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ABSTRACT 
 
 

     Wheat leaf rust, stem rust, and stripe rust are major fungal diseases of wheat caused by 
Puccinia triticina, P. graminis f. sp. tritici, and P. striiformis f. sp. tritici, respectively.  
Development of wheat varieties with genetic resistance to pathogens is a common 
strategy to protect against significant yield loss.  However, incorporating resistance is not 
always straightforward, and understanding the mechanisms responsible for triggering 
host resistance is key.  Here, were characterized two different genetic mechanisms 
involved in the rust resistance defense response in wheat.  Two spring wheat cultivars 
and their respective EMS mutants, which displayed enhanced resistance to leaf, stem, 
and/or stripe rust, were studied.  The cultivar Canthatch possesses a stem rust resistance 
suppressor on chromosome 7DL.  We characterized the spectrum of resistance of 
Canthatch and the mutant CTH-NS, confirming the specificity of this suppressor is stem 
rust-specific.  The cultivar Alpowa mutant MNR220 displays broad-spectrum resistance 
to a number of wheat rust races at the seedling stage.  We characterized the functional 
resistance of MNR220 to a race of leaf rust by sampling inoculated tissues at various time 
points and tracking the disease progress microscopically.  The mutant MNR220 confers 
resistance at the pre-haustorial stage; formation of haustoria is delayed or inhibited in 
MNR220 relative to the wild type Alpowa. 
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CHAPTER ONE 
 
 

INTRODUCTION & LITERATURE REVIEW 

The Origin and Cultural Importance of Wheat Agriculture 

The advent of agricultural practices that arose approximately 12,000 years ago 

enabled dramatic changes in the social and economic structure of human civilization.  At 

the forefront of crop domestication, cereals such as wheat and its relative species have 

served as an important part of the food supply. 

Today there are two major types of cultivated wheat.  Durum (Triticum turgidum 

durum), the earliest of domesticated wheat, is a tetraploid species (2n=4x=28) that 

resulted from a hybridization of two diploid progenitors approximately 0.5 MYA1.  T. 

urartu (2n=2x=14) contributed the A genome, and an unknown species similar to 

Aegilops speltoides (2n=2x=14, genome SS) contributed what is now the B genome2.  

Domestication of tetraploid wheat began around 10,500 years ago and was followed by 

further allopolyploidization around 9,500 years ago with the addition of the D genome 

from Ae. tauschii (2n=2x=14, genome DD) to form T. aestivum (2n=6x=42, genome 

AABBDD)1. 

As one of today’s most important crops, wheat feeds over 40% of the world’s 

population and accounts for 20% of dietary calories3.  It is widely adapted, even to harsh 

climates, and is grown on every continent except Antarctica4. 
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The Wheat Rust Pathogens 

Wheat rusts are fungal diseases caused by the pathogen Puccina spp.  Rusts are 

obligate biotrophs; they require access to living tissue to successfully parasitize the host.  

There are three types of rust that affect wheat: leaf, stem and stripe rust.  Leaf rust, 

caused by P. triticina, is the most common.  Infection manifests as round pustules on the 

leaf surface.  Stem rust (P. graminis f.sp. tritici) is historically notorious and the most 

potentially damaging of the rusts.  It is more prevalent in warmer and more humid 

conditions than leaf rust.  Diamond-shaped pustules form most notably on the stem but 

also the leaves, especially in seedlings, and occasionally the spikes.  Stripe rust (P. 

striiformis f.sp. tritici) is associated with cooler climates and higher elevations.  Spore-

producing lesions appear on the leaf in a striping pattern. 

Significance of Rusts in Agriculture 

The rusts are fungal pathogens that have plagued many plant species and their 

cultivators since the advent of agriculture.  The infamous destruction potential of the 

pathogen inspired the creation of Robigus, the Roman god of rust.  Romans would pay 

homage to Robigus in an attempt to appease the fickle god and spare the season’s cereal 

crop from the devastating disease5.  A coffee rust epidemic in the British territory Ceylon 

(present-day Sri Lanka) in the late 1800’s caused such a devastating loss that the British 

were forced to cultivate tea instead. 

Rusts diseases are most notorious among wheat.  The last food shortage in the 

United States in 1916 was due to a stem rust epidemic, which resulted in a loss of almost 
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300 million bushels between the United States and Canada6.  A stem rust epidemic in 

1935 resulted in a yield loss of over 50% in North Dakota and Minnesota7.  In 1999 a 

new, highly virulent race of stem rust, Ug99 (race TTKSK) was identified in a nursery in 

Uganda8.  Ug99 and several other related races have since spread into Kenya, Ethiopia, 

Sudan, Yemen, Iran, and South Africa9,10,11.  These new stem rust races are considered to 

be a major threat to world food security. 

Life Cycle of Wheat Stem Rust 

Although the alternate hosts of the wheat rusts are much less economically 

significant than the host, they indirectly influence success of the pathogen on wheat and 

our efforts to thwart epidemics.  Understanding the life cycle of this pathogen is an 

important factor in strategizing control efforts. 

Wheat rusts have similar life cycles, but due to its destructive history, wheat stem 

rust has been studied in the most detail.  The fungus, P. graminis f.sp. tritici (Pgt), has a 

complex life cycle.  The heteroecious basidiomycete has both a sexual and asexual life 

cycle and requires an alternate host to complete its life cycle. 

Urediospores of Pgt are single-celled and dikaryotic (nuclear composition n+n) 

spores whose host is wheat.  Upon germination and infection on a compatible host, the 

pathogen then undergoes asexual reproduction to produce more urediospores, erupting 

from the epidermis as infection spots or pustules called uredinia, to be dispersed by wind 

and infect other (or the same) individuals.  A single pustule (uredinium), derived from 
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one urediospore, can produce 10,000 urediospores per day12 and contributes to the 

contagious nature of stem rust epidemics. 

As a biotrophic fungus, Pgt thrives on living plant tissue.  As the wheat plant 

approaches senescence, Pgt begins to produce two-celled, dikaryotic spores called telia.  

As these overwintering spores mature, karyogamy fuses the two haploid nuclei for 

meiosis (nuclear composition 2n).  In the spring, each cell of the teliospore germinates 

and forms a hyphal branch on which four basidiospores form.  Maturation of the 

basidiospores are concurrent with the budding and new growth of Pgt’s alternate host, 

barberry (Berberis vulgaris).  Basidiospores infect the adaxial leaf surface of barberry 

and form a structure consisting of pycniospores surrounded by receptive hyphae. 

Basidiospores and their resulting monokaryotic infection structures, pycnia 

(nuclear composition n), are designated with either a + or – mating type7.  Pycniospores 

of one mating type can only fuse with the receptive hyphae in a pycnium of the opposite 

mating type.  Raindrops splashing or insects that are attracted to a nectar coating the 

pycniospores aid in spore dispersal.  A compatible fusion of the two mating types is 

followed by the transfer of the pycniospore’s nucleus to the hyphae, reestablishing the 

dikaryotic state.  Dikaryotic hyphae grow to the underside of the leaf and form an 

aecium, producing single-celled, dikaryotic aeciospores which serve as the primary 

inoculum for the host, wheat.  Aeciospores infecting wheat then form pustules that 

produce urediospores, which perpetuates the cycle. 
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Formae specialis and Physiological Races 

Rusts are highly specialized pathogens, and are generally restricted to parasitizing 

only one host (and one alternate host) species as a result of their close evolution.  Some 

species of rust are further classified by formae specialis (“special forms”) when they have 

different host species despite being morphologically indistinguishable.  For example, P. 

graminis constitutes a species that is further divided based on the host.  Wheat is host to 

P. graminis f. sp. tritici, while barley is host to P. graminis f. sp. hordei, and oat is host to 

P. graminis f. sp. avenae. 

Special forms are further differentiated into physiological races, indicating a 

differential ability to infect its host at the variety level.  An isolate refers to the spores 

originating from a single pustule –a genetically identical collection of spores originating 

from the asexual reproduction of one original uredoispore.  Isolates are maintained by 

infecting susceptible plants in the absence of any other spores that may be a source of 

contamination.  This ensures the isolate is genetically homogenous.  The race of an 

isolate is determined by assessing its virulence on a differential set of resistance genes.  A 

five-letter code is assigned based on the infection types displayed on five groups of 

commonly used rust resistance genes13. 

The Plant Immune System 

There are two main strategies by which a plant detects pathogens.  The first line 

of defense lies outside of the cell.  Transmembrane pattern recognition receptors (PRRs) 

detect the presence of pathogen or microbe-associated molecular patterns (PAMPs or 
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MAMPs).  These are general features like fungal chitin or bacterial flagella14.  The plant 

can also “sense” danger by monitoring itself for any host-derived molecules that act as 

damage-associated molecular patterns (DAMPs)15.  Upon recognition of any MAMPs, 

PAMPs, or DAMPs, the plant initiates a series of defense responses like thickening of the 

cell wall or production of reactive oxygen intermediates.  Resistance responses arising 

from these triggers are collectively referred to as pattern-triggered immunity (PTI).  PTI 

results in a generalized enhanced resistance to a broad range of pathogens.  PAMPs are 

typically conserved features common among many classes of microbes and are not 

exclusive of non-pathogenic microbes.  As such, the typical PTI response is relatively 

slow and weak to avoid potential mis-fires, which are costly to the plant16.  There are 

many genes involved in PTI to contribute quantitative resistance. 

Some pathogens evolved effectors with the ability to overcome the basal immune 

response by suppressing PTI14.  With these effectors, the newly adapted pathogen can 

evade detection, or suppress the signaling response associated with detection, and has 

now become virulent on the host.  In an exemplification of the specific nature of the host-

pathogen relationship, plants in turn evolved the ability to detect these effectors and 

trigger a resistance response stronger and faster than that of PTI.  This second level of 

defense is mediated by resistance (R) proteins that detect pathogen effector activity, 

either directly or indirectly, which induces effector-trigger immunity (ETI).  ETI is the 

second branch of the plant’s detection system, often involving a hypersensitive response 

(HR), and results in a targeted response against the pathogen. 
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R-gene-mediated resistance and ETI signify a level of specificity not present in 

PTI.  From the study of the rust pathogenesis system in flax in the mid 1900’s, Flor 

formulated the gene-for-gene hypothesis17, which redefined scientists’ understanding of 

the plant-pathogen relationship18.  As the gene-for-gene hypothesis implies, an 

understanding of the pathogen will lead to the ability to build resistance in the host.  The 

gene-for-gene hypothesis describes the relationship between the pathogen and its host as 

having a pair of corresponding genes related to virulence and resistance.  The resistance 

(R) gene in the host is responsible for detection of the pathogen’s effector, or avirulence 

(Avr) gene.  While some details of the gene-for-gene hypothesis are not quite accurate, 

like the implications that one R-gene only interacts with one Avr-gene, it is still true in 

stating that there is a high level of specificity in the host’s ability to recognize a pathogen. 

ETI is generally monogenically inherited and confers qualitative resistance.  Within the 

host species, there is a differential ability to detect pathogens depending on the presence 

or absence of functional R-gene alleles.  Without a resistance protein to detect the 

avirulence protein (or detect modifications to other proteins targeted for PTI), the plant 

cannot elicit an immune response, and the pathogen infects the plant undetected. 

Methods of Control for Wheat Rusts 

There are two basic approaches that have been used to control wheat rust: 

fungicides and resistance breeding.  Foliar fungicides were invented in the 50’s and 60’s 

and are a relatively recently developed strategy to control rust.  While useful in isolated 

events, application of fungicides is expensive and labor intensive.  Additionally, 
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fungicide is not a particularly feasible option for developing countries due to the lack of 

an effective distribution infrastructure. Many developing countries rely on bread wheat as 

a staple food, but the use of foliar fungicides is not an economic reality.  Therefore, an 

important strategy to protect wheat from rust diseases is resistance breeding19. 

Genetic Resistance 

Host resistances to the rust pathogens are conferred by genes designated Lr (leaf 

rust), Sr (stem rust), and Yr (stripe/yellow rust).  Rust resistance (R) genes belong to two 

broad classes: race-specific R-genes, and race non-specific, or “adult plant resistance” 

(APR) genes.  Race-specific R-genes generally confer qualitative resistance at all stages.  

They are highly effective against strains of rust that contain avirulence genes that are 

recognized by the R-genes. 

In contrast, race non-specific resistance genes are generally expressed at the adult 

stage and confer quantitative resistance, contributing additively with other minor 

resistance genes to confer durable resistance.  Often APR genes confer partial resistance 

to a broad range of rust races, and sometimes multiple rust species, or even multiple 

pathogens.  Lr34 is an APR gene and confers broad adult plant resistance to leaf, stem, 

and stripe rust, as well as to powdery mildew20. 

Race-specific R-genes are most widely used in breeding disease-resistant wheat 

varieties as they are highly effective.  However, they are often found in combination with 

APR genes, which are inadequate alone but often enhance effectiveness of other R-genes 
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in the background21.  The deployment of cultivars that confer resistance to one or more 

types of rust protects against significant yield loss. 

More Bang for Your Buck: Eradication of the Alternate Host 

The barberry bush has long been associated with wheat rust epidemics, even 

before its specific role was discovered.  In mid-century France, farmers were encouraged 

to remove barberry bushes that grew near wheat fields to discourage rust epidemics. 

In 1918, the US enacted the barberry eradication program.  During the next 70 

years, over 100 million barberry bushes were destroyed in an effort to reduce the 

frequency and severity of stem rust epidemics.  Pgt infects its host, wheat, on which it 

then sporulates asexually cloned urediospores.  However, the fungus must infect its 

alternate host, barberry, to complete its life cycle and form new genotypes via sexual 

recombination. 

The barberry eradication program was largely successful, as it allowed breeders to 

develop lines that could maintain effective resistance –many of the resistance genes bred 

into cultivars are still effective today.  In contrast, there has been no eradication effort of 

buckthorn (Rhamnus cathartica), the alternate host of oat crown rust (Puccinia coronata 

var. avenae f.sp. avenae). As a result, the average “lifespan” of a resistant oat cultivar is 

five years or less before a virulent rust race evolves to overcome it22. 

Destroying the alternate host of wheat stem rust removed the source of sexual 

recombination and minimized the potential for genetic variation, thereby indirectly 



 

 
 

10 

controlling rust by relieving the selection pressure on the plants’ resistance genes.  It has 

contributed to the durability of rust R-genes in wheat. 

Breeding Genetic Resistance 

Sources of Genetic Resistance 

Development of wheat varieties with genetic resistance to pathogens is a common 

strategy to protect against significant yield loss.  Valuable sources of resistance can be 

found in the primary gene pool, as the genomes of these donor species are compatible 

with wheat and provide a great genetic resource for breeding23,24.  While these breeding 

methods are potentially more labor intensive due to the complications involved in 

crossing with a lower level of ploidy, they have resulted in incorporating valuable 

resistances to common and durum wheat.  Species that have at least one homologous 

genome in common constitute the secondary gene pool, while the tertiary gene pool 

comprises species that do not have a genome in common with wheat. 

Suppressors of Resistance Genes 

While sourcing wheat rust resistance genes outside the species has largely been a 

successful strategy, breeders occasionally encounter problems when attempting to 

introduce a new resistance gene.  Once crossed into a cultivar, some genes don’t express 

resistance as expected.  This phenomenon has stumped many breeders, and it 

unfortunately hinders their ability to take advantage of the abundance of rust resistance 

genes within the gene pools of ancestral wheats. 



 

 
 

11 

Suppression of rust resistance has been documented in a number of instances.  In 

1980 Kerber and Green25 identified a suppressor on 7DL in the cultivar Canthatch that 

suppressed resistance to stem rust.  Mutation of this suppressor locus created a 

nonsuppressing allele, which permitted expression of stem rust resistance26,27. 

Bai & Knott28 noticed suppression of stem and leaf rust resistance, particularly by 

D genome chromosomes, is common among hexaploid wheat.  They crossed tetraploid 

durum and hexaploid bread wheat with various leaf and stem rust resistant accessions of 

wild emmer (Triticum turgidum ssp. dicoccoides, 2n=4X=28).  While resistance was 

expressed in the crosses between the tetraploids, all of the crosses with bread wheat were 

susceptible, implicating the D genome in the suppression of resistance.  Upon further 

investigation, they discovered chromosomes 1D and 3D of Chinese Spring carry 

suppressors to leaf rust resistance.  Chinese Spring also carries a group of stem rust 

resistance suppressor genes on 1D, 2D, and 4D (all three chromosomes must be present 

to suppress resistance). 

All of these suppressors of resistance are thought to have varying spectra of 

specificity.  For example, the stem rust resistance suppressor Kerber and Green located 

on 7DL was also found to be in Chinese Spring29 but was not detected in Bai & Knott’s 

study.  The authors postulated that the use of different rust races might account for this 

discrepancy. 

Nelson et al.30 showed that resistance conferred by Lr23 on 2BS was suppressed 

by a gene (designated suLr23) on 2DS.  Interestingly, resistance conferred by this R-gene 
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is fully suppressed when challenged with Canadian races of leaf rust, but only partially 

suppressed when challenged with Australian races31. 

Suppressors in the A and B genomes have also been observed.  When stem rust 

resistance from the durum cultivar Medea was transferred to the susceptible bread wheat 

cultivar LMPG, suppressors of additional stem rust resistance genes were lost and some 

near-isogenic lines (NIL’s) displayed resistance to additional races of stem rust to which 

Medea was susceptible32.  These observations illustrate the variety and specificity of 

suppressors in wheat.  
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Abstract 

      An individual from an EMS mutated population of the spring wheat cultivar 

Alpowa, assigned MNR220, was identified as having enhanced resistance to leaf rust 

(Puccinia triticina).  We characterized the spectrum of resistance by screening MNR220 

with additional races of stem, leaf, and stripe rust, as well as powdery mildew.  MNR220 

showed enhanced resistance at the seedling stage to multiple pathogens.  It also shows a 

higher level of resistance at cooler temperatures.  To characterize the functional 

resistance to leaf rust race PBJJG, we sampled inoculated tissue at 1, 2, and 3 days post-

inoculation and observed the infection process microscopically.  Formation of haustoria 

is delayed or inhibited in MNR220 relative to the wild type Alpowa. 

Introduction 

Pathogens and their respective hosts have, over time, developed an extremely 

interconnected relationship with one another.  Biotrophic pathogens, in particular, show 

an incredible amount of specificity to their host since they feed off of living host cells.  

The rust fungi produce specialized feeding structures called haustoria to facilitate nutrient 

acquisition.  To successfully infect its host, there are several key milestones that the 

fungus must reach.  With the exception of a few details, the infection processes of stem 

and stripe rust are very similar.  Within three hours of landing on a leaf surface in the 

presence of free water (dew), a urediospore germinates and forms a germ tube.  The germ 

tube grows more or less perpendicularly across the long axis of the leaf until it reaches a 

stoma, over which it forms an appressorium.  A penetration peg grows down between the 
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guard cells and into the substomatal cavity.  The pathogen then forms a substomatal 

vesicle, from which an infection hypha grows in search of a cell.  Once a hyphal tip 

encounters a cell, it differentiates into a haustorial mother cell.  The haustorial mother 

cell degrades an area of the plant cell wall and then forms a haustorium to associate 

intimately with the host plasma membrane.  As the haustorium grows, it increases in 

surface area, presumably to facilitate increased nutrient demands of the growing 

pathogen. 

Detection of the pathogen and mounting of host defense responses can be 

triggered by various stages of the infection process.  Detection of molecular patterns 

common to pathogens or indicative of cell invasion elicits pattern-triggered immunity 

(PTI).  This largely happens outside the cell.  Adapted pathogens are believed to deliver 

effectors through the haustorium, since it is the interface of host-pathogen interactions.  

Effectors must get into the host cell somehow, so it is likely that they are secreted by the 

haustorium.  Therefore, detection of the effectors and subsequent effector-triggered 

immunity (ETI) is likely to happen post-haustorial formation33. 

Wheat rusts and powdery mildew are all obligate pathogens that infect living cells 

and pilfer host nutrients via specialized feeding structures called haustoria.  While the 

mechanisms of nutrient assimilation using haustoria are similar, the rusts penetrate the 

plant through the naturally occurring stomatal openings34.  In contrast, powdery mildew 

conidial spores germinate and penetrate the host cuticle and cell wall directly35.  Powdery 

mildew spores failing to form the initial haustorium results in the death of the spore, since 

it does not attempt to search for other cells to penetrate. 
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Molecular research on rust resistance by reverse genetics serves as a useful way to 

identify pathways and/or genes that are important to the plant defense response.  An 

individual from an EMS mutagenized population generated from the spring wheat 

cultivar Alpowa36 was identified as showing resistance to wheat leaf rust race PBJL, to 

which the wild type Alpowa was susceptible37.  The mutant line, named MNR220, was 

characterized as showing resistance to a wide range of rust races and a latency period of 

10 days to leaf rust race PBJL.  Preliminary gene expression analysis also observed an 

elevated level of six pathogenesis-related (PR) gene transcripts in the absence of the 

pathogen. 

In this experiment, the goal was to examine the functional resistance of MNR220.  

More specifically, the objective was to further investigate the spectrum of resistance to 

multiple fungal pathogens and to characterize the histology of resistance to leaf rust.  By 

understanding the stages of infection and early disease progress important to this 

mechanism of resistance, we will then be better able to focus our future efforts. 

Materials & Methods 

Plant Material 

Spring wheat line Alpowa (PI 566596) was obtained from the USDA National 

Plant Germplasm System (NPGS).  MNR220 was derived via EMS mutagenesis.  

Creation of the EMS population was described in Feiz et al.36.  The resistant individual 

MNR220 was identified at M4 and subsequently selfed to M6
37.  For this study, a resistant 

line was advanced to M7 by selecting a single resistant plant from the M6 generation. 
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Pathogen 

In this experiment, Puccinia triticina (Pt) isolate PRTUS6 was provided by Dr. 

Robert Bowden, USDA-ARS, Manhattan, KS.  This isolate was recently typed for 

avirulence/virulence on a set of differentials and designated race PBJJG according to the 

North American nomenclature system13,38.  Heretofore, we will refer to this isolate as 

PBJJG. 

Urediospores were collected, dried at room temperature for approximately 2 days 

and then stored in an airtight container at 4°C for no longer than 4 months.  In vitro 

germination tests were conducted to ensure adequate germination rates (greater than 

85%) before inoculation of plant materials. 

An uncharacterized race of Blumeria graminis (Bg) collected from the MSU Plant 

Growth Center (MSU-PGC) vernalization room from a susceptible wheat plant and was 

used to inoculate seedlings for the powdery mildew resistance screen. 

Plant Growth Conditions 

 
Race Specificity Screen.  Seeds were planted 2 seeds per cell in 6-pack seed trays 

(each cell approx. 5 cm x 8 cm x 8 cm) in Sunshine Mix #1 (Sun Gro Horticulture, 

Vancouver, British Columbia, Canada).  Individuals were grown to 1-2 leaf stage for 

seedling studies or to flag leaf emergence for adult studies.  The plants were kept in a 

greenhouse with an average day-time temperature of 24°C and night-time temperature of 

19°C.  
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Seedling Temperature-sensitivity Study.  Seeds were grown in a greenhouse at the 

MSU Plant Growth Center until they sprouted and then transferred to a growth chamber 

(Percival I-35LL, Percival Scientific Inc., Perry, IA) with a day/night-time temperature of 

24-26°C/16-18°C or 22°C/14°C under a 16-hour photoperiod, with a one-hour 

temperature-ramp between day and night cycles.   

 
Histology Study.  Seeds were planted in 6-pack seed trays as outlined above.  

Seedlings were grown in a greenhouse at the MSU Plant Growth Center until they 

sprouted and then transferred to a growth chamber (Percival) with an average day-time 

temperature of 24-26°C and night-time temperature of 16-18°C under a 16-hour 

photoperiod, with a one-hour temperature-ramp between day and night cycles. 

Pathogen Inoculation 

 
Leaf Rust.  Seedlings were inoculated with Pt isolates at the 1.5 to 2-leaf stage. A 

video protocol detailing this process can be accessed from the MSU faculty page of Dr. 

Li Huang39.  Urediospores were mixed in Soltrol 170 Isoparaffin (Chempoint, Bellevue, 

WA) at a concentration of 5 mg/1 mL.  The suspension was sprayed onto the leaves using 

a Badger 350 airbrush gun and Propel propellant (Badger Air-Brush Company, Franklin 

Park, IL).  The inoculated seedlings were then placed in a Percival I-60D dew chamber 

(Percival Scientific Inc., Perry, IA) with the water heated to 28°C and chamber wall at 

11°C to achieve dew formation with an ambient air temperature of 15-17°C.  After 24 

hours of incubation, the plants were placed back in the growth chamber or greenhouse. 
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Adult plants were inoculated with Pt isolate PRTUS6 once the flag leaf of the 

primary tiller was fully emerged. 

 
Stem Rust.  Seedlings were grown to 1.5 to 2.5-leaf stage and inoculated in a 

manner similar to leaf rust.  The seedlings were then incubated in a Percival I-36DL dew 

chamber (Percival Scientific Inc., Perry, IA) under the following program: 24 hour dew 

period with an ambient air temperature of 20-22°C (wall 14°C, water 35°C) followed by 

5 hours of lighted conditions as the temperature slowly ramps to an ambient air 

temperature of 22-25°C.  The seedlings were then placed back in the greenhouse with the 

exception of seedlings involving temperature-sensitive gene Sr6.  These seedlings were 

kept in a climate-controlled growth room in the PGC with a 16-hour photoperiod and a 

daytime temperature of 19°C and a nighttime temperature of 16°C. 

 Stem rust inoculations performed at the University of Minnesota, St. Paul, 

MN were conducted as outlined in Jin et al.40. 

 
Stripe Rust.  Seedling inoculations with stripe rust were conducted at Eastern 

Wasington State University, Pullman, WA.  Inoculation methods were performed as 

outlined in Sharma-Poudyal et al.41. 

Tissue Collection and Staining 

Seedlings were inoculated with Pt race PBJJG.  Individuals were sampled and 

processed as whole mounts for microscopic observation.  The clearing/staining process 

was adapted from Shipton and Brown42.  Lactophenol-Trypan Blue was prepared as 

follows: 10 mL buffer saturated phenol, 10 mL glycerol, 10 mL lactic acid, 0.02 g trypan 
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blue (C.I. No. 23850, Sigma Chemical Co., St. Louis, MO), and 10 mL distilled water.  

Tissues from two individuals of each line were collected 24 hours post-inoculation (hpi), 

48 hpi, and 72 hpi.  The primary leaf was removed and 1.5 cm of the tip and base of the 

leaf was discarded.  The remainder was cut into 8 equal pieces and each segment was 

placed directly into a 2 mL gasket-sealed screw-cap tube filled with 1.7 mL of alcoholic 

Lactophenol-Trypan Blue (1 part Lactophenol-Trypan Blue to 2 parts 95% ethanol).  The 

tubes were then capped tightly and placed in a preheated water bath set to 90°C.  The 

tubes were heated until the leaf sections were translucent and stained a medium blue, 

about 15-20 minutes.  Each tube was inverted at least once during this step.  This 

treatment was gentler on the leaf segments compared to allowing the staining solution 

itself to boil.  As a result, the majority of spores, germ tubes, and appressoria remained 

intact.  The tubes were then removed from the water bath and placed in the dark at room 

temperature to continue staining.  The samples were kept like this for up to two weeks 

before being observed. 

Tissues were destained in a chloral hydrate solution (5 g/2 mL) for 1-2 hours.  

Occasionally, a longer destaining period (usually overnight) was necessary.  The leaf 

samples were then placed in Visikol (Phytosys LLC, New Brunswick, NJ) to clear 

overnight.  Samples were mounted in Visikol and observed using a light microscope 

(Leica DM750).  Images were captured using a Leica HD digital camera (Leica 

Microsystems, Wetzlar, Germany). 
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Microscopic Observations 

The adaxial surface of each leaf sample was observed by light microscopy.  Intact 

plant cells stained a light blue, while fungal hyphae stained a dark blue.  Plant cells that 

stained dark blue were considered necrotic.  The presence or absence of necrosis 

associated with an infection site was noted.  Some cells showed stain retention –

darkening around the cell wall but were not fully collapsed and dark blue like necrosed 

cells. 

Once calibrated with a stage micrometer, all measurements were made using the 

live measurement tool in the corresponding Leica computer software LAS v3.0.  The two 

outermost rows of stomata on each side of the leaf edge were ignored.  Observations per 

each leaf segment were limited to 15 randomly chosen infection sites that had 

successfully formed a substomatal vesicle.  Infection sites where two or more appressoria 

had formed over a single stoma were ignored. 

An infection site was defined as a spore that had successfully formed an 

appressorium and substomatal vesicle in the substomatal cavity beneath the guard cells.  

The presence of infection hyphae and number of hyphal tips was recorded.  Maximum 

hyphal distance was calculated for each site by measuring the distance from the 

substomatal vesicle to the farthest hyphal tip.  Colony dimensions were taken at 2 and 3 

dpi by measuring the maximum hyphal diameter parallel and perpendicular to the leaf 

axis.  Only established colonies were included in our calculations.  Infection sites that 

formed a substomatal vesicle and had more than one hyphal tip at 2 or 3 dpi were 

considered established.  Sites that had only one hyphal tip but had formed a haustorium 
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were also considered established.  Colonies whose hyphae had grown to overlap were 

excluded.  Colony size was calculated as the area of an ellipse using the two measured 

diameters (area = 1/4πLW).  The square root of the geometric means was taken to 

transform the units of colony size to a linear unit (micrometers). 

The presence and number of haustoria was observed.  The haustoria were also 

classified by maturity (Figure 1).  Small, round haustoria were categorized as young, 

while large, oblong haustoria with fully formed lobes were considered mature.  Oblong 

haustoria that had not yet formed distinctive lobes were categorized as intermediate. 

Macroscopic Observations 

Infection type (IT) was recorded 8-10 days post-inoculation (dpi) for inoculations 

with Pt (as guided by disease development on controls), 13 dpi for Bg, and 14 dpi for 

inoculations with Pgt.  Latency period was determined for Pt by recording the total 

number of uredia visible on an area of the leaf throughout disease development and then 

calculating the time for 50% of the total number of uredia to appear.  Once slight specks 

first appeared on the leaf, but before pustules began to develop, approximately 3 cm near 

the center of the leaf was marked to delineate an area for counting that included at least 

50 spots.  For the first rep, three individuals from each line were observed and pustules 

were counted with the naked eye.  For the second rep, three Alpowa seedlings and four 

MNR220 seedlings were used, and a small hand magnifying glass was used43,44. 
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Figure 1.  Haustorium maturity categories. 
Classification of haustoria (arrows) was based on shape.  A: Young, round haustorium.  
The haustorial neck (arrowhead) connecting to the haustoria mother cell (m) is clearly 
visible.  B: Intermediate haustorium characterized by oblong shape and lobes beginning 
to form.  Two additional hyphal tips (h) have formed.  C: Mature haustorium with 
distinct lobe protruding to the right.  
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Statistical Analysis 

Continuous variable data were compared using the t-test.  The statistical analyses 

for presence/absence of infection structures were compared using the chi-squared 

analysis.  Differences between the two lines were considered significant at the 0.05 level 

of probability. 

Results 

Race Specificity at Seedling Stage 

MNR220 was identified from a mutagenized Alpowa population due to its 

enhanced resistance to Pt isolate PBJJG.  To investigate the spectrum of the new 

resistance specificity of the mutant, we tested MNR220 and Alpowa with additional Pt, 

Pst, and Pgt races.  Results are summarized in Table 1.  Among the Pt races, Alpowa was 

susceptible to three races –PRTUS50, LR2012-2.1, and PRTUS54, while MNR220 was 

resistant.  Pt race PRTUS61 was virulent on Alpowa as well as the mutant, suggesting the 

level of resistance conferred by MNR220 is race-specific.  In contrast, Alpowa was 

highly resistant to Pt race BBBD with only a necrosis infection type (IT ;), but MNR220 

had an intermediate resistance to the race (IT 2), indicating mutation(s) in MNR220 

(possibly at loci other than the MNR220 locus) compromised the resistance seen in the 

wild type.  Both Alpowa and MNR220 were susceptible to all Pst races tested. 

Alpowa was resistant to Pgt race BCCBC (IT 1;), and MNR220 displayed an even 

higher level of resistance (IT ;1-).  Alpowa was susceptible to races QFCSC and TMLKC.  

MNR220 showed enhanced resistance to both of these races. 
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Seedlings from the two lines were inoculated with an unknown powdery mildew 

(Bg) isolate collected from the MSU-PGC.  Alpowa was completely susceptible to the 

isolate while MNR220 showed high levels of chlorosis or necrosis with only a few small 

areas of sporulating conidia (Figure 3). 

 
Table 1.  Infection types (IT) of Alpowa and MNR220 seedlings with races of Puccinia 
spp. and Blumeria graminis. 
Pathogena Race

Pt PBJJGc

TFBGc

TFBJc

PRTUS6d

PRTUS50d

PRTUS61d

LR201092.1d

BBBDd

PRTUS54d
Pst 415e

572e

602e

444e

InfectionATypeb
Alpowa MNR220
3A9A3+ 19 A9A2+C
3+ 2+C
3+ 2C+N+

3 ;
3 1
3+ 3
3+ 2
; 2
3 1
23C 39C
39C 2NN
3C 29C
3C 239C

Pgt BCCBCc

QFCSCc
1; ;19
3A9A4 1+2+CA9AC;

TMLKCc 3A9A4 ;1+A9A2
Bg Unknownc S R  

a Pathogens used for IT assessment were Puccinia triticina (Pt), P. striiformis (Pst), P. 
graminis (Pgt) and Blumeria graminis (Bg). 

b For Pt, Pst, and Pgt races, a 0 (immune) to 4 (completely susceptible) infection type 
(IT) scale was used.  A semicolon (;) indicates necrotic, hypersensitive flecking.  
Variations in IT on a single leaf are given in order of their relative frequency.  
Variations in IT between individuals are given as a range.  Infection type designations 
are further qualified with a + or a - if the response of the individual is more or less than 
the average for the IT class, respectively.  C indicates a higher level of chlorosis than 
average.  N indicates a higher level of necrosis than average.  S indicates a susceptible 
reaction, and R indicates a resistant reaction. 

c Disease assessment conducted in the Plant Growth Center at Montana State University. 
d Disease assessment conducted at USDA ARS at Kansas State University by Jesse 

Poland. 
e Disease assessment conducted at the University of Sydney by Dr. Peng Zhang. 
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Macroscopic Observations 

 MNR220 seedlings inoculated with Pt race PBJJG began to display 

mottlings of very slight chlorosis on the proximal half of the leaf at 3 dpi.  Alpowa 

showed no signs at this time.  By the next day, small specks indicative of disease 

development could be seen in both lines.  Very small pustules could be seen on both 

Alpowa and MNR220 at 6 dpi. 

By 9 dpi, disease was fully developed in the susceptible cultivar Alpowa (IT 3).  

MNR220 was determined to have an IT of 22+ and had smaller pustules and more 

chlorotic spots.  MNR220 continued to show a moderately resistant IT but the primary 

leaves tended to become more chlorotic and senesced faster than Alpowa. 

 

 

Figure 2.  Primary leaves of Alpowa and MNR220 seedlings inoculated with Pgt race 
QFCSC. 
14 days post-inoculation. Alpowa (top) is susceptible and MNR220 (bottom) is resistant. 
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Figure 3. Primary leaves of Alpowa and MNR220 seedlings infected with Blumeria 
graminis. 
13 days post-inoculation.  Alpowa (top) is highly susceptible while MNR220 (bottom) is 
resistant. 
 
 
 

Latency Period.  There was no significant difference in the latency period 

between Alpowa and MNR220, and MNR220 maintained the resistant phenotype until 

the leaf senesced.  In the first rep, pustules were counted with the naked eye.  The latency 

period was calculated as an average of 190 hours for Alpowa and 191 hours for 

MNR220.  For the second rep, we were able to see erupted pustules more clearly with the 

aid of a hand magnifying glass.  The latency period was 164 hours and 162 hours for 

Alpowa and MNR220, respectively. 

Adult Stage.  At the adult stage, Alpowa was susceptible to Pt race PBJJG while 

MNR220 was highly resistant (Figure 4).  MNR220 showed necrotic flecking with only a 

small proportion of infection sites producing small, sporulating uredia. 
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Effect of Temperature on IT at Seedling Stage 

Alpowa seedlings grown with a daytime temperature of 24-26°C and a nighttime 

temperature of 16-18°C displayed an IT of 3.  MNR220 developed smaller pustules and 

was evaluated to have an IT of 22+ (Figure 5A).  When Alpowa was grown at a cooler 

temperature, less chlorosis developed around the uredia; it had an IT of 3+.  MNR220 

showed increased resistance when incubated at a cooler temperature.  Individuals 

displayed an IT of 1- - 2- (Figure 5B).  The uredia were smaller and more infection sites 

were absent of pustules. The sites without uredia were not the typical necrotic flecking, 

but had softer edges and were pale in color. 

Microscopic Observations 

 
 Fungal Development & Host Response.  There was no significant difference 

found between Alpowa and MNR220 in the ratio of infection sites that had formed 

infection hyphae, number of hyphal tips, or maximum hyphal distance at 1 and 2 dpi 

(Table 2).  The number of sites with infection hyphae that had also formed at least one 

haustorium was counted.  In MNR220 we found a significantly lower percentage of 

infection sites that had developed at least one haustorium at 1dpi.  Over 70% of infection 

sites observed on Alpowa that had infection hyphae had formed a haustorium, but only 

50% of sites on MNR220 had developed a haustorium (Table 3). 
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Figure 4. Flag leaves of Alpowa and MNR220 inoculated with Pt race PBJJG. 
9 days post-inoculation.  Alpowa (left) is susceptible.  MNR220 (right) is resistant. 

 

At 1 dpi neither Alpowa nor MNR220 had more than one haustorium at these 

sites, and they were all classified as young (Figure 1A) or intermediate (Figure 1B).  

Alpowa had a slightly higher ratio of intermediate haustoria (60%) compared to MNR220 

(47%), but the difference was not statistically significant. 

We also observed the ratio of haustorium formation on tissues collected 2 dpi.  In 

Alpowa, 88% of infection sites with hyphae had formed at least one haustorium while 

MNR220 had haustoria at 75% of their sites (Table 3).  Approximately half of the 

haustoria in both lines were classified as intermediate maturity.  37% of the haustoria in 

Alpowa were young, while there were slightly fewer young haustoria (29%) in MNR220. 
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Figure 5. Infection type of Alpowa and MNR220 to Pt race PBJJG at different 
temperatures. 
A: Seedlings grown with a day/night temperature of 24-26/16-18 °C.  Alpowa (left) 
shows large pustules surrounded by chlorosis.  MNR220 (right) shows small to medium 
pustules surrounded by chlorosis with some chlorotic spots.  B:  Seedlings grown with a 
day/night temperature of 22/14 °C.  Alpowa (left) has large pustules with little chlorosis.  
MNR220 (right) shows primarily chlorotic spots with a few small pustules. 
 

The ratio of mature haustoria in Alpowa was 17%.  MNR220 had a slightly higher 

ratio with 20% mature haustoria.  The differences in haustoria maturity was not 

significant at 2 dpi, suggesting that once formed, the growth rate of haustoria between the 

two lines are comparable. 

A B 
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We also observed the ratio of haustorium formation on tissues collected 2 dpi.  In 

Alpowa, 86% of infection sites with hyphae had formed at least one haustorium while 

MNR220 had haustoria at 75% of their sites (Table 3).  Approximately half of the 

haustoria in both lines were classified as intermediate maturity.  37% of the haustoria in 

Alpowa were young, while there were slightly fewer young haustoria (29%) in MNR220.   

The ratio of mature haustoria in Alpowa was 17%.  MNR220 had a slightly higher ratio 

with 20% mature haustoria.  The differences in haustoria maturity was not significant at 2 

dpi, suggesting that once formed, the growth rate of haustoria between the two lines are 

comparable. 

We often observed infection hyphae interacting with host cells resulting in 

increased tyrpan blue staining (Figure 6).  The infection site in Figure 6B shows an 

infection hypha failing to form a haustorium at the first cell it encountered, which is 

stained darkly. 

The length and width of each established colony was measured at 2 and 3 dpi, and 

the areas were calculated.  The average colony size in Alpowa was 58.9 µm at 2 dpi and 

119.1 µm at 3 dpi.  In MNR220, the average colony size was 55.7 µm at 2 dpi and 101.4 

µm at 3 dpi; these differences were not statistically significant. 

Accumulation of trypan blue stain around stoma at sites of penetration were 

observed in both Alpowa and MNR220.  Additionally, the perimeter of some epidermal 

and mesophyll cells stained a darker blue compared to the majority of cells, which 

stained a uniform light blue (Figure 7A).  We also noted the presence of collapsed 
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Figure 6. Failure of haustoria formation in MNR220 accompanied by retention of trypan 
blue. 
Collected 2 dpi. A: The primary infection hyphae formed a haustorial mother cell and is 
in contact with the host cell (arrowhead).  The area is darkly stained with trypan blue.  B: 
The first attempt at haustoria formation was unsuccessful (arrowhead).  The cell is 
perimeter is dark blue. 

 

protoplasts, which the trypan blue stained a dark blue and indicated cellular necrosis 

(Figure 7B).  A significantly greater proportion of cell borders in MNR220 stained darker 

with trypan blue.  They vary in the pattern of stain retention; some cells are equally 

stained around the perimeter of the cell, while some cells are darkly stained in a focused 

area (Figure 7A).  Additionally, there were a greater proportion of sites with necrosis in 

MNR220 than in Alpowa (Table 2). 
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Table 2. Infection progress of Pt race PBJJG on seedlings of Alpowa and MNR220. 

Alpowa MNR220 Alpowa MNR220 Alpowa MNR220

Number1of1sites1observed 43 73 91 176 35 68

Sites1with1infection1hyphae1(%) 81.4 87.7 95.6 89.8

Average1#1hyphal1tips 1.7 2.0 8.6 8.6

Mean1max1hyphal1distance1(μm) 48.71±121.0 47.21±119.2 80.21±132.9 74.51±132.6 132.81±147.0 130.51±163.5

Average1colony1size1(μm) 58.91±122.1 55.71±124.1 119.11±143.0 101.41±159.5

Sites1with1stain1retention1(%) 9% 23% 17% 23% 0% 38%1**

Sites1with1collapsed1cells1(%) 2% 10% 1% 23%1** 0% 13%1*

1dpi 2dpi 3dpi

 

Alpowa and MNR220 were inoculated with Pt race PBJJG.  Primary leaves were collected at 1, 2, and 3 days post-inoculation 
(dpi) and processed for histological observations.  Stain retention and necrosis was only noted for cells associated with 
infection sites.  Values for mean max hyphal distance and average colony size are followed by the standard deviation.  The * 
and ** indicates a significant difference between Alpowa and MNR220 at that particular dpi with a p-value < 0.05 and 0.001, 
respectively.
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Table 3. Haustoria formation in seedlings of Alpowa and MNR220 infected with 
Puccinia triticina race PBJJG. 

Alpowa MNR220 Alpowa MNR220
Sites1w/1Haustoria1(%) 71.4 50.01* 88.2 75.31*

Avg1#1haustoria1per1site1w/1haustoria 1.0 1.0 3.7 3.5
Ratio1of1haust1maturity1(%) 40:60:0 53:47:0 37:46:17 29:50:20

1dpi 2dpi

 

The percentage of infection sites with haustoria was calculated from the number of sites 
that had formed infection hyphae.  At 1 dpi, Alpowa and MNR220 only had one 
haustorium at sites with a haustorium.  At 2 dpi, Alpowa and MNR220 had an average of 
3.7 and 3.5 haustoria per infection site with haustoria, respectively.  MNR220 had a 
significantly lower number of sites with infection hyphae that had formed at least one 
haustorium.  But, of the sites that successfully developed a haustorium, there was no 
significant difference between the two lines. The ratio of haustoria maturity was 
calculated as the percent young:intermediate:mature haustoria of the total number of 
haustoria and rounded to the nearest whole number.  The * indicates a significant 
difference between Alpowa and MNR220 with a p-value < 0.05. 
 
 

Also notable in MNR220 was the presence of patches of cells with darkened 

borders and small clumps of mesophyll cells with collapsed protoplasts.  These 

occurrences were not included in the calculations in Table 2 because they were not 

associated with an infection site.  This staining pattern was not noticed in Alpowa.  To 

investigate whether this was a result of inoculation, we stained primary leaves that had 

not been inoculated.  MNR220 consistently showed these patches of varying size 

throughout the leaf, while this occurrence was absent in Alpowa (Figure 8).  The 

spontaneous cell death can also be seen with the naked eye (Figure 9).  
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Figure 7. Trypan blue stain retention in MNR220 cells. 
A: 1 dpi.  Some cell perimeters stained darker blue than others.  Open arrowheads 
indicate regions of the epidermal cell that show darker staining.  Closed arrowheads 
indicate regions of mesophyll cell that show darker staining.  Typical trypan blue staining 
renders intact cells an even blue, as can be seen in the lower right-hand corner of the 
frame (n).  B: 2 dpi.  Collapsed protoplasts of cells indicate necrosis (arrows).  
Compromised plasma membranes are unable to exclude the stain, which turns the cell 
dark blue.  These necrotic cells are associated with an infection site.  C: 2 dpi.  Epidermal 
cell (e) between two stomata (s) stained darker with trypan blue than surrounding cells.  
An appressorium (a) formed over a stoma. 
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Figure 8. Uninoculated primary leaves of MNR220 and Alpowa showing different stain 
retention patterns. 
A: MNR220 and B: Alpowa seedlings.  MNR220 shows different staining characteristics 
and increased trypan blue stain retention compared to the wild type Alpowa. 
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Figure 9. Uninoculated primary leaves of Alpowa and MNR220. 
Alpowa (top) displays an even coloring and texture.  MNR220 (bottom) shows chlorotic 
and necrotic mottling in the absence of pathogen inoculation. 

Discussion 

It appears that in MNR220, formation of the first haustorium is delayed or 

inhibited.  We observed a lower frequency of haustorium formation in MNR220 relative 

to the wild type Alpowa at 1 and 2 dpi.  In both lines, all infection sites with haustoria 

had only formed one at 1 dpi, and there was no significant difference in the maturities of 

the haustoria, suggesting the growth rate of the haustoria between the two lines do not 

differ.  Apparently both MNR220 and Alpowa formed a first haustorium at additional 

infections sites between 1 and 2 dpi since the percentage of sites with haustoria is greater 

in both lines.  Since this percentage is calculated from sites that have already formed 

infection hyphae, it suggests that the hyphae eventually found a host cell that they could 

successfully invaginate with a haustorium.  If the first attempt to form a haustorium is 

unsuccessful, rust hyphae will continue to seek out cells to attack if the first attempt was 
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unsuccessful.  Eventually spores die from lack of nutrients if they are not able to form a 

haustorium.  The differences in the percentage of sites containing haustoria between the 

two lines at 2 dpi (75.3% in MNR220 and 88.2% in Alpowa) shows that infection sites on 

MNR220 were less successful in their ability to establish a haustorium.  Among the sites 

with successfully formed haustoria, we did not detect a difference in the number or 

maturity of the haustoria between the two lines.  This suggests that there are site-specific 

differences in MNR220 regarding the ability to thwart infection attempts. 

Since only two leaves from each line per time point were sampled in this study, 

the power of our experiment is modest.  Nonetheless, our findings bring attention to pre-

haustorial defense mechanisms and possible changes in constitutive expression levels as a 

focus of future studies.  Pre-haustorial defense mechanisms delaying or inhibiting 

haustorium formation have been documented in other studies.  Rubiales and Niks44 

observed that nonhypersensitive resistance conferred by Lr34 in wheat was the result of 

reduced rates of haustorium formation during early infection.  They also found that while 

poor haustorium formation (as mediated by Lr34) was due to papilla formation in some 

wheat backgrounds, it was due to reduced hyphal growth in other backgrounds. 

Genes conferring partial resistance in barley have been shown to delay 

haustorium formation45,46.  Niks47 demonstrated that lines of barley partially resistant to 

barley leaf rust had a much higher proportion of colonies failing to form haustoria than 

either resistant barley lines containing a hypersensitive resistance gene or susceptible 

barley lines with no functional resistance genes.  Failure of haustorial formation was 
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observed to be the mechanism for resistance to powdery mildew conferred by the partial 

resistance in barley45. 

Resistance conferred by R-genes is induced after recognition of a pathogen 

effector.  There is evidence that effectors are most commonly introduced from the 

haustorium, as that is the primary site of host-pathogen interaction.  Therefore, it is 

thought that R-gene-mediated effector-triggered immunity (ETI) occurs post-haustorial 

development.  The low proportion of sites in MNR200 that form haustoria suggest a pre-

haustorial mechanism of resistance that is not dependent on recognition of pathogen 

effectors and subsequent ETI. 

We also observed a significant amount of necrosis associated with infection sites 

in MNR220.  There also seems to be a large number of dark-staining cells that do not 

have the collapsed protoplasts indicative of necrosed cells.  The retention of stain could 

be a harbinger of impending necrosis by indicating compromised cells.  Trypan blue is a 

vital stain by virtue of dye exclusion.  The dye molecule is relatively large and is not 

transported across the cell membrane.  When a cell undergoes necrosis (or apoptosis) the 

membrane becomes compromised and the dye molecule can penetrate and stain the 

cytoplasm.  Trypan blue binds to the “phenolic-like materials” like melanins in the 

hyphal walls of the fungus and suberin and lignin in the plant cell walls48,49.  

Additionally, trypan blue was used to observe papillae (cell wall appositions formed to 

inhibit pathogen invasion) in barley seedlings infected with barley leaf rust45. 

Wolter et al.50 found that recessive alleles at the mlo locus are responsible for 

spontaneous cell wall apposition formations in epidermal cells regardless of the presence 
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of a pathogen, and contributes to powdery mildew resistance.  It is also responsible for 

spontaneous chlorosis and necrosis of older in the absence of a pathogen35. 

The findings related to inhibited haustorium formation and spontaneous cell 

necrosis in MNR220 are noteworthy, and we suggest further investigation.  Future studies 

directly comparing resistant and susceptible NIL’s in an environment controlled for 

multiple factors would aid in deciphering some of the more enigmatic variables. 

We did not detect a difference between the MNR220 and Alpowa regarding the 

rate of formation of infection hyphae, number of hyphal tips, or hyphal distance at any of 

the time points observed.  Although we did not see a difference in the size of established 

colonies between MNR220 and Alpowa at 3 dpi, we suspect there may be some 

difference in growth rate eventually because the infection type indicates MNR220 has 

smaller pustules.  Jones and Deveral51 investigated leaf rust resistance in wheat conferred 

by Lr20.  They did not observe a difference in colony size between virulent and avirulent 

races until 3 dpi, and the differences became more apparent in the following days. 

At seedling stage the MNR220 locus confers enhanced resistance to multiple 

races of leaf, stem, and stripe rust, as well as to powdery mildew, to which Alpowa is 

susceptible.  The enhanced resistance to various fungal pathogens does appear to display 

a level of specificity, as we observed a susceptible IT in both lines for a few races (see 

table).  A perplexing result is the loss of seedling resistance to a race of stem rust and leaf 

rust. 

At the adult stage, Alpowa was susceptible to leaf rust race PRTUS6 while 

MNR220 was highly resistant (Figure 4).  The level of resistance was much higher in the 
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adult plant than the seedlings grown in the same environment, which suggests that plant 

maturity has a role in resistance, at least with regards this isolate.  MNR220 has also been 

challenged with other races of rust at the adult stage37.  Campbell et al. found that the 

adult is resistant to an isolate of stripe rust to which Alpowa is susceptible.  They also 

found that it displays an intermediate IT to two races of leaf rust virulent on Alpowa.  

Other adult plant resistance (APR) genes have been noted in scientific literature.  Of note 

is Lr34, which confers resistance to avirulent isolates only at adult stage. 

We did not observe a difference in latency period under the growth chamber 

conditions of a day/night temperature 24-26°C/16-18°C.  Campbell at al.37 reported a 10-

day latency period in the MNR220 line at the seedling stage when challenged with leaf 

rust race PBJL under a day/night temperature of 22°C/14°C.  Our study did not 

investigate latency period at this temperature. 

We detected temperature sensitive resistance at the seedling stage with race 

PBJJG.  MNR220 showed a greater level of resistance at cooler temperatures than at 

those traditionally found in the MSU-PGC greenhouses, especially during the summer 

months.  This is interesting since we have observed that scoring seedlings for IT during 

the winter months is much more distinct than during the summer.  Resistance levels 

influenced by temperature and other environmental factors are common.  Roelfs noted 

the “difficulty of obtaining suitable levels of infection under the poor light conditions of 

winter”52 for his rust studies. 

Temperature sensitivity is not an uncommon characteristic among rust R-genes.  

Sr22, Sr17, and Sr6 are more effective at lower temperatures.  Resistance conferred by 
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the APR gene Lr34 is greater with cool temperatures and low light intensity.  Lr17, Lr16, 

and the APR gene Yr36 are more effective at higher temperatures. 

It appears that there is a greater proportion of “soft spots” of necrotic tissue (not 

quite flecking which is traditionally indicative of HR) on MNR220 at the higher of the 

two temperature schedules (Figure 5).  The pustules that do develop on MNR220 at the 

colder temperature cycle (22/14 °C) are of comparable size to those on Alpowa. 

The mottling we observed in MNR220 is not characteristic of HR, which is distinguished 

by distinctly delineated areas, or flecks, of tissue necrosis.  The amount of 

chlorosis/necrosis appears to be temperature sensitive, as we observed a greater level of 

chlorosis at lower temperatures (Figure 9).  These observations were previously 

characterized as having early senescing lower leaves by Campbell et al.37.  The mottling 

seen on MNR220 was not associated microscopically with any particular infection site 

and was also randomly distributed among the leaves of uninoculated seedlings (Figure 8). 

When challenged with Pt race PBJJG, MNR220 displays a varying IT influenced 

by temperature.  The induction of lesion mimic/mottling is also temperature sensitive, so 

it is unclear whether temperature or the mottling is the primary mechanism responsible 

for resistance.  Based on our existing evidence, we are unable to conclude whether or not 

the enhanced resistance is independent of the increased lesion mimic phenotype at the 

colder temperature.   

Development of these chlorotic or necrotic lesions are influenced by a number of 

factors like sunlight, wounding, temperature, and the genetic background of the plant50.  

Broad-spectrum powdery mildew resistance conferred by the recessive mlo alleles in 
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barley are associated with spontaneous leaf cell death in leaves.  Its effectiveness is also 

limited in extreme environments53,35.  Lesion mimic mutants in wheat have been 

associated with enhanced seedling resistance to leaf rust54 as well adult plant resistance to 

leaf rust55. 

MNR220 shows broad resistance to a number of races of multiple fungal 

pathogens.  Additionally, resistance conferred by the mutation in MNR220 seems to be 

influenced by many factors including pathogen race, plant maturity, and temperature.  

Our observations including the functional description of resistance, resistance against a 

broad spectrum of pathogens, and presence of a lesion mimic phenotype suggest that the 

mutation(s) in MNR220 alter regulation of the defense response leading to a higher level 

of basal defense to some biotrophic fungal pathogens.  Negative regulators serve to 

prevent or buffer against inappropriate activation of the defense response, since these 

mechanisms are costly to the plant. 

Campbell et al.37 reported a constitutively expressed heightened level of 

pathogenesis-related (PR) proteins in uninoculated MNR220 seedlings compared to the 

wild type under the same conditions.  Mutation of a negative regulator would “prime” the 

system so the plant is able to react more quickly when it senses a likely pathogen20. 

Traditionally there is a specific level of infection that the plant tolerates before the 

basal defenses are turned on16.  But if the activation buffer is absent, the resistance 

response can be accidentally triggered by various factors like wounding or non-

pathogenic microbes.  Spontaneous lesions are one possible consequence of misfiring or 

“jumping the gun” of a resistance response.  The priming of the immune system and its 
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ability to attack quickly and intensely can be seen in systemic acquired resistance (SAR).  

Upon detection of a pathogen, the plant then develops a broad resistance response to 

rebuff future attacks.  Plants that have induced SAR have been shown to be more 

resistant to pathogens to which they would normally be susceptible. 

Conclusion 

We observed the leaf rust infection process at the microscopic level to investigate 

more specifically the interactions between the host and pathogen.  We focused our 

observations at different milestones of the infection process to possibly draw some 

conclusions about specifics of host response. Our objective was to look for stages of 

pathogen development or host response that differed between MNR220 and Alpowa. 

Despite the temperature sensitivity of resistance conferred by MNR220, it is still a 

potentially powerful tool.  MNR220 shows adult plant resistance to our leaf rust race, and 

even though seedling resistance is compromised with higher incubation temperatures, it 

still delays the infection process by inhibiting formation of haustoria.  
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Abstract 

        Breeding for qualitative wheat rust resistance is a valuable strategy to prevent 

disease epidemics and mitigate crop loss.  However, incorporating resistance genes into 

wheat is not always straightforward; suppression of resistance genes inhibits their 

expression in some backgrounds of wheat.  The tetraploid component of the spring 

wheat cultivar Canthatch has been shown to express resistance to races of stem rust that 

are virulent on the hexaploid due to a suppressor gene on 7DL.  We show that CTH-NS, 

an EMS mutant derived from Canthatch containing a nonsuppression mutation at the 

suppressor locus, demonstrates increased resistance to stem rust, but not to leaf or stripe 

rust.  We also show that expression of various R-genes are not suppressed in the 

Canthatch background. 

Introduction 

Wheat, the most widely grown crop in the world, feeds over 40% of the world’s 

population3.  There are two major types of cultivated wheat.  Durum (Triticum turgidum 

durum) is a tetraploid species (2n=4X=28) that resulted from a hybridization of two 

diploid progenitors.  T. urartu (2n=2x=14) contributed the A genome, and Aegilops 

speltoides (2n-2X=14, genome SS) contributed what is now the B genome2.  Common 

wheat, also known as bread wheat (T. aestivum) arose from an additional 

allopolyploidization event between durum and A. tauchii (2n=2X=14, genome DD) to 

produce an allohexaploid species with the genomic constitution AABBDD (2n=6X=42)1. 
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Since it’s earliest domestication, wheat has been subject to selective breeding in 

an effort to enhance or incorporate beneficial traits.  Among these, disease resistance 

protects against potentially devastating epidemics.  Cross breeding wheat enables 

breeders to introduce new resistance genes into the background of susceptible cultivars.   

While sourcing resistance genes outside the species has largely been a successful 

strategy, occasionally breeders fail in their attempts to cross resistance genes from a 

relative into a cultivar.  This most notably happens when the resistant parent is of a lower 

level of ploidy. 

The apparent suppression of resistance was noted in the spring wheat cultivar 

Canthatch25.  It was discovered that Tetra Canthatch, the tetraploid component 

(2n=28=AABB) extracted from Canthatch, displayed an increase in resistance to stem 

rust races compared to its hexaploid counterpart Canthatch (2n=42=AABBDD).  The 

removal of the D genome somehow negated suppression/permitted expression of stem 

rust resistance (Table 4).  Furthermore Canthatch nullisomic 7D (lacking the 7D 

chromosome) showed enhanced resistance to stem rust, but Canthatch ditelosomic 7DL 

(only the long arm of 7D is present) showed susceptibility similar to Canthatch, 

suggesting that the suppressor was located on 7DL.  A study with Canthatch ditelosomic 

7DS, which displayed enhanced resistance to stem rust, supported this conclusion26. 

Kerber26 treated Canthatch with ethyl methanesulphonate (EMS), which induced a 

mutation at the 7DL suppressor locus, conferring enhanced resistance to a variety of stem 

rust races.  Evidence for the stem rust-specific suppression of resistance in association 
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Table 4.  Infection types of Canthatch, Canthatch nullisomic-7D, and CTH-NS with races 
of Pgt. 
Race Infection+Type

Canthatch1 Nulli57D1 Canthatch2 CTH5NS2

C25 3+ ; 2+3++5+3+ 0;+5+;2+

C57 3++ ; ;2++5+33+ 0;+5+;2+

C33 3+ x
C35 3+ 3±

C50 ;3 ;3
C53 3+ x
C56 3 ;
C64 ; ;
C63 3± ;3
C66 3± ;3
C74 3± ;  

1 Summary of infection types as previously reported in Kerber and Green25. 
2 Summary of infection types as previously reported in Kerber26. 
 

with this suppressor is inconclusive, as no accounts of testing with leaf or stripe rust are 

documented.  Therefore, it is possible that Canthatch does not possess genes in its 

background to confer resistance to leaf and/or stripe rust even upon deactivation of the 

suppressor.  Only stem rust genes Sr7a, Sr5, Sr9g, Sr12, and Sr16 are known to be in the 

Canthatch background.  Here, our goal was to investigate the specificity of the Canthatch 

suppressor as it pertains to the specificity of rust disease, rust race, or host genome.  More 

specifically, there were two main objectives: 

Objective 1: To determine if the suspected stem-rust specificity is truly a genetic 

characteristic or simply a result of the absence of any leaf rust or stripe rust resistance 

genes in the Canthatch background. 
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Objective 2: To identify patterns of suppression related to genomes or 

chromosome locations.  

Agricultural practices are commonly subject to devastating diseases and crop loss.  

As motivation to find more durable, cost-efficient alternatives increases, interest in 

finding a way to incorporate resistance genes within wheat also increases.  By 

understanding the specificity of the suppressors, we can better strategize our approaches 

to “unlock” genetic resistance in wheat. 

Materials & Methods 

Plant Material 

Plant material Canthatch (CItr 13345 TR04ID SD) was obtained from the USDA 

National Plant Germplasm System (NPGS).  Canthatch mutant CTH-NS was provided by 

Dr. Evans Lagudah, Plant Breeding Institute, University of Sydney.  The origins of plant 

material containing leaf, stem or stripe rust resistance genes are outlined in Table 5. 

Plant Growth Conditions 

Seeds were planted in Sunshine Mix #1 (Sun Gro Horticulture, Vancouver, 

British Columbia, Canada) in 4” square pots in a greenhouse at the MSU Plant Growth 

Center.  Plants were grown under a 16-hour photoperiod with an average daytime 

temperature of 22°C and an average nighttime temperature of 16°C.  Plant material 

involving temperature-sensitive Sr6 was grown in a temperature-controlled growth 

chamber set to 19°C.  Plants were watered as needed.  Beginning around two to three-leaf 
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stage, Peter’s General Purpose 20-10-20 Plant Food Plus Micronutrients (Scotts-Miracle-

Gro Company, Marysville, OH) was added to the water (150 ppmN). 

Wheat Crosses 

Cultivars carrying our resistance genes of interest were crossed with Canthatch 

and CTH-NS.  A video protocol detailing this process can be accessed from the MSU 

faculty page of Dr, Li Huang39.  When feasible, reciprocal crosses were made.  F1 seeds 

were harvested and seedlings were subsequently screened for suppression of rust 

resistance. 

Seedling Inoculation 

 
Leaf Rust.  Leaf rust inoculations were performed at MSU using race PBJJG.  The 

leaf rust resistance genes we used all confer resistance to race PBJJG, while Canthatch is 

susceptible.  F1 seedlings and the respective parents of the crosses were grown to 1.5 to 

2.5-leaf stage and inoculated with leaf rust race PBJL.  A suspension of P. triticina 

urediniospores in Soltrol 170 Isoparaffin (Chempoint, Bellevue, WA) was sprayed onto 

the leaves using a Badger 350 airbrush gun and Propel propellant (Badger Air-Brush 

Company, Franklin Park, IL).  The inoculated seedlings were then placed in a Percival I-

60D dew chamber (Percival Scientific Inc., Perry, IA) with the water heated to 28°C and 

chamber wall at 11°C to achieve an ambient air temperature of 15-17°C.  After 24 hours 

of incubation, the plants were then placed back in the greenhouse.  A video protocol 

detailing the rust inoculation method can be accessed from the MSU faculty page of Dr. 

Li Huang39. 
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Table 5. Plant materials used in this experiment. 
Cultivar/ID Line/Accession Gene Origin Pedigree Source

Canthatch CItr:13345 Thatcher:*6/:Kenya:Farmer Manitoba,:Canada

CTHJNS EMS:mutant:derived:from:Canthatch Evans:Lagudah

Isr6JRa CItr:14163 Sr6 T.&aestivum Red:Egyptian/Chinese:Spring Yue:Jin,:USDA

Sr22JUSA Sr22 T.&monococcum Davinder:Singh

Sr27JUSA Sr27 Secale&cereale Davinder:Singh

Sr31JUSA Sr31 Secale&cereale Davinder:Singh

TcLr16 CItr:15239 Lr16 T.&aestivum Exchange/Thatcher:recurrent:parent NPGS

Lovitt Lr21 Ae.&Tauchii
Sundor PI:495818 Lr24 Thinopyrum&ponticum& 3AG14/4*Condor NPGS

Bobwhite Lr26 Secale&cereale
Scholar+Lr47 Lr47 Ae.&speltoides Luther:Talbert

Yr5 PI:221419 Yr5 T.&aestivum&subsp.&spelta Xianming:Chen

Yr8 Yr8 T.&comosum Xianming:Chen  

The sources for plant material used in this study.  When available, the accession number and pedigree are provided. 
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Stem Rust.  Stem rust inoculations were performed at MSU and the University of 

Minnesota.  Pgt races TMLKC, QFCSC, and BCCBC were used at MSU.  Seedlings 

were grown to 1.5 to 2.5-leaf stage and inoculated in a manner similar to leaf rust.  The 

seedlings were incubated in a Percival I-36DL dew chamber (Percival Scientific Inc., 

Perry, IA) under the following program: 24 hour dew period with an ambient air 

temperature of 20-22°C followed by 5 hours of lighted conditions as the temperature 

slowly ramps to an ambient air temperature of 22-25°C.  The seedlings were then placed 

back in the greenhouse with the exception of seedlings involving resistance gene Sr6.  

This temperature-sensitive gene was kept in a Percival CU-32L chamber (Percival 

Scientific Inc., Perry, IA) with a 16-hour photoperiod and a daytime temperature of 19°C 

and a nighttime temperature of 16°C. 

Stem rust inoculations with races TRTTF and TTKSK (Ug99) were performed at 

the University of Minnesota.  Inoculation protocols were followed as described in Jin et 

al.40. 

Stripe Rust.  Stripe rust inoculations were carried out at Washington State 

University using races PSTv-14 and PST-17.  One seedling was used for each test.  

Inoculation methods were performed as outlined in Sharma-Poudyal et al.41. 

Disease Assessment 

Disease responses of seedlings inoculated with leaf rust were evaluated 8-10 dpi 

when disease had fully developed on susceptible lines.  Individuals were assigned an 

infection type (IT) using the scale outlined in McIntosh and Wellings56.  Primary leaves 
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were given an IT on a scale of 0 to 4, with 0 being completely immune and 4 being 

completely susceptible.  Stem rust-inoculated seedlings were evaluated 14 dpi using the 

same IT scale.  Evaluation of disease response to stripe rust was done using a 0 - 9 IT 

scale. 

Advancement and Screening of Plant Material 

F1 seedlings displaying a phenotype intermediate to that of the parents were 

advanced to F2 generation for further screening.  Three to six F1 seedlings were 

transplanted into 7” azalea pots with Sunshine Mix #1 and grown under conditions 

previously described. 

Data Analysis 

A chi-squared test was performed to assess goodness of fit between observed data 

and theoretical segregation ratios. 

Results 

To detect any further stem rust resistance recovered by inactivating the suppressor 

on 7DL of Canthatch other than those previously reported by Kerber (Table 4), we 

screened Canthatch and a mutant of the suppressor, CTH-NS, with five additional P. 

graminis f. sp. tritici (Pgt) races (Table 6).  Canthatch showed resistance or intermediate 

resistance to three races and was fully susceptible to TRTTF and TTKSK.  CTH-NS had 

a similar response to races QFCSC and TRTTF as Canthatch, but displayed an enhanced 
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resistance to races TMLK and TTKSK, commonly known as Ug99. This specificity 

supports the observation that Sr genes are suppressed in Canthatch. 

The Canthatch 7DL suppressor was only reported to suppress stem rust resistance 

genes. It is unclear whether the suppression is stem-rust specific. We screened Canthatch 

and CTH-NS with three races of Puccinia triticina (Pt) and five races of Puccinia 

striiformis f. sp. tritici (Pst).  Both the mutant and wild type were susceptible to all the 

races of Pt and Pst tested, suggesting there is no new enhanced resistance to leaf or stripe 

rust recovered after inactivating the suppressor. 

Enhanced resistance to stem rust in CTH-NS is due to a suppressor mutation, 

which allows expression of the Sr genes that were suppressed in the wild type Canthatch.  

Therefore, there are two hypotheses that could explain why CTH-NS does not have 

enhanced resistance to leaf and stripe rusts. One possibility is that there are no Lr or Yr-

genes in the background to confer resistance.  To account for this possibility, we crossed 

Canthatch with various lines carrying R-genes for leaf or stripe rust resistance.  The five 

Lr genes included are: TcLr16 (Lr16), Lovitt (Lr21), Sundor (Lr24), Bobwhite (Lr26), 

and Scholar+Lr47 (Lr47).  The two Yr genes are Yr5 and Yr8.  We also included four 

additional Sr genes in our study –Sr6, Sr22, Sr27, and Sr31. 

We inoculated the F1 seedlings and their respective parents with rust races that are 

avirulent on the resistant parent (as conferred by the R-gene) and virulent on Canthatch.  

Results are summarized in Table 7.  Pt race PBJL is virulent on Canthatch (IT 3) and 

avirulent on Lr16 (IT 1+), Lr21 (IT ;), Lr24 (IT 0;), Lr26 (IT ;), and Lr47 (IT ;1+). F1 

seedlings of three crosses, Lr16, Lr24 and Lr26, showed the same level of resistance to 
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PBJL as the resistant parents, indicating there is no suppression on these three Lr genes.  

F1 seedlings with Lr21 (Parental IT ;) and Lr47 (Parental IT ;) displayed an IT slightly 

higher than their resistant parent (IT 1; and IT 1 – 2, respectively).  

Pst race PSTv-14 was used to screen for suppression of Yr5 in F1 seedlings.  

Canthatch was fully susceptible and showed an IT 8 on a scale of 1-9.  The resistant 

parent showed an IT of 1.  The F1 offspring was highly resistant (IT 2). Pst race PST-17 

was used to screen seedlings with Yr8.  Canthatch was susceptible (IT 8) and the resistant 

parent and F1 seedlings were both resistant (IT 2 – 3). These results suggest that the 

Canthatch 7DL suppressor does not suppress resistance conferred by either Yr5 or Yr8. 

Crosses with Sr31 were screened with Pgt race TRTTF.  Canthatch was 

susceptible (IT 3 – 3+) and Sr31 was resistant (IT 2- – 2).  F1 was also resistant (IT 1 – 2).  

Race TTKSK was used to screen Sr22 (IT 2-) and Sr27 (IT ;).  Canthatch was susceptible 

(IT 3 – 3+).  F1’s with Sr22 showed an IT 2.  F1’s with Sr27 showed an IT; . These results 

indicate that the Canthatch suppressor does not suppress Sr22, Sr27 or Sr31. 

Race TMLKC was used to screen Sr6.  Canthatch displayed an IT of 3+C – 4 

while Sr6 was highly resistant (IT 0;).  F1’s with Sr6 showed a slightly higher response 

than the resistant parent (IT 1;N). 

Intermediate Phenotypes of F1’s 

The intermediate infection types observed in crosses between Canthatch and Lr47 

or Lr21 could be explained by dosage of the R-gene or possibly by suppression.  To 

determine the mechanism behind the intermediate phenotype, we screened the F2 
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Table 6. Infection types of Canthatch and CTH-NS seedlings with races of Puccinia spp. 
Pathogena Race

Pgt TRTTFe

TTKSKe

TMLKCc

QFCSCc

BCCBCc

Pt PBJJGc

TFBGc

TFBJc

Pst PSTv714d

PSTv737d

PSTv740d

PSTv751d

PST717d

InfectionBTypeb

Canthatch CTH7NS

3B7B3+ 37

3B7B3+ ;23B7B22+C
37CB7B4 0;B7B;17

0; 0;
0; 0;
3 37B7B3C
3B7B3+ 3B7B3+

3 3B7B3+C
8 8
8 8
8 8
7B7B8 8
8 8  

a Pathogens used for IT assessment were Puccinia triticina (Pt), P. striiformis (Pst), and 
P. graminis (Pgt). 

b For Pt and Pgt races, a 0 (immune) to 4 (completely susceptible) infection type (IT) 
scale was used.  A semicolon (;) indicates necrotic, hypersensitive flecking.  For Pst 
races, a 0 (immune) to 9 (completely susceptible) scale was used.  Variations in IT on a 
single leaf are given in order of their relative frequency.  Variations in IT between 
individuals are given as a range.  Infection type designations are further qualified with a 
+ or a -  if the response of the individual is more or less than the average for the IT class, 
respectively.  C indicates a higher level of chlorosis than average. 

c Disease assessment conduced in the MSU-PGC. 
d Disease assessment conducted at Washington State University by Dr. Xianming Chen 
e Disease assessment conducted at Cereal Disease Laboratory located at the University of 

Minnesota by Dr. Yue Jin. 
 

generation and analyzed the segregation ratios.  We tested the F2 seedling IT’s against 

two segregation ratios.  If the R-gene were simply displaying a dosage effect, then the 

intermediate phenotype would still be considered a resistant reaction and segregate with a  
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ratio of 3 resistant to 1 susceptible.  If the R-gene was indeed being suppressed, then the 

intermediate phenotype would be considered a susceptible reaction.  We would expect to 

see a segregation ratio of 3 resistant to 13 susceptible.  That is, there would be a 

substantially lower number of highly resistant individuals (IT ;) homozygous for 

resistance. 

To determine whether the intermediate phenotype of the F1 seedlings was due to 

suppression or a dosage effect, we assessed the F2 generation of seedlings involving R-

genes Lr21, Lr47, Lr16, and Sr6.  We classified individuals as resistant if they displayed 

an IT comparable to that of the resistant parent.  If an individual displayed a susceptible 

IT similar to Canthatch, we classified it as susceptible.  Any individuals displaying IT’s 

intermediate to either of the parents were grouped in the intermediate category (Table 8). 

We then tested goodness of fit for the two hypothesized segregation ratios.  To 

test the 3:1 ratio, we combined the observed resistant and observed intermediate, 

assuming the R-gene was expressed but displayed a dosage effect.  To test the 3:13 ratio, 

we assumed the intermediate IT that we were observing was due to partial suppression of 

resistance by the suppressor.  Thus, we combined the observed intermediate and observed 

susceptible categories.  Results are summarized in Table 8.  In all four cases we rejected 

the hypothesis that the expected infection types segregate in a 3:13 ratio.  Additionally, in 

all four cases we failed to reject our hypothesis that the observed infection types fit a 3:1 

ratio.  These results suggest that the R-genes are expressed and show a dosage effect. 
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Table 7.  Infection types of F1 seedlings and parents with races of Puccinia spp. 
Pathogena Race

Pt PBJLc

PBJLc

PBJLc

PBJLc

PBJLc

Pst PSTv114d

R1gene Infection8Typeb

Res.8Parent Canthatch F1
Lr16 1+ 3 1+

Lr21 ; 3 1;
Lr24 0; 3 ;
Lr26 ; 3 ;
Lr47 ;1+ 3 18182
Yr5 1 8 2

PST117d Yr8 2818213 8 28183

Pgt TRTTFe

TTKSKe

TTKSKe

TMLKCc

Sr31 218182 38183+ 18182
Sr22 21 38183+ 2
Sr27 ; 38183+ ;
Sr6 0; 3+C8184 1;N  

a Pathogens used for IT assessment were Puccinia triticina (Pt), P. striiformis (Pst), and 
P. graminis (Pgt). 

b For Pt and Pgt races, a 0 (immune) to 4 (completely susceptible) infection type (IT) 
scale was used.  A semicolon (;) indicates necrotic, hypersensitive flecking.  For Pst 
races, a 0 (immune) to 9 (completely susceptible) scale was used.  Variations in IT on a 
single leaf are given in order of their relative frequency.  Variations in IT between 
individuals are given as a range.  Infection type designations are further qualified with a 
+ or a -  if the response of the individual is more or less, than the average for the IT 
class, respectively.  N indicates a higher level of necrosis than average.  C indicates a 
higher level of chlorosis than average. 

c Disease assessment conduced in the MSU-PGC. 
d Disease assessment conducted at Washington State University by Dr. Xianming Chen 
e Disease assessment conducted at Cereal Disease Laboratory located at the University of 

Minnesota by Dr. Yue Jin. 
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Table 8. Segregation ratios of F2’s displaying a resistant, susceptible, or intermediate IT. 

R!gene
Obs.)
Resa Obs.)Intb

Obs.)
Susc

Total Exp.)Resd Exp.)Suse
Ratio)
Testedf p!value

44.25 14.75 3:1 0.41

11.06 47.94 3:13 6.84E!05

81.75 27.25 3:1 0.54

20.44 88.56 3:13 8.74E!04

114.75 38.25 3:1 0.89

28.69 124.31 3:13 1.84E!53

108.00 36.00 3:1 0.44

27.00 117.00 3:13 5.51E!03

34 45 30 109

Lr21

Lr47

23 24 12 59

Sr6

Lr16 1533911103

144327240
 

We screened F2 seedlings from crosses between an R-gene and Canthatch to investigate whether an intermediate phenotype 
was due to R-gene suppression or dosage effect. 
a Individuals observed whose IT was comparable to that of the resistant parent. 
b Individuals whose IT was intermediate to either parent. 
c Individuals observed whose IT was comparable to that of the susceptible parent. 
d Expected number of resistant individuals.  Intermediate IT individuals were combined with resistant ones, assuming an 

intermediate IT was a dosage effect of the R-gene. 
e Expected number of susceptible individuals.  Intermediate IT individuals were combined with susceptible ones, assuming an 

intermediate IT was due to partial suppression of the R-gene. 
f A resistant to susceptible ratio of 3:1 or 3:13. 
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Discussion 

It has been previously observed that Canthatch possesses a suppressor of stem rust 

resistance on chromosome 7DL, and that resistance is enhanced in CTH-NS –Canthatch 

possessing a nonsuppressor mutation of the 7DL allele.  To investigate the spectrum of 

resistance, we screened Canthatch and CTH-NS with various races of leaf, stem and 

stripe rust.  Canthatch and CTH-NS both showed comparable levels of susceptibility to 

all of the leaf and stripe rust races, indicating no resistance was uncovered from the 

suppressor mutation.  Canthatch was resistant to Pgt races QFCSC and BCCBC, 

suggesting that there are R-genes in Canthatch that are successfully expressed.  Canthatch 

carries stem rust resistance genes Sr7a, Sr5, Sr9g, Sr12, and Sr16.  As per the North 

American Stem Rust Nomenclature Sheet, Sr5 is effective on race BCCBC.  Other than 

Sr9g (which is ineffective against QFCSC and BCCBC), no other genes in the 

background are included in the differential set, so we are unable to determine which of 

the remaining R-genes confers resistance to QFCSC. 

CTH-NS also showed resistance to QFCSC and BCCBC.  Additionally, the 

mutant line was resistant to Pgt race TMLKC and moderately resistance to TTKSK.  This 

display of resistance, which is not seen in the wild type, suggests that there are additional 

resistance genes in the Canthatch background that are being suppressed.  This also 

indicates that not all Sr genes are suppressed by the Canthatch 7DL suppressor, 

suggesting a level of specificity. 

Both Canthatch and CTH-NS were susceptible to all three races of leaf rust and 

five races of stripe rust we tested.  However, as the interactions of the suppressor or 
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nonsuppressor alleles with leaf or stripe rust have not been made clear, our objective was 

to determine if the suspected stem-rust specificity is truly a genetic characteristic or 

simply a result of the absence of any leaf rust or stripe rust resistance genes in the 

Canthatch background. 

We attempted to test the specificity of the suppression by the 7DL suppressor by 

crossing Canthatch with lines carrying various rust resistance genes and attempting to 

detect their expression.  We speculated that by crossing R-genes into Canthatch, we 

would account for any resistance genes that were not currently in the Canthatch 

background but might be suppressed.  Eleven wheat lines containing rust resistance genes 

were crossed with Canthatch.  F1 seedlings and their respective parental lines were 

screened with races of rust avirulent on the resistant parent (as conferred by the R-gene) 

but virulent on Canthatch.  Resistances displayed amongst the F1’s were mostly 

comparable to that of the resistant parent, indicating that resistance was fully expressed. 

Some of the F1 crosses displayed an intermediate disease reaction.  There were 

two possibilities to explain the slightly higher IT of the F1 compared to that of the 

resistant parent.  It is possible that the R-gene was expressing incomplete dominance 

(having only one functional allele and thus only one dose of the gene).  Alternatively, the 

suppressor could have only partially suppressed expression of the R-gene, leading to an 

intermediate phenotype. 

The segregation ratios of the F2 generation indicated that when the intermediate 

phenotype was considered a resistant reaction (i.e. successful expression of the R-gene), 

the observed values fit a 3:1 resistant to susceptible segregation (Table 8).  When the 
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intermediate phenotype was considered a susceptible reaction (i.e. the suppressor 

conferred only partial suppression of the R-gene), the observed values did not fit the 

expected 3:13 resistant to susceptible segregation ratio. 

It appears that expression of the R-genes we tested are not under the influence of 

the 7DL suppressor.  It has been noted that the suppressor is ubiquitous in hexaploid 

wheat –no cultivar with an alternate allele has been identified57.  Additionally, there have 

been no lines of Ae. tauchii found to possess the nonsuppressing allele29.  It is these 

findings that presumably motivated researchers to attempt to induce a nonsuppressor 

mutation to facilitate the study of the valuable resistances gained from unlocking these 

suppressed genes. 

Considering the majority of wheat cultivars possess the 7DL suppressor, we can 

assume that most, if not all, of the varieties involved in our study also possessed the 7DL 

suppressor.  Furthermore, we can also conclude that since the R-genes in the resistant 

lines were being expressed (which most likely contained the suppressor in their 

background), it was unlikely to see suppression from a cross between the resistant line 

and Canthatch. 

Canthatch was developed by crossing Sr7a from the cultivar Kenya Farmer into 

Thatcher (the recurrent parent).  Thatcher was also confirmed to have the suppressor 

allele57.  Thatcher is commonly used to develop near-isogenic lines (NILs) with various 

leaf rust resistance genes for identifying various rust races.  Kolmer et al.58 used NIL 

Thatcher lines with leaf rust genes including R-genes Lr16, Lr24 and Lr26 that were in 

our study.  In fact, our source of Lr16 was from a Thatcher line (Table 5).  Furthermore, 
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the durum wheat cultivar Iumillo is a parent of Thatcher and shows a higher level of 

resistance to races of stem rust that is not seen in Thatcher or Canthatch25. 

Another factor influencing the detection of the Canthatch 7DL suppressor is the 

antisuppressing effect of the adult plant resistance gene Lr34.  When Lr34 is present in 

the Canthatch or Thatcher background, it permits expression of stem rust resistance 

despite the presence of the 7DL suppressor57.  Although Lr34 confers broad-spectrum 

resistance to a variety of pathogens, it does not confer seedling resistance to stem rust.  

However, Kerber and Aung discovered that Canthatch+Lr34 displayed stem rust 

resistance to races that are virulent on the existing Sr genes in the background57.  In other 

words, Lr34 permitted expression of additional stem rust resistance genes in the 

Canthatch background. 

Chinese Spring is known to possess Lr34 as well as the suppressor on 7DL.  

Many of our lines with R-genes were developed using Chinese Spring as the recurrent 

parent.  Therefore it is possible that our resistant lines possess Lr34, which we would not 

be able to detect in our parents at the seedling stage.  If this were the case, then crossing 

the R-gene with Canthatch would result in the F1’s possessing a copy of Lr34 and the R-

gene, and two copies of the suppressor (because both parents have it).  This would result 

in the F1 progeny displaying resistance possibly because of the presence of Lr34.  It 

would not be until the F2 generation, when Lr34 begins to segregate, that we would be 

able to see any possible suppression of the resistance gene once Lr34 was not present to 

interfere with the 7DL suppressor.  If this were the case, we would expect to see the F2 

seedlings segregate with a 9:7 resistant to susceptible ratio.  Of the crosses we advanced 
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to F2 and screened (most notably Sr6 since it is in a Chinese Spring background), none of 

the observed segregations fit a 9:7 ratio (data not shown), so it is still unlikely they are 

suppressed by the 7DL suppressor. 

Williams et al.59 speculated that Canthatch possesses three or more recessive stem 

rust resistance genes that are not expressed in the presence of a functioning suppressor.  

Additionally, suppression of resistance has been most notably associated when breeders 

tried to incorporate stem rust resistance into hexaploid wheat from a species of lower 

ploidy.  There are many resistance genes that have been successfully incorporated into 

wheat from diploid and tetraploid species.  The apparent vanishing of resistance once it 

crosses into a species of higher ploidy suggests some intergenetic suppression associated 

with the different genomes. 

It is difficult to explain the mechanism for the 7DL suppressor’s effect on the A 

and B genomes, especially since it seems that the suppressor arose before hybridization 

with tetraploid wheat, due to the fact that all of the accessions of Ae. tauchii tested also 

had this suppressor29.  The presence of suppressors indicates some form of selection 

pressure that must be present to “encourage” the evolution of suppressors.  It can be 

assumed that there would be selection for resistant plants in the presence of disease.  It 

has been suggested that during times of low disease pressure, there would be reduced 

fitness for plants with unnecessary resistance genes60. 
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Conclusion 

 The presence of suppressors, and their apparent ubiquity among common wheat, 

seems to explain the trouble breeders have incorporating resistance in multiple cultivars.  

Canthatch shows a high level of susceptibility to stem rust due to a suppressor on 7DL.  

CTH-NS, which possesses a mutation at the 7DL suppressor locus, displays enhanced 

resistance to Pgt races TTKSK and TMLKC.  Consistent with previous studies, we were 

not able to detect any enhanced resistance to leaf or stripe rust.  The suppressor action 

also displays a level of specificity within stem rust resistance, as Sr6, Sr22, Sr27, and 

Sr31 are not suppressed.  Further investigation of the mode of action of this and other 

suppressors in wheat would be a valuable tool to “unlock” the genome and enable 

breeders to utilize new sources of resistance. 
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APPENDIX A 

 
 

COMMUNICATING SCIENCE THROUGH 
 

VISUAL MEDIA: VIDEO PROTOCOLS  



 

 
 

76 

Also as part of this graduate project, two protocol videos were produced.  The 

first video is entitled “Crossing Wheat” and demonstrates the steps of cross-breading 

wheat.  The second video is entitled “Marker-Asssited Selection” and demonstrates DNA 

isolation and polyacrylamide gel electrophoresis (PAGE) in the context of developing 

molecular markers.  These video protocols have been uploaded to the website 

Vimeo.com.  A link can be found on the Montana State University faculty page of Dr. Li 

Huang. 
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