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Abstract 

 Wheat stem rust, caused by the fungus Puccinia graminis f.sp. tritici (Pgt), is a 

devastating disease that has been under control for decades. However, new races of this 

pathogen have emerged that overcome many important wheat stem rust resistance genes, 

and their spread toward important areas of wheat production threatens global wheat 

production. Nonhost resistance in plants, which provides durable and broad-spectrum 

resistance to non-adapted pathogens, may hold great potential to help in the control of 

wheat stem rust, but the genetic and molecular basis of nonhost resistance is poorly 

understood. This research project employed the model plant Brachypodium distachyon 

(Brachypodium), a nonhost of Pgt, for genetic analysis to map loci associated with 

nonhost wheat stem rust resistance. Using bulked segregant analysis, next-generation 

sequencing, and bioinformatics approaches, seven quantitative trait loci were found to 

contribute to nonhost stem rust resistance in a recombinant inbred population derived 

from a cross between two Brachypodium genotypes with differing levels of resistance. In 

a second study, analysis of a Brachypodium recombinant inbred population segregating 

for an induced mutation that confers susceptibility to wheat stem rust led to the 

identification of a one base pair deletion in a gene that may be the cause of the mutant’s 

susceptibility. The gene is a homolog of the Arabidopsis gene TIME FOR COFFEE 

(TIC), which plays a role both in circadian clock regulation and jasmonate signaling. 

Collectively, the findings of this research project advance our understanding of the 

genetic basis of nonhost resistance to wheat stem rust, and will guide future research 
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aiming to identify genes essential to the nonhost resistance response, as well as their 

mechanisms of action. 
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Literature Review 

 

Threats to Wheat Production 

 

Cereals are the most important food crops in the world and rice (Oryza sativa), 

maize (Zea mays) and wheat (Triticum spp.) account for the largest amount of cereal 

production. Wheat is the third largest cereal crop in terms of production, with more than 

650 million tons of grain worth 50 billion dollars produced on more than 215 million 

hectares worldwide in 2010 (CGIAR Research Program on Wheat, 2014; FAO, 2013). 

The United States accounts for approximately 9% of world wheat production, and is the 

third largest producer, after China and India (FAO, 2013). 

Wheat is the second most important cereal in human diets, and is a primary source 

of protein in poor countries around the world (CGIAR Research Program on Wheat, 

2014). Due to its importance in global food production and its role in the diets of poor 

people, increasing production is a major challenge in agriculture, since disturbances in 

the wheat supply could increase prices and impact billions of people that depend on this 

crop. Thus, there is a need to develop wheat varieties that can overcome both abiotic and 

biotic stresses that threaten wheat production. 

Although wheat is planted on more acreage in the world compared to any other 

crop (FAO, 2013), it is not planted in high latitudes due to extreme cold weather nor in 

the tropics due to high temperatures (Singh et al., 2008). Thus, climate change may 

impact wheat production. The Intergovernmental Panel on Climate Change report 
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predicts an increase of 0.4C in the next two decades (IPCC, 2007), and it is estimated 

that for each degree Celsius increase, yield will decrease by 6% (Asseng et al., 2014). 

Therefore, researchers need to explore new technologies, from genomics to phenomics, to 

help develop wheat varieties with improved abiotic stresses (Mwadzingeni et al., 2016). 

In addition to abiotic stresses, yield losses due to pests and diseases also have a 

great impact on wheat productivity. The estimated yield loss due to biotic factors, such as 

fungi, bacteria, viruses, weeds and other pests, is almost 30% (Oerke and Dehne, 2002). 

Several dozen fungal and fungal-like diseases have been described that impact wheat 

(Bockus et al., 2010). Improving the disease resistance of wheat can have large economic 

benefits. For example, avoiding rust diseases in irrigated regions saves the U.S. $ 150 

million per year in wheat productivity (Rajaram and Hettel, 1994). 

The rusts are among the most devastating wheat diseases. They are caused by 

fungi of the genus Puccinia, and cause three diseases: leaf rust, stripe rust, and stem rust. 

Leaf rust of wheat, caused by P. triticina, occurs all over the world where temperatures 

range between 10 C and 30 C. It is the most common rust of wheat (Roelfs et al., 1992), 

and while it is usually not severe, yield losses may reach 20% (USDA-ARS, 2014a). 

Stripe rust caused by P. striiformis f.sp. tritici is more problematic in regions with cooler 

temperatures (Roelfs et al., 1992), and can at times cause up to 40% reduction in yield 

(USDA-ARS, 2014b). The most potentially destructive of the wheat rusts is stem rust 

caused by P. graminis f.sp. tritici, which can reduce up to 50% of potential yield (Roelfs 

et al., 1992). Although a significant problem in the past (early to mid 20th century), more 
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recently this disease has been largely under control due to the elimination of the alternate 

host in wheat growing regions, together with the development of resistant varieties. 

 

The Life Cycle of Puccinia graminis 

 

Puccinia graminis may have up to five different reproductive structures 

(basidium, pycnium, aecium, uredinium and telium) and so is considered macrocyclic 

(more than two reproductive stages) (Agrios, 2005). It is also considered heteroecious 

because the life cycle is completed on more than one host species (Agrios, 2005). Of the 

five possible reproductive structures, only the telium and uredinium occur on wheat, 

whereas basidium, pycnium and aecium occur on barberry (genus Berberis spp. and the 

closely related genus Mahonia spp.) as the alternate host (Roelfs and Bushnell, 1985).  

Stem rust caused by P. graminis is a problem not only for wheat, but also for 

other cereal crops such as barley (Hordeum vulgare), triticale (x Triticosecale) and other 

closely related grasses (Roelfs et al., 1992). Like the other rusts, P. graminis is a biotroph 

because it depends on living host cells to complete its life cycle (Agrios, 2005). This 

means that it has a specialized relationship with different host species to overcome plant 

defense responses. Thus, P. graminis has different formae speciales that are largely 

specific for certain host species. For example, wheat is one primary host of P. graminis 

f.sp. tritici, whereas the pathogen P. graminis f.sp. secalis is more adapted to rye than it 

is to wheat (Roelfs et al., 1992). 
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 Regions that have warm temperatures (15 C to 30 C) during the growing season, 

combined with high humidity and moisture due to rainfalls, are the most favorable 

environments for stem rust development (Milus et al., 2010). When a wheat plant is 

infected, the first symptom to appear is a small chlorotic infection site, usually on leaf 

sheaths and stems. After one week, small pustules (uredinia) containing brick-red spores 

(urediniospores) begin to erupt through the plant epidermis (Leonard and Szabo, 2005). 

In infected fields at the end of the season, P. graminis produces black colored 

teliospores (the reason why stem rust is also called black rust) in the reproductive telia 

structures. This type of spore has thick cell walls that allow them to survive during winter 

(Roelfs and Bushnell, 1985; Leonard and Szabo, 2005). After germination in spring, 

teliospores undergo meiosis, produce basidia and subsequently basidiospores. These 

spores then are wind disseminated and can infect only the alternate hosts Berberis spp. or 

Mahonia spp. After landing on alternate host tissue, they germinate, penetrate the 

epidermal layer, and produce another reproductive structure, the pycnium. This structure 

is very important because it is where sexual recombination occurs. After fertilization of 

pycniospores from compatible mating types, aecia are formed in the lower surface of the 

leaf. This structure produces aeciospores containing two nuclei, one from each mating 

type (dikaryotic nuclei). They are also dispersed by the wind and can infect only grass 

hosts. Aeciospores penetrate wheat through stomata, initiate the infection process (below) 

and, when environmental conditions are favorable, the pathogen develops uredinia, which 

are pustules containing urediniospores (Leonard and Szabo, 2005). These wind-dispersed 

spores cause significant damage to wheat because they are able to re-infect the same host 
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during the season due to asexual reproduction. To complete its life cycle, uredinia from 

P. graminis start to develop teliospores as the host matures through the season and their 

dikaryotic nuclei can undergo karyogamy (i.e. fusion of two distinct nuclei in the cell) 

(Agrios, 2005). 

 When aeciospores from infected barberry or urediniospores from infected wheat 

land on wheat leaves, the germ tube will develop when free water is available in the dark, 

expanding until it finds a stoma to initiate the infection process. After that, the tip of the 

germ tube differentiates in an appressorium: a specialized structure necessary for 

pathogen penetration into the host. From this structure, a penetration peg passes through 

the stoma when light is available and the amount of CO2 in the substomatal chamber 

decreases due to photosynthesis, forming a substomatal vesicle (Leonard and Szabo, 

2005). Then, hyphae start to grow inside the host until it finds a mesophyll cell, where 

another specialized feeding structure called the haustorium is formed. This structure only 

penetrates the cell wall, keeping the host plasma membrane intact. The fungus is able 

then to uptake nutrients from the host, which is a characteristic of an obligate parasite, 

leading to yield reduction of the host plant.  

 

Control of Wheat Stem Rust 

 

 Although some cultural practices such as planting early maturing varieties and 

application of fungicides may help reduce damage from wheat stem rust, the most 

effective ways to control the disease are using resistant varieties and eliminating the 
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alternate host (Roelfs and Bushnell, 1985). Many resistant wheat varieties have been 

released throughout the years, but often were followed by stem rust epidemics in later 

years (“boom and bust” cycle) (Roelfs and Bushnell, 1985). This was due to the race-

specific nature of most known wheat stem rust resistance genes, following the gene-for-

gene theory (Flor, 1971). After being introduced into a variety, the resistance gene 

imposes strong selective pressure on races present in the pathogen population that are not 

inhibited by the stem rust resistance genes present (virulent races). This leads to a rapid 

increase of such races in the pathogen population, and potential epidemics. Thus, 

breeders have sought to identify new stem rust resistance genes that are effective against 

new virulent races that emerge (Ellis et al., 2014). Restricting the sexual reproductive 

stage of the pathogen life cycle has been an important method to control stem rust. In the 

U.S., an effort to eradicate the alternate host barberry occurred between 1918 and 1981, 

where more than 560 million plants were destroyed (Milus et al., 2010). The benefits of 

this program were the reduction of race diversity of the pathogen, limiting development 

of new races, and elimination of a source of inoculum resulting in a delay in disease 

establishment in many regions (Roelfs, 1982). Less genetic recombination in the 

pathogen population has allowed resistance genes to confer resistance longer. Moreover, 

including several resistance genes against different pathogen races in the same wheat 

variety has largely kept the disease in check globally for decades, since the chance of the 

pathogen to simultaneously overcome resistance conferred by several genes by mutation 

is very low (Ellis et al., 2014). Even though most barberry has been eradicated, it is still 

present in the U.S. in states including Minnesota, Washington and Idaho, primarily in 
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areas not adjacent to wheat fields (Peterson et al., 2005; Jin, 2011), and this represents a 

long-term threat to wheat production. Deployment of new wheat stem rust resistance 

genes, together with reduction of pathogen race diversity, have been effective in 

controlling wheat stem rust in most parts of the world for more than 30 years (Singh et 

al., 2011). 

 

Emergence of P. graminis Isolate Ug99 

  

 An unsettling discovery was made nearly 2 decades ago; a new race of stem rust 

referred to as Ug99 was identified in Africa that overcame the resistance of gene Sr31, 

which was present in many of wheat varieties grown in the world and provided resistance 

to all stem rust races for more than 30 years (Pretorius et al., 2000; Ellis et al., 2014). 

Originally found in Uganda in 1998 and confirmed as a new stem rust race in 1999, nine 

different races from Ug99 have evolved in a short period of time. These new races 

overcome additional important stem rust genes such as Sr21, Sr24, and Sr36 that were 

initially effective against Ug99 (Jin et al., 2008; Jin et al., 2009; Singh et al., 2015). 

These new races are spreading quickly through Africa and toward the Middle East and 

Asia, regions with large wheat production.  To date, 13 countries had confirmed the 

presence of at least one of the races (Singh et al., 2015). Other race-specific genes exist 

(Sr22, Sr25, Sr26, Sr33, Sr35, Sr45 and Sr50) and can provide adequate resistance to 

Ug99 races. However, they should be used in combination to decrease the chances of the 

pathogen overcoming resistance (Singh et al., 2015). Moreover, deployment of genes that 
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provide low levels of resistance but are not race-specific, such as Sr2, Sr55, Sr56, Sr57 

and Sr58, may also help control this disease (Singh et al., 2015).  Clearly, new sources of 

resistance need to be identified to provide broad and durable resistance to wheat stem 

rust, particularly in the face of the rapid emergence and evolution of Ug99 and its 

derivative races. 

 

The Plant Immune System  

  

 Plants rely on the ability to recognize conserved molecules of microorganisms in 

order to activate defense responses. These conserved molecules fall into two general 

classes: microbial and pathogen-associated molecular patterns (MAMPs and PAMPs, 

respectively), and pathogen-specific molecules that can manipulate host cells to permit 

invasion (effectors) (Dodds and Rathjen, 2010). Thus, the plant immune system is 

broadly divided in two categories based on the type of molecule: PAMP-triggered 

immunity (PTI) and Effector-triggered immunity (ETI) (Jones and Dangl, 2006). 

 Also known as basal resistance, PTI occurs after recognition of PAMPs (elicitors) 

by proteins localized in the plant plasma membrane that are called pattern recognition 

receptors (PRRs) (Boller and Felix, 2009; Dodds and Rathjen, 2010). They recognize 

conserved molecules that are very important to pathogen survival, such as components of 

bacterial flagellum (e.g. flagelin) and fungal cell walls (e.g. chitin), in the extracellular 

environment of the cell, and initiate a series of signaling events to activate defense-
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related genes (Nürnberger and Lipka, 2005; Boller and Felix, 2009; Dodds and Rathjen, 

2010). 

 ETI, also known as vertical or R-gene-based resistance, leads to stronger defense 

responses that usually result in hypersensitive reactions (i.e. local cell death), but depends 

on intracellular recognition of highly specific molecules (effectors) produced by the 

pathogen in an attempt to suppress PTI (Boller and Felix, 2009). Thus, direct or indirect 

interactions between plant disease resistance gene proteins, usually nucleotide-binding 

site leucine-rich repeat (NBS-LRR) proteins, and specific avirulence gene products (i.e. 

effectors) of the pathogen result in ETI (Dangl and Jones, 2001; Jones and Dangl, 2006). 

NBS-LRR proteins are located in the cytoplasm and have two main domains. The 

nucleotide-binding site domain (NBS) is responsible for downstream signaling after 

effector recognition by the leucine-rich repeat domain (LRR) (McHale et al., 2006). 

Direct recognition means that the LRR domain directly interacts with the pathogen 

effector inside the host cell, whereas indirect recognition occurs when this domain detects 

some specific structural modification in another host molecule that is the target of the 

pathogen effector (McHale et al., 2006).  

 Jones and Dangl (2006) suggested a “zigzag” model to explain the basics of the 

plant immune system. It consists of four phases: the first is the recognition of 

PAMPs/MAMPs by PRRs, resulting in PTI and suppression of pathogen infection. The 

second phase occurs when the pathogen develops effectors that can suppress PTI, leading 

to effector-triggered susceptibility (ETS) and allowing infection. The next phase requires 

the development of a new molecule in the host plant (usually novel NBS-LRR proteins) 
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to recognize the specific effector and initiate a strong ETI. Lastly, the pathogen will again 

be able to infect a plant if it loses the previously recognized effector, or changes in other 

ways to suppress defense responses. The cycle begins over with new resistance gene 

products recognizing new effectors and initiating ETI again. Thus, unlike PAMPs, which 

tend to be more invariant among genera, effectors are more specific for certain species or 

isolates of particular pathogens because of the constant coevolution occurring between 

plant and pathogen. 

 Each pathogen has a certain number of host species that they can infect and cause 

disease. This varies from a narrow host range (infecting only one host species or genus) 

to a broad host range (being capable of infecting distantly related species) (Thordal-

Chirstensen, 2003; Schulze-Lefert and Panstruga, 2011). Based on this, it is possible to 

define two types of resistance: host and nonhost resistance. Host resistance occurs when 

some genotypes or cultivars within a host species avoid infection by a specific pathogen, 

normally due the presence of resistance genes (Heath, 2000; Mysore and Ryu, 2004), 

which trigger ETI. On the other hand, nonhost resistance involves complex mechanisms 

that make the majority of microorganisms unable to infect most plant species (Mysore 

and Ryu, 2004). Nonhost resistance is suggested to involve both PTI and ETI (Jones and 

Dangl, 2006; Schulze-Lefert and Panstruga, 2011), but it is a poorly understood 

phenomenon. Understanding more about nonhost resistance is important because it may 

permit opportunities to develop new strategies for improving disease resistance because 

of its long durability and its broad spectrum of activity against pathogens. 
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Nonhost Resistance in Plants 

 

 Nonhost resistance is very effective because it employs several obstacles that 

prevent or halt pathogen growth, and is classified into two modes of action: type I and 

type II nonhost resistance. The first corresponds to a wide range of preformed barriers 

such as a wax layer and its composition, plant cell walls, and secondary metabolites 

(Thordal-Chirstensen, 2003; Mysore and Ryu, 2004; Nürnberger et al., 2004). If the 

pathogen overcomes these constitutive obstacles, its PAMPs/MAMPs may be recognized 

at the host cell membrane, inducing PTI. This results in cell wall thickening, cytoskeleton 

reorganization, papilla formation, and production of antimicrobial compounds (Mysore 

and Ryu, 2004; Uma et al., 2011). Therefore, type I nonhost resistance stops pathogen 

penetration and does not produce any visible symptoms (Holub and Cooper, 2004; 

Mysore and Ryu, 2004). Some non-adapted pathogens can overcome preformed and 

inducible barriers associated with type I resistance and penetrate host cells. When this 

happens, nonhost plants rely on type II nonhost resistance to stop infection. In this case, 

necrotic symptoms at the infection site may appear, because it is associated with 

hypersensitive responses of ETI that lead to programmed cell death (Mysore and Ryu, 

2004; Uma et al., 2011). For biotrophic fungi, such as P. graminis, type I nonhost 

resistance is often associated with pre-haustorial resistance and type II with post-

haustorial resistance (Uma et al., 2011). 

 Considering only inducible resistance responses, Schulze-Lefert and Panstruga 

(2011) proposed a model to connect nonhost resistance and pathogen host range at the 
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molecular level. In this model, although both PTI and ETI contribute to nonhost 

resistance, the relative contribution of PTI for a certain pathogen increases (and, 

consequently, ETI decreases) when the phylogenetic distance between a host and a 

nonhost increases. They assumed that when genetic distance between a host and a 

nonhost is very large, the effectors of a pathogen do not find a target in the nonhost to 

suppress PTI and therefore cannot infect the plant. Moreover, because effectors and 

corresponding NBS-LRR proteins evolve quickly in an interaction of a pathogen and its 

host, nonhosts that are distantly related cannot recognize new effectors (Schulze-Lefert 

and Panstruga, 2011), consequently decreasing the importance of ETI for this interaction. 

In contrast, when host and nonhost are more closely related, it is possible that pre-

existing NBS-LRR proteins of the nonhost may recognize common effectors of the 

pathogen, leading to ETI. 

 Therefore, a continuum of phenotypes may result from an interaction of different 

genotypes of a nonhost species with a particular pathogen. In a review by Bettgenhaeuser 

et al. (2014) on nonhost resistance and rust pathogens, a continuum of resistance ranged 

from no visual symptoms to the frequent presence of small pustules, or a few genotypes 

of the plant species being susceptible. This variation appears to follow the model 

proposed by Schulze-Lefert and Panstruga (2011), because when nonhosts and hosts for a 

particular pathogen are more closely related, more pustules (more infection) are 

observed. However, they also note that sometimes this association cannot be made, 

because other nonhost resistance modes of action (e.g. production of phytoalexins) may 

act differently in different plant-pathogen interactions (Bettgenhaeuser et al., 2014). 
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 Niks and Marcel (2009) highlighted some approaches to identify genes related to 

nonhost resistance besides mutagenesis and expression studies. Briefly, they suggested 

interspecific crosses between host and nonhost (which can be difficult and dependent on 

the species involved), crosses within nonhost varieties that have different degrees of 

resistance to a nonhost pathogen, or crosses within nonhost varieties where one odd 

genotype is susceptible and the other is very resistant. 

 

Brachypodium distachyon as a Model Plant for Grasses 

 

Model organisms have been used widely in different disciplines of science to 

understand how biological processes work in animals, plants and other living organisms. 

Initially, these organisms were chosen because of the ease of conducting experiments 

with them, especially due their small size and rapid life cycle, to provide valuable 

information about development, genetics, and other processes (Hedges, 2002). For plants, 

Arabidopsis thaliana (Arabidopsis) is by far the most studied model organism, due to its 

biological characteristics and extensive efforts completed by the research community to 

develop different types of resources for this species, such as genetic resources including a 

wide range of mutants, a high quality reference genome sequence, transformation 

protocols, and other resources and knowledge (Koornneef and Meinke, 2010). However, 

the dicot Arabidopsis has many differences in development compared to monocots, the 

group of plants containing the most important food crops in the world. Rice is another 

model plant, because of its relatively small genome size, the availability of 
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transformation protocols, a high number of expressed sequence tags (ESTs), high-density 

genetic map (Izawa and Shimamoto, 1996) and also a high quality genome sequence, 

showing synteny with other grasses (International Rice Genome Sequencing Project, 

2005). Still, there are some disadvantages in considering rice as model for all grasses, 

such as a relatively long life cycle (3-6 months), a physically large size, and a distant 

evolutionary relationship with temperate cereals (wheat, barley, oat) and forage grasses, 

which complicate studies of certain traits (Draper et al, 2001). Further, there are often 

limitations on germplasm distribution to the research community due to intellectual 

property rights (Vogel, 2016).  

 Brachypodium distachyon (Brachypodium) is a wild grass of the Pooideae 

subfamily, which also includes economically important crops such as wheat, barley, rye 

and oats (Mochida and Shinozaki, 2013). Brachypodium is widespread in the wild, 

ranging from Southern Europe to the Middle East, Northern Africa, and Southern Asia 

and can also be found in extreme climates such as alpine and arid deserts (Garvin, 2016; 

Wilson et al., 2016). This range of geographic distribution suggests that this species has 

significant genetic variation that allows adaptation to different abiotic and biotic stresses 

present in each particular region (Garvin, 2008). 

 The genus Brachypodium has significant chromosome number variation; ranging 

from 2n = 10 up to 2n = 38 (Robertson, 1981). The haploid number of chromosomes in 

B. distachyon is 5.  The species initially was thought to represent a polyploid series with 

2n = 10, 2n = 20, and 2n = 30 ecotypes (Robertson, 1981). However, recent cytogenetic 

and phylogenetic analysis (Catalán et al., 2012) revealed that the different ecotypes 
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represent different species, where B. distachyon and B. stacei are diploids with 2n = 10 

and 2n = 20, respectively, and B. hybridum is an allotetraploid (2n = 30) due to 

hybridization of the other two species.  

Brachypodium shares many biological features with the model plant Arabidopsis, 

including a physically small size (15-30cm), rapid life cycle, self-fertility and 

undemanding growth conditions. Brachypodium is responsive to tissue culture (Draper et 

al., 2001) and can be transformed via biolistics (Draper et al., 2001) and via 

Agrobacterium (Vogel et al., 2006), which are essential characteristics of a model plant. 

Another important feature of Brachypodium is its small genome. Using flow cytometry, 

Draper et al. (2001) suggested that the genome size was smaller than 175 Mb, although 

whole genome sequencing revealed a genome size of 272 Mb (see below). This is 

particularly interesting because closely related crops such as barley and wheat have much 

larger genomes (5,100 Mb and 17,000 Mb, respectively) (The International Barley 

Genome Sequencing Consortium, 2012; Brenchley et al., 2012). Therefore, the 

Brachypodium genome can serve as a proxy for gene discovery of important traits related 

to improving temperate food and biofuel grass crops, and also for comparative genomics 

to understand the evolution of grass genomes. 

Inbred lines of different accessions available in Brachypodium germplasm have 

been developed and distributed to the research community (Vogel et al., 2006; Filiz et al., 

2009; Vogel et al. 2009; Mur et al. 2011). Optimized crossing methods were developed 

to allow genetic studies using segregating populations (Garvin, 2016; 

http://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium). 

http://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium)
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Significant molecular diversity was identified in diverse genotypes of Brachypodium 

using amplified fragment length polymorphism (AFLP) and simple sequence repeat 

(SSR) markers (Filiz et al., 2009; Vogel et al., 2009), and genetic linkage maps of 

Brachypodium (Garvin et al., 2010; Huo et al., 2011) identified syntenic regions and 

complex rearrangements when compared to the rice genome, and also a high 

recombination rate. 

All of these characteristics and extensive development of genetic resources led to 

the release of a high-quality whole genome sequence of Brachypodium (International 

Brachypodium Initiative, 2010). This revealed a genome size of 272 Mb (International 

Brachypodium Initiative, 2010). Other model plants such as Arabidopsis and rice have a 

genome size of 135 Mb and 373 Mb, respectively 

(http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/agicompl

ete.jsp#status; Kawahara et al., 2013). The small genome size of Brachypodium is 

attributed to the low frequency of DNA transposons and retrotransposons, comprising 

only 28% of the genome (International Brachypodium Initiative, 2010). In wheat, these 

mobile elements correspond to more than 80% the genome (Wicker et al., 2011). Another 

important genomic feature observed in the Brachypodium genome is its synteny with 

barley and wheat (International Brachypodium Initiative, 2010). 

 The current version of the Brachypodium genome assembly, version 3.0, has an 

estimated proportion of gaps of only 0.2% 

(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Bdistachyon). The latest 

Brachypodium genome annotation (v 3.1) contains 34,310 protein-coding loci, which is 

http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/agicomplete.jsp#status)
http://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/agicomplete.jsp#status)
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Bdistachyon)
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larger than the 27,688 protein-coding loci of the latest Arabidopsis reference genome 

annotation (Araport11) (Cheng et al., 2016), but far smaller than approximately 94,000 to 

96,000 genes estimated to be present in wheat genome (Brenchley et al., 2012), due to its 

polyploid nature. 

 Having a high quality reference genome sequence is useful for functional and 

comparative genomics. Moreover, comparing the genomes of other Brachypodium 

genotypes to the reference genome provides new insights on natural variation in this 

species. Gordon et al. (2014) resequenced the genomes of six divergent lines. They found 

3.8 million SNPs (1 SNP every 72 bp among all lines) and between 2,237 and 8,413 

structural variants per line (including larger indels, inversions and translocations). 

Strikingly, the two most similar genotypes analyzed (Bd21 and Bd21-3), which come 

from the same small collection site in northern Iraq, still showed a high level of variation 

with more than 420,000 high-confidence SNPs between them (Gordon et al., 2014). 

 These important resources and the high amount of natural variation make 

Brachypodium a suitable model plant of cereals for a wide range of traits and processes, 

including cell wall development (Rancour et al. 2012; Matos et al., 2013), grain 

development (Guillon et al., 2012), root system biology (Pacheco-Villalobos and 

Hardtke, 2012), flowering time (Ream et al., 2014), abiotic stresses (Luo et al., 2011; 

Verelst et al., 2013) and plant-pathogen interactions (Routledge et al., 2004; Peraldi et 

al., 2011; Cui et al., 2012; Ayliffe et al., 2013; Figueroa et al., 2013). 
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Interactions Between Brachypodium and Pathogens 

 

Cereal diseases have a major impact on crop production, and understanding the 

mechanisms of how a particular disease develops and how plants defend themselves is 

critical to ensure increased food production for the world’s growing human population. 

Due to its relatively close relationship to cereal crops, Brachypodium has been evaluated 

as a model for exploring important diseases of these crops. 

 Draper and colleagues (2001) challenged different Brachypodium ecotypes with 

the cereal pathogens Blumeria graminis (powdery mildew), Puccinia triticina (leaf rust), 

Magnaporthe grisea (rice blast) and Puccinia striiformis (stripe rust). All ecotypes were 

resistant to powdery mildew and leaf rust, while some of them showed disease symptoms 

to rice blast and stripe rust. Subsequently, Routledge et al. (2004) inoculated a 

susceptible genotype of Brachypodium with M. grisea, and the disease developed similar 

to what is observed in rice. After genetic analysis of a F2 population from resistant and 

susceptible genotypes, a single dominant gene was proposed to be responsible for 

resistance, and was associated with callose deposition. However, this study did not 

attempt to map the locus. 

 Currently, one of the most devastating diseases of wheat globally is Fusarium 

head blight (FHB), caused by fungi of the genus Fusarium. Characterization of wheat 

QTLs related to resistance to this disease is complicated by the large polyploid genome of 

wheat. Peraldi et al. (2011) showed that F. graminearum infects Brachypodium in a 

similar manner as wheat, and so Brachypodium has been suggested as a model species to 
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study FHB. Natural variation for resistance to this disease in Brachypodium may allow 

mapping and isolation of FHB resistance genes, and this may translate to improving FHB 

resistance in wheat (Peraldi et al., 2011). 

 Cui and colleagues (2012) infected different Brachypodium genotypes with barley 

stripe mosaic virus (BSMV) and also found variation in resistance. They used a 

population of 165 RILs from a cross between Bd3-1 and Bd21 (resistant and susceptible 

parents, respectively) and were able to map a single resistance locus to a 705 kb interval 

using SNP markers. Further fine mapping in this population with CAPS and Indel 

markers narrowed down the location of the gene to a 23 kb interval containing only five 

candidate genes. This study highlights the possibility of mapping genes of interest at high 

resolution with a relatively small number of RILs, which may be due the high 

recombination rate reported in this species (Huo et al., 2011). 

 The rusts (Puccinia spp.) are able to infect many different grasses and Puccinia 

brachypodii is the adapted pathogen that infects Brachypodium. Barbieri et al. (2012) 

analyzed an F2 population from a cross of Bd3-1 and Bd1-1. Both parents are considered 

susceptible to this pathogen (Barbieri et al., 2011) but they differ in the level of 

susceptibility, since the disease tends to develop faster on Bd1-1. Thus, QTL analysis was 

performed and three QTLs were found to act additively to provide resistance at seedling 

and adult stages. This was the first quantitative genetic analysis in Brachypodium 

(Barbieri et al., 2012). 

Another promising area of research is to employ Brachypodium to explore 

nonhost resistance, which provides durable resistance to a broad range of pathogens (Fan 
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and Doerner, 2012). Brachypodium is considered a nonhost to other cereal rusts 

(Figueroa et al., 2013). The two different types of nonhost resistance were identified in 

Brachypodium. Some accessions avoid penetration of rust pathogens into the plant 

mesophyll (type I; pre-haustorial), while others exhibit cell death to avoid the spread of 

colonies to other parts of the plant (type II; post-haustorial) (Figueroa et al., 2013; Ayliffe 

et al., 2013). However, there is variation in the degree of susceptibility to some tested 

rust pathogens between genotypes. In an inheritance study, Ayliffe et al. (2013) 

challenged two Brachypodium mapping populations with wheat stripe rust (P. striiformis 

f.sp. tritici). The first one was a F4 population from a BdTr13k (resistant) x Bd21 

(susceptible) cross and the results suggested simple inheritance, due to the fact that no 

intermediate phenotypes were observed, with two independent genes proposed to confer 

resistance. The second population analyzed was composed by F2 plants of a cross 

between BdTr10h and TEK4 (resistant and susceptible parents, respectively) and a single 

dominant gene was suggested to confer resistance (Ayliffe et al., 2013). It is noteworthy, 

though, that the susceptibility of certain Brachypodium genotypes to these rust pathogens 

is milder when compared to the wheat host (Figueroa et al., 2013; Ayliffe et al., 2013). 

The genes responsible for this variation in nonhost resistance remain to be mapped. 

Inducing mutants can also facilitate the identification of genes underlying a 

particular trait. Mutagenesis is very important tool for functional genomics and there are 

many mutagens available, which can be different forms of energy or chemical substances 

(Waugh et al, 2006). Aside from UV light, which has low energy and may cause DNA 

replication errors, other irradiation methods such as those with X-rays and gamma rays, 
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have much more energy and can cause DNA breaks and base changes, or create deletions 

and complex rearrangements (Waugh et al, 2006; Bolon et al., 2014). Many chemical 

mutagens are available and, in contrast to irradiation methods, they are thought to cause 

mostly base transitions from A/T to G/C (e.g. ethyl methane sulfonate (EMS), nitrous 

acid and hydroxylamine) or small insertions or deletions (e.g. ethidium bromide, 

proflavin and acridine orange) (Waugh et al, 2006). 

Mutant populations are very important genetic resources for a model plant. 

Chemical and radiation mutants, TILLING populations and more than 23,000 T-DNA 

tagged Brachypodium mutants have been developed for research (Bragg et al., 2012; 

http://www.brutnelllab.org/#!brachypodium/c1svt; http://jgi.doe.gov/our-science/science-

programs/plant-genomics/brachypodium/). Thus, both natural and induced variation in 

Brachypodium provide a unique opportunity to expand our understanding of the genetic 

and molecular basis of nonhost resistance to wheat stem rust. New discoveries relating to 

nonhost resistance genes and their function may translate into new strategies for 

developing more durable stem rust resistance in wheat. 

http://www.brutnelllab.org/#!brachypodium/c1svt
http://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium/
http://jgi.doe.gov/our-science/science-programs/plant-genomics/brachypodium/
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Chapter 1 – Genetics of Natural Variation for Nonhost Resistance to 

Wheat Stem Rust in Brachypodium 

 

1.1 Introduction 

 

 The rusts are a group of plant diseases caused by a diverse set of biotrophic 

pathogenic fungi. Among approximately 5,000 rust fungus species, Puccinia graminis is 

one of the most important species for agriculture because it is the causal pathogen of 

wheat stem rust, and is also responsible for damage to other small grain crops (Agrios, 

2005). Indeed, this pathogen has a wide host range, and different formae speciales (f. sp.) 

can infect more than 365 plant species across 54 genera (Anikster, 1984). P. graminis 

f.sp. tritici (Pgt) is adapted to wheat and barley (Roelfs et al., 1992). 

Historically, wheat stem rust has been one of the most devastating wheat diseases 

in the world. In the beginning of the 20th century, stem rust epidemics were quite 

common, with four major epidemics causing losses between 20% and 50% of total 

production in the states of Minnesota, South Dakota and North Dakota (Leonard, 2001). 

Moreover, entire fields can be lost if susceptible cultivars are planted (Roelfs et al., 

1992). 

The most efficient method to control this disease targets two key stages of the 

complex pathogen’s life cycle: eradication of the alternate host barberry (Berberis spp., 

and also Mahonia spp.), which impedes the pathogen’s sexual reproduction and decreases 

genetic variation in the pathogen population, and deployment of wheat varieties 
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containing stem rust resistance genes (Sr genes), which halts the pathogen’s asexual 

reproduction and subsequent wind dispersion of spores to other locations (Roelfs and 

Bushnell, 1985; Leonard and Szabo, 2005). 

Stem rust of wheat has been under control worldwide for decades, and 73 Sr 

genes and alleles are currently known in wheat and wheat relatives (Singh et al., 2011; 

Singh et al., 2015). However, the emergence of new races in Africa, collectively called 

the Ug99 lineage, are breaking the resistance of Sr genes present in wheat varieties that 

represent more than 80% of total wheat planted in the world, and are spreading to major 

areas of wheat production (Singh et al., 2015). The first Ug99 race emerged in Uganda in 

1998 and overcame the resistance gene Sr31. This gene is important because it conferred 

resistance to all stem rust races for several decades and it is present in many of the most 

common wheat cultivars planted around the world (Pretorius et al., 2000; Ellis et al., 

2014). Currently, 13 countries in Africa and the Middle East have confirmed the presence 

of at least one of the nine known races derived from the original Ug99 race, and they are 

breaking the resistance of other important stem rust resistance genes, such as Sr21, Sr24 

and Sr36 (Jin et al., 2008; Jin et al., 2009; Rouse et al., 2014; Singh et al., 2015; Patpour 

et al., 2016). 

The rapidly evolving nature of Pgt is due to the race-specific nature of most 

resistance, which provides effective resistance only to specific races of the pathogen, and 

follows the gene-for-gene theory (Flor, 1971). More durable resistance can be achieved 

by accumulating adult plant resistance (APR) genes, such as Sr2 (Sunderwirth and 

Roelfs, 1980). By itself, APR genes do not confer adequate resistance, but together they 
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reduce disease severity and promote more durable resistance regardless of the race of the 

pathogen (Knott, 1988). However, to date only five APR genes are known (Sr2, Sr55, 

Sr56, Sr57 and Sr58) (Singh et al., 2015), and so new sources of APR resistance are 

being sought. Another promising strategy to develop durable and broad-spectrum 

resistance against pathogens is through nonhost resistance. This type of resistance 

protects plants against the majority of non-adapted pathogens by employing several pre-

formed and induced barriers (Heath, 2000; Mysore and Ryu, 2004). 

From a molecular perspective, the plant immune system can initiate defense 

responses by recognizing essential components of pathogens (e.g. chitin present in fungal 

cell walls), referred to as pathogen-associated molecular patterns (PAMPs), using pattern 

recognition receptors (PRRs) in the plant plasma membrane (Jones and Dangl, 2006). 

This defense response is known as PAMP-triggered immunity (PTI) and is associated 

with pre-invasion defense. Some adapted pathogens produce effectors that allow them to 

avoid this first defense response, but plants may employ a second layer of defense when 

these effectors are recognized by resistance gene products (e.g. nucleotide-binding site 

leucine-rich repeat (NBS-LRR) proteins) in the cytoplasm (Jones and Dangl, 2006). This 

is known as effector-triggered immunity (ETI) and is associated with defense after 

pathogen penetration of the host (Jones and Dangl, 2006). 

Nonhost resistance involves both aspects of PTI and ETI (Nürnberger et al., 

2004), but there has been little investigation of genetic components of this type of 

resistance. Lipka and colleagues (2005) inoculated Arabidopsis wild type and mutant 

plants with the nonadapted pathogen Blumeria graminis f.sp. hordei, which causes barley 
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powdery mildew. After simultaneously knocking out three genes involved in pre- and 

post-invasion defense (pen2 pad4 sag101), the pathogen was able to complete its life 

cycle in some instances, indicating that they were able to transform the nonhost 

Arabidopsis into a host of this pathogen. This finding provides more evidence about the 

interplay of PTI and ETI in nonhost resistance and highlights the importance of nonhost 

resistance genes in providing broad-spectrum and durable resistance against nonadapted 

pathogens. In fact, the effectiveness of nonhost resistance was also tested by Shafiei et al. 

(2007). When challenging Arabidopsis with P. triticina, the causal pathogen of wheat 

leaf rust, they showed that only 12% of the germinated spores located a stoma, and of 

those, 0.2% successfully penetrated into the leaf. Moreover, they found two quantitative 

trait loci (QTLs) related to guard cell death upon invasion and three QTLs that impede 

the formation of the pathogen’s sub-stomatal vesicles after penetration, which are 

responses associated with nonhost resistance (Shafiei et al., 2007). 

In contrast to Arabidopsis, cereal rusts can infect and colonize rice plants, but 

cannot produce spores because of callose deposition, reactive oxygen species production 

and, sometimes, cell death (Ayliffe et al., 2011). Although rice has a strong nonhost 

resistance response to cereal rusts, understanding its genetic components is difficult due 

to the lack of significant variation between tested cultivars and influence of 

environmental factors (Ayliffe et al., 2011). The model species Brachypodium distachyon 

(Brachypodium) is being successfully used for a range of studies of plant-pathogen 

interactions in the grasses (Fitzgerald et al., 2015). Brachypodium possesses biological 

characteristics desired in a model plant such as a fast life cycle, a physically small size, 
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diploidy, self-fertility, ease of growth and a small genome (Draper et al., 2001). 

Moreover, extensive genetic and genomic resources have been developed for 

Brachypodium such as germplasm collections (Vogel et al., 2006; Filiz et al., 2009; 

Vogel et al. 2009; Mur et al. 2011), a high quality reference genome sequence 

(International Brachypodium Initiative, 2010), protocols for Agrobacterium-mediated 

plant transformation (Vogel et al., 2006; Vain et al., 2008), T-DNA mutants (Bragg et 

al., 2012) and TILLING populations (Dalmais et al., 2013). Brachypodium is considered 

a nonhost of Pgt, and genotypes show different responses when inoculated with Pgt, 

ranging from complete immunity to macroscopic symptoms including necrosis 

surrounding infection sites and the formation of small pustules (Ayliffe et al., 2013; 

Figueroa et al., 2013). Both pre- and post-invasion responses to cereal rusts have been 

identified in Brachypodium (Ayliffe et al., 2013; Figueroa et al., 2013). In the first case, 

the plant impedes the formation of the pathogen’s feeding structure (haustorium), limiting 

its colonization in the plant mesophyll (Figueroa et al., 2013). Post-invasion defense 

responses occur after haustoria formation, since the pathogen is able to colonize the plant 

and eventually produce macroscopic symptoms (Ayliffe et al., 2013). To date no 

publications documenting the mapping of genes responsible for these nonhost resistance 

responses have been published, although genetic analysis in two different populations for 

wheat yellow rust resistance (P. striiformis f.sp. tritici) suggests simple inheritance 

involving one or two major genes (Ayliffe et al., 2013). 

  The objective of this study was to perform a molecular genetic analysis of 

nonhost resistance to wheat stem rust in Brachypodium, using a segregating population 
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from a cross between two genotypes with different phenotypic responses to the pathogen, 

and bulked segregant analysis (BSA) (Michelmore et al., 1991) using high throughput 

sequencing data. The findings of this study reveal a complex genetic architecture of 

nonhost resistance to wheat stem rust involving several QTLs. 

 

1.2 Materials and Methods 

 

1.2.1 Plant Materials 

 Two Brachypodium inbred lines, ‘Bd21’ (USDA NPGS accession number W6 

36678) and ‘Bd2-3’ (USDA NPGS accession number W6 46202) (Garvin, 2016), and an 

F6:8 recombinant inbred line (RIL) population of 146 RILs from a cross between them 

were used for this study. The parental lines were collected in Iraq, and have a spring habit 

(Garvin, 2016). Pilot studies determined that they exhibit different levels of resistance 

when challenged with Pgt. Bd21 is the more resistant of the parental lines. 

 

1.2.2 Pathogen Methods 

 The P. graminis f.sp. tritici isolate 78-21-BB463 (“Pgt 4a”) (Zambino et al., 

2000) was used for disease evaluations. To obtain spores for inoculations, nine seeds of 

wheat cultivar McNair were planted in 2 ¼” x 2 ½” x 2 ½” pots with Sunshine 

Professional Growing Mix (Sun Gro Horticulture Canada Ltd., Seba Beach, AB, 

Canada). Pots were saturated with water by subirrigation and then placed in a glass deli 

cooler (5 ± 3°C) for 4 days. Pots were then transferred to a growth chamber (Conviron, 
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model E8VH) with the following settings: 21°C, 14 hour day length, and a light intensity 

of 300 μmol m-2s-1. Plants were watered as needed, and after 8 days, four pots with 

developing seedlings were treated with a solution consisting of 129 ml of water 

containing 0.1 g of Plantex Peters Fertilizer (20N-20P-20K) and maleic hydrazide at a 

final concentration of 0.003%. Five days later, the four pots of wheat seedlings were 

inoculated with 2 mg of Pgt 4a spores suspended in 600μl of Soltrol 170 oil, by spraying 

the solution onto seedlings using a fine mister under air pressure. One hour after 

inoculation, plants were transferred to a plexiglass chamber with an attached mister, 

inside a growth chamber. During 17.5 hours of darkness, plants were misted for two 

minute periods, every 12 minutes at 20°C. After this period, lights were turned on and the 

temperature was raised to 22°C for two hours. Misting was then stopped and plants were 

transferred back to the original growth chamber three hours later. 

Twelve days after inoculation, McNair leaves were covered with uredinia 

producing urediniospores. Spores were harvested by tapping infected leaves with a 

bamboo stick to dislodge spores onto aluminum foil, and the collected spores were 

transferred to gelatin capsules and stored inside 1.5ml cryovials in a deli cooler (5 ± 3°C) 

until use for inoculations. 

 

1.2.3 Inoculation of Brachypodium RILs 

 Five seeds per RIL were planted in separate quadrants of a 2 ¼” x 2 ½” x 2 ½” 

pot containing Sunshine Professional Growing Mix, so that each pot contained four RILs.  

Parents were planted to serve as controls (one quadrant of each parent per 6 pots). The 
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pots were placed in trays (6 to a tray) and watered until saturation by subirrigation, and 

then placed in a deli cooler (5 ± 3°C) for 5 days. 

Pots were then transferred to a growth chamber with the following conditions: 

24°C, 14 hour day length, and a light intensity of 150 μmol m-2s-1, and were watered by 

subirrigation as needed. Seven days later, seedlings were at the one to two leaf stage and 

ready to be inoculated. Seedlings that showed a lag in development were removed to 

ensure all plants were at the same developmental stage. 

The inoculation process was the same as described previously for spore increases, 

except for the amount of spores used. Optimal inoculation conditions were established 

and involved suspending approximately 5mg of freshly harvested spores (obtained 

between 1 and 6 days before inoculation) in 500μl of Soltrol 170 oil in a gelatin capsule 

and spraying one such capsule onto each tray of Brachypodium seedlings. After 

overnight misting, plants were transferred back to a growth chamber and maintained until 

they were evaluated for disease symptoms. The RILs were evaluated in four separate 

replicates over time. 

 

1.2.4 Disease Evaluation 

 Nine days after inoculation, plants were evaluated for stem rust symptoms by 

recording three infection-related characteristics on the inoculated primary leaves: 

infection type, relative pustule size and frequency of infection sites. 
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 The scoring system used to determine infection type was based on the standard 

wheat stem rust scoring method (Roelfs et al., 1992) (Table 1). In this system, infection 

types from 0 to 2 are considered resistant, whereas 3 and 4 are considered susceptible. 

Additional notes were taken when more chlorosis (C) or necrosis (N) than average 

was observed, or if the size of pustules tended to be smaller or larger (“-” and “+”, 

respectively). Moreover, if more than one infection type was present, the predominant 

one was recorded first, followed by the second one. For example, a ‘; 3-’ score indicates 

that the prevalent infection type is ‘;’ (fleck), but a few small type 3 pustules are present, 

whereas a ‘3 C’ indicates that only type ‘3’ pustule is present but the leaf shows more 

chlorosis. The frequency of infection sites on the leaf was also rated, as low (L), 

moderate (M) or high (H) density of infection sites, and when the infection frequency 

was very low, the infection type was preceded by ‘0’.  

 The infection type was recorded for each individual plant for each RIL, and used 

to identify a consensus rating for the RIL in each inoculation. Moreover, infection types 

from each inoculation were converted to numerical values using a custom perl script 

“convert_rust_reading.seedling.pl” developed by Gao et al. (2016) and freely available 

on GitHub (https://github.com/umngao/rust_scores_conversion). The numerical scale 

ranges from 0 (most resistant) to 9 (most susceptible). Thus, overall consensus resistance 

data for both qualitative and numerical ratings across inoculations for each RIL were 

obtained.  

 

 

https://github.com/umngao/rust_scores_conversion
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1.2.5 Bulked Segregant Analysis 

 Sets of RILs that were most reliably considered the most resistant or most 

susceptible across inoculations were selected for Bulked Segregant Analysis (BSA) 

(Michelmore et al., 1991) by genome sequencing. First, plants were cut back following 

the last replicate inoculation to allow the re-growth of pathogen-free leaves. Ten days 

later, when emerging leaves were between 2 and 3 inches long, leaf tissue for BSA was 

harvested. Thirty-six RILs were selected for the resistant pool and 20 RILs were selected 

for the susceptible pool. Three leaves per RIL were harvested for the first group, while 

five leaves per RIL were harvested for the second. This was done to have the two tissue 

pools with a similar mass for grinding. The leaves chosen were of equal size at harvest, 

and were combined together. The leaves from each pool were ground in liquid nitrogen 

with a mortar and pestle, and transferred to a 50ml tube. DNA from each pool was 

extracted using the QIAGEN DNeasy® Plant Mini Kit, according to the manufacturer’s 

instructions. After Nanodrop quantification, approximately 100 ηg of DNA was run on a 

0.8% agarose gel to confirm its integrity. 

 Next generation sequencing (NGS) library preparation and sequencing were 

completed by the University of Minnesota Genomics Center (UMGC) with DNA input of 

400 ηg and 350 ηg for resistant and susceptible pools, respectively. Library preparation 

was completed with the TruSeq Nano Kit, and sequencing was conducted on an Illumina 

HiSeq2500 (Rapid Mode) to obtain 100bp paired-end reads. Each pool was sequenced in 

a half lane, which is expected to yield 60 million paired-end reads, equal to 

approximately 40x coverage of the Brachypodium genome. 
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1.2.6 Bioinformatic Analysis of BSA Data 

 The reference Brachypodium genome sequence is that of Bd21, the resistant 

parent of the RIL population used in this study. It was used in all bioinformatics work in 

this study [Brachypodium distachyon v3.1, available online at Phytozome 11 

(http://phytozome.jgi.doe.gov/)]. An overview of bioinformatic analysis is presented in 

Figure 1. 

 After sequencing, the quality of raw reads (four FASTQ files: read #1 of resistant 

pool, read #2 of resistant pool, read #1 of susceptible pool and read #2 of susceptible 

pool) was assessed using FastQC v0.11.2. Universal and Illumina-specific sequencing 

adapters were removed using CutAdapt v.1.8.1 from both ends (option ‘-b’), keeping 

reads with a minimum length of 50bp (option ‘-m 50’). Low complexity sequences were 

then discarded using the ‘fastx_artifacts_filter’ program of the FASTX ToolKit v.0.0.14. 

At this point, the quality of the reads was checked again with FastQC. One of the FASTQ 

files (read #2 of susceptible pool) still had high k-mer content in the very first bases, so 

the ‘fastx_trimmer’ program of the FASTX ToolKit was used to remove the first 5 bp of 

all reads from this FASTQ file (option ‘-f 6’). Finally, the ‘fastq_quality_trimmer’ 

program of FASTX Toolkit was used to trim bases with low quality from the end of the 

sequences (option ‘-t 30’) and to discard reads shorter than 50 bp after trimming (option 

‘-l 50’). FastQC was used again to verify the quality of filtered reads. A custom python 

script developed by Martijn Vermaat and freely available at GitHub 

(https://github.com/martijnvermaat/bio-playground/tree/master/sync-paired-end-reads) 

was used to sync paired-end reads. 

http://phytozome.jgi.doe.gov/)
https://github.com/martijnvermaat/bio-playground/tree/master/sync-paired-end-reads
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The next step of the pipeline was to map filtered and synced paired-end reads to 

the Brachypodium reference genome, using Bowtie2 v2.2.4. Reads were aligned to the 

reference in the ‘end-to-end’ mode with the ‘very-sensitive’ option set (other options 

were default), and the SAM files (output file format of the alignment) were compressed to 

BAM files using SAMTools v0.1.18 to facilitate downstream bioinformatics work. Each 

BAM file was then sorted and indexed with SAMTools v1.2. 

Two approaches were used to identify putative genome regions associated with 

resistance and susceptibility to wheat stem rust in the resistant and susceptible pools. The 

first approach was based on identifying homozygous Single Nucleotide Polymorphisms 

(SNPs). In BSA, the allele frequency of SNPs not genetically linked to genes controlling 

the trait of interest upon which the BSA pools are based is expected to be 50% 

(heterozygous SNPs). However, this will shift toward 100% (homozygous) for one of the 

parental alleles if a SNP is in proximity to the gene related to the trait. Following this 

rationale, it was expected that reads from the susceptible pool, when mapped to the 

reference genome sequence (resistant parent, Bd21), would have one or more regions 

containing many SNPs homozygous for the susceptible parent, Bd2-3, that are associated 

with genes associated with susceptibility to wheat stem rust. On the other hand, 

homozygous SNPs for Bd2-3 were not expected in the resistant pool, because this pool 

theoretically reconstitutes the reference genome. 

The second approach was based on a comparison of allele frequencies of SNPs in 

both resistant and susceptible pools. Subsequently, statistical analysis was used to 

determine if particular genomic regions with a high Bd2-3 allele frequency in one pool 
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and a low frequency in the other are significantly different. This would indicate that a 

particular region was associated with the trait of interest. 

For the first approach, SNP calling used SAMTools v1.2 ‘mpileup’ to scan every 

position in the alignment, and BCFTools v1.2 ‘bcftools call’ to call the variants using the 

‘consensus-caller’ method (option ‘-c’). SNPs were called for each pool separately. SNPs 

were then filtered using the ‘vcfutils.pl varFilter’ program from SAMTools v1.2, keeping 

only SNPs with high mapping quality (option ‘-Q 30’) and with read depth between 10 

and 60 reads (options ‘-d 10 -D 60’). The ‘filter’ program of BCFTools v1.2 was also 

used to remove SNPs within 5 bp of an indel (option ‘-g 5’), to exclude sites that have 

less than 10 reads supporting the reference and the alternate alleles and also remove SNPs 

with low genotype quality (option ‘-e ‘((DP4[0]+DP4[1])<10)&&((DP4[2]+DP4[3]<10) 

|| %MIN(GQ)<40)’’). Finally, the built-in UNIX program ‘grep’ was used to select 

homozygous SNPs based on the ‘GT’ (genotype) field of the VCF file generated during 

SNP calling, where ‘0/0’ means homozygous reference allele, ‘0/1’ means heterozygous 

SNP and ‘1/1’ means homozygous SNP (alternate allele). Histograms were produced for 

each chromosome to identify regions with high frequencies of homozygous SNPs. These 

histograms were made with a window size of 50 kb (rolling every 5kb) in R v3.1.2 with a 

modified script (Supplemental Figure 1) available on GitHub (https://github.com/ngs-

docs/edda/blob/master/doc/tutorials-2012/files/plot_allele_freq_data.R) of the Genomics, 

Evolution and Development Lab at Michigan State University (GED – MSU). 

For the second approach, SNPs were called with SAMTools v1.2 ‘mpileup’ and 

BCFTools v1.2 ‘bcftools call’ with the ‘consensus-caller’ method (option ‘-c’). SNP 

https://github.com/ngs-docs/edda/blob/master/doc/tutorials-2012/files/plot_allele_freq_data.R
https://github.com/ngs-docs/edda/blob/master/doc/tutorials-2012/files/plot_allele_freq_data.R
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calling was done with both pools at the same time, because this allows the calculation of 

the allele frequencies for the same positions in the genome, even when there is a SNP in 

only one of the pools. After that, the same filters from the first approach (‘vcfutils.pl 

varFilter’ and ‘bcftools filter’) were applied. In order to easily parse the filtered VCF file, 

the program ‘VariantsToTable’ (option ‘-T’) from GATK v3.3.0 was used to transform 

the complex VCF output into a simple tab-delimited table. Then, a custom python script 

(Supplemental Figure 2) was used to calculate allele frequencies based on read depth 

(‘DP4’ field oh VCF format). To identify regions with statistically significant differences 

between allele frequencies of the two pools, a custom R script, developed and described 

by Haase et al. (2015), was used to calculate standard two-sided Z-tests averaged in 

windows of 15 SNPs. After conversion of the p-values to –log10, regions above the 

threshold of 3.42, which represents the 1% outlier threshold, were called significantly 

different. Lastly, graphs of cumulative SNP frequencies in each chromosome were made 

with 20 SNP windows (rolling every 5 SNPs) in R v3.1.2 using a modified version of the 

script from GED-MSU (Supplemental Figure 3).  

 

1.2.7 Marker Analysis 

 Indel and CAPS (Cleaved Amplified Polymorphic Sequences) molecular markers 

were chosen to validate the genomic regions identified in the bioinformatic analysis as 

being associated with resistance to wheat stem rust in the entire RIL mapping population. 

Resequencing data of the susceptible parent Bd2-3, produced by US Department of 

Energy Joint Genome Institute (available at http://genome.jgi.doe.gov/BradisBd23_FD 

http://genome.jgi.doe.gov/BradisBd23_FD%20/BradisBd23_FD.info.html
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/BradisBd23_FD.info.html), was used to identify differences between the two parents and 

generate markers for regions identified by the bioinformatic analysis. After quality 

control, Bd2-3 reads were mapped to the reference genome using Bowtie2 v2.2.4, and 

Pindel v0.2.5b6 was used to identify small deletions (1 to 100 bp) in Bd2-3 compared to 

Bd21. Once deletions inside the genomic regions of interest from the BSA analyses were 

identified, a custom python script (Supplemental Figure 4) was used to extract the Bd21 

DNA sequences 250 bp from each side of the breakpoints of the deletion in Bd2-3. These 

sequences were then used to design PCR primers flanking the deletions using Primer3 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi) with product sizes ranging 

from 180 to 300 bp. Primers were validated using the local version of reverse electronic 

PCR (re-PCR) v.2.3.12 (Shuler, 1997; Rotmistrovsky et al., 2004) available at 

http://www.ncbi.nlm.nih.gov/tools/epcr/. The conditions set for re-PCR allowed the 

primers to align to the reference genome with up to 3 mismatches and 2 gaps to check if 

there were similar regions in other parts of the genome that could potentially generate 

another PCR product. Only primer pairs with unique electronic PCR products in the 

correct position and predicted product size were selected. 

DNA from individual RILs, previously extracted with the QIAGEN DNeasy® 

Plant Mini Kit, was used to score the markers in the RIL population. Indel markers were 

scored using either PCR (StepOnePlus Real-Time PCR System, Applied Biosystems) 

followed by scoring alleles based on melting curve differences, or on acrylamide gels. 

For PCR, 15 μL reactions were performed using SYBr Green Kit with 7.5 μL of Master 

Mix (2x), 2.25 μL of forward and reverse primers (1μM) and 6ηg of DNA. The PCR 

http://genome.jgi.doe.gov/BradisBd23_FD%20/BradisBd23_FD.info.html
http://biotools.umassmed.edu/bioapps/primer3_www.cgi
http://www.ncbi.nlm.nih.gov/tools/epcr/
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conditions were: initial denaturation at 93°C for 3 minutes; 40 cycles of denaturation at 

93°C for 30 seconds, annealing at 52°C for 30 seconds and extension at 72°C for 50 

seconds. For melt curve analysis of alleles, the initial denaturation was at 95°C for 15 

seconds, annealing at 52°C for 1 minute (recording DNA quantification every 0.3°C) and 

denaturation again at 95°C. The melt curves of each RIL were compared to the melt 

curves of the parents to determine its genotype, based on differences in melting 

temperatures of the amplicons from the parents. Vertical acrylamide gel electrophoresis 

was also used to score markers when melting curve analysis did not differentiate marker 

alleles. PCR amplification of markers consisted of 10 μL reactions: 1 μL of 10x PCR 

Buffer (Applied Biosystems), 0.2 μL of 10mM dNTPs, 1 μL of forward and reverse 

primers (1 μM), 0.05 μL of Taq Polymerase (5U/μL) and 5 ηg of DNA and water to 

complete final volume. Conditions for PCR reaction were: initial denaturation at 93°C for 

3 minutes; 35 cycles of denaturation at 93°C for 30 seconds, specific primer annealing 

temperature for 30 seconds, extension at 72°C for 50 seconds; and final extension at 72°C 

for 5 minutes. Acrylamide gel electrophoresis and silver staining of amplicons were 

conducted as described in Liu and Anderson (2003), and markers were scored based on 

size differences of PCR products. 

Some of the genomic regions of interest did not have deletions that could be used 

to develop Indel molecular markers. Thus, CAPS markers were chosen because they are 

based on SNP variants. For this purpose, SNPs were called using SAMTools v1.2 and 

BCFTools v1.2 and filtered using ‘vcfutils.pl varFilter’ (options ‘-Q 30 -d 5 -D 50’) and 

‘bcftools filter’ (options -g 5 -e ‘((DP4[0]+DP4[1])<10)&&((DP4[2]+DP4[3]<10)) || 
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%MIN(GQ)<40’’). Then, homozygous SNPs were selected using ‘grep’ from UNIX by 

parsing the VCF file based on the GT field (“1/1”). A consensus genome sequence was 

created for the Bd2-3 susceptible parent using ‘bcftools consensus’ from BCFTools v1.2, 

where all homozygous SNPs from Bd2-3 replaced the Bd21 allele. This was done to 

extract DNA sequences of regions of interest from both parents with a custom python 

script (Supplemental Figure 4) (250 bp from each side of the SNP). To identify where a 

restriction site is present between the parents, the online software NEBcutter v2.0 

(Vincze et al., 2003) from New England Laboratories 

(http://nc2.neb.com/NEBcutter2/index.php) was used. PCR primers to amplify CAPS 

markers were designed with Primer3 (http://biotools.umassmed.edu/bioapps/primer3_w 

ww.cgi), and validated with re-PCR (http://www.ncbi.nlm.nih.gov/tools/epcr/). 

RIL population screening with CAPS markers was done by PCR amplification, 

enzymatic product digestion, and agarose gel electrophoresis. PCR reactions and 

conditions were the same as described for Indel markers in acrylamide gels, except that 

reactions were 20 μL volume and 6 ηg of DNA was used. Enzymatic digestion of PCR 

products was completed in 20 μL reactions with 2 to 5 units of enzyme, 2 μL of 

respective enzyme buffer (10x), and 2 to 5 μL of PCR product. Digested PCR products 

were run on 2% agarose gels, stained with ethidium bromide, and then scored to obtain 

RIL genotypes. 

A list of all Indel and CAPS markers used in this study is shown in Table 2. When 

more than one marker was scored for a genomic region associated with stem rust 

resistance variation based on the BSA analysis, contingency tables with genotypic marker 

http://nc2.neb.com/NEBcutter2/index.php)
http://biotools.umassmed.edu/bioapps/primer3_w%20ww.cgi)
http://biotools.umassmed.edu/bioapps/primer3_w%20ww.cgi)
http://www.ncbi.nlm.nih.gov/tools/epcr/
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and phenotypic resistance data were used for Chi-Square analysis to identify the marker 

that would be the best to use for each region, based on the largest deviation from 

independence. 

 

1.2.8 QTL Effects 

Mean numerical conversion values for resistance across inoculations were used to 

estimate the effect of each genomic region of interest on stem rust resistance, by 

performing ANOVA and multiple regression analysis. 

 A forward stepwise approach of model selection (Weisberg, 2005) for ANOVA 

was done with the ‘Anova’ function of the R package “car” with the Type III Sum of 

Squares option selected to account for QTL interactions. RILs containing heterozygotes 

or with segregating phenotypes were removed from analysis. First, seven ANOVA 

models containing one of the seven genomic regions (or quantitative trait loci; QTL) 

were analyzed and only those that were statistically significant (p-value<0.05) were 

selected. Second, 21 ANOVA models representing all possible pairwise interactions 

among the seven QTL were fit. Only marker interactions with significant effects were 

retained for further analysis. Next, the significant individual QTLs from the first step and 

the significant QTL interactions from the second step were added in the same model, and 

another ANOVA was performed. Only the significant terms in the model were retained 

with the variation attributed to non-significant terms being pooled with the error variance. 

Finally, a new ANOVA model was developed where all terms (both main effects and 

interactions) were significant. Multiple regression analysis of this final model was also 
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carried out to determine the effects of each significant QTL and QTL interaction on stem 

rust resistance. 

 

1.3 Results 

 

1.3.1 Disease Development in Bd21 and Bd2-3 

Bd2-3 and Bd21 were evaluated for wheat stem resistance after nine days (Figure 

2). Bd21, the resistant parent, has light necrotic spots (type ; = fleck) on the primary leaf 

surface as the dominant infection type, whereas the susceptible parent Bd2-3 has small 

(type 3-) to medium-sized (type 3) pustules distributed across the leaf surface as the main 

infection type. 

 

1.3.2 Segregation for Stem Rust Resistance 

 Using the well-established scoring system devised for stem rust resistance in 

wheat, resistant RILs exhibiting infection types ranging from ‘0 ;’ to ‘1 3-’ were 

observed, while susceptible RILs exhibited phenotypes ranging from ‘3-’ to ‘3’. Notably, 

infection types 2 and 4 were not observed. Based on this wheat stem rust resistance rating 

system, the number of RILs considered resistant (with primary infection type ‘0’ to ‘1’) 

was 88, while 32 were considered susceptible (with primary infection type ‘3-’ or ‘3’). 

Twenty-six RILs showed distinctly different infection types in the same inoculation or in 

different replicate inoculations, which suggests that they are segregating for loci 

controlling resistance. When two infection types were present on a leaf, the less abundant 
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one represented 20% or less of the infection sites. After numerical conversion of the 

infection types, the resistant RILs had scores between 0 and 2.67, while the susceptible 

RILs varied from 2.92 to 8 (Figure 3). When ratings of all inoculations were converted to 

numerical scores, the segregating RILs had mean values from 1.48 to 4.05 (Figure 3). 

The mean numerical scores of the Bd21 parent was 0.02, with replicates ranging from 0 

to 0.07. In contrast, Bd2-3 had a mean score of 5.86 with replicates ranging from 5.06 to 

6.38 (Figure 3). 

 

1.3.3 BSA Sequencing and Read Mapping 

 Whole genome sequencing of the resistant and susceptible RIL pools yielded 56.6 

million and 50.6 million 100 bp paired-end (PE) reads, respectively. After quality control 

processing, 46.9 million high quality PE reads for the resistant pool and 39.9 million PE 

reads for the susceptible pool remained. The proportion of mapped reads for the resistant 

pool was 97.6% and, for the susceptible pool, it was 96.6%. Moreover, 94.1% of total 

reads had their mates mapped in the correct orientation, had an appropriate insert size and 

mapped to the same chromosome for the resistant pool. For the susceptible pool, 92.4% 

of read pairs mapped properly. The actual mean genome coverage after read mapping is 

approximately 32x and 27x for resistant and susceptible pools, respectively. 

 

1.3.4 Variant Calling Between Resistant and Susceptible Pools 

 SNPs were called with SAMTools using two approaches: (1) SNPs were called for 

each pool separately, filtered and then homozygous SNPs in each pool were identified; 
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(2) SNPs were called in both pools together, filtered and their allele frequencies were 

calculated. In the first approach, the total number of SNPs called was 699,748 for the 

resistant pool, and 689,612 for the susceptible pool. After filtering, the number of high 

quality homozygous SNPs was 97 (average of 1 SNP every 2.8 Mb) and 1,830 (average 

of 1 SNP every 149 kb) for resistant and susceptible pools, respectively. Histograms for 

each pool show the distribution of the homozygous SNPs across the five Brachypodium 

chromosomes (Figures 4 and 5). In the resistant pool, there were few homozygous SNPs 

and they are generally distributed across the genome. This was predicted because regions 

related to stem rust resistance in this pool were expected to have an increased frequency 

of Bd21 alleles (the same genotype as the reference genome), thus few SNPs would be 

called (Figure 4). However, one region on chromosome 2 had a small cluster of 23 SNPs 

(out of 97 SNPs identified in this pool). In contrast, histograms of SNPs in the susceptible 

pool show two regions on chromosome 3 (13 Mb to 15 Mb, and 51 Mb to 52.5 Mb) and 

one region on chromosome 4 (40 Mb to 41 Mb) with a high concentration of 

homozygous SNPs (Figure 5), which indicates that the Bd2-3 allele is strongly 

overrepresented in the susceptible pool in these regions. Additional regions in the 

susceptible pool have clusters of homozygous SNPs as well, but they are not as well 

defined as these three regions. 

 In the second SNP calling approach, the total number of SNPs initially called in 

both pools was 620,378, but after filtering this number dropped to 335,946 high quality 

SNPs (average of 1 SNP every 810 bp). The non-reference (Bd2-3) allele frequency of 

each SNP was calculated and compared between the pools with a standard two-sided Z-
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test. Seven regions had statistically significant differences in allele frequencies between 

the resistant and susceptible pools: two regions on chromosome 2 (2A and 2B), three 

regions on chromosome 3 (3A, 3B and 3C), and two regions on chromosome 4 (4A and 

4B) (Figure 6). All of these regions were detected in the first approach, but several of 

them were defined far better by the second approach using statistical analysis. Region 3C 

is the largest region, approximately 11 Mb in size, and it spans the centromeric region of 

chromosome 3, whereas region 2B is the smallest, and is only 25 kb in length. Regions 

3A, 3B, 4A and 4B have sizes of 1.2 Mb, 1.6 Mb, 34 kb and 655 kb respectively. 

Interestingly, region 2A (3.4 Mb) has a high Bd2-3 allele frequency in the resistant but 

not in susceptible pool. This is the only region so identified. 

  

1.3.5 Marker Analysis and QTL Effects 

Indel and CAPS markers were used to obtain genotypic data for the RILs in each 

of the seven statistically significant regions (Table 2). Markers “Pgt2.4”, “Pgt_2.22”, 

“Pgt_3.1.42”, “Pgt_4.2” and “Pgt_4.26” were the only markers used for regions 2A, 2B, 

3C, 4A and 4B, respectively. Pgt_4.26 was used since it has been found to cosegregate 

with a single major gene conferring resistance to P. graminis f.sp. phlei-pratense, which 

causes stem rust of timothy, in this same RIL population (D.F. Garvin, unpublished).  For 

regions 3A and 3B, more than one marker was developed within the statistically 

significant boundaries. After Chi-Square analysis, the single best estimate markers for 

each region were: “Pgt_3.1.22” for region 3A, and “Pgt_3.2.34” for region 3B. A list 

with all primers used are shown in Table 2. 
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To validate these markers as valid predictors of each region they reside in, Bd2-3 

marker allele frequencies for all of the RILs included in the pools (Table 3) were 

calculated, and agreed with those obtained from the BSA allele frequency differences 

(Figure 6), suggesting that the markers accurately represent their respective regions. 

 All RILs were then screened with the markers representing each region, and the 

frequency of the resistant allele in qualitatively resistant (infection types from ‘;’ to ‘1 3-

’) and susceptible (infection types from ‘3- ;’ to ‘3’) RILs was calculated (Table 4). 

Resistant RILs show a higher frequency of resistant alleles (from 47% to 67%), 

particularly for regions 2A, 3B and 4B, while susceptible plants have a lower frequency 

(from 16% to 31%). The resistant allele frequency of those RILs with the score of ‘;’ (the 

most resistant) was even higher for regions 2A (72%), 3B (72%) and 4B (81%) and 

ranged from 52% to 64% for the other regions.  

 Due to the large number of genomic regions associated with variation in stem rust 

resistance, it is reasonable to assume that they contain quantitative trait loci (QTL) for 

stem rust resistance. There are very few RILs with a particular multilocus haplotype, 

which makes determining their individual effects based on qualitative infection types 

unfeasible. Thus, numerical conversion scores were used for the analysis of QTL effects 

by ANOVA and multiple regression. 

In the first step of ANOVA, all seven QTLs were found to be significant. In the 

second step, 11 out of 21 QTL interactions were found to be significant (2A+2B, 2A+3B, 

2A+4A, 2B+3C, 2B+4B, 3A+3B, 3C+3B, 3C+4A, 3C+4B, 3B+4A and 3B+4B). Thus, 

the third model combined the effects of the significant QTLs and QTL interactions into a 
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new ANOVA, which revealed only five of the QTLs (2A, 3B, 3C, 4A and 4B) and two 

QTL interactions (3A+3B and 3B+4B) to be significant after analysis (Table 5). 

 A fourth ANOVA model was generated with significant QTL and QTL 

interactions from the third model, and all of them were found to be significant. QTL 3A 

also was significant because of its interaction with QTL 3B, and was included in the final 

model (Table 6). Therefore, the final model has QTLs 2A, 3A, 3B, 3C, 4A and 4B, and 

the QTL interactions 3B+3A and 3B+4B. The total amount of variation for stem rust 

resistance explained by this model was 72.5%. A scheme with the entire stepwise process 

is shown in Supplemental Figure 5. 

 Multiple regression analysis with the significant QTL and QTL interactions were 

performed to estimate their effects (Table 7). Among the QTLs, QTL 3B has the largest 

effect, and explained 21.1% of variation, followed by QTLs 4B, 2A, 3A, 4A and 3C. For 

the QTL interactions, the interaction QTL 3B + QTL 4B has a larger effect than QTL 3B 

+ QTL 3A. 

 

1.4 Discussion 

 

 Nonhost resistance is proposed as a strategy to develop durable resistance to 

diseases in crops, but the genetic and molecular basis of this type of resistance remains 

poorly understood. In this study, a genetic analysis of nonhost resistance to wheat stem 

rust was performed using the model grass Brachypodium. Inoculation of the nonadapted 

pathogen Pgt on two Brachypodium inbred lines resulted in differential disease 
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symptoms, with Bd21 displaying only a few necrotic spots across the infected leaf, while 

Bd2-3 had large numbers of small pustules emerging from the leaf surface. Variation in 

Pgt resistance in the same Brachypodium lines was also observed by Figueroa et al. 

(2013), but Bd2-3 had much less pustule development across infected leaves. Differences 

in inoculum density, pathogen races, growth conditions and the age of inoculated plants 

might have contributed to milder disease development in that study. In both studies 

though, disease developed much less aggressively on Brachypodium than what is 

observed on wheat. 

 An F6:8 RIL mapping population from a cross between Bd21 and Bd2-3 was used 

to investigate the genetics of nonhost resistance. After four Pgt inoculations, 88 RILs 

(73.3%) were considered resistant and 32 RILs (26.7%) were susceptible. This 3:1 

genetic ratio suggested that two independent loci confer nonhost resistance to wheat stem 

rust, and there was no clear sign of transgressive segregation in the RIL phenotypes. 

Simple inheritance of nonhost resistance was also suggested by Ayliffe and colleagues 

(2013) for wheat stripe rust (P. striiformis f.sp. tritici) in two different Brachypodium 

mapping populations, where only one or two loci seemed to be involved. However, they 

did not attempt to map these loci. 

 Here, BSA was coupled with next generation sequencing to map the locations of 

loci associated with nonhost resistance. BSA has been used for decades to identify loci 

associated with either qualitative or quantitative traits (Michelmore et al., 1991; Vikram 

et al., 2012). This strategy consists of selecting two contrasting groups of individuals and 

screening for differences in DNA markers. Thus, for each pool, the individuals will have 
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similar genetic composition for most loci, except for those genetically associated with the 

trait of interest (Michelmore et al., 1991). Brachypodium has a small genome and an 

excellent reference genome assembly, so whole genome sequencing BSA is feasible and 

provides higher resolution than other genotyping technologies, such as SNP chips and 

genotyping-by-sequencing (GBS). After sequencing, at least three regions with a high 

frequency of homozygous SNPs in the susceptible pool were identified that were 

presumed to harbor QTLs associated with resistance. This finding did not agree with 

predictions from the genetic analysis, which suggested only two loci associated with 

resistance. The strategy of identifying homozygous SNPs in contrasting pools by whole 

genome sequencing was also suggested by Abe et al. (2012) as a rapid way to map genes 

related to an important trait, although they used F2 populations derived from crosses 

between mutant and its original wild type. Smaller clusters of homozygous SNPs were 

also identified elsewhere in the Brachypodium genome in this first approach that could 

represent more QTLs associated with resistance that happen to reside in regions of the 

genome with fewer SNPs between the parents. But, it was not possible to determine if 

they were bona fide QTLs by this first strategy. Thus, an alternative approach similar to 

that employed by Haase and colleagues (2015) was used. In their study, a maize 

intermated population was used to identify 14 QTLs associated with flowering time and 

13 QTLs with plant height after performing Z-tests with a sliding window across the 

maize genome to identify QTLs based on significant differences in BSA pool allele 

frequencies. Using this same strategy, seven QTLs for variation in wheat stem rust 

resistance were identified in the Brachypodium RIL population. The three clearest QTLs 
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identified in the first approach were identified using this second strategy, and the 

ambiguous genomic regions from the first approach were also resolved into four 

additional QTLs. Therefore, nonhost resistance to wheat stem rust in Brachypodium 

genotype Bd21 is much more complex than the initial digenic model that was proposed.  

 The quantitative nature of nonhost resistance to rusts has also been reported in 

Arabidopsis and barley. Shafiei et al. (2007) identified two QTLs related to guard cell 

death and three QTLs controlling pathogen substomatal vesicle formation after 

challenging Arabidopsis with wheat leaf rust (P. triticina). Thus, the seven QTLs found 

in this study may similarly control different defense responses that, together, provide 

effective nonhost resistance to wheat stem rust in Brachypodium. Jafary and colleagues 

(2006) identified 18 QTLs in barley involved in resistance to five nonadapted and two 

adapted rust species. Surprisingly, the majority of the QTLs were effective against only 

one rust species, which indicates specificity can occur even in nonhost resistance, and 

partial resistance genes involved in host interactions may also play a role in nonhost 

interactions. 

Complex genetic control of resistance was also observed in Brachypodium and its 

interaction with the adapted rust pathogen P. brachypodii. Barbieri et al. (2012) found 

that host resistance is also quantitative and three QTLs were identified on chromosomes 

2, 3 and 4. None of these QTLs appear to overlap with the QTLs found in this study, 

suggesting that different genes are involved in host and nonhost resistance to these 

different pathogens. In contrast, the complex nonhost resistance to wheat stem rust in the 

Bd2-3 x Bd21 RIL population is interesting because the same RIL population appears to 
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segregate for a single major gene for timothy stem rust resistance, and its location is 

coincident with QTL 4B identified in this study (D.F. Garvin, unpublished). Thus, one 

might conclude that the relative impact of the same gene on nonhost resistance may vary 

depending on the pathogen. Genetic analysis with more stem rust formae speciales and 

other rust pathogens would be necessary to confirm this.  

 The findings of this study also show important aspects of Brachypodium biology 

and suggest some insights about molecular mechanisms of nonhost resistance. The QTLs 

2B and 4A were the smallest identified, and reside in genome intervals only 25 kb and 34 

kb in length, respectively. This may be due to the reported high recombination rate of 

Brachypodium as demonstrated by Huo et al. (2011) and supported by Cui et al. (2012), 

who were able to map a resistance gene to barley stripe mosaic virus to a 23 kb interval, 

using a Brachypodium RIL population of comparable size. In contrast, QTL 3C is within 

an 11 Mb interval. Since it spans the centromere of chromosome 3, its massive size may 

be explained by the low recombination rate in centromeric regions of the Brachypodium 

genome due to increased frequency of repetitive elements and retrotransposons 

(International Brachypodium Initiative, 2010) and also due to the presence of inactive 

remnants of ancestral centromeres (Qi et al., 2010). 

Within the regions harboring the seven QTLs, approximately 1,600 of the 2,000 

gene models have functional annotation, and all of the QTL intervals contain genes 

related to NBS-LRR proteins, leucine-rich repeat (LRR) proteins, kinase proteins or other 

known defense-related functions. Only four genes are present in each of the smallest 

QTLs, 2B and 4A. For the QTL 2B interval, two genes have interesting functional 
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annotations. The gene Bradi2g49160 is a reticulon-like protein similar to the Arabidopsis 

BTI1 gene that increases susceptibility to Agrobacterium transformation (Hwang and 

Gelvin, 2004). Another interesting gene in this region is Bradi2g49168, annotated as 

vesicle-associated membrane protein. Vesicle trafficking has an important role in nonhost 

resistance as demonstrated by the Arabidopsis PEN1 gene, which impedes the penetration 

of nonadapted fungus pathogens (Assaad et al., 2004). In QTL 4A, the gene 

Bradi4g35301 is an uncharacterized conserved protein containing a GRAM domain, and 

its homolog in Arabidopsis is BAGP1, which mediates resistance to fungal pathogens (Li 

et al., 2016). Moreover, this QTL interval contains a gene (Bradi4g35317), which 

encodes a leucine-rich repeat-containing protein with an NB-ARC domain, which is 

typically related to a hypersensitive defense response in plants, and a gene 

(Bradi4g35330) encoding a Rho GTPase binding protein (formin), which is related to 

actin cytoskeleton organization. Although is not possible to conclude what gene in each 

QTL is contributing to nonhost resistance, it is tempting to speculate that genes related to 

both PAMP- and effector-triggered immunity are playing a role in Brachypodium 

resistance to Pgt. Developing mapping populations by selfing RILs segregating for an 

individual QTL would be an approach to fine map those genes in the other larger regions 

(Tuinstra et al., 1997). For the smaller regions, QTL identity may be achieved by genome 

editing to knock out genes in Bd21 and assess their effect on resistance. 

 The results of this study suggest that nonhost resistance to wheat stem rust in 

Brachypodium is a quantitative trait where each gene contributes small effects to achieve 

a high level of resistance. One QTL associated with resistance was identified in the 
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susceptible parent Bd2-3, and its effect on resistance must be minor since if it had a 

major effect, the parent would not be so susceptible, and transgressive segregation toward 

even more susceptibility would have been observed. 

To better understand the effects of each QTL on nonhost resistance, ANOVA and 

multiple regression analysis was performed using qualitative phenotypic scores converted 

to a numerical scale, using the same software developed to identify QTLs conferring 

resistance to leaf rust in wheat (Gao et al., 2016).  This revealed that 72.5% of the total 

variation in stem rust resistance was explained by all of the QTLs except 2B, and by the 

QTL interactions 3B+3A and 3B+4B. Interestingly, QTL 3A was only considered 

significant in ANOVA because of its interaction with QTL 3B, which suggests that 

epistasis also plays a role in nonhost resistance. It is worth noting that conversion of 

traditional phenotypic reaction types to numerical values is likely to add some error to the 

amount of variation explained by the QTLs, since both are approximating values as 

opposed to actually measuring trait values such as height. This may explain why the total 

variation explained by significant QTLs was not higher. Thus, although nonhost 

resistance differences in the parents of the RIL population are phenotypically 

qualitatively different, they are controlled by multiple QTLs, as reported by Jafary et al 

(2008) in barley-rust interactions. 

Although it was not possible to look at all possible QTL interactions due to the 

small population size, two QTLs deserve particular attention. These QTLs, 3B and 4B, 

explain 35.9% of the variation and also have largest effect for QTL interactions. If these 

QTLs can be isolated, future studies focused in transferring them to wheat would validate 
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the effectiveness of nonhost resistance in an important crop. However, selecting and 

transferring genes that can act in combination would be desired because they would 

provide more protection than if they did not interact to enhance resistance. 

 Nonhost resistance has great potential to provide crops with durable and broad-

spectrum resistance against important diseases such as wheat stem rust. This is the first 

study in Brachypodium that successfully mapped loci related to nonhost resistance to 

wheat stem rust. Contrary to what was expected for other rust pathogen species (Ayliffe 

et al., 2013), stem rust resistance is more complex, with several QTLs contributing 

additively and interacting with each other to provide effective resistance. Further studies 

to identify what genes underly the QTLs that were identified will provide a better 

understanding of the molecular mechanisms that control nonhost resistance to stem rust 

in Brachypodium, and will provide the opportunity to evaluate whether the genes can be 

used in wheat to add an additional durable level of resistance to this serious disease of 

wheat. 
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Chapter 2 - Genetic and Molecular Basis of Wheat Stem Rust 

Susceptibility in a Brachypodium Mutant 

 

2.1 Introduction 

 

 Plants have been subjected to mutagenesis for decades as a method to introduce 

genetic variation, which may include new traits with high economic value. For instance, 

the rice semi-dwarf varieties “Reimei” and “Calrose 76” derive from induced mutations 

that had improved agronomic performance, and were integrated into breeding programs 

(Rutger, 1992; Maluszynski and Szarejko, 2005). Currently, more than 3,000 mutant crop 

varieties are registered in the Mutant Variety Database (MVD) of Food and Agriculture 

Organization/International Atomic Energy Agency (FAO/IAEA) (https://mvd.iaea.org/). 

Additionally, mutagenesis is widely used for research purposes, because it allows the 

exploration of molecular mechanisms controlling particular traits of plants over a wide 

range of different biological processes (Østergaard and Yanofsky, 2004). For example, 

chemical-induced mutants were used to identify two alleles of a gene involved in the 

repression of leaf senescence and pathogen-defense responses (Yoshida et al., 2002).  

 The most common strategy for mutagenesis of plants is to subject seeds to 

chemical or irradiation treatments. Both processes create random mutations across the 

genome, with more than 90% of them being recessive (Forster and Shu, 2012). Different 

chemicals are considered mutagens such as sodium azide (NaN3), nitrous acid (HNO2), 

hydroxylamine (NH2OH) and ethyl methanesulfonate (EMS) (Olsen et al., 1993; Waugh 

https://mvd.iaea.org/
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et al., 2006). EMS is widely used due to its efficiency and ability to induce nucleotide 

transitions (usually C/G to T/A) (McCallum et al., 2000). Moreover, different types of 

radiation with different levels of energy and penetration into plant tissue can also be used 

as mutagens, such as X- and gamma-rays, fast neutrons, beta and alpha particles and ion 

beams (Mba et al., 2012). Gamma-rays, for example, generated deletions of variable size 

(from 1 bp to 130 kb), single nucleotide polymorphisms (SNPs), and inversions in rice 

(Morita et al., 2009), while fast neutrons caused deletions, duplications and translocations 

in soybeans (Bolon et al., 2014). In general, chemical mutagens usually cause small 

changes in DNA such as SNPs, whereas irradiation methods are more likely to cause 

deletions and translocations (Sikora et al., 2011). 

 The identification of a mutation induced by chemicals or irradiation has relied on 

map-based cloning, where a population segregating for the mutation is screened with 

genetic or molecular markers (Østergaard and Yanofsky, 2004). Now though, mutation 

discovery is facilitated by the low cost and high resolution of next-generation sequencing 

technologies. Thole and colleagues (2014) sequenced pools of EMS-induced abscisic 

acid-resistant root elongation Arabidopsis mutants backcrossed to the wild type, and 

quickly identified potential causative mutations in just a few genes by identifying 

homozygous SNPs in exonic regions of the reference genome. Another strategy to 

quickly identify mutations using whole genome sequencing was developed by Abe et al. 

(2012). Their so called “MutMap” strategy is simply based on crossing the mutant to its 

wild type, bulking the F2 progenies exhibiting the mutant phenotype, sequencing the 

bulk, and calculating SNP or insertion/deletion (Indel) ratios between mutant and wild 
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type pools. The mutant and wild type alleles are expected to be 50% if not linked to the 

mutation of interest. However, a mutant allele frequency of 100% is expected if the SNP 

or Indel causes the mutant phenotype. With this strategy, loci with mutations causing pale 

green leaves and semidwarfism in rice were identified (Abe et al., 2012). 

 Many genes related to plant immunity and defense responses to pathogens and 

pests have been discovered by mutant analysis. Genes related to race-specific resistance 

(Eitas et al., 2008), basal resistance (Murray et al., 2007) and systemic acquired 

resistance (Bowling et al., 1994) are just some examples. Recently, another type of 

resistance, called nonhost resistance, is receiving more attention by researchers. This is 

the resistance plants use against non-adapted pathogens, and it is thought to be more 

durable and more effective against a wide range of pathogens (Heath, 2000; Fan and 

Doerner, 2012). For example, the dicot Arabidopsis is a nonhost to Blumeria graminis 

f.sp. hordei (Bgh), the fungus responsible for barley powdery mildew, because this 

pathogen is adapted to infect the monocot barley. When inoculated with Bgh, Arabidopsis 

plants impede cellular penetration of approximately 90% of the germinated spores 

(Collins et al., 2003). However, mutations in the genes PEN1 (Collins et al., 2003), 

PEN2 (Lipka et al., 2005) and PEN3 (Stein et al., 2006) allow higher rates of cell 

penetration of the nonadapted pathogen than the wild type. For instance, a sevenfold 

increase in Bgh penetration was observed in pen1 mutants (Collins et al., 2003). 

Although other nonhost resistance genes have also been identified (reviewed by Uma et 

al., 2011), the molecular processes underlying this type of resistance are still poorly 

understood. 
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Stem rust is a devastating disease of wheat caused by the biotrophic fungus Puccinia 

graminis f.sp. tritici. It has been under control worldwide for decades (Ellis et al., 2014), 

but is receiving renewed attention. Important resistance genes present in most of wheat 

varieties in the world are becoming ineffective due the appearance of new highly virulent 

races (Singh et al., 2015). Originally identified in Uganda in 1998 and named Ug99 

(Pretorius et al., 2000), it and related races are spreading towards important wheat 

producing regions in the world that grow significant amounts of wheat that is susceptible 

to Ug99 (Singh et al., 2011; Singh et al., 2015). Thus, new resistance needs to be 

deployed into wheat varieties to avoid losses by this disease, and nonhost resistance has 

been suggested to have great potential to address this problem (Ayliffe et al., 2008). 

 Brachypodium distachyon (Brachypodium) is a grass closely related to wheat and 

barley, and a model plant to study important agronomic traits of grasses such as cell wall 

development, grain characteristics, and abiotic and biotic stresses (Mur et al., 2011). 

Brachypodium is a self-pollinating plant of small stature and a rapid life cycle, which is 

desirable for a model plant (Draper et al., 2001). Moreover, genomic studies in 

Brachypodium are facilitated by its small genome size (272 Mb) and a high-quality 

reference genome sequence assembly (International Brachypodium Initiative, 2010). 

Diverse germplasm collections are available for this species (Mur et al. 2011), as well as 

large mutant collections (Bragg et al., 2012; Dalmais et al., 2013). Several important 

diseases of grasses have been studied in Brachypodium, including rice blast (Routledge et 

al., 2004), Fusarium head blight (Peraldi et al., 2011), barley stripe mosaic virus (Cui et 

al., 2012) and rust diseases (Barbieri et al., 2012; Figueroa et al., 2013; Ayliffe et al., 
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2013). Previous studies evaluated the nonhost responses of Brachypodium genotypes to 

wheat stem rust (Figueroa et al., 2013; Ayliffe et al., 2013). Despite the availability of 

mutant collections, no published studies have employed them to identify genes in 

Brachypodium involved in nonhost resistance to wheat stem rust. 

 In this study, bioinformatic analysis was employed to identify a likely causal 

mutation in a gamma-irradiated mutant of Brachypodium that was previously found to be 

susceptible to wheat stem rust (D.F. Garvin, unpublished data). This mutant was 

generated from the Brachypodium genotype Bd21, which is resistant to this disease and 

also represents the reference genome sequence. Here, a 1 bp deletion in the mutant was 

identified that introduces a premature stop codon in the gene Bradi1g24100. This gene is 

homologous to the Arabidopsis gene TIME FOR COFFEE (TIC). TIC not only 

contributes to the regulation of the circadian clock, but also plays a role in jasmonate 

signaling (Hall et al., 2003; Shin et al., 2012). The findings of this study suggest that the 

jasmonate pathway plays an essential role in nonhost resistance to wheat stem rust in 

Brachypodium. 

 

2.2 Materials and Methods 

 

2.2.1 Plant Materials 

A single M2 mutant, γAL6, derived from cesium-137 irradiation (400 Gray) of 

Brachypodium Bd21 seeds and exhibiting compromised resistance to timothy stem rust 

(Puccinia graminis forma specialis phlei-pratensis; Pgpp) was previously identified (D.F. 
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Garvin, unpublished data). A progeny test suggested that it was true breeding for the 

susceptible phenotype. As noted above, it also exhibited compromised resistance to 

wheat stem rust. Subsequently, an F5:6 population of 126 recombinant inbred lines (RILs) 

from a cross between a single M3 plant derived from selfing γAL6 (‘γAL6.2’) and Bd21 

was developed. F2 populations from crosses between the plant γAL6.3.1, an M4 plant 

derived from selfing a M3 full sib of γAL6.2, and Bd21 were also developed. 

 

2.2.2 Stem Rust Inoculation and Disease Evaluation 

 P. graminis urediniospores were obtained as described in section 1.2.2 and used 

to inoculate the RIL population as detailed in section 1.2.3. For this population, disease 

evaluations of RILs were replicated three times, in the same manner as outlined in section 

1.2.4, and an average phenotypic infection type for each RIL was obtained. Infection 

types were also converted to numerical values between 0 and 9 with the custom perl 

script developed by Gao et al. (2016) available on GitHub (https://github.com 

/umngao/rust_scores_conversion). Moreover, the RILs were also inoculated once with 

Pgpp spores. The Pgpp spores for inoculations were obtained in a manner similar to P. 

graminis f.sp. tritici isolate 78-21-BB463 (Pgt) spores, except that timothy plants were 

approximately 6 to 8 weeks old when inoculated. 

Additionally, F2 populations from crosses between γAL6.3.1 and Bd21 were 

evaluated three times for wheat stem rust resistance to examine the mutation’s gene 

action. Inoculations were the same as described for the RILs with the following 

modifications: nine F2 seeds were planted in each pot, and three seeds of each parent 
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were randomly planted in each tray of 6 pots. The number of individual F2 seedlings 

evaluated ranged from 42 to 94 depending upon the inoculation. 

 

2.2.3 Bulked Segregant Analysis Sequencing 

 The procedure for BSA sequencing of γAL6.2 x Bd21 resistant and susceptible 

RIL pools was the same as used for the Bd2-3 x Bd21 RILs, as described in section 1.2.5. 

Here, 43 RILs were selected for the resistant pool and 44 RILs for the susceptible pool. 

One leaf of equal size per RIL was harvested from the second disease evaluation for 

DNA extraction. Leaves were pooled and ground, DNA was extracted using QIAGEN 

DNeasy® Plant Mini Kits according to the manufacturer’s instructions, and then 

submitted for Illumina sequencing (DNA input of 357.5 ηg and 382.5 ηg for resistant and 

susceptible pools, respectively). 

 

2.2.4 Bioinformatic Analysis 

 The reference genome used for this population was Brachypodium distachyon 

v3.1 DOE-JGI (http://phytozome.jgi.doe.gov/), which represents the genome sequence of 

Bd21, the wildtype genotype that was subjected to mutagenesis leading to the 

identification of γAL6. 

 Raw reads were subjected to similar quality controls as described previously in 

section 1.2.6 with the following modifications. Only reads longer than 40 bp were kept 

(option ‘-m 40’) after removing adapters with CutAdapt v.1.8.1. After removing low 

complexity sequences and visualizing the quality of partially filtered reads, it was 

http://phytozome.jgi.doe.gov/
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apparent that the first 9 bp of most reads of the susceptible pool were very low quality 

with a high k-mer content, so they were trimmed using ‘fastx_trimmer’ of FASTX 

ToolKit (option ‘-f 10’). Then, low quality bases from the ends of the sequences were 

trimmed and paired-end reads were synced. 

 Filtered and synced reads from both pools were mapped to the reference genome 

using Bowtie2 v2.2.4 (Langmead and Salzberg, 2012) and also with BWA v0.7.10 (Li, 

2013). Paired-end reads were mapped using ‘end-to-end’ and ‘very-sensitive’ modes of 

Bowtie2, and also using the algorithm ‘mem’ from BWA. The output files from both 

alignments were compressed to BAM format by SAMTools v0.1.18. Number of mapped 

reads were calculated using the program ‘stats’ from BAMTools v.2.1.1. After sorting and 

indexing each BAM file with SAMTools v1.2, potential duplicate reads were removed 

using the program ‘MarkDuplicates’ of Picard v1.133 and the new BAM file was indexed 

using ‘BuildBamIndex’ also from Picard package.  

 Because the type of the mutation(s) that caused stem rust susceptibility in γAL6 

and its selfed progeny was not known, different analytical approaches were completed. 

Analyses were performed for a range of possible outcomes, since the mutation could be a 

SNP, a deletion, a translocation, or another of many possible genome alterations. 

 Comparative analysis of the BSA RIL pools to identify genome variants present 

in the susceptible pool but absent in the resistant pool began with SNPs. The SNP calling 

process was the same as the second approach described in the section 1.2.6, where 

SAMTools v1.2 ‘mpileup’ and BCFTools v1.2 ‘bcftools call’ with ‘consensus-caller’ 

method were used with both pools at the same time in order to get the allele frequencies 
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for the same position. SNPs with low mapping quality (option ‘-Q 30’) and with read 

depth between 10 and 70 reads were filtered out with ‘vcfutils.pl varFilter’ (SAMTools 

v1.2). The program ‘bcftools filter’ removed SNPs that were within 5 bp of an indel 

(option ‘-g 5’), SNPs with less than 5 reads supporting the reference and alternate allele 

and SNPs with low genotype quality (option ‘-e 

‘((FMT/DP4[0]+FMT/DP4[1])<5)&&((FMT/DP4[2]+FMT/DP4[3]<5)) || %MIN(GQ)< 

30’’). The filtered VCF file was converted to a table with ‘VariantsToTable’ (GATK 

v.3.3.0) and parsed with the custom python script ‘parsing_VariantsToTable.py’ to 

calculate allele frequencies, which were then visualized in a plot with 5 SNP window size 

(rolling every 1 SNP) generated by a modified version of the R script from GED-MSU 

(Supplemental Figure 3) (https://github.com/ngs-docs/edda/blob/master/doc/tutorials-

2012/files/plot_allele_freq_ data.R). 

 The next type of genome variants investigated was structural variants, which is 

complicated by the short read lengths from next-generation sequencing. There are many 

programs available for this purpose and using only one is not the best approach, due to 

the high number of false positives. Thus, three programs were used to identify structural 

variants: Breakdancer v1.1 (cpp version) (Chen et al., 2009), Delly v0.7.2 (Rausch et al., 

2012) and Pindel v0.2.5b6 (Ye et al., 2009). 

 With Breakdancer, the first step was to generate a configuration file for both BSA 

RIL pools with information about insert sizes of paired-end reads using the perl script 

‘bam2cfg.pl’ with high mapping quality (option ‘-q 30’) and cut off in 3 standard 

deviation (option ‘-c 3’). The configuration files generated were then used to call variants 

https://github.com/ngs-docs/edda/blob/master/doc/tutorials-2012/files/plot_allele_freq_%20data.R
https://github.com/ngs-docs/edda/blob/master/doc/tutorials-2012/files/plot_allele_freq_%20data.R
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with the program ‘breakdancer_max’ with minimum mapping quality of 30 (option ‘-q 

30’), minimum ouput score of 90 (option ‘-y 90’) and maximum coverage of 200 reads 

(option ‘-x 200’). For Delly, the BAM files of resistant and susceptible pools from 

different alignments (i.e. Bowtie2 and BWA) were used to call variants with high mapping 

quality (option ‘-q 30’). Before using Pindel, aligned reads from each pool had to be 

sorted by name and then mate information fixed using SAMTools v1.2 ‘sort’ (option ‘-n’) 

and ‘fixmate’ programs, respectively. The program ‘sam2pindel’ was then used to 

convert Bowtie2 BAM files into input file of Pindel (BAM files from BWA did not have to 

go through this step). Finally, another Pindel program called ‘pindel2vcf’ was used to 

generate a VCF file from Pindel output, where only variants with minimum of 5 and 

maximum of 100 supporting reads were reported (options ‘-e 5 -f 100’). Finally, for each 

program, structural variants detected in both BSA RIL pools were discarded. The 

remaining variants were visualized with the Integrative Genomics Viewer (IGV) to 

confirm variants present in the susceptible but not resistant pool and to discard false 

positives. 

 

2.2.5 Confirming a Putative Causal Mutation in γAL6.2 

Sanger sequencing was used to verify the presence of a putative mutation detected 

at high frequency in the susceptible but not the resistant pool, and present in γAL6.2 but 

not Bd21. DNA sequence flanking 250 bp of the putative mutation was extracted from 

the reference genome with a custom python script (Supplemental Figure 4), primers were 
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designed with Primer3 to yield a PCR product size of 300 bp with the putative mutation 

near the middle of the product, and then validated with re-PCR.  

 The genomic region containing the putative mutation was amplified by PCR prior 

to sequencing. PCR reactions (20 μL volume) were set up for Bd21 and γAL6.2, 

containing 2 μL 10x PCR Buffer (Applied Biosystems), 0.4 μL of 10mM dNTPs, 2 μL of 

forward and reverse primers (1 μM stock concentration), 0.1 μL of Taq DNA Polymerase 

(5U/μL) and 10 ng of DNA. PCR conditions were: initial denaturation at 93°C for 3 

minutes; 35 cycles of denaturation at 93°C for 30 seconds, annealing at 50°C for 30 

seconds, extension at 72°C for 50 seconds; and final extension at 72°C for 5 minutes. The 

PCR products were evaluated on a 1% agarose gel to confirm amplification, and then 

purified using the QIAQuick® PCR Purification Kit according to manufacturer’s 

instructions. After Nanodrop DNA quantification, parental PCR amplicons were sent to 

University of Minnesota Genomics Center (UMGC) for Sanger sequencing. 

Subsequently, DNA from each individual RIL included in the BSA pools was 

used for PCR using the same PCR amplifications as described above and, after 

confirmation of amplification in a 1% agarose gel, sent to Genewiz 

(http://www.genewiz.com/) for PCR purification and Sanger sequencing with the forward 

primer.  

 

 

 

 

http://www.genewiz.com/
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2.3 Results 

 

2.3.1 Disease Development in Bd21 and γAL6.2 

 Nine days after inoculation Bd21 and γAL6.2 plants were evaluated for stem rust 

infection types. The phenotypes of the two parents are shown in Figure 7. Bd21 exhibited 

a leaf surface with few necrotic spots (type ; = fleck, highly resistant), whereas the 

mutant parent γAL6.2 had many small pustules over the surface of the leaf (type 3-, 

susceptible). 

 

2.3.2 Segregation for Stem Rust Resistance 

The disease scores of resistant RILs ranged from ‘0L ;’ to ‘MH ; 3-’ whereas 

susceptible ones varied from ‘LM 3- ;’ to ‘MH 3’. Infection types 2 and 4 were not 

observed. Using traditional phenotypic classifications for wheat stem rust, 65 RILs were 

rated resistant, 49 RILs were susceptible and 12 RILs appeared to be segregating, since 

they showed different infection types in the same inoculation or in different replicate 

inoculations. A Chi-Square analysis supported the hypothesis that the mutant phenotype 

is controlled by one locus (2=2.24, p>0.1). Interestingly, all 49 RILs true breeding for 

susceptibility to Pgt were also susceptible to Pgpp, and 60 out of 65 RILs true breeding 

for resistance to Pgt were also resistant for Pgpp, with the other 5 resistant RILs scored 

as segregating for Pgpp. The strong correlation between phenotypic scores after Pgt and 

Pgpp inoculation suggests that the same mutation confers susceptibility to both formae 

speciales of the pathogen. 
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The phenotypic reaction types were converted to numerical scores (0 to 9 scale) 

and a grand mean score for each RIL across the three Pgt inoculations was calculated 

from replicate means to observe the distribution of the phenotypes as a quantitative trait 

(Figure 8). A bimodal distribution was observed, with resistant RIL scores ranging from 

0 to 2.33, and susceptible RIL scores from 3.79 to 7.67. The average score of the Bd21 

parent across three inoculations was 0.13, ranging from 0 to 0.39 between replicates, 

whereas the average score of the γAL6.2 parent was 5.78, and ranged from 4.89 to 7 

depending upon the replicate. This further supported the involvement of a single major 

mutation underlying the difference in resistance in the population. 

 To examine the mutation’s gene action, F2 populations from a cross between 

Bd21 and γAL6.3.1 (true breeding M4 line derived from a full sib of γAL6.2) were 

evaluated three times, with the number of evaluated plants ranging from 42 to 94 

depending upon the inoculation. The scores of Bd21 controls ranged from the typical ‘0 

;’ up to ‘M ; 3-’, which is a far broader distribution than what is normally observed for 

this genotype. The phenotype of γAL6.3.1 ranged from ‘H 3- ;’ to ‘H 3’, which is also far 

higher than typically observed in previous inoculations. The results of the evaluations did 

not follow a dominant or recessive segregation ratio of 3:1 nor a 1:2:1 genetic ratio for 

codominance, based upon infection type grouping into resistant and susceptible 

phenotypes. However, the high number of different infection types observed in each 

inoculation (up to 19 different phenotypic classes) suggests an additive or incomplete 

dominance gene action of the mutation as well as possible incomplete expressivity. 
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2.3.3 BSA Sequencing and Read Mapping 

 Illumina sequencing of the resistant RIL pool yielded 54.1 million 100 bp paired-

end (PE) reads, whereas 69 million were generated for the susceptible RIL pool. After all 

quality control processing, 44.4 million and 63.7 million high quality PE reads remained 

in the resistant and susceptible pools, respectively. Paired-end reads from each pool were 

then mapped to the Bd21 reference genome sequence using two different aligners, 

Bowtie2 and BWA. Overall, the result of mapping reads with both aligners was very 

similar, since approximately 99% of reads had both pairs mapped to the reference 

genome (Table 8). The major difference between the results of alignment with Bowtie2 

and BWA was the number of reads that mapped properly (the reads from a pair were 

mapped in the correct orientation, had the appropriate insert size, and were on the same 

chromosome) (Table 8). Whereas Bowtie2 had 69.4% of the resistant pool reads and 

79.2% of the susceptible pool reads properly mapped, this number increased when BWA 

was used (92.1% and 95.5% for resistant and susceptible pools, respectively). After 

alignment, a small number of duplicate reads (i.e. reads that are identical copies) was 

identified and removed (0.1% for each pool for both aligners). 

 The genome coverage distribution of mapped reads was higher in the susceptible 

pool than the resistant pool, regardless of the type of aligner used. This was expected due 

the greater number of raw reads of the susceptible pool after sequencing. The actual mean 

coverage was approximately 30x for the resistant pool and approximately 43x for 

susceptible pool. 
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2.3.4 Variant Calling Between Resistant and Susceptible Pools 

 The first type of variant analyzed was SNPs. The total number of raw SNPs 

identified between resistant and susceptible pools was 22,263 in reads mapped with 

Bowtie2, and 13,299 with BWA. Many low quality SNPs were eliminated during filtering, 

and the number of SNPs dropped to 1,704 and 1,027 for Bowtie2 and BWA alignment, 

respectively. These numbers are low, representing an average of 1 SNP every 160 kb or 

266 kb. Their distribution throughout all chromosomes and allele frequency differences 

between the BSA pools were examined for any region in the susceptible pool with a high 

frequency of non-reference (susceptible) alleles, which may be an indicator of the general 

location of the mutation. However, the cumulative SNP frequency plots did not identify 

any such regions (Figure 9). The difference in the allele frequency of the susceptible 

parent allele between the susceptible and resistant pools was calculated and plotted. 

There is no clear major difference in allele frequencies between the pools, regardless of 

the type of aligner used to map reads. This may suggest that the mutation causing 

susceptibility in γAL6.2 is not caused by a SNP, but this is not definitive since a causal 

SNP could be in a genome region where additional SNPs introduced due to mutagenesis 

are not present, or are so distant that there has been decay of linkage disequilibr ium. 

 The next approach was to examine other types of structural variants that could 

underlie the altered stem rust resistance of γAL6.2. Because gamma irradiation in plants 

has historically been associated with the introduction of deletions (Sikora et al., 2011), 

they were the first type of structural variant to be evaluated. Three different 

bioinformatics tools were used: Breakdancer, Delly and Pindel. The overall strategy to 
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find potential mutations was to (1) call variants in resistant and susceptible pools, (2) 

filter out variants common to both pools, (3) visualize variants in IGV, and (4) discard 

false positives. 

 For Breakdancer, there were differences in the number of deletions called, 

depending on the type of aligner used. When variants were called after Bowtie2 

alignment, 10 putative deletions were identified in the resistant pool and 12 in the 

susceptible pool, whereas 877 and 180 putative deletions were called in the resistant and 

susceptible pools respectively after mapping reads with BWA. This large difference was 

due to Breakdancer calling deletions in BWA even when there were very few supporting 

reads. For instance, some deletions were called when only 3 reads were supporting it, 

which is low when compared to the mean read depth of the genome (about 30x for the 

resistant pool and 43x for susceptible pool) and can be indicative of false-positives. This 

was not an issue when Bowtie2 was the aligner, since all deletions called had more than 

50 reads supporting it. Thus, deletions with less than 30 and 43 reads supporting them in 

the resistant and susceptible pool, respectively, were discarded to filter out false positives 

and reduce the number of variant calls visualized on IGV. After this filtering, the number 

of deletions called by Breakdancer after BWA alignment was 21 for the resistant pool and 

39 for the susceptible pool. 

 The median deletion size called after Bowtie2 alignment was 295 bp, with a range 

between 287 bp and 13.8 kb for the resistant pool, and a median deletion size of 295 bp, 

ranging between 276 bp and 25.9 Mb for the susceptible pool. In contrast, after BWA 

alignment the size of deletions called was larger, with a median size of 126 kb, a 
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minimum of 481 bp and a maximum of 21.8 Mb for the resistant pool, while the median 

deletion size for the susceptible pool was 6.6 kb, ranging from 432 bp to 30.3 Mb. The 

presence of massive deletions (more than 20 Mb) is probably indicative of false positives, 

because a deletion this large would involve the loss of a large proportion of a 

chromosome arm, which would presumably be lethal. These deletions were discarded 

after visual inspection with IGV. 

 Subsequently, the other putative deletions that were present in both pools were 

also discarded. For Bowtie2, 2 out of the 10 remaining deletions were unique to the 

resistant pool, and 4 out of 12 were unique to the susceptible pool. The unique deletions 

in the resistant pool were not expected because the causative mutation, which appears to 

be a single locus, should come from the susceptible mutant parent and thus be unique to 

the susceptible pool. After visualization with IGV, the deletions in the resistant pool were 

confirmed as a false positive (Figure 10). In the susceptible pool, 4 unique deletions with 

292 bp, 330 bp, 7.2 Mb and 26 Mb were also examined by IGV and were then discarded 

since there was no clear homozygous deletion (Figure 11). For BWA, 6 out of 21 

deletions were unique to the resistant pool and 24 out of 39 deletions were unique to the 

susceptible pool. All were inspected with IGV, and they were false positives as well. 

 When using Delly software to call deletions, reads aligned with Bowtie2 did not 

identify any structural variants. This might have occurred because Bowtie2 was run in 

“end-to-end” mode. However, with BWA, 109 deletions were called for the resistant pool 

and 199 for the susceptible pool. The median deletion size found in the resistant pool was 

10.8 kb (varying from 19 bp to 55.3 Mb) and 615 bp for the other pool (18 bp to 55.4 
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Mb). There were 7 variants unique to the resistant pool and 95 unique to the susceptible 

pool. All of them were evaluated in IGV and confirmed as false positives. 

 Since it was not possible to identify smaller deletions with Breakdancer and 

Delly, the software Pindel was used because it focuses on identification of small 

deletions. After mapping reads with Bowtie2, 782 deletions were called for the resistant 

pool and 1362 for the susceptible pool, while for BWA the numbers were 1306 and 1977 

for resistant and susceptible pools, respectively. The median size of deletions detected for 

both pools was 1 bp after Bowtie2 alignment (largest deletion in the resistant pool was 

744 bp, and in the susceptible pool it was 944 bp) and 2 bp after BWA, which had 

deletions up to 32 kb (except for one massive deletion of 49.3 Mb). Because the number 

of variants called was high, deletions from Bowtie2 were evaluated first. There were 174 

deletions called only for the resistant pool and 609 only for the susceptible pool. 

Deletions discarded after visualization on IGV when homozygous or heterozygous 

deletions were present in both resistant and susceptible pools and when a unique deletion 

of the susceptible pool was heterozygous (Figure 11). 

 After IGV evaluation of all deletions, a 1 bp deletion on chromosome 1 was 

identified that appeared nearly homozygous in the susceptible pool (Figure 12). There 

were 42 reads spanning this deletion; 38 had the deletion, while three did not have the 

deletion, and one had a SNP in this position. In contrast, in the resistant pool, 24 out of 25 

reads spanning this position did not have the deletion, while the remaining read had it. 

After read mapping with BWA, this putative deletion was also found to be nearly 

homozygous in the susceptible pool, since 37 out of 42 reads spanning that region had the 
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deletion, while four reads did not have the deletion, and another read had a SNP in that 

position. The resistant RIL pool was homozygous for the wild type allele. The deletion is 

located in the coding sequence (CDS) of the gene Bradi1g24100. Translation of the 

wildtype and mutant CDS into protein sequence (http://web.expasy.org/translate/), 

revealed that the deletion causes a frame shift at amino acid residue 1282, that introduces 

a premature stop codon at residue 1296 in the mutant allele (Figure 13). 

 

2.3.5 Validation of Putative Mutation 

 PCR products spanning the putative deletion site were sequenced in both Bd21 

and γAL6.2. Results confirmed that γAL6.2 has a deletion at position 19,373,388 bp on 

chromosome 1, while the resistant wild type parent Bd21 did not (Figure 14). 

 The presence of one read in the resistant pool harboring the deletion, and similarly 

the presence a few wild type reads in the susceptible pool, was further investigated. 

Sequence information for each RIL in both pools was obtained from PCR amplicons 

spanning the deletion. In the resistant pool, 41 of the RILs were homozygous for the wild 

type allele, while the other 2 RILs were heterozygous. This provides an explanation for 

why a read with the deletion was detected; presumably one or more heterozygotes were 

present in two of the RILs that were rated as susceptible. Interestingly, these two RILs 

segregated for resistance when inoculated with Pgpp, supporting this hypothesis. In the 

susceptible pool, each of the 44 RILs was homozygous for the deletion, and so the wild 

type reads in the susceptible pool may be artifacts, or could be real and attributed to 

accidental harvest of a resistant RIL when creating the pool of tissue. Thus, this deletion 

http://web.expasy.org/translate/


 

  72 

may be the causal mutation. Alternatively it may be tightly linked to the causal mutation, 

which remains to be identified. 

Additional information supports the hypothesis that the deletion is the causal 

mutation underlying stem rust susceptibility of γAL6.2. The Brachypodium genome 

annotation v3.1 DOE-JGI (http://phytozome.jgi.doe.gov/) provides useful information 

about Bradi1g24100. This gene model is functionally annotated as a nuclear hormone 

receptor binding (Blast2GO). There are no paralogs in other regions of the Brachypodium 

genome. Comparison of this gene to homologs of other species revealed that the gene 

with the highest homology in the Arabidopsis genome is AT3G22380, designated TIME 

FOR COFFEE (TIC). The EMBOSS Needle Pairwise Sequence Alignment 

(http://www.ebi.ac.uk/Tools/psa/emboss_needle/) shows that the protein sequences from 

these two species share 42.3% similarity, with 29.8% of the amino acid residues being 

identical (Figure 15). 

The TIC gene was first identified in an Arabidopsis EMS mutant (Hall et al., 

2003) as a gene playing a role in regulating the circadian clock in plants. More recently, 

however, it was identified as a regulator of jasmonate signaling (Shin et al., 2012), and 

mutation of this gene in Arabidopsis increases susceptibility to the bacterial biotroph 

Pseudomonas syringae. Therefore, this provides additional support that the deletion 

detected in γAL6.2 may be the mutation causing the stem rust susceptibility. 

 

 

 

http://phytozome.jgi.doe.gov/
http://www.ebi.ac.uk/Tools/psa/emboss_needle/)
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2.4 Discussion 

 

 The widespread use of induced mutagenesis in plant sciences is due to the unique 

variation it can create, which is useful to study any trait of interest. For instance, using 

mutants to understand what makes Brachypodium a nonhost to an important disease such 

as wheat stem rust may lead to strategies to develop durable and broad spectrum wheat 

stem rust resistance in wheat. The genotype Bd21 is very resistant to wheat stem rust, 

with few necrotic lesions appearing after inoculation with Pgt and Pgpp. The mutant 

γAL6 was previously identified because many small pustules emerged on infected leaves 

following inoculation with Pgpp, and selfed progeny were also found to be susceptible to 

Pgt (D.F. Garvin, unpublished). Thus, a mapping population from a cross between Bd21 

and γAL6.2 was developed to explore the genetic and molecular basis of the stem rust 

susceptibility in this mutant. 

 Genetic analysis of stem rust resistance in a F5:6 RIL population suggested that the 

causative mutation is a single locus. The strong correlation between phenotypic scores of 

the RILs observed after infection with Pgt and Pgpp, and the fact that the mutant 

genotype is also more susceptible to oat stem rust (D.F. Garvin, unpublished data), 

suggests that the mutation is in a gene broadly critical to nonhost stem rust resistance. 

 Evaluation of F2 populations to determine the mode of action of the mutation did 

not provide a clear answer. The pattern of segregation did not clearly fit a monogenic 

model. The higher than normal disease development on the resistant parent and the 

mutant might be due to fewer plants per inoculated pot receiving large amounts of 
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inoculum, and this may have confounded separation of the two parental phenotypes. 

Moreover, scoring is based on individual F2 plants and not a consensus of 5 plants as it is 

for RILs, which may increase the chances of incorrect calls. However, the large number 

of intermediate phenotypes suggests that the mutation may act in an additive or 

incompletely dominant fashion. 

 BSA is a quick strategy to map genes and mutations by simply pooling 

individuals with contrasting phenotypes in two bulks and then screening for differences 

between them using DNA markers (Michelmore et al., 1991). Currently, next-generation 

sequencing can be used to identify the location of mutations that cause changes in 

phenotype (Schneeberger et al., 2009; Austin et al., 2011; Abe et al., 2012). For instance, 

Abe and colleagues (2012) mapped mutations in rice (Oryza sativa) by crossing the EMS 

mutants with its wild type, pooling F2 plants with the mutant phenotype, conducting 

whole genome sequencing on the pools, and then identifying clusters of SNPs with allele 

frequencies of 100%. A similar strategy was used in this study; however, mutagenesis 

employed gamma irradiation and two pools containing RILs with mutant (susceptible) 

and wild type (resistant) phenotypes were sequenced to help identify false positives when 

calling variants. Since the reference genome is that of the wild type genotype Bd21, 

identification of clusters of SNPs with high allele frequencies in the susceptible pool 

compared to the resistant pool would indicate the likely location of the mutation. 

However, few high quality SNPs were identified in the entire genome (1 SNP every 160-

266 kb) and no obvious difference in SNP allele frequency between the pools was 
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identified. Given the high recombination rate of Brachypodium (Huo et al., 2011; Cui et 

al., 2012), this result is likely due to rapid decay of linkage disequilibrium. 

 Deletions in the genome are often associated with radiation-induced mutants 

(Sikora et al., 2011). Due to the short read nature of next-generation sequencing, calling 

structural variants is a challenging task. In this study, different programs (Breakdancer, 

Delly and Pindel) were used to detect deletions in both BSA pools. All deletions detected 

by Breakdancer and Delly were found to be false positives. Pindel also identified many 

false positive deletions, but there was a 1 bp deletion detected in chromosome 1 in the 

susceptible pool that was nearly absent from the resistant pool. Sanger sequencing of 

individuals comprising the resistant and susceptible pools revealed that all resistant plants 

had the wild type allele (including 2 heterozygotes), while all susceptible plants were 

homozygous for the 1 bp deletion. This, together with the fact that the deletion introduces 

a premature stop codon in a gene, provides support for this deletion being a bona fide 

candidate for the causal mutation conferring stem rust susceptibility in the mutant 

genotype. 

 Identification of small deletions in gamma-irradiated mutants is not unusual. 

Other researchers also observed deletions varying from 1 bp to 14 kb in gamma 

irradiation-induced mutants of Arabidopsis and rice (Cecchini et al., 1998; Finkelstein et 

al., 1998; Sato et al., 2009). Additionally, Morita et al. (2009) analyzed 24 rice gamma-

irradiated mutants and six had 1 bp deletions, while the remaining mutations included 

base substitutions, inversions and deletions up to 129.7 kb. In this study, the 

identification of such a small deletion highlights the power of using next-generation 
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sequencing to detect mutations. This was also demonstrated by Laitinen et al. (2010). 

Using whole genome sequencing, they identified 1 bp deletion mutation in Arabidopsis 

that disrupted the open reading frame of a gene involved in sterol metabolism, resulting 

in non-flowering, purplish and dwarf plants. Other strategies such as Array Comparative 

Genomic Hybridization (aCGH) are not able to identify such small structural variants. 

 The candidate mutation is predicted to cause a premature stop codon in the 

protein sequence of the gene Bradi1g24100. This gene is annotated as a nuclear hormone 

receptor binding protein in the Brachypodium genome and is a homolog of Arabidopsis 

gene At3g22380, also known as TIME FOR COFFEE (TIC). This gene, first identified by 

Hall et al. (2003) in an EMS mutant, is important for generating circadian rhythms in 

Arabidopsis. The relationship between the circadian clock and disease resistance was 

well described by Wang et al. (2011). Studying the biotrophic oomycete 

Hyaloperonospora arabidopsidis, they discovered new genes required for resistance 

conferred by the gene RPP4 (RECOGNITION OF PERONOSPORA PARASITICA 4). 

Interestingly, these newly discovered genes are regulated by the gene CCA1 

(CIRCADIAN CLOCK-ASSOCIATED 1), a circadian regulator in Arabidopsis, and are 

transcribed at night, to anticipate the pathogen infection process that occurs during the 

day (Wang et al., 2011). Additionally, Zhang and colleagues (2013) showed that loss-of-

function mutation in the clock genes CCA1 and its homolog LHY (LATE ELONGATED 

HYPOCOTYL) synergistically compromises resistance against the biotrophic bacterium 

Pseudomonas syringae and the biotrophic oomycete H. arabidopsidis, partially due to 

altered control of stomatal aperture. 
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 Importantly, Shin et al. (2012) found that TIC also regulates jasmonate (JA) 

signaling by interacting and repressing protein accumulation of MYC2, a positive 

regulator of transcription in the JA pathway. JA perception by the protein COI1 

(CORONATINE INSENSITIVE 1) leads to ubiquitination of JAZ proteins bound to 

MYC2, resulting in transcriptional activation of many JA-responsive genes by MYC2 

(Robert-Seilaniantz et al., 2011). MYC2 is known to promote wound defense responses 

and repress pathogen defense responses, and overexpression of this gene leads to 

amplified responses to JA (Lorenzo et al., 2004). Interestingly, proliferation of the 

biotrophic pathogen P. syringae increased 30-fold in Arabidopsis tic mutants compared 

to the wild type after infection (Shin et al., 2012). It has been shown that TIC plays a role 

in plant defense by negatively modulating the level of MYC2 transcription factors and, 

consequently, JA-related responses. 

Based on TIC functions in Arabidopsis, one might hypothesize that similar 

mechanisms occur in interaction between Brachypodium and biotrophic rust fungi. The 

mutant γAL6.2, containing a 1 bp deletion in the gene Bradi1g24100, is predicted to have 

a higher concentration of MYC2 transcription factors than the wild type genotype. This 

may lead to exaggerated JA transcriptional responses to the pathogen. The JA pathway 

and the salicylic acid (SA) pathway are considered antagonistic, where the former is often 

associated with resistance to necrotrophs and the latter to biotrophs (Glazebrook, 2005; 

Robert-Seilaniantz et al., 2011). The SA pathway may be repressed in γAL6.2 compared 

to the wild type due the loss of negative TIC regulation of the JA pathway. This in turn 

may inhibit the normal SA-mediated resistance response to P. graminis. 
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 In conclusion, this study demonstrated the power of next generation sequencing 

and bioinformatics to identify a 1 bp deletion in the gene Bradi1g24100, a homolog to 

TIC in Arabidopsis. The results provide strong circumstantial evidence that this deletion 

may be responsible for the stem rust susceptibility of γAL6.2, by perturbing the normal 

regulation of the JA pathway in a manner that represses the SA response to the pathogen. 

The biochemical mechanism of the Arabidopsis TIC gene would support an additive 

effect of the gene causing susceptibility to wheat stem rust in Brachypodium. Future 

studies using current T-DNA knockouts and genome engineering techniques such as 

CRISPR/Cas-9 to knock out Bradi1g24100 in the resistant genotype Bd21 will be useful 

to validate the hypothesis that this gene plays a critical role in conferring nonhost 

resistance of Brachypodium to wheat stem rust. It will also provide the necessary genetic 

stocks for additional research into the role of hormone signaling in nonhost resistance to 

wheat stem rust in Brachypodium. 
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Tables and Figures 

 

Table 1. Scoring system for wheat stem rust (Roelfs et al., 1992). 

Infection Type Disease Symptoms or Signs 

0 No visible symptoms (immune) 

; Presence of small necrotic spots throughout the leaf 

1 Small pustules are surrounded by necrosis 

2 Small pustules surrounded by a green island with a chlorotic border 

3 Medium-sized pustules surrounded by chlorosis 

4 Large pustules without chlorosis or necrosis 

 



 

  80 

 

Figure 1. Overview of bioinformatic analysis, from quality control of raw reads up to 

SNP calling. 
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Table 2. List of Indel and CAPS markers used to obtain genotypic data for Bd2-3 x Bd21 RILs. 



 

  82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Stem rust infection types on inoculated primary leaves of Brachypodium inbred 

lines used in this study. A) Bd21; B) Bd2-3. 
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Figure 3. Distribution of RILs based on numerically converted infection types. Blue bars 

represent presumed homozygous resistant and susceptible RILs based on infection types. 

Yellow bars represent segregating RILs. Dashed lines indicate the mean score of the 

parents across inoculations. Arrows note the numerical value of qualitative infection 

types in relation to numerically converted values. The most resistant phenotype (fleck) 

has a value of 0, and the most susceptible infection type observed (3) has a value of 8. 
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Figure 4. Distribution of homozygous SNPs identified in the stem rust-resistant 

Brachypodium RIL BSA pool, across the five Brachypodium chromosomes. 
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Figure 5. Distribution of homozygous SNPs identified in the stem rust-susceptible RIL 

pool, across the five Brachypodium chromosomes. 
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Figure 6. Cumulative Bd2-3 SNP allele frequencies in resistant (blue dots) and 

susceptible (red dots) across the five Brachypodium chromosomes. Transparent boxes 

indicate the seven regions of the genome (2A, 2B, 3A, 3C, 3B, 4A and 4B) that had 

statistically significant differences in allele frequencies between the two pools. 
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Table 3. Bd2-3 Indel and CAPS marker allele frequencies (AF) for RILs selected for the 

resistant and susceptible BSA pools, compared to the average of Bd2-3 SNP allele 

frequencies for each QTL interval detected in the BSA pools.  

 AF of Marker  Average AF in BSA Pools 

Regions Resistant Susceptible Resistant Susceptible 

2A 80% 20% 71% 27% 

2B 40% 80% 32% 74% 

3A 49% 90% 39% 78% 

3C 34% 85% 31% 74% 

3B 26% 90% 29% 79% 

4A 40% 90% 34% 79% 

4B 14% 80% 21% 69% 
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Table 4. Frequency of resistant allele molecular markers for each QTL interval in the 

entire RIL population. DNA was extracted from 5 plants per RIL. 

 

Phenotype* 
Region 

2A 

Region 

2B 

Region 

3A 

Region 

3C 

Region 

3B 

Region 

4A 

Region 

4B 

Resistant 64% 57% 47% 57% 67% 55% 67% 

Susceptible 19% 31% 31% 22% 19% 25% 16% 

* Phenotype based on infection type 
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Table 5. ANOVA table with individual QTLs and 2 QTL interactions selected from first 

and second steps of the stepwise approach of ANOVA. 

 

 
Sum of 

Squares 

Degrees of 

Freedom 
F-value Pr(>F)  

(Intercept) 513.8 1 390.3943 < 2.2e-16 *** 

QTL_2A 17.04 1 12.9461 0.0005537 *** 

QTL_2B 2.89 1 2.1923 0.142631  

QTL_3A 3.8 1 2.8849 0.0932978 . 

QTL_3C 9.48 1 7.2 0.0088565 ** 

QTL_3B 72.13 1 54.8054 1.18E-10 *** 

QTL_4A 7.35 1 5.5834 0.0205595 * 

QTL_4B 36.63 1 27.8351 1.10E-06 *** 

QTL_2A:QTL_2B 0.45 1 0.3445 0.5588938  

QTL_2A:QTL_3B 4.55 1 3.4544 0.0667608 . 

QTL_2A:QTL_4A 3.73 1 2.8321 0.0962949 . 

QTL_2B:QTL_3C 0.4 1 0.3003 0.5852061  

QTL_2B:QTL_4B 2.04 1 1.5484 0.2170118  

QTL_3A:QTL_3B 5.58 1 4.2388 0.0427635 * 

QTL_3C:QTL_3B 0.92 1 0.7011 0.4048993  

QTL_3C:QTL_4A 0 1 0.0009 0.9759636  

QTL_3C:QTL_4B 3.11 1 2.3652 0.128014  

QTL_3B:QTL_4A 0.23 1 0.1774 0.6747725  

QTL_3B:QTL_4B 6.89 1 5.2383 0.0247329 * 

Residuals 105.29 80    

. p < 0.1; 

* p < 0.05; 
** p < 0.01; 
*** p < 0.001. 
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Table 6. ANOVA table with individual QTLs and 2 QTL interactions from the last step 

of the stepwise approach of ANOVA. 

 

 

Sum of 

Squares 

Degrees of 

Freedom F-value Pr(>F)  

(Intercept) 574.75 1 401.067 < 2.2e-16 *** 

QTL_2A 21.23 1 14.8163 0.0002213 *** 

QTL_3C 9.07 1 6.3303 0.0136417 * 

QTL_3B 118.67 1 82.8094 2.13E-14 *** 

QTL_4A 17.49 1 12.2073 0.0007405 *** 

QTL_4B 70.78 1 49.3921 3.90E-10 *** 

QTL_3A 7.2 1 5.0273 0.0274078 * 

QTL_3B:QTL_3A 9.88 1 6.8917 0.0101751 * 

QTL_3B:QTL_4B 23.23 1 16.2094 0.0001181 *** 

Residuals 128.97 90    

. p < 0.1; 
* p < 0.05; 

** p < 0.01; 
*** p < 0.001.  
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Table 7. Multiple regression analysis with only significant individual QTLs and 

interactions. 

  Estimate Std. Error t-value Pr(>|t|) 

% 

Variation 

Explained  

(Intercept) 6.0437 0.3018 20.027 < 2e-16 - *** 

QTL_2A -1.0371 0.2694 -3.849 0.000221 4.2 *** 

QTL_3C -0.6706 0.2665 -2.516 0.013642 1.8 * 

QTL_3B -3.7056 0.4072 -9.1 2.13E-14 21.1 *** 

QTL_4A -0.8756 0.2506 -3.494 0.000741 3.4 *** 

QTL_4B -2.7742 0.3947 -7.028 3.90E-10 14.8 *** 

QTL_3A -0.884 0.3943 -2.242 0.027408 - * 

QTL_3B:QTL_3A 1.3264 0.5053 2.625 0.010175 2 * 

QTL_3B:QTL_4B 2.0238 0.5027 4.026 0.000118 4.6 *** 

* p < 0.05; 

** p < 0.01; 
*** p < 0.001.  
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Figure 7. Disease development nine days after inoculation with P. graminis f.sp. tritici 

isolate 78-21-BB463 (Pgt). A) Bd21; B) selfed progeny of γAL6.2. 
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Figure 8. Distribution of numerically converted phenotypes of γAL6.2 x Bd21 RIL 

population, averaged across three inoculations with Pgt. Red bars represent true breeding 

resistant and susceptible RILs. Yellow bars represent segregating RILs. Transparent 

boxes indicate the range of parental phenotypes observed across inoculations. Arrows 

indicate qualitative reaction type phenotypes relative to the numerical scale. Zero 

indicates the most resistant phenotype (type ‘;’) and the most susceptible is 8 (type ‘3’). 
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Table 8. Summary of paired-end read mapping of resistant and susceptible pools to the 

Bd21 reference genome with aligners Bowtie2 and BWA. 

 

 
Bowtie2 BWA 

  Resistant Susceptible Resistant Susceptible 

Mapped Reads 98.5% 98.8% 98.8% 99.1% 

Both Pairs Mapped 98.2% 98.6% 98.6% 99.0% 

Singletons 0.3% 0.2% 0.2% 0.1% 

Proper Pairs 69.4% 79.2% 92.1% 95.5% 
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Figure 9. Cumulative SNP frequency differences between resistant and susceptible pools 

using a 5 SNP sliding window, in all five Brachypodium chromosomes after read 

mapping with (A) Bowtie2 and (B) BWA. Y-axis displays the differences in γAL6.2 

(susceptible parent) allele frequencies between the two pools. X-Axis represents the 

cumulative SNPs along the chromosomes. 
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Figure 10. IGV screenshots showing two examples of false positives in both resistant and 

susceptible pools in Brachypodium genome, where no evidence of a called deletion can 

be found. Vertical gray bars in each pool represent read coverage for each genomic 

position. Horizontal gray lines represent reads in each pool. A) Unique false positive 

identified by Breakdancer in the resistant pool; B) Unique false positive in the 

susceptible pool. 
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Figure 11. Types of deletions identified by Pindel, visualized in IGV, and subsequently 

discarded. Vertical gray bars in each pool represent read coverage for each genomic 

position. Horizontal gray lines represent reads in each pool. Black horizontal lines 

indicate deletion of bases. Red boxes highlight where a deletion is located. (A) 

Homozygous deletion in both resistant and susceptible pools. (B) Heterozygous deletion 

in susceptible pool. (C) Heterozygous deletion in both resistant and susceptible pools. 
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Figure 12. Putative 1 base pair deletion detected by Pindel on chromosome 1 in (A) the 

resistant pool and in (B) the susceptible pool. Horizontal gray lines represent reads. Black 

horizontal lines indicate deletion of bases. Red boxes highlights where a deletion is 

located.
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Figure 13. Bradi1g24100 protein sequence of (A) the wild type Bd21 allele and (B) 

γAL6.2 mutant allele. Red boxes highlights stop codons. 
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Figure 14. Chromatograms comparing DNA sequences of (A) resistant parent Bd21 and 

(B) susceptible mutant parent γAL6.2. Arrow indicates the base deleted in γAL6.2. 
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Figure 15. Pairwise sequence alignment of Arabidopsis TIME FOR COFFEE 

(AT3G22380) and Bradi1g24100 protein sequences. ‘|’ indicates fully conserved 

residues. ‘:’ indicates amino acid groups with strongly similar properties. ‘.’ indicates 

amino acid groups with weakly similar properties. 
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Appendix – Custom scripts and ANOVA stepwise approach overview  

 

 

 
 

Supplemental Figure 1. R script to plot histograms in rolling windows. 
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Supplemental Figure 2. Python script to calculate allele frequencies based on read 

depth. 
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Supplemental Figure 3. R script to plot cumulative SNP frequencies in rolling windows. 
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Supplemental Figure 4. Python script to extract Bd21 DNA sequences flanking 

breakpoints of deletions in the Bd2-3 genotype. 
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Supplemental Figure 5. Overview of stepwise ANOVA. Significant individual QTLs 

and QTL interactions from first and second steps were combined in a new ANOVA 

model (3rd Step). After analysis again, only significant QTLs and interactions were 

selected for another model (4th Step). Since all QTLs were found to be significant at this 

step, this was considered the final ANOVA model. All significant components of 

ANOVA are highlighted in red. 

 

 


