49 439,474,720 100 
References 

WT-3 

1 - 385 385 - 
Mapped reads 7 0 24.14 169 0 

Not mapped reads 15,559,013 100 27.47 427,361,773 100 
Total reads 15,559,020 100 27.47 427,361,942 100 
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Table C3. Results of small RNA sequencing for WT and T51 lines, total reads from three biological replicates. 

Sample Total reads N% > 10% 
Low 

quality 
5_adapter 
contamine 

3_adapter_null 
or insert_null 

With 
ployA/T/G/C Clean reads 

WT_3 15892699 (100.00%) 256 (0.00%) 0 (0.00%) 67541 (0.42%) 240835 (1.52%) 25047 (0.16%) 15559020 (97.90%) 
WT_1 12854811 (100.00%) 211 (0.00%) 0 (0.00%) 23443 (0.18%) 446506 (3.47%) 7304 (0.06%) 12377347 (96.29%) 
WT_2 21121676 (100.00%) 15 (0.00%) 0 (0.00%) 85279 (0.40%) 579729 (2.74%) 10979 (0.05%) 20445674 (96.80%) 
T51_3 14624830 (100.00%) 11 (0.00%) 0 (0.00%) 33005 (0.23%) 198483 (1.36%) 19772 (0.14%) 14373559 (98.28%) 
T51_1 10952663 (100.00%) 0 (0.00%) 0 (0.00%) 23540 (0.21%) 147877 (1.35%) 13685 (0.12%) 10767561 (98.31%) 
T51_2 13890683 (100.00%) 12 (0.00%) 0 (0.00%) 117646 (0.85%) 434225 (3.13%) 14975 (0.11%) 13323825 (95.92%) 

 

Table C4. Small RNA sequencing quality reads for WT and T51 lines from three biological replicates. 

Sample 
Raw 
reads 

Raw 
data(G) Error(%) Q20(%) Q30(%) GC(%) 

WT_3 15892699 0.795 0.01 99.22 97.35 52.1 
WT_1 12854811 0.643 0.01 99.31 97.76 51.93 
WT_2 21121676 1.056 0.01 99.44 98.07 51.17 
T51_3 14624830 0.731 0.01 98.87 96.92 52.1 
T51_1 10952663 0.548 0.01 99.12 96.91 51.76 
T51_2 13890683 0.695 0.01 99.44 98.13 51.93 
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