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Abstract

Background: With increasing winter temperatures, Barley yellow dwarf virus (BYDV) is expected to become an
increasing problem in maize cultivation in Germany. Earlier studies revealed that BYDV has a negative impact on maize
performance. Molecular markers would accelerate the development of BYDV resistant maize. Therefore, the objectives
of this study were (i) the identification of quantitative trait loci (QTL) for BYDV resistance in five connected segregating
maize populations in a field experiment and (ii) their comparison with the QTL detected under greenhouse conditions.

Results: In linkage analyses of the traits virus extinction, infection rate, and the symptom red edges, a highly
associated major QTL was identified on chromosome 10. This QTL explained 45% of the phenotypic variance for the
traits virus extinction and infection rate and 30% for the symptom red edges.

Conclusion: We could show that BYDV resistance traits are oligogenically inherited. The QTL on chromosome 10
could be observed in the connected linkage analyses and in the single population analyses. Furthermore, this QTL
could also be confirmed in the greenhouse experiment. Our results let suggest that this QTL is involved in multiple
virus resistance and the markers are promising for marker assisted selection.
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Background
Barley yellow dwarf (BYD) is one of the economically
most important virus diseases in small grain cereals. Zea
mays L. plays an important role as a summer host for
the aphid-transmitted Barley yellow dwarf virus (BYDV)
[1]. With increasing winter temperatures due to climate
change, aphids overwinter anholocyclic. This leads to an
earlier development of aphid populations with a higher
number of aphids in spring. Consequently, the infestation
pressure on maize by viruliferious aphids is increased [1].
Furthermore, aphids infect plants in early developmen-
tal stages [2], in which maize reacts with strong growth
reduction on BYDV infection because of an incomplete
organ development [1].
In earlier studies, a reduction of plant height, ear height,

fresh yield, and grain yield as well as an earlier flower-
ing was observed in BYDV inoculated maize compared
to non-inoculated maize plants [3-5]. The control of the
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virus directly is not possible. The aphids could be con-
trolled by application of an insecticide. However, in Ger-
many the application of insecticides against aphids in
maize is not allowed. Thus, genetic resistance is the only
alternative. Furthermore, with resistant maize cultivars,
the BYDV transmission cycle can be broken and with this,
the situation in cereals could be improved as well.
Characteristic symptoms of BYDV infected maize are

red bands at the edge of the leaves. These symptoms
correlate positively with the virus extinction measured
by double-antibody sandwich enzyme-linked immunosor-
bent assay (DAS-ELISA) and is a fair indicator for suscep-
tibility [6]. Nevertheless, tolerant genotypes which do not
show any symptoms but high virus extinction exist [6-8].
To identify resistant genotypes, it is therefore necessary
to measure the virus extinction by DAS-ELISA. The eval-
uation of maize genotypes for their BYDV resistance by
aphid inoculation and DAS-ELISA analyses, however, is
very labor and cost intensive and therefore its integration
in practical breeding programs is not reasonable. There-
fore, the identification of genome regions which are linked
to BYDV resistance and the application of this knowl-
edge in marker assisted selection (MAS) programs of
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maize would allow a faster progress in breeding of BYDV
resistant maize.
In previous studies, resistance loci have been identi-

fied for various viruses in maize. On chromosome 10,
three minor quantitative trait loci (QTL) were identified
for Sugarcane mosaic virus (SCMV) resistances [9,10].
Zambrano et al., 2014 [11] identified a resistance locus on
chromosome 1 for Maize mosaic virus (MMV) and two
resistance loci on chromosome 10 forWheat strike mosaic
virus (WSMV) and Maize dwarf mosaic virus (MDMV).
For WSMV, also McMullen and Simcox, 1995 [12] as well
as Jones et al., 2011 [13] identified a resistance locus on
chromosome 10. On chromosome 10, further resistance
loci were found for Maize chlorotic dwarf virus (MCDV)
[14]. But, to the best of our knowledge, no results from
QTL mapping of BYDV resistance in maize are available.
However, in a genome wide association study (GWAS)
Horn et al., 2014 [15] identified single nucleotide poly-
morphisms (SNPs) on chromosome 4 and 10 in a diverse
germplasm set, representing the world-wide maize diver-
sity [16], which explained a high proportion of phenotypic
variation for traits related to BYDV resistance.
The disadvantage of GWAS is that genes contributing

to phenotypic variation which show a low allele frequency
can remain undetected. Due to a balanced allele frequency
in segregating populations, classical linkage mapping has
the advantage of higher QTL detection power compared
to GWAS [17]. In the GWAS of Horn et al., 2014 [15],
population structure was taken into account to avoid the
detection of spurious associations [16]. However, with this
correction it is possible that QTL effects are absorbed
in population effects and stay undetected in a GWAS
[18]. Therefore, in this study we used linkage mapping
to be able to detect additional QTL for BYDV resistance

and furthermore, if possible, validate the genome regions
identified previously by GWAS.
In this study, five connected segregating populations

were used to map QTL for BYDV resistance. In connected
QTL mapping populations, the probability to find alleles
of interest is higher because more than two alleles can
be considered in multiple genetic backgrounds in con-
trast to a single biparental population [19] and therefore
this approach increases the probability that a QTL will be
polymorphic in at least one population [20]. The objec-
tives of this study were (i) the identification of QTL for
BYDV resistance in five connected segregatingmaize pop-
ulations in a field experiment and (ii) their comparison
with the QTL detected under greenhouse conditions.

Material andmethods
Phenotypic evaluation of five connected segregating
populations
Five connected segregating maize populations with a total
of 443 entries [A: n=85 (F2:3), B: n=83 (F3:4), C: n=77 (F4:5),
D: n=92 (F4:5), E: n=106 (F4:5)] derived from biparental
crosses of five inbred lines were examined in our study
(Table 1).
The field experiments with these populations were car-

ried out at Borken andWadersloh (both Germany) in 2011
and 2012. Each population was planted separately in a sin-
gle trial and the experimental design of each trial was an
α lattice design, where the five parental inbreds served as
repeated checks.
Twoweeks after sowing, the plants were inoculated with

BYDV. For the transmission of the virus, aphids of the
genus Rhopalosiphum padi were raised for three weeks at
20°C on plants of the Triticum aestivum cultivar “Tuareg”
which were infected with the virus BYDV-PAV. For the

Table 1 Populationmeans and adjustedmeans of the parental inbreds for the traits red edges (RE), virus extinction (EX),
and infection rate (IR) from the field experiment, and for the traits EX and IR from the greenhouse experiment

Field Greenhouse

Entry type RE EX IR [%] EX IR [%]

Segregating populations

Population A (P092 x FAP1360A) 1.42 0.66 54.57 0.68 54.04

Population B (P092 x Ky226) 1.50 0.49 41.21 0.87 80.46

Population C (Ky226 x FAP1360A) 1.17 0.21 13.57 0.50 37.70

Population D (D408 x W64A) 3.69 0.76 66.38 0.60 53.45

Population E (D408 x P092) 1.37 0.66 55.50 0.61 53.44

Parental inbreds

Ky226 (resistant) 1.45 0.30 19.88 0.39 27.88

W64A (susceptible) 7.15 0.83 80.66 0.77 82.72

FAP1360A (resistant) 0.92 0.26 18.28 0.76 67.32

P092 (tolerant) 0.89 1.02 80.79 1.15 85.40

D408 (tolerant) 1.92 0.76 60.44 0.46 35.62
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inoculation, a piece of wheat leaves with viruliferious
aphids was placed in the leaf axil of each maize plant.
Afterwards, the plants were covered with fleece Clima-
tex (17g/qm) to prevent escape of the aphids. One week
after inoculation, the fleece was removed and the insecti-
cide “Biscaya” (Bayer, 300 ml in 200 to 400 l water/ha) was
applied in the field.
Six weeks after inoculation, the BYDV symptom red

edges (RE) was scored on a scale from 1 to 9 (1 = no
symptoms, 9 = highest symptom expression) in the field
experiments. We collected leaf material from the sixth
leaf of each plant per row and measured virus extinction
(EX) by DAS-ELISA as described by Horn et al., 2013 [6].
The infection rate (IR) was calculated as the percentage of
plants of one plot with EX ≥ 0.5 [15].
In order to evaluate the five segregating populations

under artificial conditions, controlling for light, tempera-
ture, humidity, soil nutrients, and water application, they
were grown in a greenhouse experiment with two repli-
cates, each with 10 plants per genotype. Each population
was planted separately in a single trial and the exper-
imental design of each trial was an α lattice design,
where the five parental inbreds served as repeated checks.
Experimental conditions (light, temperature, soil) were as
described by Horn et al., 2014 [15] and in contrast to
field experiment the insecticide “Lizetan Plus” (Bayer) was
applied one week after inoculation. The evaluation of EX
and IR in the greenhouse was assessed in the same way as
described above for the field experiment.

Statistical analyses
Phenotypic evaluation of five connected segregating
populations
We used the mixed model (1) to analyse the data collected
for the checks in the field experiments. As no obvious year
effect was observed, we considered each year-location
combination as one environment:

Yijk = μ + Ri + Tj + Ck + eijk , (1)

where Yijk was the phenotypic observation for the kth
check in the jth trial in the ith environment, and μ the
general mean. In the analysis of the field experiment Ri
was the effect of the ith environment, Tj the effect of the
jth trial, Ck the effect of the kth check, and eijk the resid-
ual error. All effects, except eijk were regarded as fixed.
The trial effect Tj was subtracted from the raw data of all
entries of the corresponding trial to correct for the dif-
ferences among the different trials. The adjusted data of
all entries from the field experiment were then analyzed
according to the following linear mixed model:

Yijlmn = μ + Ri + Dl(TG)jm + (RB)in + eijlmn, (2)

where Yijlmn was the phenotypic observation for the mth
entry in the ith environment in the nth incomplete block

of the jth trial corrected for Tj. Gm was the effect of the
mth entry, Bn the effect of the nth block, and eijlmn the
residual error. (D1−5)l was a indicator variable with Dl =
04 for checks and Dl = 1 − 5 for the entry of the 1st - 5th
trial which enabled the calculation of specific genotypic
σ 2
gj and error σ 2

ej variances for the entries of the jth trial. Ri
was regarded as fixed, whereas the Dl(TG)jm interactions
and the (RB)in interaction were regarded as random.
Formula (1) and (2) were also used for the analysis of the

greenhouse experiment where Ri was the effect of the ith
replicate.
Broad-sense heritability H2

j was calculated for each jth
trial based on the formula

H2
j = σ 2

gj

σ 2
gj +

σ 2
ej

n

, (3)

where n was the number of environments.
Broad-sense heritability on a plot basis H∗2

j was calcu-
lated based on the formula

H∗2
j = σ 2

gj

σ 2
gj + σ 2

ej
, (4)

For each entry, an adjusted entry mean was calculated
as:

Mm = μ̂ + Ĝm, (5)

where μ̂ was the estimate for the intercept and Ĝm the
estimate of the genetic effect of the mth entry calculated
based on formula (2).
All mixed model analyses were performed with the

software ASReml [21]. For each segregating population,
the correlation coefficients among all pairs of traits were
calculated. If not stated differently, all analyses were per-
formed with the statistical software R [22].

Genotyping and consensusmap construction
Plant material was collected from the leaves of each geno-
type and deoxyribonucleic acid (DNA) was isolated using
BioSprint 96. The five parental inbreds were genotyped
by the TraitGenetics GmbH (Gatersleben, Germany) with
theMaizeSNP50 array [23]. Out of this set of 56.110 SNPs,
we selected 163 SNPs which were equally distributed
across the genome. Furthermore, we selected markers
which were homozygote in the parental inbreds and were
polymorphic in the highest number of segregating popu-
lations. These selected SNPs were genotyped for all five
segregating populations with KASP marker technology by
TraitGenetics GmbH.
A chi-square test was performed to test whether the

SNPs deviate from the expected 1:1 ratio and SNPs which
significantly (α = 0.001) deviated from this ratio were
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excluded from further analyses [24]. For an improve-
ment of the consensus map construction, further marker
information of six connected segregating populations
(Frey F, Stich B. Identfication of genome regions con-
tributing to variation of heat tolerance in temperate maize
by QTL mapping with multiple connected populations:
Unpublished.), genotyped with the same marker set, were
included. According to the position on the physical map,
SNPs were assigned to their chromosomes and for each
chromosome a consensus map was created using the soft-
ware CarthaGène [25].

Linkagemapping
The linkage analyses with the software MCQTL [26] was
based on the consensus map and the adjusted entry mean
of each genotype. At first, we performed a single pop-
ulation analysis for each segregating population [19,20].
In the model we included additive and dominance effects
because there are still heterozygous genotypes in our
F2:3, F3:4, and F4:5 populations. To consider relationships
between the populations due to shared parental inbreds,
we furthermore performed a connected analysis [19,20]
including also additive and dominance effects. For QTL
detection, 0.01 quantile F thresholds were determined for
each trait by 1,000 permutations. F thresholds for the
cofactor selection were fixed at 90% of the F threshold
values for QTL detection as proposed by the MCQTL
software. The QTL detection was performed using an
iterative composite interval mapping approach (iQTLm)
[27]. SNP markers associated with the respective trait
were selected as cofactors by forward regression consid-
ering a minimal distance of 10 cM between two selected
cofactors [19].
To test, if the dominance effects of the populations

were significantly different from 0, we calculated signifi-
cance (α = 0, 05) a posteriori from a normal distribution
using a two-sided test (personal communication, B. Man-
gin, August, 2014). The difference of the additive effects
among pairs of alleles was tested a posteriori using a
multicomparison t-test (Tukey) with α = 0, 05.
All genes between the physical position of the flanking

markers from significant (α = 0.01) QTL were extracted
from the filtered gene set of the maize genome sequence
ZmB73_5b_FGS.
Using MCQTL, we performed tests among all pairs of

marker loci to detect epistatic interactions with a model
including additive, dominance, and epistatic effects and
all identified QTL [28]. To make the allelic QTL (or
cofactors) main effects estimable, we used the same con-
straints as in the QTL analysis for the single populations
as well as for the connected analysis. For the detec-
tion of epistatic effects, 0.01 quantile F thresholds were
determined by 1,000 permutation tests using the option
“genowideforepistasy”.

Results
In the field experiments, the parental inbred P092 showed
no symptoms (RE) but the highest value for EX and
IR (Table 1). The strongest symptoms, however, were
observed in the parental inbredW64A, which showed the
second highest EX values. The lowest values for EX were
observed for the parental inbreds Ky226 and FAP1360A.
Population D showed the highest adjusted means for the
trait RE and also the highest EX and IR compared to the
other segregating populations. Population C showed the
lowest values for RE, EX, and IR.
The assessments made in the greenhouse and the field
experiments correlated significantly (α = 0.01) positive
with ρ = 0.43 for EX and ρ = 0.44 for IR (Figure 1). For
the single populations, the correlations varied for EX with
ρ between 0.38 and 0.61 and for IR between 0.41 and 0.61.
The lowest correlation was observed for population C for
both traits.
Mean EX and IR values of the populations B and C

were double as high in the greenhouse as in the field
experiment (Table 1). The mean value of EX and IR were
three times higher for the parental inbred FAP1360A in
the greenhouse compared to the field experiment. On the
other hand, the adjusted entry mean of both traits for
the parental inbred D408 were double as high in the field
experiment compared to the greenhouse experiment.
In the field experiment, we observed H2

j from 0.69
to 0.92 for the trait RE in the different segregating
populations (Table 2). EX and IR showed high H2

j in
all segregating populations (0.69-0.88). In the green-
house experiment, the H2

j for EX (0.50-0.74) and IR
(0.50-0.64) across the two replications was lower than
the values observed in the field experiment for EX
and IR.
In the connected linkage analysis of the traits assessed

in the field experiment, we identified a QTL with signifi-
cant additive effects on the bottom of chromosome 10 at
the position of 46.90 cM for the traits EX, IR, and RE. This
QTL with significant additive effects explains a high pro-
portion of the phenotypic variance for the traits EX (45%),
IR (46%), and RE (30%) (Table 3). In the single popula-
tion analyses, the genome positions on chromosome 10,
which showed the maximum LOD score, varied among
the examined populations. However, the confidence inter-
vals (CI) of the QTL with significant additive effects on
chromosome 10 for EX and IR overlapped with the CI of
the connected analysis, except in population C (Table 4
and Table 5). Furthermore, in the single population analy-
sis a QTL with significant additive and dominance effects
was identified on chromosome 3 for EX in population D.
A second QTL with significant additive effects for

RE was identified on chromosome 2, explaining 11% of
the phenotypic variance in the connected analysis. In
the single population linkage analysis, this QTL CI with
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Figure 1 Correlation of (a) the traits virus extinction (EX) and (b) infection rate (IR) between greenhouse and field experiment. Each
genotype is colored depending on the population it belongs to. Parental inbreds are lettered with their names and colored green (resistant), orange
(tolerant) and red (susceptible). The legend shows the correlations of each population.
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Table 2 Broad-sense heritabilities of the single populations for the traits traits red edges (RE), virus extinction (EX), and
infection rate (IR) from the field experiment, and for the traits EX and IR from the greenhouse experiment

Field Greenhouse

Entry type RE EX IR EX IR

Segregating populations

Population A (P092 x FAP1360A) 0.76 0.87 0.85 0.74 0.62

Population B (P092 x Ky226) 0.84 0.86 0.88 0.68 0.63

Population C (Ky226 x FAP1360A) 0.73 0.82 0.85 0.67 0.56

Population D (D408 x W64A) 0.92 0.69 0.59 0.50 0.50

Population E (D408 x P092) 0.69 0.83 0.75 0.68 0.64

significant additive effects was only significant in popula-
tion D.
In the greenhouse experiment, we observed significant

QTL with significant additive effects for EX and IR which
colocalized with the QTL on chromosome 10 identified
in the field experiment in the connected analysis. Fur-
thermore, in the single population analyses the CI of the
QTL with significant additive effects for EX and IR over-
lapped with the CI of the connected analysis, except in
population C. A QTL with significant additive and dom-
inance effects was identified on chromosome 9 for IR in
the connected analysis and in the single population analy-
sis for population B. In the single population analysis, we
identified in population C a QTL with significant addi-
tive effects for IR at 176.10 cM and a QTL with significant
additive effects for EX at 80.70 cM on chromosome 5.
For the latter QTL on chromosome 5 at 80.7 cM, we
observed a significant (α = 0.01) epistatic interaction
with a genome position on chromosome 6 at 60.8 cM for
the trait EX, explaining 21% of the phenotypic variance
(Table 6).

Discussion
Comparison of field and greenhouse experiments for the
assessment of BYDV resistance
The high H2

j values observed for the field and greenhouse
experiments indicated that the traits are under a strong
genotypic control and, thus, an improvement of the geno-
types regarding these traits is possible by breeding. The
H2
j values observed for the traits EX and IR under green-

house conditions were lower than these observed under
field conditions. The reason could be that in the calcula-
tion of H2

j in the field experiments n=4 due to the four
environments whereas in the greenhouse n=2 due to the
two replicates. Therefore, H2

j on a plot basis
(
H∗2
j

)
was

calculated to be able to compare the H∗2
j values directly

[29]. The H∗2
j was more similar between the field and

greenhouse experiments but still slightly higher for EX
in the field (0.36-0.62) compared to

(
H∗2
j

)
for EX in the

greenhouse (0.33-0.58). This finding can be explained by
the higher number of plants per plot in the field (15 plants)
compared to the greenhouse (10 plants). Furthermore, σ 2

gj

Table 3 Chromosomic locations and confidence intervals (CI) of QTL with their flankingmarkers and number of genes
within the CI from the connected analysis for the traits red edges (RE), virus extinction (EX), infection rate (IR) from the
adjustedmeans of the field experiment, and for the traits EX and IR from the adjustedmeans of the greenhouse
experiment

Trait Chr Pos [cM] LOD R2 CI [cM] Flanking Physical Number
markers interval [bp] of genes

Field

EX 10 46.9 76.88 45 45-49 PUT-163a-60352819-2700 SYN15407 127005619 134855671 224

IR 10 46.9 80.26 46 45-51 PUT-163a-60352819-2700 SYN15407 127005619 134855671 224

RE 2 55.1 11.23 11 33-59 SYN29639 PZE-102117636 49294378 158105037 1173

10 52.1 39.76 30 44-52 PUT-163a-60352819-2700 SYN15407 127005619 134855671 224

Simultaneous fit 36

Greenhouse

EX 10 46.9 37.15 29 44-52 PUT-163a-60352819-2700 SYN15407 127005619 134855671 224

IR 9 24.2 9.72 10 17-37 PZA03759.2 PZE-109068137 84335878 112017256 433

10 46.9 38.51 30 44-52 PUT-163a-60352819-2700 SYN15407 127005619 134855671 224

Simultaneous fit 36
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Table 4 Chromosomic location and effects of QTL from the connected analysis for the BYDV resistance traits red edges
(RE), extinction rate (EX), infection rate (IR) from the adjustedmeans of the field experiment, and for the traits EX and IR
from the adjustedmeans of the greenhouse experiment

Estimated additive allele effects Estimated dominance allele effects

Trait Chr Pos [cM] Ky226 W64A FAP1360A P092 D408 Pop A Pop B Pop C Pop D Pop E

Field

EX 10 46.9 -0.09B 0.05A -0.09B 0.18C -0.06B -0.01n.s. -0.03n.s. 0.07n.s. 0.03n.s. -0.04n.s.

IR[%] 10 46.9 -9.27B 7.19A -8.01B 14.65A -4.57B 0.59n.s. -1.12n.s. 5.44n.s. 4.03n.s. -4.16n.s.

RE 2 55.1 0.04B -0.45A -0.01AB 0.18B 0.23B 0.31n.s. 0.06n.s. -0.03n.s. -0.14n.s. 0.05n.s.

10 52.1 -0.20BC 1.05A -0.42B -0.11C -0.33BC 0.12n.s. 0.12n.s. -0.08n.s. 0.10n.s. -0.09n.s.

Greenhouse

EX 10 46.9 -0.07B 0.11A -0.08B 0.10A -0.06B 0.01n.s. -0.02n.s. 0.03n.s. 0.00n.s. 0.00n.s.

IR [%] 9 24.2 -7.42A 2.33ABC -3.74AB 4.58C 4.24BC -27.94∗ 15.58∗ 7.74n.s. 8.44n.s. -6.56n.s.

10 46.9 -6.49B 13.65A -8.08B 8.75A -7.84B 4.04n.s. -3.02n.s. 0.67n.s. -3.71n.s. 0.13n.s.

*, **, ***, significant with significance level 0.05, 0.01 and 0.001, respectively.
ns , not significant.
A , B , C , populations with the same letter are not significantly (α = 0.05) different from each other.

and σ 2
ej were calculated across four environments in the

field compared to two replicates in the greenhouse. This
could be the reason why σ 2

ej becomes smaller in the field
leading to slightly higher H∗2

j in the field experiments.
We observed a significant (α = 0.01) positive correla-

tion between the BYDV resistance measured by EX and IR
in the field and greenhouse experiments (Figure 1). This
shows that our plant material reacts similarly to BYDV
infection in the greenhouse and in the field. Nevertheless,
the correlation was not tight with a correlation coeffi-
cient of 0.43 and 0.44. The difference between field and
greenhouse results can be explained by the differences
in growing conditions such as light, temperature, humid-
ity, soil nutrients, water application and plant density.
The different reaction of the genotypes to BYDV inocu-
lation, resulting from different environmental conditions,
are called genotype-environment interactions. Especially
in population B and C the genotype-environment inter-
action led to higher EX and IR values in the greenhouse
compared to the field experiments (Table 1 and Figure 1).
For EX and IR, the correlation between the field and

greenhouse experiments was the lowest in population C
compared to the other populations because the EX and
IR values showed a much higher EX and IR values in
the greenhouse experiment compared to the field experi-
ments. Furthermore, we observed that one of the parental
inbreds of population C, FAP1360A, which was resistant
in the field experiment, showed high EX and IR values
in the greenhouse experiment. In contrast, the parental
inbred D408 showed lower EX and IR values in the green-
house compared to the field experiment. In earlier studies,
Grüntzig and Fuchs, 2000 [30] described the parental
inbred D408 as resistant, which is in accordance to the

greenhouse results. The reason for this finding could be
that D408 reacts differently to BYDV infection, depending
on the environmental conditions. However, this requires
further research.

Consensus map
The advantage of a consensus map created with a higher
number of populations compared to a linkage map cre-
ated with a single biparental population is the availability
of more genotypic information, which improves the con-
struction of the genetic map. Furthermore, more alleles
can be taken into account simultaneously and therefore,
the probability that at least one population is polymorphic
at a given marker locus is higher. In our study, the consen-
sus map was constructed across all five segregating pop-
ulations examined plus six additional segregating popula-
tions from a companion study of Frey and Stich, unpub-
lished (Frey F, Stich B. Identfication of genome regions
contributing to variation of heat tolerance in temperate
maize by QTL mapping with multiple connected popula-
tions:), which were genotyped with the same marker set.
With this we reached an even higher marker informa-
tion and a better coverage of markers over the genome
for the consensus map than only across five populations
(Figure 2).
The plot of genetic positions vs. the physical positions of

the markers showed a sigmoid curve (Figure 3). The same
pattern was observed by Payseur and Nachman, 2000 [31]
and occurs because the recombination rate is lower at
centromeres. However, we observed that the genetic map
calculation is reasonable because the order of markers on
the genetic map is consistent with the order of the physical
map positions.
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Table 5 Chromosomic locations and effects of QTL from the single population analysis for the traits red edges (RE), virus
extinction (EX), infection rate (IR) from the adjustedmeans of the field experiment, and for the traits EX and IR from the
adjustedmeans of the greenhouse experiment

Trait Chr Pos CI R2 Estimated additive Estimated
allele effects dominance allele
parental inbred (1) effects

Population A (FAP1360A(1) x P092(2))

Field

EX 10 51.9 41-52 47 -0.12∗ 0.02n.s.

IR [%] 10 51.9 41-52 46 -10.01∗ 3.40n.s.

Greenhouse

EX 10 51.9 39-52 31 -0.09∗ -0.06n.s.

IR [%] 10 52.1 39-52 31 -7.01∗ -3.78n.s.

Population B (Ky226(1) x P092(2))

Field

EX 10 51.9 50-52 68 -0.13∗ -0.01n.s.

IR [%] 10 52.1 50-52 71 -12.62∗ -1.18n.s.

Greenhouse

EX 1 123.9 55-149 21 -0.05∗ 0.14∗

10 51.9 46-52 49 -0.10∗ -0.03n.s.

IR [%] 9 24.2 14-37 25 -6.99∗ 14.55∗

10 52.1 44-52 36 -8.53∗ -2.26n.s.

Population C (FAP1360A(1) x Ky226(2))

Greenhouse

EX 5 80.7 54-192 23 -0.18∗ -0.84n.s.

IR [%] 5 176.1 69-193 25 -11.03∗ 11.09n.s.

Population D (W64A(1) x D408(2))

Field

EX 3 117.6 102-147 21 -0.05∗ -0.19∗∗

10 44.8 33-52 30 0.06∗ 0.04n.s.

IR [%] 10 44.8 34-52 30 6.06∗ 4.19n.s.

RE 2 42.2 26-62 21 -0.37∗ -0.10n.s.

10 52.1 39-52 47 0.69∗ 0.12n.s.

Greenhouse

EX 10 46.9 41-52 49 0.08∗ 0.00n.s.

IR [%] 10 51.9 42-52 53 10.68∗ -2.91n.s.

Population E (P092(1) x D408(2))

Field

EX 10 39.8 37-47 48 0.13∗ -0.05n.s.

IR [%] 10 39.8 37-44 53 10.72∗ -5.22n.s.

Greenhouse

EX 10 46.9 39-51 27 0.08∗ 0.00n.s.

IR [%] 10 46.9 41-51 30 7.91∗ 0.28n.s.

*, **, ***, significant with significance level 0.05, 0.01 and 0.001, respectively.
ns , not significant.
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Table 6 Virus extinction of genotypes from population C
from the greenhouse experiment and (the epistatic
additive-additive effects) at the allele combination at the
epistatic interacting genome positions

Genotype atmarker within
QTL on chromosome 5

Allele (Effect) GG (-0.16) GA (-1.15) AA ( 0.16)

Genotype at the epistatically
interactingmarker on
chromosome 6

TT (-0.02) 0.44 ( 0.11) 0.53 0.45 (-0.11)

TC ( 0.24) 0.56 0.53 0.68

CC ( 0.02) 0.38 (-0.11) 0.39 0.71 ( 0.11)

QTL for BYDV resistance
In the connected analysis of the traits EX and IR, we
observed a huge peak at the end of chromosome 10 in
the plot of the LOD scores (Figure 4, Additional file 1:
Figure S1 and Figure S3) in both, the field and green-

house experiments. This QTL with significant additive
effects whose CI comprised the genome region between
the markers PUT-163a-60352819-2700 and SYN15407,
explained in the connected analysis about 45% of the phe-
notypic variance. The identification of this single QTL
with significant additive effects for EX and IR suggests
that BYDV resistance is oligogenically inherited.
The QTL CI with significant additive effects on chro-

mosome 10 overlapped with the CI of all individual
populations, except population C and explained between
23% and 68% of the phenotypic variance (Table 5). This
suggests that this QTL interval is involved in the inher-
itance of BYDV in all these populations and that this
genome region could be validated in different genetic
material. Population C was the only population in which
the QTL on chromosome 10 could not be detected. This
finding indicates that the parental inbred Ky226 and
FAP1360A carry the identical allele at the highly linked
marker SYN4811 and therefore no QTL can be detected
in this cross.

Figure 2 Projection of the QTL identified in this study on the genetic consensus map. QTL are illustrated by symbols for the traits red edges
(RE), virus extinction (EX), and infection rate (IR) from the field experiment, and for the traits EX and IR, from the the greenhouse experiment.
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Figure 3 Plot of the physical map position [bp] of the markers versus their genetic position [cM] on the consensus map. The dots represent
the markers used in our study on each of the 10 maize chromosomes.

These findings are in accordance with a previous GWAS
by Horn et al., 2014 [15], where three SNPs in the same
region on chromosome 10 explained 25% of the pheno-
typic variance for EX. This validation of the mentioned
genome region on chromosome 10 in an independent
group of genetic material leads to the assumption, that

this major QTL for BYDV resistance in maize contributes
to the resistance in various germplasm and might be
broadly applicable in MAS projects of commercial breed-
ing programs.
The QTL CI on chromosome 10 for EX and IR is located

within the QTL CI for resistance to MDMV, identified
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Figure 4 Plot of the LOD scores of the trait extinction rate (EX) across the 10 chromosomes in the (a) field experiment compared to the (b)
greenhouse experiment. Each colored line represents a single population analysis, the red line represents the connected analysis.
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by Zambrano et al., 2014 [11]. Furthermore, the locus
wsm3 for WSMV resistance [12,13] is located within the
EX QTL on chromosome 10. The locus mcd2 for MCDV
resistance [14] and also three minor resistance QTL for
SCMV [9,10] are reported to be associated with this
genome region. This finding might suggest that the major
QTL for BYDV on chromosome 10 possibly also leads to
resistance of several other virus diseases. This, however,
requires further research.
The QTL with significant additive effects for EX and IR

on chromosome 10 colocalized with the QTL for the trait
RE (Table 3, Additional file 1: Figure S2) which explained
30% of the phenotypic variance. Moreover, there was
another QTL with significant additive effects on chromo-
some 2, explaining 11% of the phenotypic variance of RE.
In the single population analysis, we identified these QTL
with significant additive effects for RE on chromosome 2
and 10 only in population D. The reason could be that
population D was the only population with the parental
inbred W64A, which showed strong BYDV symptoms
(RE).
In the greenhouse experiment, we identified a QTL with

significant additive and dominance effects on chromo-
some 9 for IR which was not detected in the analyses
of the data from the field experiments. Nevertheless, we
could validate the QTL with significant additive effects
from the field analysis on chromosome 10 for EX and
IR in the greenhouse experiment in the connected analy-
sis. And furthermore, in all single populations, except in
population C, the QTL CI on chromosome 10 overlapped
with the CI of the connected analysis. This confirms
our findings from the field experiment under greenhouse
conditions. In the single population analysis of the green-
house experiment, a QTL with significant additive and
dominance effects was identified on chromosome 1 in
population B for EX. In the same region, Zambrano et
al., 2014 [11] identified a QTL for MMV resistance. In
this region a benzoxazionoid QTL in maize was identified
[32] which causes aphid resistance and is associated with
low levels of 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-
one glucoside methyltransferase leading to an increased
aphid resistance by promoting callose deposition. This
finding suggests that the QTL on chromosome 1 is possi-
bly associated with aphid resistance but further research is
needed to proof this hypothesis. The reason for the addi-
tional QTL in the greenhouse experiment could be the
genotype-environment interaction which can lead to the
detection of different QTL in the greenhouse compared to
the field (Figure 4) [33].
A QTL with significant additive effects for EX was

detected on chromosome 5 by the single population anal-
ysis of population C in which the major gene did not
segregate. For this QTL on chromosome 5 at the posi-
tion 60.8 cM (G/A), we detected a significant (α =

0.01) epistatic interaction with the position at 80.7 cM
on chromosome 6 (T/C) explaining 21% of the pheno-
typic variance (Table 6). We observed that all genotypes
of population C which are homozygous (GG) at the QTL
position on chromosome 5 and homozygous (TT) at the
position on chromosome 6 showed a low (0.44) EX value.
These genotypes have the same allele combination like
the resistant parental inbred Ky226. In contrast, it can
be observed that all genotypes which are homozygous at
both positions AA/CC as the parental inbred FAP1360A
showed high EX values.

Conclusions
A genome region on chromosome 10 was identified in a
linkage mapping approach with five connected segregat-
ing populations explaining 45% of the phenotypic variance
for BYDV resistance traits. This region could also be
confirmed in single population analyses and under green-
house conditions. This study shows that BYDV resistance
is oligogenically inherited and influenced by one major
QTL. Therefore, the BYDV resistance trait EX is the ideal
candidate to apply for marker assisted selection as BYDV
is phenotypically difficult to assess but genetically rather
simply inherited.

Additional file

Additional file 1: Supplementary figures. Figure S1. QTL for the trait
infection rate (IR) across the genome in the field experiment. Figure S2.
QTL for the trait red edges (RE) across the genome in the field experiment.
Figure S3. QTL for the trait infection rate (IR) across the genome in the
greenhouse experiment.
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