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Abstract One hundred and forty six barley doubled-
haploid lines (DH lines) were tested for variation in
grain yield, yield components, plant height, and heading
date after artificial infection with a German isolate of
barley yellow dwarf virus (BY DV-PAV-Braunschweig).
Of these 146 lines 76 were derived from the cross of the
barley yellow dwarf virus (BYDV) tolerant cultivar
‘Post’ to cv *Vixen' (Ryd2) and 70 from the cross of Post
to cv ‘Nixe'. Phenotypic measurements were gathered on
both non-infected plants and plants artificially inoculated
with BYDV-PAV by viruliferous aphids in pot and field
experiments for three years at two locations. For all traits
a continuous variation was observed suggesting a quanti-
tative mode of inheritance for tolerance against BY DV-
PAV. Using skeleton maps constructed using SSRs, AF-
LPs and RAPDs, two QTLs for relative grain yield per
plant after BY DV infection, explaining about 47% of the
phenotypic variance, were identified in Post x Vixen at
the telomeric region of chromosome 2HL and at aregion
containing the Ryd2 gene on chromosome 3HL. In
Post x Nixe, a QTL was found in exactly the same chro-
mosome 2HL marker interval. In this cross, additional
QTL were mapped on chromosomes 7H and 4H and to-
gether these explained about 40% of the phenotypic vari-
ance. QTL for effects of BYDV infection on yield com-
ponents, plant height, and heading date generally
mapped to the same marker intervals, or in the vicinity
of the QTL for relative grain yield, on chromosomes
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2HL and 3HL, suggesting that these regions are of spe-
cial importance for tolerance to the Braunschweig isolate
of BYDV-PAV. Possible applications of marker-assisted
selection for BY DV tolerance based on these results are
discussed.
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Introduction

Barley yellow dwarf virus (BYDV) was first described
in California (Oswald and Houston 1951) and is today
one of the most economically important diseases of
cereals world-wide causing yield losses up to 40% in
barley (Lister and Ranieri, 1995). The isometric virus
particles with a size of 25-30 nm (Hewings 1995) are
persistently transmitted by aphids. Due to serological
and molecular differences, several serotypes of BYDV
have been distinguished (Rochow 1970). Serotypes
RMV and RPV are classified as cereal yellow dwarf
polerovirus while serotypes PAV and MAV belong to
barley yellow dwarf luteovirus (Pringle 1998; Mayo
1999). In Northern Europe Rhopalosiphum padi and
Macrosiphum (Sitobion) avenae are the most-prevalent
vectors making BYDV-PAV and BYDV-MAV transmit-
ted by these aphids especialy important in this region
(Plumb and Johnstone 1995). Major symptoms caused
by BYDV, which is phloem-limited and causes vascular
degradation of the phloem sieve tube, are dwarfing of
shoots and roots and leaf yellowing. Furthermore, the
number of ears per plant and kernel weight are reduced,
heading-date is delayed, and the plants are more suscep-
tible to abiotic stress and fungal diseases compared to
healthy plants (D’ Arcy 1995; Huth 1995). BYDV infec-
tions can be reduced by sowing cereals when aphid
abundance is low and by application of insecticides.
Since monitoring of aphid populationsin the field is very
laborious, most sprayings are prophylactic. For economi-
cal and ecological reasons, cultivation of highly BYDV-



tolerant cultivars with satisfactory grain yield would be
advantageous.

In contrast to the soil-borne yellow mosaic inducing
viruses (BaMMV/BaYMV), no complete resistance (im-
munity) to BYDV encoded by single genes (cf. Bauer
et al. 1997; Graner et a. 1999; Ordon et al. 1999) is
known in barley (Huth 1992; Habekuss 1994). Genes
conferring tolerance, i.e. rydl derived from the cultivar
‘Rojo’ (Suneson 1955) and Ryd2 identified in Ethiopian
landraces (Rasmusson and Schaller 1959), were found
soon after the discovery of the disease. However, due to
its low efficiency, rydl has been only rarely used in bar-
ley breeding. In contrast, Ryd2 has been incorporated
into several barley cultivars such as ‘Atlas 68" (Schaller
and Chim 1969) and Vixen (Parry and Habgood 1986) as
well as into more-recent breeding lines (Burnett et al.
1995; Delogu et al. 1995). Ryd2, which confers tolerance
to BYDV (Skaria et al. 1985), has been mapped to the
centromeric region of the long arm of chromosome 3H
(Collins et al. 1996), and PCR-based markers have been
developed (Ford et al. 1998; Paltridge et al. 1998). The
level of tolerance depends to some extent on the genetic
background, the virus isolate and the environmental
conditions (Catherall and Hayes 1966; Qualset 1975;
Schaller 1984). Besides this, severa authors suggest the
presence of multiple aleles at the Ryd2 locus (Catherall
et al. 1970; Chalhoub et al. 1995).

Reliable selection for BY DV tolerance requires artifi-
cial inoculation using viruliferous aphids (Qualset 1984;
Comeau 1992) facilitating transmission of a well-de-
fined isolate to plants at the same developmental stage
(Baltenberger et al. 1987). Tolerance cannot be deter-
mined based on the virus content of infected plants only,
as ELISA values do not always correlate with symptom
expression (Henry and Vivar 1998) and yield losses
(Huth 1995; Scheurer et al. 2000). Rather, an assessment
of tolerance should incorporate additional parameters
such as plant height and especially grain yield after
BYDV infection (Qualset 1992), of which the latter,
from the breeder’'s and farmer’s points of view, is the
most important character.

Besides Ryd2, different sources of tolerance such as
that found in the cultivar Post (Burnett and Mezzalama
1990; Burnett et al. 1995; Huth 1995) have been identi-
fied. For effective breeding of BYDV-tolerant cultivars
knowledge of the genetics of tolerance is a prerequisite.
QTL analyses, followed by the establishment of marker-
based selection procedures, are of special importance in
breeding for tolerance to barley yellow dwarf virus as a
reliable bioassay is both time consuming and laborious.
QTL analysis has been widely applied in barley for dif-
ferent pathosystems (e.g. Hayes et a. 1996; Pecchioni
et a. 1996; Qi et al. 1998; De la Pena et al. 1999; for a
review see Ordon et a. 1998) and tolerance to BYDV-
MAV and BYDV-PAV has recently been studied, via
QTL analysis, by Toojinda et a. (2000). BYDV toler-
ance QTL have also been mapped in oat (Avena sativa,
Jin et a. 1998). In barley, the use of homozygous dou-
bled-haploid lines (DHs, Foroughi-Wehr and Wenzel
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1990; Devaux et a. 1996), which alow reliable and rep-
licated tests for tolerance and facilitate the efficient use
of dominant marker systems (Powell et al. 1996), pro-
vide a powerful approach for QTL mapping studies. The
aims of this study were (1) to anayse the inheritance of
tolerance against a German strain of BY DV-PAYV, and (2)
to identify the chromosomal location of ‘genes’ or QTL
contributing to this trait.

Materials and methods

Genetic analyses were carried out on 76 F;-anther culture-derived
doubled-haploid lines (DHs) of a cross between Post and Vixen and
70 DH lines of a cross between Post and Nixe, which mainly served
for verification purposes of QTL which derived their positive
aleles from Post. Post is a six-rowed cultivar which was derived
from CIMMY T and has proven to be highly tolerant against German
strains of BYDV-PAV (Huth 1995). The two-rowed cultivar Vixen,
which carries the Ryd2 gene, derived from the cross (‘Coracle’ x
‘Igri’) x Igri was released in the UK in 1986 (Parry and Habgood
1986). The six-rowed cultivar Nixe (Pedigree: ‘Hauter’xDura x
Breeding line x' Barbo' x‘ Banteng’, Baumer and Goppel 1994) was
registered in Germany in 1990 and is resistant to barley mild mosaic
virus (BaMMV) and barley yellow mosaic virus (BayMV) due to
the presence of rym4 (Ordon et a. 1995). In previous experiments,
Post displayed a high level of tolerance against a German isolate of
BYDV-PAV (Braunschweig isolate) while Vixen and especially Nixe
showed lower levels of tolerance (Huth 1995).

As the success of testing for BYDV tolerance entirely depends
on the infection rate, DH lines were artificially infected by viru-
liferous aphids (Rhopalosiphum padi) in the greenhouse at the
single-leaf stage using the Braunschweig strain of BYDV-PAV.
A minimum of five aphids fed on each plant resulting in a 100%
infection rate. Aphids were killed after a four-day inoculation
period by an insecticide (Pirimor TM). Due to the fact that the vi-
rus content estimated by DAS-ELISA is only weakly correlated
with yield losses caused by the virus isolate used (Huth 1995;
Scheurer et al. 2000), the level of tolerance of parents and DH
lines was assessed by measuring kernel yield per plant, thousand-
kernel weight, ears per plant, kernels per ear, and plant height on
infected and non-infected controls of the same DH lines in field
(Braunschweig, Lower Saxony, Germany) and pot experiments
(Rauischholzhausen, Hesse, Germany) in the growing seasons
1996/97, 1997/98 and 1998/99, followed by calculating the rela-
tive performance of each line for the respective trait, [i.e. (infected
variant/healthy control)x100]. Additionaly, the heading date was
recorded in pot experiments. For better comparison of the results
between lines, data were calculated on the single-plant level.

For field experiments at Braunschweig, 15 plants of each DH
line were artificially infected in September and 12 of these plants,
as well as non-infected control plants of the same DH line, were
taken to the field at the end of October. For pot experiments plants
were artificialy infected in the same way, but infected plants as
well as their healthy controls were vernalised for 6 weeks in a
growth chamber (4°C) and transferred to Mitscherlich pots (6 I,
soil:sand mixture 2:1, 0.4 g P, 1.6 g K, 0.2 g Mg, 1.5 g CaCo,) in
March in two replications of five plants per pot and variant (in-
fected/control) and DH line. During the growing season plants
were sprayed with insecticides and fungicides regularly in order to
protect controls from BYDV infection and al plants from fungal
diseases. In addition, trials were protected against bird damage by
nets.

All data were analysed by ANOVA and the segregation of each
trait was tested for afit to a Gaussian distribution by Kolmogorov-
Smirnoff statistics (0=5%) using the software package SPSS 8.0
(SPSSlinc., 1998).

Genomic DNA of barley leaves was extracted according to
Doyle and Doyle (1990). In order to identify markers, Post, Vixen
and Nixe were screened for polymorphisms by 25 EcoRI+
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3/Msel+3 AFLP primer combinations, 280 RAPD primers, and
59 SSRs. Molecular analyses using these techniques were per-
formed as described by Ordon et al. (1995) for RAPDSs, Vos et a.
(1995) and Schiemann et a. (1999) for AFLPs, and Liu et al.
(1996) and Russell et al. (1997) for SSRs. AFLP and SSR detec-
tion was carried out on a DNA sequencer (LiCor L-4200S-2,
MWG Biotech, Ebersberg). RAPDs and AFLPs were named ac-
cording to the respective primer or primer combination and frag-
ment size, or numbered from the smallest to the biggest fragment
(AFLPs). To align maps, markers which showed segregating poly-
morphic RAPD or AFLP fragments of the same size in both popu-
lations were preferred for mapping. Additionally, the STS
cMWG680 (Graner and Tekauz 1996), the V-locus (number of
rows) and Ryd2 using the CAPS marker YIpPCRM (Ford et al.
1998) were scored in Post x Vixen. Post x Nixe was screened for
resistance to BaMMV (rymd) using mechanical inoculation in the
greenhouse followed by DAS-ELISA (Ordon and Friedt 1993).

Construction of genetic linkage maps was performed accord-
ing to Schéfer-Pregl et a. (1999) with the software package
MAPMAKER (Lander et al. 1987) using Haldane's (1919) mapping
function. SSRs and morphological markers with known chromo-
somal locations were used as anchor markers to assign linkage
groups to chromosomes. Two- and three-point analyses were con-
ducted at LOD 3.0 and markers were assigned to linkage groups de-
fined by anchor markers using the “assign” command starting at a
LOD 5.0 followed by LOD 4.0 and 3.0. The “order” command
(LOD 3.0) was used to order markers within linkage groups and
those markers without unique placement were integrated by the
“build” command starting at LOD 5.0 and ending at LOD 1.75. For
the construction of the map al markers which were uniquely placed
by this procedure were chosen. All mapped markers were tested for
the expected 1:1 segregation ratio using a x2 goodness of fit test.
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Fig. 1 Linkage map based on 76 DH progeny of the cross
Post x Vixen and localisation of putative QTL for relative kernel
yield per plant, relative number of ears per plant, relative thou-
sand-kernel weight, relative number of kernels per ear, relative
plant height, and heading date after infection with a German iso-
late of BYDV-PAV. Distances are given in centiMorgans (cM) and
anchor markers are printed in bold

QTL anaysis of barley yellow dwarf virus tolerance was
performed with the software package PLABQTL 1.0 (Utz and
Melchinger 1996) employing the method of composite interval
mapping (CIM). For detection of putative QTL a LOD threshold of
3.0 was chosen for declaring significance. QTL analyses were car-
ried out for each environment (data not shown) and across al envi-
ronments with cofactors obtained by the PLABQTL procedure cov
SELECT. QTL positions were determined at the maximum of the
LOD plot curve. The explained phenotypic variance of each QTL
and of al detected QTL was calculated in a simultaneous fit.

Results
Construction of genetic maps

Out of 87 polymorphic RAPD fragments and 181 poly-
morphic AFLP loci, a skeleton map of Post x Vixen was
constructed by eliminating co-segregating markers and
those linked closer than 1.5 cM. The resulting map had
an average marker spacing of 12.1 cM covering 1,328 cM
and comprised 56 AFLP markers, 33 RAPD markers, 25
SSRs, and one morphological (V-locus), CAPS and STS
marker (Fig. 1). YIpPCRM (Ford et a. 1998), which is
very closely linked to the Ryd2 locus, was mapped on
the long arm of chromosome 3H as reported by Collins
et al. (1996) and the V-locus was integrated on chromo-
some 2H. However, few locus-specific polymorphic
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Table 1 Means, standard deviation, minima—maxima (Min-Max),
and Kolmogorov-Smirnoff-statistics of parental lines and respec-
tive DH populations assessed in three years (1997-1999) at two
locations (Braunschweig, Rauischholzhausen) for the traits kernel
yield/plant, number of ears/plant, thousand-kernel weight, number
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of kernels/ear, plant height, and heading after artificial BYDV-
PAV infection relative to non-infected controls of the same geno-
type and correlation coefficient of these traits to the relative kernel
yield/plant

Trait Post Vixen Nixe Post x Min-Max  Pa b Post x Nixe Min-Max P2 b
Vixen
Kernel yield 77.5+17.0 84.5+20.3 58.1+10.8 75.5+11.9 52.2-102.6 032 - 65.2+11.6 41.7-89.1 078 -
Earg/plant 95.0£32.6 99.1+26.3 81.7+23.8 88.5+104 67.6-117.2 091 0.61** 81.9+124 52.4-1104 0.85 0.85**
TKW 96.8+9.4 89.5+4.1 90.5+¢5.7 93.5+3.9 84.5-103.0 065 0.52** 89.8+4.8 78.1-103.7 0.82 0.57**
Kernelgear  97.4+22.4 96.6+3.6 71.5+09 91.7+89 69.4-119.2 051 0.41** 79.3t86 62.7-1025 0.82 0.67**
Plant height 98.1+3.3 96.5+4.2 86.8+11.3 94.2+4.2 84.1-102.7 0.93 0.50** 91.8+4.8 80.3-100.0 0.25 0.55**
Heading date 101.9+6.7 100.1+4.5 110.8+5.3 106.3+4.6 97.8-119.4 0.86 -0.26* 104.3t54 92.9-118.8 0.91 -0.31*
a=P<0.05 indicates a significant deviation from a Gaussian distribution
br=correlation to the relative kernel yield; *, ** correlation significant at the 0.05 and 0.01 levels, respectively
20 A 35 B
[CIkemnel yield/plant 97 [%] 30 | [Ckemel yield/plant '97 [%]
g M kernel yield/plant ‘98 [%] M kemnel yield/plant '98 [%]
15 % kemel yield/plant '99 [%] || 25 |[B8kemel yicldiplant 99 [%]
B $ £ g
e g 5 = 20 2
5 10 saly: 2 ° %
2 g 5
£ 5 I i < B
5 4 | LS ¢ E
= ;( :; ; 5Y ; = > 94
5 ¢ B R E 10 3
4 R E % <
EEEEE : il
EEEEEEE ] 3 B
0 ks | IR o o IO i 2 %
ORI I G O R RSN s > B S A

kernel/yield/plant [%]

Fig. 2 Distribution of the relative kernel yield after BY DV-PAV
infection of 76 DH lines of the cross Post x Vixen in field trials at
Braunschweig (A) and pot trials at Rauischholzhausen (B) during
seasons 1996/1997 ( 97), 1997/1998 (* 98), and 1998/1999 (‘ 99)

markers were identified for the long arm of chromosome
5H, so this chromosome is mainly represented by its
short arm in this map. The order of the SSRs corre-
sponds to published data of Liu et al. (1996) and the
Scottish Crop Research Institute (http://www.scri.sari.ac.
uk/SSR/) except for SSRs Bmag211l and Bmac032 on
chromosome 1H.

In Post x Nixe, 83 RAPD and 196 AFLP fragments
were polymorphic and a skeleton map with an average
spacing of 8.4 cM spanning 958.5 cM was constructed
consisting of 70 AFLPs, 28 RAPDs, 23 SSRs, and
the resistance gene ryn¥ located on chromosome 3HL
(Graner and Bauer 1993). In this map, chromosomes 2H
and 3H are subdivided into two linkage groups located on
the long and short arms of the respective chromosomes.
Furthermore, due to a lack of polymorphic markers, the
map represents mainly the short arms of chromosomes
5H and 1H (data not shown, Scheurer 2001). The order of
the SSRsis again in accordance with published data.

kernel yield/plant [%]
Phenotypic analysis of BYDV tolerance

A high degree of variation regarding the reaction to
BYDV-PAV infection ranging form ‘highly tolerant’ to
‘non-tolerant’ was observed in both DH populations in
all environments (Table 1). However, yield losses due to
virus infection were more pronounced in field than in
pot experiments (cf. Scheurer et al. 1998). As can be
seen in Fig. 2 for the relative kernel yield in field and
pot experiments of Post x Vixen, the distributions ob-
served in all years and locations fit to a Gaussian distri-
bution, but the average relative kernel yield in field
trials was 68.5%, 57.3% and 60.5% in 1997, 1998 and
1999 in comparison to 90.9%, 87.2% and 91.0%, re-
spectively, in the pot experiments. This may be due
to the optimal water supply allowing tillers, which nor-
mally would die in the field, to develop ears and kernels
in pots. However, in all experiments, a significant geno-
typic effect and influence of virus infection on relative
grain yield and the additional parameters measured was
found (data not shown, cf. Scheurer et al. 2000;
Scheurer 2001). The mean parental value for kernel
yield/plant was 77.5% for Post, 84.5% for Vixen and
58.1% for Nixe. In contrast to earlier results (Huth
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Table2 Putative QTL for relative kernel yield/plant, relative
number of earg/plant, relative thousand-kernel weight, relative
number of kernels/ear, relative plant height averaged over six en-

vironments, and relative heading date (three environments) after
BYDV-PAV infection estimated on 76 DH lines of the cross
Post x Vixen

Chromosome Position Marker interval LOD Simultaneous fit Additive Positive
[cM] effects[%]  dlele
02,3 Combined 02, 02
Kernel yield (%)
2H 234 W20H480-HV CSG 3.3 19.6 4.0 Post
3H 104 Bmac067-YIpPCRM 7.7 318 7.1 Vixen
46.8 73.7
Earg/plant (%)
3H 104 Bmac067-Y IpPCRM 3.6 221 3.7 Vixen
4H 174 WM S6-HvM 067 3.0 8.6 3.2 Vixen
5H 52 Bmac096-E41M47_6 4.7 16.9 3.9 Vixen
34.0 97.7
Thousand-kernel
weight (%)
2H 228 E43M50_1-W20H480 4.2 145 15 Post
3H 124 E45M50_7-cMWG680 54 27.8 2.0 Vixen
324 60.2
Kernel/ear (%)
H 246 E43M48220-E39M51 7 4.9 12.9 3.6 Vixen
3H 100 AG12H1200-Bmac067 6.1 17.7 4.7 Vixen
4H 100 E43M50_7-E41M47_5 4.6 16.5 3.7 Post
341 815
Plant height (%)
3H 122 E45M50_7-cMWG680 3.6 19.1 19.1 46.2 2.2 Vixen
Heading date (%)
7H E32M49386-X07H540 34 185 185 31.0 -19 Post
& g2 =phenotypic variance
b a2 =genotypic variance
1995), Vixen turned out to be highly tolerant against the QTL analyses

Braunschweig strain of BYDV-PAV in the three-year
trials. Consequently, the average relative yield after
BYDV infection was about 10% higher in Post x
Vixen than in Post x Nixe.

For al investigated traits, Kolmogorov-Smirnoff
statistics indicate a good fit to a Gaussian distribution
(Table 1). Besides yield and yield components, plant
height was aso reduced by BYDV infection. However,
although severe stunting to relative 45% of healthy con-
trols was observed, e.g. in the field trials of 1997/1998
(data not shown), height was reduced on average by
about 10%. In addition to these traits, relative heading
date was measured in the pot experiments (Table 1). Asa
sign of virus infection, heading date was on average de-
layed in the infected variants of both populations to near-
ly the same extent. While Post and Vixen needed about
the same time until heading in infected as in uninfected
controls, the development of ears was delayed in Nixe.
In general, in Post x Vixen the number of positive
phenotypic transgressive segregants for all measures
of tolerance was higher than in Post x Nixe, indicating
that in the former cross both parents contribute positive
tolerance alleles. In both populations al traits were sig-
nificantly positively correlated to the relative grain
yield/plant after BYDV infection, except the relative
date of heading which, as expected, showed a negative
correlation (Table 1).

Based on estimations across six environments, the QTL
listed in Tables 2 and 3 were detected for BYDV toler-
ance with a LOD>3.0 by composite interval mapping
(CIM). Of these traits, the relative kernel yield after
BYDV infection is the most important criterion from the
breeder’s and farmer’s point of view. Across all environ-
ments two QTL for the relative kernel yield/plant were
detected in Post x Vixen. The positive alele of the QTL
on chromosome 2H, which explains 19.6% of the pheno-
typic variance, is derived from Post. This QTL isflanked
by the RAPD marker W20H480 and the SSR HVCSG.
The second QTL was detected on chromosome 3H in an
interval defined by the SSR Bmac067 and the CAPS
marker for Ryd2, YIpPCRM. At this QTL, the allelefor a
higher tolerance level is derived from Vixen. This QTL
explains 31.8% of the phenotypic variance in the simul-
taneous fit. Its additive effect is higher (7.1%) than the
QTL on chromosome 2H (4.0%). Together these two
QTL explain 46.8% of the phenotypic and 73.7% of the
genotypic variance of the relative grain yield after
BYDV infection. In Post x Nixe, which mainly served
for verification of QTL which derived positive aleles
from Post, three QTL were detected for the relative grain
yield per plant on chromosomes 7H, 2H and 4H. The
positive additive effects of these QTL were contributed
by Post. The QTL on chromosome 2H which has the



Table 3 Putative QTL for relative kernel yield/plant, relative
number of earg/plant, relative thousand-kernel weight, relative
number of kernelS/ear, relative plant height averaged over six en-
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vironments, and relative heading date (three environments) after
BYDV-PAV infection estimated on 70 DH lines of the cross
Post x Nixe

Chromosome Position Marker interval LOD Simultaneous fit Additive Positive
[cM] effects[%]  alele
022  Combinedo?,  oZpP

Kernel yield (%)

7H E39M4880-E38M 4860 5.9 135 8.4 Post

2H 28 W20H480-HV CSG 9.4 27.6 7.4 Post

4H 144 E39M487-E33M 48275 3.7 9.6 41 Post
39.7 75.5

Ears/plant (%)

7H 22 Bmag359-AE19H380 3.6 10.4 43 Post

2H 32 W20H480-HV CSG 6.1 28.5 5.7 Post

5H 82 Bmac096-E33M 48278 34 16.5 43 Post
40.8 59.4

Thousand-kernel

weight (%)

2H 34 HVCSG-E36M 4709 8.9 38.7 38.7 61.2 3.3 Post

Plant height (%)

2H 28 W20H480-HV CSG 7.3 37.6 37.6 70.8 2.8 Post

Heading date (%)

2H W20H480-HV CSG 43 18.3 18.3 65.3 2.7 Post

a g2 =phenotypic variance
b g2,=genotypic variance

largest effect (02,=27.6%) maps to exactly to the same
interval (W20H480-HVCSG) as the QTL for this trait
found in Post x Vixen. Together these QTL account for
39.7% of the phenotypic variance in Post x Nixe.

Three QTL for the relative number of ears/plant were
detected in the population Post x Vixen. Individual QTL
explain 8.6% to 22.1% of the observed phenotypic vari-
ance. At al loci the allele for the higher number of ears
was derived from Vixen. The QTL with the largest effect
(02,=22.1%) coincided with the QTL for relative grain
yield on chromosome 3H. In the simultaneous fit, all
three QTL explained 34.0% of the phenotypic and 97.7%
of the genotypic variance. In Post x Nixe three QTL
were also found for this trait. The QTL on chromosome
7H maps 10 cM proximal to the QTL for relative grain
yield (Table 3). The QTL on chromosome 2H has the
largest effect (02,=28.5%) and maps to the same interval
as the QTL for the relative grain yield. Together these
QTL account for 40.8% of the phenotypic variance.
Two QTL were detected for relative thousand-
kernel weight in Post x Vixen. As with the relative kernel
yield/plant, these QTLs map to the long arms of chromo-
somes 2H and 3H, respectively. While the peak of the
LOD score on chromosome 2H nearly coincides with the
locus of a LOD peak for relative kernel yield, the QTL
for thousand-kernel weight on chromosome 3H maps
20 cM distal to the QTL for relative kernel yield. Never-
theless, for both, the favourable alleles are inherited
from the same parent as for relative kernel yield/plant.
The QTL on chromosome 3H has a major effect
(02,=27.8%), while that from Post explains only about
half this amount (02,=14.5%) of the phenotypic vari-
ance. The QTL with the positive allele inherited from

Vixen also has the larger additive effect (2.0%). Together
these QTL explain 32.4% of the phenotypic variance ob-
served and 60.2% of the genotypic variance. Only one
QTL, with the positive alele derived from Post, explain-
ing 38.7% of the phenotypic variance, was detected for
thousand-kernel weight in Post x Nixe. It maps to an in-
terval adjacent to the QTL for relative grain yield and
the relative number of ears per plant on the long arm of
chromosome 2H. For the relative number of kernels/ear,
three QTL were detected in Post x Vixen but none were
found in Post x Nixe. Vixen aleles have positive effects
at the QTL on chromosomes 7H and 3H, while at the
QTL on chromosome 4H the positive allele derives from
Post. The partial phenotypic variance explained varied
from 12.9% to 17.7%. A model fitting all QTL for the
relative number of kernels/ear explains 34.1% of the
phenotypic variance. The genotypic variance explained
was estimated at 81.5%. The position of the QTL on
chromosome 3H is in an interval adjacent to the Ryd2
region and the peak of the LOD scoreis only about 4 cM
proximal from the position of the QTL for relative grain
yield on this chromosome. Neither of the QTL on chro-
mosomes 7H and 4H coincide with any other QTL in
these regions.

Only one QTL was detected for relative plant height
in both populations. In Post x Vixen, the favourable alele
for plant height after BY DV-PAV infection was derived
from Vixen. The QTL maps to the same region on the
long arm of chromosome 3H as the QTL for the relative
kernel yield/plant, the relative number of earg/plant, the
relative thousand-kernel weight, and the relative number
of kernels/ear. It explains 19.1% of the phenotypic and
46.2% of the genotypic variance observed. In Post X Nixe



1080

Table4 Additive effects of QTL for the relative kernel yield/plant on chromosome 2H and 3H estimated on 76 DH lines of the popula-
tion Post x Vixen at single locations and years [Braunschweig (BS), Rauischholzhausen (RH), 1997-1999]

Map- Positive BS RH BS RH BS RH

position alele 1997 1997 1998 1998 1999 1999
2HL, 234 cM Post 11.75 0.83 7.64 0.18 7.38 2.32
3HL, 104 cM Vixen 12.35 i1 14.72 171 9.51 3.89

the positive allele for plant height was contributed by
Post on chromosome 2H in the interval W20H480-
HVCSG, which also harbours QTL for relative grain
yield and the relative number of ears per plant. There is
also a QTL for relative thousand-kernel weight in an
adjacent interval. The relative heading date was only
measured at one location in three years. Averaged over
three years, one QTL was detected in each population. In
Post x Vixen the allele for a reduced delay in heading,
an advantage concerning BYDV tolerance, was derived
from Post. In Post x Nixe, a Post allele in the interval
W20H480-HV CSG on chromosome 2H was also advan-
tageous. These QTL explain 18.5% and 18.3% of the
phenotypic variance in Post x Vixen and Post x Nixe, re-
spectively.

In summary, QTL related to all traits which were used
as measures for BYDV tolerance were detected. How-
ever, for nearly all of these traits, asignificant QTL x en-
vironment interaction was observed, which may largely
be explained by the experimental design, i.e. field trials
and pot experi-ments. For example, concerning relative
grain yield in Post x Vixen, the Post alele at the QTL on
2H always had a positive effect, as did the allele from
Vixen at the QTL on chromosome 3H. However, large
differences were observed concerning the additive ef-
fects in Rauischhol zhausen (pot experiments) and Braun-
schweig (field trials) in al years (Table 4), explaining
significant QTL x environment interactions. Neverthe-
less, the results presented here indicate that in the cross-
es analysed, the distal part of the long arm of chromo-
some 2HL as well as the Ryd2 gene in the centromeric
region of chromosome 3HL are of specia importance for
tolerance to infection with the Braunschweig isolate of
BYDV-PAV.

Discussion

In this study, two major QTL for tolerance to BYDV,
infection, i.e. relative kernel yield after BY DV-PAV in-
fection, were identified in Post x Vixen (Table 2) and
three QTL in Post x Nixe (Table 3). The QTL on the long
arm of chromosome 2H with the positive allele derived
from Post maps to exactly the same marker interval in
both populations, i.e. W20H480 — HV CSG (cf. Tables 2,
3), suggesting that this chromosomal region is of special
importance for the BYDV tolerance derived from Post.
This is emphasised by the fact that in this region QTL
for the relative number of ears per plant, relative thou-
sand-kernel weight, plant height and heading date were

also detected (cf. Tables 2, 3). The same holds true for
the major QTL on chromosome 3HL detected in the
marker interval harbouring the Ryd2 gene. The pene-
trance of this locus depends to some extent on the genet-
ic background, the environmental conditions, and the
virus isolate, as shown in earlier investigations (Skaria
et a. 1985; Ranieri et a. 1993).

In contrast to the results of Hayes et a. (1996) who
detected distinct classes concerning Ryd2, in our studies
about 30% of the phenotypic variance of the relative
grain yield after infection by a Braunschweig isolate of
BYDV-PAV is explained by this locus, which has already
proven its value in released cultivars like Atlas 68
(Schaller and Chim 1968), Vixen (Parry and Habgood
1986), and cv ‘Naturelle’ recently released in France
(Le Gouis, personal communication). Although the QTL
analyses reported here were carried out on relatively
small populations due to limitations in our capacity to ar-
tificially infect with viruliferous aphids, which is essen-
tial for reliable testing (cf. Qualset 1984; Comeau 1992),
amajor QTL on chromosome 2H has been verified and
the importance of the Ryd2 gene has been shown. It is
likely that, due to the experimental design and the LOD
threshold chosen, only few QTL with major effects
were detected in our experiments. As aresult, the genetic
and phenotypic variances explained by these QTL
(Tables 2, 3) are likely to be over-estimated (Melchinger
et al. 1998; Utz et al. 1998).

When compared to yield and other quantitatively
inherited traits, only few QTL with large effects
have been detected in most studies regarding quantitative
resistance in barley. For example, for Pyrenophora
graminea, two QTL explaining 58.5% and 29.3% of the
phenotypic variance were detected (Pecchioni et al.
1996), and two QTL conferring resistance to Cochlio-
bolus sativus in the adult stage accounted for 70.1% of
the phenotypic variance (Steffenson et al. 1996). Similar
outcomes have been reported for powdery mildew
(Backes et al. 1996), bacterial leaf streak caused by
Xanthomonas campesrtris pv. hordei (El Attari et al.
1998), and cerea aphids in barley (Moharramipour et al.
1997). For quantitatively inherited virus resistance in
other cereals such as in maize, one mgor and three
minor QTL encoding resistance to maize streak virus
(MSV) were detected by Welz et al. (1998) with similar
results obtained by Pernet et al. (1999a). Although the
latter authors detected more QTL in additional studies,
some were located in the same genetic intervals as in the
previous study (Pernet et al. 1999b). For sugarcane
mosaic virus (SCMV), two major and three minor QTL



Table5 Marker genotypes of loci flanking QTL for BYDV toler-
ance on Post and Vixen and on German winter barley cultivars

Cultivar ~ QTL on chromosome 2Ha2  QTL on chromosome 3HP
HVCSG W20H480 Bmac067  YIpPCRM
Post A A A A
Vixen B B B B
Asorbia C B C A
Arizona B B B A
Arcona B B D A
Baretta B B D A
Brunhild C A C A
Hanna B B B A
Igri B B B A
Kira C B D A
Juwel C B B A
Jolante  C B D A
Magie A B D A
Nixe B B C A
Posaune B B D A
Sarah C B D A
Tokyo B B D A

a Positive allele derived from Post
b Positive allele derived from Vixen

were found in maize (Xia et a. 1999), and for resistance
to wheat streak mosaic virus (WSMV) and high plains
virus (HPV) three and two major QTL, respectively,
were identified (Marcon et al. 1999).

In the present study two and three QTL for relative
grain yield after BYDV infection have been detected,
which explain about 47% and 40%, respectively, of
the phenotypic variance in the populations analysed
(Tables 2, 3). Similar results were obtained in oat
where three loci explaining 47% of the phenotypic vari-
ance for BYDV tolerance were identified (Jin et al.
1998). Using plant height reduction and tillering scores
as parameters for BYDV tolerance, Toojinda et al.
(2000) detected QTL on chromosomes 7H, 4H and 1H
explaining 43%, 39% and 32% of the phenotypic vari-
ance of tolerance to BYDV-MAV and 18% and 17% of
the tolerance to BYDV-PAV. Therefore, phenotypic
variance explained for BYDV tolerance in the present
study is in the same range as in previously published
data. QTL for BYDV tolerance were also mapped on
chromosomes 4H and 7H in our studies (Tables 2, 3).
However, the precise location of the QTL on chromo-
some 7H does not correspond to the map position given
by Toojinda et al. (2000). In general, chromosome 7 of
cereals may be of special interest for BYDV tolerance
because in both Thinopyrum intermedium and wheat
(Triticum aestivum) tolerance has been assigned to this
chromosome (Singh 1993; Larkin et al. 1995; Hohmann
et al. 1996). In the crosses analysed in the present
study, QTL on chromosomes 4H and 7H are of minor
importance in comparison to those on chromosomes 2H
and 3H which, due to the phenotypic variance ex-
plained and the fact that QTL were estimated in inde-
pendent samples (cf. Melchinger et al. 1998), may at
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least be suited for a marker-based pre-selection of
more-tolerant genotypes, thereby reducing the number
of plants to be tested by artificial inoculation followed
by long-lasting field tests.

It is important to note that for the respective QTL, all
flanking markers are PCR-based and, therefore, well
suited to meet the high-throughput requirements of prac-
tical barley breeding [i.e. Bmac067 and Y |pPCRM (Ford
et a. 1998) concerning the Ryd2 region, and HVCSG
(Liu et a. 1996) and W20H480 concerning the QTL
mapped on chromosome 2HL]. With the exception of
W20H480, all flanking markers are also co-dominant
and therefore suited for use in heterozygous segregating
populations. In order to obtain information about the po-
tential use of the markers flanking the QTL in practical
barley breeding programmes, a set of recent barley culti-
vars —including the cultivars used here and high yielding
German winter barley cultivars — have also been geno-
typed (Table 5). For HVCSG, polymorphism between
Post and al German cultivars tested so far except cv
‘Magie has been observed. In the main, this is also the
case for the RAPD-marker W20H480. Polymorphism
between Vixen and all German cultivars was found
for YIpPCRM, while concerning Bmac067 the same
alele as in Vixen was detected in some cultivars. As a
consequence, it appears that these markers, especialy
Y LpPCRM, are well-suited to monitoring the introgres-
sion of positive alleles derived from Post and Vixen
(Ryd2) into adapted breeding lines in order to improve
BYDV tolerance, similar to the situation demonstrated
aready in barley [eg. for Puccinia striiformis f.sp.
hordei by Toojinda et al. (1998)]. Furthermore, since
closely linked PCR-based markers for rym4 and rymb
are already available (cf. Graner et al. 1999; Ordon et al.
1999), by exploiting the markers described in this paper
in tandem with those for rymd/rym5, it will be possible
to simultaneously screen for multiple virus resistance
genotypes using MA S-based tests.
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