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Abstract A set of 39 wild barley introgression lines
(hereafter abbreviated with S42ILs) was subjected to a
QTL study to verify genetic effects for agronomic traits,
previously detected in the BC,DH population S42 (von
Korff et al. 2006 in Theor Appl Genet 112:1221-1231) and,
in addition, to identify new QTLs and favorable wild barley
alleles. Each line within the S42IL set contains a single
marker-defined chromosomal introgression from wild bar-
ley (Hordeum vulgare ssp. spontaneum), whereas the
remaining part of the genome is exclusively derived from
elite spring barley (H. vulgare ssp. vulgare). Agronomic
field data of the S42ILs were collected for seven traits from
three different environments during the 2007 growing sea-
son. For detection of putative QTLs, a two-factorial mixed
model ANOVA and, subsequently, a Dunnett test with the
recurrent parent as a control were conducted. The presence
of a QTL effect on a wild barley introgression was
accepted, if the trait value of a particular S42IL was
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significantly (P <0.05) different from the control, either
across all environments and/or in a particular environment.
A total of 47 QTLs were localized in the S42IL set, among
which 39 QTLs were significant across all tested environ-
ments. For 19 QTLs (40.4%), the wild barley introgression
was associated with a favorable effect on trait performance.
Von Korff etal. (2006 in Theor Appl Genet 112:1221-
1231) mapped altogether 44 QTLs for six agronomic traits
to genomic regions, which are represented by wild barley
introgressions of the S42IL set. Here, 18 QTLs (40.9%)
revealed a favorable wild barley effect on the trait perfor-
mance. By means of the S42ILs, 20 out of the 44 QTLs
(45.5%) and ten out of the 18 favorable effects (55.6%)
were verified. Most QTL effects were confirmed for the
traits days until heading and plant height. For the six corre-
sponding traits, a total of 17 new QTLs were identified,
where at six QTLs (35.3%) the exotic introgression caused
an improved trait performance. In addition, eight QTLs for
the newly studied trait grains per ear were detected. Here,
no QTL from wild barley exhibited a favorable effect. The
introgression line S42IL-107, which carries an introgres-
sion on chromosome 2H, 1742 cM is an example for
S421Ls carrying several QTL effects simultaneously. This
line exhibited improved performance across all tested envi-
ronments for the traits days until heading, plant height and
thousand grain weight. The line can be directly used to
transfer valuable Hsp alleles into modern elite cultivars,
and, thus, for breeding of improved varieties.

Introduction
Most agronomically important traits, such as yield and

quality parameters, are quantitatively inherited. They are
not conditioned by single genes, but polygenes or so called
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“quantitative trait loci” (QTLs, Collard et al. 2005). Based
on molecular linkage maps, many QTL studies were con-
ducted since the late 1980s to identify and map the loci,
which affect complex traits. In barley, such QTL studies
focused on yield associated traits, as well as malting qual-
ity, abiotic stress tolerance, and disease resistance (e.g. Tin-
ker etal. 1996; Thomas et al. 1996; Jefferies et al. 1999;
Kicherer et al. 2000).

Tanksley and Nelson (1996) proposed the advanced
backcross (AB)-QTL analysis, which has several advanta-
ges over classical QTL analyses. These are: (1) the detec-
tion of QTLs and the development of improved varieties
are conducted simultaneously. (2) Unadapted germplasm
from wild species or land races is used to detect exotic alle-
les superior to the elite alleles which might ultimately
broaden the genetic variation of modern crop cultivars
(Tanksley and McCouch 1997). (3) Since the AB-QTL
strategy is based on BC, or BC; generations, the portion of
the exotic donor genome, and thus linkage drag, is consid-
erably reduced. The fact that wild species contain favorable
alleles, which could be useful for the enhancement of quan-
titative traits, was proven by many AB-QTL studies for
several crop species, such as tomato (e.g. deVicente and
Tanksley 1993; Fulton et al. 2002; Frary et al. 2004) and
rice (Xiao et al. 1996; Li et al. 2002; Thomson et al. 2003;
McCouch et al. 2007). In barley, several AB-QTL studies
were conducted with regard to a multitude of characters,
like agronomic traits, morphological traits, yield compo-
nents, disease resistances, tolerance to abiotic stress and
malting quality (Pillen etal. 2003, 2004; Talame et al.
2004; Li et al. 2005, 2006; Yun et al. 2006; Gyenis et al.
2007). Comprehensive studies were also performed by von
Korff et al. (2005, 2006, 2008), who generated a BC,DH
population consisting of 301 lines based on an initial cross
between the malting barley cultivar ‘Scarlett’ (Hordeum
vulgare ssp. vulgare, hereafter abbreviated with Hv) and
the Israeli wild barley accession ‘ISR 42-8’ (H. vulgare ssp.
spontaneum, hereafter abbreviated with Hsp, von Korff
et al. 2004). The lines were genotyped with 98 SSR mark-
ers, and subsequently evaluated under field conditions in up
to eight environments. By a three-factorial mixed model
analysis of variance (ANOVA), altogether 86 putative
QTLs were identified for nine agronomic traits, e.g. days
until heading, plant height, thousand grain weight and grain
yield, where 31 QTLs (36.0%) revealed a favorable effect
of the exotic allele (von Korff et al. 2006). In addition, 18
QTLs conferring resistance to diseases (von Korff et al.
2005), and 48 QTLs for seven malting parameters (von
Korff et al. 2008), were detected. For these trait complexes,
the performance was improved by the Hsp allele at 11
QTLs (61.1%) and 18 QTLs (37.5%), respectively.

As recommended by Zamir (2001), one step further
towards the nearly simultaneous identification and transfer
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of exotic QTL alleles associated with an improved trait per-
formance, is the development and evaluation of introgres-
sion lines (ILs). An IL set represents the complete genome
of a wild species in the uniform background of an elite cul-
tivar, where each single line solely contains a single
marker-defined segment of the exotic parent. Due to the
homozygosity of the ILs, they are a stable, and, thus,
immortal, genetic resource which can be used with versatil-
ity. Furthermore, the low proportion of exotic germplasm,
present in each IL, is a great advantage compared to com-
monly used QTL mapping populations, especially F,, BC,
and RI, but also AB populations. It allows the statistical
verification of small phenotypic effects, which are other-
wise more difficult to detect (Zamir 2001). As an advance-
ment compared to the AB-QTL analysis, the detection of
QTLs and their simultaneous transfer into elite cultivars is
carried out with ILs in one step. It does not require further
steps of backcrossing or selfing. The usefulness of ILs for
the detection of QTL effects and the identification of favor-
able exotic QTL alleles was demonstrated by numerous
QTL studies for several different crops, first of all for
tomato. The Solanum pennellii IL library, which was initi-
ated by Eshed and Zamir (1994) and currently consists of
76 ILs (Lippman et al. 2007), was used to identify nearly
3,000 putative QTLs for yield associated traits (Eshed and
Zamir 1995; Hanson etal. 2007), morphological traits
(Holtan and Hake 2003; Semel et al. 2006) and metabolites
(Baxter et al. 2005; Overy et al. 2005; Schauer et al. 2006).
With regard to quantitative traits, QTL studies using ILs
were also conducted for rice (e.g. Mei et al. 2006; Zheng
etal. 2007; Siangliw et al. 2007), wheat (Liu et al. 2006,
2007; Pestsova et al. 2006), maize (Szalma et al. 2007),
melon (Eduardo et al. 2007; Fernandez-Trujillo et al. 2007;
Moreno et al. 2008; Obando et al. 2008) and Arabidopsis
(Keurentjes etal. 2007). In spring barley, Matus et al.
(2003) conducted an association analysis to identify recom-
binant chromosome substitution lines (RCSLs) showing
positive transgressive segregation with respect to the elite
parent for agronomic traits, domestication-related traits,
and malting quality traits. Here, altogether 140 RCSLs,
with a similar genetic structure as ILs, were evaluated in
the field. A superior phenotype, compared to the elite par-
ent, was exhibited by RCSLs for the traits number of grains
per ear, ear length and thousand grain weight. A further
barley QTL study using RCSLs was conducted by Hori
et al. (2005). They developed a total of 134 RCSLs, each
line carrying one or several Hsp introgressions, and con-
taining on average 12.9% of the Hsp genome. By means of
a core-set of 19 RCSLs and, in addition, 93 double-haploid
lines (DHLSs) originating from the same cross, altogether 18
and 24 QTLs could be identified, respectively. Several
QTLs revealed a coincident or very close localization in
both populations (Hori et al. 2005).
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In the present study, we demonstrate the usefulness of
wild barley introgression lines (S42ILs) for the detection of
QTLs for important agronomic traits. The performance of a
set of 39 S42ILs, each containing a single marker-defined
Hsp introgression in the uniform genetic background of Hv,
was evaluated with regard to seven traits in three different
field environments during 2007 growing season. Subse-
quently, a line x phenotype association study was conducted
to verify QTL effects, which were previously identified in the
BC,DH population S42 (von Korff et al. 2006), and, in addi-
tion, to detect new QTLs. A further aim was to identify
S42ILs, which exhibited an enhanced trait performance com-
pared to the recurrent parent. These lines are a potentially
valuable resource for the development of new elite cultivars.

Materials and methods
Plant material

A set of 39 S42ILs (S42IL-101 to S42IL-139) were evalu-
ated with regard to seven agronomic traits. The lines differ
among each other in only one single marker-defined chro-
mosomal segment, introgressed from the Israeli wild barley
accession ‘ISR 42-8’ (Hsp), whereas the remaining genome
is consistently derived from the German spring barley culti-
var ‘Scarlett’ (Hv). Based on 40 BC,DH lines, previously
selected from spring barley population S42 (von Korff et al.
2004), the S42ILs were developed by a further round of
backcrossing with the recurrent parent ‘Scarlett’, several
rounds of selfing and in parallel SSR marker-assisted selec-
tion. Finally, the 39 S42ILs were selected in BC;S, or
BC;S, generation. The approach and the genetic character-
ization of the 39 S42ILs, as well as the verification of QTLs
for powdery mildew and leaf rust, are described in detail in
Schmalenbach et al. (2008).

Phenotypic evaluation of agronomic traits

In order to evaluate the agronomic performance of the 39
S421Ls with regard to seven traits, field tests at three differ-
ent locations in Germany were conducted in the 2007 grow-
ing season. The locations were the experimental field
station Dikopshof (D07, University of Bonn, West Ger-
many), and the breeders’ experimental field stations in
Gudow (GO07, Nordsaat Saatzucht, North Germany) and
Herzogenaurach (HO7, Saatzucht Josef Breun, South East
Germany). The field tests were designed in three random-
ized complete blocks (i.e. replications). The recurrent par-
ent ‘Scarlett’ was tested as a control in four replications per
block. In addition, the spring barley malting cultivar
‘Barke’ was tested in three replications per block to com-
pare the performance of the S42ILs with a current cultivar.

Net plot sizes (4.5-6.0 m?), seed density (300-390 kernels/
m?), nitrogen fertilization (30-80 kg N/ha) taking into
account the N, ;. content of the soil, and field management
were in accordance with the local practice. The grain was
harvested with a plot harvester at total maturity (EC 92).
The investigated traits and methods of measurement are
listed in Table 1.

Statistical analyses

Statistical analyses were carried out with SAS Enterprise
Guide 4.1 (SAS Institute 2006). Genetic correlations between
trait values were calculated with the least squares means
(LSMEANS) for each of the 39 S42ILs averaged across all
replications and environments. The LSMEANS were com-
puted with the GLM procedure and used for calculating Pear-
son’s correlation coefficient (r) with the CORR procedure.
For the detection of QTLs and identification of favorable
Hsp introgressions, a two-factorial mixed model ANOVA
was carried out. The GLM model includes the line as a fixed
factor, and the environment and line x environment interac-
tion as random factors: Yy =p+ L+ E;+ LxE;+ &,
where p is the general mean, L, the fixed effect of the ith line,
E; the random effect of the jth environment, L x Ej; is the
random interaction effect of the ith line and the jth environ-
ment, & is the error of Y;;. When the analysis revealed sig-
nificant differences between lines or line x environment
interactions, a Dunnett multiple comparison of LSMEANS
differences between the ILs with the recurrent parent ‘Scar-
lett’ as the control was conducted (Dunnett 1955). The pres-
ence of a QTL in an Hsp introgression was accepted, when
the trait value of a particular IL was significantly (P < 0.05)
different from ‘Scarlett’ across all environments (line main
effect) and/or in a  particular  environment
(line x environment interaction effect). If several lines,
which contained overlapping or flanking introgressions,
showed a significant effect of the same direction (increase or
reduction of trait performance), it was assumed that these ILs
carried the same QTL. Introgressions do overlap, if they pos-
sess at least one common Hsp allele. They flank each other, if
they have adjacent Hsp alleles. The relative performance of
an introgression line [RP (IL)] was calculated as follows: RP
(IL) = [LSMEANS (IL) — LSMEANS (‘Scarlett’)] x 100/
LSMEANS (‘Scarlett’), where for each trait the LSMEANS
were calculated across all replications and environments.

Results
Trait performances of ‘Scarlett’ compared to the S42IL set

In Table 2, the trait performances of the recurrent parent
‘Scarlett’ and the S42ILs are described per environment

@ Springer



486 Theor Appl Genet (2009) 118:483-497

and across all tested environments by the parameters mean,
minimum and maximum, and coefficient of variation.
Across all three environments, both ‘Scarlett’ and the
S42IL set revealed the highest coefficient of variation for
the traits lodging at harvest (73.7 and 82.3%, respectively)
and grain yield (34.8 and 35.0%, respectively). In contrast,
a low variation of trait performance was measured for the
traits grains per ear, days until heading, and plant height.
As expected, ‘Scarlett’ exhibited a lower coefficient of vari-
ation than the S42ILs for all traits and environments. Aver-
aged across all environments and in GO7, ‘Scarlett’ showed
a slightly higher performance in grain yield than the S42IL
set (50.8 and 60.0 dt/ha, compared to 50.3 and 57.7 dt/ha,
respectively). In DO7 and HO7, an opposite effect was mea-
sured (Table 2).

Environment
tested”

D07, HO7

D07, GO7, HO7
D07, GO7

D07, GO7, HO7
D07, GO7, HO7
D07, GO7, HO7
D07, GO7, HO7

Breeding

goal®
+
+
+
+

Trait correlations

A total of 17 significant correlations were detected between
the seven investigated traits (Table 3). The strongest posi-
tive correlations were found between days until heading
and the traits grains per ear (r = 0.74) and thousand grain
weight (r = 0.73), as well as between plant height and lodg-
ing at harvest (r=0.73). In addition, days until heading
exhibited strong negative correlations with lodging at har-
vest (r = —0.84) and plant height (r = —0.61). Grain yield
revealed significant correlations with all traits. Whereas
negative correlations were found with days until heading
and grains per ear (r = —0.52 and r = —0.27, respectively),
the other four traits showed positive correlations with grain
yield ranging from 0.37 for plant height to 0.68 for thou-
sand grain weight.

QTL detection

and nine represents total lodging of plot
5.0/5.5 m? (HO7), after drying for 1-2 days

2 weeks after flowering

In order to verify QTL effects, which were previously
detected within the BC,DH population S42, and to identify
new QTLs, the 39 S42ILs were subjected to a
line x phenotype association study. The initial two-facto-
rial mixed model ANOVA exhibited significant line effects
(P <0.05) for all seven evaluated traits except ears per
square meter. Significant line x environment interaction
effects (P <0.05) were detected for all traits (data not
shown).

The subsequent Dunnett test revealed altogether 65 sig-
nificant line x phenotype associations with four line main
effects and 18 line x environment interaction effects. For
43 associations, the line main effect and the
line x environment interaction effect, were significant,
simultaneously (Table 4). For 29 associations (44.6%),
the respective IL showed an improved trait performance
in comparison to the recurrent parent ‘Scarlett’. Taking
into account that several ILs do overlap or are flanked, a

Number of grains per ear calculated from a row of 50 cm (D07) or 20 average ears (GO7 and HO7)

Average plant height (in cm) measured from soil surface to tip of spike (including awns)
Visual rating of the severity of lodging at harvest, where one represents no lodging
Average weight (in g) of 1,000 grains calculated from two samples of 250 grains
Weight of barley grain (in dt/ha), harvested from 6.0 m? (D07), 4.5 m? (GO7),

Number of ears counted from a row of 50 cm (D07) or 100 cm (HO7)
Number of days from sowing until emergence of 50% of ears on main tillers

Method of measurement

Units

No. of ears/m?
No. of grains/ear
d

cm

Scores 1-9
2/1,000 grains
dt/ha

Ears per square meter
weight

Grains per ear
Days until heading
Plant height
Lodging at harvest
Thousand grain
Grain yield

Trait

AR
GEA
EA

H
HEI
LD

# The breeding goals for the evaluated traits were defined according to breeding programs for spring malting barley, where (—) indicates that a reduction, and (+) that an increase of the trait values

is desirable
® The environment names are combinations of the location [Dikopshof (D), Gudow (G), Herzogenaurach (H)] and the year 2007 (07)

Table 1 List of seven agronomic traits evaluated for 39 S42ILs in up to three environments

Abbr.
E
LAH
TG
Y

@ Springer
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Table 2 Parameters describing the trait performance of the recurrent parent ‘Scarlett’ and the S42ILs per environment and across all tested envi-

ronments
Trait and environment® ‘Scarlett’ S421Ls
NP Mean® Min? Max? CV (in %)° NP Mean® Min? Max¢ CV (in %)°

EAR

D07 12 968.0 673.1 1250.0 18.0 117 1033.7 576.9 1634.6 22.2
HO7 12 946.7 840.0 1088.0 10.2 117 903.9 616.0 1216.0 14.3
Across all env. 24 957.3 673.1 1250.0 144 234 968.8 576.9 1634.6 20.3
GEA

D07 12 22.3 19.0 24.0 6.4 117 19.9 13.0 23.0 114
GO07 4 23.0 22.0 24.0 35 39 22.5 17.0 26.0 7.8
HO7 12 23.5 20.0 27.0 8.4 117 222 13.0 26.0 10.0
Across all env. 28 2.9 19.0 27.0 7.4 273 21.2 13.0 26.0 11.7
HEA

D07 12 60.3 60.0 61.0 0.8 117 59.1 47.0 64.0 5.4
GO07 12 72.3 70.0 75.0 2.0 117 71.0 62.0 76.0 4.7
Across all env. 24 66.3 60.0 75.0 9.4 234 65.1 47.0 76.0 104
HEI

D07 12 90.9 83.0 101.0 5.7 117 89.3 70.0 100.0 6.3
GO07 12 75.4 72.0 80.0 3.6 117 78.6 63.0 103.0 12.3
HO7 8 76.0 70.0 82.0 53 78 77.5 64.0 98.0 8.6
Across all env. 32 81.4 70.0 101.0 10.4 312 82.3 63.0 103.0 11.3
LAH

D07 12 74 5.0 8.0 12.1 117 7.3 3.0 9.0 16.5
GO07 12 32 1.0 5.0 50.1 117 2.6 1.0 9.0 86.4
HO7 12 1.1 1.0 2.0 26.6 117 1.3 1.0 8.0 92.4
Across all env. 36 39 1.0 8.0 73.7 351 3.7 1.0 9.0 82.3
TGW

D07 12 39.7 37.1 43.0 4.8 117 39.3 34.6 47.0 5.8
GO07 12 44.2 38.6 47.8 5.8 117 44.9 36.4 52.0 6.9
HO7 12 33.7 322 36.2 4.2 117 33.5 26.9 41.8 8.7
Across all env. 36 39.2 32.2 47.8 12.3 351 39.2 26.9 52.0 13.8
YLD

D07 12 65.7 61.8 72.4 5.0 117 66.2 524 78.7 6.9
GO07 12 60.0 54.7 64.9 5.0 117 57.7 38.0 67.3 9.4
HO7 12 26.8 20.4 304 11.9 117 26.9 13.9 359 16.6
Across all env. 36 50.8 20.4 72.4 348 351 50.3 13.9 78.7 350

# The trait and environment abbreviations are given in Table 1
® Number of observations

¢ Average trait performance

4 Minimum and maximum trait performance

¢ Coeflicient of variation (in %) = SD/mean

total of 47 putative QTLs were identified. Here, one QTL
(QTgw.S42IL-2H.b) was detected solely as line main
effect and eight QTLs solely as line x environment inter-
action effect. For the remaining 38 QTLs both the line
main effect and the line x environment interaction effect,
were significant. Nineteen QTLs (40.4%) showed a favor-
able effect of the Hsp introgression. In the following para-

graphs, the QTL effects are described for each trait
separately.

Ears per square meter (EAR)

For EAR, altogether four S42ILs revealed a significant
line x phenotype association. Taking into account that
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Table 3 Pearsons correlation coefficient (r) between seven agronomic traits in 39 S42ILs

Traits GEA HEA HEI LAH TGW YLD
EAR —0.51 % ~0.36* 0.03 0.39%5% 0.25% 0.4735
GEA 0.74% ~0.19* —0.46% %% ~0.02 —0.27%%

HEA —0.61%5 —0.84%% 0.73 % —0.527%%
HEI 0.73%5% 0.03 0.37%5
LAH 0.13 0.67%
TGW 0.68+

The agronomic traits are defined in Table 1. For calculating correlation coefficients, the least squares means of the trait performance of each IL
were averaged across replications and environments. The r values are significant with * P < 0.05, ** P < 0.01 or *** P <0.001

several lines contain overlapping or flanking introgressions,
these associations were summarized to two QTLs on chromo-
some 2H and 6H, respectively. At QEar.S42IL.-2H.a, the line
main effect and the line x environment interaction effect were
significant, whereas for QEar.S42IL-6H.a a significant effect
was only found in environment DO7. For both QTLs, the Hsp
introgression was associated with an increased number of ears
per square meter relative to ‘Scarlett’. The strongest effect
was exhibited by S42IL-107, containing an Hsp segment in
the region 2H, 17-42 cM. This line showed a significantly
higher trait performance than the recurrent parent only in the
environment DO7. Here, the number of ears per square meter
was increased by 397.4 (41.1%) relative to ‘Scarlett’.

Grains per ear (GEA)

A total of 14 significant line x phenotype associations were
identified for the trait GEA on all chromosomes except SH
and 6H. These associations were summarized to eight
QTLs, where five QTLs showed both a significant line main
effect and a line x environment interaction effect. Two
QTLs each were localized on chromosomes 2H, 4H and
7TH. At all eight QTLs, the Hsp introgressions were associ-
ated with a reduced number of GEA by up to —6.1
(—26.8%) for S421L-107 at QGea.S42IL-2H.a.

Days until heading (HEA)

Altogether 19 significant line x phenotype associations,
summarized to 14 putative QTLs, were identified for HEA
on all seven barley chromosomes. For 12 QTLs both the
line main effect and the line x environment interaction
effect, were significant, whereas two QTLs on chromosome
6H revealed an interaction effect solely for D07. For 13
line x phenotype associations, and according to this, for
nine QTLs, the exotic introgression was associated with a
reduced number of days until heading relative to ‘Scarlett’.
The strongest favorable effect was mapped to the region
2H, 17-42 cM by S42ILs —107 and —108. Here, the num-
ber of days until heading was reduced by 10.4 (15.7%) and
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10.3 (15.5%), respectively. Strong reduction effects of
—6.6 days (—9.9%) and —6.1 days (—9.2%) caused by Hsp
introgressions were mapped to the regions 4H, 80-95 cM
and 7H, 146-166 cM by the S42ILs —121 and —137,
respectively.

Plant height (HEI)

For HEI, eight significant line x phenotype associations
were localized on all chromosomes except 6H. Due to the
flanking introgressions of S42ILs —107 and —109, a total of
seven QTLs were detected. At all loci, the line main effect
and the line x environment interaction effect were signifi-
cant. At QHei.S42IL-2H.a, the Hsp segment, located within
the region 2H, 17-42 cM, caused a plant height reduced by
11.8 cm (14.6%) relative to the control ‘Scarlett’. At the
remaining six QTLs, the Hsp introgression increased the
plant height by up to 15.9 cm (19.7%) at QHei.S42IL-7H.b.

Lodging at harvest (LAH)

Seven significant line x phenotype associations were local-
ized for LAH on chromosomes 1H, 2H, 4H and 7H. Taking
into account that two S42ILs on chromosome 2H do over-
lap, altogether six QTLs were detected. For five QTLs both
the line main effect and the line x environment interaction
effect, were significant, whereas for one QTL solely an
interaction effect was significant in environment G07. At
QLah.S42IL-2H.a, the exotic introgression caused a maxi-
mum reduction of lodging severity at harvest by 1.6 scores
(40.0%) relative to ‘Scarlett’ within the region 2H, 67—
92 cM. In addition, S42IL.-138 containing an exotic intro-
gression on chromosome 7H, 166-181 cM, revealed a LAH
reduced by 1.4 scores (37.1%) at QLah.S42IL-7H.b.

Thousand grain weight (TGW)
For TGW, eight significant line x phenotype associations

were localized on chromosomes 2H, 4H and 6H. These
effects were summarized to six QTLs. For one QTL the line



Theor Appl Genet (2009) 118:483-497

489

Table 4 List of 65 significant line x phenotype associations for seven agronomic traits detected with 39 S42ILs

Trait* QTL in S42IL

Chr. Introgression Introgression Effect! LSMEANS Diff.f

RP (IL) %¢ QTL in BC2DH  Candidate

(in cM)© line (IL)* (von Korffetal.  genes"
2006)
EAR QEar.S42IL-2H.a 2H 17-42 S42IL-107 I 1365.4PY7 3974  41.1 QEar.S42-2H.a  Ppd-HI'
2H 17-92 S42IL-108 L+1 12434 286.1  29.9 QEar.S42-2H.a,
QEar.S42-2H.b
2H 67-92 S421L-109 L+1 12379 280.6  29.3 QEar.S42-2H.b
QEar.S42IL-6H.a 6H  145-155 S42IL-132 1 1359.0°7  391.0 404 QEar.S42-6H.a
GEA QGea.S42IL-1Ha 1H 39-70 S421L-103 1 19717 _38 —16.3
QGea.S42IL-2H.a 2H  17-42 S42IL-107 L +1 16.8 —6.1 —268 Ppd-HI'
2H  17-92 S421L-108 L +1 19.7 —33 —142
QGea.S42IL-2Hb 2H  67-92 S42IL-109 L +1 18.4 —45 —195
2H 80-86 S42IL-110 L +1 18.2 —47 =205
QGea.S42IL-3H.a 3H  65-70 S42IL-111 L +1 19.1 —38 —16.6
QGea.S42IL-4H.a 4H  80-95 S42IL-121 L +1 20.4 -25 —108
4H  125-132 S42IL-122 1 19.0°7 33 —14.6
4H  125-170 S42IL-123 L +1 20.6 —24 -103
QGea.S42IL-4Hb 4H  170-190 S42IL-124 1 18.3°7 33 —17.6
QGea.S42IL-7H.a 7TH 50 S42IL-133 1 18.3%7 39 —17.6
7TH  62-75 S421L-134 L +1 20.7 -23 —-98
QGea.S42IL-7Hb 7H  146-155 S42IL-136 1 19.0°7 33 —14.6
7H  146-166 S42IL-137 1 17.7°7  —46 —20.6
HEA QHea.S42IL-1H.a 1H  0-85 S42IL-102 L +1 68.2 1.9 2.9
1H 39-70 S42IL-103 L +1 68.3 2.1 3.1
QHea.S42IL-1Hb 1H  70-85 S42IL-105 L +1 62.0 —42 64
QHea.S42IL-2H.a 2H  17-42 S42IL-107 L +1 55.8 -104 —15.7 QHea.S42-2H.a  Ppd-HI'
2H 17-92 S421L-108 L +1 56.0 -103 —155
QHea.S42IL-2Hb 2H  67-92 S42IL-109 1 59.0°7  —13  —21
2H 80-86 S42IL-110 L +1 62.3 -39 59
QHea.S42IL-3H.a 3H  130-175 S42IL-114 L +1 62.8 —34 -52 QHea.S42-3H.b  sdwl(denso)*
3H  155-190 S42IL-115 I 59.0°7 13 2.1
QHea.S42IL-4H.a 4H  31-57 S42IL-120 L +1 68.0 1.8 2.6
QHea.S42IL-4Hb 4H  80-95 S42IL-121 L +1 59.7 —-6.6 —99
QHea.S42IL-4H.c 4H  170-190 S42IL-124 L +1 68.2 1.9 2.9 QHea.S42-4H.a  Vrn-H2?
QHea.S42IL-5H.a 5H  43-69 S42IL-125 L +1 62.2 —41  —62
QHea.S42IL-6H.a 6H  96-112 S42IL-129 1 59.0°7 13 2.1 QHea.S42-6Hb  eps6L.1*
QHea.S42IL-6Hb 6H  145-155 S42IL-132 1 61.7°" 14 2.4
QHea.S42IL-7H.a 7H 50 S421L-133 L +1 69.0 2.8 42 Vrn-H3*
QHea.S42IL-7Hb 7H  62-75 S42IL-134 L +1 63.2 -3.1 —47 HvCOI®
7H  75-155 SA2IL-135 1 59.0P7 13  —21 QHea.S42-7THb  HvCOI®, eps7L?
QHea.S42IL-7H.c 7H  146-166 S42IL-137 L +1 60.2 —6.1 =92 eps7L?
HEI QHei.S42IL-1H.a 1H  70-85 S42IL-105 L +1 89.9 9.1 113
QHei.S42IL-2H.a 2H  17-42 S42IL-107 L +1 69.0 —11.8 —14.6 QHei.S42-2H.a  Ppd-HI'
2H  67-92 S42IL-109 L +1 73.1 -77 =96 QHei.S42-2H.b  sdw3®
QHei.S42IL-3H.a 3H  130-175 S42IL-114 L +1 94.9 141 175 QHei.S42-3H.b  sdwl (denso)?
QHei.S42IL-4H.a 4H  80-95 S42IL-121 L +1 95.4 146  18.1
QHei.S42IL-5H.a 5H  43-69 S42IL-125 L +1 92.9 122 151 QHei.S42-5H.a
QHei.S42IL-7H.a 7H  62-75 S42IL-134 L +1 90.0 92 114 QHei.S42-7Hb  HvCOI®
QHei.S42IL-7Hb 7H  146-166 S42IL-137 L +1 96.7 159 197 QHei.S42-7H.c
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Table 4 continued

Trait® QTL in S42IL Chr.? Introgression Introgression Effect! LSMEANS Diff!f RP (IL) %% QTL in BC2DH Candidate
(in cM)© line (IL)¢ (von Korff et al. genesh
2006)
LAH QLah.S42IL-1Ha 1H 70-85 S42IL-105 1 6.39%7 32 100.0
QLah.S42IL-2H.a 2H 67-92 S42IL-109 L +1 2.3 —-1.6 —40.0 QLof.S42-2H.a  sdw3®
2H 80-86 S42IL-110 L 2.6 —-13 -343
QLah.S42IL-4H.a 4H  80-95 S42IL-121 L +1 6.8 29 743
QLah.S42IL-4Hb 4H  125-170 S42IL-123 L +1 5.4 1.6 40.0
QLah.S42IL-7H.a 7H  146-166 S42IL-137 L +1 7.3 34 886 QLof.S42-7H.b
QLah.S42IL-7H.b 7H  166-181 S42IL-138 L +1 2.4 —14 =371
TGW QTgw.S42IL-2H.a 2H  17-42 S42IL-107 L +1 423 3.1 7.9 QTgw.S42-2H.a Ppd-HI'
2H  17-92 S42IL-108 1 38.1H07 44 131
QTgw.S42IL-2H.b 2H  80-86 S42IL-110 L 419 2.7 7.0 QTgw.S42-2H.a
QTgw.S42IL-4H.a 4H  31-95 S42IL-119 L 42.6 3.4 8.7 QTgw.S42-4H.a
4H  80-95 S42IL-121 1 44.6P%7 49 123
QTgw.S42IL-4Hb 4H  125-132 S42IL-122 L +1 35.0 —42 -108 QTgw.S42-4H.b
QTgw.S42IL-4H.c 4H  170-190 S42IL-124 L +1 35.7 -35 —88
QTgw.S42IL-6H.a 6H  112-155 S42IL-130 L +1 422 3.0 7.7
YLD QYId.S42IL-4H.a 4H 31-57 S42IL-118 1 73.5P07 78 118
QYI1d.S42IL-4Hb 4H  80-95 S42IL-121 L +1 41.9 —-9.0 -17.7
QYId.S42IL-7H.a 7H 50 S42IL-133 L 452 -56 —11.1
TH  62-75 S421L-134 1 49207 _10.8 —18.0
QYId.S42IL-7Hb 7H  146-166 S42IL-137 L +1 41.8 -9.1 —-179 QY1d.S42-7H.b

% Abbreviations of traits see Table 1
® Chromosomal location of the target introgression

¢ Chromosomal extent of the target introgression in centiMorgans

4 In the two-factorial ANOVA, significant line x phenotype associations (P < 0.05) were detected as line main effect (L) or line x environment

interaction effect (I)

¢ If line main effects (L), or line main effects and a line x environment interaction effects (L + I) were detected, the LSMEANS[IL] across all envi-
ronments are listed. If solely a line x environment interaction (I) was identified, the LSMEANS[IL] in the particular environment (D07, GO7 or

HO7) is given
f Score difference = LSMEANSI[IL] — LSMEANS [Scarlett]

¢ Relative performance: RP[IL] = (LSMEANS[IL] - LSMEANS [Scarlett]) x 100/LSMEANS[Scarlett]
h References: 'Turner et al. (2005), *Laurie et al. (1995), *Yan et al. (2004), *Yan et al. (2006), >Griffiths et al. (2003), *Gottwald et al. (2004)

main effect and for three QTLs the line main effect plus the
line x environment interaction effect were significant. At
the remaining QTLs a line plus a line x environment inter-
action and a sole interaction effect was detected for the two
linked ILs —107 and —108 whereas a line and a sole inter-
action effect was detected for the two linked ILs —119 and
—121. Four QTLs revealed a favorable effect of the exotic
introgression on TGW. The highest increase in trait perfor-
mance was measured at QTgw.S42IL—2H.a in S421L-108,
which harbors a Hsp segment in the region 2H, 17-92 cM.
Here, the thousand grain weight was increased by 4.4 g
(13.1%) relative to ‘Scarlett’. This effect was solely signifi-
cant in environment HO7. The strongest favorable Hsp
effect, which was significant across all three environments,
was mapped to 4H, 31-95 cM. Here, S42IL-119 revealed a
TGW increased by 3.4 g (8.7%) relative to ‘Scarlett’.
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Grain yield (YLD)

Altogether five significant line x phenotype associations
were identified for YLD. Due to two flanking S42ILs on
chromosome 7H, these effects were summarized to four
QTLs on chromosomes 4H and 7H. Three QTLs were
detected both as line main effect and line x environment
interaction effect. At all three loci, the exotic segment was
associated with a grain yield reduced by up to 10.8 dt/ha
(18.0%) in S42IL-134 at QYI1d.S42IL-7H.a. The QTL
QYI1d.S42IL-4H.a was assessed solely as line x environ-
ment interaction effect, and revealed an improved trait per-
formance compared to the recurrent parent for S42IL-118.
Here, the introgression within region 4H, 31-57 cM caused
an increase in grain yield by 7.8 dt/ha (11.8%) relative to
‘Scarlett’ in environment DO7.



Theor Appl Genet (2009) 118:483-497

491

Discussion
Identification and verification of QTLs

During the 2007 growing season, a set of 39 wild barley
introgression lines (S42ILs) were evaluated in the field with
regard to seven agronomic traits, and subsequently sub-
jected to a line x phenotype association study. The aim of
the experiment was to verify QTL effects, previously
detected with 301 double haploid lines of the population
S42, and to identify new QTLs. It was furthermore intended
to identify Hsp introgressions which cause an improvement
of several traits simultaneously. The S42ILs carrying these
introgressions could be used directly for the development
of new elite cultivars. For the five traits EAR, HEA, HEI,
TGW and YLD, both the S42ILs and the population S42,
were evaluated. In addition, lodging was investigated at
harvest (LAH) in the S42IL set, but at flowering (LOF) in
the S42 population. The QTLs for LAH and LOF are
directly comparable since both traits are closely linked.
Von Korff etal. (2006) identified altogether 63 putative
QTLs for the six traits in the S42 population, where 23
QTLs (36.5%) showed a favorable effect of the Hsp allele.
Forty-four QTLs, among which 18 QTLs revealed a favor-
able Hsp effect, are located in chromosomal regions which
are already represented by Hsp introgressions in S42ILs,
and are therefore comparable with the QTLs detected in the
S42ILs. As illustrated in Table 4, 20 out of 44 QTLs
(45.5%) and ten out of 18 QTLs with a favorable Hsp effect
(55.6%) were verified by the evaluated S42ILs. Altogether,
18 out of 20 corresponding QTLs (90.0%) showed an effect
of the same direction in both populations.

As underlined by Bernacchi et al. (1998b), the verifica-
tion of a QTL can be characterized by the stability of its
effect across environments. In the present study, 18 QTLs
were stable across all tested environments in the S42 pop-
ulation as well as in the S42ILs. A further important crite-
rion for the evaluation of QTL verification results is the
magnitude of the effect measured in both populations. For
all corresponding QTLs, with the exception of
QHei.S42I1L.-7H.a and QHei.S42-7H.b, at least one S42IL
exhibited a higher relative performance in comparison to
‘Scarlett’ than measured for the corresponding QTL in the
S42 population. These differences as well as the non-con-
firmation of QTL effects from population S42 might be
explained by the reduction of epistatic Hsp effects which
are still active in the S42ILs. Since the S42ILs contain sin-
gle exotic introgressions, whereas the BC,DH lines in the
S42 population carry multiple independent introgressions,
potential interactions between non-linked Hsp alleles are
expected to be reduced in the S42IL set. Furthermore, the
QTL data of the S42 population were based on field tests
at up to eight different environments, and thus offered a

high reliability, whereas the S42ILs were only tested in
three environments.

For the six traits analyzed in both populations, altogether
17 new QTLs, previously not identified in the S42 popula-
tion, were detected in the S42IL set. Here, six QTLs
(35.3%) revealed a favorable Hsp effect. Furthermore, eight
QTLs for the newly identified trait GEA were mapped by
S42ILs, among which no QTL showed a favorable Hsp
effect.

A similar approach to verify QTLs was conducted in
tomato by Bernacchi et al. (1998b). The authors generated a
set of 23 near isogenic lines (NILs), which harbored QTLs
with a favorable effect on one or several agronomic traits.
Each NIL contained a single introgression of the wild spe-
cies S. hirsutum or S. pimpinellifolium, whereas the remain-
ing part of the genetic background was consistently derived
from the elite parent S. esculentum. The aim of the study
was to verify 25 QTLs for seven traits, previously mapped
to 15 different genomic regions in two AB populations
(Bernacchi et al. 1998a). The agronomic performance of
the NILs was tested in five different environments, and a
total of 22 QTLs (88%) could be confirmed by the NILs in
at least one environment.

In the following paragraphs, the QTL results of the pres-
ent study are discussed for each trait or trait complex sepa-
rately. They are compared to the QTL effects, previously
identified in population S42 (von Korff et al. 2006), and to
different candidate genes which map to the same chromo-
somal region.

Days until heading

For HEA, von Korff et al. (2006) detected a total of ten
QTLs, half of them were located in genomic regions, which
are already represented by Hsp introgressions of S42ILs.
These five QTLs were verified by QTL effects detected in
the S42IL set, and exhibited an effect with the same direc-
tion in both populations (Table 4). Four QTLs were signifi-
cant across all environments in the S42 population as well
as in the S42ILs. In both populations, the strongest favor-
able Hsp effect, associated with a reduction of HEA, was
mapped to the top of chromosome 2H (QHea.S42-2H.a and
QHea.S421IL-2H.a, respectively). Here, the number of days
until heading was reduced by up to 10.4 (15.7%) in S42IL-
107, compared to ‘Scarlett’. In the same region, Ppd-HI,
the major photoperiod response gene of barley, whose day-
length sensitive alleles promote flowering under long day
conditions, is located (Turner et al. 2005). HvCO1, another
barley photoperiod response gene of the circadian clock
(Griffiths etal. 2003), coincides with the QTL
QHea.S42IL-7H.b, which was detected in the S42ILs —134
and —135 on chromosome 7H. The barley vernalization
response genes Vrn-H2 and Vrn-H3, which regulate flower-
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ing depending on low temperature (Laurie et al. 1995; Yan
et al. 2004, 2006), are located on chromosomes 4H and 7H.
These loci correspond to the QTLs QHea.S42IL-4H.c and
QHea.S42-4H.a, and the newly identifitd QTL
QHea.S42IL-7H.a, respectively (Table 4). All three QTLs
exhibited an increased Hsp effect on number of days until
heading. This is consistent with the fact that wild barley
requires a period of low temperature as impulse for flower-
ing (Laurie 1997). Several ‘earliness per se’ genes, which
are relatively independent from photoperiod and vernaliza-
tion conditions, were mapped by Laurie et al. (1995). The
genes eps6L.I and eps7L coincide with the QTLs
QHea.S42IL-6H.a and QHea.S42-6H.b, and QHea.S421L-
7H.c and QHea.S42-7H.b on chromosome 6H and 7H,
respectively. Laurie et al. (1995) demonstrated a delay in
flowering time in barley caused by the dwarfing gene sdw1
(previously named denso). The gene location on chromo-
some 3H corresponds to the localization of the QTLs
QHea.S42IL-3H.a and QHea.S42-3H.b, which both exhib-
ited an enhanced Hsp effect on HEA. Altogether eight new
QTLs, which were not detected in the S42 population, were
revealed by S42ILs. Half of them showed a reducing Hsp
effect on HEA.

Plant height and lodging at harvest

In population S42, altogether 11 QTLs were detected for
HEI (von Korff et al. 2006), at which seven QTLs were
localized in regions which are so far represented by S42ILs.
Six out of these seven QTLs (85.7%) were confirmed by
QTL effects detected in S42ILs, exhibiting effects with the
same direction in both populations (Table 4). Furthermore,
five verified QTLs revealed significant effects across all
environments, both in S42 population and in the S42ILs. In
both populations, the strongest favorable Hsp effect on HEI
was mapped to region 2H, 17-42 cM. Here, plant height
was reduced in S421L-107 by 14.6%, relative to ‘Scarlett’,
whereas the Hsp allele in the S42 population caused a
reduction effect of 11.7%. As described by Laurie et al.
(1994), this localization corresponds to the Ppd-HI locus
which, in addition to flowering regulation, exerts a strong
effect on plant height (Turner et al. 2005). A possible candi-
date gene for QHei.S42-2H.b and the effect of QHei.S42IL-
2H.a in S421L-109 is the gibberellic-acid insensitive dwar-
fing gene sdw3 of barley (Gottwald et al. 2004). It might
also be causal for the strong reduction of LAH in S42ILs
—109 and —110 at QLah.S42IL-2H.a. As illustrated in
Fig. 1, further co-localizations of QTLs for HEI and LAH
are present in the chromosomal regions 1H, 70-85 cM, 4H,
80-95 cM, and 7H, 146-166 cM. For all three QTLs, the
Hsp introgression caused an increasing effect on both traits,
which coincides with their strong positive correlation of
0.73 (Table 3). The dwarfing gene sdwl, which reduces
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plant height and lodging (Bezant et al. 1996), maps to the
same genomic region as QHei.S42IL-3H.a and QHei.S42-
3H.b. However, no QTL effect on LAH was detected by
S42ILs in this region. The QTLs QHei.S42IL-7H.a and
QHei.S42-7H.b, which both revealed an increasing Hsp
effect on HEI, coincide with HvCO1 (Griffiths et al. 2003).
As described above, the number of days until heading is
reduced by Hsp introgressions in the same region. These
opposed effects on HEA and HEI correspond to their nega-
tive correlation (r= —0.61). In addition to the verified
QTLs, two new unfavorable Hsp effects on HEI were iden-
tified in S421Ls on chromosome 1H and 4H.

Altogether seven QTLs for lodging at flowering which
mapped to regions covered by exotic introgressions in the
S421L set, were identified by von Korff et al. (2006). As
shown in Table 4, the QTLs QLof.S42-2H.a and QLof.S42-
7H.b were verified by QLah.S42IL-2H.a and QLah.S42IL-
7H.a, detected by the S42ILs -109 and —110, and —137,
respectively. In the S42 population as well as in the S421Ls,
both QTLs were detected as significant effects of the same
direction across all environments. In the present study, four
new QTLs for LAH were localized on chromosomes 1H,
4H and 7H. Here, QLah.S42IL-7H.b exhibited a favorable
Hsp effect.

Yield components

In the present study, the S42IL set was evaluated with
regard to the three yield components EAR, GEA and
TGW. Von Korff et al. (2006) detected altogether 11 and
nine QTLs for EAR and TGW, respectively. Nine and
eight QTLs are localized in chromosomal regions which
are also represented by S42ILs. For both traits, three
QTLs could be confirmed in the S42IL study (Table 4).
For EAR as well as for TGW, one QTL revealed an unfa-
vorable Hsp effect in the S42 population, but a favorable
exotic effect in the S42ILs. Furthermore, one new QTL
effect for TGW with an enhanced trait performance of
S42IL-130 was mapped to the genomic region 6H, 112—
155 cM. For EAR and GEA, the S42ILs —107, —108 and
—109 revealed co-localizations of  significant
line x phenotype associations in the region 2H, 17-
92 cM. All three S42ILs showed an increased EAR and
simultaneously a reduced GEA, compared to ‘Scarlett’
(Fig. 1). These effects with an opposed direction coincide
with a negative correlation of —0.51 between both traits.
For all three yield components, QTL effects were detected
by the S42ILs —107 and —109 on the top of chromosome
2H. As described by Laurie et al. (1994), the Ppd-HI
locus, which mapped to the same region, also has an effect
on yield components, probably as a direct result of the
effect on flowering time. Also on chromosome 2H, but not
directly at the Ppd-HI locus, Li etal. (2005, 2006)
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Fig. 1 SSR map with 65 signifi-
cant (P < 0.05)

line x phenotype associations
for 39 S42ILs and seven agro-
nomic traits. The chromosomes
are shown as black bars with
centiMorgan values for SSR loci
following the order of von Korff
et al. (2004). The extent of Hsp
introgressions are given in grey
bars right to the chromosomes.
The associations are illustrated
as symbols below the S421Ls.
They either reveal a favorable
(filled symbols) or unfavorable
(empty symbols) Hsp effect.
Associations solely detected as
line x environment interaction
effect are marked by an asterisk
right to the symbol
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detected altogether eight QTLs for the five yield compo-
nents ear length, spikelet number per spike, grain number
per spike, spike number per plant, and thousand grain
mass. At one QTL each for spike number per plant and
thousand grain mass, the Hsp allele was associated with

an improved trait performance.
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For YLD, von Korff et al. (2006) detected 13 QTLs on all
chromosomes. At three QTLs the Hsp allele caused an
increased grain yield compared to the recurrent parent.
Nine QTLs could theoretically be verified by the 39
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S42ILs since they are located in genomic regions which
are covered by Hsp introgressions. Solely the QTL
QY1d.S42-7H.b, showing an unfavorable Hsp effect in the
S42 population, was verified by QY1d.S42IL-7H.b. The
latter revealed a reduced grain yield in S42IL-137, com-
pared to ‘Scarlett’. In addition, three new QTLs for YLD
were mapped to chromosomes 4H and 7H present in four
different S42ILs (Table 4). A potentially valuable intro-
gression line for breeding of cultivars with enhanced grain
yield might be S42IL-118 where yield was increased by
11.8% relative to ‘Scarlett’. However, the stability of this
favorable effect has to be verified since the YLD effect
was only detected as a line x environment interaction
active in D07.

Several times, co-localizations of QTLs for YLD and
yield associated traits were detected which were consis-
tent with the genetic correlations, for example, for HEA
and TGW (Fig. 1). In the region 4H, 31-57 cM, a QTL
effect for YLD as well as for TGW was detected. For both
traits, the Hsp introgression caused an enhanced perfor-
mance compared to the recurrent parent. This coincides
with the strong positive correlation (r =0.68) between
YLD and TGW (Table 3). One coincidence of QTLs for
YLD and HEA was identified in the genomic region 7H,
50 cM. Here, an opposite Hsp effect was in accordance
with the negative trait correlation of —0.52. For YLD and
LAH, two QTL co-localizations were detected in the
regions 4H, 80-95 cM and 7H, 146-166 cM. On both
QTLs the exotic introgression was associated with a
reducing effect on YLD and an increasing effect on LAH.
This is contrary to the positive genetic correlation
between both traits. Due to the fact that a strong severity
of lodging is assumed to be associated with a loss of
grains, and, thus, a reduced grain yield, a negative trait
correlation would be expected. For instance, von Korff
etal. (2006) measured a genetic correlation of —0.55
between the traits grain yield and lodging at flowering. In
the present study, the unexpected positive correlation
between YLD and LAH might be due to the fact, that both
traits differed substantially between the three examined
environments. Whereas LAH was extremely high in D07,
YLD was extremely low in HO7 (Table 2). We assume
that the observed positive correlation might be artificial
since it disappeared when the calculation was based on
single plot entries per environment (data not shown).
Despite a positive genetic correlation (r = 0.47) between
YLD and EAR, no co-localizations of QTLs could be
revealed. In contrast, three co-localizations for YLD and
GEA were detected on chromosomes 4H and 7H (Fig. 1).
In all cases, an unfavorable Hsp effect on both traits was
observed. Here, the negative correlation of —0.27 was
contradictory.
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Examples of S42ILs harboring QTL effects
for several traits simultaneously

As illustrated in Fig. 1, several chromosomal regions
revealed clusters of QTLs for different traits. Among the set
of 39 S42ILs, altogether seven lines on chromosomes 2H,
4H and 7H exhibited at least four QTLs simultaneously.
Four of these lines carry introgressions on chromosome 2H,
among which the S42ILs —107 and —109 exhibited a
favorable Hsp effect on four different traits. S42IL-107, car-
rying a Hsp segment in the region 2H, 17-42 cM, showed a
significant improved performance relative to the recurrent
parent for the traits HEA, HEI and TGW across all tested
environments. In addition, one favorable Hsp effect on
EAR, only significant in environment DO7 was measured
(Table 4). In S42IL-109, the exotic introgression in the
region 2H, 67-92 cM was associated with an improved per-
formance for EAR, HEI and LAH. All three effects were
stable across environments, whereas an additional favor-
able effect on HEA was only significant in environment
DO7 (Fig. 1). Amongst others, S42ILs —107 and —109 rep-
resent valuable genetic resources for the development of
new elite cultivars with enhanced agronomic performance.
The relatively small portion of the Hsp genome present in
most of the 39 S42ILs facilitates and accelerates the direct
transfer of favorable exotic alleles into modern cultivars
through backcrossing and marker-assisted selection. How-
ever, during the selection of favorable introgressions for a
particular trait, it is worthwhile to assure the complete
absence of unfavorable effects on other traits. ILs, exhibit-
ing negative side effects, should not be transferred directly
into new cultivars without selection of recombination
events. It is, thus, advisable to select ILs with small Hsp
introgressions, only exhibiting favorable exotic QTL
effects.

Future prospects

The present study describes the application of wild barley
introgression lines for the identification and verification of
QTL effects. Altogether, 45.5% of the QTLs for six agro-
nomic traits, previously identified in population S42 by von
Korff et al. (2006), were verified by S42ILs. In future,
promising Hsp effects will be subjected to map-based clon-
ing. These effort will focus on effects chosen by the follow-
ing criteria: the QTL effects are (1) verified, (2) significant
across all environments and (3) strong, i.e. the elite and the
exotic allele differ substantially in their phenotypic perfor-
mance. Appropriate S421Ls for map-based cloning projects
are the S42ILs —110 and —137 carrying an exotic segment
in the region 2H, 80—86 cM and 7H, 146166 cM, respec-
tively. Both S42ILs exhibit significant and verified QTL
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effects for multiple traits. A high-resolution mapping
approach will eventually help to distinguish between gene
linkage and true pleiotropy as the alternative hypotheses to
explain the effects on multiple traits which are observed in
these S42ILs. The required high-resolution mapping popu-
lations for chosen S42ILs are currently under construction.
For this reason, all 39 S42ILs are currently backcrossed
again with ‘Scarlett’. In subsequent generations, recombi-
nation events and SUB-ILs with smaller introgressions will
be selected. This material can serve as a starting point for
both high-resolution mapping and molecular breeding.

In future, the S42IL set will also be characterized in
detail through genotyping with Illumina SNPs (Rostoks
et al. 2006) or Diversity Arrays Technology (DArT) mark-
ers (Wenzl et al. 2006), which will facilitate the fine-map-
ping of QTL effects. Currently, the S42ILs are also
extensively tested with regard to malting quality and abiotic
stress tolerance. All genotype and phenotype data of the
S42ILs will be archived in the public IL data base ‘Phenom
Networks’ (http://phn.huji.ac.il/RTQ/).
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