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Abstract Eyespot is an economically important disease

of wheat caused by the soilborne fungi Oculimacula yal-

lundae and O. acuformis. These pathogens infect and col-

onize the stem base, which results in lodging of diseased

plants and reduced grain yield. Disease resistant cultivars

are the most desirable control method, but resistance genes

are limited in the wheat gene pool. Some accessions of the

wheat wild relative Aegilops longissima are resistant to

eyespot, but nothing is known about the genetic control of

resistance. A recombinant inbred line population was

developed from the cross PI 542196 (R) 9 PI 330486

(S) to map the resistance genes and better understand

resistance in Ae. longissima. A genetic linkage map of the

Sl genome was constructed with 169 wheat microsatellite

markers covering 1261.3 cM in 7 groups. F5 lines (189)

were tested for reaction to O. yallundae and four QTL were

detected in chromosomes 1Sl, 3Sl, 5Sl, and 7Sl. These QTL

explained 44 % of the total phenotypic variation in reaction

to eyespot based on GUS scores and 63 % for visual dis-

ease ratings. These results demonstrate that genetic control

of O. yallundae resistance in Ae. longissima is polygenic.

This is the first report of multiple QTL conferring

resistance to eyespot in Ae. longissima. Markers cfd6,

wmc597, wmc415, and cfd2 are tightly linked to Q.Pch.wsu-

1Sl, Q.Pch.wsu-3Sl, Q.Pch.wsu-5Sl, and Q.Pch.wsu-7Sl,

respectively. These markers may be useful in marker-assisted

selection for transferring resistance genes to wheat to increase

the effectiveness of resistance and broaden the genetic

diversity of eyespot resistance.

Introduction

Eyespot is caused by the soilborne fungi Oculimacula

yallundae (syn: Tapesia yallundae, Wallwork & Spooner)

Crous & W. Gams and O. acuformis Crous & W. Gams

(syn: T. acuformis) (Crous et al. 2003). These two patho-

gens were formerly known as the W- and R- pathotypes of

Pseudocercosporella herpotrichoides (Fron.) Deighton,

respectively, before the teleomorph was discovered (Lucas

et al. 2000). These fungi infect the stem base of wheat and

other cereals and grasses, causing eye-shaped elliptical

lesions that result in lodging of infected plants and yield

loss (Murray 2010). When eyespot is severe, yield loss of

up to 50 % can occur in susceptible cultivars (Murray and

Bruehl 1986).

Eyespot has been reported in several wheat-growing

areas of the world with cool, wet autumn and winter

weather including North and South America, Australia,

New Zealand, Europe, and Africa (Lucas et al. 2000). In

the US, eyespot is a yield-limiting disease mainly in the

Pacific Northwest (PNW) even though the pathogens are

widespread.

The most economical and environmentally friendly

control method for eyespot is growing resistant wheat

cultivars. Cappelle Desprez was the first source of eyespot

resistance reported from hexaploid wheat (Law et al.
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1976). Resistance from Cappelle Desprez has been used

extensively since the 1950s and transferred to many cul-

tivars in Europe (Hollins et al. 1988). The genetic control

of eyespot resistance in Cappelle Desprez was first studied

by Law et al. (1976) using chromosome substitution lines

and monosomic analysis. They found that chromosome

7A was critical for eyespot resistance and chromosomes

1A, 2B, and 5D also contributed to resistance. Law et al.

(1976) suggested that the inheritance of eyespot resistance

in Cappelle Desprez was complex. Doussinault and Dosba

(1977) concluded that resistance to eyespot in Cappelle

Desprez was quantitative. This conclusion was supported

by Jahier et al. (1979), who found multiple resistance

factors in wheat cultivar Roazon, which has Cappelle

Desprez in its pedigree. The eyespot resistance gene on

chromosome 7A of Cappelle Desprez was designated

Pch2 and mapped to the distal portion of the long arm

using RFLP (de la Peña et al. 1996, 1997).

Muranty et al. (2002) found that chromosome 5A of

Cappelle Desprez carried a gene for eyespot resistance.

Later, Burt et al. (2011) mapped a major QTL on

chromosome 5AL and associated it with simple

sequence repeat (SSR) marker gwm639. Three SSR

markers (wmc346, wmc525, and cfa2040) were closely

linked to Pch2 on chromosome 7A (Chapman et al.

2008). The eyespot resistance in Cappelle Desprez has

been durable; however, its effectiveness is not sufficient

under severe eyespot conditions and fungicide appli-

cation is required to prevent yield loss (Macer 1966;

Hollins et al. 1988).

Johnson (1992) reported that eyespot resistance was

difficult to find and exploit because it is not readily

available in cultivated wheat. Consequently, wild wheat

species have been evaluated as sources of resistance

(Jones et al. 1995). Wild species, especially Aegilops spp.,

can broaden the genetic diversity of cultivated wheat

(Schneider et al. 2008). Aegilops ventricosa was reported

to be highly resistant to eyespot (Sprague 1936). The

introgression of eyespot resistance gene Pch1 from tet-

raploid Ae. ventricosa Tausch (2n = 28, DDMvMv) to

breeding line VPM-1 is the most successful example of

using eyespot resistance genes from a wild relative of

wheat (Maia 1967). Several wheat cultivars with Pch1

derived from VPM-1 have been developed in the US

PNW. One of them, soft winter wheat cultivar Madsen,

has been widely grown in the PNW since it was released

in 1988 (Murray 2010).

The genetic control of eyespot resistance in VPM-1 was

reported to be a single dominant gene and mapped to the

distal portion of chromosome 7DL using the endopeptidase

marker EP-D1b (Worland et al. 1988). Chao et al. (1989)

mapped RFLP marker, psr121, at the same location as

EP-D1b. Three sequence-tagged-site (STS) markers (orw1,

orw5, and orw6) and three microsatellite markers (wmc14,

barc97, and cfd175) were tightly linked to Pch1 (Leonard

et al. 2008). Chapman et al. (2008) also found that markers

wmc14, barc97, and psr121 were closely linked with Pch1.

Meyer et al. (2011) reported that orw1, orw6, and cfd175

were the most suitable markers for marker assisted selec-

tion (MAS).

Aegilops longissima Schweinf. & Muschl. (2n = 2x =

14, SlSl) is a diploid species in the section Sitopsis of

Aegilops L. (Van Slageren 1994). Species of section

Sitopsis have been valuable sources of genes for

wheat improvement and disease resistance (Millet 2007).

Ae. longissima has provided exploitable traits in grain

quality, grain weight, and drought tolerance (Levy et al.

1985; Millet et al. 1988). Resistance in Ae. longissima to

Septoria glume blotch, powdery mildew, and rusts of wheat

has been reported (Ecker et al. 1990; Cenci et al. 2003;

Anikster et al. 2005). Ae. longissima was recently identified

as a new source of resistance to eyespot (Sheng and Murray

2009).

Genetic mapping is needed to discover the eyespot

resistance genes and associated molecule markers in

Ae. longissima. To date, there have been no molecular

markers developed directly from the Ae. longissima gen-

ome. Zhang et al. (2001) used 59 wheat RFLP probes to

construct a genetic map of Ae. longissima with 7 linkage

groups, but it only comprises 67 loci. They found that 62 %

of the markers were polymorphic between the parents, and

provided evidence that wheat RFLP markers can be used in

Ae. longissima.

Wheat microsatellite markers, also known as SSR

markers, are tandem repeats of short (2–6 bp) DNA

sequences (Röder et al. 1998). Over 1,500 SSR markers

have been developed from the wheat genome and they are

more polymorphic than other marker systems in wheat

(Adonina et al. 2005). The majority of SSRs are

co-dominant and chromosome-specific (Röder et al.

1998). Wheat SSRs were used to amplify DNA from

wheat relatives, including Ae. longissima (Sourdille et al.

2001). Adonina et al. (2005) tested 253 wheat SSRs for

their transferability to diploid Aegilops species and found

that 68 % of them amplified in Ae. longissima. These

results demonstrated the possibility of applying wheat

SSRs to Ae. longissima.

Since differential genetic control of resistance to

O. yallundae and O. acuformis was reported in Dasypy-

rum villosum (Uslu et al. 1998), the objectives of this

study were to determine the genetic control of resistance

to O. yallundae in Ae. longissima and to locate the genes

in the Sl genome by developing a linkage map using

wheat SSR markers. This work will contribute to the long-

term goal of transferring new eyespot resistance genes to

wheat.
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Materials and methods

Mapping population

Ae. longissima accessions PI 542196 and PI 330486

(obtained from the USDA National Small Grains Collec-

tion) are resistant and susceptible to both O. yallundae and

O. acuformis, respectively (Sheng and Murray 2009).

PI 542196 was originally collected from Izmir, Turkey, and

PI 330486 is from an unknown source; both are winter

habits. A recombinant inbred line (RIL) population with

189 lines was developed through single-seed descent from

the cross PI 542196 (R) 9 PI 330486 (S).

Phenotypic evaluation

RILs and the parents were evaluated for eyespot resistance

in growth chamber experiments using a modified GUS

assay (de la Peña and Murray 1994). Winter wheat culti-

vars Madsen and Hill 81 were the resistant and susceptible

controls, respectively. One hundred eighty-nine F5 RILs

were tested twice in a randomized complete block (RCB)

design experiment with three blocks; a total of 12 plants

per line were tested.

Two seeds were planted into a 6.4 cm square plastic pot

(McConkey Co., Sumner, WA) with commercial Sunshine

Potting Mix#1/LC1 (SunGro Horticulture, Bellevue, WA)

and fertilized with Osmocote (14-14-14, w/v) (The Scotts

Company LLC, Marysville, OH). Plastic flats without drain

holes (54 9 27 9 6 cm) were used to hold 50 pots; four

flats together acted as one block and were always placed in

the same growth chamber maintained at 15/13 �C with a

12-h photoperiod and rotated every 2–3 days. Relative

humidity was maintained between 98 and 100 %.

Plants were inoculated with a mixture of conidia from

b-glucuronidase (GUS) transformed O. yallundae isolates

tph8934-5-61, tph8934-5-62, tph8934-5-68, and tph8934-

5-70 when at the two-leaf stage (de la Peña and Murray

1994). A slurry was made by blending conidia, 1.5 % fresh

WA, and water together for a final concentration of

2.1 9 105 conidia per ml. During inoculation, 250 ll of the

slurry was pipetted into a 3.3-cm long split drinking straw

collar around each plant stem base. The same amount of

inoculum was added again 1 or 2 days later (de la Peña and

Murray 1994).

Eight weeks after inoculation, at approximately growth

stage 23–25 (Zadoks et al. 1974) a 3-cm section of the

whole stem was removed from around the inoculation site

and briefly washed with tap water to remove soil. Visual

disease ratings were performed on a 0–4 scale (Yildirim

et al. 2000), where 0 = no symptoms (healthy), 1 = a

lesion only on the first leaf sheath, 2 = a lesion on the first

leaf sheath and a small lesion on the second leaf sheath,

3 = a lesion covering the first leaf sheath and up to half of

the second sheath, and 4 = a lesion covering the first and

second sheaths (nearly dead). All tillers (2–4) of each

plant were evaluated as a whole. The stems were then

wrapped with paper towels and frozen at -20 �C until the

GUS assay was performed. GUS activity in stems was

used as a surrogate measurement of the amount of fungal

colonization.

Frozen stems were ground in a leaf squeezer (Ravenel

Specialties Company, Seneca, SC) with 2.5 ml GUS

extraction buffer added per sample. GUS extraction buffer

includes 0.05 M NaHPO4 (pH 7.0), 0.01 M Na2EDTA (pH

8.0), 1 g n-laurylsarcosine, 1 ml Triton X-100, and 0.8 g

DL-dithiothreitol per liter. GUS activity was determined by

adding 50 ll extract with 40 ll 10 mM fluorescent sub-

strate 4-methylumbelliferyl b-D-glucoside (MUG) (Sigma

Life Science, St. Louis, MO) in a 1.2-ml testing tube, and

then incubating at 37 �C for 1 h to produce fluorescent

methylumbelliferone (MU). The fluorescence intensity of

MU was measured in a Molecular Devices SpectraMax M2

microplate reader (Molecular Devices Co., Sunnyvale,

CA). GUS scores were expressed as the log10 transformed

ratio [log10(x/resistant control) ?1] of GUS activity of an

individual accession (x) compared with the activity of the

resistant control (Madsen); therefore, the GUS score of

Madsen was 1.0.

Statistical analysis

Homogeneity of variance of the two F5 experiments was

tested with the F-ratio of the larger error variance to the

smaller error variance (Gomez and Gomez 1984). When

the variances are homogeneous, data from the two exper-

iments were combined. Statistical analysis was conducted

with SAS Version 9.2 (SAS Institute Inc., Cary, NC).

Analysis of variance (ANOVA) for GUS score and visual

rating in individual or combined experiments and standard

deviation were carried out by PROC GLM. Variance

components were based on ANOVA for a random model

generated from PROC GLM with variances of lines and

experiments considered random effects. The hypothesis of

normality for the frequency distribution of GUS scores or

visual ratings was tested by Kolmogorov–Smirnov test

with PROC UNIVARIATE. Both Tukey’s t test and

Dunnett’s t test were used for multiple comparisons for

the least squares mean (lsmean) of RILs and the geno-

types based on presence of specific QTL. Pearson corre-

lation coefficients between visual ratings and GUS scores

of combined experiments were calculated by PROC

CORR.

Broad-sense heritability (H2) was calculated as

H2 = Var(G)/Var(P), where Var(G) is the genetic variance

and Var(P) is the phenotypic variance, which is the
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combination of genetic variance and environmental vari-

ance [Var(E)]. The equation for broad-sense heritability

based on entry mean is H2 ¼ r2
g=ðr2

g þ r2
gxe=r þ r2

e=rnÞ;
where r is the number of experiments and n is the number

of plants per line (Shen et al. 2003).

DNA isolation and marker analysis

Genomic DNA was extracted from fresh leaves (growth

stage 18–20) of the parents and F5 RILs as described in the

protocol for monocot DNA isolation (Wheat Genetic and

Genomic Resources Center at Kansas State University,

http://www.k-state.edu/wgrc). DNA extraction buffer

includes 0.5 M NaCl, 0.1 M Tris–HCl (pH 8.0), 50 mM

EDTA (pH 8.0), 0.84 % (w/v) SDS, 0.38 g sodium bisul-

fate per 100 ml, and 5 N NaOH to adjust pH to 8.0. DNA

was dissolved in sterile distilled H2O and quantified using a

Bio-Rad Fluorescent DNA Quantitation Kit (Bio-Rad lab-

oratories, Hercules, CA) on a Molecular Devices Spectra-

Max M2 microplate reader (Molecular Devices Co.,

Sunnyvale, CA).

Marker analyses were performed using tailed-PCR in

which the forward primer had a 19-bp M13 sequence

(50-CACGACGTTGTAAAACGAC-30) at the 50 end and

a M13 fluorescently labeled primer added as the third

universal primer. Six hundred fifteen wheat microsat-

ellite (SSR) primer sets covering the A, B, and D gen-

omes were screened for polymorphism between the

parents.

Polymorphic markers were used to genotype individual

178 F5 RILs along with parental DNA and water as con-

trols. DNA of 178 F5 RILs was chosen randomly among

the 189 F5 RILs used for phenotype evaluation because of

the limited number of wells in the PCR plate. The 12-ll

PCR reaction mix contained 40 ng DNA, 1.2 ll of 109

PCR buffer with 15 mM MgCl2 (New England Biolabs,

Ipswich, MA), 0.48 ll of 25 mM MgCl2 (Fermentas, Glen

Burnie, MD), 0.24 ll of 250 lM each of dCTP, dGTP,

dTTP, and dATP (GenScript USA Inc. Piscataway, NJ),

0.06 ll of 10 lM M13-tailed forward primer, 0.3 ll of

10 lM reverse primer, 0.24 ll of 10 lM M13 primer

fluorescently labeled with 6-FAM, VIC, NED, or PET

(Applied Biosystems, Foster City, CA), and 0.6 U Taq

DNA polymerase (New England Biolabs, Ipswich, MA).

Thermocycler conditions consisted of 5 min initial dena-

turation at 94 �C, 42 cycles of 1 min denaturing at 94 �C,

1 min annealing at primer-specific temperature, 1 min

extension at 72 �C, and final extension at 72 �C for 10 min.

PCR was conducted in a Bio-Rad iCycler with 384 well

Reaction Module (Bio-Rad laboratories, Hercules, CA).

PCR products with different fluorophores were mixed

and detected on an ABI 3730 Gene Analyzer (Applied

Biosystems, Foster City, CA). Fragment analysis was

performed using GeneMarker V1.50 software (SoftGenet-

ics, State College, PA).

Linkage map construction and QTL analysis

Marker segregation for resistant to susceptible lines in F5

was tested by Chi-square (v2) analysis for goodness-of-fit

to the expected ratio of 17:15. Segregating markers were

used to construct linkage maps with Mapmaker V3.0

(Lander et al. 1987). A minimum logarithm of odds (LOD)

score of 4.0 was used as the threshold value for grouping

markers into linkage groups. Three-point linkage analyses

were carried out to order the linked markers with maximum

recombination value of 0.5 for calculating the distance

between markers. Genetic distance (cM) among markers

was computed by the Kosambi map function (Kosambi

1944). Linkage groups were assigned to the putative

homoeologous chromosomes of the Sl genome according to

the wheat chromosome information provided in GrainG-

enes (http://wheat.pw.usda.gov/cgi-bin/graingenes). Mar-

ker order on the Sl genome was compared with previously

published wheat genome maps (Röder et al. 1998; Somers

et al. 2004).

QTL analysis was performed using data of F5 RILs with

WinQTLCart V2.5 (Wang et al. 2010). The least squares

means for GUS score and visual rating of two experiments

for each line were used in the QTL analysis. Single Marker

Analysis (Wang et al. 2010) was performed to identify

markers with significant effects (P \ 0.05) for GUS score

and visual rating and the chromosome locations of the

major QTL for eyespot resistance. Composite Interval

Mapping (Wang et al. 2010) was conducted to detect QTL

associated with resistance to O. yallundae. The LOD

threshold value for detecting significant QTL was 2.5

(P \ 0.01) based on a 1,000-permutation test with 1.0 cM

walk speed. The phenotypic variation (R2) that was

explained by significant QTL and additive effects were also

carried out with Composite Interval Mapping.

Results

Phenotypic evaluation

Error variance of the two F5 phenotyping experiments was

not significantly different for GUS scores and visual ratings

at 95 % significance level; therefore, homogeneity of var-

iance was established and data were combined for analysis.

Mean GUS scores of 189 F5 lines ranged from 1.0 to 1.9,

and mean visual ratings ranged from 0.6 to 4.0. Distribu-

tion of GUS scores and visual ratings in the F5 population

were continuous and normal based on the Kolmogorov–

Smirnov test of normality (P [ 0.15) (Fig. 1).
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GUS scores and visual ratings were significantly corre-

lated (r = 0.678, P \ 0.0001) with combined data in the

F5 population tests. The parental lines, PI 542196 (R) and

PI 330486 (S) had significantly (P \ 0.0078) different

GUS scores and visual ratings. The GUS score (1.2) of PI

542196 was not significantly (P [ 0.90) different from 1.0,

the value of Madsen (resistant control), whereas the GUS

scores (1.6 or 1.7) of PI 330486 were significantly

(P \ 0.0001) greater than 1.0 in each experiment.

Based on analysis of variance (ANOVA), there was sig-

nificant variation among RILs for both GUS score and visual

rating. Genotypes (RILs) had significantly (P \ 0.0001)

different GUS scores and visual ratings in the F5 popula-

tions (Table 1). The effects of environment (block within

experiment) and genotype by environment interaction

(Expt. 9 RILs) were significant (P \ 0.05). However, nei-

ther GUS scores (P = 0.23) nor the visual ratings (P = 0.83)

were significantly different between the two experiments in

the F5 population. Broad-sense heritability (H2) based on line

means in the F5 population was 82 and 81 % for GUS score

and visual rating, respectively (Table 1).

Genetic linkage map

Among 615 wheat SSR markers, 332 (54 %) were poly-

morphic between the parental lines (PI 542196 and PI

330486) and 189 (57 %) of those were co-dominant. The

polymorphic markers were used to genotype F5 RILs and

215 segregating markers were used for mapping. A linkage

map of Ae. longissima was constructed with 169 linked

markers covering 1261.3 cM in 7 groups. The average

distance was 7.46 cM between markers. Putative homo-

eologous chromosomes were assigned as 1Sl, 2Sl, 3Sl, 4Sl,

5Sl, 6Sl, and 7Sl (Fig. 2a, b). Individual chromosomes had

15–39 markers and length ranged from 53.4 to 287.6 cM

(Table 2). Sixty percent (101 markers) of the 169 markers

were mapped on homoeologous chromosomes (1A, 1B, or

1D) in the Sl genome. Seventy-seven of the 101 markers

(76 %) have the co-linearity in wheat homoeologous

chromosomes (Table 2).

QTL analysis

Four QTL for eyespot resistance were detected on chro-

mosomes 1Sl, 3Sl, 5Sl, and 7Sl, respectively (Fig. 2a, b).

All QTL were significant using both GUS scores and visual

ratings, and were contributed by the resistant parent, PI

542196. These QTL were designated as Q.Pch.wsu-1Sl,

Q.Pch.wsu-3Sl, Q.Pch.wsu-5Sl, and Q.Pch.wsu-7Sl.

Q.Pch.wsu-1Sl was detected on chromosome 1Sl with

LOD values of 5.2 and 7.1 for GUS score and visual rating,

respectively (Fig. 2a). Q.Pch.wsu-1Sl explained 11 and

15 % of the phenotypic variation with GUS score and

visual rating, respectively, and is flanked by SSR markers

barc119 and cfd83, including 12 markers and covering a

25.7-cM interval. All 12 markers were significantly asso-

ciated with Q.Pch.wsu-1Sl (P \ 0.001) and 9 of them are

co-dominant markers. Markers cfd6, gdm67, gwm642, and

cfd48, which were clustered at a 3.1-cM interval on chro-

mosome 1Sl, were most closely linked to Q.Pch.wsu-1Sl-1

(P \ 0.0001). Three of them are co-dominant. For both

GUS score and visual rating, the mean of lines with the

resistant allele (PI 542196) was significantly less (more

resistant) than the susceptible allele (PI 330486)

(P \ 0.0005) at markers cfd6 and gdm67 (Fig. 4). An

additive effect (0.06 for GUS score and 0.19 for visual

rating) was contributed from the resistant parent PI 542196.

Q.Pch.wsu-3Sl explained 14 and 9 % of the phenotypic

variation with GUS score and visual rating, respectively.

Its LOD values were 5.3 and 3.4 for GUS score and visual

rating, respectively (Fig. 2a). Q.Pch.wsu-3Sl was associ-

ated with both GUS score and visual rating in a 39.2-cM

interval between markers wmc169 and wmc231 on chro-

mosome 3Sl. Q.Pch.wsu-3Sl may be located on the short

arm because the two flanking markers are located on the

short arm of wheat chromosome 3A and 3B, respectively.

Markers gdm72 and wmc597, in an interval of 6.1 cM, had

a significant (P \ 0.0001) effect on both GUS score and

visual rating. Marker wmc597 was about 7 cM from the

Fig. 1 Distribution of GUS scores (a) and visual ratings (b) in F5

population (189 lines, 12 plants/line) of the cross PI 542196 (R) 9 PI

330486 (S) inoculated with Oculimacula yallundae. The null

hypothesis of normality was not rejected by the Kolmogorov–

Smirnov test with values of 0.0233 and 0.0505 (P [ 0.15)
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QTL peak. Both GUS score and visual rating were sig-

nificantly (P \ 0.0001 and P = 0.0005, respectively) dif-

ferent between resistant and susceptible lines at the closest

marker wmc597 (Fig. 4). The additive effects from the

resistant parent were 0.21 and 0.05 for GUS score and

visual rating, respectively.

Q.Pch.wsu-5Sl had LOD values of 4.3 and 17.1 for GUS

score and visual rating, and explained 10 and 28 % of the

phenotypic variation, respectively (Fig. 2b, 3). Q.Pch.wsu-5Sl

was flanked between markers gwm213 and gwm271 in a

24-cM interval. Six markers fell in that range and all were

significantly (P \ 0.0001) associated with Q.Pch.wsu-5Sl by

GUS score and visual rating. It is possible that Q.Pch.wsu-5Sl

is on the long arm because all these markers are located at long

arm of wheat chromosome group 5. Markers gwm639,

wmc415, and cfd12, in a 13.1-cM interval, were the most

closely linked markers. At these markers, GUS score and

visual rating were significantly less for the resistant parental

alleles (P \ 0.0085 and P \ 0.0001, respectively) (Fig. 4).

Additive effects were 0.06 for GUS score and 0.32 for visual

rating, which came from the resistant parent.

Q.Pch.wsu-7Sl was detected with both visual rating and

GUS score near the end of chromosome 7SlL since some

homoeologous markers have similar locations on wheat

homoeologous group 7. The flanking markers, gdm132 and

cfd2, are in a 12.5-cM interval (Fig. 2b). Both markers

were significantly (P \ 0.003) associated with the QTL.

Q.Pch.wsu-7Sl had LOD values of 3.3 and 4.8 and

explained 9 and 11 % of the phenotypic variation of GUS

score and visual rating, respectively. At marker cfd2, both

GUS score and visual rating were significantly lower

(P = 0.0024 and 0.0017, respectively) for the resistant

parental types (Fig. 4). The resistant parent had additive

effects with values of 0.05 and 0.24 for GUS score and

visual rating, respectively.

The QTL in Ae. longissima exhibited additive effects

ranging from 0.05 (Q.Pch.wsu-7Sl) to 0.32 (Q.Pch.wsu-

5Sl). In total, the additive effect was 0.38 for GUS scores

and 0.80 for visual ratings. Epistatic effects were detected

between some QTL, but they were not significant.

Sixteen genotypes with three to eighteen lines each were

produced from 178 RILs based on presence of these

four QTL. Genotypes were defined by combinations of

the resistant parental allele at the closest marker to each

QTL. cfd6, wmc597, wmc415, and cfd2 are the closest

markers to Q.Pch.wsu-1Sl, Q.Pch.wsu-3Sl, Q.Pch.wsu-5Sl,

and Q.Pch.wsu-7Sl, respectively. The LSmeans for GUS

score and visual rating for each genotype were calculated

(Fig. 5). Both GUS score and visual rating were significantly

(P \ 0.0001) different among the 16 genotypes. Lines with

no QTL had the greatest GUS score (1.6) and visual rating

(3.1), and the lines with all QTL had the lowest GUS score

(1.2) and visual rating (1.4). GUS scores and visual ratings

for genotypes with one QTL were not significantly different

(P [ 0.15 and P [ 0.14, respectively) from lines with no

QTL or from each other, but were significantly (P \ 0.0001)

greater than the lines with all QTL.

Six genotypes with combinations of two QTL had signifi-

cantly (P \ 0.05) lower GUS scores, and four of them had

significantly (P \ 0.05) lower visual ratings than the ‘no

QTL’ genotype. The combination of Q.Pch.wsu-3Sl and

Q.Pch.wsu-5Sl was as effective as three QTL combinations

and was not significantly different than lines with all QTL for

either GUS score or visual rating (P = 0.81 and P = 0.49,

respectively).

Genotypes with combinations of three QTL had signifi-

cantly lower GUS scores and visual ratings (P \ 0.0006 and

P \ 0.0002, respectively) than ‘no QTL’. With the exception

of the combination of Q.Pch.wsu-1Sl, Q.Pch.wsu-3Sl, and

Q.Pch.wsu-7Sl for visual rating, all were not significantly

greater than the ‘all QTL’ for both GUS score and visual rating

(P [ 0.21 and P [ 0.12, respectively). When combined with

other QTL, Q.Pch.wsu-5Sl played a critical role in eyespot

resistance. Lines containing all QTL had the lowest GUS

scores and visual ratings and were significantly lower than

most other genotypes.

Table 1 Variance components of GUS scores and visual ratings and broad-sense heritability (H2) for F5 recombinant inbred lines derived from

the cross PI 542196 (R) 9 PI 330486 (S) and inoculated with Oculimacula yallundae

Source of variation df GUS score Visual rating

Mean square F value Mean square F value

RILsa 188 0.27 4.54**b 4.94 5.65**

Block (Expt.) 4 2.69 46.17** 34.76 39.76**

Experiment 1 5.71 2.12 1.84 0.05

Expt. 9 RILs 188 0.09 1.6** 1.65 1.88**

Error 1,660 0.058 0.87

H2 (based on line means) 82 % 81 %

a 189 lines; 12 plants/line in two experiments
b ** P \ 0.01
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Fig. 2 Linkage map of

Aegilops longissima
chromosomes. a 1Sl, 2Sl, 3Sl,

and 4Sl. Chromosomes 1Sl and

3Sl carry QTL Q.Pch.wsu-1Sl

and Q.Pch.wsu-3Sl for eyespot

resistance, respectively. b 5Sl,

6Sl, and 7Sl. Chromosome 5Sl

and 7Sl carry Q.Pch.wsu-5Sl

and Q.Pch.wsu-7Sl for eyespot

resistance, respectively. QTL

are indicated on chromosomes

as black rectangles
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Discussion

Four QTL contributing resistance to O. yallundae were

detected on Ae. longissima chromosomes 1Sl, 3Sl, 5Sl, and

7Sl. These four QTL explained 44 % of the phenotypic

variation in GUS scores and 63 % of the variation in visual

ratings. These results demonstrate that genetic control of

eyespot resistance in Ae. longissima RILs of PI

542196 9 PI 330486 is polygenic and controlled by QTL.

This is the first time that multiple QTL conferring resis-

tance to eyespot in Ae. longissima have been reported. To

date, only a single QTL for eyespot resistance has been

characterized on chromosome 5AL of Cappelle Desprez,

which explains 34 % of the phenotypic variation (Burt

et al. 2011).

The two commercially available eyespot resistance

genes, Pch1 and Pch2, both have been characterized as

single genes (Worland et al. 1988; de la Peña et al. 1996).

In this study, the distribution of GUS scores and visual

ratings in the F5 population were continuous; therefore, a

QTL mapping approach was conducted to determine the

inheritance of eyespot resistance in Ae. longissima. The

identification of multiple QTL confirmed that eyespot

resistance in Ae. longissima behaved as a quantitatively

inherited trait rather than a single gene. Although the

resistant wheat control, Madsen, had the lowest GUS score

Table 2 Genetic linkage groups of Aegilops longissima based on the cross PI 542196 (R) 9 PI 330486 (S) constructed with wheat microsatellite

markers

Chromosome Length (cMa) Marker # Co-dominant markers Homoeologous markersb Co-linear markers with wheatc

1Sl 133.5 25 14 15 12

2Sl 185.9 35 19 25 19

3Sl 206.5 19 5 18 12

4Sl 287.6 15 1 3 2

5Sl 131.2 21 14 16 14

6Sl 53.4 15 10 8 6

7Sl 263.2 39 11 16 12

a Genetic distance (cM) was computed by the Kosambi map function
b Markers homoeologous with chromosomes of A, B, or D genomes
c Order of markers on the Sl genome was compared with previously published wheat genome maps

Fig. 3 Major QTL Q.Pch.wsu-

5Sl for eyespot resistance

identified on Aegilops
longissima chromosomes 5Sl by

GUS score and visual rating

with composite interval

mapping. The QTL were plotted

using data from each individual

experiment and combined

experiments
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and visual rating, it does not completely prevent yield

loss under field conditions. The newly identified QTL in

Ae. longissima are potentially valuable to increase the

effectiveness and genetic diversity of eyespot resistance

available to breeding programs.

Law et al. (1976) detected minor contributions to eye-

spot resistance on chromosomes 1A, 2B, and 5D of

Cappelle Desprez in addition to the major contribution

from 7A in a monosomic analysis. Strausbaugh and Murray

(1989) found one semidominant gene for eyespot resistance

in Cappelle Desprez and suggested the possibility of more

genes involved in resistance since their samples were col-

lected at 4 weeks after inoculation. Burt et al. (2011)

identified a QTL (QPch.jic-5A) for eyespot resistance in

Cappelle Desprez in both seedling and adult plants. How-

ever, Law et al. (1976) was not able to detect resistance on

chromosome 5A of Cappelle Desprez seedlings. Muranty

et al. (2002) evaluated eyespot resistance in Cappelle

Desprez at both the seedling and adult stages; they found a

major gene on chromosome 7A was only effective at the

seedling stage and another gene on 5A was only effective

at the adult stage. Polygenic eyespot resistance has been

confirmed in Cappelle Desprez (Law et al. 1976; Jahier

et al. 1979), but not all genes in Cappelle Desprez have

been characterized and mapped. In our study, four QTL

were detected with phenotypic data collected 8 weeks after

inoculation (10-week-old plants), which was approxi-

mately growth stage 23–25 (Zadoks et al. 1974). Eyespot

resistance in Ae. longissima may be effective in both

seedling and adult stages and inherited in a similar manner

to that of Cappelle Desprez, rather than the single dominant

gene in VPM-1.

In QTL mapping, accurate phenotypic evaluation is

critical. In this study, GUS assay was conducted to eval-

uated eyespot severity in addition to visual ratings. The

GUS reporter gene system quantifies pathogen growth and

provides an objective and sensitive tool to assess pheno-

type that complements visual ratings (de la Peña and

Murray 1994; de la Peña et al. 1996, 1997; Yildirim et al.

2000). During the GUS assay, inoculation was conducted

Fig. 4 GUS scores (a) and visual ratings (b) for RILs of PI 542196

(R) 9 PI 330486 (S) with different parental alleles at the markers

close to each QTL. cfd6 and gdm67 are close to Q.Pch.wsu-1Sl;

wmc597 is close to Q.Pch.wsu-3Sl; gwm639, wmc415, and cfd12 are

close to Q.Pch.wsu-5Sl; and cfd2 is close to Q.Pch.wsu-7Sl. The dark
bars and light bars represent the mean GUS scores or visual ratings of

RILs with susceptible allele and resistant allele at the marker closet to

each QTL, respectively. Different letters on the bars indicate the

significance (P \ 0.05). Error bars show standard errors

Fig. 5 Resistance of 16 genotypes based on four QTL detected in F5

RIL populations of PI 542196 (R) 9 PI 330486 (S) to Oculimacula
yallundae. Each genotype includes 3–18 lines and each line includes

12 plants. Bars represent mean GUS scores or visual ratings of RILs

with the same genotype. a Mean GUS scores of RILs within each

genotype; b Mean visual rating of RILs within each genotype. Bars
with an asterisk are genotypes with significantly (P \ 0.05) lower

GUS scores or visual ratings than ‘no QTL’. 1S, 3S, 5S, and

7S represent Q.Pch.wsu-1Sl, Q.Pch.wsu-3Sl, Q.Pch.wsu-5Sl, and

Q.Pch.wsu-7Sl, respectively. Light bars are genotypes that were not

significantly (P [ 0.05) greater than ‘all QTL’ for either GUS score

or visual rating. Error bars show standard errors
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similar to Macer’s straw-cylinder technique (Macer 1966),

in which an inoculum slurry was pipetted into a straw

collar around the stem base. This technique provides both

uniformity and accuracy because other pathogens rarely

attack the stem base (Doussinault and Dosba 1977). de la

Peña and Murray (1994) developed the GUS assay to more

accurately assess the eyespot resistance phenotype. GUS

scores reflect eyespot pathogen growth and were highly

correlated with eyespot resistance based on field evaluation

of adult plants (de la Peña and Murray 1994). In our study,

all QTL were identified with both visual ratings and GUS

scores, which confirms that GUS scores are positively

correlated with eyespot severity. The high broad-sense

heritability in GUS scores (82 %) and visual ratings (81 %)

also indicated that phenotypic measurements were

reproducible.

Q.Pch.wsu-1Sl was detected on chromosome 1Sl and 12

wheat SSR markers were significantly associated with it.

Resistance to eyespot has been found in homoeologous

chromosome Group 1 in other studies. Law et al. (1976)

reported that chromosome 1A of Cappelle Desprez was

implicated in resistance to eyespot. Uslu et al. (1998) found

resistance in Dasypyrum villosum chromosome 1V to both

O. yallundae and O. acuformis. Resistance to both patho-

gens was also identified in Ae. longissima chromosome 1Sl

when Ae. longissima addition and substitution lines were

tested (Sheng and Murray, unpublished data). However,

there were no associated markers reported in those studies.

Q.Pch.wsu-3Sl on chromosome 3Sl plays a critical role

in eyespot resistance since GUS scores and visual ratings

were significantly lower when a line had the resistant allele

near associated marker wmc597. Finding a major QTL

conferring resistance to O. yallundae on chromosome 3Sl is

not consistent with the results of Ae. longissima addition or

substitution lines study, in which only one substitution line

containing 3Sl was resistant to O. acuformis (Sheng and

Murray, unpublished data). This may be due to different

Ae. longissima accessions used in that study. However,

Dasypyrum villosum chromosome 3V was associated with

resistance to both O. yallundae and O. acuformis (Uslu

et al. 1998). The powdery mildew resistance gene Pm13

was also located on Ae. longissima chromosome 3SlS

(Cenci et al. 2003). In our study, Q.Pch.wsu-3Sl may be on

the short arm. However, Pm13 is near the distal portion and

Q.Pch.wsu-3Sl is not.

Q.Pch.wsu-5Sl was the most significant QTL identified

in this study. Homoeologous chromosome group 5 was

reported to contain eyespot resistance in several studies

(Law et al. 1976; Uslu et al. 1998; Muranty et al. 2002;

Burt et al. 2011). When Burt et al. (2011) detected resis-

tance to eyespot on chromosome 5AL of Cappelle Desprez,

SSR marker gwm639 was the closest marker. A QTL

linked to gwm639 for Fusarium head blight resistance was

detected in two different winter wheat populations (Gervais

et al. 2003; Paillard et al. 2004). Thus, Xgwm639 may be a

critical locus for disease resistance. In our study, the closest

marker, wmc415, is 6.7 cM away from gwm639. SSR

marker cfd12 was closely linked to an adult plant stripe rust

resistance QTL from the diploid A genome species Triti-

cum boeoticum on chromosome 5A (Chhuneja et al. 2008).

Marker cfd12 is 6.4 cM away from wmc415 on chromo-

some 5SlL in our study. An unmapped resistance to

O. yallundae was also identified in Ae. longissima chro-

mosome 5Sl when Ae. longissima addition and substitution

lines were tested (Sheng and Murray, unpublished data).

Q.Pch.wsu-7Sl was located near the distal end of the

long-arm chromosome 7Sl. Q.Pch.wsu-7Sl may be a

homoeolocus of Pch1 and Pch2 because they are located in

the distal portion of chromosome 7DL of VPM-1 (Worland

et al. 1988) and 7AL of Cappelle Desprez (de la Peña et al.

1997), respectively. It has been suggested that Pch1 and

Pch2 are homoeoloci (de la Peña et al. 1997; Chapman

et al. 2008). More markers are needed on the distal side of

Q.Pch.wsu-7Sl to confirm if it is a homoeolocus. Resistance

to eyespot was found in Ae. longissima addition and sub-

stitution lines with Ae. longissima chromosome 7Sl but a

linked marker was not reported (Sheng and Murray,

unpublished data).

The additive effects of the QTL in Ae. longissima were

confirmed when the RILs were grouped by genotype. No

single QTL genotypes had significantly greater resistance

than other single QTL genotypes. However, all of the two

QTL combinations resulted in greater eyespot resistance

than single QTL. Most of the three QTL combinations also

showed greater resistance than the two QTL combinations.

Each QTL contributed to reducing GUS scores and visual

ratings, but the combination of all QTL had the greatest

effect in reducing disease, although it was not significantly

different than some three QTL genotypes.

Although SSR markers are highly polymorphic, they are

not always useful in related genera (Röder et al. 1995).

Adonina et al. (2005) reported that the transferability of

wheat SSR markers to Ae. longissima was 68 % and the

polymorphism within Ae. longissima was 75 %. In our

study, similar transferability and polymorphism were

observed. Thus, wheat SSR markers were useful for map-

ping genes in Ae. longissima and enabled the first genetic

linkage map covering seven linkage groups of the Sl gen-

ome to be constructed. Furthermore, they will be useful in

transferring these QTL to wheat.

QTL mapping with SSR markers has been used for

resistance to Fusarium head blight (Gervais et al. 2003;

Shen et al. 2003; Paillard et al. 2004), powdery mildew

(Lillemo et al. 2008), and stripe rust (Carter et al. 2009; Lin

and Chen 2009) of wheat. With the same approach,

Leonard et al. (2008) linked markers to eyespot resistance
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gene Pch1 and a major QTL conferring resistance to eye-

spot on chromosome 5A of Cappelle Desprez was detected

(Burt et al. 2011). In our study, four QTL conferring

resistance to O. yallundae were mapped in the genome of

Ae. longissima. The markers tightly linked to these QTL

can be used in breeding programs for marker-assisted

selection. This is the first study to use wheat microsatellite

markers for genetic dissection of disease resistance QTL in

a wild relative of wheat. In the near future, this RIL pop-

ulation and genetic map of Sl genome will be used to map

QTL for resistance to O. acuformis, and the genes con-

ferring eyespot resistance will be introgressed into a suit-

able wheat genetic background for use in breeding

programs.
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