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They were mapped on chromosomes 1A, 2B, 3B, 4A, 
5D, 6B, and 7B. Four of these QTL are unequivocally 
novel, while it is possible that the other three might also 
be novel. Plant height and heading date of the 241 RILs 
were recorded in the four field trials. All of the seven dis-
ease resistance QTL were independent of plant height and 
heading time except one that was significantly associated 
with plant heading time. This association might be attrib-
uted genetically to a single QTL, or to different but closely 
linked QTL. In the case of single QTL, pleiotropism might 
be involved or the sharp eyespot resistance might be con-
ferred in a physical instead of physiological nature.

Introduction

Bread wheat (Triticum aestivum L.) is a staple food crop 
for the human population (http://faostat.fao.org). Sharp 
eyespot disease has escalated into a major threat to wheat 
production in some regions of the world (Lemańczyk and 
Kwaśna 2013; McBeath and McBeath 2010). The main 
agent of wheat sharp eyespot is Rhizoctonia cerealis van 
der Hoeven (teleomorph Ceratobasidium cereale D Mur-
ray and LL Burpee, anastomosis group 1, CAG 1), a soil-
borne fungus with bi-nucleate hyphal cells (Burpee et  al. 
1980; Lipps and Herr 1982). R. solani Kuhn, another soil-
borne fungus with multi-nucleate hyphal cells and several 
anastomosis groups (AGs), is the other agent that can be 
isolated from wheat leaf sheaths and stems showing sharp 
eyespot lesions (Boerema and Verhoeven 1977; Lemańczyk 
2010). Pathogen surveys, conducted in China over the last 
years (e.g., Chen et al. 2009; Guo et al. 2012; Wang et al. 
2011), showed that the isolates from wheat leaf sheaths and 
stems showing sharp eyespot lesions were predominantly 
R. cerealis CAG 1 (>90  %). R. solani isolates, involving 
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AG-1-IB, AG-2, AG-4 and AG-5, were occasionally 
observed (<10 %). In the latter case, R. solani was found 
to exist concurrently with or separately from R. cerea-
lis in sharp eyespot lesions. These results were consistent 
across several major wheat-growing provinces. The isolates  
of R. cerealis CAG 1 were much more virulent than those 
of R. solani (e.g., Chen et al. 2009).

Wheat sharp eyespot is particularly associated with tem-
perate wheat-growing regions such as in China (McBeath 
and McBeath 2010; Wang et al. 1994), Egypt (Hammouda 
2003), England and Wales (Clarkson and Cook1983; Pol-
ley and Thomas 1991), New Zealand (Cromey et al. 2006), 
Poland (Lemańczyk 2010; Lemańczyk and Kwaśna 2013), 
and the USA. (Lipps and Herr 1982; Mazzola et al. 1996). 
Severe sharp eyespot can considerably decrease wheat 
grain yield (Clarkson and Cook 1983; Lemańczyk and 
Kwaśna 2013). In terms of wheat acreage affected by sharp 
eyespot, China is the largest epidemic region in the world, 
as exemplified by the 8.1 million hectares of winter wheat 
affected in 2005 (McBeath and McBeath 2010). Although 
winter wheat can be attacked by the fungi as early as when 
seeds begin to germinate in autumn, the attack occurs more 
frequently in the coming spring and early summer as mani-
fested by lesions on plant basal leaf sheaths and stems. 
Typical lesions are of elliptical or ‘eye’ shape with sharply 
defined dark brown borders and a pale yellow center area, 
and may coalesce into large patches girdling the stem up to 
a height of about 30 cm. Sclerotia can be observed between 
the leaf sheath and stem or within the stem lumen. Severe 
infection of shoots may cause premature ripening (whitehe-
ads) or plant lodging, or shoots may be killed before the ear 
can emerge from the sheath. In commercial winter wheat 
fields, sharp eyespot lesions can be readily observed begin-
ning from the early tillering growth stages of wheat plants 
when the temperature is about 10  °C in early spring. The 
disease then rapidly increases from mid or late stem elon-
gation to ear emergence when the temperature becomes 
higher than 15  °C, and lesions steadily extend from ear 
emergence onwards (Wang et al. 1994).

Fungicides, intensive or deep tillage, and crop rotation 
are currently used to manage the disease (Wang et al. 1994; 
Hamada et  al. 2011). Wheat resistance to sharp eyespot 
can be a potential means to reduce the need for application 
of fungicides and the need for fuel of farm machines for 
intensive tillage. Reports of resistance mainly came from 
China (e.g., Cai et  al. 2006; Huo 2002; Ren et  al. 2010; 
Zhang et  al. 2005). Extensive screening of bread wheat 
germplasm resources has identified no confirmed immu-
nity or complete resistance to sharp eyespot. However, cer-
tain wheat cultivars or breeding lines or Chinese landraces 
such as ARz, Baimian 3, Chuan 35050, Shanhong Mai, 
and Shannong 0431 were proven to possess quantitative 
resistance.

Five RIL populations involving those resistance 
resources have been constructed and used to study the 
inheritance of resistance (Cai et  al. 2006; Huo 2002; Ren 
et  al. 2004, 2007; Tang et  al. 2004; Zhang et  al. 2005).  
A QTL for the resistance was detected consistently across 
different trial environments and mapped to chromosome 
7D (Cai et al. 2006). Several suggestive QTL for the resist-
ances were mapped to chromosomes 1A, 2B, 2D, 3A, 3B, 
3D, 5A, 6A, and 6B. The numbers of DNA markers for 
mapping used in those populations were small (<160 for 
individual populations), giving a limited power for QTL 
detection. The QTL number thus might be underestimated 
in the five populations.

The wheat cross population of Opata85  ×  W-7984, 
which possesses a large number of DNA markers (>1,700), 
was used to detect QTL for sharp eyespot resistance by 
Huo (2002), although both parents of this cross were below 
the level of moderate sharp eyespot resistance. A minor 
QTL for resistance at the adult plant growth stage was 
suggested on chromosome 7B with the resistance allele 
originating from Opata 85 (Huo 2002). In comparison with 
some other plant diseases such as wheat stripe rust (Mal-
lard et al. 2005; Paillard et al. 2012) and rice Rhizoctonia 
sheath blight (Sharma et  al. 2009; Srinivasachary et  al. 
2011), wheat sharp eyespot has been much less genetically 
studied. In responding to the escalation of wheat sharp 
eyespot, it becomes increasingly important to detect novel 
resistance genes/QTL and to precisely map them to facili-
tate transfer of the resistances to wheat varieties.

We identified, by considerable screening of bread wheat 
germplasm resources over the past years (Zhang and Chen, 
unpublished), several winter wheat lines including Luke 
and AQ24788-83 (hereafter referred to as AQ) that possess 
quantitative resistance to sharp eyespot, and constructed a 
RIL population of Luke × AQ. The objectives of this study 
were to map QTL associated with the resistance to sharp 
eyespot in the Luke  ×  AQ population at the adult plant 
growth stage, and to examine the relationships of these 
QTL with plant height and heading time.

Materials and methods

Plant materials and population development

Two hundred and forty-one RILs of the winter wheat cross 
Luke × AQ were used as the mapping population in this 
study. The crossing was done in May 2002, and F2 plants 
derived from an individual F1 plant were advanced to 
the F10 generation during the period from 2004 to 2012, 
via single-seed descent. Luke (pedigree: PI 178383/2* 
Burt//CItr 13438) has the accession number CItr 14586 at 
the National Small Grain Collection, Aberdeen, ID, 83210, 
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USA. AQ was selected in our program for accumulating 
quantitative resistance to multiple diseases including sharp 
eyespot from the progeny of a double cross involving four 
Chinese winter wheat land races: Ma Zhamai/Bai Qimai//
Hong Qimai/Qing Shoumai. AQ was in its F14 generation 
when it was crossed with Luke in 2002. The wheat line 
Yumai 49 (hereafter referred to as Y49) was used as suscep-
tible control, and has been reported to be highly susceptible 
to sharp eyespot (e.g., Ren et al. 2010; Wang et al. 2011).

Pathogen material

R0301, an isolate of R. cerealis CAG 1, was used as the 
pathogen material, being kindly provided by professor 
Huaigu Chen at the Institute of Plant Protection, Jiangsu 
Academy of Agricultural Sciences, Nanjing 210014, P. R. 
China. R0301 has been reported to be highly virulent on 
wheat (Ren et al. 2010). An aliquot of R0301 stock, stored 
in mineral oil, was activated on freshly prepared potato-
dextrose agar (PDA) just before use. Inoculum was pro-
duced on sterilized wheat kernels using a method similar 
to Lipps and Herr (1982). Briefly, wheat kernels soaked in 
distilled water for 24  h were added to Erlenmeyer flasks 
and autoclaved (121 °C for 60 min) twice on two consecu-
tive days, with each 500-ml flask containing 300 ml of the 
wheat kernels. Agar discs (5–7 mm in diameter) cut from 
the margins of actively growing R0301 colonies on PDA 
were transferred into the flasks, which were then incubated 
at 25  °C for 3 weeks and shaken once every 2 days. The 
colonized wheat kernels were prepared just before use for 
inoculation in the field and greenhouse trials.

Resistance assessment in field trials with artificial 
inoculum

The trials were conducted during the 2008–09 and 2009–10 
winter wheat seasons at the China Agricultural University 
Shang Zhuang Farm (39°54′20′′N, 116°25′29′′E; approxi-
mately 120 km northwest of the center of Beijing city; silt 
loam soil). The weather factor of low humidity in spring in 
this area is unfavorable to stem-base diseases, and such dis-
eases have been rarely observed to occur naturally. The 241 
F7 and F8 RILs of Luke × AQ were sown during the early 
Octobers of 2008 and 2009, in a randomized complete 
block design with three replicates in the 2008–09 season 
and a single replicate in the 2009–10 season. Three plots 
each of Luke, AQ, and Y49 were included in each replicate. 
An individual plot consisted of a single 80-cm row sown 
with 20 seeds. Rows were spaced 30  cm apart. The trial 
field was equipped with water sprinklers. In mid-Aprils 
2009 and 2010, when wheat was at the tillering growth 
stage, the plants were inoculated by placing R0301-colo-
nized wheat kernels (80 ml in each row) on the soil surface 

in contact with the plant bases. Such an inoculation dos-
age was determined on the basis of our previous pilot tri-
als. To enhance humidity and thus to facilitate R. cerealis 
infection and development, the plants were sprinkled with 
water twice a day for the first 20 days and then with var-
ied frequency depending on rainfall and soil moisture until 
final disease recording. Eight shoots randomly sampled 
from each plot were labeled with grease pen (oil-based ink 
marker), and were then individually assessed for disease 
intensity three times at 10-day interval beginning at the 
heading stage (about 4 or 5 weeks after inoculation) on a 
0–9 scale as follows.

0: No symptom of sharp eyespot.
1: One or more sharp eyespot lesions on lower sheaths 

but no symptoms on the stem.
2: One or more sharp eyespot lesions on upper (as well 

as lower) sheaths but no symptoms on the stem.
3, 4, 5, 6, or 7: One or more sharp eyespot lesions gir-

dling in total less than or equal to 1/5, 2/5, 3/5, 4/5, or 
5/5 of the stem circumference, respectively, with the stem 
remaining un-softened.

8: Stem softened with sharp eyespot lesions on the stem.
9: Head prematurely ripened (whitehead) or plant col-

lapsed with sharp eyespot lesions on the stem, or shoot 
killed as the ear emerges from the sheath with sharp eye-
spot lesions on the shoot.

For each of the three recording times, the mean score 
for an individual plot entry was obtained by averaging 
over the eight shoots in the plot, and the area under the 
disease progress curve (AUDPC) was calculated for each 
plot entry using the three mean scores with the formula: 
AUDPC =

∑
[

(xi + xi+1) /2
]

× (ti+1 − ti), where xi and 
x(i+1) are scores for a plot entry on date ti and date t(i+1), 
respectively, and t(i+1)−ti  =  the number of days between 
date t(i+1) and date ti.

Resistance assessment in field trial with natural inoculum

The trials, conducted during the 2010–11 and 2011–2012 
wheat seasons, were located in a commercial wheat field 
in Sheng Zhuang (36°18′09′′N, 117°13′05′′E; silt loam 
soil), a village approximately 10  km east of the town of 
Taishan in Shandong province of China. This site has been 
observed to be a ‘hotspot’ of wheat sharp eyespot where 
the environmental conditions, especially humidity and tem-
perature, are quite conducive to the disease. Particularly, 
evidence was observed of sharp eyespot lesions on wheat 
plant residues prior to seeding in Septembers 2010 and 
2011, suggesting that inoculum was present. To keep the 
residues on the soil surface and thus to enhance inocula-
tion, no tillage was carried out, and the fields were directly 
seeded during the early Octobers of 2010 and 2011. The 
241 F9 and F10 RILs of Luke  × AQ were arranged in a 
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randomized complete block design in four replicates, and 
three plots each of Luke, AQ, and Y49 were included in 
each replicate. An individual plot consisted of three 1-m 
rows (25  cm apart) sown with 50 seeds in each row. The 
wheat plants were infected naturally with the inoculum har-
bored in the soil and the infected wheat plant residues. To 
facilitate R. cerealis infection and development, the plants 
were sprinkled with water with varied frequency depending 
on rainfall during the springs and early summers of 2011 
and 2012. The disease score and AUDPC calculations were 
calculated as detailed above.

Resistance assessment in a greenhouse trial with artificial 
inoculum

A greenhouse trial was conducted during the 2011–12 
season, sown in mid-October 2011. The 241 F10 RILs of 
Luke × AQ were arranged in a randomized complete block 
design with three replicates, and three plots each of Luke, 
AQ, and Y49 were included in each replicate. An individual 
plot consisted of a single 23-cm-diameter pot filled with 
steam-sterilized (82–85  °C for 30 min) silt loam soil col-
lected from the top 10 cm of the wheat fields at the China 
Agricultural University Shang Zhuang Farm, sown with 
eight seeds in each pot. During winter, windows of the 
greenhouse were kept open and heaters were closed to give 
low-temperature conditions for vernalizing the wheat seed-
lings. A rack (12 m long, 4 m wide, and 1.5 m high) was 
constructed with steel tubes over the plants and water sprin-
klers were fixed under the rack. In early March 2012, when 
wheat plants were at the tillering growth stage, thinning 
was done and four plants were retained in each pot. The 
plants were then inoculated by placing eight R0301-colo-
nized wheat kernels on the soil surface in contact with the 
plant bases. To facilitate R. cerealis infection and develop-
ment, the plants were sprinkled with water and covered by 
placing plastic film around the steel rack to maintain a high 
relative humidity. Temperature of the greenhouse was con-
trolled between 15 and 24 °C during a 1-week incubation. 
After the incubation, the films were removed and then the 
plants were conditioned with a temperature between 15 and 
30  °C with adequately frequent sprinkling until final dis-
ease assessment. The disease score and AUDPC calculation 
were calculated as detailed above.

Recording of plant height and heading date, 
and identification of fungal isolates

To determine if the resistance to sharp eyespot was related 
to plant height and heading date, both traits were recorded 
for the labeled shoots in the four field trials during the 
period from 2008 to 2012. Heading date was recorded as 
the number of days between sowing date and the date at 

which the first spikelet of an ear emerged from the flag leaf 
sheath. Plant height was measured in centimeters from the 
soil surface to the tip of the ear excluding the awns at the 
milk-ripening stage.

To determine if the recorded diseases were caused by  
R. cerealis or by R. solani, fungus samples were examined 
for hyphal nucleus number. The samples were isolated from 
the wheat stems showing sharp eyespot lesions collected 
along a diagonal transect across the trial areas on the date 
when the final disease recording was done. Fifteen stems 
were collected from each of the two naturally infected trials 
and five stems were collected from each of the three arti-
ficially inoculated trials. Rhizoctonia hyphae were isolated 
from the stems, and the hyphal cell nuclei were stained 
using the conventional procedures similar to the previous 
report (Lipps and Herr 1982). Briefly, stem segments (5–
8 mm long) were surface sterilized in 5 % sodium hypochlo-
rite for 5 min, rinsed in sterile distilled water, placed on 2 % 
water agar, and incubated at 23–25  °C. Hyphal tips were 
then transferred to PDA. Bi- and multi-nucleate Rhizoctonia 
hyphae were differentiated by HCl-Giemsa staining.

Genetic linkage map construction and QTL analyses

The 241 F9 RILs of Luke × AQ were used for construct-
ing the genetic linkage map, and F10 RILs were used for 
confirming samples and replacing missing data. DNA was 
extracted from fresh leaves of Luke, AQ, and each RIL 
with the method using cetyl trimethyl ammonium bro-
mide (CTAB) (Rogers and Bendich 1985). The DNAs of 
Luke and AQ were used to screen 1673 SSR and EST-SSR 
primer pairs for polymorphism. Sequences of these prim-
ers were acquired from the public domain including BARC 
(Song et  al. 2002; http://www.scabusa.org), CFA, CFB, 
CFD (Guyomarc’h et al. 2002; Sourdille et al. 2001, 2003), 
EST-SSR (http://wheat.pw.usda.gov), GDM (Pestsova 
et al. 2000), GPW (Génoplante, http://wheat.pw.usda.gov), 
GWM (Röder et al. 1998), and WMC (Wheat Microsatellite 
Consortium, P. Isaac, IDnagenetics, Norwich, UK; Somers 
et al. 2004). The products of PCR, amplified in GeneAmp 
PCR System 9700 and Biometra cyclers, were separated in 
6  % denaturing polyacrylamide gels and visualized using 
the silver staining method (Bassam et al. 1991). The primer 
pairs that yielded clearly distinct and readily repeatable 
polymorphic bands were selected to genotype the RILs. 
Nearly all loci in the F9 RILs were homozygous. Some 
RIL  ×  locus combinations that remained heterozygous 
were considered as missing values.

Linkage analysis was conducted using the software 
MAPMAKER/EXP 3.0 (Lander et  al. 1987) set to Kosa-
mbi mapping function in centiMorgan (cM) with the other 
working parameters/procedures similar to previous reports 
(e.g., Mallard et  al. 2005). An individual linkage group 
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was claimed if any distance between two adjacent mark-
ers was less than 50 cM. A framework was first constructed 
with a logarithm of the odds (LOD) threshold of 5.0, and 
the remaining markers were added to the framework using 
the ‘try’ command with the arbitrary LOD threshold of 
3.0. Linkage groups were assigned to chromosomes by 
referring to the ITMI (International Triticae Mapping Ini-
tiative) SSR maps (Röder et al. 1998; Somers et al. 2004), 
and marker order within a linkage group was established 
on the basis of linkage within the Luke × AQ population. 
QTL analysis was conducted on the AUDPC as described 
above using composite interval mapping (CIM) in the Win-
dows QTL Cartographer 2.0 program (Wang et  al. 2010). 
The threshold LOD score to declare significant QTL was 
arbitrarily set at 2.5 with the other working parameters/pro-
cedures similar to those in the previous report (e.g., Mal-
lard et  al. 2005). Multiple-interval mapping (MIM) was 
conducted with the QTL from CIM analyses as the initial 
model to detect possible additional QTL. The percentage 
of phenotypic variance explained by the whole model (total 
R2) was estimated using the ‘summary’ option of MIM, and 
the R2 for individual QTL was estimated using CIM.

Statistical analysis

Data were analyzed using the SAS statistics package (SAS 
Institute Inc., v. 8.2., Cary, NC, USA). ANOVA was con-
ducted on AUDPC data for each replicated trial using the 
PROC GLM procedure with genotype and replicate as vari-
ance factors. The normality test of residual distribution, Chi 
square test, and correlation calculation were performed 
using the PROC UNIVARIATE, PROC FREQ, and PROC 
CORR procedures, respectively.

Results

Phenotypic assessments of sharp eyespot infection

Typical and coalesced sharp eyespot lesions were readily 
observed beginning from the stem-elongation stage of the 
wheat plants in the trials (2 or 3  weeks after inoculation 
in the artificially inoculated trials). Severe diseases were 
induced in the trials of 2008–09, 2009–10, and 2011–12, as 
shown in Fig. 1 by the high AUDPC values (i.e., 158–171) 
of the susceptible control wheat line Y49. These values 
were considerably near to 180 that was the maximum pos-
sible AUDPC calculated by multiplying 9 (the maximum 
disease score) with 20 (the time in days between the first 
and the last recordings). The disease was less severe in the 
naturally infected trial of 2010–11 (Fig.  1). All of the 15 
fungus samples isolated from the artificially inoculated 
plants and 28 of the 30 isolates from the naturally infected 

trials were identified as bi-nucleate Rhizoctonia, imply-
ing that the recorded diseases were mainly caused by R. 
cerealis. The other two isolates from the naturally infected 
plants were multi-nucleate Rhizoctonia. The AUDPC 
values (139–171) of Y49 were significantly higher than 
those (e.g., ≤60) of some RILs (Fig.  1), suggesting that 
the disease pressure was high enough to reveal the differ-
ence in resistance/susceptibility between genotypes. An 
ANOVA (Table  1) showed that the AUDPC variance of 
RIL genotypes was highly significant (F > 40, P < 0.0001; 
R2 > 0.78), while the variance of replicates within each trial 
was comparatively low (F  <  4.3, P  >  0.015). The spatial 
uniformity of disease pressure within trials was better in 
the artificially inoculated trials (P > 0.069 and <0.094 for 
replicates) than in the naturally infected trial (P  >  0.015 
and <0.032 for replicates). The mean AUDPC values, cal-
culated for each of the 241 RILs by averaging over the rep-
licates within each trial, showed that no RIL was immune 
to the disease (i.e., all means >0). The RILs were distrib-
uted continuously over the range of AUDPC values from 
1 to 180 in an approximately normal shape in each of the 
five trials (Fig.  1), suggesting a quantitative nature of the 
resistance in the Luke × AQ population. Correlations for 
AUDPC among the five trial environments were all posi-
tively significant at the P = 0.0001 test level (Table 2), sug-
gesting that the expression of the disease resistance was 
consistent across the environments and the data were quali-
fied well for further analyses.

Linkage map construction and QTL mapping

From the SSR marker loci amplified with the 1,673 primer 
pairs, 613 were selected for genotyping the 241 RILs. Of 
the 613 markers, 596 were used to construct linkage groups 
with the exclusion of the other 17 that were proved distorted 
from 1:1 segregating at P  =  0.01 of the Chi square test. 
Finally, 549 markers were mapped to 21 linkage groups 
that were then assigned to the 21 wheat chromosomes by 
referring to the previously published wheat SSR maps 
(Röder et al. 1998; Somers et al. 2004), with each chromo-
some having between 16 (chromosome 5D) and 47 (chro-
mosome 3B) markers. On all 21 chromosomes, the dis-
tance between adjacent markers was less than 50 cM with 
the exception of 7D on which a gap of 59.4  cM existed. 
The other 47 markers were mapped on some small linkage 
groups or could not be linked to any group, and they were 
ignored in the subsequent analyses. The 21 assigned link-
age groups spanned a total length of 4458  cM with aver-
age marker spacing of 8.1 cM and with six large distances 
of 39.8–45.9  cM as well as the 59.4-cM gap on 7D. The 
21 chromosome maps were scanned via CIM for mapping 
QTL (for the sake of simplicity, maps were shown here 
only for the chromosomes involving the identified QTL). 
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The AUDPC data of the 241 RILs as shown in Fig. 1 were 
used for the mapping that was done separately for the tri-
als of 2010–11 and 2011–12. The AUDPC data of 2009–10 
were, however, combined with those of 2008–09, i.e., mean 
AUDPC of each RIL was calculated by averaging across 
the four replicates: three in 2008–09 and one in 2009–10. 
The means were used for mapping with the consideration 
that the 2009–10 trial had only a single replicate and thus 
might be inappropriate for a separate mapping. Seven QTL 
were mapped as shown in Fig.  2 and Table 3. They were 
all significant at the LOD threshold of 2.5 for every arti-
ficially inoculated trial and for the naturally infected trial 
of 2011–12, though the significance was marginal for some 

QTL × trial environment combinations (Table 3). However, 
for the naturally infected trial of 2010–11, four of the seven 
QTL were below the threshold. Of the seven QTL, three 
were mapped to the short arms of chromosomes 1A, 2B, 
and 3B, and the other four to the long arms of 4A, 5D, 6B, 
and 7B. They were designated as QSe.cau-1AS, QSe.cau-
2BS, QSe.cau-3BS, QSe.cau-4AL, QSe.cau-5DL, QSe.cau-
6BL, and QSe.cau-7BL, respectively, explaining 5–29  % 
of AUDPC phenotypic variance individually and 38–68 % 
collectively. The resistance alleles were contributed by 
Luke at QSe.cau-1AS, QSe.cau-2BS, and QSe.cau-7BL, 
and by AQ at QSe.cau-3BS, QSe.cau-4AL, QSe.cau-5DL, 
and QSe.cau-6BL. Four additional QTL were detected with 
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Fig. 1   The distributions of the 
241 recombinant-inbred lines 
(RILs), derived from the winter 
wheat cross Luke × AQ24788-
83, over the range of sharp eye-
spot disease intensity measured 
by the area under the disease 
progress curve (AUDPC). The 
RIL plants were artificially 
inoculated with Rhizoctonia 
cerealis CAG 1 isolate R0301 
in the field trials in 2008–09 and 
2009–10 (a) and in the green-
house trial in 2011–12 (b), and 
naturally infected with the sharp 
eyespot inoculum harbored in 
the soil and wheat plant residues 
in the field trials in 2010–11 and 
2011–12 (c). Approximate posi-
tion of AUDPC mean (M) and 
standard deviation (SD) of the 
susceptible control wheat line 
Yumai49 were indicated with 
arrow and bar for each trial. 
The M and SD were calculated 
using 12, 9, and 3 plot data, 
respectively, for the trials of 
2010–11 and 2011–12 in fields, 
2008–09 in field and 2011–12 
in greenhouse, and 2009–10 
in field (see “Materials and 
methods”)
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their peak LOD scores ranging from 2.57 to 5.66, explain-
ing 7–15 % (i.e., R2 %) of the AUDPC phenotypic variance. 
These four QTL were, however, consistent across only 
some of the five trial environments, and might be involved 
in some interactions with environments. They were omitted 
here from subsequent analyses, and are being subjected to 
further study.

Relationship of sharp eyespot resistance with plant height 
and heading time

The phenotypic correlation coefficients of sharp eye-
spot AUDPC with plant height were not significant at the 
P = 0.05 test level (r = 0.05–0.07, P = 0.43–0.26, degrees 
of freedom  =  239). Moderate correlations were detected 
between AUDPC and heading time (r = −0.14 to −0.15 
and P  =  0.03–0.01 depending on trial; degrees of free-
dom  =  239). To examine the relationships of individual 
QTL with plant height and heading time, ANOVA was 
carried out for the effect of each QTL on both traits. For 
simplicity, the two artificially inoculated trials (2008–09 
and 2009–10) were combined by calculating mean AUDPC 
averaged over four replicates (i.e., three in 2008–09 and 

one in 2009–10) for each RIL, and in the same way, the 
two naturally infected trials (2010–11 and 2011–12) were 
combined over eight replicates (i.e., four in 2010–11 and 
four in 2011–12). As shown in Table 4, all of the QTL as 
represented by their nearest SSR markers were not sig-
nificantly associated with plant height and heading time at 
the P = 0.05 test level, with the exception of Qse.cau-2BS 
that was associated with heading time (F > 12, P < 0.001). 
Spearman rank correlation analyses were carried out 
between heading time and Qse.cau-2BS with the resistance 
allele as rank ‘1’ and the susceptible allele as ‘0’, result-
ing in coefficients of 0.32–0.36 (P < 0.0001). These results 
revealed that heading dates were delayed in the RILs that 
had the resistance allele at Qse.cau-2BS. In the same inter-
val of wmc154-barc200 as for QSe.cau-2BS, a QTL was 
detected which was associated with heading time with peak 
LOD scores of 3.7–7.8 (LOD score curves not shown).

Discussion

The wheat resistance to sharp eyespot was quantitative 
in the Luke  × AQ population. It has been indicated that 

Table 1   Analysis of variance of the sharp eyespot disease intensity, measured as the area under the disease progress curve, of the wheat recom-
binant-inbred line (RIL) population of Luke × AQ24788-83

DF degrees of freedom

Trial environment Source of variance DF Mean square F value P value

Field in 2008–09, artificially  
inoculated

Genotype of RIL 240 3,258 58.18 <0.0001

Replicate 2 149 2.67 0.0692

Error 481 56

Greenhouse in 2011–12,  
Artificially inoculated

Genotype of RIL 240 3,387 70.56 <0.0001

Replicate 2 115 2.38 0.0938

Error 481 48

Field in 2010–11, naturally  
infected

Genotype of RIL 240 3,174 40.69 <0.0001

Replicate 3 328 4.21 0.0154

Error 721 78

Field in 2011–12, naturally  
infected

Genotype of RIL 240 3,561 54.78 <0.0001

Replicate 3 226 3.48 0.0318

Error 721 65

Table 2   Correlation coefficients (r) among the five trial environments for the sharp eyespot disease intensity, measured as the area under the 
disease progress curve, of the wheat population of Luke × AQ24788-83

a  Each of the correlation coefficients was statistically significant at the P = 0.0001 test level. The degrees of freedom were 239

Trial environment Greenhouse in 2011–12 Field in 2008–09 Field in 2009–10 Field in 2010–11 Field in 2011–12

Greenhouse in 2011–12 1 0.68a 0.72a 0.55a 0.66a

Field in 2008–09 1 0.70a 0.53a 0.61a

Field in 2009–10 1 0.52a 0.63a

Field in 2010–11 1 0.46a

Field in 2011–12 1
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Fig. 2   Linkage groups assigned 
to chromosomes 1A (a), 2B 
(b), 3B (c), 4A (d), 5D (e), 6B 
(f), and 7B (g) showing the 
logarithm of the odds (LOD) 
curves for the respective 
quantitative trait loci (QTL) 
QSe.cau-1AS, QSe.cau-2BS, 
QSe.cau-3BS, QSe.cau-4AL, 
QSe.cau-5DL, QSe.cau-6BL, 
and QSe.cau-7BL conferring 
resistance to sharp eyespot in 
the wheat cross population of 
Luke × AQ24788-83. These 
QTL were detected consistently 
across the artificially inoculated 
field and greenhouse trials, 
and the naturally infected field 
trials. Distances are in Kosambi 
centiMorgans (cM). Each of 
the chromosomes is oriented 
with the telomere of the short 
arm to the left positioned at 
0 cM. Upward arrows indicate 
the approximate positions of 
centromeres. Downward arrows 
indicate the approximate posi-
tions of previously reported 
QTL. The underlined SSR 
markers were common for and 
order consistent between the 
Luke × AQ map and Röder’s 
map or Somers’ map (Röder 
et al. 1998; Somers et al. 2004). 
The positions of the microsatel-
lite (simple sequence repeat, 
SSR) markers are shown along 
the chromosomes. The horizon-
tal lines indicate the threshold 
LOD of 2.5
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environments generally impose a significant influence on 
quantitative traits (Paterson et al. 1991). In agreement with 
this generality, the expression of the sharp eyespot resist-
ance in this study could be affected and complicated by 
inoculum load, micro-climate, and the uniformity of dis-
ease pressure. These factors could increase the residual var-
iation within a trial and reduce the power of QTL mapping. 
We, therefore, enhanced the trial environments for disease 
development and thus for QTL expression using a patho-
gen isolate of strong virulence, by accurately quantifying 
the inoculums, and by frequently sprinkling the inoculated 

plants with water. We believe that the application of these 
methods/techniques resulted in the heavy disease pressure 
(Fig. 1) and the adequate spatial uniformity of the disease 
as evidenced by the relatively limited variance (P > 0.069) 
among replicates within every artificially inoculated trial 
and the naturally infected trial of 2011–12 (Table 1). Con-
sequently, the seven QTL were consistently detected across 
these trial environments (Fig.  2). However, in the natu-
rally infected trial of 2010–11, four of the seven QTL did 
not express very well as shown by the sub-threshold LOD 
scores (Fig. 2b, e, f, g; Table 3). This situation could be, we 

Table 3   Quantitative trait loci (QTL) conferring resistance to sharp eyespot in the Luke × AQ24788-83 wheat population, detected in the five 
greenhouse and field trial environments with the plants being artificially inoculated or naturally infected

a  The resistance allele was contributed by Luke at the three loci QSe.cau-1AS, Qse.cau-2BS, and Qse.cau-7BL, and by AQ24788-83 at the other 
four loci. The ‘S’ in the ‘1AS’, ‘2BS’, and ‘3BS’ denotes the short arm of the chromosome, and the ‘L’ in the ‘4AL’, ‘5DL’, ‘6BL’, and ‘7BL’ 
denotes the long arm
b  The value after each QTL interval indicates the distance in centiMorgans between the two flanking SSR markers of the QTL
c  LOD logarithm of the odds. The LOD value was estimated by composite interval mapping
d  R2 % = percentage of phenotypic variance explained by the QTL. The individual R2 % was estimated by composite interval mapping, and the 
total R2 % was estimated by multiple-interval mapping

QTLa SSR marker interval, 
distanceb

Artificially inoculated Naturally infected

Greenhouse in 2011–12 Field in 2008–10 Field in 2011–12 Field in 2010–11

LODc R2 %d LODc R2 %d LODc R2 %d LODc R2 %d

QSe.cau-1AS barc148-wmc120, <2.0 4.19 9 3.53 7 2.91 7 2.52 7

QSe.cau-2BS wmc154-barc200, 10.0 3.18 20 2.63 8 2.58 8 2.05 5

QSe.cau-3BS wmc777-barc73, <2.0 6.42 29 4.63 13 3.65 8 2.70 6

QSe.cau-4AL barc327-wmc776, <2.0 4.65 15 2.85 10 3.91 16 2.72 9

QSe.cau-5DL gwm292-cfd29, <5.0 4.58 24 3.77 21 5.48 28 2.08 10

QSe.cau-6BL gwm626-barc187, 18.7 4.21 21 3.96 8 3.06 7 2.25 6

QSe.cau-7BL gwm611-wmc166, 27.9 4.93 11 3.24 9 2.62 6 2.45 6

Total 68 59 46 38
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supposed, attributable to the shortage of rainfall in Shan-
dong province of China in the spring and early summer of 
2011. Low humidity restricted the disease infection and 
development, and the disease pressure was not high enough 
to reveal the resistance/susceptibility well.

The present study had better coverage of the 21 chro-
mosomes of bread wheat by the 549 SSR markers than 
the previously reported QTL studies of resistance to sharp 
eyespot (Cai et al. 2006; Huo 2002; Ren et al. 2004, 2007; 
Tang et  al. 2004; Zhang et  al. 2005). In those reports, no 
more than 159 markers were used in any of the five wheat 
cross populations. The enhanced genome coverage in the 
present study might increase the power of QTL detec-
tion. Consequently, as many as 11 QTL were found in the 
Luke × AQ population, of which seven were consistently 
detected across all of the five trial environments. Four of 
the seven QTL were delimited to an interval of less than 
5 cM (Fig. 2a, c, d, e; Table 3).

Of the seven consistent QTL (Fig.  2; Table  3), the 
four of QSe.cau-1AS, QSe.cau-3BS, QSe.cau-4AL, and 
QSe.cau-5DL (on chromosomes 1A, 3B, 4A, and 5D, 
respectively) are unquestionably novel. No sharp eye-
spot resistance has yet been reported to be associated with 
chromosomes 4A and 5D. The QSe.cau-1AS and QSe.cau-
3BS (on the short arms of 1A and 3B, respectively) can 
be readily distinguished, by referring to the linked SSR 
markers, from the three QTL that have been suggested, 
respectively, by Zhang et al. (2005) on the long arm of 1A 
in the Chuan35050  ×  Shannong483 population (hereaf-
ter referred to as C/S 1AL QTL), by Tang et al. (2004) on 

the long arm of 3B in the ARz × Yangmai 158 population 
(A/Y 3BL QTL), and by Ren et al. (2007) on the long arm 
of 3B in the Sumai 3 ×  Baimian 3 population (S/B 3BL 
QTL). On chromosome 1A, the SSR marker gwm135 was 
located between QSe.cau-1AS and the C/S 1AL QTL. The 
LOD score peak of QSe.cau-1AS was away from gwm135 
by more than 27 cM (Fig. 2a), and the C/S 1AL QTL was 
distant from gwm135 by more than 130 cM (Zhang et  al. 
2005). Therefore, a distance of at least 157  cM existed 
between the two QTL. On chromosome 3B, the marker 
gwm77 was closely linked (<2 cM) to the LOD score peak 
of QSe.cau-3BS (Fig.  2c), and the marker gwm181 was 
quite near (<4 cM) to the A/Y 3BL QTL (Tang et al. 2004). 
A distance of more than 163 cM existed between the two 
markers (Fig. 2c). The S/B 3BL QTL was near (<8 cM) to 
the marker gwm533 (Ren et  al. 2007). The QSe.cau-3BS 
resistance as represented by locus gwm77 was distant from 
gwm533 by at least 77 cM (Fig. 2c).

The three QTL of QSe.cau-2BS, QSe.cau-6BL, and 
QSe.cau-7BL (on the short arm of 2B, long arm of 6B, 
and long arm of 7B, respectively) could not be unequivo-
cally differentiated from the four QTL reported, respec-
tively, by Huo (2002) on the short arm of 2B in the Wen-
mai 6 × Shanhongmai population (W/S 2BS QTL), by Huo 
(2002) on the short arm of 6B in the W/S population (W/S 
6BS QTL), by Ren et al. (2007) on the long arm of 6B in 
the S/B population (S/B 6BL QTL), and by Huo (2002) 
on the long arm of 7B in the Opata 85 × W-7984 popu-
lation (O/W 7BL QTL). Nevertheless, the spatial relation-
ships of QSe.cau-2BS, QSe.cau-6BL, and QSe.cau-7BL 

Table 4   Analysis of variance for the effects of the quantitative trait loci (QTL), conferring wheat resistance to sharp eyespot, on plant height 
and heading time measured in the artificially inoculated and naturally infected field trials

a  The approximate distance in centiMorgans between the SSR marker locus and the LOD score peak of the QTL
b  These values indicate that QSe.cau-2BS was significantly related to heading time at the P = 0.001 test level

QTL of disease  
resistance

The nearest  
SSR marker

Distancea Field trial Plant height Heading time

F value P value F value P value

QSe.cau-1AS barc148 <2 Artificially inoculated 0.20 0.657 1.64 0.202

Naturally infected 0.37 0.543 1.83 0.178

QSe.cau-2BS wmc154 <10 Artificially inoculated 0.38 0.540 15.52 <0.001b

Naturally infected 0.76 0.385 12.62 <0.001b

QSe.cau-3BS gwm77 <2 Artificially inoculated 2.13 0.147 1.15 0.285

Naturally infected 1.92 0.168 0.67 0.414

QSe.cau-4AL wmc497 <3 Artificially inoculated 0.26 0.608 0.50 0.480

Naturally infected 0.88 0.349 0.23 0.634

QSe.cau-5DL gwm212 <3 Artificially inoculated 0.14 0.707 0.11 0.737

Naturally infected 0.58 0.447 0.55 0.459

QSe.cau-6BL wmc397 <5 Artificially inoculated 0.52 0.470 <0.01 0.953

Naturally infected 1.05 0.307 0.28 0.599

QSe.cau-7BL wmc581 <5 Artificially inoculated 2.00 0.170 0.98 0.323

Naturally infected 0.79 0.375 1.53 0.218
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with the four QTL of W/S 2BS, W/S 6BS, S/B 6BL, and 
O/W 7BL can be examined by referring to the ITMI SSR 
map and the wheat SSR consensus map (Röder et al. 1998; 
Somers et  al. 2004) that could be a bridge between the 
map of Luke × AC and the maps of W/S, S/B, and O/W. 
To begin with chromosome 2B, 15 SSR markers that were 
underlined as shown in Fig. 2b were common for and order 
consistent between the Luke × AQ map and Somers’ map, 
including wmc382, wmc154, barc200, centromere, and 
gwm526 listed in order from the distal part of the short arm 
to the centromere and further to the distal part of the long 
arm. The W/S 2BS QTL was proximal to wmc382 by less 
than 26  cM, whereas QSe.cau-2BS was between wmc154 
and barc200 which was proximal to wmc382 by more 
than 47  cM (Fig.  2b). A distance of about 21  cM existed 
between the two QTL. For chromosome 6B, 10 markers 
that were underlined as shown in Fig.  2f were shared by 
the Luke × AQ map and Somers’ map, including wmc104, 
wmc132, wmc398, centromere, and wmc417 listed in order 
from the distal part of the short arm via the centromere 
to the distal part of the long arm. The W/S 6BS QTL 
was proximal to wmc104 (gwm132) by less than 30  cM, 
whereas the LOD score peak of QSe.cau-6BL was proxi-
mal to wmc104 (gwm132) by more than 48 cM. There was 
a space of about 18  cM between the two QTL. The S/B 
6BL QTL was proximal to wmc398 by less than 11  cM, 
while the LOD score peak of QSe.cau-6BL was proximal 
to wmc398 by more than 19  cM (Fig.  2f). A distance of 
about 8 cM was observed between the two QTL. For chro-
mosome 7B, six markers that were underlined as shown in 
Fig. 2g were common for the Luke × AQ map and Röder’s 
map, including gwm537, centromere, and gwm611 oriented 
from the short arm to the distal part of the long arm. The 
O/W 7BL QTL was proximal to DNA marker fbb189 that 
was proximal to gwm611 (Huo 2002; Röder et  al. 1998), 
while the LOD score peak of QSe.cau-7BL was distal to 
gwm611 by about 16 cM (Fig. 2g). These comparisons sug-
gest the possibility that QSe.cau-2BS, QSe.cau-6BL, and 
QSe.cau-7BL might be different from the four previously 
reported QTL, while we realized that these data provide no 
solid proof for difference since distances in different popu-
lations even with common markers can vary considerably.

Rice resistance to Rhizoctonia sheath blight has been 
reported to occur concurrently with tall plant height and/
or late-heading time in several cases, and the QTL of those 
traits were localized in the same chromosome regions (Li 
et al. 1995; Sharma et al. 2009; Srinivasachary et al. 2011). 
It has been a concern that those resistance QTL, when being 
used practically in breeding programs, may impose some 
extra complications on selection since neither tallness nor 
late maturity is desired in most breeding programs (Sharma 
et al. 2009). No study has been previously reported on the 
relationship of wheat sharp eyespot resistance with plant 

morphological and developmental characters. In the present 
study, six of the seven QTL showed no correlation with 
plant height and heading time (Table 4). The independence 
of these resistance QTL from the undesired tallness and 
late maturity should be conducive to breeding.

The resistance allele at QSe.cau-2BS, however, was cor-
related with the late-heading character, which may con-
stitute an inconvenience with respect to practical use in 
breeding. The mechanism underlying this correlation is 
unknown. QSe.cau-2BS and a QTL for heading time were 
co-localized in the same chromosome interval that was 
flanked by SSR loci wmc154 and barc200 (Fig. 2b). These 
two QTL might be at the same locus that had pleiotropic 
effects on sharp eyespot disease development and plant 
heading time. Alternatively, an allele at the single locus 
might primarily lengthen heading time. The late-head-
ing character in turn influenced sharp eyespot infection.  
R. cerealis hyphae invade a wheat shoot at the base through 
the space between its sheath and stem. In spring, temper-
atures above 15  °C could rapidly speed up the invasion 
beginning from wheat stem elongation when the tightness 
of the closing of stems by sheaths began to vary among 
RILs. In comparison with early-heading RILs, late-heading 
ones may have rendered their stems more tightly closed 
by sheaths, leading to a physical situation less conducive 
to invasion and consequent appearance of lower disease. 
Another explanation may be that QSe.cau-2BS actually 
physiologically conferred sharp eyespot resistance but it 
was tightly linked to the QTL in the same wmc154-barc200 
interval which could delay heading date. The current data 
were inadequate for spatially differentiating between the 
two possible QTL, and further study is needed using a 
larger RIL population and increased DNA markers.

All of the rice QTL (except one) for resistance to Rhizoc-
tonia sheath blight could individually explain less than 
30 % of the disease phenotypic variance (i.e., R2 % < 30) 
(Srinivasachary et  al. 2011). Similarly, the effects of the 
wheat sharp eyespot resistance QTL also were not high in 
the Luke × AQ population, although they were statistically 
significant at the arbitrary LOD threshold of 2.5. None of 
the 11 QTL had a LOD score higher than 7 or a R2 % larger 
than 30. This situation also held for those wheat sharp eye-
spot resistance QTL reported previously (Cai et  al. 2006; 
Huo 2002; Ren et al. 2004, 2007; Tang et al. 2004; Zhang 
et al. 2005). This is in contrast to some other diseases such 
as wheat stripe rust resistance QTL that can have a LOD 
score higher than 20 and a R2 % larger than 30 (e.g., Mal-
lard et al. 2005; Paillard et al. 2012). ‘Major’ QTL, there-
fore, have not yet been found in bread wheat for resistance 
to sharp eyespot. This raises quite a need for enhancement 
of extensive screening of wheat germplasm resources/
wheat wild relatives for major resistance effects, efforts to 
elucidate the mechanisms underlying the resistance, efforts 



2877Theor Appl Genet (2013) 126:2865–2878	

1 3

to attain useful genotypes by genetic engineering, and 
effective accumulation or pyramiding of minor resistance 
QTL with respect to agricultural value.
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