ABSTRACT
JARRETT, SYDNEY GRACE. lIdentification of Novel Genes for Resistance to Blumeria
graminis f. sp. tritici in Triticum aestivum Germplasm Lines ‘NC97BGTD8’and
‘NC96BGTD?2.’ (Under the direction of J. Paul Murphy.)

A rising staple crop worldwide, wheat (Triticum aestivum L.) production faces
pressure from many diseases. North Carolina primarily grows soft red winter wheat and the
maritime climate leads to yearly epidemics of powdery mildew (Blumeria graminis f. sp.
tritici). Infection leads to fewer kernels per head, smaller kernel size, and overall yield losses
ranging up to 34%. Fungicides are not always cost effective or consistent across cultivars, so
race-specific host resistance is often utilized. Novel resistance genes have been identified in
the related progenitors of wheat and introgressed into adapted lines. One strategy to keep
novel genes effective is through pyramiding multiple resistance genes into a single cultivar.
To ensure multiple genes are being transferred, marker assisted selection (MAS) is used. The
most commonly used markers in wheat are simple sequence repeat (SSR) markers and single
nucleotide polymorphisms (SNPs). Wheat germplasm lines NC97BGTD8 and NC96BGTD2
exhibited resistance to powdery mildew epidemics and the objective of this research was to
identify markers linked to the resistance genes. NC97BGTD8 was crossed to susceptible
cultivar ‘Saluda’ and NC96BGTD2 was crossed to susceptible cultivar ‘Jagger’ and in both
cases, F2:3 populations were created. DNA was extracted from the F> plants while the F2:3
families were evaluated in the field. Results for 127 F2.3 NC97BGTD8 x Saluda families
found 29 resistant, 72 segregating and 26 susceptible lines, a %2 value of 2.4 (p = 0.30)
indicating single gene resistance. Evaluation of 133 NC96BGTD?2 x Jagger F.:3 families
found 31 resistant, 71 segregating, and 31 susceptible families, a ¥* value of 0.69 (p = 0.737),

indicating single gene resistance. The resistance gene in NC97BGTD8 was located on the



long arm of chromosome 5D flanked by markers Xbarc177 and Xgwm272 at 14.8 and
22.8cM, respectively. Also located in this region is Pm34, which allelism tests could not
differentiate from the resistance gene in NC97BGTDS8. The resistance gene in NC96BGTD2
was located on the short arm of chromosome 7D. It is 30.9cM distal to Xwmc506. Further
attempts to map the gene were attempted with SNPs, but no polymorphisms were found and
primers were found to amplify on other chromosomes. All mapped locations were confirmed

using Chinese Spring aneuploid and deletion lines.
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INTRODUCTION AND LITERATURE REVIEW

Background

Domesticated in southwestern Asia at least 10,000 years ago, wheat (Triticum

aestivum L.) is the world’s most important food crop and end uses include bread, cookies,

cakes, and animal feed (Bonjean and Angus, 2001). Wheat supplies almost 55% of the

carbohydrates consumed worldwide (Gupta et al., 1999). The FAO estimated that from

2004-2007, world wheat production averaged 31,459 kg/ha (42.1 bu/acre) while US

production was 27,317 hg/ha (40.5 bu/acre) (FAO; http://www.fao.org). Demand for wheat is

expected to rise worldwide as populations grow and become increasingly urban. Per capita

wheat consumption is expected to rise 13 kg/ha from 1990 to 2020 as rice (Oryza sativa)-

based diets are replaced with wheat (Bouis, 1994; Rosegrant et al., 1995).

There are six main market classes of wheat grown in the United States. Durum wheat

(T. turgidum subsp. durum (Desf.) Husnot) is a tetraploid relative of common wheat, grown

in the Dakotas for pasta production. Hard white, hard red spring and winter wheats are

grown for milling and baking purposes and account for most of the acreage grown in the

Great Plains (ERS/USDA Briefing Room, 2009). Soft white winter wheat is grown in New

York, Michigan and the Northwest, while soft red winter wheat is grown primarily east of the



Mississippi. Both have lower protein content than the hard wheats and are primarily used for
non-bread bakery products such as cookies, crackers and feed (Bonjean and Angus, 2001).
Winter wheat is planted in the late fall, undergoes vernalization, flowers in the spring and is
harvested in early summer. Spring wheat is planted in early spring and harvested in the

summer or fall.

Wheat in North Carolina

The type of wheat grown in North Carolina is primarily soft red winter which is
milled and used to produce bakery items, or as a hog and poultry feed (Weisz, 2005). Winter
wheat production in North Carolina has fluctuated over the past 10 years
(http://www.agr.state.nc.us/stats/). The acreage planted in fall 2008 was approximately
660,000 acres (http://www.agr.state.nc.us/stats/release/FarmReport04.pdf). Acres planted in
2009 and 2010 were 700,000 and 600,000, respectively (National Agricultural Statistics
Service, 2010).

The record average yield for the state was 4,031 kg/ha (64 bu/ac) harvested in 2008.
The predominant wheat acreage is located east and south of Raleigh. There are five planting

date zones (Weisz, 2005). The earliest planting zones are on the western side of the state and



get progressively later as one travels east and south with planting dates ranging from 29

September to 3 November.

Diseases of Wheat

Major diseases of wheat in North Carolina include powdery mildew (caused by

Blumeria graminis f. sp. tritici), Fusarium head blight (caused by Fusarium graminearum

Schwabe) (McMullen et al., 1997), leaf rust (caused by caused by Puccinia tritiana)

(Eversmeyer and Burleigh, 1970), stripe rust (caused by Puccinia striformis f. sp. tritici

(Line, 2002), Septoria (caused by Stagonospora nodorum (Berk.) Castellani & E. G.

Germano (Scharen and Krupinsky, 1969) and viruses (such as Barley Yellow Dwarf virus

and Soil Borne Mosaic virus) (Miller and Rasochova, 1997).

Powdery Mildew

Powdery mildew of wheat is caused by the ascomycete Blumeria graminis f. sp.

tritici (Bockus et al., 2010). This obligate parasite is highly specific and isolates usually only

infect a specific host genotype (Reed, 1912). Conidia are produced in chains in the asexual

stage, while asci in cleistothecia are formed on mycelial mats in the sexual stage. The fungus



can overwinter as cleistothecia that are first observed on old plant leaves following long

periods of infection, or as conidia or mycelium on plant tissue. As temperatures rise and

humidity increases in the spring, ascospores are formed in cleistothecia or mycelia continue

growth (Bockus et al., 2010). Individual conidia on a chain may germinate under a variety of

temperature and relative humidity conditions (Ellingboe, 1972). A maritime climate with

temperatures between 15-22°C and relative humidity in the 75-100% range will encourage

rapid growth and reproduction of powdery mildew (Bennett, 1984). (Relative humidity can

be increased within the plant canopy with vegetative growth.) Standing water, due to rain or

dew, will inhibit spore dispersal (Rouse et al., 1981).

The fungus appears as fluffy white or light colored mycelia, most commonly on the

upper surfaces of the leaves, that is easily removed with direct contact (Allen and Goddard,

1938). Approximately 10-12 hours after inoculation, a penetration peg is produced. In the

next 6-8 hours, a haustorium reaches its maximum size and forms appendages, which are key

to secondary infection (Ellingboe, 1972).

Wheat powdery mildew attacks winter wheat in the southeastern US yearly. It attacks

the older leaves on a plant first and continues up the plant, growing best on healthy tissue

(Bowen et al., 1991). Bennett (1984) found powdery mildew important in maritime or semi-



continental climates and was gaining importance due to the increased use of semi-dwarf
cultivars. The severity of epidemics is affected by wind, solar radiation and temperature (Te
Beest et al., 2008).

Infected plants may have fewer kernels per head and smaller kernel size and early
season infection may affect yield, even after the fungus stops growing (Bowen et al., 1991;
Everts et al., 2001). Furthermore, while infected plants may initially produce more tillers,
these are less likely to produce a grain head (Everts and Leath, 1992). A study by Shtienberg
(1992) found that powdery mildew reduced the rate of photosynthesis and transpiration in
wheat. Experiments with powdery mildew of barley (Blumeria graminis f. sp. hordei)
showed fungal invertases caused the plant to act as if the leaf was a sink, not a source of
nutrients, further damaging the quality and amount of the seed produced (Wright et al.,
1995).

Johnson et al. (1979) found that powdery mildew grown on ‘Chancellor’ wheat,
which has no effective genes for resistance to wheat powdery mildew, caused up to a 34%
reduction in yield. Spore densities on the leaf can range from 100-400/mm? (Bushnell, 2002).
Further development of the disease is inhibited when temperatures rise above 25° C (Bowen

etal., 1991).



Nitrogen application to wheat is associated with increased susceptibility to infection

by powdery mildew (Bennett, 1984). The major limiting nutrient to leaf growth is nitrogen,

so proper fertilizer application can allow greater canopy growth (Novoa and Loomis, 1981).

A dense canopy can lead to higher microclimate with higher relative humidity and greater

plant-to-plant interaction. This microclimate can aid in the development of the pathogen and

allow for easier spread of inoculum.

Additionally, nitrogen is a key component to fungal function of biotrophic parasites

(Divon and Fluhr, 2006). Thompson et al. (1993) found that at elevated nitrogen levels,

powdery mildew epidemics in a controlled greenhouse study covered a significantly greater

percentage leaf area and maintained the higher levels of infection than host plants with

limited nitrogen supply. Early nitrogen application leads to increased demand for later season

disease control, but fungicides may give a poor economic return (Olesen et al., 2003).

Powdery mildew has also been found to change the types of carbohydrates the plant produces

in the leaves (Ellingboe, 1972).

The main methods for control of powdery mildew are host plant resistance and

application of fungicide. Host plant resistance is the preferred method primarily because of

the economics of fungicide application in North Carolina. Weisz et al. (2011) found spraying



fungicides based only on plant growth stage would not provide a return on investment at least

50% of the time if fungicide application costs were at the low rate of $24.71/ha ($10/ac).

When spraying based on disease progress, strobilurin or propiconazole applications had to

cost less than $47/ha ($19/ac) or $72/ha ($29/ac), respectively, to have at least a 50% chance

of return on investment (Weisz et al., 2011). Beyond the economic considerations, Priestly

and Bayles (1982) found that the response to fungicides effective against powdery mildew is

inconsistent across cultivars. Bowen et al. (1991) also observed inconsistency and

furthermore, noted that late season application of fungicides were ineffective in reducing

epidemics.

Sources of Powdery Mildew Resistance

There is a wide range of species in the Triticum genus. Bread wheat is T. aestivum L.

(2n=42, genomes ABD) (van Slageren, 1994). Triticum monococcum L (2n=14 genome A),

commonly referred to as einkorn, is the diploid donor parent of the A genome. An unknown

diploid parent, likely related to Aegilops speltoides Tausch (2n=14 genome S), donated the S

genome, progenitor to the B genome, and Ae. tauschii Coss (2n=14 genome D) is the wild

diploid donor parent of the D genome. Triticum turgidum subsp. dicoccum (Schrank) Thell.

(2n=28 genomes AB), or Emmer wheat, is the tetraploid progenitor of hexaploid wheat



(Bonjean and Angus, 2001). These diploid parents and their tetraploid relatives provide an

abundance of genetic variation from which to mine genes that provide novel sources of

resistance to many diseases, including powdery mildew (Cowger et al., 20 ). Wild

accessions from areas such as Iraq and Iran have been collected and added to the Wheat

Genetic and Genomic Resources Center at Kansas State University (http://www.k-

state.edu/wgrc/, 2008).

Breeding for Resistance

Qualitative Resistance

The most common form of host plant resistance is qualitative resistance, also called

vertical, single gene or seedling resistance and is usually controlled by one gene (Bennett,

1984). Robinson (1971) discussed the interplay of host and pathogen with vertical resistance.

Among the general guidelines in dealing with major single gene resistance was the

observation that major deployment of a novel resistance gene, as is often the case in

commercial varieties, increases selection pressure on the pathogen. This can lead the

pathogen to overcome, and therefore render ineffective, the new source of vertical resistance.

Furthermore, van der Plank (1984) explained that vertical resistance- a high level of defense



very specific to different races of isolates- is best if deployed where virulence of the

pathogen shifts slowly over time possibly due to a lack of sexual reproduction or polycyclic

nature, and has a proven track record since it is most effective in the initial inoculum phase.

Flor (1955) hypothesized that for every resistance gene in the host plant’s genetic stock,

somewhere in the pathogen’s genetic resources was a gene that conferred avirulence.

Qualitative resistance genes may provide partial to complete resistance against certain

fungal isolates but can be completely ineffective against others. As Bushnell (2002)

explained, when infected wheat plants are rated on a scale of 0-4, 0 being no visible reaction

to infection, most resistant plants exhibit a 0-2 rating phenotype that shows some

hypersensitive cell death at infection sites after at least one fungal haustorium is produced.

Publications on disease resistance in wheat date back to 1905 (Orton, 1905). Reed

(1912) reported resistance to powdery mildew in tetraploid wheat in 1912. As more

resistance genes were identified, the current Pm plus a number identification system was

adopted (Briggle, 1966). To date, there are 64 named Pm resistance genes mapped at 42 loci

(Table 1). Sources of resistance come from a wide variety of sources. Twenty-five named

genes came from Triticum aestivum subsp. aestivum germplasm, 11 genes came from

T.turgidum var. dicoccoides, six genes each came from T. monococcum subsp. monococcum



and Ae. tauschii, three genes each came from T. turgidum subsp. dicoccum and T. turgidum

subsp. carthlicum and one gene each from T. sphaerococcum and T. turgidum subsp. durum.

These 56 genes came from the primary gene pool for bread wheat, while eight genes have

come from secondary gene pool sources and nine genes have come from the tertiary gene

pool.

The named genes are scattered across genomes and chromosomes, with a heavy

concentration of Pm genes on chromosome 7A, home to the Pm1 locus. Five alleles have

been confirmed at the Pm1 locus and the Pm3 locus has seven confirmed alleles. Six alleles

have been identified at the Pm6 locus and Pm23 was recently confirmed as the third allele at

Pm4 (Hao et al., 2008). Thirty seven loci contain a single named resistance gene. Few genes

to date have been located on chromosome 4 of any genome.

Adult Plant Resistance

Adult plant resistance, also called quantitative resistance or “slow-mildewing”, is non

race-specific and confers a lower degree of protection against mildew. It is thought,

however, to be longer lasting, due to the fact that it does not completely stop fungal growth

(Shaner, 1973). Adult plant resistance can be conferred through genes at multiple loci, as Liu

et al. (2001) reported for adult plant resistance in ‘Massey’ or can be conferred by a single

10



gene, such as Pm38 (Spielmeyer et al., 2005) and Pm39 (Lillemo et al., 2008). Breeding

with these quantitative trait loci is difficult, due to the need to track multiple loci that each

give a small but measurable additive effect for resistance. A total of 31 unique regions with

Pm QTLs have been identified. Five QTL regions were located on chromosome 5D, none on

chromosome 6D and one to two on all other chromosomes (Cowger et al., 20 ). These

QTLs have been identified in 64 cultivars (Cowger et al, 20 ).

Molecular Markers

The use of molecular markers in plant breeding allows for selection of beneficial

alleles based not on phenotypic data, but through the visual representation of a polymorphism

based on genetic sequences. Markers that are linked to a given gene can enhance traditional

breeding programs. If not linked to genes of interest, markers can be used to identify the

physical location of a sequence on the plant’s chromosomes. This identification is key in

pairing primers to physical locations on the chromosome, and subsequently has been

extensively used to create genetic maps of many plant and animal species (Huang and Roder,

2004). Early genetic maps of wheat linked restriction fragment length polymorphic (RFLPS)

to identified genes in wheat (Gale et al., 1995). Later maps utilized expressed sequence tag-

11



derived microsatellite markers, such as the Xue et al., (2008) map that placed 887 SSR

markers on the 21 chromosomes.

Because of the three genomes in wheat, markers may amplify a sequence of DNA on

one, two or all three homoeologous chromosomes, leading to multiple bands due to each

primer. Primers created from sequences of known chromosome and genomes have been

identified and can be used to further clarify which genome correlates to the band of interest

(Langridge et al., 2001).

The Chinese Spring deletion series is utilized to confirm the chromosomal location of

bands from markers. Bands that appear in euploid Chinese Spring (CS) should not be present

in deletion lines lacking the targeted chromosome or region of interest (Endo and Gill, 1996).

Simple Sequence Repeats

Microsatellites, also commonly referred to as Simple Sequence Repeats (SSRs), have

a few base pair sequences repeated a polymorphic number of times with unique sequence

ends. The primers have conserved sequences and are between 15-40 base pairs long. SSRs

can be 100-500bp, but usually no longer than 300bp. The repeat sequences between the SSR

primers can be di- or tri-nucleotide. Larger repeats, such as 4bp repeats, are less prevalent in

the genome (Akkaya et al., 1992). SSR primers are combined with extracted DNA, undergo

12



polymerase chain reaction (PCR), which amplifies fragments flanked by the primers, and the

resulting product undergoes electrophoresis to reveal bands that detect polymorphisms in all

three genomes (Gupta et al., 1999). Aegilops. tauschii, the D genome parent, was screened

for repeats to reveal polymorphisms in T. aestivum bread wheat (Guyomar’h et al., 2002).

SSRs have been used to create a more detailed physical and genetic map of the wheat

genome (Somers et al., 2004; Hayden et al., 2006; Xue et al., 2008). Updated marker

locations can be accessed online (http://wheat.pw.usda.gov/GG2/index.shtml). SSRs are as

effective as restriction fragment length polymorphisms in detecting polymorphisms, but are

much easier to use and can be transferred between laboratories with ease. For these reasons,

they are the current marker of choice for use in wheat breeding programs (Gupta et al.,

1999).

Single Nucleotide Polymorphisms

Single nucleotide polymorphisms (SNPs) are single base changes identified in the

DNA between two samples. The single base pair difference tells relatively less information

than SSRs, but SNPs can be more abundant between populations (Rafalski, 2002). The

specificity of SNPs in wheat allows them to distinguish between alleles at specific sites and

identify polymorphisms not detected with current marker technology (Somers et al., 2004).

13



SNP databases have been created for multiple species of animals and plants (e.g.

Kwok and Gu, 1999; Nasu et al., 2002) including wheat (http://wheat.pw.usada.gov/SNP/).

The use of SNPs in plants has led to better fine mapping of regions and the detection of

diversity at a locus, such as the identification of SNPs from sequenced clones between two

oat cultivars by Pal et al. (2000). Studies in wheat estimate one SNP/ 200-540bp, depending

on the diversity of the population and proximity to coding regions (Ravel et al., 2006;

Somers et al., 2003). Somers et al. (2004) mapped wheat single nucleotide polymorphisms

(SNPs), creating the basis for further SNP based mapping studies in wheat.

SNPs can be amplified and detected using a number of platforms, including lllumina,

dye terminator sequencing, sequencing by ligation and many others, depending on the

availability of equipment and expertise.

Marker Assisted Selection

Lande and Thompson (1990) concluded that marker assisted selection (MAS) was a

valuable tool that could increase the efficiency of artificial selection. The gain from MAS

depends on the relative closeness of the marker to the gene of interest. The closer the gene to

the marker, the more gain a breeder can reliably expect from MAS. Use of MAS allows for

selection of desirable alleles at an earlier stage in the breeding process and selection of better
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parental material to use in crossing (Bonnett et al., 2005; William et al., 2007). With the

increase in number and availability of SSR markers, MAS has become both cost and time

efficient, even for small breeding programs (Landridge et al., 2001). Small grains MAS has

been assisted by more high-throughput data technologies in corn (Zea mays L.) that have

been adapted to small grains, aided by the four USDA genotyping centers dedicated to the

creation of more data points and primers (Perry and Suszkiw, 2008).

NCSU Small Grains Powdery Mildew Breeding

Powdery mildew infects wheat plants in North Carolina annually with more severity

in the eastern part of the state due to the warmer fall and increased tillering of wheat plants

before vernalization. Powdery mildew epidemics were also reported in South Carolina in the

1980’s, making powdery mildew an important consideration in wheat breeding programs.

Since 1996, NC State has released 13 germplasm lines containing mildew resistance

transferred from diploid and tetraploid relatives (Murphy et al., 1998; 1999a; 1999b; 2002;

Navarro et al., 2000). The constant pressure of powdery mildew epidemics and their ability

to overcome multiple resistance genes necessitates these novel genes (Table 3).

Niewoehner and Leath (1998) found virulence for Pm3a, Pm3b, Pm3c, Pm3f, Pm4a,

Pm5, Pm6, and Pm7 in the Eastern US. They hypothesized that it was possible for powdery
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mildew to carry multiple virulence genes with little to no fitness penalty and that once an

isolate was virulent to one allele at a given locus, the virulence may be effective against

different alleles at the same locus. Parks et al. (2008) observed that only five of sixteen Pm

genes evaluated remained effective in laboratory tests of field collected isolates and that

isolates of the fungus could be virulent on multiple genes with minimal fitness penalty.

In response to the continued ephemeral epidemics of powdery mildew in the

Southeast, the NCSU small grains breeding program is continuing research with novel

sources of resistance. To better utilize the material, the new resistance sources are being

released as pyramids. To ensure multiple genes are being carried through cultivar

development, markers near the resistance genes are being identified. Recent mapping efforts

at NCSU have led to the identification of Pm34 (Miranda et al., 2006), Pm35 (Miranda et al.,

2007), Pm37 (Perugini et al., 2008), MIAG12 (Maxwell et al., 2009), MIAB10 (Maxwell et

al., 2010) and unnamed resistance genes located near the Pm1 and Pm9 loci in NC96BGTA4

(Srnic et al., 2005). The objective of this research was to build on the work of fellow

graduate students and study the genetics of powdery mildew resistance and identify markers

linked to the resistance genes in the germplasm lines ‘NC97BGTD8’ and ‘NC96BGTD2".
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MATERIALS AND METHODS

NC97BGTD8

Plant material

The powdery mildew resistant soft red winter wheat germplasm line NC97BGTD8

(P1 604034) was crossed with the powdery mildew susceptible cultivar Saluda (Pl 480474).

The pedigree of the BCaFe-derived line NC97BGTDS8, hereafter referred to as NCD8, is

Saluda*3/TA 2466 (Murphy et al., 1999b). TA 2466 is an Aegilops tauschii Coss accession

collected in Iran and Saluda is a soft red winter wheat cultivar developed by the Virginia

Agricultural Experiment Station (Starling et al., 1986). Saluda and NCD8 contain the

powdery mildew resistance gene Pm3a. Both Niewoehner and Leath (1998) and Parks et al.

(2008) found the majority of powdery mildew isolates collected in North Carolina were

virulent against Pm3a. The NCD8/Saluda Fi hybrid and its F2 progeny were selfed to

produce 130 random F2:3 families for evaluation in the field and greenhouse experiments.

Field evaluation

One hundred twenty eight F2:3 lines were evaluated for reaction to powdery mildew

during the spring of 2008 and a subset of 122 F,:3 lines were evaluated for reaction to
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powdery mildew during the spring of 2009. Six lines did not have sufficient remnant seed for

evaluation in 2009. The lines were planted at the Cunningham Research Station in Kinston,

NC in fall 2007 and fall 2008. The experimental design in both seasons was a randomized

complete block with two replications. An experimental unit had 30-60 seeds, weighing

approximately 3 grams, in a single 1.2m row, with rows spaced 31 cm apart. Agronomic

practices, including irrigation, fertilization and insect control, were in accordance with

standard North Carolina field management practices (Weisz, 2005).

The parents NCD8 and Saluda were planted at 80 plot intervals along with the

cultivar Chancellor, which contains no genes for resistance to wheat powdery mildew.

Included in each block were lines representing the following known Pm genes: Pmla, Pmlc,

Pm2, Pm3a, Pm3b, Pm3c, Pm3e, Pm3f, Pm3g, Pm4a, Pm4b, Pmb5a, Pm5b, Pm5d, Pm6,

Pm7, Pm8, Pm9, Pm12, Pm16, Pm17, Pm20, Pm21, Pm25, Pm34, Pm35 and the temporarily

designated MIAB10. To encourage the development of a natural powdery mildew epidemic,

a 1.2m wide border of Saluda surrounded the experiment. Plots were scored on April 4,

2008, April 7 and April 22, 2009 when Saluda rows showed uniform infection throughout the

experiment. Plants were between Feekes growth stage 8-10.1 (Weisz, 2005). Rows were

visually rated using the parental lines as guides. Lines with infection similar to Saluda were
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rated as homozygous susceptible. Lines with infection similar to NCD8 were rated as

homozygous resistant, and lines with plants exhibiting both resistant and susceptible

phenotypes were rated segregating. A chi-square test (Snedecor and Cochran, 1956) was

utilized to test the significance of the observed with expected segregation ratios.

Greenhouse evaluation

One hundred thirty F2:3 lines were evaluated in the greenhouse for their reaction to a

powdery mildew isolate in the springs of 2008 and 2009. Each experimental unit consisted of

two 10 cm pots planted with five seeds per pot. The parents were included at sixteen pot

intervals. Parental lines were also planted with five seeds per pot. A randomized complete

block with two replications over time was used.

Plants were inoculated at Feekes 1.3, three leaves unfolded, by shaking conidia of

powdery mildew isolate Ken 2-5 from leaves of infected Saluda plants onto the leaves of the

F2:3 plants and parents. The virulence/avirulence formula for the isolate Ken 2-5 is Pmlc,

Pm3a, Pm3b, Pm3c, Pm3e, Pm3f, Pm3g, Pm4a, Pmb5a, Pm5b, Pm6, Pm7, Pm9/Pmla, Pmlb,

Pmld, Pmle, Pm2, Pm3d, Pm4b, Pm5d, Pm8, Pm12, Pm16, Pm17, Pm21, Pm25, Pm34,

Pm35, Pm38.
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Seeds were planted in a mixture of Fafard 4P mix (Canadian Sphagnum Peat (40%),
processed pine bark, vermiculite, perlite) (Fafard, Agawam, MA) and soil in an approximate
60:40 ratio with three grams of Osmocote (14N:14P:14K) (The Scotts Company LLC)
fertilizer added to each 10 cm pot. Temperature was maintained at 16°C/20°C night and day,
respectively, and plants were watered at least once a day. After inoculation, watering was
done at the base of plants to avoid disturbing fungal growth on the leaf surface.

Lines and parents were rated approximately 10 to 14 days post inoculation when
Saluda plants showed uniform susceptible reactions throughout the experiment. The 0-9 scale
used to rate the plants was described by Leath and Heun (1990) and modified by Parks et al.
(2008). The ratings and criteria were as follows: 0 = no disease, 1 = faint speck, 2= chlorotic
lesion, 3= necrotic lesion, 4= 1% sign of mycelium, 5= 1-2 healthy pustules, 6= less than 20%
leaf are covered by pustules, 7= 20 to 50% leaf area coverage, 8= medium-large pustules
covering 50 to 90% of the leaf surface and 9 = fully compatible reaction between host and
pathogen covering 100% of the leaf area. Individual plants were scored and if all plants in a
family scored in the resistant or susceptible range, the line was scored as resistant or
susceptible, respectively. If a family had plants that were scored as both resistant and

susceptible, the line was classified as segregating.
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Markers and linkage analysis

DNA was extracted from leaf tissue of one hundred thirty F2 plants that were parents

to the F2:3 lines evaluated in field and greenhouse test described above. Extraction was done

using CTAB as described by Stein et al. (2001). Primer sequence data was collected from

Grain Genes (http://wheat.pw.usda.gov), published papers or collaborative agreements with

laboratories. All forward primers had an addition of the M13 sequence

(CACGACGTTGTAAAACGAC) for visualization purposes (Schulke, 2000). PCR reagents,

volumes and conditions were assembled, cycled and visualized as described in Miranda et al.

(20086).

Preliminary marker analysis was done using bulk segregant analysis (BSA). Using

data from phenotypic observations, DNA from 10 resistant and 10 susceptible families was

combined to make resistant and susceptible bulks, respectively. Markers mapped to the D-

genome were run on the resistant and susceptible bulks along with the parents Saluda and

NCD8. Markers that were monomorphic between the resistant parent NCD8 and the resistant

bulk but were polymorphic with the susceptible parent and susceptible bulk were then run on

all individuals in the population. Genotypic data were analyzed for linkage in

MAPMAKER/EXP (version 3.0b) (Lincoln et al. 1993) with default mapping functions.
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Additional markers in putative linked regions were evaluated for polymorphisms and linkage.

For dominant markers, a 3:1 ratio was expected, while a 1:2:1 ratio was expected for co-

dominant markers. A chi-square test (Snedecor and Cochran, 1956) was utilized to test the

observed with expected segregation ratios. Confirmation of chromosome location was done

using deletion and aneuploid stocks of ‘Chinese Spring” (CS), kindly provided by the Wheat

Genetic and Genomic Resources Center at Kansas State University. Besides the standard CS

cultivar, three lines with known segments of the 5DL chromosome missing, deletion line

5DL-5 (Fraction Length (FL) = 0.76) and 5DL-7 (FL = 0.29), plus the di-telosomic Dt5DL,

and the nullisomic 5D tetrasomic 5A, N5SDT5A, were utilized. DNA was extracted and run

with all markers used in linkage analysis. Markers used in mapping and a positive control

primer were run on CS, deletion and aneuploid lines and parental lines.

Allelism test

Linkage map results, discussed later, suggested the resistance gene in NCD8 was in a

similar chromosomal location as Pm34, identified in NCD7. Detached leaf tests were

performed to attempt to observe a difference in phenotypic reactions between NCD7 and

NCD8. As described by Parks et al. (2008), leaf segments were placed on benzimidazole
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amended 0.5% water agar at 50 mg/liter and placed in a growth chamber at 17°C with 12 h of
light. Conidia from infected leaves were used to inoculate the fresh leaves. A preliminary
screen of all 300 isolates in the NCSU/USDA-ARS small grains pathology isolate collection
was done by placing one leaf segment each of NCD7 and NCD8 on the routine isolate
transfer plate with segments of Chancellor, which has no effective genes for resistance to
wheat powdery mildew. From this screen, 12 isolates indicated possible differences in
virulence on NCD7 and NCD8 and a subsequent evaluation was done using four plates with
two leaf segments each of NCD8, NCD7 and Saluda, all surrounded by Chancellor.

Isolates previously showing virulence differences between NCD7 and NCD8 were
again screened. Three isolates used eight plates and one isolate used seven plates due to
limited inoculum. All plates had three leaf segments each of NCD7 and NCD8. All plates

were scored seven and eight days after inoculation.
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NC96BGTD2

Plant material

The powdery mildew resistant red winter wheat germplasm line NC96BGTD2 (PI
597349) was crossed to ‘Jagger’ (Pl 593688). The pedigree of the BCaFe-derived line
NC96BGTD2, hereafter referred to as NCD2, is Saluda*3/TA 2481 (Murphy et al., 1999).
TA 2481 is an Aegilops tauschii subsp. tauschii accession collected in Iran. NCD2 contains
the powdery mildew resistance gene Pm3a in addition to an additional unidentified resistance
gene. The susceptible parent for the mapping population was the cultivar Jagger, a hard red
winter wheat developed by the USDA-ARS and Kansas Agricultural Experiment Station
(Sears et al., 1997). The NCD2/Jagger F1 hybrid and its F> descendents were selfed to

produce F2:3 random families for evaluation in the field and greenhouse.

Field evaluation
One hundred thirty three F23 lines were evaluated for reaction to powdery mildew
during the springs of 2007 and 2010. The experimental design, growth conditions, scoring

timing and criteria were as described above for NCDS8.
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Markers and Linkage analysis

DNA was extracted from leaf tissue of one hundred thirty three F, plants that were

parents to the F2:3 lines evaluated above. Extraction, primer screening and analysis were done

as described above for NCDS8.

Confirmation of chromosomal location was done using deletion and aneuploid stocks

of ‘Chinese Spring’ (CS), kindly provided by the Wheat Genetic and Genomic Resources

Center at Kansas State University. Along with the standard CS cultivar, deletion line 7DS-4 (

FL= 0.61) and deletion like 7DS-5 (FL = 0.36), in addition to the di-telosomic Dt7DS,

nullisomic 7D, tetrasomic N7DT7A, and nullisomic 7DS tetrasomic 7BS N7DST7B lines

were run with all markers used in development of the linkage map and an additional primer,

Xwmc809, as a positive control.

Due to the lack of polymorphic SSR primers between the mapping parents, discussed

later, on the distal arm of the chromosome 7DL, other marker technology was explored to

more accurately map the powdery mildew resistance gene in NCD2. Luo et al. (2009)

showed SNPs had the ability to detect polymorphisms in Ae. tauschii, the D-genome

progenitor and source of the resistance gene in NCD2, not detected using SSRs. As a result,
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SNPs were the next tool of choice to better clarify the region in between the closest linked

marker and the resistance gene in NCD2.

The primer sequences came from one of two sources. One source was the wheat SNP

database that utilizes mapped expressed sequence tags (ESTs) that have sequences containing

known SNPs. Wheat ESTs are generally conserved among cultivars and even across related

species, but sequence polymorphisms will also be conserved (Zhang et al., 2005). Other

primer sequences were created from EST sequences identified from deletion bins and

matched using BLAST (http://blast.ncbi.nlm.mih.gov/Blast.cgi) to rice chromosome 6, which

has synteny to wheat chromosome 7DS (Luo et al. 2009).

PCR reactions contained 1X buffer with 1.5mM MgCI2, 200uM each dNTP (NEB), 1

pmol of each primer, 2X BSA (NEB), 0.5U Taq (NEB) and 100ng DNA in a 10ul final

volume. Reactions that produced poor amplification products were repeated, substituting 1X

Apex NH4 PCR buffer and 2mM MgClI; in the same final volume.

Amplifications were carried out as reported by Rampling et al. (2001) or as described

by Becher (2007) with the following modification: the initial denaturing step was reduced to

5 minutes. For some reactions, the number of cycles was increased to 35. Products were run

on 2% agarose gels and visualized with ethidium bromide. Reactions with clear, single
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bands were cleaned with the EXOSap-It PCR Clean-up kit (USB, Santa Clara, CA) following

the manufacturer’s instructions and directly sequenced by Genewiz (South Plainfield, NJ).
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RESULTS

NCD8
Greenhouse evaluations

The mean Saluda powdery mildew infection rating was 8 while the mean NCD8
rating was 2.3. The F2:3 lines in the greenhouse had individual plants rated as either resistant
or susceptible. Based on data from the 2008 and 2009 screenings in the greenhouse, 32 lines
were designated resistant, 73 segregating and 23 susceptible (Table 4). In an F2 population,
assuming single gene inheritance, a genotypic ratio of 1:2:1 resistant: heterozygous:

susceptible was expected. A y? value of 3.8 (p = .15) failed to reject this hypothesis.

Field evaluations

The 2009 screening had parental ratings of 5 for Saluda and 0 for NCD8. Also
screened were two lines containing genes that map to chromosome 5DS. Both Pm34 and
Pm35 had a rating of 0 in the 2008 and 2009 field evaluations. Based on combined data from
2008 and 2009, the F2:3 lines had 29 resistant lines, 72 segregating lines and 26 susceptible

lines. A x2value of 2.4 (p = 0.30) indicated single gene control of powdery mildew resistance
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(Table 4). Differences in the number of lines screened were due to limited seed. Field data

was used as phenotypic data for the marker analysis.

Markers and Linkage analysis

The DNA from 10 resistant individuals and 10 susceptible individuals were combined

to create resistant and susceptible bulks. These bulks were screened along with NCD8 and

Saluda with SSR primers from across the D-genome. In total, 86 markers were screened for

the BSA. From the 86 markers screened in the BSA, 12 primers were run on the individuals

in the bulked populations, along with the parents. Based on the results of the BSA and

screening of the individuals, other nearby markers were screened. Twenty-three markers

were found to be polymorphic between the resistant parent and progeny and the susceptible

parent and progeny.

The 23 polymorphic markers identified in BSA all mapped to 5D but many markers

also mapped to other chromosomes. Eleven of the primers mapped to loci on the A or B

genomes, but four primers mapped to four other chromosomes in the D-genome. The 23

polymorphic primers were then run on the individuals in the F2:3 population. Five markers

were identified as mapping to the resistance gene in NCD8 (Figure 1). Xbarc177 mapped
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14.8 centimorgans (cM) distal to, and Xgwm272 mapped 22.8 cM proximal to the powdery

mildew resistance gene in NCDS8.

A total of two dominant and three co-dominant markers on 5DL were linked to the

powdery mildew resistance gene in NCD8 (Table 5). Xbarc177 produced a 155bp band in

NCDS8 and resistant plants while Saluda, segregating and susceptible plants produced a

145bp band. Xgwm654 produced a 156bp band in NCD8 and resistant plants but no band in

Saluda, susceptible or segregating plants. Xwmc765 produced a 179bp band in Saluda and

190bp band in NCD8, and both bands were present in segregating plants. In NCD8,

Xgwm272 produces a 145bp band, while Saluda has a 160bp band and segregating plants had

both bands. Xwmc443 produced a 201bp band in Saluda and 178bp band in NCD8. All

markers segregated according to the expected 1:2:1 ratio if co-dominant or 1:3 ratio if

dominant (Table 5).

Of the five markers that link to the powdery mildew resistance gene in NCD8,

Xwmc765, Xgwm272, and Xgwm654 are linked only to chromosome 5D. Xbarc177 is also

linked to chromosome 3A, but since the resistance gene was transferred from Ae. tauschii

which only has the D-genome, the gene could not be on that chromosome. Xwmc443 is

30



linked to both 5D and 3D, but no other primers on 3D were linked to the powdery mildew

resistance gene.

The mapping primers and an additional positive control primer were run using the

Chinese Spring deletion series and further confirmed the location of the resistance gene and

the diagnostic bands. Xbarc177 produced a 170bp band in Chinese Spring, and Ditelosomic

5DL but the band was absent in deletion lines 5DL-5 and 5DL-7 and nullisomic 5D (N5D-

T5A) (Figure 2). This pattern was also true for the 200bp band produced with Xwmc765

(Figure 3), the 158bp produced by Xgwm272 (Figure 4) and the 219bp band produced by

Xwmc443 (Figure 5). This pattern would indicate the resistance gene and the markers linked

to it are distal to 5DL-7. To confirm that the DNA for all samples worked, Xwmc790, which

maps to chromosome 7A was run on all samples and produced bands in all lanes (Figure 6).

Allelism test

After one leaf segment each of NCD7 and NCD8 were inoculated with the collection

of 300 isolates of powdery mildew, 12 isolates were identified as potentially having different

virulence on the two germplasms. For all tests, scores below ‘5’ could have been due to

limited inoculum source on individual plates or leaves in addition to a resistant reaction.
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Multiple plates and leaves were tested to account for these potential errors. A second test

with three plates of two leaf segments each of NCD7 and NCD8 was conducted using the

aforementioned 12 isolates (Table 6). Isolates ‘AF2-2°, ‘AN1-4’, ‘KEN 4-1" and ‘Amigo-3’

showed similarities between NCD7 and NCDS. Isolates ‘W2-3°, ‘TRIB-2’, ‘AN2-2°, ‘AD4-

3’, ‘AN2-4’, ‘AK3-2’, and ‘KEN4-1’ had varied data, but no isolate gave clear indications of

a virulence difference between NCD7 and NCD8. ‘MCC-2’ was fully virulent on NCD8 and

intermediate on NCD7, but the actual scores show the ratings range between 4 and 6 for

NCD?7 and a consistent 7 for NCDS.

Four isolates were identified from previous studies as possibly showing differences

between NCD7 and NCD8 and were tested in higher replicated screenings. Three tests used

eight plates and one test used seven plates, all with three leaf segments each of NCD7 and

NCDS8 (Table 7). For isolates ‘Arapahoe’, ‘85063°, and ‘Flat 7-11°, NCD7 and NCDS

showed virulence similarities. ‘X4-5" produced ranking fluctuating between 5 and 8 for both

NCD7 and NCDS8.
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NCD2
Field evaluation

The 133 F2:3 families were evaluated in the field in 2007 and 2010. Field trials
showed 31 resistant, 71 segregating, and 31 susceptible families, a ¥* value of 0.609 (p =

0.737), consistent with the inheritance of a single gene.

Markers and linkage analysis

Ninety primers mapping to the D-genome were screened on the parents NCD2 and
Jagger. Forty one primers were polymorphic between the parents and were analyzed
subsequently using BSA. Seventeen primers were evaluated on the individuals in the bulked
populations. Ten markers linked to the resistance gene in NCD2 mapped on chromosome
7DS (Figure 7). No markers were found to map distal to the resistance gene. Xwmc506
mapped 30.9cM proximal to the powdery mildew resistance gene (Figure 7). Seven co-
dominant and three dominant markers were linked to the resistance gene in NCD2 (Table 8).

The co-dominant markers produced both the parental bands in the segregating lines.
Xwmc506 produced a 250bp band in Jagger and 228bp band in NCD2. Xgwm111 produced a

220 bp band in NCD2 and a 200 bp band in Jagger. Xcslv34 produced a 160bp band in Jagger
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and 125bp band in NCD2. Xbarc92 produced a 164bp band in NCD2 and 168bp band in
Jagger. Xbarc154 produced bands of 250 and 242 bp in Jagger and 253 and 244 bp in NCD2.

All of the dominant markers mapping to the resistance gene in NCD2 identified the
homozygous susceptible lines from the segregating and homozygous resistant lines.
Xgpw1142 produced a 117bp band in both parents, but NCD2 and resistant, and segregating
lines produced an additional 169bp band. Xcfd41 also produced multiple bands for both
parents, but while all samples had bands at 200 and 204bp, NCD2 had a 206bp band present
in resistant and segregating lines. Xcfd31 produced a 241 bp band in Jagger but multiple
bands in NCD2, resistant, and segregating lines, including a 244bp band. No marker deviated
from the expected 1:2:1 segregation ratio (Table 8). Only one marker distal to the mapped
location of the powdery mildew resistance gene in NCD2 was polymorphic but failed to pass
the ? test after screening the individuals used for the bulked populations.

The two markers closest to the resistance gene, Xwmc506 and Xgwm111 were
screened on Chinese Spring, deletion lines 7DS 4 (FL = 0.61) and 7DS 5 (FL = 0.36),
Ditelosomic 7DS (Dt7DS), Nullisomic 7D (N7D-T7B), NCD1, NCD2, Jagger and Saluda. A
151bp band produced by Xgwm111 (Figure 8) and 234bp band produced by Xwmc506

(Figure 9) appeared in Chinese Spring and Dt7DS but not the deletion lines 7DS 4 and 7DS 5
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or N7D-T7B. The positive control Xwmc809, which maps to chromosome 7A, produced a

180bp band in Chinese Spring and all derived lines (Figure 10). This places the markers in

the distal 39% of the chromosome arm.

The distal end of chromosome 7DS is not as SSR-rich as other regions of the

chromosome, and 17 primers in this region were not polymorphic between the parents. Seven

primers were polymorphic between the parents but not between the susceptible and resistant

plants when run on all 133 F» individuals. Two primers on chromosome 7DS were

polymorphic, but failed the Chi-square test, and six primers did not map. No markers distal to

the wheat powdery mildew resistance gene in NCD2 were linked to the gene. The consensus

SSR map by Somers et al. (2004) places only one SSR beyond Xgwm506. Xgwm350 was not

polymorphic between NCD2 and Jagger. Additionally, published markers for Pm genes in

recent publications such as Maxwell et al. (2009; 2010) and Miranda et al. (2008) identified

SSR markers under 10cM while the closest marker linked to NCD2 was 30.9 cM away.

These results led to mapping efforts with SNPs.

Thirty-eight SNP primers were run on NCD2 and Jagger using the three programs

detailed above. If only one parent produced a band with standard buffer, the reaction was

redone with both parents with the alternate buffer. A total of 24 SNP primers produced bands
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in both parents. The product was cleaned up and sequenced. Sequences were analyzed but no
SNPs were identified between NCD2 and Jagger.

Further testing of the primers showed four primers thought to amplify only on
chromosome 7D had bands present when run on deletion N7Dt7B line. Furthermore, seven
more primers amplified bands in the Dt-7DS line, missing the short arm of the 7D
chromosome, the region of interest in the studies. Twelve primers amplified bands on 7DS in

the regions of interest.

36



DISCUSSION

NCD8

Inheritance patterns of the powdery mildew resistance in NCD8, both in the field
environment and greenhouse, indicated a single gene controls the trait. When exposed to
natural epidemics, the germplasm line is still effective against North Carolina isolates of
powdery mildew. This indicates that using the resistance gene in NCD8 would be useful in
breeding efforts to diversify the sources of resistance and in pyramiding multiple sources of
resistance. The use of resistance gene pyramids would increase the selection pressure on the
pathogen with the intention that a set of resistance genes would have greater durability.

The resistance gene in NCD8 mapped to chromosome 5DL, flanked by SSR markers
Xwmc765, Xbarcl77, Xgwm272, and Xwmc443, which were found in the same orientation by
Miranda et al (2006) when mapping Pm34. Efforts to differentiate the genes using molecular
markers have thus far proven unsuccessful. The D genome sequence will soon be completed,
and that may allow further markers to be created and refine the relationship between Pm34
and the resistance gene in NCD8. The chromosomal locations of Xwm765, Xbarc177,
Xgwm272 and Xwmc443 were verified using the Chinese Spring deletion lines 5DL 5, 5DL 7

and 5DL 1, nullitetrasomic (N5D-T5A) and ditelosomic (Dt5DL) lines.
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Through evaluation of F2:3 families, field and greenhouse studies suggested the

resistance gene exhibited characteristics of a single powdery mildew resistance gene in

NCD8. Linkage results using F2 DNA map the resistance gene NCDS8 to the long arm of

wheat chromosome 5D. Also located on this chromosome with shared flanking markers is

Pm34. Efforts to differentiate the two genes through detached leaf tests showed no consistent

differences between the two genes.
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NCD2

The powdery mildew resistance gene in NCD2, based on field evaluations of F2:3

lines, appears to be a controlled by a single gene. Since being introduced in 1999, NCD2 has

been grown in a field setting across North Carolina and exposed to the ephemeral, dynamic,

annual powdery mildew epidemics, and still demonstrates resistance to natural North

Carolina isolates. The continued efficacy of the resistance gene in NCD2 makes it a

candidate for pyramiding with other effective powdery mildew resistance genes.

Four other published powdery mildew resistance genes have been identified on

chromosome 7D. My results linked the resistance gene in NCD2 to Pm38, also located on

7DL, but Pm38 is an adult plant resistance gene (Spielmeyer et al, 2005), whereas NCD2 is

effective in the seedling stage. Pm15 was also placed on 7D using monosomic analysis, but

found to be on the short arm of the chromosome and ineffective against wheat powdery

mildew (Tosa and Sakai, 1990). Pm19 was also identified on 7D using monosomic analysis

(Lutz et al., 1995) but tests have found it to be ineffective against North Carolina isolates.

Finally, Pm29 was assigned to the long arm of 7D, but was transferred from Ae. ovata

whereas the resistance gene in NCD2 was transferred from Ae. tauschii.
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The location of the mapping primers Xwmc605 and Xgwm111 were verified using

Chinese Spring, deletion lines 7DS-4 and 7DS-5, ditelosomic 7DS (Dt7DS), and nullisomic

7D (N7D-T7B).

Efforts to map the resistance gene closer than the final 30cM were highly stymied.

The main reason was the lack of polymorphic markers at the distal end of the 7DS

chromosome between the two mapping parents. If this project were to be attempted again,

finding a susceptible parent with a higher rate of polymorphisms in the mapping area would

be a key change to make. Additionally, Fardis et al., (1998) found that on the short arm of

chromosome 7D in Ae. tauschii, there is a locus that induces segregation distortion. A

number of SSR markers in the mapping region were found to be polymorphic but failed to

segregate according to the expected Mendelian 1:2:1 resistant: heterozygous: susceptible

ratio.

The use of SNP primers to more accurately map the resistance gene in NCD2 led to

no viable primers. A separate study mapped the resistance gene in NCD1 in the same region.

KASPar primers that detected SNPs in the region failed to map to the established SSR map.

The sequences from which the KASPar primers were created were run through BLAST to

ensure no other regions would amplify, but still the KASPar primers would only map to each
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other, not any other loci in the 7D region. There is also a question of the specificity of the

SNP primers used for both studies. Eleven of the 44 primers used were found, using the

Chinese Spring deletion bins, to amplify regions other than those listed in their published

maps. This data, along with the sequence data amplified from these studies, will be deposited

back to the wheat SNP database.

Evaluation of the F.:3 families in field and greenhouse trials suggested the resistance

gene in NCD2 exhibited characteristics of a single gene. Linkage results using F2 DNA map

the resistance gene to the long arm of chromosome 7D.
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Table 1. Powdery mildew resistance loci and alleles, chromosomal location, and source
of the resistance gene (Cowger et al., 2010).

Locus and alleles Chromosome Location  Source

Pmla TAL T. aestivum

Pmlb TAL T. monococcum

Pmilc TAL T. aestivum

Pmld TAL T. aestivum subsp. spelta
Pmle (Pm22) TAL T. aestivum

Pm2 5DS T. aestivum/Ae.tauschii
Pm3a 1AS T. aestivum

Pm3b 1AS T. aestivum

Pm3c 1AS T. aestivum

Pm3d 1AS T. aestivum

Pm3e 1AS T. aestivum

Pm3f 1AS T. aestivum

Pm3g 1AS T. aestivum

Pmda 2AL T. turgidum subsp. dicoccum
Pm4b 2AL T. turgidum subsp. carthlicum
Pm4c (formerly Pm23) 2AL T. aestivum

Pmba 7BL T. turgidum subsp. dicoccum
Pm5b 7BL T. aestivum

Pm5c 7BL T. aestivum subsp. sphaerococcum
Pm5d 7BL T. aestivum

Pmb5e 7BL T. aestivum

mixbd (Pm5 allele) 7BL T. aestivum

Pm6 2B T. timopheevii

Pm7 4BS.4BL-2RL S. cereale

Pm8 1BL.1RS S. cereale

Pm9 TA T. aestivum

Pm10 1D T. aestivum

Pmil 6BS T. aestivum

Pm12 6BS Ae. speltoides

Pm13 3BL.3BS-3S Ae. longissima
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Table 1. Continued
Pm14
Pm15
Pm16*
Pm17
Pm18
Pm19
Pm20
Pm21
Pm24
Pm25
Pm26
Pm27
Pm28
Pm29
Pm30
Pm31
Pm32
Pm33
MIRD30
MlZec
MIRE
PmuU
Pm34
Pm35
Pm36
Pm37
Pm38
Pm39
Pm40
Pm41l
pm42
Pm43

6B

7DS

4A
1AL.1IRS
TA

7D
6BS.6RL
6VS.6AL
1D

1A

2BS
6B-6G
1B

7DL

5BS

6AL
T1BL.1SS
2BL
TAL
2BL
6AL
TAL
DS

5DS

SBL
TAL
7DS

3AS

7BS

3BL

2BS

2DL

T. aestivum

T. aestivum

T. turgidum subsp. dicoccoides
S. cereale

T. aestivum

Ae. tauscii

S. cereale

Haynaldia villosa

T. aestivum

T. monococcum subsp. aegilopoides

T. tugridum subsp. dicoccoides
T. timopheevii

T. aestivum

Ae. ovata

T. turgidum subsp. dicoccoides
T. turgidum subsp. dicoccoides
Ae. speltoides

T. urartu

T. aestivum

T. turgidum subsp. dicoccoides
T. tugridum subsp. dicoccum
T. urartu

Ae. tauschii

Ae. tauschii

T. turgidum

T. timopheevii

‘Saar’

‘Saar’

Elytrigia intermedium

T. turgidum subsp. dicoccoides
T. turgidum subsp. dicoccoides
Thinopyrum intermedium
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Table 2: Summary of sources for Pm resistance genes by genus, species, gene pool and
number of genes contributed (Cowger et al., 2010)

Number of

Contributor Gene Pool (1°, 2°, genes
Genus Contributor Species 3°) contributed
Triticum aestivum subsp. aestivum 1° 25
Triticum monococcum subsp. 1° 6

monococcum
Triticum turgidum subsp. dicoccum 1° 3
Triticum turgidum subsp. carthlicum 1° 3

aestivum subsp.
Triticum sphaerococcum 1° 1
Triticum turgidum subsp. durum 1° 1
Triticum turgidum var. dicoccoides 1° 11
Aegilops tauschii 1° 6
Aegilops speltoides 2° 2
Aegilops longissima 2° 1

timopheevii subsp.
Triticum timopheevii 2° 5
Aegilops uratu 3° 1
Aegilops ovata 3° 1
Secale cereale 3° 4
Haynaldia villosa 3° 1
Elytrigia intermedium 3° 1
Thinopyrum  intermedium 3° 1
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Table 3: NCSU powdery mildew resistant germplasm lines, pedigree, resistance donor, chromosomal location, named

Pm genes and closest identified markers

Chromosome Pm gene
Germplasm Line Pedigree Source of resistance  Location named Closest Marker(s)
Triticum
?INCSXE)GTA4 Saluda*3/P1221414 monococcum subsp. Flanked by Xbarc292 and
monococcum TAL Xwmcbh25

NCI96BGTAS T. monococcum

Saluda*3/P1427662 . .
(NCAS) subsp.aegilopoides 1AS Pm25 (RAPD) OPA6049s0
NC96BGTAG Saluda*3/P1427772 T. monococcum *near Pml Xcfa2019, flanked by Xbarc121
(NCA®6) subsp.aegilopoides 7AL complex and Xgwm332
NC96BGTD1 * Aegilops tauschii Flanked by Xgwm111land
(NCD1) Saluda*3/TA2570 subsp. tauschii 7DS Xgdm88
NC96BGTD2 * Ae tauschii subsp. discussed in this
(NCD2) Saluda*3/TA2481 tauschii work
NC96BGTD3 Ae tauschii subsp.

Saluda*3/TA2377
(NCD3) strangulata 5DL Pm35 Xcfd26
NC97BGTD7 - Ae. tauschii subsp. Flanked by Xbarc177 and
(NCD7) Saluda”3/TA2492 tauschii 5DL Pm34 Xbarc144
NC97BGTDS8 - Ae. tauschii subsp. discussed in this
(NCD8) Saluda”3/TA2466 tauschii work
NC97BGTAB9 * T. turgidum subsp.
(NCABY) Saluda*2//Cando/P1471735 dicoccoides unknown
NC97BGTAB10 T. turgidum subsp.

Saluda*3//Ward/P1471746 ; -
(NCAB10) dicoccoides 2BL MIAB10 Xwmc445
NC99BGTAG11 Saluda*3/P1427315 T. tlmqphevn subsp. Flanked by Xwmc790 and
(NCAG11) armeniacum 7AL Pm37 Xgwm332
NCO06BGTAG12 Saluda*3/P1538457 T. tlmqphevu subsp. Flanked by Xwmc273 and
(NCAG12) armeniacum 7AL MIAG12 Xwmc346
NCO6BGTAG13 * T. timophevii subsp.
(NCAG13) Saluda*3/P1427442 armeniacum
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Table 4. Segregation ratios for powdery mildew reaction of Fz:3 lines from the
NCD8/Saluda wheat population evaluated in greenhouse and field tests.

Number of F2:3 lines

2

X
Test Resistant Segregating Susceptible (1:2:1) P-value
Greenhouse 32 73 23 3.8 0.15
Field 29 72 26 2.4 0.30
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Table 5. Segregation ratios for SSR markers linked to the powdery mildew resistance gene
in NCD8 evaluated in the NCD8/Saluda wheat population in mapping order. “A” is the

allele in the resistant parent and “B” is the allele of the susceptible parent.

Co-dominant marker Dominant marker
P-
Primer Name A(AA) H(AB) B (BB) A C (not AA) %2 Value
Xwmc765 27 78 22 7.02 0.53
Xbarcl177 34 87 0.62 0.43
Xgwm272 33 67 21 3.77 0.15
Xwmc443 30 57 26 0.29 0.86
Xgwm654 35 85 1.11 0.29
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Table 6: NCD7 and NCD8 detached leaf replicated screening results where 12 isolates of
three plates with three leaf segments of NCD7 and NCD8 were each inoculated. A 0 to 4
rating is resistant, 5 or 6 rating is intermediate, and 7 to 9 rating is susceptible.

Isolate
MCC-2 AMIGO-3 ADA4-3
Leaf Samples Plate1 Plate2 Plate3 Platel Plate2 Plate3 Plate1 Plate2 Plate3
Chancellor 8 8 8 8 5 8 7 5 8
NCD7 4 6 6 5 5 5 4 4 8
NCD7 4 6 6 6 5 6 4 4 8
NCD7 4 6 6 6 6 2 4 6 7
NCDS8 7 7 7 6 5 6 6 7 7
NCDS8 7 7 7 6 5 5 5 7 7
NCDS8 7 7 7 6 5 4 5 7 7
Chancellor 8 8 8 8 7 7 7 8 7
X3-6 W2-3 TRIB-2
Plate 1 Plate2 Plate3 Platel Plate2 Plate3 Platel Plate2 Plate3
Chancellor 7 7 8 8 8 8 7 8 7
NCD7 7 5 6 6 6 6 4 6 4
NCD7 7 5 6 7 2 6 5 7 4
NCD7 7 5 6 7 7 6 5 4 4
NCDS8 8 7 8 7 7 7 5 6 6
NCDS8 7 7 8 7 7 6 5 7 6
NCDS8 7 7 8 7 7 6 5 7 5
Chancellor 7 8 7 8 8 8 7 7 7
AN2-4 KEN-4-1 AN1-4
Plate 1 Plate2 Plate3 Platel Plate2 Plate3 Platel Plate2 Plate3
Chancellor 7 8 8 6 4 6 7 7 7
NCD7 5 7 7 6 6 6 7 7 7
NCD7 5 6 6 6 6 6 7 2 7
NCD7 5 6 6 6 6 7 7 7 7
NCDS8 6 6 6 6 6 7 7 7 7
NCDS8 6 7 7 6 6 7 7 7 7
NCDS8 6 6 7 6 6 6 7 7 7
Chancellor 7 8 8 6 6 7 7 7 7
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Table 6,

Continued AF2-2 AN2-2 AK3-2
Plate 1 Plate2 Plate3 Platel Plate2 Plate3 Platel Plate2 Plate3

Chancellor 7 7 7 7 8 8 7 8 8
NCD7 7 7 7 6 6 8 6 6 4
NCD7 7 7 2 6 6 4 5 5 2
NCD7 7 7 7 5 7 7 7 5 4
NCDS8 7 7 7 7 7 7 7 5 6
NCDS8 7 7 7 7 6 7 6 5 5
NCD8 7 7 7 7 6 7 7 6 5
Chancellor 7 7 7 8 8 8 8 7 7
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Table 7: NCD7 and NCD8 detached leaf replicated screening results where three isolates of
eight plates and one isolate of seven plates with three leaf segments of NCD7 and NCD8
were each inoculated. A 0 to 4 rating is resistant, 5 or 6 rating is intermediate, and 7 to 9
rating is susceptible.

Isolate
85063

Leaf

Plate 1 Plate2 Plate3 Plate4 Plate5 Plate6 Plate7 Plate8
Samples
Chancellor 8 7 8 8 8 8 8 7
NCD7 6 5 6 6 6 5 5 5
NCD7 6 5 0 6 4 6 6 6
NCD7 6 6 5 5 5 5 4 6
NCD8 6 5 5 6 4 6 4 6
NCD8 6 4 6 5 6 5 5 6
NCD8 6 5 5 6 4 6 4 5
Saluda 8 8 8 8 8 8 7 8

Arapahoe

Plate1 Plate2 Plate3 Plate4 Plate5 Plate6 Plate7 Plate8
Chancellor 8 8 8 8 8 8 8 7
NCD7 6 5 6 6 5 6 6 6
NCD7 7 7 6 6 6 5 6 6
NCD7 7 6 6 5 5 6 6 6
NCD8 6 6 6 6 6 5 6 5
NCD8 7 6 0 5 6 6 6 6
NCD8 6 6 5 6 6 6 6 7
Saluda 8 8 8 8 8 8 8 8

Flat7-11

Plate 1 Plate2 Plate3 Plate4 Plate5 Plate6 Plate7
Chancellor 8 8 7 8 8 8 8
NCD7 7 5 6 5 5 5 6
NCD7 6 6 6 5 6 5 6
NCD7 6 6 6 5 0 6 6
NCD8 6 4 6 5 6 6 5
NCD8 6 6 6 5 6 6 5
NCD8 5 6 4 6 5 0 6
Saluda 8 8 8 8 8 6 8
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Table 7, X4-5

Continued
Plate 1 Plate2 Plate3 Plate4 Plate5 Plate6 Plate7 Plate8

Chancellor 8 8 8 8 8 8 8 8
NCD7 7 6 6 7 7 5 5 6
NCD7 5 6 7 6 6 5 6 7
NCD7 5 6 8 7 6 6 6 7
NCD8 5 7 7 7 7 6 6 7
NCD8 6 7 7 7 7 5 7 7
NCD8 5 7 7 7 6 6 8 7
Saluda 8 8 7 8 8 8 8 8
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Table 8: Segregation ratios for SSR markers linked to the powdery mildew resistance gene
in NCD?2 evaluated in the NCD2/Jagger wheat population in mapping order. “A” is the

allele in the resistant parent and “B” is the allele of the susceptible parent.
Co-dominant marker

Dominant marker

Primer

Name A (AA) H (AB) B (BB) B D (not BB) %2 P-Value
Xwmc506 36 76 37 0.07 0.96
Xgwm11l 47 67 36 3.32 0.19
Xgpwl1142 43 111 0.70 0.40
Xcfd41l 33 112 0.39 0.53
Xcfd31 34 117 0.50 0.48
Xcslv34 35 65 28 0.80 0.67
Xbarc92 39 77 37 0.06 0.97
Xbarc154 23 73 38 4.43 0.11
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Figure 1. Left figure is the mapped positions of the powdery mildew resistance gene in
NCD8 on chromosome 5DL. Right map is the mapping positions of Pm34 on chromosome
5DL as published in Miranda et al. (2006). Marker names are on the right and distances
between loci are in centimorgans (cM) on the left.
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Figure 2. Chromosomal localization of Microsatellite marker Xbarc177: PCR products
observed in Chinese Spring (C.S.), Ditelosomic 5DL (Dt5DL), NCD8, Pm34, and Saluda.
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Figure 3. Chromosomal localization of Microsatellite marker Xwmc765: PCR products
observed in Chinese Spring (C.S.), deletion line 5DL-7 (FL = 0.29), Ditelosomic 5DL
(Dt5DL), NCD8, Pm34, and Saluda.
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Figure 4. Chromosomal localization of Microsatellite marker Xgwm272: PCR products
observed at 158bp in Chinese Spring (C.S.), and Ditelosomic 5DL (Dt5DL).
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Figure 5. Chromosomal localization of Microsatellite marker Xwmc443: PCR product at
219bp observed in Chinese Spring (C.S.), Ditelosomic 5DL (Dt5DL), and other sizes in
NCD8, Pm34, and Saluda.
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Figure 6. Positive control of Chinese Spring aneuploid and deletion lines with microsatellite
marker Xwmc790, which maps to chromosome 7A: PCR products observed in Chinese
Spring (C.S.), deletion lines 5DL-5 (FL = 0.76), 5DL-7 (FL= 0.29), Nullisomic 5D (N5D-
T5A), Ditelosomic 5DL (Dt5DL), NCD8, Pm34, and Saluda.
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Figure 7. Map positions of the wheat powdery mildew resistance gene in NCD2 on
chromosome 7DS. Marker names are on the right with the distances in centimorgans (cM)
between loci on the left.
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Figure 8. Chromosomal localization of Microsatellite marker Xgwm111: PCR products at
151 bp observed in Chinese Spring (C.S.), Ditelosomic 7DS (Dt7DS), NCD1, NCD2 and
Saluda.

C.S
= TDS 4
= 7DSS5
Dt7DS
= N7DS-T7B
= NCDI
= NCD2

- Jagger
- Saluda

70



Figure 9. Chromosomal localization of Microsatellite marker Xwmc506: PCR products at
234 bp observed in Chinese Spring (C.S.), Ditelosomic 7DS (Dt7DS), and NCD2.
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Figure 10. Positive control of Chinese Spring aneuploid and deletion lines with
microsatellite marker Xwmc809, which maps to chromosome 7A: PCR products observed
in Chinese Spring (C.S.), deletion lines 7DS-4 (FL = 0.61) and 7DS-5 (FL=0.36),
Ditelosomic 7DS (Dt7DS), Nullisomic 7D (N7D-T7B), NCD1, NCD2, Jagger and Saluda.
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