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Abstract Powdery mildew (PMD) of soybean [Glycine

max (L.) Merr.] is caused by the fungus Microsphaera dif-

fusa. Severe infection of PMD on susceptible varieties often

causes premature defoliation and chlorosis of the leaves,

which can result in considerable yield losses under favorable

environmental conditions for disease development in the

field. A total of 334 F7-derived recombinant inbred lines

(RILs) from a cross of a PMD susceptible soybean cultivar

Wyandot and PMD-resistant PI 567301B were used for

genetic mapping of PMD resistance in PI 567301B and for

development of molecular markers tightly linked to the gene.

The result of the PMD screening for each line in the field was

in agreement with that in the greenhouse test. The genetic

map containing the PMD resistance gene was constructed in

a 3.3 cM interval flanked by two simple sequence repeat

(SSR) markers on chromosome 16. The PMD resistance

gene was mapped at the same location with SSR marker

BARCSOYSSR_16_1291, indicating that there was no

recombination between the 334 RILs and this marker. In

addition, a single nucleotide polymorphism (SNP) marker

developed by high-resolution melting curve analysis and a

cleaved amplified polymorphic sequence (CAPS) marker

with Rsa1 recognition site were used for the genetic map-

ping. These two markers were also mapped to the same

genomic location with the PMD resistance gene. We vali-

dated three tightly linked markers to the PMD resistance

gene using 38 BC6F2 lines and corresponding BC6F2:3

families. The three marker genotypes of the backcross lines

predicted the observed PMD phenotypes of the lines with

complete accuracy. We have mapped a putatively novel

single dominant PMD resistance gene in PI 567301B and

developed three new molecular markers closely linked to the

gene. Molecular markers developed from this study may be

used for high-throughput marker-assisted breeding for PMD

resistance with the gene from PI 567301B.

Introduction

Powdery mildew (PMD) of soybean is a common disease,

caused by the fungus Microsphaera diffusa, in many soy-

bean growing regions. Symptoms of PMD can be easily

detected by white, powdery patches that form on all plant

parts, especially on the upper surface of leaves. Green and

yellow islands, defoliation, chlorosis, veinal necrosis or a

mixture of these symptoms on leaves can appear depending

on the soybean cultivar (Grau 2006; Mulrooney 2009).

This disease usually occurs and develops under cool air

temperature (approximately 18–24 �C), but disease devel-

opment and progression may stop when temperatures are

greater than 30 �C (Phillips 1984; Grau 2006).
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Under favorable environmental conditions, such as

continuous cool temperatures between flowering and

maturity, PMD can cause significant yield losses in soy-

bean. The yield reductions caused by PMD have been

reported by comparing yield of plots sprayed and non-

sprayed with a fungicide or comparing yield between

resistant and susceptible cultivars with the occurrence of

PMD wherein up to 35 % yield loss has been recorded on

susceptible cultivars (Dunleavy 1980; Phillips 1984).

Recently, PMD has affected all soybean growing regions in

Brazil, causing yield losses ranging from 30 to 40 %

(Gonçalves et al. 2002). Yorinori and Hiromoto (1998) and

Silva and Seganfredo (1999) reported that the epidemics of

PMD during 1996–97 in soybean in a large area of Brazil

(from the Central West region to the Rio Grande do Sul

state) resulted in average yield losses of 15 and 20 % in

susceptible cultivars, with extremes ranging from 50 to

60 %. Also, yield of late-planted soybean can be reduced

more than that of early-planted crops by PMD. Sometimes

co-infection of Microsphaera diffusa and other pathogens

may occur (Grau 2006).

Inheritance of host plant resistance to PMD in soybean

has been reported to be controlled by three alleles con-

sisting of Rmd, Rmd-c, and rmd at the Rmd locus (Lohnes

and Bernard 1992). Adult plant resistance to PMD is

controlled by the gene Rmd (Mignucci and Lim 1980),

while the Rmd-c derived from cultivar CNS provides

resistance to PMD for the entire life cycle of soybean

plants (Lohnes and Bernard 1992). Gonçalves et al. (2002)

reported that adult-plant resistance was controlled by one

major dominant gene through two evaluations, one 20 days

after planting and the other after flowering. Recently, PMD

resistance in PI 243540 was reported to be controlled by a

single dominant gene that provided resistance at all plant

growth stages (Kang and Mian 2010).

In a previous study, the Rmd gene was reported to be

linked to Rps2 and Rj2 at distance 2.3 and 1.9 cM on

classical linkage group (LG) 19 corresponding to LG J or

chromosome 16 using 246 F2-derived F3 lines (Lohnes

et al. 1993). The Rps2 gene is associated with Phytophthora

root and stem rot (caused by Phytophthora sojae) resis-

tance, and the Rj2 confers non-nodulation response with

certain strains of Bradyrhizobia japonicum (Kirchner)

Buchanan (Caldwell 1966; Kilen et al. 1974). Polzin et al.

(1994) also mapped the Rmd gene between Rj2 and Rps2

genes on LG J at distances of 1.8 and 2.0 cM from the

genes, respectively. Recently, the PMD resistance gene

Rmd_PI243540 from PI 243540 was mapped between

simple sequence repeat (SSR) marker Sat_224 and single

nucleotide polymorphism (SNP) marker BARC-021875-

04228 with a distance of 9.6 and 1.3 cM from the flanking

markers, respectively (Kang and Mian 2010). The map

position of the Rmd gene reported by Polzin et al. (1994)

was more than 5–6 cM away from the map position of the

PMD resistance gene from PI 243540 with reference to the

2003 composite (SoyBase) map (Kang and Mian 2010).

The soybean aphid (Aphis glycines Matsumura) resistant PI

567301B (Jun et al. 2012) also showed lifelong resistance

to PMD in greenhouse and field environments under high

disease pressures (M.A.R. Mian, personal observation,

2006).

Abundant molecular markers, such as SNP and SSRs,

have been developed from the Williams 82 whole-genome

shotgun sequence (Hyten et al. 2010; Song et al. 2010), and

these markers have been used in breeding programs (Kim

et al. 2010; Vuong et al. 2010; Jun et al. 2012). Specifi-

cally, SNP markers that are tightly linked to or within

genes of interest can be used for high-throughput marker-

assisted selection (MAS). The objectives of this study were

to (1) map the PMD resistance gene in PI 567301B and (2)

develop SNP markers tightly linked to the gene that will be

useful for high-throughput marker-assisted breeding for

introgression of the gene into commercial cultivars.

Materials and methods

Plant materials and PMD resistance assays

A population of 334 F7 and F7-derived recombinant inbred

lines (RILs) obtained from a cross of ‘Wyandot’ 9 PI

567301B by single seed descent (SSD) and the two

parental lines were used for genetic mapping of PMD

resistance gene. Wyandot is a maturity group (MG) II

soybean cultivar that is highly susceptible to PMD. By

contrast, PI 567301B is a MG IV accession from China

with PMD resistance for all growth stages. Eleven F1 plants

obtained from the cross and the two parents were grown to

maturity in a greenhouse at the Ohio Agricultural Research

and Development Center (OARDC) during the winter

2006. Each plant was inoculated with spores of M. diffusa

at the Stage V1 by brushing with PMD-infected soybean

leaves from a susceptible plant source maintained in the

greenhouse. The greenhouse was maintained at approxi-

mately 24/20 �C day/night temperatures and the plants

were kept under 15 h light daily. While the susceptible

parent (Wyandot) showed symptoms of PMD within

2 weeks of inoculation, none of the 11 F1 plants and the

resistant parent (PI 567301B) displayed any PMD symp-

tom during the entire life cycle (data not shown). The seeds

from the 11 PMD-resistant F1 plants were used to develop

the RILs used in this study by SSD method in a greenhouse

at OARDC.

In the summer of 2009, a field test by natural infection

of PMD was performed using the 334 F7 RILs of the

Wyandot 9 PI 567301B population in a field at OARDC.
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Each of the 334 F7 RILs was represented by a single plant.

Ten replications of each parent were placed among the

RILs at random. Seeds were planted with a 10-cm spacing

between seeds within a row and 76-cm spacing between

8-m long rows. The sources of PMD inoculums were

provided by transplanting greenhouse grown PMD-infected

soybean plants around the field. Six weeks after planting,

the evaluation of PMD resistance was performed by

inspecting each F7 and parent plants separately. A plant

with no PMD colonies on any leaf was regarded as resis-

tant, while a plant with one or more PMD colonies on

leaves was rated as susceptible. The seeds from each F7

plant were hand harvested separately. In the fall of 2009,

the PMD phenotypes of the RILs were retested on the 334

F7-derived families and two parents in a USDA greenhouse

at OARDC, Wooster, OH, USA. In this test, four seedlings

per family were grown in plastic pots 10.16 cm in diameter

and 8.89 cm deep. Each plant was inoculated with spores

of M. diffusa at the Stage V1 by brushing with PMD-

infected soybean leaves from a susceptible plant source

maintained in the greenhouse (Kang and Mian 2010). Two

parents (each with ten pots) were also included as checks

for reference points for classification of RILs as resistant or

susceptible. After inoculation, the disease reaction of

leaves to PMD was evaluated at 4 weeks with the same

criteria used in the field screening. The greenhouse was

maintained at approximately 24/20 �C day/night tempera-

tures and the plants were kept under 15 h light daily.

Before inoculation, young leaf fragments from the four

seedlings of each RIL at Stage V1 were collected and

pooled in a 2-ml tube and were immediately frozen in

liquid nitrogen. The frozen leaf tissues were lyophilized in

a freeze dryer (SP Industries inc., Stone Ridge, NY, USA)

for 2 days and then were ground into fine powder using a

Mixer Mill (Retsch, Model MM301, Hannover, Germany).

The genomic DNA was extracted using a slightly modified

CTAB protocol (Saghai-Maroof et al. 1984).

For confirmation of inheritance of the PMD resistance gene

in an early generation, a PMD-resistant BC6F1 plant from

backcross between ‘Wyandot’ 9 PI 567301B was grown to

maturity in the greenhouse and 100 BC6F2 seeds were har-

vested from the plant during the winter of 2010. The 90 BC6F2

seedlings from the F2 seeds were grown in the greenhouse

during the spring of 2011 and screened for PMD resistance

using the same greenhouse protocol described above.

For the validation of markers for potential marker-

assisted selection, the seedlings were then transplanted in

the field in the summer of 2011 to grow them to maturity

for harvesting seeds. Sixteen PMD resistant (R1-16) and 22

PMD susceptible (S1-22) BC6F2 near isogenic lines (NILs)

that produced more than 60 seeds each were used for

validation of markers and segregation in the corresponding

BC6F2:3 families. The 38 BC6F2:3 families or NILs and the

two parents ‘Wyandot’ and PI 567301B were planted in the

greenhouse in October, 2011. Two susceptible and four

resistant genotypes were also included as checks, which

were obtained from the National Plant Germplasm System

(NPGS) (http://www.ars-grin.gov/npgs/). The susceptible

checks were Corsoy (PI 548540) and Harosoy (PI 548573)

previously reported as susceptible to PMD (Dunleavy

1980). The resistant checks were Wayne (PI 548628)

(Dunleavy 1980), CNS (PI 548445) (Lohnes and Bernard

1992), Blackhawk (PI 548516) (Lohnes and Bernard 1992)

and PI 243540 (Kang and Mian 2010). Six seedlings per

accession were grown in a pot 19.2 cm in diameter and

17.3 cm deep, and DNA from each line was extracted from

pooled young unfolded trifoliolate leaves of 6 seedlings at

the V2-stage. The PMD resistance assay and DNA

extraction were performed using the same protocols

described above. Segregation of the resistant NILs (fami-

lies) was further confirmed by testing more (27–56) prog-

enies per family.

Bulked-segregant analysis (BSA) and SSR analysis

Bulked segregant analysis (BSA) was performed to identify

SSR markers potentially linked to the PMD resistance

(Michelmore et al. 1991). Two resistant bulks were formed

from a total of 16 resistant RILs with no disease symptom in

both field and greenhouse tests. Each resistant bulk was con-

structed by pooling an equal amount of DNA from eight RILs.

Similarly, two susceptible bulks were made using equal

amounts of DNA from eight highly susceptible RILs each.

Ten SSR markers positioned every 10 cM on chromo-

some 16 according to the Soybean Consensus Map 4.0

(Hyten et al. 2010) were selected for BSA and used to

screen for polymorphisms using the contrasting DNA bulks

(resistant and susceptible), two parents, one resistant and

one susceptible RIL. Two SSR markers (Satt431 and

Sat_394) on chromosome 16 were identified to be linked to

the PMD resistance gene in this population using the BSA

approach. After finding the potential gene location, four

SSR markers polymorphic between two parents on chro-

mosome 16 (Sat_396, Satt431, Sat_394, and Sat_393) were

screened on randomly selected 94 RILs of the mapping

population. A genetic linkage map of the PMD resistance

gene and the four SSR markers was constructed and then

additional 36 SSR markers located between Satt431 and

Sat_394 on chromosome 16 were screened for fine map-

ping of the gene with the set of 334 RILs. The primer

sequences and location of the SSR markers were obtained

from BARCSOYSSR_1.0 soybean SSR database (Song

et al. 2010) and the Williams 82 soybean genomic

sequences (http://www.phytozome.net).

PCR amplifications were performed in 20 ll reactions

containing 50 ng of template DNA, 19 PCR buffer,
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2.5 mM Mg2?, 200 lM dNTP, 100 nM of forward and

reverse primers, and 1.0 U of Taq DNA polymerase

(GenScript USA Inc., Piscataway, NJ, USA). The PCR

cycles consisted of initial denaturation at 95 �C for 5 min,

followed by 32 cycles of 20 s denaturation at 94 �C, 20 s

annealing temperature between 50 and 65 �C depending on

the optimum annealing temperature for each primer pair,

and 20 s extension at 72 �C. The PCR reaction was fin-

ished with a final 10 min extension at 72 �C on a ther-

malcycler (Techne Inc., model TC-512, Burlington, NJ,

USA). The PCR products were analyzed in 4 % 3:1 aga-

rose gel (RPI corp., Mount Prospect, IL, USA).

SNP identification

A total of 31 primer pairs were designed to identify SNPs

using the sequences from 4 candidate resistance genes

(Glyma16g34070, Glyma16g34090, Glyma16g34110, and

Glyma16g34120), which were annotated in approximately

126 kb (36,751,400-36,877,300 bp) between BAR-

CSOYSSR_16_1291 and BARCSOYSSR_16_1298 on

chromosome 16 in the Williams 82 soybean genomic

sequences (http://www.phytozome.net) (Table 1). Additional

13 primer pairs were also designed from about 100 kb geno-

mic regions (36,706,260–36,805,470 bp) spanning BAR-

CSOYSSR_16_1291 marker on chromosome 16 based on the

Williams 82 sequences. Designing of sequencing primer pairs

was performed using BatchPrimer3 software (http://probes.

pw.usda.gov/batchprimer3/index.html).

All primer pairs were amplified using a gradient PCR

program (55–67 �C) to determine the optimum annealing

temperature. The PCR products with a single amplicon

each on 4 % 3:1 agarose gels were directly purified using

the mixture of Exonuclease I and Shrimp Alkaline Phos-

phatase (ExoSAP) (Affymetrix Inc. USB� Products,

Cleveland, OH, USA), which were conducted in 12 ll

reactions containing 10 ll PCR product, 2.0 U of Exonu-

clease I, and 1.8 U of Shrimp Alkaline Phosphatase.

Incubation was performed at 37 �C for 1 h and 72 �C for

15 min. All PCR products were sequenced in both direc-

tions of forward and reverse using 30 BigDye-labeled

dideoxynucleotide triphosphates labeling chemistry and

ABI Prism 3100 genetic analyzer (Life Technologies

Corp., Carlsbad, CA, USA), and the sequences from each

sample were aligned using CodonCode Aligner 3.5.1 demo

version (http://www.codoncode.com/aligner/) and Clustal

W multiple alignment of BioEdit Sequence Alignment

Editor 7.0.9 software (Hall 1999).

Development of SNP and CAPS markers

High-resolution melting (HRM) curve analysis using

unlabeled oligonucleotide probes specific to SNP sites was T
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performed with three SNPs obtained from three different

PCR amplicons, and only one SNP (PMSNP_1) success-

fully generated different melting curves between two par-

ents. For SNP genotyping using 334 RILs, the SimpleProbe

50-FLQ- ATG GTG GCA CTG TAA CTG ATA GAC

T-Phosphate (TIB MOLBIOL, Adelphia, NJ, USA) labeled

with fluorescein at the 50 end and blocked with phosphate at

the 30 end was designed using the LightCycler� Probe

Design Software 2.0 (Roche Diagnostics, IN, USA), which

was perfectly matched to the susceptible allele in Wyandot.

The forward 50-CAA TCC GAT TTC AAC CCA AT-30

and reverse 50-TCC TCG AAA CCA GTA GAC TTG C-30

primers used in the previous melting curve analysis with

unlabeled probe were utilized for PCR, representing a

129-bp fragment.

PCR amplifications were performed in 384-well plates

with a total volume of 3 ll per well containing 25 ng of

template DNA, 0.2 lM of limiting primer, 1.0 lM of

excess primer, 0.2 lM of SimpleProbe, 3.0 mM MgCl2,

and 0.59 of LightCycler 480 Genotyping Master mix using

the Roche LightCycler� 480 System (Roche Diagnostics,

IN, USA). The PCR cycles consisted of initial denaturation

at 95 �C for 10 min, followed by 55 cycles of 20 s dena-

turation at 95 �C, 20 s annealing at 61 �C, and 20 s

extension at 72 �C. A final melting cycle was conducted by

increasing the temperature to 95 �C for 1 min, lowering the

temperature to 50 �C for 2 min, and raising the tempera-

ture up to 75 �C acquiring fluorescence continuously.

Lastly, the PCR and melting cycle were finished with a

final cool down to 40 �C. The data analysis for grouping of

melting curves was performed by the LightCycler� Data

Analysis software (Roche Diagnostics, IN, USA).

The conversion of SNP sites into cleaved amplified

polymorphic sequence (CAPS) markers was performed

using dCAPS Finder 2.0 program (http://helix.wustl.edu/

dcaps/dcaps.html). About 15 ll PCR product was digested

with 2.5 U of Rsa1 in a volume of 17 ll, and incubated

at 37 �C for 4 h. The restriction digested PCR products

were resolved on 4 % 3:1 agarose gels to detect the

polymorphism.

Statistical and linkage analysis

Association test between PMD resistance and marker

genotype was performed by single factor analysis of vari-

ance (single factor ANOVA) at the 0.05 significance level

using the PROC GLM procedure of SAS (SAS Institute,

2002). Chi-square tests for goodness-of-fit were performed

to identify if the segregation ratio of alleles at each locus fit

the theoretically expected ratio with a significance thresh-

old of P = 0.05. The linkage map was constructed with the

Maximum Likelihood mapping function using JoinMap 4.0

(Van Ooijen 2006). A logarithm of the odds (LOD) score

of 3.0 as a threshold and a maximum genetic distance

of 50 cM were used to assign all markers to chromosomes

(or linkage groups). The candidate resistance genes were

predicted and annotated from Phytozome soybean database

(http://www.phytozome.net/soybean.php).

Results

Evaluation of the PMD resistance in the mapping

population

Among the 90 BC6F2 plants screened in the greenhouse, 67

were PMD resistant while 23 were PMD susceptible,

showing a tight fit (X2 = 0.01, P = 0.938) for the 3

resistant:1 susceptible segregation of a single dominant

gene trait. Of the 334 RILs, 178 were susceptible to the

disease and 156 revealed resistant reactions (Table 2). The

segregation of resistant and susceptible plants in the map-

ping population showed a good fit to the expected 1

resistant:1 susceptible ratio (X2 = 1.45, P = 0.229) for a

single gene trait in F7 RILs. The field and greenhouse PMD

phenotypes of each RIL were in agreement (data not

shown).

Molecular marker analysis and genetic map

The initial linkage map spanned 25.7 cM and the PMD

resistance gene in PI 567301B was mapped between the

markers Satt431 and Sat_394 located at a distance of 4.7

and 10.5 cM from the gene, respectively (Fig. 1a). Of the

36 SSRs screened between Satt431 and Sat_394, 9 SSRs

were polymorphic between the parents and four (BAR-

CSOYSSR_16_1236, BARCSOYSSR_16_1272, BAR-

CSOYSSR_16_1291, and BARCSOYSSR_16_1298) were

used for mapping (Table 2; Fig. 1b). Data from all 4 SSR

markers fit the 1:1 ratio expected for highly advanced RIL

population at the 0.05 significance level, representing no

segregation distortion near the PMD resistance gene

region in this population (Table 2). There were highly

significant associations (P \ 0.0001) between each SSR

marker and the PMD resistance (Table 2). The final linkage

map containing the PMD resistance gene spanned 3.3 cM

with markers BARCSOYSSR_16_1236 and BAR-

CSOYSSR_16_1298 positioned at the two ends (Fig. 1b).

The PMD resistance gene was mapped at the same location

with SSR marker BARCSOYSSR_16_1291, indicating that

all 334 RILs co-segregated with this marker.

To develop SNP markers tightly linked to the PMD

resistance in PI 567301B, 31 primer pairs designed

between BARCSOYSSR_16_1291 and BARCSOYSSR_

16_1298 on chromosome 16, and 13 primers designed from
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about 100 kb genomic regions spanning BARCSOYSSR_

16_1291 were used for direct sequencing of the two par-

ents. From these 44 primers, a total of 13 SNPs were

identified, 11 of which were identified on 2 candidate

disease resistance genes Glyma16g34090 and Gly-

ma16g34120 (Table 3). The high-resolution melting anal-

ysis was used to find tightly linked SNP markers to the

PMD resistance gene. However, only 3 of 13 SNPs iden-

tified from the direct sequencing were useful to design the

unlabeled probes for HRM analysis; PMSNP_1,

PMSNP_12, and PMSNP_13. The rest of the SNPs could

not be utilized due to: (1) the sequence duplication near the

SNP site (PMSNP_6) and (2) concentration of SNPs in a

narrow region (PMSNP_2–5 and PMSNP_7–11), which

interfered with design of primer pairs and probes for the

HRM analysis. Of the 3 SNPs, only PMSNP_1 revealed

different melting temperature between the two parents:

61.5 and 68.5 �C for PI 567301B and Wyandot, respec-

tively. The PMSNP_1 was mapped to the same location

with the PMD resistance gene and BARCSOYSSR_

16_1291 (Fig. 1b).

One CAPS marker was developed from the PMSNP_6

which could not be used for the HRM analysis. The CAPS

marker (PMCAPS) with Rsa1 recognition site was used for

the genetic mapping using the whole set of 334 RILs

and showed complete co-segregation with the PMD resis-

tance gene, PMSNP_1, and BARCSOYSSR_16_1291

(Fig. 1b).

Marker validation using backcross lines

The three molecular markers that mapped to the same

location with the PMD resistance gene were used for the

marker validation using 16 resistant and 22 susceptible

NILs (BC6F2 and corresponding BC6F2:3 families), Wyan-

dot, PI 567301B, and 6 PIs previously reported as resistant

or susceptible to PMD (Table 4). In the BC6F2:3 families,

three (NIL_R5, R6 and R9) of the 16 PMD resistant NILs

showed homozygous-resistant genotypes for all three

markers and also all six seedlings in each family had

resistant phenotypes (Table 4). One resistant NIL (NIL_16)

showed no segregation for phenotype among the six seed-

lings, but had heterozygous marker genotypes for all three

markers. The remaining 12 PMD-resistant NILs each had

heterozygous phenotypes as well as heterozygous marker

genotypes. The progenies of the 22 susceptible NILs all

showed susceptible reactions to PMD and homozygous

susceptible genotypes for the three markers (Table 4). The

Table 2 Summary of marker analysis using 334 recombinant inbred lines (RILs) from a cross between ‘Wyandot’ and PI 567301B

Locus Number of 334 RIL lines in each category X2a P R2b P [ Fc

S R M

BARCSOYSSR_16_1236 176 154 4 1.47 0.226 0.79 \0.0001

BARCSOYSSR_16_1272 178 156 0 1.45 0.229 0.93 \0.0001

PMSNP_1 178 156 0 1.45 0.229 1.00 \0.0001

BARCSOYSSR_16_1291 178 156 0 1.45 0.229 1.00 \0.0001

PMCAPS 178 155 1 1.59 0.208 1.00 \0.0001

BARCSOYSSR_16_1298 176 157 1 1.08 0.298 0.96 \0.0001

PMD_PI 567301Bd 178 156 0 1.45 0.229 – –

S susceptible line, R resistant line, M missing data point
a Expected segregation = 1:1 = S:R
b R2 value of marker association
c Significance level of the marker association with the powdery mildew (PMD) gene
d The PMD data were obtained by screening 334 RILs derived from a cross of ‘Wyandot’ 9 PI 567301B

a
BARCSOYSSR_16_12360.0 

BARCSOYSSR_16_12721.9 

PMSNP_1 BARCSOYSSR_16_12912.9

BARCSOYSSR_16_12983.3

b
Sat_3960.0

Satt4318.0

12.7

Sat_39423.2

Sat_39325.7

PMD_PI 567301B

PMCAPSPMD_PI 567301B

Fig. 1 Genetic map of the powdery mildew resistance gene in PI

567301B on chromosome 16 using (a) 94 and (b) 334 recombinant

inbred lines (RILs) from a cross between ‘Wyandot’ and PI 567301B.

Locus names are indicated on the right side of the maps. Distances on

the left hand of each map are in cM
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phenotypic segregation of the 16 resistant NILs was further

tested on more progenies (27–56) per family that confirmed

the earlier results from the six seedlings per line, except

NIL_R16 (data not shown). For NIL_R16, 48 additional

seedlings were tested for PMD that showed segregation in

PMD phenotypes (31 resistant:17 susceptible). Thus, the

PMD reactions of 38 NILs in the greenhouse tests were in

complete agreement with the 3 markers (PMSNP_1,

BARCSOYSSR_16_1291, and PMCAPS) genotypes.

However, the three marker genotypes of the PMD-resistant

check sources, except PI 548628, did not match with geno-

types of PI 567301B (Table 4). Specially, PI 548445(CNS)

that is known to provide a lifelong PMD resistance like PI

567301B showed completely different genotypes for the three

markers compared to the marker genotypes of PI 567301B

(Table 4). Two susceptible sources, PI 548540 and PI 548573,

possessed the same marker genotypes as Wyandot, the sus-

ceptible parent (Table 4).

Discussion

We successfully performed genetic mapping to develop

molecular markers tightly linked to PMD resistance using

334 RILs of a ‘Wyandot’ 9 PI 567301B population. The

reaction of the PMD for each line in the field test was in

agreement with that in the greenhouse screening despite

different inoculation methods and environmental condi-

tions, which indicates that environmental factors have a

relatively low impact on the expression of PMD resistance

in this population.

The disease symptoms of PMD were well developed and

severely infected plants were visibly stunted and revealed

other symptoms such as chlorosis or yellowing of the

leaves. These results indicate that heavy infection of the

PMD disease could result in considerable yield losses on

susceptible cultivars, like Wyandot, under favorable envi-

ronmental conditions for disease development in the field.

In other crops, PMD has become one of the most severe

diseases causing serious yield losses up to 50 %. Many

studies have been performed to identify and dissect the

PMD resistance genes: Blumeria graminis D.C. (Speer) f.

sp. avenae Em. Marchal in oat (Avena sativa L.) (Yu and

Herrmann 2006), Erysiphe pisi D. C. (Ep) in pea (Pisum

sativum L.) (Pavan et al. 2011), Blumeria graminis f. sp

tritici (Bgt) in common wheat (Triticum aestivum L.) (Ma

et al. 2011). Specially, mlo PMD resistance, which is

caused by the loss-of-function alleles of plant-specific

MLO genes such as Arabidopsis AtMLO2, barley Mlo,

tomato SlMlo1, has been discovered in several species, and

their mutants have been used in plant breeding providing

effective mlo-mediated PMD resistance under field condi-

tions (Buschges et al. 1997; Bai et al. 2008; Pavan et al.

2011). Three molecular markers tightly linked to the PMD

resistance gene were developed in the present study.

Of these markers, PMSNP_1 can be used to perform a

high-throughput genotyping for the selection of the PMD-

resistant plants using melting curve analysis, while BAR-

CSOYSSR_16_1291 can be screened by agarose gel

electrophoresis method. The PMCAPS marker SNP was

derived from the exon sequence of a candidate gene, thus it

has the potential to be a functional marker, if it has real

Table 3 Summary of 13 SNPs identified near the region of the powdery mildew resistance gene in PI 567301B

SNP ID SNP type

(S/R)

SNP position

on Gm16b
Forward primer Reverse primer Product

size

PMSNP_1 C/T 36742551 CCGCTCTTTCTCCTTTCCTT CCAAGGAATGCTTCGTGAAT 501

PMSNP_2a T/C 36769388 AGCCTCATGCAGTTCCTGTT CCCAAACTGTCTGCATTCAA 495

PMSNP_3a T/A 36769377 AGCCTCATGCAGTTCCTGTT CCCAAACTGTCTGCATTCAA 495

PMSNP_4a C/A 36769366 AGCCTCATGCAGTTCCTGTT CCCAAACTGTCTGCATTCAA 495

PMSNP_5a A/G 36769347 AGCCTCATGCAGTTCCTGTT CCCAAACTGTCTGCATTCAA 495

PMSNP_6a G/A 36771747 TGGCGCTTATCAACATCATC TCAAGACATGGATGCAAGGA 506

PMSNP_7a G/T 36773271 TTGCATTTGCTGCACCATT TTTCCCTTCCACTAGGCTGA 486

PMSNP_8a A/C 36773273 TTGCATTTGCTGCACCATT TTTCCCTTCCACTAGGCTGA 486

PMSNP_9a G/C 36773305 TTGCATTTGCTGCACCATT TTTCCCTTCCACTAGGCTGA 486

PMSNP_10a G/C 36773348 TTGCATTTGCTGCACCATT TTTCCCTTCCACTAGGCTGA 486

PMSNP_11a T/A 36773422 TTGCATTTGCTGCACCATT TTTCCCTTCCACTAGGCTGA 486

PMSNP_12 T/G 36775743 GTCACTTGTGACGCTTGACC AGGGAAGGGCTGTTGGTTAT 500

PMSNP_13a T/A 36795926 TTTCCACCCAATTTGGTCAT TATGCCAATCCCATCACTCA 514

S susceptible, R resistant
a Primers were designed using the sequences from 2 candidate resistance genes; PMSNP_2 to PMSNP_11 from Glyma16g34090 and PMSNP13

from Glyma16g34120
b The positions were estimated based on the Williams 82 soybean genomic sequences (http://www.phytozome.net)
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Table 4 Summary of marker

validation using the three

markers tightly linked to the

PMD resistance gene

GH1 greenhouse screening

using BC6F2 plants, GH2
greenhouse test using BC6F2:3

families, R resistance,

S susceptible, Seg segregated,

and NA not tested

Genotype information: a NIL_R

and NIL_S = BC6 resistant and

susceptible near isogenic lines,

respectively, from backcrosses

between ‘Wyandot’ 9 PI

567301B
b Kang and Mian (2010)
c Lohnes and Bernard (1992)
d Dunleavy (1980)
e C = homozygous PMD

susceptible SNP genotype,

T = homozygous PMD

resistant SNP genotype,

H = heterozygous for PMD

resistance
f A = homozygous PMD

susceptible allele,

B = homozygous PMD

resistant allele,

AB = heterozygous for PMD

resistance, C = PI

243540-specific allele,

Null = non-amplified
g RR = homozygous PMD

resistant genotype,

rr = homozygous PMD

susceptible genotype,

Rr = heterozygous for PMD

resistance

Genotype Phenotypic score PMSNP_1e BARCSOYSSR_16_1291f PMCAPSg

GH1 GH2

NIL_R1a R Seg H AB Rr

NIL_R2 R Seg H AB Rr

NIL_R3 R Seg H AB Rr

NIL_R4 R Seg H AB Rr

NIL_R5 R R T B RR

NIL_R6 R R T B RR

NIL_R7 R Seg H AB Rr

NIL_R8 R Seg H AB Rr

NIL_R9 R R T B RR

NIL_R10 R Seg H AB Rr

NIL_R11 R Seg H AB Rr

NIL_R12 R Seg H AB Rr

NIL_R13 R Seg H AB Rr

NIL_R14 R Seg H AB Rr

NIL_R15 R Seg H AB Rr

NIL_R16 R R H AB Rr

NIL_S1a S S C A rr

NIL_S2 S S C A rr

NIL_S3 S S C A rr

NIL_S4 S S C A rr

NIL_S5 S S C A rr

NIL_S6 S S C A rr

NIL_S7 S S C A rr

NIL_S8 S S C A rr

NIL_S9 S S C A rr

NIL_S10 S S C A rr

NIL_S11 S S C A rr

NIL_S12 S S C A rr

NIL_S13 S S C A rr

NIL_S14 S S C A rr

NIL_S15 S S C A rr

NIL_S16 S S C A rr

NIL_S17 S S C A rr

NIL_S18 S S C A rr

NIL_S19 S S C A rr

NIL_S20 S S C A rr

NIL_S21 S S C A rr

NIL_S22 S S C A rr

PI 243540b NA R C AC RR

PI 548445(CNS)c NA R C Null rr

PI 548516(Blackhawk)c NA R C B RR

PI 548628(Wayne)d NA R T B RR

PI 548540(Corsoy)d NA S C A rr

PI 548573(Harosoy)d NA S C A rr

PI 567301B R R T B RR

Wyandot S S C A rr
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functions on the expression of the PMD disease. We con-

sider the map position of the PMD gene identified in our

study to be highly accurate because of the large population

used (334 RILs) and dense marker coverage used in

mapping the gene. When compared with the locations of

PMD resistance genes reported recently, the position of

PMD gene in PI 567301B is approximately 6 and 2 cM

away from the Rmd_PI243540 from PI 243540 (Kang and

Mian 2010) and the Rmd gene from CNS cultivar (Polzin

et al. 1994), respectively, based on the Soybean Consensus

Map 4.0 (Hyten et al. 2010) and BARCSOYSSR_1.0

soybean SSR database (Song et al. 2010). Such small dif-

ferences in map positions alone do not indicate the exis-

tence of different PMD-resistant genes in the three resistant

sources. However, in the validation test with three markers,

two PMD resistant sources, PI 243540 and cultivar CNS,

revealed different genotypes than PI 567301B in spite of

having the same phenotype. These marker data suggest that

the three soybean lines may carry different genes for PMD

resistance. However, allelism tests using segregating pop-

ulations from pairwise crosses of these three PMD- resis-

tant soybeans would be helpful to reveal the allelic

relationships among the PMD genes in question. Alterna-

tively, further fine mapping of the PMD genes in each of

the three sources may also resolve the allelic relationships.

If they carry different resistance genes, pyramiding of

multiple genes can provide more durable PMD resistance.

A cluster of disease resistance genes or quantitative trait

loci (QTL) to several soybean pathogens has been mapped

near the region of PMD resistance gene identified in this

study. The gene Rps2 conferring resistance to Phytoph-

thora sojae (Polzin et al. 1994); soybean cyst nematode

resistance QTL SCN1-2 and SCN5-2 (Concibido et al.

1994, 1997) from Soybase (www.soybase.org/); three

brown stem rot resistance genes Rbs1, Rbs2, and Rbs3

(Bachman et al. 2001) were mapped to this region on

chromosome 16. In addition, the multiple resistance gene

analogs—(RGAs), RGA_1a, RGA_1b, and RGA_1c, have

been mapped to this region spanning PMD resistance gene

in PI 567301B on the Soybean Consensus Map 4.0 (Hyten

et al. 2010). Thus, the presence of the multiple RGAs

might be associated with the resistance to various soybean

pathogens (Kanazin et al. 1996; Bachman et al. 2001).

Richter and Ronald (2000) suggested that the clustered

gene families of disease resistance genes could be created

through the duplication of ancestor resistance genes.

Interestingly, at least four candidate resistance genes

(Glyma16g34030, Glyma16g34070, Glyma16g34090, and

Glyma16g34110) were annotated in the region close to the

PMD resistance gene in PI 567301B on chromosome 16

from the Williams 82 sequence, encoding a Toll-interleu-

kin receptor (TIR)-nucleotide-binding site (NBS)-Leucine

rich repeat (LRR) disease resistance protein. In barley,

three distinct Mlo-associated NBS-LRR resistance gene

families were reported, which can provide resistance to the

PMD of barley, caused by Erysiphe graminis f. sp. hordei

(Wei et al. 1999). Therefore, additional studies to investi-

gate relationship between candidate resistance genes and

PMD resistance will be needed.

In summary, we have mapped a potentially novel single

dominant gene for PMD resistance in PI 567301B and

developed three molecular markers tightly linked to the

gene. These markers showed perfect co-segregation in

a marker validation test of near isogenic lines. One SNP

marker, PMSNP_1, can be used to perform a high-through-

put genotyping for the selection of the PMD-resistant plants

using melting curve analysis on the LightCycler 480� real

time PCR platform. Therefore, this study provides speedy

and reliable marker-assisted selection tools for breeding for

PMD resistance using the gene from PI 567301B. We have

also developed backcross (BC6) lines by transferring the

gene to a soybean cultivar adapted to northeastern USA.

The molecular markers developed in this research are

publicly available to interested soybean breeders and

researchers.
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