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Abstract Hypersensitive, race specific genes

primarily have been deployed to control powdery

mildew (Blumeria graminis (DC) EO Speer f. sp.

tritici) in wheat (Triticum aestivum L.); however,

recent efforts have shifted to breeding for more

durable resistance. Previously, three quantitative

trait loci (QTL) for adult plant resistance (APR)

to powdery mildew in the winter wheat cultivar

Massey were identified in a Becker/Massey (BM)

F2:3 population. Fourteen new simple sequence

repeat (SSR) markers were added to the pre-

existing BM F2:3 linkage maps near the QTL for

APR on chromosomes 1BL (QPm.vt-1BL), 2AL

(QPm.vt-2AL), and 2BL (QPm.vt-2BL). Genetic

linkage maps comprised of 17 previously and

newly mapped SSRs from the BM population

on chromosomes 1BL, 2AL, and 2BL were

constructed in a USG 3209/Jaypee (UJ) F6:7

recombinant inbred line (RIL) confirmation pop-

ulation, wherein the APR resistance of USG 3209

was derived from Massey. Interval mapping

analysis of mildew severity data collected in

2002 (F5:6) and 2003 (F6:7) field experiments with

marker genotypic data obtained in 2003 (F6:7)

confirmed the presence of the three QTL gov-

erning APR to powdery mildew in the UJ RILs.

The QTL QPm.vt-1BL, QPm.vt-2AL, and

QPm.vt-2BL explained 12–13, 59–69, and 22–

48% of the phenotypic variance for powdery

mildew severity in the UJ confirmation popula-

tions, respectively, in two field experiments. The

current study verified that the elite wheat cultivar

USG 3209 possesses the same QTL for APR as its

parent Massey.

Keywords Triticum aestivum � Microsatellites �
Partial resistance � Blumeria graminis � Erysiphe

graminis

Introduction

Powdery mildew, caused by Blumeria graminis

(DC) EO Speer f. sp. tritici, is one of the most

devastating diseases of common wheat (Triticum

aestivum L.). Yield losses ranging from 16 to

34% have been reported in the United States

(Johnson et al. 1979; Kingsland 1982; Leath and

Bowen 1989; Griffey et al. 1993). Utilization of
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resistant cultivars has provided the most eco-

nomical and efficient control of the disease

(Bennett 1984). To date, 35 major gene, race-

specific loci, designated Pm1-Pm35, as well as

other non-characterized resistance genes have

been reported to confer resistance to powdery

mildew in wheat (McIntosh et al. 1998; Hsam

et al. 2003; Singrun et al. 2003; Huang and

Röder 2004). These genes confer complete

resistance to the pathogen throughout the life

cycle of the host. However, this resistance is

ephemeral and generally has been overcome by

rapidly changing, dynamic powdery mildew

populations (Roberts and Calwell 1970; Shaner

1973).

Some wheat cultivars exhibit resistance that

delays infection and reduces growth of the path-

ogen, rather than conferring immunity or com-

plete resistance. This form of resistance has been

termed ‘‘slow mildewing’’ (Roberts and Calwell

1970), ‘‘adult plant resistance’’ (APR) (Gustafon

and Shaner 1982), or ‘‘partial resistance’’ (Hautea

et al. 1987). APR is more durable than that

conferred by race-specific major genes, but it is

difficult to assess in field conditions due to its

quantitative nature (Gustafon and Shaner 1982).

Quantitative trait loci (QTL) linked to APR for

powdery mildew in wheat cultivars Forno (Keller

et al. 1999), Massey (Liu et al. 2001), and RE714

(Chantret et al. 2000, 2001; Mingeot et al. 2002)

have been mapped using simple sequence repeats

(SSRs) and restriction fragment length polymor-

phisms (RFLPs).

Simple sequence repeats have become the

marker system of choice in wheat because they

are highly polymorphic and genome specific.

Current coverage of genetic maps is sufficient

for densely saturating QTL regions (Röder et al.

1995, 1998; Somers et al. 2004). Utilization of

SSRs, known to be associated with QTL for APR,

could potentially provide an approach for imple-

menting routine marker-assisted selection (MAS)

of resistant plants in segregating breeding popu-

lations. However, use of molecular markers,

particularly for quantitative traits, has had limited

practical impact in plant breeding programs to

date.

Successful application of molecular markers

for MAS in plant breeding depends on the

availability of markers that have been validated

in different genetic backgrounds and are associ-

ated with well characterized and verified QTL

effects (Langridge and Chalmers 1998; Li et al.

2001; Fasoula et al. 2003). Several studies iden-

tified QTL with major effects for APR to pow-

dery mildew that were not consistent across

environments (Keller et al. 1999; Mingeot et al.

2002). Validation of QTL for APR to powdery

mildew in additional breeding or confirmation

populations will assist breeders in developing

effective MAS strategies.

Massey, a derivative of Knox 62 (Shaner

1973), has retained effective powdery mildew

resistance since its release in 1981 (Starling

et al. 1984). Previous conventional genetic and

molecular mapping studies reported that APR

in Massey was conferred by three QTL with

moderate to high heritabilities (Griffey and Das

1994; Liu et al. 2001). The three QTL were

mapped to wheat chromosomes 1BL, 2AL, and

2BL and explained 17, 29, and 11% of the

variation for powdery mildew severity, respec-

tively, in a Becker/Massey (BM) F2:3 popula-

tion. Presence and contribution of the three

QTL to APR were validated in a set of

recombinant inbred lines (RILs) derived from

the BM cross over a 3-year period (Liu et al.

2001).

Objectives of this current study were to: (1)

identify and map additional SSRs in the BM F2:3

population near the three QTL regions, (2)

validate and map SSRs associated with QTL for

APR in cultivar Massey in the confirmation

population, USG 3209/Jaypee (UJ), and (3)

examine the effect of QTL conferring APR

and the potential contribution of defeated race-

specific genes possessed by USG 3209 on pow-

dery mildew resistance in the UJ population.

The UJ breeding population was selected for

this study because the APR of USG 3209

putatively was derived from Massey and USG

3209 is a modern, widely grown commercial

cultivar. Effects of the three QTL on APR to

powdery mildew, assuming that USG 3209

contains all three QTL from Massey, in a

different genetic background was evaluated to

determine the feasibility of implementing a

MAS breeding program for APR.
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Materials and Methods

Original mapping population

DNA from 180 previously developed F2:3 lines,

derived from the BM cross (Liu et al. 2001) was

used in mapping new SSR markers to saturate

QTL regions responsible for APR to powdery

mildew. Massey (CItr17953) has long exhibited

durable powdery mildew resistance and is known

to possess APR. Becker (PI494524) does not

possess any known genes for powdery mildew

resistance and is highly susceptible to powdery

mildew populations in the US mid-Atlantic

region.

Confirmation population development

Previously mapped and newly added SSR mark-

ers in the BM F2:3 population were assayed for

polymorphism in the UJ RIL confirmation pop-

ulation. USG 3209 (PI617055) was derived from

the cross Saluda/4/Massey * 2/3/Massey * 3/Bal-

kan//Saluda (Purdy et al. 1972). Preliminary

seedling disease reaction tests, conducted using

differential isolates of B. graminis (Niewoehner

and Leath 1998) at the USDA-ARS Plant

Research Unit in Raleigh, NC, USA confirmed

that USG 3209 possesses Pm8 (from Balkan), and

other unidentified genes for seedling mildew

resistance. Balkan still remains highly resistant

to mildew populations in the mid-Atlantic region

where virulence to Pm8 is widespread (Niewoeh-

ner and Leath 1998) suggesting that the cultivar

may carry additional unidentified race-specific

resistance genes. Saluda possesses Pm3a for

which virulence is prevalent in the mid-Atlantic

region (Niewoehner and Leath 1998), while

Massey does not possess any known race-specific

resistance genes. Jaypee (PI592760), derived from

a cross between Arthur 6 and AR39-3 (Double-

crop//Forlani/Garibaldo), is moderately suscepti-

ble to B. graminis populations prevalent in the

mid-Atlantic region.

The UJ RIL population was initiated by

crossing USG 3209 and Jaypee during the 1997

spring greenhouse season. The population was

planted yearly and advanced to the F4 generation

via a modified bulk breeding method, used in our

cultivar development program. Briefly, the F2 and

F3 generations were grown in 20.8 m2 blocks at

Blacksburg and Warsaw, VA, from which spikes,

selected at both locations solely on the basis of

desirable plant type, were harvested, threshed in

bulk and used as a source of seed in subsequent

generations. In the F4 generation, 293 spikes were

selected arbitrarily, harvested, and threshed sep-

arately to develop 293 individual RILs, which

were planted in 1.4 m rows at Warsaw during fall

2001. Subsequent generations (F5–F8) were ad-

vanced yearly by selecting a single spike from

each RIL head row and planting it at Warsaw the

following growing season.

Plant tissue was collected in the field from each

F6:7 UJ RIL row. A 5 cm leaf section was cut from

10 to 15 plants within each row and bulked. DNA

was extracted as described by Saghai Maroof

et al. (1984). DNA integrity was determined by

running undigested DNA in a 0.8% agarose gel

followed by staining with ethidium bromide

(EtBr) and visualizing under ultraviolet (UV)

light.

Microsatellite analysis

Sixty-eight newly identified SSRs located near the

three QTL associated with APR to powdery

mildew in the BM population were obtained from

the following sources: Xwmc (Gupta et al. 2003),

Xgwm (Röder et al. 1998), Xbarc (Song et al.

2002), Xcfd (Sourdille et al. 2003), Xcfa (Guyo-

marćh et al. 2002), Xksum (Yu et al. 2004), and

Xpsp (Bryan et al. 1997; Stephenson et al. 1998).

Markers polymorphic between Becker and Mas-

sey were added to the pre-existing BM genetic

map (Liu et al. 2001).

PCR reactions for SSR assay were performed

in a total volume of 10 ll in a Perkin Elmer 9700

(Perkin Elmer, Norwalk, CN, USA) thermal

cycler. The initial denaturing step, 4 min at

94�C, was followed by 32 or 40 cycles (depending

on the primer pair) of 0.5 min at 95�C, 1 min at

either 50, 55, or 60�C (depending on the primer

pair), 1 min at 73�C, and then by a final extension

step for 5 min at 73�C. The reaction mixture and

polyacrylamide gel electrophoresis were per-

formed as described by Saghai Maroof et al.

(1994).
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Microsatellite primer pair SCM09 was used to

detect the presence of the 1BL.1RS translocation

(Saal and Wricke 1999). DNA from 290 F8:9 UJ

RILs (three lines were lost in the advancement of

population) was extracted as described above for

the marker assay. PCR were performed in 12 ll

volumes and included 2.0 ll of genomic DNA,

1.2 ll of 10 · PCR buffer with magnesium chlo-

ride, 0.96 ll of 10 mM dNTPs, 0.18 ll of Taq

DNA polymerase (5 U/ll), 5.26 ll of sterile

molecular grade water, 1.0 ll of each 10 lM

forward and reverse primer. The forward primer

was modified on the 5¢ ends to include a 6-FAM

fluorescent label. Reactions were carried out in a

PTC-200 Thermal Cycler (MJ Research, Water-

town, MA, USA). The PCR products were

resolved in an ABI Prism 3130XL Genetic

Analyzer (Applied Biosystems, Foster City, CA,

USA) with GeneScan-500 LIZ as an internal size

standard (Applied Biosystems). Fragment analy-

sis was performed with GeneMarker Version 1.4

software (SoftGenetics, State College, PA, USA).

Thirty-one SSRs, selected on the basis of newly

created linkage maps (Fig. 1) of chromosomes

1BL, 2AL, and 2BL in the BM population, were

assayed for polymorphism between USG 3209

and Jaypee in the confirmation population. Two

DNA bulks were created by selecting RILs which

exhibited homogeneous disease reaction in the

F5:6 field experiment. The bulks contained equal

amounts of DNA from eight resistant and eight

susceptible F5:6 RILs, respectively. DNA from the

two bulks, APR resistance source Massey, and

parental lines USG 3209 and Jaypee, were used to

survey SSR markers for putative association with

APR to powdery mildew in the UJ population.

Markers exhibiting a similar pattern of polymor-

phism between the resistant parents (Massey and

USG 3209), the susceptible parent (Jaypee), and

the two respective bulks were considered as

putative resistance-related markers.

Map construction

MAPMAKER 3.0b (Lander et al. 1987) was used

in linkage group map construction in both the BM

and UJ populations. Initial grouping of markers

in both populations was performed using the

‘‘group’’ command at a LOD score of 3.0 with a

maximum Haldane distance of 50 cm. The ‘‘or-

der’’ and ‘‘compare’’ commands were used to

determine the most probable marker order in the

populations. Markers not meeting the threshold

were placed in intervals using the ‘‘try’’

command.

Genetic distances and marker order calculated

by MAPMAKER 3.0b were imported into QTL

CARTOGRAPHER Version 2.0 (Basten et al.

1994) to create linkage group figures. Interval

mapping (Lander and Botstein 1989) was used to

Fig. 1 Molecular map alignment of the original mapping
population, Becker/Massey (BM) F2:3, with the USG 3209/
Jaypee F6:7 confirmation population. Black blocked areas
on the linkage groups represent previously and newly

mapped QTL on chromosomes 2AL, 2BL, and 1BL.
Markers denoted with asterisk indicate that they were
added to the pre-existing BM map in this study
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search for QTL in UJ population and compared

to QTL resulting from the BM population using

QTL CARTOGRAPHER 2.0 software. Signifi-

cant thresholds for QTL were determined using a

1000 permutation test included in the software

(Doerge and Churchill 1996). A mean LOD

threshold of 3.0 was selected for all traits to

declare a putative QTL significance correspond-

ing to a genome wide a error of 0.05. Estimates

of LOD peaks and variance explained were

obtained from the Zmapqtl program run with

model 3 in QTL CARTOGRAPHER 2.0. Field

disease assessments for both BM and UJ popu-

lations were analyzed for QTL effects. The QTL

were designated according to the guidelines for

nomenclature of QTL in wheat as described in

McIntosh et al. (1998) and Liu et al. (2001).

Powdery mildew assessment and statistical

analysis

To determine whether new SSR mapped near

the QTL for APR in Massey were associated

with powdery mildew resistance in the BM

population, disease severity ratings (James 1971)

assessed in 1995 at Warsaw (Liu et al. 2001)

were analyzed for association with genotypic

marker data. Mildew disease severity ratings

likewise were assessed for the UJ confirmation

population in the F5:6 (2002) and F6:7 (2003)

RILs under natural B. graminis epidemics at

Warsaw, VA, using the James scale assessments.

Average powdery mildew severity was scored

on F-2 (two leaves below the flag leaf) and F-1

leaves (one leaf below the flag leaf). A score of

0% was given to plants without any mildew

lesions whereas a score of 50% was given when

plants reached maximum disease coverage on

the F-2 and F-1 leaves.

Statistical analysis was performed using SPSS

statistical software Version 12.0 (SPSS Inc. 1998).

A one-way ANOVA was used to determine the

significance (P £ 0.05) between markers and

APR to powdery mildew. Log10 was used to

transform only the mildew severity data in the

F2:3 BM population prior to analysis due to a

skewed distribution of the data and low pheno-

typic disease assessments. A pair-wise t-test at

P = 0.05 was used to compare mean mildew

severity values.

Seedling disease assessments

in the confirmation population

The F7:8 UJ RILs were evaluated for the presence

of putative hypersensitive genes at the USDA-

ARS Plant Science Research Unit as previously

described by Niewoehner and Leath (1998).

Thirteen isolates of B. graminis were used on

the basis of their ability to distinguish and identify

RILs possessing genes Pm3a, Pm8, or both, which

USG 3209 putatively may have inherited from its

parents Saluda (Pm3a) and Balkan (Pm8) (Ta-

ble 1). Leaf segments of individual plants were

inoculated in the greenhouse and scored on a 0–9

scale (0 = immune, no visible signs or symptoms

to 9 = susceptible, completely compatible reac-

tion) in replicated tests. Each F7:8 UJ RIL,

parental checks, USG 3209, Jaypee, Massey, and

Becker were tested in two replications. Lines

having a mixed disease reaction type for the

two replications were re-screened in additional

replicated tests.

Results

Additional mapping in the Becker/Massey

population

Of 68 new SSRs assessed for polymorphism in

the BM population, 22 (32%) were polymorphic

between Becker and Massey. Fourteen of 22

(59%) SSRs cosegregated with markers known

to be linked to QTL for APR to powdery

mildew in Massey and in this study were added

to the pre-existing genetic map of Liu et al.

(2001) (Fig. 1). A majority of the new markers

mapped near the QTL on chromosomes 2AL

and 2BL (QPm.vt-2AL and QPm.vt-2BL). Nine

of the newly added fourteen markers flanked the

QPm.vt-2BL and were all located in close

proximity to the QTL region. Specifically, two

closely linked markers, Xgwm191-2B and

Xbarc200-2B, mapped to one side of the QTL

where only RFLP markers were located previ-

ously. Marker Xbarc80-1B was the only SSR
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marker mapped to the linkage group of chromo-

some 1B; however the newly mapped marker,

10 cm away from the QTL (QPm.vt-1BL),

provided the necessary flanking PCR-based mar-

ker on one side of the QTL for efficient MAS.

Mapping in the USG 3209/Jaypee

confirmation population

Overall, the UJ confirmation population was

significantly less polymorphic than the original

BM mapping population. Twenty one of 31 (68%)

SSR markers mapped in the BM population were

polymorphic in the UJ population. Eighteen of

these 21 (86%) SSR markers were putatively

linked to APR QTL on the basis of bulk

segregant analysis results. These markers were

used to genotype the UJ F6:7 RILs and linkage

groups were constructed by MAPMAKER 3.0B

(Fig. 1). Marker order was consistent between the

original BM and UJ confirmation population.

Only slight rearrangement of marker order was

observed on the 2B linkage group for marker

intervals Xgwm501-2B: Xgwm47-2B and

Xgwm191-2B:Xbarc200-2B. Marker order on

linkage groups 2A and 1B was entirely conserved

between the two populations. Marker interval

Xgwm259-1B to Xpsp3100-1B in the UJ popula-

tion spanned a region of 67 cm, while the interval

in the BM population only measured 11.2 cm. A

large gap (80 cm) between markers Xgwm304-2A

and Xbarc353B-2A in the UJ population resulted

partially from the absence of six SSRs in the

linkage groups due to lack of polymorphisms or

association with the QTL. A large gap (33 cm)

also exists in the BM population between mark-

ers Xgwm304-2A and Xgwm312-2A where

QPm.vt-2AL resides.

Three additional markers that were not poly-

morphic or not located on selected linkage groups

in the BM population were added to the UJ

linkage groups. Marker XSTS1231-2B, is a

sequence tagged site (STS) marker designed from

the RFLP probe Xbcd1231 (Ma et al. 2004) which

was mapped in the BM population (Liu et al.

2001). SSR markers Xbarc353b-2A and

Xbarc174-1B were also added to the UJ linkage

groups. Mapped locations of the two SSRs in theT
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UJ population are in agreement with published

maps (http://wheat.pw.usda.gov).

Validation of QTL effects in the confirmation

population by interval mapping

Field assessments of powdery mildew severity in

both BM and UJ populations were skewed

toward resistance (Fig. 2). Interval mapping was

conducted using QTL CARTOGRAPHER 2.0 to

validate and compare QTL effects in BM and UJ

populations. A total of 19 and 39 markers on

three linkage groups located on chromosomes

1BL, 2AL, and 2BL were analyzed in the UJ and

BM populations, respectively.

QPm.vt-2AL and QPm.vt-2BL in the UJ pop-

ulations explained significantly more of the total

variation for mildew severity than estimates

reported in the original BM populations

(Table 2). The interval mapping method located

one major QTL between markers Xgwm304-2A

and Xbarc353b-2A, which was consistent with its

0

0.1
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5045403530252015105
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of
 li
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s

Powdery mildew severity (0-50%)

USG3209/Jaypee 2002

USG3209/Jaypee 2003

Becker/Massey 1995Massey 
USG 3209

Jaypee

Becker

Fig. 2 Distribution of Becker/Massey F2:3 (1995) lines
(Liu et al. 2001), and USG 3209/Jaypee F5:6 (2002) and F6:7

(2003) RILs for mean powdery mildew severity assessed

under natural epidemics in the field at Warsaw, VA. The
average powdery mildew severity of the parental lines is
also indicated by arrows

Table 2 Comparison of QTL effects on adult plant resistance (APR) to powdery mildew using interval mapping analysis of
original datasets of the Becker/Massey F2:3 and RILs (Liu et al. 2001) and the USG 3209/Jaypee RILs

APR QTL Becker/Massey populations USG 3209/Jaypee populations

Population LOD R2a Population LOD R2

QPm.vt-2AL F2:3 9.2 0.29 F5:6 10.7 0.59
QPm.vt-2AL F5:6–F7:8 4.7 0.26 F6:7 20.6 0.69
QPm.vt-2BL F2:3 4.3 0.11 F5:6 25.2 0.48
QPm.vt-2BL F5:6–F7:8 2.9 0.15 F6:7 12.6 0.22
QPm.vt-1BL F2:3 5.3 0.17 F5:6 6.1 0.13
QPm.vt-1BL F5:6–F7:8 2.5 0.15 F6:7 6.2 0.13

a Phenotypic variation explained

Euphytica (2007) 155:1–13 7

123



location in the BM population (Fig. 3). Associa-

tion of QPm.vt-2AL with field data in the UJ F6:7

population had the highest LOD value (20.6) and

explained 69% of the total phenotypic variation.

The QTL also was associated, albeit to a lesser

extent, with field severity data in the F5:6 RIL

population with a LOD of 10.7 and explained

59% of the phenotypic variation.

Similar to the BM population, interval map-

ping located two major peaks on chromosome 2B

in the UJ confirmation population (Fig. 3). The

major peak identified in analysis of the UJ

population was in the marker interval of

Xgwm501-2B and Xgwm191-2B over the 2-year

field experiment. QTL analysis of markers and

field severity data collected in the UJ F5:6 popu-

lation displayed the largest LOD peak of 25.2 for

QPm.vt-2BL which explained 48% of the pheno-

typic variation. The phenotypic effect of QPm.

vt-2BL in the F6:7 RILs significantly decreased

but accounted for 22% (LOD = 12.6) of the total

variation.

Location of QPm.vt-1BL in the UJ populations

was shifted towards the end of the chromosome

compared to the same QTL in the BM popula-

tions (Fig. 3). The QTL effects were consistent

for both UJ RIL populations with LOD peaks of

~6.0 explaining 13% of the phenotypic variance in

the F5:6 and F6:7 generations.

Effects of defeated hypersensitive Pm genes

on resistance of RILs in the UJ population

While Massey and USG 3209 possess the same

three QTL governing APR to powdery mildew,

USG 3209, which also possesses gene Pm8 and

another unidentified gene, expresses a higher

level of resistance under natural field epidemics

of powdery mildew than its parent Massey.

Seedling tests conducted at the USDA-ARS

Plant Science Research Unit clearly indicated

segregation of gene Pm8 and another unknown

gene among the UJ RILs on the basis of observed

resistant versus susceptible reaction patterns of

RILs to 13 different isolates of B. graminis in

comparison to reaction patterns of a set of host

differential wheat lines having known Pm resis-

tance genes (Table 1). While it was initially

postulated that the unidentified gene in USG

3209 was likely Pm3a, derived from its parent

Saluda, disease reaction patterns of these two

cultivars differed for three (E2-15, 3a, and #8) of

Fig. 3 Comparison of interval mapping analysis with
flanking SSR markers for QTL associated with adult plant
resistance to powdery mildew for the Becker/Massey F2:3

and USG 3209/Jaypee (UJ). The solid line in graphs of the

UJ population represents interval mapping of mildew data
taken in the F5:6 while the dashed line is for mildew data
taken in the F6:7 generation. The vertical lines at LOD 3.0
represent the minimum LOD required for significance
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the 13 B. graminis isolates having virulence for

gene Pm8. Haplotype analysis was conducted

with USG 3209, Jaypee and check lines Saluda

and CI14120, known to possess Pm3a, using a

primer pair specific for Pm3a (Tommasini et al.

2006). A fragment of expected size (624 bp) was

amplified from Saluda and CI14120 confirming

the presence of Pm3a in these lines; whereas, no

fragment was amplified from DNA of USG3209

and Jaypee. This result confirmed that USG 3209,

unlike its parent Saluda, does not possess gene

Pm3a (Table 1).

Potential residual and epistatic effects of genes

Pm8 and the unidentified gene, derived from

USG 3209, were assessed via comparison of mean

mildew severity of UJ RILs lacking either Pm

gene, having the unidentified USG 3209 gene or

Pm8 or both (Table 3). RILs having both race

specific genes in addition to QTL for APR

consistently had lower mean mildew severities

than RILs having either gene alone or lacking

these race-specific genes. This indicates that these

hypersensitive genes in combination likely con-

tributed in an additive manner to overall powdery

mildew resistance of RILs having QTL for APR.

Discussion

In this study, 17 of 31 SSRs associated with three

QTL for APR to powdery mildew in Massey were

successfully mapped in a confirmation population,

comprised of 293 RILs of UJ, where Massey was

the resistance source of APR in the parental line

USG 3209. Marker order was highly conserved

between respective maps resulting from the two

populations. Presence of the three QTL for APR

in USG 3209 was confirmed in analysis of marker

and powdery mildew severity data assessed in the

F5:6 and F6:7 UJ RIL populations in two field

experiments. An additional 14 SSR were added to

the pre-existing BM genetic map. The newly

mapped SSR markers in the BM population

replaced the closely linked RFLP markers on

one side of QPm.vt-1BL and QPm.vt-2BL, allow-

ing for more efficient selection for these QTL for

APR to powdery mildew utilizing PCR-based

markers on both sides of the QTL. A significant

contribution to overall powdery mildew resis-

tance of the RILs in the field experiments was

also conferred by combination of defeated hyper-

sensitive genes such as Pm8 and an unknown gene

in USG 3209 with QTL for APR in the UJ

population.

Quantitative trait loci regions in original

mapping populations should be saturated with

PCR-based flanking markers to facilitate effective

MAS in different genetic backgrounds. Zhou

et al. (2003) reported that polymorphism of SSR

markers linked to the 3BS QTL for fusarium head

blight (Fusarium graminearum) resistance in

wheat cultivar Ning7840 varied in 132 different

wheat genetic backgrounds. Three of six SSR

markers, mapped near the 3BS QTL, were

Table 3 Average mean mildew severity of RILs in the USG 3209/Jaypee population having known race-specific Pm gene
combinations postulated in greenhouse seedling resistance tests

1BL.1RS
translocation

Pm gene combinations na 2002 (F5:6) mean
mildew severity
of RILs

2003 (F6:7) mean
mildew severity
of RILs

Absent 129 11.8cd 11.7c
No known race specific

genes
77 14.1d 12.4c

Unidentified gene 52 9.1b 11.1c
Present 107 9.2b 6.2b

Pm8 only 70 11.0bc 7.8bc
Unidentified gene + Pm8 37 5.7a 4.0a

Also included are lines shown to have the 1BL.1RS rye translocation by microsatellite marker SCM09 (Saal and Wricke
1999). A number in the same column followed by the same letter is not significantly different (P £ 0.05) on the basis of a
pair-wise comparison (t-test)
a Number of RILs
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polymorphic in less than 50% of the genetic

backgrounds tested. In the current study, none of

the three QTL regions in the UJ confirmation

population were flanked by SSRs mapped in the

original BM mapping population even though

SSRs are generally accepted as being highly

polymorphic (Röder et al. 1995). Additional

markers had to be added in the current study to

the pre-existing BM genetic map in order to flank

all three QTL for APR to powdery mildew in the

UJ confirmation population. Applying only exist-

ing markers mapped in the original BM mapping

population would have resulted in markers map-

ping only to one side of the QTL in the confir-

mation population, which would significantly

decrease the efficiency of MAS (Tanksley 1983).

An additional requirement for successful MAS

is validation of QTL effects, interaction, and

stability in different genetic backgrounds and

environments. Mingeot et al. (2002) mapped QTL

responsible for APR to powdery mildew in

RE714 in two susceptible backgrounds and

detected a total of nine QTL in both populations;

however only two QTL were consistently ex-

pressed in both genetic backgrounds. In the

current study, the three QTL reported in the

original mapping study (Liu et al. 2001) were

consistently expressed in the UJ population and

mapped within the same marker intervals.

The QTL effects in the UJ populations

differed in magnitude from those in the original

BM mapping population. QPm.vt-2AL explained

significantly more of the total phenotypic vari-

ance for APR to powdery mildew in the UJ

population. However, it is likely that an over

estimation of the QTL effect occurred in the UJ

population due to the large gap between mark-

ers Xgwm304-2A and Xbarc353b-2A where the

QTL resides. As additional markers become

available they should be added to this region to

increase the efficiency of MAS. The closely

mapped QPm.vt-2BL in the UJ population

explained significantly more of the total pheno-

typic variation for APR whereas the QPm.

vt-1BL explained proportionally less when com-

pared to the values reported in the original BM

mapping population (Liu et al. 2001). Castro

et al. (2003) evaluated three QTL for APR to

barley (Hordeum vulgare) stripe rust (Puccinia

striiformis) in different genetic backgrounds and

found that one QTL with a small genetic effect

in the mapping population explained significantly

more of the variation in a different genetic

background. Therefore, it is likely that effects of

QTL governing APR to powdery mildew will

vary in different genetic backgrounds due to

both positive and negative epistasis among genes

affecting host resistance and susceptibility.

Several studies have reported a contribution to

APR from defeated race specific genes Pm4a

(Martin and Ellingboe 1976; Nass et al. 1981),

Pm4b (Mingeot et al. 2002), Pm5 (Keller et al.

1999), and MlRE (Chantret et al. 2000; Mingeot

et al. 2002) in different populations. USG 3209

possesses race specific genes Pm8 (1BL.1RS

translocation), and another unidentified hyper-

sensitive resistance gene. The combination of

defeated race-specific gene Pm8 and the unknown

gene with QTL governing APR, clearly had a

residual effect on powdery mildew resistance in

the UJ population (Table 3). In contrast, the

original mapping population developed by Liu

et al. (2001) consisted of a susceptible parent,

Becker that does contain any known hypersensi-

tive genes, and the APR cultivar Massey, that is

susceptible in the seedling stage to the prevalent

mildew populations found in the mid-Atlantic

region, and likewise does not contain any known

hypersensitive resistance genes. Therefore, occur-

rence of such an interaction was unlikely in the

original BM mapping population.

Map position of the QPm.vt-1BL in the UJ

populations was shifted towards the end of the

chromosome and marker distances were distorted

when compared to the BM genetic map. This

distortion and shift in the location of the QTL

likely was due to suppressed recombination near

the QTL rather than due to the reduced trans-

mission of the rye (Secale cereale)-derived 1RS

chromosomal segment, carrying the resistance

gene Pm8, possessed by USG 3209 (Hsam and

Zeller 1997). Analysis of the RILs for presence of

the 1BL.1RS translocation using the marker

SCM09 indicated a 1:1 segregation ratio. Only

107 of 161 RILs carrying the 1BL.1RS transloca-

tion exhibited a reaction pattern similar to Pm8

resistance in response to differential isolates of B.

graminis in seedling tests. Seventy of these 107
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RILs expressing resistance governed by Pm8 and

lacking the unknown gene in USG 3209 had lower

average mildew severity values in the 2002

(11.0%) and 2003 (7.8%) experiments than the

77 RILs lacking any know seedling resistance

genes with corresponding average severity values

of 14.1 and 12.4% (Table 3). Fifty-two RILs

having the unknown seedling resistance gene

derived from USG 3209 and lacking 1BL.1RS

(Pm8) also had average severity values (9.1 and

11.1%) that were lower than the 77 RILs lacking

any know seedling resistance gene. Thirty-seven

RILs in which seedling resistance gene Pm8 and

the unknown gene derived from USG 3209 were

expressed had the lowest average mildew severity

values in 2002 (5.7%) and 2003 (4.0%). This data

indicates that the two seedling resistance genes

contributed to the overall level of powdery

mildew resistance in an additive manner in

conjunction with the QTL for APR.

Fifty-four of 161 RILs carrying the 1BL.1RS

did not exhibit a reaction pattern similar to

Kavkaz (Pm8) in response to differential isolates

of B. graminis in seedling tests (Data for these

RILs not included in Table 3). Ren et al. (1996,

1997) reported a dominant suppressor of gene

Pm8 on chromosome 1AS, designated as SuPm8.

The hypersensitive gene Pm3a has also been

reported to reside on chromosome 1AS (Hartl

et al. 1993). While data in the current study

suggest that SuPm8 or another unknown suppres-

sor gene is present in the UJ RILs, data for

seedling reaction of USG 3209 to 13 differential

isolates of B. graminis and marker assay indicated

that USG 3209 does not contain the Pm3a allele

of its parent Saluda (Table 1). If Saluda possesses

SuPm8, USG 3209 may have inherited this gene

independent of Pm3a via recombination if

the two genes are greater than 5 cm apart.

Alternatively, a different suppressor gene may

be segregating in the population. The identity and

chromosome location of the unknown race-spe-

cific gene in USG 3209 and validation of the

putative presence of the SuPm8 suppressor gene

on chromosome 1AS in USG 3209 needs to be

elucidated to gain a better understanding of the

interaction and contribution of race-specific seed-

ling and adult-plant genes conferring resistance to

powdery mildew.

In summary, three previously mapped QTL for

APR to powdery mildew in cultivar Massey were

validated in the UJ RIL populations, where Mas-

sey is the source of APR in USG 3209. The SSR

markers mapped in the BM populations were used

to develop a genetic linkage map comprised of the

same chromosomal regions in the UJ confirmation

population. Many of the markers mapped in the

BM population were not polymorphic in UJ

population. Therefore, without mapping addi-

tional markers, the QTL regions responsible for

APR in USG 3209 would have lacked SSR markers

that flanked both QPm.vt-1BL and QPm.vt-2BL.

Simply applying the SSRs mapped in the original

BM population to MAS in the UJ population

would likely not be as effective without having

adjacent flanking markers for all three QTL.

Genetic effects varied between the original BM

mapping and UJ breeding populations, and likely

resulted from the presence of fewer polymorphic

markers and from interaction and/or contribution

of defeated hypersensitive genes with QTL for

APR in the UJ population. Nevertheless, SSRs

mapped near the three QTL responsible for APR

to powdery mildew can be transferred and selected

for in other breeding populations where Massey or

derivatives of Massey are the parental source of

APR. Recent studies also suggest these markers

can be effectively utilized for MAS in the UJ

confirmation population (Tucker et. al. 2006). As

additional PCR markers become available, they

should be added to the existing BM genetic map to

improve selection effectiveness and increase the

density of polymorphic markers available for MAS

in other breeding populations where Massey is the

ancestral source of APR to powdery mildew.
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