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RESEARCH

Barley and cereal yellow dwarf viruses are ubiquitous and 
economically important viral pathogens of wheat, barley and 

oat around the world (Lister and Ranieri, 1995; Miller and Ras-
ochova, 1997). Diseases caused by these viruses were first reported 
in California in 1951 following observations of yellow leaves 
and dwarfing of barley, wheat and oat (Oswald and Houston, 
1951). Oswald and Houston named the new disease as “Yellow 
Dwarf” and identified the causal agent to be a virus transmit-
ted by the prevalent aphid species present in California (Oswald 
and Houston, 1952). At least 25 aphid species have been reported 
as vectors of BYDV, with 10 species being the most common 
(Halbert and Voegtlin, 1995). Yellow Dwarf (YD) is caused by 
several distinct viruses (Rochow, 1969) found in two different 
genera of the family Luteoviridae. Barley yellow dwarf virus- PAV 
(BYDV-PAV) and Barley yellow dwarf virus- MAV (BYDV-MAV) 
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ABSTRACT
Cereal yellow dwarf virus (CYDV-RPV) causes a 
serious viral disease affecting small grain crops 
around the world. In the United States, it fre-
quently is present in California where it causes 
significant yield losses, and when infections 
start early in development, plant death. CYDV is 
transmitted by aphids, and it has been a major 
impediment to developing malting barley in Cali-
fornia. To identify chromosome locations asso-
ciated with tolerance/resistance to CYDV, a seg-
regating population of 184 recombinant inbred 
lines (RIL) from a cross of the California-adapted 
malting barley line Butta 12 with the CYDV-
tolerant Madre Selva was used to construct a 
genetic map including 180 polymorphic markers 
mapping to 170 unique loci. Tolerance to CYDV 
was evaluated in replicated experiments where 
plants were challenged by aphid mediated inoc-
ulation with the isolate CYDV-RPV in a controlled 
environment. Quantitative trait loci (QTL) analy-
sis revealed the presence of two major QTL for 
CYDV tolerance from Madre Selva on chromo-
somes 2H (Qcyd.MaBu-1) and 7H (Qcyd.MaBu-
2), and 4 minor QTL from Butta 12 on chromo-
somes 3H, 4H, and 2H. This paper discusses the 
contribution of each QTL and its potential value 
to improve barley tolerance to CYDV.
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belong to the genus Luteovirus; and Cereal yellow dwarf 
virus-RPV (CYDV-RPV), belongs to the genus Poleovirus. 
The optimum aphid vector for CYDV-RPV is Rhopalo-
siphum padi L. (Hemiptera: Aphididae), commonly known 
as bird cherry oat aphid (Rochow, 1961). The bird cherry 
oat aphid is also a frequent vector of BYDV (Halbert and 
Voegtlin, 1995). Suction traps at the University of Cali-
fornia Davis field station (UCD, henceforth) revealed 
twelve different cereal aphid species, with the bird cherry 
oat aphid accounting for 43% of the captures (Pike et al., 
1989). Griesbach et al. (1990) indicated that BYDV-PAV 
was the most common serotype in the Sacramento Valley 
of California, followed by CYDV-RPV.

Yellow Dwarf of barley results in several symptoms, 
including stunting of the plants due to reduced internode 
elongation, discoloration (yellowing), reduction in the 
numbers of tillers and kernels per spike, reduced kernel 
weight and root growth, delayed or reduced heading, and 
sterility (D’Arcy, 1995), resulting in significant reductions 
in grain yield and in severe cases, plant death. Some con-
trol of virus infection can be accomplished indirectly by 
controlling aphid populations with pesticides or altered 
planting dates, but plant resistance or tolerance is the most 
economically and environmentally sound approach for 
reducing economic losses caused by these viruses.

Whereas tolerance to BYDV-PAV has been well stud-
ied (Riedel et al., 2011) little is known about tolerance 
to CYDV. Sources of tolerance have been identified but 
no information on their inheritance is available (Capettini 
et al., 2002). At UCD vulnerability to CYDV has been 
a major impediment to the development of two-rowed 
malting barley varieties in California, since most of these 
varieties are susceptible to CYDV. The six-rowed feed 
barley program has a longer history of breeding at UCD 
and a lower incidence of CYDV.

The International Center for Agricultural Research 
in the Dry Areas (ICARDA), and the International Maize 
and Wheat Improvement Center (CIMMYT) barley 
breeding programs identified elite germplasm resistant to 
BYDV-PAV and MAV serotypes, and to CYDV-RPV-
MEX (now RPS-MEX1 AF235168) (Capettini et al., 
2002). The two-rowed tolerant cultivar “Madre Selva” 
selected at CIMMYT was added to the UCD crossing 
block and was used to generate segregating populations 
for breeding and mapping purposes.

The objective of this study was to map QTL for tol-
erance/resistance to CYDV-RPV in the recombinant 
inbred lines (RIL) derived from the cross Madre Selva x 
Butta 12 and to evaluate the potential values of these QTL 
to improve tolerance/resistance to CYDV-RPV.

MATERIALS AND METHODS
Plant Material
A mapping population was created by crossing Butta 12 to 
Madre Selva. Both parental genotypes are two-rowed spring 
barley (Hordeum vulgare L.). Butta 12 is an UCD malting line 
originated from the cross of BU27 (an Oregon State University 
line) by a UCD selection from the F2 population of Triumph/
Tyra//Arupo ‘S’*2/Abyssinian, provided by ICARDA/
CIMMYT, Mexico. Madre Selva was selected from a list of 
lines reported as resistant to CYDV-RPV-MEX (Capettini et 
al., 2002) and originated from the cross Roland-BAR/EH11//
Esc.11.72.83.3E.7E.5E.1E/3/Arupo*3/Abyssinian-BAR/4/
Aleli. An Ethiopian landrace is probably the source of resistance 
in Madre Selva. Starting in the F2 generation, the population 
was derived by single seed descent (SSD) to near-homozygosis 
(F5) resulting in 184 recombinant-inbreed lines (RIL).

Linkage Map Construction
To construct a linkage map and perform a QTL analysis of toler-
ance to CYDV, the 184 RIL were genotyped using an Illumina 
VeraCode custom assay with 384 single nucleotide polymor-
phisms (SNP)from the Illumina GoldenGate BOPA1 and BOPA2 
assays (Close et al., 2009) selected for distribution throughout the 
barley genome. To increase marker density in the QTL regions, 
polymorphic SNP were identified by genotyping the parents 
of the population with the Illumina 9K barley iSelect assay 
(Comadran et al., 2012). The population was then genotyped 
using KASP assays (LGC Genomics, Middlesex, UK) developed 
from source sequences of the selected SNP. After merging com-
pletely linked markers, 170 unique loci were assigned to seven 
linkage groups based on previous consensus maps (Close et al., 
2009; Muñoz-Amatriain et al., 2011). Utilizing the Onemap 
package in the statistical software R (Margarido et al., 2007), a 
genetic map was constructed with genetic distances calculated 
with the Kosambi function. Markers were initially grouped 
using a logarithm of odds (LOD) score of 3, but groups known 
to map to the same chromosome were then linked at lower LOD 
scores (these regions are indicated as gaps in the map).

Virus Inoculation and Disease Assessment
The Cereal yellow dwarf virus-RPV (CYDV-RPV) and Rhopalo-
siphum padi L. aphids were collected from symptomatic Avena 
fatua L. plants at UCD. Reverse transcription polymerase chain 
reaction (RT-PCR), using oligonucleotide primers S2a-F 
5¢-TCACCTTCGGGCCGTCTCTATCAG-3¢ and Yan-R 
5¢-TGTTGAGGAGTCTACCTATTTG-3¢ (Robertson and 
French, 2007), and nucleotide sequence analysis were used to 
confirm that source plants contained only CYDV-RPV. The 
virus was maintained using Avena sativa L. “California Red” 
plants in a greenhouse at ambient light and with temperature 
maintained between 20°C– 25°C. The aphid vector, R. padi, 
used for inoculation was also maintained on A. sativa L. “Cali-
fornia Red” plants in a growth room at 16 h light and 22°C.

CYDV-RPV inoculations of seedlings from the RIL pop-
ulation were done using viruliferous aphids (R. padi). Aphids 
were allowed a 48 h access acquisition period on infected tissue 
and a 96 h inoculation access period (IAP) to the experimental 
seedlings. Seven to 10 d old RIL seedlings were separately caged 
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RESULTS AND DISCUSSION
Linkage Map
The linkage map consists of 180 markers mapping to 170 
unique loci and spans a distance of 1268.8 cM, with an 
average marker spacing of 7.5 cM (Fig. 2). Locus order and 
distance are in agreement with previously published maps 
(Close et al., 2009; Muñoz-Amatriain et al., 2011). The 
marker spacing on each chromosome correlates highly 
with the 2011 consensus map (Muñoz-Amatriain et al., 
2011), with R2 values ranging from 0.83 on chromosome 
2H to 0.97 on chromosome 3H and 7H.

There are three gaps in the map that separate groups 
of markers previously known to be part of the same chro-
mosome at LOD threshold of three (chromosomes 2HL, 
3HS, and 4HL, Fig. 2). The gaps on chromosomes 3HS 
and 4HL span large regions with many of the markers 
from the 9K iSelect SNP assay being non-polymorphic 
between the parents, Butta 12 and Madre Selva. The two 
gaps include 61 and 43 non-polymorphic markers respec-
tively, which represent a distance of 41.4 and 35.9 cM 
according to the consensus map. The probability of find-
ing no polymorphism in such a large number of adjacent 
markers by chance is 8e-14 and 5.9e-10 respectively, sug-
gesting that these two gaps are due to identity by descent 
between the parents. The gap on chromosome 2HL spans 
a region including several markers from the 9K iSelect 
SNP assay that are polymorphic between Butta 12 and 
Madre Selva (Muñoz-Amatriain et al., 2011) indicating 
that the gap in this chromosome segment is not identi-
cal by descent. Our limited attempts to develop KASP 
assays for SNP in this region failed, and since no QTL was 
detected with the markers flanking this region, we focused 
our marker development efforts in the QTL regions.

QTL Analysis
In both replications there was a wide range of disease phe-
notypes among the RIL, some with very severe symptoms 
and others with a robust tolerance that showed little to 
no symptoms. The distribution of CYDV disease scores 
did not deviate from normality according to the Shap-
iro-Wilks test, suggesting that multiple loci with additive 
effects contribute to this trait. Results of QTL analysis, 
using a multiple interval mapping approach indicated that 
tolerance to CYDV was determined by multiple loci. In 
addition, the analyses showed that both parents contrib-
ute alleles for increased tolerance (Fig. 3, Table 1), which 
explains the transgressive segregation observed in lines 
carrying alleles from both parents.

The QTL with the largest effect on CYDV tolerance, 
designated Qcyd.MaBu-1, was mapped on chromosome 
2HS and showed a peak at marker 12_30872. This region 
will be designated 2Ha hereafter, to differentiate it from 
two other minor QTL mapped on the same chromosome 
(described below). This resistant allele was contributed by 

with approximately 50 aphids per plant for the duration of the 
IAP. The plants were then sprayed with Safari (Valent U.S.A. 
Corp.) to kill the aphids, and moved to a greenhouse under 
ambient light at 20°C–25°C. After symptoms developed (3–4 
wk post inoculation) selected plants were then tested again by 
RT-PCR with both S2a-F and Yan-R for CYDV-RPV (Rob-
ertson and French, 2007) coupled with primers CYDV-forward 
5’-TCTTACACATAAACCCAACAN-3’ and CYDV-reverse 
5’-CATTCTGGAATGCCGGATCAN-3’ for CYDV-RPS 
(Pallett et al., 2010) paired with additional sequence analysis 
to confirm that inoculated plants contained only CYDV-RPV.

Disease readings were taken 3–4 wk after inoculation, or 
when symptoms developed (Fig. 1), using a 0 to 5 scale (0=no 
symptoms, 5=yellowing over the whole plant). The yellowing 
started on the tip of the leaves and spread to the base. Experi-
ments were repeated in two seasons; the first experiment was in 
July 2012 (Year 1) and the second in April 2013 (Year 2).

QTL Analyses
QTL for tolerance to CYDV were detected using a multiple 
interval mapping approach in the program MultiQTL (www.
multiqtl.com). This method allows for increased precision and 
power by using multiple marker intervals as covariates in the 
model to account for more of the phenotypic variability (Kao et 
al., 1999). The analysis was performed separately on the average 
disease score measurements for the two experiments.

Markers at the peaks of each of the QTL were used as fac-
tors in a factorial ANOVA (SAS Institute, 2011). The model 
included the main effects of the QTL and their first order 
interactions. A Levene test for homogeneity of variance and 
a Shapiro-Wilks test for normality were performed to test the 
assumptions of the ANOVA.

Figure 1. Variation in resistance to CYDV. RIL from the Butta 
12/Madre Selva population, 3 wk post-inoculation with CYDV-
RPV-viruliferous aphids. Left: tolerant (disease score = 1). Right: 
susceptible (disease score = 3).
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Figure 2. Linkage map and QTL for CYDV resistance. SNP map of Butta 12/Madre Selva RIL. The QTL labeled with solid black are con-
tributed by Madre Selva. The ovals in the ideograms represent the approximate centromere location. Markers grouped at LOD scores <3 
but known to be located in the same arm are separated by a gap flanked by two diagonal lines.
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Madre Selva and explains 20% of the pheno-
typic variation in the full ANOVA model. 
The second major QTL, designated Qcyd.
MaBu-2, was mapped on chromosome 7HL, 
with a peak at marker 11_20247. The resis-
tant allele also derives from Madre Selva and 
explains 9.6% of the variation.

The resistant alleles for additional smaller 
QTL mapped on chromosomes 3H, 4H, and 
two regions of 2H (2Hb and 2Hc) (Fig. 3, Table 
1) were contributed by Butta 12. The QTL on 
chromosome 3HL, peak marker 12_30927, 
explained 5.9% of the variation and was highly 
significant in both years. The QTL on chro-
mosome 4H, peak marker 11_11114, was also 
significant (P £ 0.05) during the two seasons 
and explained 6.7% of the variation. The 
minor QTL on chromosome 2H, labeled as 
2Hb and 2Hc, were less consistent, being sig-
nificant in one experiment and barely or non-
significant in the other. These two loci explain 
3 and 3.5% of the variation, respectively. The 
analysis of variance (ANOVA) including the 
markers at the peaks of the six QTL showed 
no significant interactions between all possible 
pairs of these six QTL. Based on these results 
we concluded that the combined effects of 
these QTL are mainly additive.

Figure 4 shows the relative tolerance to 
CYDV in the lines carrying only the QTL on 
2H (Qcyd.MaBu-1), 7H (Qcyd.MaBu-2), 3H, 
and 4H; as well as the effect of the combina-
tions of Qcyd.MaBu-1 and Qcyd.MaBu-2, and 
all four QTL loci. Comparison of least-square 
means for single QTL indicate a reduction in 
disease scores of 33% on 2H (Qcyd.MaBu-1); 
and of 26% on 7H (Qcyd.MaBu-2). The com-
bination of these two major QTL reduces 
disease score further by 48%. Finally, the 
combination of the four QTL reduces disease 
score 69% relative to the wild-type suscep-
tible plants but only 30% relative to the lines 
with the two major QTL.

The QTL for CYDV tolerance discov-
ered in this study are distinct from the named 
genes for resistance to BYDV described 
before. Several genes have been reported as 
contributing tolerance/resistance to BYDV: 
ryd1, a recessive gene identified in the spring 
barley cultivar ‘Rojo’ (Suneson, 1955); Ryd2 
and Ryd3, identified in Ethiopian landra-
ces (Schaller et al., 1964; Niks et al., 2004). 
Ryd2 is the most widely used gene for BYDV 
tolerance in commercial breeding of barley 
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(Burnett et al., 1995; Ovesna et al., 2002; Šíp et al., 2004). 
It has been located on chromosome 3HL (Collins et al., 
1996) and it is associated with reduction in virus concen-
tration for BYDV-PAV and MAV, but not for CYDV-
RPV (Baltenberger et al., 1987; Banks et al., 1992; Ranieri 
et al., 1993; Capettini et al., 2002). While there are no 

common markers between these studies and our study, our 
3HL QTL is approximately 60 cM from the centromere 
and therefore is unlikely to be identical to Ryd2, which is 
located 0.5 cM from the centromere (Collins et al., 1996). 
Ryd3 has been located on chromosome 6H (Niks et al., 
2004). Riedel et al. (2011) reported that pyramiding these 
two genes in doubled haploid lines resulted in a significant 
reduction of virus titer, or quantitative resistance to BYDV-
PAV.  Ryd4 Hb, on chromosome 3HL, has been reported 
as contributing complete resistance to BYDV. Ryd4 Hb has 
been transferred to common barley from the wild relative 
Hordeum bulbosum L. ( Johnston et al., 2009; Scholz et al., 
2009; von Bothmer et al., 1995) but has not been used in 
barley breeding programs due to linkage drag.

In addition to the four named BYDV resistance 
genes there are several reports for BYDV resistance QTL 
(Toojinda et al., 2000; Scheurer et al., 2001; Kraakman et 
al., 2006). A doubled haploid population from the cross 
Shyri x Galena was used to map QTL for BYDV-PAV and 
BYDV-MAV tolerance on chromosomes 7H, 4H, and 1H 
(Toojinda et al., 2000). Similarly, Scheurer et al. (2001), 
working with a cross between the BYDV tolerant culti-
var Post to Vixen (Ryd2) and Post to Nixe, found a QTL 
for BYDV resistance at the telomeric region of chromo-
some 2HL and another one in the Ryd2 region. Addi-
tional QTL were found on chromosomes 7H and 4H that 
together explained about 40% of the phenotypic variation. 
Unfortunately, the absence of common markers between 
the different BYDV mapping studies and our CYDV SNP 
map limits the ability to compare the QTL regions located 
in the same chromosomes.

CONCLUSIONS
To our knowledge, there are no reported QTL for toler-
ance to CYDV. Therefore, the identification of the chro-
mosomal locations of two major loci for CYDV tolerance, 
Qcyd.MaBu-1 and Qcyd.MaBu-2, as well as other minor 
QTL derived from Butta 12 provide the first molecular 
tools to pyramid QTL for CYDV tolerance in barley. The 

Figure 4. Effect of individual QTL. A) Mean disease severity in plants 
carrying no QTL (Susc.), single QTL (2Ha=Qcyd.MaBu-1, 7H=Qcyd.
MaBu-2, 3H and 4H) individually, and combinations of the two or 
four major QTL. Bars indicate Standard Errors of the means and “n” 
indicates the number of lines in the segregating population carrying 
that particular allele combination. Madre Selva and Butta 12 (paren-
tal lines) average disease score marked with dash lines. B) Percent 
of variation explained by each QTL from a factorial ANOVA including 
the four major QTL (PROC VARCOMP, SAS 9.3)

Table 1. Factorial ANOVA- including the markers at the peaks of the 6 QTL identified in this study. All interactions were nonsig-
nificant and are not included in the table.

QTL Peak Marker PEV†

Year 1 Year 2 Average

LOD ScoreP P P

Major QTL

Q2Ha 12_30872 20.0  < 0.0001  < 0.0001  < 0.0001 11.07

Q7H 11_20247 9.6 0.0008 0.0001  < 0.0001 5.43

Q3H 12_30927 5.9 0.0063 0.0022 0.0006 4.19

Q4H 11_11114 6.7 0.0037 0.0027 0.0009 3.34

Minor QTL

Q2Hb 12_30259 3.0 0.0422 0.1775 0.054 2.54

Q2Hc 12_31506 3.5 0.0125 0.0606 0.01 3.12

R2 Major 0.30 0.33 0.37

R2 All 0.35 0.37 0.42
† PEV = percent of explained variation.
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pyramiding of the two major QTL seems sufficient to 
reduce the disease severity by 48%, a substantial reduction 
that will translate to improved grain yield and malting-
quality barley production. We have initiated the construc-
tion of high-density genetic maps of the main QTL for 
CYDV tolerance (Qcyd.MaBu-1 and Qcyd.MaBu-2) with 
the long term objective of cloning these genes. A better 
understanding of the genes involved in the resistance to 
CYDV may help breeders develop new strategies to con-
trol these economically damaging viruses. In the future, 
it will be interesting to test if the QTL for tolerance to 
CYDV identified in this study, are also able to confer tol-
erance to some BYDV serotypes.
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