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Abstract Breeding for resistant cultivars is the only way
to prevent high yield loss in barley caused by the soil-
borne barley mild mosaic virus (BaMMV) complex. We
have characterized the BaMMV resistance of barley cv.
Chikurin Ibaraki 1. Doubled haploid lines were obtained
from the F1 between the susceptible six-rowed winter
barley cultivar, Plaisant, and Chikurin Ibaraki 1. Each line
was tested for reaction to BaMMV by mechanical
inoculation followed by DAS-ELISA. Of 44 microsatel-
lites that covered the genome, 22 polymorphic markers
were tested on one susceptible and one resistant bulk,
each comprising 30 lines. Differential markers and
additional microsatellite markers in the same region were
then tested on the whole population. A bootstrap analysis
was used to compute confidence intervals of distances and
to test the orders of the resistance gene and the closest

markers. A segregation of 84 resistant/98 susceptible lines
fitted a 1:1 ratio (c2=1.08, P=0.30), which corresponds to
a single gene in this DH lines population. The resistance
gene was flanked by two markers near the centromeric
region of chromosome 6HS—Bmag0173, at 0.6€1.2 cM,
and EBmac0874, at 5.8 € 3.4 cM. We propose to name
this new resistance gene rym15. This resistance gene and
associated markers will increase the possibilities to breed
efficiently for new cultivars resistant to the barley mosaic
disease.

Introduction

The soil-borne barley yellow mosaic disease is induced by
two different bymoviruses—barley mild mosaic virus
(BaMMV) and barley yellow mosaic virus (BaYMV).
Both are transmitted by the soil-borne fungus Polymyxa
graminis Led. (Toyama and Kusaba 1970), which pre-
vents the use of chemical treatment to limit the disease.
Several pathotypes have already been described for the
viruses, both in Japan where the disease was first reported
(Ikata and Kawai 1940) and in Europe where it was later
discovered (Huth and Lesemann 1978). Seven strains of
BaYMV and two of BaMMV have been reported in Japan
on the basis of pathogenicity towards barley cultivars
(Kashiwazaki et al. 1989; Nomura et al. 1996). Moreover,
a Korean strain of BaMMV differing from the Japanese
and German ones and several Chinese biological isolates
of BaYMV have been recognised (Chen et al. 1996; Lee
et al. 1996). In Europe, initially only one BaMMV strain
and two BaYMV strains were described (Huth 1989; Huth
and Adams 1990). Studies conducted in France at six
different locations with a set of 34 European and Asian
genotypes, however, showed that additional variants of
BaMMV and BaYMV did exist (Hariri et al. 2000). More
recently, a new variant of BaMMV infecting rym5-
carrying genotypes has been characterised (Hariri et al.
2003).

Werner et al. (2003a) reviewed resistance in barley to
mosaic-inducing viruses. Briefly, to date, 13 resistance
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genes have been described using BaMMV mechanical
inoculation or BaYMV field evaluation in Japan and in
Germany. These have been localised on chromosomes
1H, 3H, 4H, 5H and 7H. For most of these resistant genes
virulent virus strains have been observed. Ruge et al
(2003) reported on the introgression of a dominant gene
derived from Hordeum bulbosum (Rym14Hb) on chromo-
some 6HS of H. vulgare. In Europe, registered cultivars
carry either rym4, which is ineffective against BaYMV-2,
or rym5, which has recently been shown to be not
effective against a new BaMMV strain (Hariri et al.
2003). In Japan, the Chinese landrace Mokusekko 3 is still
resistant to all virus strains (Iida et al. 1992; Nomura et al.
1996), but it has been shown to carry two resistant genes
(Konishi et al. 1997; Okada et al. 2003). Therefore,
widening the genetic basis of resistance is still necessary
in order to efficiently breed for new barley cultivars.

The Japanese cultivar Chikurin Ibaraki 1 is resistant in
both Germany and France to BaMMV, BaYMV and
BaYMV-2 (G�tz and Friedt 1993; Hariri et al. 2000) but
susceptible to BaYMV in Japan (Ukai and Yamashita
1980). Early genetic studies have shown that its BaMMV
resistance is not allelic to rym4 and rym5 (G�tz and Friedt
1993), to the resistance of Taihoku A (Ordon and Friedt
1993), later described as rym13 (Werner et al. 2003b) and
to the resistance of Comte de Serre, which is supposed to
carry rym4 and rym11 (Le Gouis et al. 2000). Ordon and
Friedt (1993) also reported that Chikurin Ibaraki 1 carries
only one recessive resistance gene. Werner et al. (2003a)
studied the resistance of this cultivar using doubled
haploid (DH) lines derived from a complex breeders cross
and microsatellite markers. They were able to identify a
BaYMV/BaYMV-2 resistance locus on chromosome 5H
that is either allelic to rym3 or closely linked to the latter.
It was not possible, however, to characterize the BaMMV
resistance gene in this population as it was probably lost
during population development.

The objective of the investigation reported here was to
characterise the BaMMV resistance gene of Chikurin
Ibaraki 1 using a population of DH lines and simple
sequence repeat (SSR) markers.

Materials and methods

The Japanese six-rowed cultivar Chikurin Ibaraki 1 was crossed to
the French susceptible six-rowed winter barley cultivar Plaisant.
The DH population comprising 217 lines derived from the F1 by
anther culture was provided by Dr. P. Forgeois, Institut de Genech,
France. The reaction of each DH line to BaMMV was assessed in
two separate experiments by mechanical inoculation of ten plants
followed by DAS-ELISA (for details see Friedt 1983; Ordon and
Friedt 1993). A line was considered to be resistant or susceptible
when results were consistent over all of the tests, otherwise it was
considered uncertain and scored as missing data.

DNA was isolated from seedlings of the two parents and of the
DH lines using the NucleoSpin Multi-96 plant kit (Macherey-
Nagel, D�ren, Germany). Based on BaMMV phenotypic data, one
susceptible and one resistant bulk, each comprising 30 DH lines,
were constructed for bulk segregant analysis (Michelmore et al.
1991). Forty-four markers from Liu et al. (1996) chosen to
represent each chromosome arm were tested for polymorphism

between the two parents. Twenty-two of these were polymorphic
and were tested on the two bulks. When identified, differences
between the two bulks were checked on the 60 DH individuals of
the bulks and, subsequently, on the whole population. Additional
markers from Ramsay et al. (2000) were added to the map in the
region of the gene.

PCR reactions were performed in a total volume of 25 �l in
9700 Applied Biosystems (Foster City, Calif.) thermocyclers. The
reaction mixture contained 20 ng genomic DNA, 1� GeneAmp
PCR Buffer II, 1.5 mM MgCl2, 1 U AmpliTaq Gold (Applied
Biosystems), 250 mM of each dNTP, 0.05 mM R110-5-dCTP (NEN
Life Science Products), 0.2 mM of each primer. The PCR conditions
for each primer set were the same used by Liu et al. (1996) and
Ramsay et al. (2000) except that we applied an initial phase of 94�C
for 11 min for enzyme activation.

Prior to electrophoresis, 1–2 ml of the PCR-amplified sample
was mixed with 19.5 ml Hi-Di formamide and 0.5 ml Genescan-
400HD ROX (6-carboxy-x-rhodamine) internal size standard,
denatured at 95�C for 3 min and kept on ice until loading. SSR
fragment analysis was carried out on an ABI Prism 310 Genetic
Analyser equipped with the GeneScan 3.1 analysis software.
Alternatively, IRD700- and IRD800-labelled primers were used,
and the PCR products were separated on an 8% Long Ranger Gel
(FMC Biozym, Hessisch Oldendorf, Germany) and detected on a
LI-COR DNA Sequencer Genreadir 4200 (MWG Biotech AG,
Ebersberg, Germany; Werner et al. 2003a).

Linkage analysis was performed with the mapmaker ver. 3.0

software (Lander et al. 1987) using the Kosambi function (Kosambi
1944) to estimate map distances and the “error detection on” option
to detect typing errors. Order and confidence intervals for distances
between the three closest markers and the resistance gene were
calculated using a bootstrap strategy with 1,000 random bootstrap
samples of the same population size drawn with replacement (Liu
1998).

Results

The resistance test involving mechanical inoculation of
BaMMV suggested the presence of one resistance gene.
Segregation of 84 resistant:98 susceptible lines fitted a 1:1
ratio (c2=1.08, P=0.30), which corresponds to the pres-
ence of a single gene in this DH population.

In order to localise this BaMMV gene, two DNA bulks
were constituted and analysed using a set of microsatel-
lites. Primary screening revealed a difference between the
two bulks for markers HVM14 and HVM74 localised on
barley chromosome 6H. Individual tests, first on the
constituent of the bulk then on the whole population,
confirmed a linkage between the resistance gene and
these markers on chromosome 6H (data not shown). A
significant segregation distortion was observed for these
two markers with an excess of the Plaisant allele
(Fp=0.60, c2=9.22, P=0.002). Based on the map of
Ramsay et al. (2000), additional markers were select-
ed in the centromeric region of chromosome 6H
(EBmac0806, Bmg0001, Bmac0127, Bmag0009,
Bmac0018, Bmag0867, Bmag0870, EBmac0874,
EBmac0639, Bmag0496, Bmag0173), and these were
analysed in the DH population. The same significant
segregation distortion was observed at all of the markers’
loci, with an excess of the Plaisant allele (Fp=0.6 on
average). The linkage analysis on the whole population
and all of the markers yielded the map presented in Fig. 1,
which is compared to the Lina � H. spontaneum Canada
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Park map constructed by Ramsay et al. (2000). The
Chikurin Ibaraki 1 � Plaisant partial map spanned
21.4 cM around the centromeric region of chromosome
6H. The BaMMV gene is flanked by the two mark-
ers Bmag0173, at 0.6€1.2 cM, and EBmac0874, at
5.8€3.4 cM (Table 1). The most probable orders of the
resistance gene and the three closest markers were tested
with a bootstrap procedure (Liu 1998). This analysis
showed that the BaMMV gene is localised between the
two markers Bmag0173 and Ebmac0874 in 76.5% of the
bootstrap samples. It is localised between Ebmac0639 and
Ebmac0874 in 85.2% of the samples.

Discussion

The Japanese barley cultivar Chikurin Ibaraki 1 has been
shown to be resistant in Germany to BaMMV, BaYMV
and BaYMV-2 (G�tz and Friedt 1993). We can now
conclude that this pattern of resistance is due to one gene
on chromosome 5HS that is efficient against BaYMV/
BaYMV-2 (Werner et al. 2003a) and one gene on

chromosome 6HS that is efficient against BaMMV. Ruge
et al (2003) reported the introgression in Hordeum
vulgare of a dominant gene from H. bulbosum named
Rym14Hb. This large introgression of 21 Mb is located at
the telomeric end of chromosome 6HS. No other soil-
borne mosaic resistance gene has yet been assigned to the
centromeric region of chromosome 6H (Werner et al.
2003a), and we propose to name this gene rym15.

We found segregation distortion at all marker loci in
the centromeric region of chromosome 6H. Such a
situation is common in DH populations produced by
anther culture (Graner et al. 1991; Zivy et al. 1992).
Devaux et al. (1995) and Manninen (2000) reported
segregation distortions at loci located on chromosome 6H
in anther culture-derived DH populations. It is possible
that the distorted areas may contain genes involved in
anther culture response (Devaux and Zivy 1994), but this
has to be further investigated. The marker order of the
partial map of Chikurin Ibaraki 1 � Plaisant is globally the
same as that reported by Ramsay et al. (2000) with the
Lina � H. spontaneum Canada Park population composed
of 86 DH lines (Fig. 1). HVM14, Bmac0018, Bmag0009
and Bmac0127 co-segregated in both populations. The
order of the two flanking markers, EBmac0874 and
Bmag0173, is however inversed between the two maps,
with a distance of 6.4 cM in Chikurin Ibaraki 1 � Plaisant
expanded to 22 cM in Lina � H. spontaneum Canada
Park. Inversions and a reduced map length relative to the
situation found on the map of Ramsay et al. (2000) were
also found on chromosome 5H in another DH line
population involving Chikurin Ibaraki 1 (Werner et al.
2003a). Additional mapping data are necessary to resolve
this discrepancy between the two crosses. However,
markers located distantly from the centromeric region and
therefore suitable for obtaining information whether or
not reduced recombination covers the whole chromosome
in the Chikurin Ibaraki 1 � Plaisant population—for
example, Bmac0316 and Bmac0251—turned out to be
monomorphic. The most important thing from a practical
point of view is whether the majority of plants selected on
the basis of these markers will carry the resistance-
encoding allele. This can be achieved by choosing the two
flanking markers Bmag0173 and EBmac0874 instead of
only one of the two markers. The confidence can be
increased by choosing the EBmac0639 marker instead of
the closer Bmag0173 as shown by the bootstrap proce-
dure. The two markers Bmag0173 and EBmac0874
were shown to have high diversity indices, 0.72 and
0.62, respectively (Ramsay et al. 2000), which make
them powerful tools for marker-assisted introgression.
EBmac0639 is less polymorphic in European barley

Fig. 1 Genetic map of barley chromosome 6H including BaMMV
resistance gene rym15 of cv. Chikurin Ibaraki 1 based on the
analysis of 217 DH lines derived from a Chikurin Ibaraki 1 �
Plaisant (Ch�Pl) cross and its comparison with the Ramsay et al.
(2000) map from Lina � Hordeum spontaneum Canada Park (LxHs)

Table 1 Sizes of the alleles of
the three markers closest to the
resistance gene

Marker name Distance to rym15 (cM) Chikurin allele (bp) Plaisant allele (bp)

Ebmac0874 5.8€3.4 172 195
Bmag0173 0.6€1.2 130 124
Ebmac0639 1.6€1.8 139 159
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material as its diversity index is only 0.13 (Ramsay et al.
2000).

Using two flanking markers to select for the resistance
gene will lead to the selection of a large part of the
Chikurin Ibaraki 1 genome. This cultivar has been shown
to have a very poor yield under European conditions
(Ordon et al. 1997), and so many undesirable genes could
be selected by linkage drag. Resistant lines may be lower
yielding when the disease is absent, as already shown for
rym4 (Le Gouis et al. 1999). The markers available are
sufficient for the first steps of marker-assisted selection,
but closer markers would be desirable. However, several
of the SSR markers on chromosome 6H tested in addition
to those listed in Fig. 1 could not be used in the DH-
population analysed because they are monomophic, i.e.
Bmac0316, Ebmate0028, Bmag0219 and Bmac0251.
Moreover, this population showed a reduced recombina-
tion rate in this area compared to the Lina � H.
spontaneum Canada Park (Fig. 1). As strong clustering
around the 6H centromere has been described (Ramsay et
al. 2000; Li et al. 2003), it is not certain that additional
microsatellites in this region will really lead to a better
mapping and the development of closer linked markers.

Dissecting the resistance to soil-borne mosaic viruses
has shown that many barley landraces carry more than
one resistance gene. This is the case for the Japanese
landrace Mokusekko 3, which carries rym1 and rym5
(Konishi et al. 1997; Okada et al. 2003) and for the old
French barley landraces Champagne, Comte de Serre and
Superchampenois, which probably carry rym4 and rym11
(Le Gouis et al. 2000). Mokusekko 3 is resistant to all
pathotypes in Japan, and Superchampenois is resistant to
BaMMV, BaYMV and BaYMV-2. Although these lan-
draces are not cultivated on large areas and so are not
likely to force the selection of new virus pathotypes, this
tends to favour the idea that long-standing resistance
against highly variable viruses can only be achieved with
the combination of several resistance genes in the same
cultivar. Most resistance genes have now been mapped
with molecular markers. In addition, easy-to-use mi-
crosatellite and STS markers have been reported for rym4/
rym5 (Graner et al. 1999), rym9 (Werner et al. 2000b),
rym11 (Bauer et al. 1997), rym13 (Werner et al. 2003b),
Rym14Hb (Ruge et al. 2003) and the BaYMV resistance
gene of Chikurin Ibaraki 1 (Werner et al. 2003a). This
will enable the pyramiding of barley mosaic resistance
genes as proposed by Werner et al. (2000a).
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