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Abstract RymlI6'’ a gene conferring resistance to
soil-borne viruses, was introgressed from Hordeum
bulbosum to barley chromosome 2HL. Mechanical
inoculation with BaMMYV and field tests on a plot con-
taminated with different viruses demonstrated that
Ryml16' is effective against all European viruses of
the soil-borne virus complex (BaMMV, BaYMV-1, -2).
Genetic analysis revealed a dominant inheritance of
the resistance controlled by RymlI6"’. Using 2HL
anchor markers, the size of the introgression was esti-
mated to be about 30 M. In its proximal part, the intro-
gression was characterized by a rearrangement of
markers Xbcd266, ABC153 and ABC252, accompanied
with pronounced linkage drag by factor 4 in segregat-
ing mapping populations. The introgression was found
to be associated with a recessive lethality factor, [Hb
which was closely linked to the markers mentioned
above. Recombination occurring within the introgres-
sed H. bulbosum segment allowed us to separate [/°
from Rym16™" and to reduce the size of the introgres-
sion to 23 cM or less.
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Introduction

The complex of Barley Mild Mosaic Virus (BaMMV)
and Barley Yellow Mosaic Virus (BaYMV-1 and -2)
(Huth 1989) represents the most severe threat to the
growing of winter barley in Europe. The disease is
transmitted to the roots of barley plants upon cold
stress during the winter via the soil-borne fungus Poly-
myxa graminis and is easily spread across fields and
over larger distances via tilling and wind drifting of
soil. In Germany, BaYMV-1 and BaMMV mainly
occur conjointly in most of the barley-growing areas.
Meanwhile, most of these areas have also been con-
taminated with BaYMV-2. Highly infested fields are
likely to remain infectious for 20-50 years, depending
on the type of soil (Huth 2000). Yield losses caused by
BaMMV and BaYMV can be significant and yield
advantages of resistant over susceptible varieties have
been reported to be in the range of 38-50% in Euro-
pean barley-growing areas (Adams et al. 1992).

The only way to reduce the impact of BaMMV/
BaYMYV on yield performance is to grow resistant vari-
eties. To-date, at least 14 virus-resistance genes with
recessive inheritance have been introduced from the
primary genepool into barley. A resistance gene which
had tentatively been named Ym2 was introduced from
cv. ‘Mihori Hadaka 3’ and initially, seemed to be inher-
ited by a partially dominant gene (Takahashi et al.
1973). More recently, though, the resistance from
‘Mihori Hadaka 3’ was reported to exhibit a recessive
inheritance (Ordon and Friedt 1993). Molecular map-
ping led to the localization of rym genes on barley
chromosomes 1H, 3H, 4H, 5SH, 6H and 7H, respec-
tively (Konishi et al. 2002; Le Gois et al. 2004; Werner
etal. 2003). Besides these recessive resistance genes
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stemming from the primary genepool, a dominantly
expressed resistance gene, RymI4"", has been identi-
fied and mapped onto barley chromosome 6HS. This
resistance gene was introduced from the secondary
genepool of barley, i.e., Hordeum bulbosum, and con-
fers complete resistance against the BaMMV/BaYMV-
1/BaYMV-2 virus complex (Ruge et al. 2003). In the
present study, we report on a second virus-resistance
gene introgressed from H. bulbosum and present data
on its inheritance, molecular mapping, and effective-
ness.

Materials and methods
Plant material

The F4, F5 and F6 selfed families used in the present
study originated in a single diploid resistant F2
recombinant, VVB, which had been obtained from an
interspecific tetraploid H. vulgare cv. ‘Borwina’ x
H. bulbosum hybrid (VVBB; Szigat and Szigat 1991).
Previously obtained evidence from a segregating F3
selfed family suggested that this hybrid carried two
different resistance genes effective to the soil-borne
virus complex (Michel 1996), with one of the genes
designated Rym14" later on (Ruge et al. 2003). From
the F3 family, the F4 family BAZ-3010 was generated.
This family had been selected among other F4 selfed
families because it (1) segregated monogenically for
virus resistance and (2) was homozygous for the
H. vulgare allele at Xiac501, a marker which is closely
linked to RymI4"” (Ruge et al. 2003). Thus, BAZ-3010
was assumed to segregate with the second, hitherto
unknown virus-resistance gene. A F5 family, BAZ-
4034, was derived from BAZ-3010 by selfing a hetero-
zygous-resistant plant (BAZ-3010/46). F6 families
(BAZ-5044 through -5078) were derived by single-seed
descent.

Resistance tests

Mapping population BAZ-4034 was mechanically
inoculated with BaMMYV in the growth chamber. For
segregation analyses, all plants were assessed by
DAS-ELISA (Proeseler 1993). For progeny testing,
plants were selfed and 15-20 offspring individuals per
selfed parent were inoculated with BaMMYV. Testing
for BaYMV-1 and BaYMV-2 resistance was per-
formed by growing plants in a field plot in Aschersle-
ben (Germany, Saxony-Anhalt) contaminated with
BaMMYV, BaYMV-1 and -2. Plant material to be field-
tested was sown in autumn 2003 and individually
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assessed by DAS-ELISA in May 2004 using poly-
clonal BaMMV and BaYMYV specific antibodies of
the Serum Bank of the Institute of Resistance
Research and Pathogen Diagnostics, Aschersleben.
Virus titers were estimated via extinction at 405 m
using a DYNATECH MR 5000 microtiter-plate
reader.

Molecular markers

RFLP genotyping was performed as described by Ruge
et al. (2003). RFLP probes located on the Barley-Con-
sensus2map of chromosome 2H (Qi et al. 1996) com-
prised MWG and ABC clones from barley (Graner
etal. 1991; Kasha and Kleinhofs 1995). The EST-
derived SSR anchor marker GBMI1019 (Thiel et al.
2003) was kindly provided by A. Graner (IPK, Gatersle-
ben). The STS marker Xbcd266, representing the
barley-anchor RFLP marker BCDZ266, corresponded
to TC108778 (Hackauf and Wehling 2005). PCR prim-
ers (F-ACTTCATGCCCAATGTTG; R-TGATTCG
AGATCGGAACTTTA) for STS marker Xiac502
were derived from the sequence of RFLP probe
MWG866 (GenBank acc. no. AJ234601) and marker
Xmwg2076 was obtained using the primers published
for MWG2076 (Sayed-Tabatabaei et al. 1998). Xiac507
primers (F-TCTACATACAAGGGGAAAG; R-TTT
TTACTACTTCGTCACTGT) were derived from a
barley EST (GenBank acc. no. AV945298), which was
identified by querying the sequence of cMWG720
against all ESTs in GenBank (NCBI BLAST). The
markers TC116908, TCI101821 and TC89057 were
based on tentative consensus (TC) sequences from the
TIGR Barley Gene Index (HvGI) (http://www.tigr.org/
tdb/tgi/plant.shtml) and had been in-silico mapped
together with the barley anchor marker Xbcd266 on
rice chromosome 4 as well as mapped on rye chromo-
some 2RL (Hackauf and Wehling 2005).

Primers were designed using the software package
Primer3 (Rozen and Skaletsky 2000), which can be
accessed via the webpage of the Whitehead Institute
for Biomedical Research (http://www.broad.mit.edu/
cgi-bin/primer/primer3_www.cgi). For PCR of STS and
SSR markers, 50-100 g of genomic DNA was used in a
solution containing 1x reaction buffer (Qiagen),
200 uM dNTPs, S pmol primers and 0.5 U of Tag DNA
polymerase (Qiagen). PCR products were separated
either on 1% agarose gels or 10% polyacrylamide gels
followed by ethidium bromide and silver staining
(Budowle et al. 1991), respectively. A 5-ul aligout of
the PCR was digested with 1 U of Rsal and Haelll,
respectively, to exhibit the CAPS markers TC101821
and TC89057.
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Mapping

Linkage analysis was performed using the F5 family
BAZ-4034 (n=55) and the F6 family BAZ-5061
(n=80) as mapping populations. Mapping and con-
struction of an integrated map were accomplished with
JoinMap (Van Ooijen and Voorrips 2001).

Lethality factor

Genetic analysis of the lethality factor was performed
using F6 families segregating with H. bulbosum intro-
gressions of various sizes. Seeds of segregating families
were grown in the greenhouse at 20/16°C. Lethality of
plants was assessed after the emergence of the cotyle-
don. Genotypes expressing the lethality factor dis-
played necroses proceeding from the tips to the bases
of the primary and the second leaves and died off soon.

Results

Virus resistance is dominantly inherited and effective
to BaMMV/BaYMV-1/BaYMV-2

Upon mechanical inoculation with BaMMYV, F6 fami-
lies BAZ-5044 and -5061 revealed segregations consis-
tent with a 3:1 ratio of resistant versus susceptible
individuals (Table 1). Subsets of these two families
were also tested in a field plot contaminated with
BaYMV-1 and -2, as well as BaMMV. Again, about
three fourths of the plants proved to be resistant
according to DAS-ELISA (Table 1). In addition to
families segregating with respect to virus resistance,
families BAZ-5059 and —5077 were field-tested. The
former F6 family had been derived from a progeny-

tested, homozygous-resistant individual of F5 family
BAZ-4034 (see below). In contrast, BAZ-5077 origi-
nated in a progeny-tested, susceptible plant of the
same F5 family. Of the 23 plants tested from BAZ-
5059, all turned out to be resistant in the field plot
according to DAS-ELISA. In contrast, 35 of 39 plants
(90%) of BAZ-5077 became infected with the BaMMV
and BaYMYV virus according to DAS-ELISA, indicat-
ing that the infection pressure in the field plot was high.
The segregation data corroborated the conclusion that
the H. bulbosum introgression present in F4 family
BAZ-3010 and its FS and F6 offspring contributed a
dominant resistance which was effective against the
entire virus complex of BaMMV/BaYMV-1/BaYMV-
2. The dominant resistance locus was designated
Ryml16™.

Rym16' is introgressed distal on barley chromosome
2HL

A total of 38 RFLP markers anchored in the Barley-
Consensus2 map for barley chromosome 2H were tested
for the mapping of RymI6"". Five RFLP anchor mark-
ers located on chromosome 2HL were polymorphic and
segregated with alleles present in H. vulgare cv. ‘Bor-
wina’ (Hv marker alleles) and in the H. bulbosum parent
(Hb marker alleles), respectively, of the original hybrid
(not shown). The order of the three most distal RFLP
markers in the integrated map of BAZ-4034/-5061 devi-
ated from that in Barley-Consensus2-2H but was consis-
tent with the order in the Hordeum-Graner2-2H map.
As a consequence, MWG949 was the most distal marker
in our integrated map. MWG949 mapped proximal of
the resistance locus in 3.6 cM distance (Fig. 1a). Since
this anchor marker is located on the long arm of chro-
mosome 2H at position 147.0 (Qi et al. 1996) we can

Table 1 Segregation analysis of resistance to different viruses of the soil-borne virus complex (BaMMV, BaYMV)

Family Generation Viruses tested N Segregation 15
res:susc
BAZ-5044 Fo6 BaMMV? 81 66:15 1.8
BaMMV, BaYMV-1, —2° 44 28:16 3.0
BAZ-5061 Fo6 BaMMV* 80 61:19 0.1
BaMMV, BaYMV-1, —2° 45 31:14 0.9
BAZ-4034 F5 BaMMV* 55 42:13 0.05
4034PT Fo6 BaMMV* 40 1:33:6° -
BAZ-5049 Fo6 BaMMV? 108 66:42 11.1
BAZ-5059 Fo6 BaMMV, BaYMV-1, —2° 23 23:0 -
BAZ-5077 Fo6 BaMMV, BaYMV-1, —2° 39 4:35 -

PT progeny-tested
4 Mechanically inoculated (growth chamber)
® Field test

¢ Homogeneous-resistant:segregating:homogeneous-susceptible test progeny
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Fig. 1 Mapping of resistance gene Rym16™" and lethality factor
"> on barley chromosome 2HL. a integrated map based on intro-
gression families BAZ-4034/-5061; b genetic-map positions of
barley anchor markers in a pure barley-genetic background (Hv/
Hv) as reported by Thiel et al. 2003; ¢ genetic distances of mark-
ers on rye chromosome 2RL as reported by Hackauf and Wehling
(2005)

infer Rym16™" to be localized in the distal part of a H.
bulbosum segment which was introgressed on barley
chromosome 2HL. MWG949 was flanked in proximal
direction in 1.9 cM distance by another 2HL-anchored
marker, Xmwg2076. To assess the size of the introgres-
sion, additional markers were checked for the presence
of Hb alleles. The most proximal marker which was
found to carry Hb alleles was the 2HL anchor marker
ABC252, which mapped 29.7 cM away from the resis-
tance (Fig. 1a). This genetic distance gives, thus, the
minimum size of the introgression in families BA Z-4034/
-5061. Altogether, 13 molecular markers were mapped
on the introgressed segment (Fig. 1a). Development of
further markers by exploiting barley/rice orthology of
subgenomic regions was beyond the scope of the present
study.

For comparison purposes the mapping data by Thiel
et al. (2003) was used, which describes the marker
interval MWG949/GBM1019 in a pure-barley genetic
background. In the integrated map of BAZ-4034/-5061
this interval spans a genetic distance of 20.4 cM, which
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corresponds well with the data published by Thiel et al.
(2003) for this genomic interval (18 cM; Fig. 1b). Thus,
there was no evidence for pronounced suppression of
recombination between the introgressed H. bulbosum
segment and its homoeologous H. vulgare counterpart
in the distal part of the 2HL introgression.

The situation was different in the proximal marker
interval ABCI153-Xbcd266. In the Barley-Consensus2-
2H map by Qi et al. (1996) this interval spans approxi-
mately 28 cM. This distance compares with 7.3 cM in
the integrated map of mapping populations BAZ-4034/
-5061 (Fig. 1a), suggesting that recombination in this
interval was suppressed by a factor of 4. This linkage
drag was accompanied with a reversed order of mark-
ers. In our integrated map, Xbcd266 mapped distal of
ABCI153 and ABC252 (Fig. 1a) while in the Barley-
Consensus2-2H map by Qi et al. (1996) the latter two
markers were located distal of BCD266 in 15.1 and
282 M distance, respectively (not shown). In rye,
Xabc252 was also reported to map distal of Xbcd266
(Fig. 1c; Hackauf and Wehling 2005).

When considering map positions and distances of
Xbcd266 relative to the EST markers TCI116908,
TCI10182, and TC89057, a very good correspondence
was found between the situation in our barley-intro-
gression map and the partial map reported for rye
(Fig. 1c). The genomic regions in rye and barley which
are defined by these markers are likely to be ortholo-
gous to rice chromosome 4 (Hackauf and Wehling
2005).

A lethality factor associated with the original H. bulbo-
sum introgression can be eliminated via recombination

When F5 mapping family BAZ-4034 initially was tested
for resistance an undefined number of plants died off in
the early seedling stage. Moreover, in some F6 families
segregating for virus resistance there were less resistant
individuals than expected, e.g., in family BAZ-5049
(Table 1). To study this phenomenon in more detail,
additional families segregating with the H. bulbosum
introgression were tested and observed for the occur-
rence of nonviable plants. Two F6 families, BAZ-5049
and BAZ-5078, were derived from selfed F5 individuals
which were heterozygous for the full-sized H. bulbosum
introgression present in BAZ-4034. Among these F6
families, about one fourth of the individuals died off in
the early seedling stage (Table 2), indicating the action
of a single recessive lethality factor, which was desig-
nated /%, Linkage of I"’” with virus resistance was dem-
onstrated by progeny-testing of F5 family BAZ-4034
(Table 1). Of the 55 individuals of this family, 40 plants
could be selfed to F6 (4034PT in Table 1), among them
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Table 2 Segregation patterns in respect to vitality in mapping populations carrying different introgression sizes
F6 family F5 parents F6 segregation
Introgression present (marker alleles)? Resistance N Nonviable: ia
genotype® viable
BAZ-5049 Original size (Hv/Hb at all marker loci) Rr 150 39:111 0.08
BAZ-5078 Rr 115 24:91 1.04
BAZ-5060 Proximal part (Hv/Hb at GBM1019 and rr 94 2470 0.01
proximal markers; Hv/Hv at Xbcd266
and distal markers)
BAZ-5044 Distal part (Hv/Hv at Xbcd266 and Rr 81 0:81 -
BAZ-5061 proximal markers; Hv/Hb at cMWG660 Rr 80 0:80 -
and distal markers)
BAZ-5064 None (Hv/Hyv at all marker loci) rr 10 0:10 -
BAZ-5065 rr 10 0:10 -
BAZ-5066 rr 10 0:10 -

& Hv; Hb, alleles derived from the H. vulgare and H. bulbosum parents, respectively

b Rym16™® genotypes, as inferred from progeny tests

34 resistant and 6 susceptible F5 individuals, the latter
of which had produced some seed set despite of being
virus-diseased. F6 offspring of the 34 resistant selfed
parents comprised 1 nonsegregating-resistant family
and 33 families segregating for resistance, which is sig-
nificantly different from the expected frequencies of
approximately 11 and 23, respectively. This significant
under-representation of homozygous-resistant geno-
types among resistant individuals can be expected when
Ryml16"" and I"® are linked. Another example illustrat-
ing linkage of resistance and lethality factors was family
BAZ-5049. This family segregated with 39 nonviable:
111 viable plants (Table 2). Of the 111 viable plants, 108
were tested for resistance and turned out to segregate
with 66 resistant and 42 susceptible plants, which means
that less than expected resistant individuals were found
(Table 1). This result was consistent with the assump-
tion that most of the homozygous-resistant segregants
were allocated in the group 39 nonviable (i.e., homozy-
gous for /%) plants. Under this assumption, the segre-
gation with resistant and susceptible seedlings would
have roughly been 105 (i.e., 39 homozygous + 66 het-
erozygous) resistant: 42 susceptible, which is consistent
with the 3:1 ratio expected for the segregation of a dom-
inant resistance gene before the I/’-homozygous seed-
lings died off. We concluded, thus, that the formation of
viable homozygous-resistant genotypes was severely
compromised by the lethality factor. Only one F6 prog-
eny was obtained which proved to be homozygous-
resistant (BAZ-5059, which is identical with the homo-
geneously resistant test progeny of 4034PT, Table 1).
This offspring turned out to be recombinant and carried
an introgression of reduced size. In this family, /® and
Rym16"" had become genetically separated via recom-
bination. This was inferred from the marker TC116908

which was heterozygous for the Hv allele, indicating
that the introgression in BAZ-5059 was truncated prox-
imal of this marker. A reciprocal outcome of recombi-
nation was represented by F6 family BAZ-5060 which
segregated for lethality while being susceptible to the
virus (Table 2).

The lethality factor /7* mapped 27 M proximal of
Rym16™°. 1t proved to be closely linked to the proxi-
mal RFLP marker ABCI53 and the distal STS marker
TC116908 (Fig. 1a). TC116908 was a suitable tool for
marker-assisted selection against the lethality gene.

A marker-assisted selection for additional recombi-
nants devoid of the lethality-inducing proximal part of
the original introgression was performed and resulted
in F6 families BAZ-5044 and -5061 which were fixed
for the Hv alleles at marker locus Xbcd266 and at all
marker loci mapping proximal thereof. These families
proved to be completely vital while segregating for
virus resistance (Table 2).

Discussion

To-date, H. bulbosum has rarely been used for the
broadening of the genetic base of breeders’ barley
germplasm, mainly due to the difficulties in generating
hybrids with H. vulgare (Pickering 1988, 1992; Zhang
et al. 1999). Nevertheless, the secondary genepool of
barley contains a number of valuable resistance genes
which may be used in the breeding of resistant barley.
The results presented above demonstrate that besides
RymI4""" (Ruge etal. 2003), a second virus-resistance
gene has been identified in the secondary genepool and
made available for barley breeding. We propose
Rym16™ as a designation for this second gene introduced
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from H. bulbosum, referring to the recessive gene rymli5
which was reported recently (Le Gouis et al. 2004). Like
Ryml4"" (Ruge etal. 2003), RymI6"™® is dominantly
inherited and confers resistance to the entire European
soil-borne virus complex of BaMMV/BaYMV-1/
BaYMV-2. Rymi6™ is the first soil-borne-virus resis-
tance gene which maps to barley chromosome 2H and,
thus, represents a novel virus-resistance locus in the bar-
ley genome. Altogether, for each of the seven barley
chromosomes at least one locus has been reported where
resistance gene(s) to soil-borne viruses reside. Combina-
tions of these loci in a common genetic background
should be feasible. Besides these genetically independent
resistance genes, rym4 and rym5 are allelic and located
on chromosome 3HL (Graner etal. 1999, 2000).
Recently, an “eukaryotic translation factor 4E” (Hv-
elF4F) was identified in barley as a candidate for resis-
tance-gene function by physical mapping on a 650 kb AC
contig covering the rym4/5 region (Stein et al. 2005).

The dominant expression of RymI6/°, which is in
contrast to the expression of the rym genes derived so
far from the primary genepool of barley, rises ques-
tions as to the resistance mechanism. To check whether
Rym16™" confers resistance to the virus vector, Poly-
myxa graminis, vector-resistance tests are currently
performed in a growth chamber. In any case, though,
effectiveness of Rym16'” appears to involve post-trans-
mission steps, since Rym16? confers resistance against
mechanically inoculated BaMMYV (Table 1). Recently,
two novel BaMMYV viruses isolate were identified in
France (Kanyuka et al. 2004) and in Germany (Habe-
kuB3 et al. 2005), respectively. The BaMMV-Sil virus,
which was detected in France overcomes the resistance
of rym3, rym5, and rym6 (Kanyuka etal. 2004)
whereas the virus strain found in Germany overcomes
rym5 only (HabekuB et al. 2005). In contrast, Rym16/
was found to have kept its effectiveness to this novel
virus strain (Habekuf et al. 2005).

The proximal part of the H. bulbosum introgression
segregating in mapping families BAZ-4034/-5061 exhib-
ited an inversed rearrangement of markers Xbcd266,
ABC153, and ABC252 as compared to the Barley-Con-
sensus2-2H map, which was accompanied with a pro-
nounced linkage drag. In barley, marker ABC252
defines, together with BCD453b and CDO373, a chro-
mosomal region of 3.4cM where collinearity at the
macro-level of barley chromosome 2HL with rice chro-
mosome 4 is interrupted (Hackauf and Wehling 2005).
This sub-genomic region might delineate a preferential
site for recombination between the homoeologous
group 2 chromosomes of H. vulgare and H. bulbosum.

The minimum genetic extension of the original
introgression was determined to be 29.7 cM, based on

@ Springer

the recombination between Ryml6'® and marker
ABC252. With regard to the genetic extension of the
respective sub-genomic region of pure barley, 29.7 cM
appears to be an underestimate, which is due to the
linkage drag acting in the mapping families segregating
with the non-homologous sub-genomic counterparts.
Taking into account that BCD266 is positioned proxi-
mal of ABCI153 and ABC252 in the Barley-Consen-
sus2-2H map by Qi et al. (1996), the largest part of the
introgression can be described by the consensus-map
marker interval MWG949-BCD266, which in the Bar-
ley-Consensus2-2H map spans a distance of 38.3 cM.
Considering further that in rye marker TC101821 maps
4.5 cM proximal of Xbcd266 and maps also proximal of
ABC252 (Hackauf and Wehling 2005) and assuming
that these relative positions of 7C101821 and ABC252
are also realized in barley, then an estimated extension
of ca. 43 cM results for the barley-genomic interval
which has been replaced by the full-sized original
H. bulbosum introgression in families BAZ-4034/-5061.

We have demonstrated that a lethality factor, 1Hb
leading to early death of seedlings is associated with
the presence of the H. bulbosum chromatin which was
introgressed into the original cv. ‘Borwina’ barley line,
and have mapped I'” approximately 2 cM distal of
ABC252 (Fig. 1a). Successive selfing of introgression
genotypes to F6 allowed us to obtain a H. bulbosum
introgression which had been recombined proximal of
Xbcd266 (Table 2), leaving a reduced introgression
size of no more than 23 cM and devoid of /. Since in
this remaining distal region the introgression does not
exhibit pronounced linkage drag, its further recombin-
ative tailing appears feasible with the aid of molecular
markers. Although not very closely linked to Rym16/
the marker Xmwg2076 appears interesting with regard
to marker-assisted selection of RymI6"® genotypes in
breeding programmes. Among 17 barley cultivars ana-
lyzed so far, this marker exhibited just two Hv alleles
which are easily distinguishable from the Hb allele (not
shown), making it a diagnostic selection tool for the
distal part of the introgression in a variety of adapted
breeding materials. Certainly, additional more closely
linked markers for RymI6'" are desirable. Currently
an F2-type mapping population consisting of 1,900
individuals is being prepared for the fine-mapping
around RymlI6™.
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