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A genetic analysis of the resistance in barley to Soil-borne wheat mosaic virus
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Soil-borne wheat mosaic virus (SBWMV), a ubiquitous pathogen commonly encountered in temperate
regions of the Northern hemisphere, can damage a number of economically important cereal crops, notably
wheat and barley. Given that the plasmodiophorid cercozoan Polymyxa graminis, which acts as the vector of
SBWMV, can survive in the soil for many decades, the only feasible control measure is the deployment of
resistant cultivars. Here, a quantitative trait locus (QTL) approach was taken to characterize the genetic basis
of the SBWMV resistance exhibited by the barley cultivar Haruna Nijo. The analysis revealed that between
33% and 41% of the variation for the measure chosen to represent resistance was under the control of a
gene(s) mapping to a region at the distal end of the short arm of chromosome 2H. In contrast to most of the
genes known to encode resistance to soil-borne mosaic viruses, the allele specifying resistance was dominant
over those present in a susceptible genotype.
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Introduction

The Soil-borne wheat mosaic virus (SBWMV) is able to
infect barley, wheat, rye and triticale, potentially leading to
a significant loss in crop productivity (Cadle-Davidson et
al. 2006, Shirako and Brakke 1984). The disease was first
described in wheat in the USA in 1919, since which time it
has also been observed in both Europe and East Asia
(Clover et al. 2001). The virus belongs to the genus
Furovirus within the family Virgaviridae, and is transmitted
by the plasmodiophorid cercozoan Polymyxa graminis,
which parasitizes the plants’ roots (Ohki et al. 2017). Hav‐
ing entered the root, the virus translocates to the shoot,
inducing stunting and leaf mosaicism. Although the infec‐
tion of autumn-sown crops typically occurs during the win‐
ter months, disease symptoms tend not to occur until the
early spring. Resting spores of P. graminis harboring the
virus can survive in the soil for many decades (Brakke and
Langenberg 1988), which means that crop rotation is not an
option for controlling the disease, while chemical treatment
of the soil is unacceptable on both economic and ecological
grounds. As a result, the only practical control measure is
to breed for genetic resistance.

A number of related viruses, namely Barley yellow
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mosaic virus (BaYMV), Barley mild mosaic virus
(BaMMV), Wheat yellow mosaic virus (WYMV) and
Wheat spindle streak mosaic virus (WSSMV), are also
transmissable by P. graminis. A sustained effort to identify
genetic sources of resistance in barley to BaYMV and/or
BaMMV has documented to date 22 genes, including rym1
through rym19, although some of these represent alleles at
a single locus rather than independent genes (Jiang et al.
2020); most of the resistances encoded by these genes are
recessive. The product of the rym4/rym5 alleles is a transla‐
tion initiation factor (Stein et al. 2005), while the resistance
encoded by rym1/rym11 results from deletions in a gene
encoding a protein disulfide isomerase-like protein (Yang et
al. 2014). Following analysis based on the quantitative trait
locus (QTL) approach, genes for resistance in bread wheat
to WYMV have been mapped to regions on chromosome
arms 2DL and 3BS (Suzuki et al. 2015, Zhu et al. 2012),
6DS (Yamashita et al. 2020) and the other chromosomes
(Jiang et al. 2020), while a locus for resistance to WSSMV
has been identified on chromosome arm 2DL (Khan et al.
2000). With respect to SBWMV, the presence of Sbm1, a
gene mapping to the distal end of the bread wheat chromo‐
some arm 5DL, has been correlated with a measure of
resistance (Hao et al. 2012, Narasimhamoorthy et al. 2006),
with a smaller contribution from the chromosome arm 2BS
locus Sbm2 (Bayles et al. 2007). Both of these genes also
condition a measure of the resistance of bread wheat to
Soil-borne cereal mosaic virus (SBCMV) (Bass et al. 2006,
Bayles et al. 2007, Perovic et al. 2009). Sbm2 may well be
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identical to the durum wheat locus QSbm.ubo-2BS
(Maccaferri et al. 2011, Russo et al. 2012). A second, less
effective QTL determining SBCMV resistance was suc‐
cessfully mapped by Maccaferri et al. (2011) to a region of
chromosome 2A. Variation with respect to the response to
infection by SBWMV is known in barley germplasm: resis‐
tance is highly variable among Japanese six-rowed vari‐
eties, while Japanese two-rowed varieties (including
Haruna Nijo) are largely resistant (Aoki et al. 2015, Iida
et al. 1997). Here, a QTL approach was taken to determine
the genetic basis of SBWMV resistance in barley.

Materials and Methods

Plant materials
The experiments were based on an established doubled

haploid (DH) 92 entry mapping population (Sato and
Takeda 2009) created from a cross between the Japanese
barley cultivar “Haruna Nijo” (which is relatively resistant
to SBWMV) and the wild barley (Hordeum vulgare ssp.
spontaneum) accession “H602”. The response to SBWMV
of the mapping population entries and the two parental
lines was tested in a field nursery at the National Agricul‐
ture and Food Research Organization in Tsukuba-Mirai
(Ibaraki, Japan). Four sets of the material (each comprising
the full set of 92 DH lines) were grown. Two sets of ten
plants per entry were sown on 21 October 2015, with
leaves sampled on 6 April 2016 (Reps. 1 and 2). The other
two sets were both planted on 21 October 2016; one was
sampled on 21 March 2017 (Rep. 3) and the other on 4
April 2017 (Rep. 4). The plants were naturally infected by
SBWMV. As a negative control, the parental entries were
also raised for two weeks in sterilized soil.

ELISA assay
To perform ELISA assays, an antibody recognizing

SBWMV, developed by Netsu et al. (2011), was obtained
from the Central Region Agricultural Research Center
(Tsukuba, Japan). A 80 mg sample of leaf tissue harvested
from each entry was homogenized in an MM300 mixer mill
(Retsch, Haan, Germany) in 0.8 mL PBST buffer (8 g/L
NaCl, 2.9 g/L Na2HPO4·12H2O, 0.2 g/L KH2PO4, 0.2 g/L
KCl, 0.5 ml/L Tween 20). Following centrifugation
(10,000 rpm, 5 min, 25°C) in a rotor AR015-24 (Tomy,
Tokyo, Japan), a 0.1 mL aliquot of the supernatant was sub‐

jected to a double antibody sandwich-ELISA assay, follow‐
ing the protocol given by Clark (1981). After a 30 min
incubation at room temperature, the absorbance of the reac‐
tion (405 nm) was recorded using a Model 686 microplate
reader (Bio-Rad, Tokyo, Japan). Seven to eight individual
plants per mapping population line for each replication
were assayed in this way.

QTL analysis
The subsequent QTL analysis rested on the linkage map

derived by Sato and Takeda (2009), which comprised 732
SNP and 384 EST loci. Composite interval mapping was
performed using model 6 of the Zmapqtl procedure imple‐
mented in Windows QTL Cartographer v2.5 software
(Basten et al. 1996, Wang et al. 2006). A genome-wide
LOD score threshold consistent with a significance level of
0.05 was determined from a set of 1,000 permutations. A
BLASTN search was conducted using the IPK Barley Blast
Server (https://webblast.ipk-gatersleben.de/barley_ibsc/),
based on both the “Barley Pseudomolecules Aug2015”
(Mascher et al. 2017) and the “Barley Pseudomolecules
Morex v2.0 2019” (Monat et al. 2019) databases.

Results

SBWMV response in parents
The proportion of Haruna Nijo plants classed as carrying

virus ranged from 3% to 21%, while that for H602 plants
ranged from 18% to 72% (Table 1). The reaction of Haruna
Nijo × H602 F1 hybrid plants was measured in two of the
four batches: their rate of infection rate lay closer to that of
Haruna Nijo than to H602 plants, and average degree of
dominance was 0.87–0.90, implying that the SBWMV
resistance present in Haruna Nijo was a dominant trait.
ELISA absorbance values <0.2 were classified as SBWMV
negative and those >0.6 as positive (Supplemental Fig. 1).
In order to reduce noise, plants scoring in the range 0.2–0.6
were excluded from the analysis of infection rate. The same
assay applied to a PBST solution (no plant extract) gener‐
ated a mean absorbance of 0.13 (SE = 0.006, n = 10). Leaf
extracts of plants grown in sterile soil (negative control) gave
a mean absorbance of 0.12 (SE = 0.003, n = 55) and a range
of 0.10–0.18, whereas positive control plants (cv. Tochino‐
ibuki) grown in the SBWMV field gave a mean absorbance
of 1.43 (SE = 0.093, n = 55) and a range of 0.65–2.39.

Table 1. The reaction of the mapping family’s parents to SBWMV infection

Rep.1 (West, April 2016) Rep. 2 (East, April 2016) Rep. 3 (West, March 2017) Rep. 4 (West, April 2017)

n % n % n % n %

Haruna Nijo 18 11 14 21 88 3 88 3
H602 18 50 18 72 34 18 35 23
F1 n/a n/a 27 4 23 4
d n/a n/a 0.87 0.90

n - number of plants, F1 - Haruna Nijo × H602 F1 zygotes, d - average degree of dominance, n/a - not applicable.
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Variation in the SBWMV response
The SBWMV infection rate of each of the DH lines is

shown in Supplemental Table 1. The outcome of the
ELISA carried out on the Rep. 1 plants suggested that the
response to SBWMV (absorbance) was bimodally dis‐
tributed (Supplemental Fig. 2). The same assay applied to
plants in the other three replications produced a similar
result (Supplemental Fig. 2). As shown in Fig. 1, the
SBWMV response across the set of DH lines was similar
for all four replicates, in each case demonstrating a pro‐
nounced skew towards resistance. The correlation with
respect to the response between the four replicates was
highly significant (Supplemental Table 2).

The genetic basis of SBWMV resistance
QTL analysis was performed on the four data sets of

replications (Supplemental Table 3). The analysis identi‐
fied a major locus associated with a reduced rate of
SBWMV infection in a region lying between 0.01 and
5.16 cM away from the distal end of chromosome arm
2HS; the effect was reproduced across each of the four
plant batches (Fig. 2, Table 2). The LOD score associated
with this locus ranged from 10.5 to 15.3, and the locus was
responsible for 33.4–40.7% of the variation for SBWMV
infection. The critical map interval was flanked by the EST
markers bags37p19 and the 12224-363 SNP (Fig. 2), with
the positive allele being contributed by Haruna Nijo. Anal‐
ysis based on all individual plants in each line (combining
Rep. 1 through Rep. 4) mapped the QTL in the same inter‐
val with the higher LOD score of 21 (Table 2, Fig. 3). The
map interval was physically located between 2.1 and
18.6 Mb away from the distal end of the chromosomal arm
in the frame of “Pseudomolecules Aug2015” of Mascher

et al. (2017) while between 1.7 and 15.5 Mb away in the
frame of “Pseudomolecules Morex v2.0 2019” of Monat
et al. (2019) (Table 3). Further loci, each of lesser effect,
were identified around 164 cM of chromosome arm 2HL,
153 cM of chromosome arm 3HL and 132 cM of chromo‐
some arm 5HL; however, all three of these putative QTL
were only detected in only one of the four plant batches
(Fig. 2). The Haruna Nijo allele at the putative locus on
chromosome arm 5HL contributed positively to resistance,
while it was the H602 allele which contributed positively at
each of the other two loci (Table 2). The LODs associated
with the three QTL were all above 3.0 (Fig. 2).

Discussion

The rate of SBWMV infection was highly variable, even
within a fixed genotype (particularly in the case of the sus‐
ceptible parent H602), which implies that the interaction
between the plant and the virus is strongly modulated by
non-genetic factors. As a result, the assessment of the
response to infection had to be based on individual plants
as the experimental unit, rather than on individual geno‐
types. Thus, the infection rate was used as the metric of the
response rather than the mean viral load accumulated by a
fixed genotype, as was used by Suzuki et al. (2015) in a
similar genetic analysis of the genetic basis of resistance to
WYMV. The interpretation of the host response to BaYMV
and BaMMV can be complicated by the possibility of dis‐
ease escape (Shi et al. 2019), while the response of Haruna
Nijo and H602 to SBWMV infection is modulated by
incomplete penetrance of the resistance genes. Never‐
theless, the parameter used to quantify resistance in the
genetic analysis proved to be robust enough to allow for the

Fig. 1. Frequency distribution of the response to infection by SBWMV in the Haruna Nijo/H602 mapping population. Between 80 and 90 DH
lines were analyzed per replicate.
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Fig. 2. The detection of QTL underlying SBWMV resistance in bar‐
ley. Each chromosome represented on the X axis is represented with
its short arm on the left. The Y axes record either the LOD score
(upper trace) or the additive effect of a QTL allele (lower trace). A
negative additive effect indicates that the Haruna Nijo allele permits
a less degree of infection.

identification of a QTL which accounted for over one third
the overall variation in the rate of SBWMV infection. The
reproducibility of this effect across each of the four plant
batches gives a measure of confidence that the underlying
gene(s) present in the key chromosome arm 2HS region act
relatively independently of the environment.

To date, 22 genes conferring resistance to BaYMV
and/or BaMMV have been identified in barley (Jiang et al.
2020). Most of these act as recessive alleles—for example,
the rym4/rym5/rym6/rym10 alleles each encode an eIF4E
variant which promotes resistance (Stein et al. 2005), while

Fig. 3. The site of the QTL conditioning SBWMV resistance maps
to a region of the short arm of chromosome 2H.

Table 2. The loci underlying resistance to SBWMV in Haruna Nijo and H602

Replication Chr. Position (cM) Marker interval (position in cM) LOD R2 (%) AD (%) Resistant allele
Rep. 1 2H 4.2 bags37p19 (0.0)–12224_363 (17.2) 11.8 33.4 17.3 Haruna Nijo
Rep. 2 2H 5.2 bags37p19 (0.0)–12224_363 (17.2) 15.3 40.7 22.7 Haruna Nijo
do. 3H 153.6 baak40c12 (143.0)–basd24i11 (154.5) 4.3 8.2 10.0 H602
do. 5H 132.1 bah33p03 (128.7)–314_559 (136.3) 3.8 7.2 9.5 Haruna Nijo
Rep. 3 2H 3.7 bags37p19 (0.0)–12224_363 (17.2) 11.9 36.9 14.6 Haruna Nijo
do. 2H 164.0 baak36b07 (163.0)–5483-787 (164.5) 3.5 10.4 11.1 H602
Rep. 4 2H 4.2 bags37p19 (0.0)–12224_363 (17.2) 11.7 38.6 18.0 Haruna Nijo
All 2H 3.7 bags37p19 (0.0)–12224_363 (17.2) 21.1 48.0 19.5 Haruna Nijo
do. 3H 153.6 baak40c12 (143.0)–basd24i11 (154.5) 4.2 5.9 6.7 H602
do. 6H 125.9 2152_1547 (119.8)–basdl12 (127.7) 3.3 4.8 6.1 Haruna Nijo

R2 - phenotypic variation explaned, AD - additive effect for infection rate (%) by one allele.
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rym1/rym11 each encode a variant of PDIL5-1 (Yang et al.
2014). The exceptions are Rym14Hb and Rym16Hb, dominant
genes introduced into cultivated barley from its wild rela‐
tive Hordeum bulbosum (Ruge et al. 2003, Ruge-Wehling
et al. 2006), and Rym17, a gene identified in a barley culti‐
var from Pakistan (Kai et al. 2012). The SBWMV resis‐
tance mapped in present experiments acted as a dominant
trait (mean degree of dominance: 0.87–0.90), which implies
that the product of the underlying gene conditions a domi‐
nant form of resistance (de Ronde et al. 2014). The site of
this locus (close to the distal end of the short arm of chro‐
mosome 2H) has not so far been identified as harboring
genes encoding resistance to BaYMV and/or BaMMV
(Jiang et al. 2020), and in any case Haruna Nijo plants are
resistant to SBWMV (Table 1). Thus the locus identified
here likely harbors a gene(s) which acts specifically to
determine resistance against SBWMV. The SBWMV strain
is presumably more closely related to the French strain
AJ749657 than to Chinese ones (K. Okada, unpublished
data). The observation that some Haruna Nijo plants were
characterized as SBWMV susceptible can be interpreted as
either reflecting a quantitative form of resistance, the pres‐
ence of false positives or incomplete penetrance. The iden‐
tification of robust flanking markers for the resistance gene
would enable a straightforward marker-assisted breeding
strategy to be designed for its introgression into elite germ‐
plasm. Meanwhile, the gene’s telomeric location should
simplify its positional cloning given that the relationship
between physical and genetic distance there is favorable.

The bread wheat gene Sbm2 conditions resistance to both
SBWMV and SBCMV, while the durum wheat
Qsbm.ubo-2BS QTL conditions resistance to SBCMV; both
map to a region of the genome syntenic with the short arm
of chromosome 2H (Bayles et al. 2007, Maccaferri et al.
2011), as does the minor QTL QSbm.ubo-2AS (Maccaferri
et al. 2012). Meanwhile, other minor wheat QTL exerting
an effect on SBCMV resistance have been mapped to chro‐
mosome arms 2AL, 3AL, 3BL, 5AL and 6BS, sites which
are syntenic with the putative SBWMV resistance QTL
mapped here to regions of chromosome arms 2HL, 3HL,
5HL and 6HS, respectively. On the basis of matching chro‐
mosome locations and the similarity of SBCMV and
SBWMV, it is plausible to propose that these wheat and
barley genes are orthologous. The development of an effec‐
tive marker-assisted selection protocol and, particularly, the
elucidation of the nature of the resistance gene will require

the level of resolution of the QTL’s map location to be sub‐
stantially improved. The latter will be facilitated by the
wealth of genomic resources developed in Haruna Nijo
(Matsumoto et al. 2011, Sato et al. 2016).
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