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Genetic analyses of BaAMMV/BaYMYV resistance in barley
accession HOR4224 result in the identification of an allele of the
translation initiation factor 4e (Hv-elIF4E) exclusively effective
against Barley mild mosaic virus (BaMMYV)
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Abstract

Key message Based on a strategy combining extensive
segregation analyses and tests for allelism with allele-
specific re-sequencing an Hv-eIF4E allele exclusively
effective against BaMMYV was identified and closely
linked markers for BaYMYV resistance were developed.
Abstract Soil-borne barley yellow mosaic disease is one
of the most important diseases of winter barley. In exten-
sive screenings for resistance, accession ‘HOR4224’
being resistant to three strains of Barley mild mosaic virus
(BaMMV-ASL1, BaMMV-Sil, and BaMMV-Teik) and
two strains of Barley yellow mosaic virus (BaYMV-1 and
BaYMV-2) was identified. Analyses using Bmac29, being
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to some extent diagnostic for the rym4/5 locus, gave hint
to the presence of the susceptibility-encoding allele at this
locus. Therefore, 107 DH lines derived from the cross
‘HOR4224> x ‘HOR10714’ (susceptible) were screened
for resistance. Genetic analyses revealed an independ-
ent inheritance of resistance to BaMMV and BaYMV
(X12;1;1;1 = 5.58) both encoded by a single gene (BaMMV
xi, = 0.477; BaYMV x2, = 0.770). Although Bmac29
indicated the susceptibility-encoding allele, BaMMV
resistance of ‘HOR4224° co-localized with rym4/rymS5.
The BaYMV resistance was mapped to chromosome 5SH
in the region of rym3. Sequencing of full length cDNA of
the Hv-elF4E gene displayed an already sequenced allele
described to be efficient against BaMMV and BaYMV.
However, the F, progenies of crosses involving ‘HOR4224’
and rym4/rym5 donors were all resistant to BaMMV but
susceptible to BaYMV. Therefore, this is the first report
of an allele at the rym4/rym5 locus exclusively efficient
against BaMMYV. Changes in the specificity are due to one
non-synonymous amino acid substitution (I118K). Results
obtained elucidate that combining extensive segregation
analyses and tests for allelism involving different strains of

R. Pickering
Plant & Food Research, Private Bag 4704, Christchurch 8140,
New Zealand

K. Kanyuka

Department of Plant Biology and Crop Science, Rothamsted
Research, Harpenden, Hertfordshire AL5 2JQ, UK

@ Springer


http://dx.doi.org/10.1007/s00122-014-2279-x

1062

Theor Appl Genet (2014) 127:1061-1071

BaMMV/BaYMV in combination with allele-specific re-
sequencing is an efficient strategy for gene and allele detec-
tion in complex pathosystems.

Introduction

The viruses of the barley yellow mosaic complex (Barley
mild mosaic virus and Barley yellow mosaic virus), belong-
ing to the Bymovirus genus in the family Potyviridae, are
the most important soil-borne viral pathogens of winter
barley due to a constant spread and high-yield losses fre-
quently observed in susceptible cultivars. Bymoviruses are
transmitted via the soil-borne plasmodiophorid Polymyxa
graminis (Toyama and Kusuba 1970; Adams et al. 1988),
and chemical measures to control this vector are neither
economically nor environmentally acceptable. Therefore,
breeding and growing of yellow mosaic disease-resistant
barley cultivars are considered to be the only practical way
of preventing high-yield losses.

Recessive inheritance as the common mode of resistance
to potyviruses (Lopez-Moya and Garcia 2008) is based on
a lack of fully functional host factors vital for a particu-
lar step in the virus life cycle (Fraser 1990; Revers et al.
1999). In this regard, mutations in genes of the eukaryotic
translation initiation complex were identified as underlying
components of potyvirus resistance in many plant species
(Robaglia and Caranta 2006; Maule et al. 2007; Yeam et al.
2007). In barley, so far, 18 resistance genes corresponding
to at least 9 different genetic loci in most cases also con-
fer recessive resistance to either BaYMV or BaMMYV, or
even to several strains of both bymovirus species (Kai et al.
2012; Ordon and Perovic 2013).

In Europe, barley breeding for resistance to barley yel-
low mosaic disease has relied mainly on the selection of
the recessive resistance gene rym4 and more recently also
on rym5, an allele of rym4 providing more broad spectrum
resistance against bymoviruses. The Rym4/RymS5 locus has
been shown to correspond to the eukaryotic translation ini-
tiation factor 4E (Hv-elF4E) gene (Kanyuka et al. 2005;
Stein et al. 2005) where rym4 and rymS5 alleles contain spe-
cific missense mutations in the coding region of Hv-elF4E.
The rapid and wide spread of barley yellow mosaic dis-
ease and the occurrence of new virulent bymovirus strains
potentially cause an increased threat to barley production
in coming years (Kiihne 2009). Since the genetic base of
resistance to this disease in European barley cultivars is
largely based on rym4/rym5, and due to the occurrence
of new resistance breaking BaMMYV and BaYMV strains
(Hariri et al. 2003; Habekuss et al. 2008) it is important to
search for new effective sources of resistance.

The identification of the chromosomal location of resist-
ance genes and the development of selectable molecular
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markers are the first steps towards the efficient manipula-
tion of disease resistance in breeding programs (Miedaner
and Korzun 2012). Since many agronomically important
genes have been isolated, the exploration of their allelic
diversity on the sequence at the molecular level and the uti-
lization of novel superior alleles through the development
of improved cultivars using targeted molecular breeding
(‘precision breeding’, McCouch 2004) are of prime inter-
est. The analysis of natural allelic variation and identifica-
tion of unknown valuable alleles at loci of known function
are called ‘allele mining’ (Kaur et al. 2008). Allele mining
on the Hv-elF4E gene yielded the identification of novel
alleles (Hofinger et al. 2009, 2011; Ling et al. 2009).

In case that a resistance gene is cloned, it is straight-
forward to query this gene sequence in collections
of natural genetic diversity. However, with respect to
BaMMV/BaYMYV it has to be taken into account that nine
different resistance loci are known and that, therefore, an
allele mining at the Hv-elF4E locus may be of limited
value as it is not possible to assign newly detected alleles
unequivocally to resistance. Therefore, genetic mapping
and tests for allelism followed by targeted re-sequencing
are a prerequisite to detect new alleles in such pathosys-
tems (Boisnard et al. 2007; Perovic et al. 2007).

A field screening program has previously been carried
out using the barley germplasm collection of the Insti-
tute of Plant Genetics and Crop Plant Research Gatersle-
ben (IPK) aimed to identify winter barley accessions with
resistance to bymoviruses (Proeseler et al. 1989, 1999).
The identified resistant accessions have been additionally
sifted through using the diagnostic SSR marker Bmac29 to
identify those that do not carry rym4 or rym5 (Graner et al.
1999; Habekuf et al. 2000). Selected resistant genotypes
were then crossed to known susceptible cultivars and F,
derived doubled haploid (DH) populations were produced.
Based on these, the main aims of the current study were
to investigate (1) the genetic basis of resistance to barley
yellow mosaic disease in ‘HOR4224’, and (2) to develop
molecular markers for corresponding disease resistance
genes facilitating efficient marker-assisted breeding.

Materials and methods
Plant material

A population of 107 DH lines derived from a cross between
the IPK Gene Bank (http://gbis.ipk-gatersleben.de/gbi
s_i/) winter barley accessions ‘HOR4224’ [‘Aizn Coiled
Necn’, Hordeum vulgare L. convar. vulgare var. paralle-
lum Korn. (resistant)] and ‘HOR10714’ [‘Monroe’, Hor-
deum vulgare L. convar. intermedium (Korn.) Mansf. var.
Jjaponicum (Vavilov & Orlov) Mansf. (susceptible)] by the
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use of the ‘Hordeum bulbosum’ technique (Pickering and
Devaux 1992) was investigated for resistance to BaMMV
and BaYMV. Test crosses for determining allelism were
made between ‘HOR4224° and cultivars ‘Carola’ (rym4),
‘Express’ (rym4), ‘Tokyo’ (rym5), ‘Ea52’ (rym3) and ‘Chi-
kurin Ibaraki 1’ [rymI5 (Le Gouis et al. (2004) and another
unnamed BaYMV resistance gene, which is proposed to be
allelic to rym3 (Werner et al. 2003)]. The resistance pat-
tern of accessions carrying different Hv-elF4E alleles, i.e.,
a standard set of four cultivars: ‘Franka’ (rym4), “Tokyo’
(rym5), ‘Miho Golden’ (rym6), and ‘Hiberna’ (rymli0),
was compared with the resistance reaction of parental lines
from this study ‘HOR4224’ (resistant) and ‘HOR10714’
(susceptible). The four cultivars mentioned above carrying
different alleles of Hv-elF4E were tested and used as the
standard controls along all performed experiments accord-
ing to Habekuss et al. (2008).

Resistance tests

Resistance tests on the 107 DH lines, parental lines
‘HOR4224’ and ‘HOR10714’, and four cultivars carrying
Hv-elF4E-based resistance (see above) were carried out
in Lower Saxony, Germany on naturally infested fields at
Eikeloh (BaMMYV and BaYMV-2) and on two artificially
contaminated fields in Saxony-Anhalt at Aschersleben
(BaMMV/BaYMV-1 and BaMMV/BaYMV-2, respec-
tively) from 2000 to 2006. One plot with about 40 plants in
two 1-m long rows for each DH line was visually evaluated
for the incidence of virus symptoms in March/April and
then a pooled leaf sample (i.e., leaves from 10 plants per
line) was tested using double antibody sandwich-enzyme-
linked immunosorbent assay (DAS-ELISA) according to
Clark and Adams (1977) with polyclonal BaMMV- and
BaYM V-specific antibodies produced by the Serum Bank
of the Institute of Epidemiology and Pathogen Diagnos-
tics (JKI, Quedlinburg, Germany). Furthermore, F, plants
derived from crossings of ‘HOR4224’ to ‘Carola’ and
‘Express’ (rym4), to ‘Tokyo’ (rym5), to ‘Ea52’ (rym3) and
to ‘Chikurin Ibaraki 1’ (ryml5 and another bymovirus
resistance gene on chromosome 5HS) and parental lines
‘HOR4224’ and ‘HOR10714’ were assessed in Lower Sax-
ony in 2009/2010, on fields at Lenglern naturally highly
infested with BaYMV-2 and weakly infested with BaMMV.
The F, plants cultivated in the field were ELISA tested as
pooled leaf samples in March.

The same population of 107 DH lines was also tested
for resistance to BaMMV-ASL1 in a growth chamber, fol-
lowing a mechanical virus inoculation procedure. In this
test, 6 plants of each DH line were inoculated at the 2- to
3-leaf stage two times at an interval of 5-7 days using
sap extracted from the leaves of infected barley plants
by homogenization in 0.1 M K,HPO, buffer pH 9.8.

Approximately, 5 ml of buffer was used for each 1 g of
infected leaf material. To aid mechanical inoculation, 0.1 g
of carborundum (mesh 400) was added per 5 ml sap. After
inoculation, plants were cultivated in a growth chamber
at 12/10 °C day/night and 16-h photoperiod (illuminance
10 kLx). Five weeks after the first inoculation, the plants
were assessed by DAS-ELISA for the presence of BaMMV
as described above. In the same way, F, plants were tested
for their reaction to BaMMV-ASL1. Furthermore, the four
cultivars carrying different resistance conferring alleles of
Hv-elF4E were also tested for their reaction to the three
sequenced isolates of BaMMV: BaMMV-ASL1 (Timpe
and Kuehne 1994, 1995), BaMMV-Sil (Kanyuka et al.
2004) and BaMMV-Teik (Habekuss et al. 2008) in a growth
chamber investigating 10 plants per cultivar.

DNA extraction and molecular mapping

Leaf tissue of each genotype was harvested, freeze-dried
and ground to a fine powder for DNA extraction. DNA was
extracted essentially as described by Graner et al. (1991).
Four DNA bulks, two for each virus, were created by com-
bining equal amounts of DNA from ten DH lines each dis-
playing the same reaction to a particular virus species for
bulked segregant analysis (Michelmore et al. 1991). Seven
microsatellites (SSRs) for each of the seven barley chromo-
somes (i.e., 49 microsatellites in total) were investigated to
assign resistance genes to chromosomes (Supplementary
table 1). PCR amplifications were performed in a GeneAm-
pSystem 9700 (Perkin Elmer). Reactions and cycling con-
ditions for SSRs and additional size polymorphism mark-
ers were as described in Becker and Heun (1995), Liu et al.
(1996), Ramsay et al. (2000) and Stein et al. (2005). Rou-
tinely, PCR was done in 10 pl reaction volumes containing
20 ng genomic DNA, 0.5 U of Taq DNA Polymerase (Solis
Biodyne, Tartu, Estonia), 1 x PCR buffer, 1.5 mM MgCl,,
0.2 mM dNTPs and 0.2 uM of each primer according to
Perovic et al. (2013). Furthermore, the DNA bulks were
subjected to AFLP analyses using 144 primer combina-
tions. The restriction enzymes used in preparation of AFLP
templates were EcoRI and Msel. A first pre-amplification
was carried out with EcoRI 4 0 and Msel + O primers.
Primers with one additional 3’ terminal nucleotide (EcoRI
primer + A and Msel primer + C or 4+ A) were used for
the second pre-amplification, whereas primers with three
additional 3’ terminal nucleotides were used for selective
amplifications. AFLP analyses were conducted using the
GIBCO BRL AFLP Core Reagent Kit following manufac-
turer’s protocols. Amplified fragments were separated on
an ALF Express Genetic Analyser (Amersham Biosciences,
Freiburg, Germany) using ReproGel High Resolution
polyacrylamide gels (Amersham Biosciences, Freiburg,
Germany).
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The resistance data of DH population plants were sub-
jected to Chi-squared (x?) analysis to determine the good-
ness-of-fit of observed ratios to theoretical expectations.
Genetic maps were constructed by JoinMap 4.0 (van Ooi-
jen 2006) using the regression algorithm and applying the
Kosambi function (Kosambi 1944). Only markers with an
LOD score of 3 were integrated into the map.

RNA extraction, FIcDNA synthesis and sequencing

Total RNA was extracted from barley leaves using Trizol
reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Subsequently, a DNase I,
RNase-free (Fermentas, Germany) digest, was performed
according to the manufacturer’s instructions. First strand
cDNA was synthesized with 1.2 pg total RNA and 0.5 pg
oligo(dT)18 primers using the RevertAid H Minus First
Strand cDNA Synthesis Kit (Fermentas, Germany). cDNA
quantity and quality were evaluated using ND-1000 spec-
trophotometer (NanoDrop, USA) measurement.

Gene-specific primers for Hv-elF4E were designed
based on the published mRNA and the genomic sequence
AY661558 (Stein et al. 2005). Full length Hv-elF4E
sequences were amplified by RT-PCR with gene-specific
primers [HvelF4Es (5-CGGCGCCGCAGGGATGG-3’) and
HvelF4Eas  (5-TCGCGGGCCTGCCTTGGAAGC-3)].
PCR amplification was conducted in 20-pl reaction vol-
ume, while purification, sequencing of amplicons, and
sequence analysis were conducted as described in Perovic
et al. (2013). Purified amplicons were subjected to Sanger
cycle-sequencing on a MegaBACE DNA Analysis System
(Amersham Biosciences, Freiburg, Germany) and obtained
sequences were handled and analyzed utilizing the soft-
ware packages Sequencher v3.0 (Gene Codes Corporation,
Ann Arbor, USA) and BioEdit v7.0 (Hall 1999).

Results
Disease scoring

Visual evaluation and DAS-ELISA-based disease scor-
ing of 107 DH lines during seven growing seasons at
three locations (i.e., one field in Eikeloh and two fields in
Aschersleben) in combination with mechanically BaMM V-
inoculated plants in a growth chamber yielded a uniform
and consistent dataset. In general, four different phenotypic
classes were observed as follows: 21 DH lines were resist-
ant to BaMMYV only, 22 DH lines were resistant to both
BaYMV-1 and BaYMV-2, 28 DH lines were completely
susceptible and 36 DH lines were resistant to BaMMYV,
BaYMV-1 and BaYMV-2. The x? test determined that the
ratio 21:22:28:36 fitted well to the expected segregation
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Table 1 Classification of the DH mapping population based on the
reaction to the different viruses of the barley yellow mosaic virus
complex

Phenotypic BaMMV-  BaYMV-1 BaYMV-2  Number of
class ASLI1 DH lines

1 + - — 21

1I - + + 22

1 + + + 36

v - - - 28

Total 107

+ resistant, — susceptible

ratio 1:1:1:1 (x{,.;.; = 5.58, p = 0.134) (Table 1), indi-
cating that two independent genes control the resistance
to BaMMV and BaYMV in ‘HOR4224’. Further detailed
analysis revealed that DH lines segregated for BaMMV
resistance in a ratio of 57 resistant (R) to 50 susceptible
S) (Xf: 1 = 0.477, p = 0.49), which fits well to a theoreti-
cal expectation of 1R:1S. DH lines segregated for BaYMV
resistance in a ratio of 58 resistant to 49 susceptible
x%, = 0.77, p = 0.38), which also fits well to a theoretical
expectation of 1R:1S. These analyses, therefore, indicated
a monogenic inheritance for resistance to both viruses
encoded by independent loci.

Genetic mapping and marker saturation
BaYMV

Out of the 49 SSR markers (Supplementary table 1),
equally distributed over the barley genome, three micros-
atellites (Bmac096, Bmag337 and HVM30) located on the
short arm of chromosome SH were polymorphic between
the DNA bulks from DH lines susceptible to BaYMV-
1/BaYMV-2 and the DNA bulk from DH lines resistant
to BaYMV-1/BaYMV-2. Additional SSRs located on the
short arm of chromosome 5H were screened for polymor-
phism and linkage was detected for Bmag005, Bmac113,
HVACLI1, Bmag387 and Bmac303 (Table 2; Fig. 1). By
this approach, resistance to BaYMV-1/BaYMV-2 was
mapped to chromosome SHS. In addition to SSRs, AFLPs
were applied to develop more closely linked markers. Alto-
gether eight microsatellites and 21 AFLP markers linked to
the resistance locus on SH were identified. Microsatellite
loci Bmac(096 and Bmac303 flanked the resistance locus at
a distance of approximately 1 cM.

BaMMV
In parallel, the DNA bulk from DH lines susceptible to

BaMMV and the DNA bulk from DH lines resistant to
BaMMV were analyzed with the selected markers to
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Table 2 Size of alleles detected

; > Marker name Chromosome Allele Size in bp References
in the resistant ‘HOR4224’ and
susceptible ‘HOR 10714’ parents HOR4224 HOR10714
for polymorphic marker:
lgceﬁ(e)dyonocﬁrofnosaonfe: 3HL Bmag005 SHS 197 191 Ramsay et al. (2000)
and 5HS of barley Bmacl13 5HS 208 218 Ramsay et al. (2000)
HVACL1 SHS 157 168 Becker and Heun (1995)
Bmag387 SHS 119 130 Ramsay et al. (2000)
Bmac303 5HS 145/153 143/161 Ramsay et al. (2000)
Bmac096 5HS 193 209 Ramsay et al. (2000)
Bmag337 5HS 151 146 Ramsay et al. (2000)
HVM30 SHS 171 167 Liu et al. (1996)
EBmac541 3HL 134 125 Ramsay et al. (2000)
HVM62 3HL 246 242 Liu et al. (1996)
EBmac708 3HL 135 123 Ramsay et al. (2000)
EBmag705 3HL 152 129 Ramsay et al. (2000)
HVM70 3HL 154 152 Liu et al. (1996)
Hv-elF4Es317/as1170 3HL 750 853 Stein et al. (2005)
B793c24 3HL null 508 Stein et al. (2005)
Chromosome 5H map the BaMMYV resistance locus. Three microsatellites
(EBmac0708, EBmac0705 and HVM70) (Table 2) located
0 E32M55_277 on the long arm of chromosome 3H were polymorphic
between the DNA bulks from DH lines susceptible to
BaMMV-ASLI1 and the DNA bulk from DH lines resist-
ant to BAMMV-ASL1. As Bmac29 was monomorphic in
this cross, additional molecular markers originating from
12 N Ve E37M54_400 chromosome 3H were selected (data not shown). The
14 — E44M55_495 . .
18 \_ / E37M54_220 INDEL-based marker B793c24 derived from a BAC contig
20 / E37M47_161 spanning the Hv-elF4E locus (Tyrka et al. 2008) was poly-
g; \_ / Eigmgg—;;g morphic between parental lines and corresponding bulks.
24 \_J / E36M56_268 Subsequent mapping of this marker in the DH population
25 —4/ /7 E45M48_181 indicated co-segregation with the BaMMV (BaMMV-
gg \:% Eigmgiﬁ%g Eggmgg:ggo ASL1) resis.tance and sugg(?sted that tl.le BaMMV resist-
28 \: / E32M53_169 E32M54_175 ance gene in ‘HOR4224’ is located in the same chro-
29 k:/ E32M55_269 E32M54_127 mosomal region as rym4/rym5 (Fig. 2a). Therefore, the
0 Em&ggi » primer pair Hv-eIFAE s317/as1170 (Stein et al. 2005),
31 — Bmac113 E44M54_110 which amplifies the first exon and intron of Hv-elF4E and
g% 1~ EVAC:;-;7 reveals a size polymorphism between ‘HOR4224° and
34 7:§ Bm:gSOS ‘HOR10714’ and between the two DNA bulks, was used
35 / —\ BaYMV-1/BaYMV-2 in a next step for genotyping the entire DH population. No
36 / Bmac096 recombination events were detected between Hv-eIF4E and
A 7:§ BmagasT the BAMMYV resistance in ‘HOR4224" (Fig. 2b). Therefore,
41 E42M50_190 results give hint that a gene allelic to Hv-elF4E controls
BaMMV resistance in ‘HOR4224’ originating from Japan.
49 HVM30 Resistance pattern

Fig.1 Partial genetic map of chromosome 5H including the
BaYMV-1/BaYMV-2 resistance derived from ‘HOR4224’

The four barley cultivars carrying Hv-elF4E-based resist-
ance and the two parental accessions displayed very
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A
chromosome 3HL

0.0 EBmac541
12.3 HVM62
18.7 EBmac708
19.7 EBmag705
22.6 HVM70

Hv-elF4E
30.8 rymé,op,o04
~ B793c24

Fig.2 a Partial genetic map of chromosome 3H including the
BaMMV resistance derived from ‘HOR4224’. b Molecular analy-
sis of selected barley genotypes with the Hv-elF4E-based marker
$317/as1170. Gel electrophoresis of the Hv-elF4E-specific marker
tested on the resistant parental line ‘HOR4224’ and the susceptible

‘HOR10714’ resistant and susceptible DH lines and the F, plant. The
order of genotypes is: M 1 kb ladder, / ‘HOR4224’, 2 ‘HOR10714’,
3 and 6 resistant DHs, 4 and 7 susceptible DHs, 5 F, plant, 8 water
control

Table 3 Reaction of genotypes carrying different alleles at the Hv-eIF4E locus against five virus strains of the barley yellow mosaic complex

Genotype Gene Virus strain
BaMMV-Teik BaMMV-ASLI1 BaMMV-Sil BaYMV-1 BaYMV-2

Franka rym4 r r r r s
Tokyo rym5 s r S r r
Miho Golden rymé (r)* S S r r
Hiberna ryml0 S S S r r
HOR4224 FYMyoRa224 r r r r r
HOR10714 susceptible s S s s s

*1 infected plant out of 10 inoculated plants in climatic chamber

different reaction patterns in response to a set of five bymo-
virus isolates (BaMMV-Sil, BaMMV-ASL1, BaMMV-Teik,
BaYMV-1 and BaYMV-2) (Table 3). Cultivar ‘Franka’ car-
rying rym4 showed susceptibility to BaYMV-2, while cul-
tivar ‘“Tokyo’ carrying rym5 showed susceptibility to two
BaMMV isolates BaMMV-Sil and BaMMV-Teik. Cultivar
‘Hiberna’, the donor of ryml0, was susceptible to three
BaMMV isolates and resistant to both BaYMV isolates,
while cultivar ‘Miho Golden’, a rym6 donor, displayed
resistance to BaMMV-Teik, BaYMV-1 and BaYMV-2,

@ Springer

and susceptibility to BaMMV-ASL1 and BaMMV-Sil.
‘HOR4244’ displayed resistance to all five isolates, while
‘HOR10714’ displayed susceptibility to all five isolates.

Allelism tests

To determine relatedness between the resistance genes in
‘HOR4224’ and previously characterized genes confer-
ring resistance to the barley yellow mosaic virus com-
plex, which map to similar chromosomal positions,
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Table 4 Allelism test of the BaMMYV resistance conferring gene from ‘HOR4224’

Genotype/cross Resistance Chromosomal Growth chamber data Field data (Lenglern)*
genes against position — — -
BaMMV/BaYMV Number of BaMMV- Extinction Extinction Reaction to
plants tested ~ ASL1 BaMMV BaYMV BaMMV/
BaYMV-2
HOR4224 3HL 10 0/10 0.03 0.04 t/r
Carola rym4 3HL 10 0/10 0.05 1.71 1/s
Carola x HOR4224 F, 31 0/31 0.04 1.84 1/s
HOR4224 x Carola F, 15 0/15 - - 1/s
Express rym4 3HL 3 0/3 0.05 1.82 1/s
HOR4224 x express  F, nt nt 0.04 2.01 1/s
Tokyo rym5 3HL nt nt 0.03 0.02 t/r
Tokyo x HOR4224 F, nt nt 0.05 0.25 1/s

* Very weak BaMMYV infestation in the field at Lenglern

nt not tested

Table 5 Allele diversity identified for five SSR markers linked to BaYMYV resistance at the chromosome 5SH on eight barley genotypes

Genotype Chromosomal Reaction to Marker
position BaYMV-1/BaYMV-2
HVACLI Bmag387 Bmac303 Bmac096 Bmag337

HOR4224 3HL M¥%5HS Y° 1/t 138 119 146/152 194 150
Ea52 SHSY 1/ 131/138 119 146/152 194 150
Chikurin Ibaraki 1 6HS MY/SHSY 1/t 140 132 144/152 194 144
Carola 3HL M 1/s 140 140 160 194 167
Tokyo 3HL M 1/t 140 140 158/164 194 167
Express 3HL M 1/s 140 140 160 194 148
HOR10714 - s/s 149 130 144/161 209 146
Igri - s/s 140 140 158/162 194 148

2 BaMMYV, ? BaYMV

corresponding resistance donors were inter-crossed and
tested for resistance (Table 4). DAS-ELISA carried out on
BaMMV-ASL1 mechanically infected F, plants derived
from crosses to carriers of rym4/rym5 was resistant indi-
cating that the BaMMYV resistance gene in ‘HOR4224’ is
allelic to rym4/rym5. The F, plants of test crosses to ‘Car-
ola’ (rym4), ‘Express’ (rym4) and to ‘Tokyo’ (rym5) were
susceptible to BaYMV-2 confirming the results of genetic
mapping. F, plants obtained from crosses of ‘HOR4224’ to
‘Ea52’ (rym3) and to ‘Chikurin Ibaraki 1’ (ryml5 and an
unnamed resistance gene on 5HS) were tested by DAS-
ELISA for the presence of BaYMV-2 as pooled leaf sam-
ples. High extinction values of DAS-ELISA were detected
for pooled leaves of 5 and 3 F, plants from test crosses to
‘Ea52’ and ‘Chikurin Ibaraki 1°, respectively, collected
in March. Curiously, leaves sampled from the same F,;
plants at the end of April the same year were tested nega-
tive for BaYMV in DAS-ELISA. Since contradictorily
DAS-ELISA results have been obtained for the same

plant material, it was impossible to draw any conclusion
from this allelism test experiment, which will need to be
repeated in the future.

Allele diversity of SSR markers linked to the BaYMV
resistance on chromosome SHS

To assess the diagnostic value of the closest linked mark-
ers to the BaYMV resistance gene in ‘HOR4224’ located
on the chromosome 5HS and to get insight into the ori-
gin of two previously characterized virus resistance genes
from the same chromosome, a set of 8 barley accessions
was genotyped using five closely linked SSR markers
(Table 5). The six selected barley accessions are donors
of the BaYMYV resistance genes from chromosomes SHS
and 3HL, while ‘Igri’ and ‘HOR10714’ are known to be
fully susceptible to both BAMMYV and BaYMV. Very simi-
lar patterns of the examined SSRs were observed between
‘HOR4224’ and ‘Ea52’, the rym3 donor, suggesting the
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A Accession / na position 170 353 359 478 481 614 617 623

HOR4224 _r T T C A C C G C
HOR10714_sus. c A C A C C A G
Franka_rym4 T C C A C T G C
Tokyo_rym5 c A G G A C A G
Miho Golde_rym6 c A C A C C A G
Hiberna_rym10 C A C A C C A G

B Accession/aa positon 57 118 121 161 162 206 207 209

HOR4224 _r | N Q S
HOR10714_sus. S K N Q S D
Franka_rym4 T N Q
Tokyo_rym5 S K S D K § D
Miho Golde_rymé6 S K N K S D
Hiberna_rym10 S K N H S D

Fig.3 A schematic display of multiple alignment of Hv-elF4E for
six cultivars. a Display of nucleic acid alignment. b Display of amino
acid alignment

same or a closely related origin of these two resistance
genes. In contrast, the SSR patterns for ‘Chikurin Ibaraki
1, the genotypes carrying resistance genes located on chro-
mosomes other than SHS, and susceptible cultivars were
very different from those obtained for ‘HOR4224° and
‘Ea52’. So, these markers may be well suited for marker-
assisted selection.

Hv-elF4E re-sequencing

The entire open reading frame (ORF) of Hv-elF4E of
648 bp (Fig. 3a) from the parental lines of the DH mapping
population, i.e., ‘HOR4224’ and ‘HOR10714’, was ampli-
fied, sequenced and used in further analysis for the iden-
tification of single-nucleotide polymorphisms (SNPs) as
well as for comparison to previously characterized allelic
variants of the gene. Alignment of sequences from the
parental lines revealed four SNPs at positions 170-, 353-,
617- and 623-bp. The coding sequence encodes a protein
of 216 amino acid residues, which were used for alignment
construction (Fig. 3b). All four SNPs are missense muta-
tions by changing the properties of the involved amino acid
residues significantly. Comparative analysis of alignments
to data obtained by Stracke et al. (2007) and Hofinger et al.
(2011) revealed that one of the haplotypes (#25; ‘Aizu 6’)
carries the T353 SNP and an identical sequence. However,
no information on the resistance against European strains
of BaMMV/BaYMV is available for this accession. Fur-
thermore, Stein et al. (2005) identified the same haplo-
type as in ‘HOR4224’ in four barley accessions, i.e., Yuk-
ishirazu, Iwate Mensury 2, Hosomugi 3 and Kenyoshi 1.
Based on data reported by Gotz and Friedt (1993) on the
resistance of these cultivars and due to missing segrega-
tion analyses for both viruses, they came to the conclusion
that this allele is effective against BAMMV and BaYMV.
However, the results of the segregation analyses obtained
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in this study clearly show that this allele is only effective
against BAMMYV and that this is due to the T353 SNP as
the rest of the coding sequence of HOR4224 is the same
as that of rym4. In summary, biological data of the test for
allelism and segregation analyses and sequence informa-
tion obtained for Hv-elF4E have shown that ‘HOR4224’
carries an allele of Hv-elFE, which is exclusively effective
against BAMMYV, but at the same time encodes susceptibil-
ity against BaYMV isolates.

Discussion

Since the gene pool of cultivated barley is largely depleted
for major resistance genes for many plant pathogens
and many new soil-borne virus isolates have been identi-
fied (Nomura et al. 1996; Hariri et al. 2000; Habekul3
et al. 2009; Kastirr et al. 2012), there is an obvious need
to broaden the genetic base of resistance in modern barley
cultivars. Furthermore, the resistance breeding to soil-borne
viruses, which is a prerequisite for the cultivation of win-
ter barley in infested areas, relies on the identification of
resistant germplasm, the chromosomal localization of cor-
responding genes and the development of molecular mark-
ers that could accelerate the incorporation of new resistance
genes in elite lines. In this regard, in the past, e.g., (Pro-
eseler et al. 1989; Kawada 1991; Ordon et al. 1993) large
screening programs aiming at the identification of new
sources of resistance were launched. Upon identification
of different resistance sources, mapping of novel resistance
genes is an essential step towards the exploitation of these
resources in breeding programs, but it also builds a way
towards map-based gene cloning (Palloix and Ordon 2011).

Previous screening of barley accessions from the
IPK Gene Bank led to the identification of the accession
‘HOR4224’ carrying resistance to three strains of Bar-
ley mild mosaic virus (BaMMV-ASL1, BaMMV-Sil and
BaMMV-Teik) and to two strains of Barley yellow mosaic
virus (BaYMV-1 and BaYMV-2). The resistance pattern
of ‘HOR4224’ in response to five isolates of bymoviruses
was very different to the resistance patterns of the culti-
vars carrying resistance genes rym4, rym5, rym6 or ryml0
(Table 3). Genetic analysis of the DH population derived
from a cross between ‘HOR4224’ and a susceptible barley
accession ‘HOR10714’ indicated the independent inherit-
ance of resistance to BaMMYV and BaYMV controlled by a
single gene, each, as this has also been shown in Chikurin
Ibaraki I (Werner et al. 2003, Le Gouis et al. 2004). Subse-
quent mapping positioned a gene for resistance to BaAMMV
to chromosome 3HL, and a gene for resistance to BaYMV
to chromosome S5HS. Several previously characterized
bymovirus resistance genes are known to reside in these
chromosomal regions: rym4, rym5, rym6 and rymiI0O on
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3HL, and rym3 and an unnamed resistance gene from cv.
‘Chikurin Ibaraki 1’ on SHS (Werner et al. 2003; McGrann
and Adams 2000).

The BaMMV resistance in ‘HOR4224° was mapped
to the chromosome 3HL region carrying the rymd/rym5
locus (Fig. 2A), which is known to correspond to Hv-
elF4E (Kanyuka et al. 2005; Stein et al. 2005). An allelism
test confirmed that the gene for resistance to BaMMV in
‘HOR4224’ is allelic to rym4/rym5 (Table 4). Sequencing
of the coding region of Hv-elF4E revealed a novel allele
of this gene in ‘HOR4224° (Fig. 3), which confers resist-
ance to isolates of BaMMYV in fields (Eikeloh and Ascher-
sleben) and the mechanical transmitted isolate BaMMV-
ASLI, but is ineffective against BaYMV-1 or BaYMV-2
(Table 3). One of the non-synonymous amino acid substi-
tutions (I118K) identified in Hv-eIF4E of ‘HOR4224’ and
of five previously detected genotypes (Hofinger et al. 2011
and Stein et al. 2005) appears to be a unique feature and the
main difference between rym4 and ‘HOR4224’ (Fig. 3b).
Due to a similarity of resistance patterns, sequence similar-
ity and confirmed allelism, we propose to name this new
resistance allele of the Hv-elF4E as rym4yopyr4- This
result, at the first instance, confirmed the power to detect
new alleles if the gene of interest is previously isolated and
from the breeding point of view, enabled the development
of two molecular markers for use in crossing schemes, an
INDEL-based marker Hv-elF4Es317/as1170 (Table 2;
Fig. 2b) and an SNP-based marker at the position 353-bp.

Regarding mapping of BaYMV resistance, the gene
conferring resistance to BaYMV-1 and BaYMV-2 in the
Japanese cultivar ‘Chikurin Ibaraki 1’ has been mapped in
the same region of chromosome SHS (Werner et al. 2003)
as well as the resistance gene rym3 of ‘Ea 52’ (Saeki et al.
1999), which is a gamma ray-induced mutant of ‘Chikurin
Ibaraki 1’ (Ukai 1984). In this respect, it is interesting to
notice that ‘Chikurin Ibaraki 1’ is susceptible to BaYMV in
Japan (Ukai and Yamashita 1980) but completely resistant
to BaMMYV, BaYMV-1 and BaYMV-2 in Germany (Gétz
and Friedt 1993). This is confirmed by this study in which
‘Chikurin Ibaraki 1’ was completely resistant to BaYMV-1,
BaYMV-2 and BaMMYV in the field and to BaMMV-ASL1
and BaMMV-Teik in the growth chamber. At the same
time, accession ‘Ea 52’ is only resistant to BaYMV-1 and
BaYMV-2 (Go6tz and Friedt 1993). The BaMMYV resistance
of ‘Chikurin Ibaraki 1’ has been mapped on chromosome
6H (Le Gouis et al. 2004). Comparison of genetic maps
of three BaYMV resistance genes from chromosome SHS
does not answer the question whether we are dealing with
one gene having various alleles or it is a case of independ-
ent closely linked genes. Assessment of allelic diversity of
closely linked SSRs (Table 5) provides a hint of close relat-
edness of the rym3 donor ‘Ea52’ and ‘HOR4224’, while
‘Chikurin Ibaraki 1° turned out to be different. Nevertheless,

further tests for allelism are needed to unequivocally answer
the question whether rym3, and the BaYMV resistance gene
in ‘HOR4224’ and ‘Chikurin Ibaraki 1’ are allelic or repre-
sent independent closely linked genes.

Closely linked markers, which are available for many
resistance genes against the barley yellow mosaic virus
complex (Ordon and Perovic 2013), facilitate efficient
marker-based selection procedures and allow pyramiding
of resistance genes which may lead to more durable resist-
ances (Werner et al. 2005). In this respect, markers identi-
fied in this study could be used for direct transfer of resist-
ances into elite barley lines (Ordon et al. 2009). Moreover,
the BaYMV resistance markers identified in this work
can be used as starting points towards positional isolation
of the corresponding resistance gene (Pellio et al. 2005,
Liipken et al. 2013). Results of this study on the one hand
demonstrate the power of integrated mapping and targeted
allele mining with respect to broadening the genetic base
of resistance, while on the other hand the identified novel
allele of the rym4 gene may contribute to a further under-
standing of virus-host plant interaction.
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