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disease resistance as well as for plant height; additionally, 
we observed a high environmental influence on the trait. 
Our analysis detected a strong negative correlation of SNG 
resistance and plant height. Further analysis of the tar-
get region identified two linked loci associated with SNG 
resistance. One of them was also associated with plant 
height, revealing an effect of QSng.sfr-3BS on plant height 
that was hidden in the RIL population. This result demon-
strates an unexpectedly high genetic complexity of resist-
ance controlled by QSng.sfr-3BS and shows the importance 
of the study of QTL in mendelized form in NILs.

Introduction

Bread wheat (Triticum aestivum L.) is globally one of the 
most important crops in terms of cultivated area and food 
source. In 2010, FAO reported a production of approxi-
mately 654 million tons of wheat worldwide (FAO stat 
2010). Phaeosphaeria nodorum (E. Müller) Hedjaroude 
(anamorph Stagonospora nodorum (Berk.) Castellani and 
Germano) is a necrotrophic fungus which infects both 
wheat glumes, causing Stagonospora nodorum glume 
blotch (SNG), and leaves, causing Stagonospora nodorum 
leaf blotch (SNL). SNG and SNL lead to substantial yield 
losses in many wheat-growing areas, including Europe, 
North America and Australia (Duczek et al. 1999; Halama 
2002; Oliver et  al. 2012). It was shown that the infection 
progress highly depends on the environmental conditions. 
For example, the analysis of the large dataset from Rotham-
sted Broadbalk experiment archive, which included the 
records from 1844 to 2003, suggested that fluctuations in S. 
nodorum epidemics depend on the amount of rainfall, tem-
perature and SO2 emissions (Shaw et al. 2008). The impor-
tance of wetness (relative humidity and precipitations) and 
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temperature for the SNG progress were demonstrated in 
field and growth chamber experiments (Wolf and Francl 
2000; Shah and Bergstrom 2002).

Resistance to SNG and SNL in bread wheat has been 
shown to be genetically distinct (Laubscher et  al. 1966; 
Broennimann 1975; Nelson and Gates 1982; Fried and 
Meister 1987; Bostwick et al. 1993; Van Ginkel and Raja-
ram 1999; Wicki et  al. 1999). To date, only quantitative 
resistance to SNG has been reported. It has been identi-
fied in several wheat populations independently (Schnur-
busch et al. 2003; Aguilar et al. 2005). Schnurbusch et al. 
(2003) performed a QTL mapping study on a population 
of 240 recombinant inbred lines (RIL) developed from a 
cross of cultivars ‘Arina’ and ‘Forno’. This study identified 
two important QTLs providing resistance to SNG: a major 
QTL, QSng.sfr-3BS, was detected on the short arm of chro-
mosome 3B and explained 31.2 % of the phenotypic vari-
ance for the disease resistance within the population. The 
second QTL QSng.sfr-4BL, explaining 19.1  % of pheno-
typic variance, was found on the long arm of chromosome 
4B. Both detected QTLs were not co-localized with any 
QTLs for plant height. Additionally, an association map-
ping study on 44 wheat cultivars of different origin showed 
a significant association between the genetic marker sun2 
from the QSng.sfr-3BS region and the resistance to SNG 
(Tommasini et al. 2007).

It has been shown that plant height is often associated 
with resistance to splashed dispersed fungal pathogens 
(Eriksen et  al. 2003; Draeger et  al. 2007; Srinivasachary 
et  al. 2009). Shorter plants show increased susceptibility 
and taller plants tend to be more resistant. There are several 
explanations of this negative correlation. First, in the case 
of a natural infection, since it progresses from the bottom 
to the top of the plant, taller plants get an advantage of hav-
ing larger distance between the leaves (Mesterhazy 1995). 
Second, it was suggested that microclimate conditions for 
infection development on tall plants are often less favorable 
in comparison to the short plants (Scott et al. 1985). Third, 
the genes influencing plant height and disease resistance 
might be genetically linked (Gervais et  al. 2003; Schnur-
busch et  al. 2003). Besides plant height, SNG resistance 
was shown to be associated with morphological traits such 
as flowering time (Broennimann et  al. 1973; Scott et  al. 
1982; Van Ginkel and Rajaram 1999; Wicki et al. 1999) or 
the wax layer of glumes (Wicki et al. 1999; Aguilar et al. 
2005).

Genetic mapping in bread wheat is challenging as wheat 
has a large (17  Gb), hexaploid and highly repetitive (80–
90  %) genome (Bennett and Smith 1976; Hollister and 
Gaut 2009; Wanjugi et al. 2009). Furthermore, low level of 
polymorphism between elite wheat cultivars (Bryan et  al. 
1999) hinders the development of genetic markers. Recent 
advances in wheat genomics, such as reducing complexity 

by sorting individual chromosome arms using flow cytome-
try, building chromosome-specific BAC libraries and physi-
cal maps, partial genome sequencing, and adopting diploid 
relatives as models for characterization of the genome, 
contributed to the easier and faster identification of poly-
morphisms. In addition, they revealed that, at a high-res-
olution level, synteny breaks, inversions and interspersed 
non-syntenic genes are frequent (Choulet et al. 2010), thus 
highlighting the limitations of using model genomes for 
map-based cloning in wheat. The isolation of target genes 
from wheat chromosome 3B benefits from the availabil-
ity of a physical map (Paux et al. 2008; Rustenholz et al. 
2011) that was developed using fingerprints from a bacte-
rial artificial chromosomes (BAC) library of the wheat lan-
drace ‘Chinese Spring’. More than 4,000 markers includ-
ing simple sequence repeats (SSR) and insertion site based 
polymorphisms (ISBP) markers derived from BAC-end 
sequences have been anchored to the 3B physical map and 
can now be used in various mapping projects. In addition, 
the anchoring of numerous genes (Rustenholz et al. 2011) 
on the physical map enables to use the synteny between 
the regions in wheat chromosome 3B and corresponding 
regions on rice (Oryza sativa L.) chromosome 1 (The Inter-
national Rice Genome Sequencing Project 2005).

Here, we report on the evaluation of a mapping popula-
tion of near-isogenic lines for SNG resistance in the field 
which revealed a segregation for both disease resistance 
and plant height. Our analysis detected a negative correla-
tion between SNG resistance and plant height. Two genetic 
regions associated with SNG resistance were found in the 
previously identified target region. One of them was associ-
ated with both, plant height and SNG resistance, suggesting 
that the same QTL controls both traits.

Materials and methods

Plant material

The mapping population was developed from a cross 
between the cultivars ‘Arina’ and ‘Forno’, two Swiss win-
ter bread wheat cultivars with contrasting SNG phenotypes: 
‘Arina’ shows high levels of resistance to S. nodorum glume 
blotch (SNG) and is a tall variety (120 cm) whereas ‘Forno’ 
is highly susceptible to SNG and is shorter (105 cm).

F1 progeny of this cross was selfed and back-crossed 
to the susceptible parent ‘Forno’ twice. The resulting BC2 
plants were tested using markers barc133 and gwm389, 
flanking the target interval of QSng.sfr-3BS (Schnurbusch 
et al. 2003; Tommasini et al. 2007), and markers barc75 and 
sun2 located within the interval. Additionally, BC2 plants 
were also selected for the presence of the ‘Forno’ allele of 
the second QTL region on chromosome 4B with the marker 



575Theor Appl Genet (2014) 127:573–586	

1 3

gwm251. The selected BC2 line was back-crossed again to 
‘Forno’ and the resulting BC3F2 plants were screened for 
recombinants in the target interval between the flanking 
markers. The selected BC3F2 plants were repeatedly selfed 
and multiplied in the greenhouse to obtain near-isogenic 
lines (NILs). BC3F5 and BC3F6 plants of these NILs were 
used in the field tests.

Construction of the genetic map

We mapped in the NIL population microsatellite markers 
gwm1034, barc75 and sun2 which were previously mapped 
in a population of recombinant inbred lines from a cross of 
‘Arina’ × ‘Forno’ (Tommasini et al. 2007). Genetic mark-
ers (SSR, ISBP) from the 3B physical map were amplified 
according to the conditions published by Paux et al. (2008). 
Additionally, new SSR markers were developed based on 
the sequence information from ctg344 (Choulet et al. 2010) 
which is located in the QTL interval. PCR products from 
SSR markers were analyzed on an ABI 3730 sequencer 
(Applied Biosystems, USA). Microsatellite data was ana-
lyzed with the GeneMapper 4.0 software for polymor-
phisms (Applied Biosystems, USA). ISBP markers were 
detected using both gel-electrophoresis and high-resolution 
melting curve analysis (HRM) on a CFX96™ Real Time 
PCR System (Bio-Rad Laboratories, Hercules, USA). Six 
BAC clones (TaaCsp3BFhA_0035M17, TaaCsp3BFhA_ 
0112H11, TaaCsp3BFhA_0078F20, TaaCsp3BFhA_0027A18,  
TaaCsp3BFhA_0163M03, TaaCsp3BFhA_0091M22) were 
ordered from INRA CNRGV (Toulouse, France) and were 
sequenced with 454 Titanium technology by GATC (Kon-
stanz, Germany). Newly developed BAC sequence-based 
InDel and CAPS markers were amplified and analyzed by 
gel electrophoresis (Table S1). Flow-sorted chromosomes 
3B of Arina and Forno were prepared and sequenced as 
described in Shatalina et  al. (2013). New SNP and InDel 
markers derived from the sequence analysis were amplified 
using the following cycling conditions: 10 s denaturation at 
95º, annealing during 30 s at 61º and 30 s extension at 72º, 
for 35 cycles. The samples were initially denaturated for 
3 min and the cycling was followed by an extension step of 
7 min. We used gel electrophoresis to detect the amplified 
fragments for genotyping. SNP marker swm01810bd was 
detected using HRM on a CFX96™ Real Time PCR Sys-
tem (Bio-Rad Laboratories, Hercules, USA).

Disease phenotyping

Field trials with the NIL population were conducted in 
2011 and 2012 at three different locations in Switzer-
land: Agroscope Reckenholz-Tänikon Research Sta-
tion, near Zurich (environment Reckenholz); Agroscope 

Changins-Wädenswil Research Station, close to Nyon 
(environment Changins); Vouvry in canton Valais, near 
Lake Geneva (environment Vouvry). In Zurich, the trial 
was located at 443  m above sea level on loamy soils 
with an average precipitation of 1,000 mm and an aver-
age temperature of 7.9 °C. The Vouvry site is situated at 
about 381 m above sea level on loamy sandy soils with 
an average precipitation of 881 mm and an average tem-
perature of 8.7 °C. The Changins site is located at 430 m 
above sea level on well-drained brown soil (calcaric 
cambisol) with an average precipitation of 654  mm and 
a mean temperature of 9.5  °C. Each NIL was tested in 
randomized 5-row plots in two replications in every envi-
ronment. In 2011, 92 homozygous NILs were tested in 
Reckenholz and, because of the insufficient number of 
seeds from some NILs, only 67 lines were evaluated for 
resistance to SNG in Changins and Vouvry environments 
(Table  1). In 2012, due to the limited resources, a sub-
set of 28 NILs was tested in all three locations. Artifi-
cial infection was done using a motor sprayer. The infec-
tion cocktail contained a mixture of S. nodorum isolates 
from the collection of Agroscope Changins-Wädenswil. 
Plants were infected twice: a first infection was made 
at the stage before the emergence of spikes with 5 mil-
lion spores/ml in 300  l water/ha; and a second infection 
was made at the flowering stage with 1 million spores/
ml in 300 l water/ha. Disease severity was scored accord-
ing to the Broennimann scale (Broennimann 1968). This 
method allows scoring the percentage of infected glume 
area and has a scale of 0, 5, 10, 25, 50, 75 and 100 %. 
For each environment disease development and sever-
ity was scored at least four times during its progress. 
Final scores were transformed to Area Under the Disease 
Progress Curve (AUDPC) as described in Jeger and Vil-
janen-Rollinson (2001). Plant height (cm) was measured 
in environments Reckenholz and Changins in 2011 and 
Reckenholz-2012 for both replications of NILs. Time to 
ear emergence was counted as number of days after the 
January, 1 of corresponding year.

Table 1   Field assessments of SNG resistance and plant height in the 
NIL mapping population

NA, not assessed

Year Environment AUDPC Plant height Ear emergence

2011 Changins 67 NILs 67 NILs 67 NILs

2011 Vouvry 67 NILs NA 67 NILs

2011 Reckenholz Excluded 92 NILs 92 NILs

2012 Changings Excluded NA NA

2012 Vouvry Excluded NA NA

2012 Reckenholz 28 NILs 28 NILs 28 NILs



576	 Theor Appl Genet (2014) 127:573–586

1 3

Statistical analysis of the phenotypic assessments

Broad-sense heritability of the traits was estimated accord-
ing to Hallauer and Miranda Fo (1981):

where σg
2 genotypic variance, σe

2 environmental variance, 
σ2

ge variance of genotype/environment interaction, e number 
of environments, r number of replicas.

The variances were estimated from the mixed linear 
model:

where Y is a vector of phenotypic observations, β is a 
vector of fixed genotype effects, u is a vector of random 
environmental effects, v a vector of random effects from 
interaction of genotype and environment and ε vector of 
residual errors. X, Z and T are coefficients of corresponding 
fixed and random effects. Mixed linear model was analyzed 
using JMP 9.0 software (SAS institute, Cary, USA).

Single marker analysis (SMA) was conducted in the R 
environment for statistical computing (R development core 
team 2013) using functions ‘lme’ and ‘lmer’ following the 
mixed linear model:

Y is a vector of phenotypic data (SNG resistance or plant 
height), β is a vector of fixed marker effects, u is a vector of 
random environmental effects, v a vector of random effects 
from interaction of marker and environment and ε vector of 
residual errors. X, Z and T are coefficients of correspond-
ing fixed and random effects. Following the guidelines for 
model optimization (Crawley 2007), we eliminated the 
non-significant marker × environment interaction from the 
model for both AUDPC and plant height. The calculation 
was done using the reduced model:

Plant height was included as a fixed cofactor in the gen-
eral linear model (‘glm’ function in the R environment) to 
test its effect on AUDPC:

Y is a vector of phenotypic data (SNG resistance), β is a 
vector of fixed marker effects, u is a vector of fixed effects 
from plant height and ε vector of residual errors. X and Z 
are coefficients of corresponding fixed and random effects.

Calculations of Spearman rank correlation coefficient 
(r) for the traits between different environments and repli-
cas were done using JMP 9.0 (SAS institute, Cary, USA). 
Percentage of explained variance for environment and plant 
height was estimated using function ‘ICC1’ of package 

h
2

= σ 2
g /

(

σ 2
e /re + σ 2

ge/e + σ 2
g

)

Y = Xβ + Zu + Tv + ε

Y = Xβ + Zu + Tv + ε.

Y = Xβ + Zu + ε.

Y = Xβ + Zu + ε.

‘multilevel’ in the R environment for statistical analysis. t 
tests were conducted in R.

Results

High‑resolution mapping of the QSng.sfr‑3BS target region 
supported by the 3B physical map and whole chromosome 
sequencing

Schnurbusch et  al. (2003) identified QSng.sfr-3BS as the 
major QTL for resistance to SNG in the wheat cultivar 
‘Arina’. This QTL is located in the telomeric part of chro-
mosome 3B in the interval flanked by the SSR markers 
gwm389 and barc133. To further characterize this target 
interval and the QTL, we developed a high-resolution map-
ping population consisting of NILs derived from a cross 
between the susceptible cultivar ‘Forno’ as recurrent par-
ent and the resistant cultivar ‘Arina’ as donor. Among 1,320 
NILs (BC3F2), we selected 145 lines showing recombina-
tion between the flanking markers of the target interval. 
Ninety-two of them were homozygous for the flanking 
markers. The size of the target region for the QSng.sfr-3B 
in our NIL population was 11 cM.

Several approaches were used to construct a high-den-
sity genetic map in the target interval. In a first step, we 
mapped markers gwm1034, barc75 and sun2 from the pre-
vious map of the ‘Arina’ × ‘Forno’ RIL population (Pail-
lard et al. 2003; Tommasini et al. 2007). We also used the 
availability of the chromosome 3B physical map for culti-
var ‘Chinese Spring’ (Paux et  al. 2008) which allowed us 
to estimate the physical size of the region of interest as well 
as to map additional markers developed for anchoring the 
physical map. According to the physical map, the 11  cM 
target interval spanned a region of approximately 10 Mbp 
on chromosome 3B (Fig. 1). We mapped a set of SSR and 
ISBP markers, originally derived by Paux et al. (2008) for 
the anchoring of the physical map of chromosome 3B. 
Unfortunately, a vast majority of the tested ISBP mark-
ers from the physical map were not polymorphic in the 
‘Arina’ × ‘Forno’ NIL population. From a total of 33 tested 
markers only cfp3062 was polymorphic and was success-
fully added to the map. In addition, two new SSR markers 
(swm105, swm106) were designed based on the sequence 
information from the sequenced physical contig 344 of 
chromosome 3B (Choulet et al. 2010). These markers were 
polymorphic and genetically mapped to our target interval.

We sequenced five BAC clones from the physical contigs of 
the target region on chromosome 3B (TaaCsp3BFhA_0112H11 
from ctg3042, TaaCsp3BFhA_0078F20 from ctg1525,  
TaaCsp3BFhA_0027A18 from ctg516, TaaCsp3BFhA_ 
0163M03 from ctg6 and TaaCsp3BFhA_0091M22 from 
ctg1793). These BAC clones were selected based on their 
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position on the physical map to cover the large gaps on the 
genetic map (blue lines, Fig.  1). The BAC sequences were 
used in two approaches for developing new markers. First, we 
designed primers to amplify the regions containing microsat-
ellites to develop SSR markers. Second, non-repetitive regions 
up- and downstream of the coding sequences were amplified 
from both parents to develop insertion–deletion (InDel) and 
cleaved amplified polymorphic sequences (CAPS) markers. 

Three new InDel markers (swm101, swm102, swm103) and 
one CAPS marker (swm104) were obtained by this approach.

To further increase marker density, we sequenced flow-
sorted chromosomes 3B of both parental cultivars and this 
sequence information was used to design single nucleotide 
polymorphism (SNP) and InDel markers as described in 
Shatalina et  al. (2013). We selected only contigs contain-
ing genes which corresponded to the Brachypodium dis-
tachyon homologs from the region Bd2g00010-Bd2g02000 
of chromosome 2, showing synteny with the target region 
of wheat chromosome 3B. InDel and SNP markers were 
based on small 2–3  bp polymorphisms in intergenic and 
coding regions of sequences between the two cultivars as 
well as on the presence and absence of gene fragments. As 
a result, five new markers (swm00640  bp, swm00850bd, 
swm01020bd, swm01210bd and swm01820bd) were identi-
fied and integrated in the genetic map. After integration of 
all newly developed markers, a total number of 31 genetic 
markers were mapped to the QTL target interval. The two 
largest regions of the map not covered by markers corre-
sponded to 26 and 28 recombinants in the NIL population.

NIL population segregated for plant height and SNG 
resistance

The NIL population was tested for resistance to Stagonos-
pora nodorum glume blotch (SNG) under field conditions 
during the years 2011 and 2012 at three locations in Swit-
zerland: Reckenholz, Changins and Vouvry (Table  1). We 
estimated the infection quality based on good differentia-
tion of the disease scores of the parental cultivars. In 2011, 
the infection developed well on the field sites in Vouvry and 
Changins (average AUDPC scores of ‘Forno’ were 526.5- 
and 423 compared to ‘Arina’ 153.3 and 93, respectively), 
whereas in 2012 the Reckenholz environment supported a 
good infection (Table 2). Three other datasets (Reckenholz 
2011, Vouvry 2012 and Changins 2012) were excluded 
from the analysis due to the insufficient development of the 
infection. Therefore, we included in the analysis only the 
phenotypic data of 67 NILs from the environments Chang-
ins and Vouvry for the infection tests in 2011 and data of 28 
NILs from Reckenholz in 2012 (Table 1; Fig. 2).

To test whether the SNG resistance phenotypes were 
reproducible under different field conditions, we calcu-
lated the Spearman correlation coefficient (r) between the 
replications of the same genotypes within the individual 
field site as well as correlation between the different fields 
(Table S2). The correlation of the AUDPC values between 
the NIL replications within individual environments var-
ied from 0.47 (Changins-2011) to 0.81 (Reckenholz-2012) 
and between the environments from 0.56 (correlation 
between Changins-2011 and Vouvry-2011) to 0.84—cor-
relation between Reckenholz-2012 and Changins-2011. 

Fig. 1   Comparative analysis of the target region for Qsng.sfr-3BS on 
the genetic map of the NIL population and the physical map of wheat 
chromosome 3B. The genetic map of the fine-mapping NIL popula-
tion (92 lines) of ‘Arina’ × ‘Forno’ (in dark gray) is shown: num-
bers represent the number of identified recombinants between given 
markers, in blue-markers developed based on the sequence analysis 
of BAC-clones and a partial sequence of ctg344, in green-markers 
developed from SNPs and InDels identified between sequences up- 
and downstream of coding regions in sequenced flow-sorted chromo-
somes 3B of Arina and Forno; numbers in the “green” marker names 
correspond to the numbers of B. distachyon gene homologs. Physical 
map of wheat cv. ‘Chinese Spring’: light gray bars represent physical 
contigs with their numbers on the left side, short blue bars represent 
sequenced BAC-clones from corresponding physical contigs. The red 
bars A represent the interval significantly associated with both SNG 
resistance and plant height, B the interval associated with SNG resist-
ance. Wheat chromosome 3B is shown in light gray with the target 
interval indicated in darker gray shade
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Moderate to high correlation of the SNG resistance scores 
indicated their reproducibility across the environments. 
Due to the continuous distribution of AUDPC values, the 
NILs could not be grouped into two contrasting disease 
response classes (resistant or susceptible). This observation 
suggested that the disease response in the NIL population 
has to be analyzed as a quantitative trait and not as a single 
Mendelian gene. We also analyzed time to ear emergence 

and its correlation with plant susceptibility (Tables  1, 
2). The calculated Spearman rank correlation coefficient 
showed weak (in one environment) or no significant corre-
lation (several environments) between the traits (Table S2).

In addition to a segregating disease response, we observed 
a segregation for plant height in our high-resolution mapping 
population. While several lines were taller than the recur-
rent parent of the NILs (cultivar ‘Forno’), and more similar 

Fig. 2   Graphical genotypes of 
the 67 and 28 NILs tested in the 
field. The genetic map shown on 
the right is based on a total of 
92 NILs. In blue-‘Arina’ allele, 
in red-‘Forno’ allele. The dark 
colored blue and red bars with 
the green asterisks indicate the 
28 NILs tested in field trials in 
2012. Red bars on the genetic 
map are indicating the intervals 
associated with SNG resistance 
(b) and SNG resistance and 
plant height (a)

Table 2   Plant height and AUDPC values of parental lines ‘Arina’ and ‘Forno’ and fine-mapping NIL population

The last three columns show average, minimum and maximum values of the corresponding trait in the NIL population

Trait Environment No of NILs  
tested

QTL donor  
line Arina

Recurrent  
parent Forno

Average NIL Min NIL Max NIL

AUDPC Vouvry-2011 67 153.3 ± 30.8 526.5 ± 76.5 460.4 ± 78.5 295 701.5

Changins-2011 67 93 ± 8.7 423 ± 73.6 329.4 ± 76.9 187 575

Reckenholz-2012 28 67.4 ± 6.4 224.3 ± 68.7 143.2 ± 60.1 59 295.5

Plant height (cm) Reckenholz-2011 67 115 ± 7.06 103.3 ± 5.6 103.2 ± 5.8 90 118

Changins-2011 67 109.9 ± 2.4 101.8 ± 4.4 101.6 ± 4.6 90 115

Reckenholz-2012 28 124.4 ± 1.9 107.6 ± 1.4 109.4 ± 4.9 100 120

Ear emergence  
(days)

Changins-2011 67 139 139.5 ± 0.6 141.7 ± 0.7 141 144

Reckenholz-2011 67 138.5 ± 0.5 138.5 ± 0.5 139.1 ± 0.6 138 141

Vouvry-2011 67 142.6 ± 0.9 142.1 ± 0.8 142.6 ± 0.7 141.3 144

Reckenholz-2012 28 140.5 ± 0.7 140.6 ± 1.3 143.1 ± 0.6 141.2 145.8
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to SNG-QTL donor cultivar ‘Arina’, some NILs were even 
shorter than cultivar ‘Forno’. Overall, the tested lines showed 
a distribution of plant height from 90 to 120 cm (Table 2). 
The rank correlation (r) of plant height and resistance to 
SNG ranged from −0.53 (average AUDPC and average plant 
height in Changins 2011) to −0.78 (average AUDPC and 
plant height in Reckenholz 2012) and revealed a negative 
correlation between these two traits (Table S2). This trend 
is depicted on the plot of SNG resistance (AUDPC value) 
against plant height of 67 NILs (Fig. 3a), and becomes more 
pronounced in the combined dataset of 28 NILs from Reck-
enholz-2012, Changins-2011 and Vouvry-2011 (Fig.  3b). 
The rank correlation of plant height between the environ-
ments varied from a moderate correlation of 0.36 in 67 NILs 
to a high correlation of 0.77 in 28 NILs (Table S2). Broad-
sense heritability of SNG resistance was 0.71 for 67 NILs 
tested in 2011 in two environments—Changins and Vouvry. 
Heritability of plant height was 0.63 for 67 NILs, tested in 
Changins-2011 and Reckenholz-2011.

Single marker analysis (SMA) defines regions associated 
with SNG resistance and plant height

To localize Qsng.sfr-3BS on the genetic map, we applied 
single marker analysis (using mixed linear model) to the 
two datasets (67 NILs and the subset of 28 NILs, Table 3). 
We included the phenotypic data from Changins-2011 
and Vouvry-2011 for the analysis of 67 NILs. The SMA 
of this dataset detected no significant association between 
the AUDPC value for SNG and any of genetic markers 
from the target region. Analysis of the subset of 28 NILs 
was done using the combined data from Changins-2011, 
Vouvry-2011 and Reckenholz-2012. It identified an asso-
ciation between AUDPC and the interval swm00850bd–
wmm756 (region A, Fig. 1). According to the physical map 
of chromosome 3B (Fig. 1), region A has a size of 4.5 Mb 
(6 physical contigs).

Since the NIL population segregated for plant height, 
we checked whether plant height is associated with any 
of the markers in the target region of QSng.sfr-3BS. Simi-
larly to the SMA of AUDPC, we analyzed two datasets of 
67 and 28 NILs. For the analysis of 67 NILs, we included 
the data from Changins-2011 and Reckenholz-2011. Analy-
sis of mixed linear model detected a significant association 
between the trait and the genetic interval swm00850bd–
wmm756 (region A, Fig.  1), with the most significant 
F-value for the marker wmm756 (Table  3). The analysis 
of 28 NILs included the data from Reckenholz-2012 and 
2011, and Changins-2011 and revealed associations of plant 
height with the genetic interval gwm389–wmm756, as well 
as with the marker nw1644 which co-segregates with the 
proximal flanking marker barc133. We consider the associa-
tion of barc133 to be an artifact, because of the selection of 
the BC3F2 plants for recombination between the proximal 
markers gwm389 and barc133, the mapping population con-
sisted only of lines recombining in the target region. There-
fore, the parental alleles for barc133 were exactly opposite 
to the parental alleles of gwm389 in all recombinants. Thus, 
as there is a lower AUDPC score of the ‘Arina’ allele for 
marker gwm389, there has also to be a lower AUDPC value 
for the ‘Forno’ allele at marker barc133.

Since plant height correlated with disease resistance, the 
next step was to conduct SMA of disease resistance using 
plant height as a cofactor in the analysis. Two datasets were 
analyzed: 67 NILs with the phenotypic data from Chang-
ins-2011 and 28 NILs with the data from Changins-2011 
and Reckenholz-2012, where both AUDPC and plant height 
were measured (Table 4). Surprisingly, SMA for 67 NILs 
detected one significant association of SNG resistance with 
the marker swm01210bd, which was not detected before in 
SMA of AUDPC without plant height as a cofactor. Thus, 
SMA indicates the presence of potentially two intervals 
associated with resistance to SNG within the target region 
for QSng.sfr-3BS (regions A and B, Fig. 1).

Fig. 3   Average values of plant 
height and AUDPC score of 
67 NILs (a) and 28 NILs (b). 
Average values were calculated 
from one environment for 67 
NILs and two environments for 
28 NILs. Black dots represent 
average value of recurrent par-
ent (cultivar Forno)



580	 Theor Appl Genet (2014) 127:573–586

1 3

The analysis of 28 NILs detected no significant asso-
ciation between disease resistance and any of the mark-
ers in the QTL target region; however, the genetic interval 
swm00850bd–nw1821 had t values close to significance 
(Table 4). For both datasets (28 and 67 NILs) plant height 
as a fixed cofactor in the model was highly significant. The 
calculated percentage of the total variance of SNG AUDPC 
explained by plant height was 34.5 % for 67 NILs. There-
fore, plant height and disease resistance to SNG for the 
region A might have the same genetic basis.

Two genetically distinct regions are contributing to SNG 
resistance in NILs

Single marker analysis indicated the presence of two loci 
associated with SNG resistance. We wanted to study if 
additional analysis could further substantiate this finding. 
Therefore, we analyzed the distributions of the average 

AUDPC and plant height of two environments for 67 NILs 
in the two allele classes for individual markers (Table 5). 
Marker wmm756 showed the largest height difference 
of 2  cm for ‘Arina’ and ‘Forno’ classes as expected from 
the SMA described above. Similarly, the allele classes 
for AUDPC values revealed largest differences for mark-
ers wmm756, swm01210bd and swm01810bd. The ‘Arina’ 
class had the lowest AUDPC values for marker wmm756 
from the region A and marker swm01210bd from region 
B, which corresponded to the resistance loci identified by 
SMA.

Next, we divided the 67 NILs into four groups based on 
their genotype for the markers wmm756 and swm01210bd 
to test the hypothesis of two independent SNG loci 
(Fig.  4). The distributions of the phenotypic values of 
the four groups AA-‘Arina’ alleles for the two markers 
wmm756 and swm01210bd, AF-‘Arina’ for wmm756 and 
‘Forno’ for swm01210bd, FA-‘Forno’ wmm756 and ‘Arina’ 

Table 3   Single marker analysis 
of SNG resistance and plant 
height

The most significant marker 
wmm756 is indicated in bold
a  SMA (mixed linear 
model) of the 67 NILs with 
two replications from 2 
environments (Changins-2011 
and Reckenholz-2011)
b  SMA (mixed linear 
model) of the 28 NILs with 
two replications from 3 
environments (Changins-2011, 
Reckenholz-2011 and 
Reckenholz-2012)
c  SMA (mixed linear 
model) of the 67 NILs with 
two replications from 2 
environments (Changins-2011 
and Vouvry-2011)
d  SMA (mixed linear model) 
of the 28 NILs with two rep-
lications from 3 environments 
(Changins-2011, Vouvry-2011 
and Reckenholz-2012)
e  F value of the given marker 
effect
f  Significance thresholds of the 
given marker effect * p < 0.05, 
** p < 0.01, *** p < 0.001

Marker Plant height AUDPC

67 NILsa 28 NILsb 67 NILsc 28 NILsd

F valuee p valuef F valuee p valuef F valuee p valuef F valuee p valuef

gwm389 1.324 0.2508 5.593 0.0192* 0.369 0.544 1.250 0.2653

swm00640bd 1.324 0.2508 5.593 0.0192* 0.369 0.544 1.250 0.2653

swm00850bd 5.233 0.023* 6.172 0.014* 0.359 0.5498 6.498 0.0117*

swm101 5.233 0.023* 6.172 0.014* 0.359 0.5498 6.498 0.0117*

swm102 5.233 0.023* 6.172 0.014* 0.359 0.5498 6.498 0.0117*

swm01020bd 5.233 0.023* 6.172 0.014* 0.359 0.5498 6.498 0.0117*

gwm1034 5.233 0.023* 6.172 0.014* 0.359 0.5498 6.498 0.0117*

cfb3530 5.116 0.0245* 6.172 0.014* 0.637 0.4256 6.498 0.0117*

swm103 5.598 0.0187* 6.172 0.014* 0.177 0.6742 6.498 0.0117*

barc75 5.598 0.0187* 6.172 0.014* 0.177 0.6742 6.498 0.0117*

swm104 6.239 0.0131* 6.172 0.014* 0.004 0.9501 6.498 0.0117*

cfb3417 6.366 0.0122* 6.172 0.014* 0.069 0.7935 6.498 0.0117*

wmm756 9.126 0.0028** 6.172 0.014* 1.171 0.2803 6.498 0.0117*

sun2 2.196 0.1396 0.131 0.7178 0.025 0.8741 1.086 0.2989

cfb5000 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

cfb5009 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

cfb5025 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

cfb5008 2.047 0.1538 0.131 0.7178 0.123 0.7262 1.086 0.2989

cfb5021 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

cfb5026 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

cfb5010 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

cfp3062 1.984 0.1601 0.131 0.7178 0.600 0.4395 1.086 0.2989

nw1821 2.814 0.0947 0.131 0.7178 0.615 0.4336 1.086 0.2989

swm106 3.976 0.0472* 1.229 0.2693 0.353 0.5528 0.966 0.3271

swm01210bd 2.248 0.135 2.825 0.0948 1.177 0.279 0.058 0.8100

swm01810bd 0.24 0.6246 2.384 0.1246 1.128 0.2892 0.345 0.558

nw1644 1.324 0.2508 5.593 0.0192* 0.369 0.544 1.250 0.2653

barc133 1.324 0.2508 5.593 0.0192* 0.369 0.544 1.250 0.2653
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swm01210bd and FF-‘Forno’ for both markers are shown 
in Fig.  4. A t test did not detect significant differences 
between the groups, but when considering the group means 
there was a clear trend. The average values from the two 
environments Changins-2011 and Reckenholz-2011 for 
plant height showed that the AA and AF groups were taller 
(Fig. 4a). A smaller size of boxes and whiskers on the plot 
for the AA and AF groups in comparison to the FA and FF 
groups also indicated that plant height values were distrib-
uted within a smaller range in the first two groups with the 

‘Arina’ allele of marker wmm756, whereas in the absence 
of wmm756 ‘Arina’ allele plant height might be more 
strongly influenced by environmental factors.

In agreement with the hypothesis of two resistance loci 
present in the target region, the average AUDPC values of 
67 NILs from the two environments Changins-2011 and 
Vouvry-2011 were lowest for the AA group (Fig. 4b). The 
short length of the upper whisker for the AA group sug-
gested that except for the two outliers, this group showed 
a clear tendency for a stronger resistance as the AUDPC 
values fall into the same range of low values. In contrast, 
the FF group showed the highest AUDPC of both median 
and mean values among all genotypic groups. The sizes 
of boxes and whiskers for the AF, FA and FF groups were 
larger than for the AA group, which indicated a wider dis-
tribution of the AUDPC values in these groups. The wider 
distribution of the AUDPC in the groups with no (FF) or 
only one resistance locus (AF and FA) suggested that the 
presence of two resistance loci (group AA) indeed resulted 
in strongest resistance. The AF, FA and FF groups might 
be more influenced by other genetic components and envi-
ronmental factors. Thus, we conclude that there were two 
resistance loci in the target interval and the presence of 
both loci provided the strongest resistance response. The 
region A resistance locus was associated with both plant 
height and SNG resistance. The effect of the resistance 
locus B linked to swm01210bd seemed to be larger than the 
effect of the resistance locus A linked to wmm756.

Discussion

Field infection tests of a NIL population revealed a quanti-
tative distribution for both SNG resistance and plant height. 
The two traits were reproducible between different tested 
environments and showed a moderate to high correlation. 
Further analysis of the target region identified two loci: 
region A (swm00850bd – wmm756) and B (swm01210bd), 

Table 4   Single marker analysis of SNG resistance with plant height 
as a cofactor

The significant marker swm01210bd is indicated in bold
a  SMA (mixed linear model) of the 67 NILs with two replications 
from Changins-2011
b  SMA (mixed linear model) of the 28 NILs with two replications 
from 2 environments (Changins-2011 and Reckenholz-2012)
c  t-value of the given marker effect
d  Significance thresholds of the given marker effect *  p  <  0.05, 
** p < 0.01, *** p < 0.001

Marker AUDPC AUDPC

67 NILa 28 NILb

t-valuec p-valued t-valuec p-valued

gwm389 −0.519 0.605 0.886 0.378

swm00640bd −0.519 0.605 0.886 0.378

swm00850bd 0.007 0.995 1.960 0.0526

swm101 0.007 0.995 1.960 0.0526

swm01020bd 0.007 0.995 1.960 0.0526

gwm1034 0.007 0.995 1.960 0.0526

cfb3530 0.020 0.984 1.960 0.0526

swm103 0.180 0.858 1.960 0.0526

barc75 0.180 0.858 1.960 0.0526

swm104 0.431 0.667 1.960 0.0526

cfb3417 0.168 0.867 1.960 0.0526

wmm756 −0.119 0.905 1.960 0.0526

sun2 −0.171 0.865 1.978 0.0504

cfb5000 0.273 0.786 1.978 0.0504

cfb5009 0.273 0.786 1.978 0.0504

cfb5025 0.273 0.786 1.978 0.0504

cfb5008 0.328 0.743 1.978 0.0504

cfb5021 0.273 0.786 1.978 0.0504

cfb5026 0.273 0.786 1.978 0.0504

cfb5010 0.273 0.786 1.978 0.0504

cfp3062 0.419 0.676 1.978 0.0504

nw1821 0.273 0.786 1.978 0.0504

swm106 −0.183 0.855 1.160 0.249

swm01210bd 2.334 0.0212* 0.911 0.364

swm01810bd 0.074 0.941 −0.803 0.424

nw1644 0.519 0.605 −0.886 0.378

barc133 0.519 0.605 −0.886 0.378

Table 5   Plant height and AUDPC for 67 NILs (average of two envi-
ronments) divided into ‘Arina’ and ‘Forno’ classes for each of the 
markers (average value of the class is shown)

Marker AUDPC Plant height

Forno allele Arina allele Forno allele Arina allele

gwm389 391.9 398.0 102.0 102.8

swm103 393.0 396.6 101.7 103.2

wmm756 399.4 388.6 101.5 103.5

cfb5000 389.9 398.0 101.9 103.0

swm01210bd 398.4 387.7 102.9 101.9

swm01810bd 400.8 389.9 102.2 102.5

nw1644 398.0 391.9 102.8 102.0
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associated with SNG resistance. Region A was also associ-
ated with plant height.

Fine mapping of the target interval for SNG QTL in the 
‘Arina’ × ‘Forno’ NIL population

The physical map of chromosome 3B allowed us to 
improve the genetic map for the target interval of QSng.sfr-
3BS by integrating recently developed markers as well as 
by establishing additional new markers. In contrast to the 
results in other populations, we detected a very low level 
of polymorphism in ISBP markers in our NIL popula-
tion (Paux et  al. 2010). In fact, ISBP markers are based 
on differences in the insertion sites of (retro)transposons 
and since our NIL population is derived from a cross of 
two Swiss winter varieties, there might be less diversity 
in these repeat junctions than in populations derived from 
wide crosses, like ‘Chinese Spring’ × ‘Renan’, ‘Courtot’ × 
‘Chinese Spring’ or ITMI populations, which were used for 
mapping of ISBPs to anchor the physical map of chromo-
some 3B. Another problem was the presence of gaps in the 
genetic map (regions not covered with genetic markers), 
which could not be predicted or explained by the physi-
cal map or synteny with B. distachyon. Those gaps might 
be recombination hot spots (Faris et  al. 2000; Akhunov 
et al. 2003) or large chromosomal insertions specific to the 
‘Arina’ × ‘Forno’ population. A larger number of mapped 
markers will be needed to further test the “hot spot”-
hypothesis. Recently developed genomic resources such as 
physical maps can be helpful for high-resolution mapping 
purposes, but individual differences between the paren-
tal lines and the cultivars used for the construction of the 

physical map have to be considered. Sequenced flow-sorted 
chromosome 3B of the parental lines for the NIL popula-
tion was a successful approach to increase the marker den-
sity. Single nucleotide polymorphism markers derived from 
sequences of the particular parental cultivars combined 
with the synteny information are very specific and enabled 
us to target selected regions. Synteny with B. distachyon 
allowed us to predict the possible position and to choose 
the potential markers specifically for the critical parts of 
the genetic map. Both resources, the physical map and the 
sequence information from ‘Arina’ and ‘Forno’, might be 
extremely valuable for the identification of candidate genes 
when the target interval is further narrowed.

SNG resistance is strongly influenced by environmental 
conditions

Successful development of artificially induced SNG infec-
tion was difficult to obtain, as it depends strongly on envi-
ronmental conditions such as temperature and humid-
ity (Eyal et al. 1987; De Wolf and Francl 2000; Shah and 
Bergstrom 2002). In agreement with these earlier observa-
tions, among six conducted field infection tests (2  years, 
3 environments) only three trials had optimal conditions 
for disease development, while three trials showed insuf-
ficient disease development and, therefore, had to be dis-
carded from the analysis. The trials with successful infec-
tion also showed a significant impact of environmental 
factors (58.6 % of the variance) on the disease development 
resulting in continuous distribution of AUPDC. The range 
of correlation coefficients of AUDPC values (0.47–0.81) 
between and within individual environments indicated on 

Fig. 4   Box-plots of the average AUDPC and plant height of 67 NILs 
in four genotypic groups. 67 NILs were divided into four groups 
based on genotypes of two markers (wmm756 and swm01210bd). AA 
‘Arina’ allele for wmm756 and ‘Arina’ allele for swm01210bd, AF 
‘Arina’ wmm756 and ‘Forno’ swm01210bd, FA ‘Forno’ wmm756 and 

‘Arina’ swm01210bd and FF both markers have ‘Forno’ allele. The 
black line is a median of each group and black diamond-shaped dot is 
a group mean. a Average plant height score among 2 environments; b 
average AUDPC score. The whiskers depict the minimum and maxi-
mum values
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the one hand, presence of the proposed QTL in the selected 
NILs, and on the other hand, a strong influence of environ-
mental factors on SNG resistance. Reproducibility of the 
results was demonstrated by the correlation between three 
environments (0.56–0.84) and heritability of the trait (0.71 
for 67 NILs). These results are very similar to the results 
observed previously in the ‘Arina’ × ‘Forno’ RIL popula-
tion: correlation of SNG resistance between environments 
varied from 0.59–0.84 and heritability of the trait was 0.80 
(Schnurbusch et al. 2003). These results from phenotyping 
show that our data are reliable, but too variable for clearly 
assigning a genotype to a “resistant” or “susceptible” class. 
Future experiments to obtain resistance data should possi-
bly be done at a larger number of field sites and over sev-
eral years to get data of sufficient quality for high-resolu-
tion mapping and ultimately for cloning of the resistance 
gene(s).

Is the SNG resistance QTL linked to wmm756 a plant 
height QTL?

In addition to the segregation for SNG resistance, we 
observed segregation for plant height in our NIL popula-
tion. This segregation was reproducible and heritable, and 
SNG resistance and plant height showed a moderate to 
high negative correlation in all tested environments. A cor-
relation between plant height and resistance to SNG was 
previously shown under field conditions suggesting dis-
ease escape for the tall plants (Broennimann et  al. 1973; 
Scott et  al. 1982; Van Ginkel and Rajaram 1999; Wicki 
et  al. 1999). Association of plant height and SNG resist-
ance was also identified in the previous QTL study on the 
RIL population of ‘Arina’ × ‘Forno’ (Schnurbusch et  al. 
2003) and the RIL population of ‘Forno’ × ‘Oberkul-
mer’ (Aguilar et  al. 2005). However, Schnurbusch et  al. 
(2003) did not detect any QTL for plant height in the tar-
get region for QSng.sfr-3BS. Several QTLs for plant height 
were detected on chromosomes 5BL, 5AL, 7BS, 3BL and 
2AL on the genetic map of ‘Arina’ × ‘Forno’ RILs. The 
QSng.sfr-3BS interval did not show any significant asso-
ciation with other traits such as plant height or flowering 
time (Schnurbusch et  al. 2003). The fact that we detected 
a region associated with plant height in the NIL population 
which was not detected in RILs before might be explained 
by epistatic effects of other, stronger plant height QTLs in 
the RIL ‘Arina’ × ‘Forno’ population or two nearby QTLs 
with opposite allele effects. Looking at the mean (Table 5) 
and median (Fig.  4) of marker classes, the “Arina” allele 
of region A (wmm756), increases plant height by 2  cm, 
while the marker classes of “Arina” allele of region B 
(swm01210) slightly decreases plant height by 1 cm. Pre-
viously, Rht5—a gene modifying plant height was mapped 
to the same deletion bin on chromosome 3B linked to the 

marker barc102 (Ellis et  al. 2005). Therefore, we cannot 
exclude that the gene underlying the plant height locus in 
the target region is Rht5.

Segregation for plant height and its correlation with 
SNG resistance in our NIL population was unexpected; we 
used artificial infection after spike emergence in the field 
and did not rely on natural infections. Artificial infection 
by spraying plants from above should have decreased the 
disease escape due to plant height, because in these condi-
tions tall and short plants received equal amount of spores 
directly to the spikes in contrast to natural infection which 
usually is spreading from infected ground debris from the 
lower leaves to the ears by rain splashes. Nevertheless, tall 
and short plants could also differ in microclimate condi-
tions of the spikes which are known to be important for 
disease development (Scott et al. 1985). Measuring of addi-
tional phenotypic traits such as spike morphology or dis-
tance between spikes and flag leaves in future field trials 
might help to clarify whether plant height per se is influ-
encing SNG resistance or if any other minor features of the 
tested NILs contribute to the disease escape.

Further evidence for the correlation of plant height and 
SNG resistance was found by including plant height as a 
factor in general linear model analysis which significantly 
influenced the SMA results. Furthermore, the previously 
detected significance for the genetic markers from the inter-
val swm00850bd–wmm756 (region A, Fig. 1) became less 
pronounced, indicating that a large part of the variance was 
explained by plant height. The correlation of plant height 
and SNG resistance could have several explanations. SNG 
resistance in region A could be a gene controlling plant 
height or it might contain both a resistance gene as well 
as a plant height gene within a gene cluster, which would 
explain a co-segregation of the traits. However, the most 
likely explanation is that the region A controls plant height 
and results in a change of microclimate at the spike level, 
with SNG resistance improvement as a pleiotropic effect of 
the plant height gene.

Two genetically distinct SNG resistance loci are present 
in the QSng.sfr‑3BS target interval

The absence of any influence from the genetic background 
in a NIL population theoretically allows to “Mendelize” the 
trait of interest and to divide the phenotypic response of 
the fine-mapping population in two contrasting classes—
“resistant” and “susceptible” (Keurentjes et  al. 2007; Pea 
et  al. 2009). QSng.sfr-3B did not manifest itself as Men-
delian trait in our NIL population and was scored quanti-
tatively. The identification of two resistance loci in the 
QSng.sfr-3BS target interval as well as the strong environ-
mental influence possibly explains the observed quantita-
tive response to S. nodorum infection. The two loci were 
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detected by SMA: marker wmm756 (region A) and marker 
swm01210bd (region B) were both significantly associ-
ated with disease resistance. The hypothesis of two seg-
regating QTL in the target region would explain why the 
explained variation of SNG detected by SMA was not as 
great (Table 5) as expected based on the QTL analysis of 
the RILs of Arina x Forno (explaining more than 30 % of 
the variation for SNG; Schnurbusch et al. 2003), although 
the NILs in our study were on average much more resist-
ant than the recurrent parent Forno (Table 2; Fig. 3). The 
analysis of genotypic groups, taking into account the allelic 
composition of both markers for region A and B, supported 
this hypothesis. However, no statistically significant differ-
ences were found between the four marker classes. This 
absence of significant differences could be due to the rela-
tively low number of NILs in the four genotypic groups as 
well as the high environmental dependence of the resist-
ance trait. Since the NIL population was developed based 
on the hypothesis of one QTL localized in the target inter-
val, the number of recombinants was clearly not sufficient 
for the unexpected need to identify two genetically distinct 
loci. To separate the effects of two loci and isolate each 
of them in the ‘Forno’ genetic background, the number of 
NILs has to be at least doubled in comparison to the 67 
lines analyzed in our study. Additionally, some variation 
among the NILs for both plant height and AUDPC which 
probably was caused by the remaining 6.25  % genetic 
background from ‘Arina’ might also have influenced the 
results of the analysis.

Tightly linked QTLs controlling the same trait have 
previously been described for other quantitative traits. In 
tomato, two QTLs Brix9-2-5 and PW9-2-5 located 0.3 cM 
apart are both modifying sugar content (Fridman et  al. 
2002). In rice, QTL Hd3 consisted of two linked QTLs 
Hd3a and Hd3b controlling heading date (Monna et  al. 
2002). A QTL for flowering time dth1.1 consisted of at 
least two distinct sub-QTLs dth1.1a and dth1.1b (Thom-
son et al. 2006). Another example is a growth-rate QTL in 
Arabidopsis thaliana, consisting of two tightly linked QTLs 
located within a 210 kb interval (Kroymann and Mitchell-
Olds 2005). The SNG resistance analysis presented in this 
study focusing on QSng.sfr-3BS revealed an additional case 
for two closely linked QTL. Furthermore, the pleiotropic 
effect of the two involved loci on plant height further com-
plicated the analysis. These findings indicate an unexpect-
edly high genetic complexity of SNG resistance in cultivar 
‘Arina’ and the need for the development of larger popula-
tions where the effects of the two linked QTL are separated 
from each other in a sufficiently large number of individual 
genotypes. Only in such a mendelized form in even more 
identical backgrounds a future molecular cloning can be 
envisaged.
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