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Since the early 20th century, barley (Hordeum vulgare) has been a model for investigating the effects of physical and chemical
mutagens and for exploring the potential of mutation breeding in crop improvement. As a consequence, extensive and well-
characterized collections of morphological and developmental mutants have been assembled that represent a valuable resource
for exploring a wide range of complex and fundamental biological processes. We constructed a collection of 881 backcrossed
lines containing mutant alleles that induce a majority of the morphological and developmental variation described in this
species. After genotyping these lines with up to 3,072 single nucleotide polymorphisms, comparison to their recurrent parent
defined the genetic location of 426 mutant alleles to chromosomal segments, each representing on average ,3% of the barley
genetic map. We show how the gene content in these segments can be predicted through conservation of synteny with model
cereal genomes, providing a route to rapid gene identification.

In 1928, the eminent American geneticist and plant
breeder L.J. Stadler published a manuscript in Science
demonstrating that ionizing radiation could increase
the mutation frequency in barley (Hordeum vulgare)
and that the induced mutations were transmitted to
subsequent generations (Stadler, 1928). His observa-
tions ignited the field of plant mutation research that,
over the last 80 years, has both explored the potential
of mutation breeding in crop improvement (Harten,
1998; Ahloowalia, 2004; Lundqvist, 2009) and gener-
ated considerable basic understanding about funda-
mental processes of plant morphology, physiology,
and development. The barley research community

actively exploited the simple diploid genetics of the
crop, particularly during the heyday of mutation re-
search in the 1950s to 1970s, ultimately incorporating
characterized mutant lines into collections that grew
to contain thousands of accessions. Of particular note
was the Scandanavian mutation research program es-
tablished by the Swedish geneticists H. Nilsson-Ehle
and A. Gustafsson that provided a legacy of over
10,000 different characterized mutants that remain to-
day expertly stored in the NordGen genebank (http://
www.nordgen.org/).

Barley mutants have been used to isolate or validate
genes such as nitrate reductase (Somers et al., 1983), key
genes in the anthocyanin pathway (von Wettstein,
2007), a gene responsible for the floral bract phenotype
HOODED (Muller et al., 1995), the row-type gene SIX-
ROWED SPIKE1 (VRS1; Komatsuda et al., 2007), the
hull adhesion geneNAKEDCARYOPSIS (NUD; Taketa
et al., 2008), plant height genes UZU DWARF (UZU;
Chono et al., 2003) and SLENDER1 (Chandler et al.,
2002), several endosperm development genes (Felker
et al., 1983; Morell et al., 2003; Röder et al., 2006; Clarke
et al., 2008), and two disease lesion mimic mutations
NECROTIC1 (Rostoks et al., 2006) and NECROTIC.S1
(Zhang et al., 2009) among others. However, despite
these individual achievements, with few exceptions
(Pozzi et al., 2003; Rossini et al., 2006), the barleymutant
resources have not yet been systematically explored
using the tools of modern genetics. Unlike Arabidopsis
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Figure 1. (Legend appears on following page.)
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(Arabidopsis thaliana), the large size of the barley ge-
nome and lack of a genome sequence have precluded
community-wide positional cloning efforts.
As primary barley mutants were induced or discov-

ered in a range of accessions, which after mutagenesis
also contained a different spectrum of backgroundmu-
tations, direct comparisons between lines are compro-
mised, especially for subtle, environmentally sensitive
phenotypes. To overcome these issues, repeated back-
cross-based transfer of a mutant locus into the genetic
background of a common recurrent parent (with phe-
notypic selection at each cycle) has been applied. The
outcome of this effort for each mutant is a pair of Near
Isogenic Lines (NILs) that are characterized byhaving a
relatively small genetic interval originating from the
donor that contains the mutated locus, embedded in
the genome of the recurrent parent. The theory of back-
crossing and various types of genetic analyses involv-
ingbackcrossing experiments in awide range of species
have been documented extensively in the literature
(Hospital, 2005). The development of NILs can be ac-
celerated considerably by molecular marker-assisted
selection (Frisch and Melchinger, 2005), and today
marker-assisted backcross breeding is commonly used
in crop improvement.
A series of NILs in the same recurrent parent back-

ground can also be used to dissect traits at a genome-
wide scale. In Arabidopsis, six developmental traits
with different heritabilities were analyzed using a re-
combinant inbred line population in parallel with a
genome-wide NIL population. The NILs had greater
power than the recombinant inbred line population to
detect small-effect quantitative trait loci, at the ex-
pense of local resolution (Keurentjes et al., 2007). In
maize (Zea mays), a set of 89 NILs was created using
marker-assisted selection to analyze flowering-time
traits (Szalma et al., 2007). In soybean (Glycine max), an
iron-inefficient NIL and differential seed protein con-
tent NIL were analyzed using several existing and
emerging methodologies for genetic introgression
mapping: single-feature polymorphism analysis, Illu-
mina GoldenGate single nucleotide polymorphism
(SNP) genotyping, and de novo SNP discovery via
RNA-Seq analysis of next-generation sequence data,
with the latter being most informative (Severin et al.,
2010). In barley, an extensive backcrossing program
was initiated in the mid-1980s to introgress mutated
loci from the worldwide collection of morphological
and developmental mutants into a common genetic
background, the cultivar Bowman (Franckowiak et al.,
1985; Fig. 1).

We recently developed two high-throughput SNP-
basedgenotyping arrays basedon Illumina’s oligopool
assays (OPAs) that each allow simultaneous geno-
typing of 1,536 SNPs across the barley genome (Close
et al., 2009). Using this platform we genotyped several
barley reference populations allowing the develop-
ment of a gene-based consensus map containing 2,943
gene-based SNPs and covering a genetic distance of
1,636 centimorgans (cM; Close et al., 2009). This gene-
basedmap provides a template for the analysis of wide
range of barley genetic stocks with the markers them-
selves, providing a homology bridge to the fully
sequenced genomes of rice (Oryza sativa), maize, Bra-
chypodium, and sorghum (Sorghum bicolor). As a result,
conserved synteny can provide a glimpse of the puta-
tive gene content of any region of the barley genome.
Here, we report the development and genotypic anal-
ysis of an extended collection of NILs containing mu-
tant alleles that induce a majority of the morphological
and developmental variation described in barley.

RESULTS

Characteristics of the Bowman NIL Collection

We produced a series of independent barley back-
cross-derived lines containing mutant alleles by recur-
rent backcrossing followed by selfing, with phenotypic
selection in each cycle. Photographs of some mutant
groups are shown in Figure 1. For all lines, the two-
rowed U.S. spring-type cultivar Bowman (Franckowiak
et al., 1985) was used as the recurrent parent. A sum-
mary of the basic characterization data is presented
according to the level of backcrossing in Figure 2 and
Supplemental Table S1.

The final collection of 881 lines varied in genetic
complexity from F1 inbred lines to BC10 inbred lines
(Fig. 2A). Of these, 768 lines were BC2 inbred or greater
and as such can more accurately be considered NILs.
The original mutation containing donor genotypes
were assembled, characterized, and documented by
the barley mutation research community over a 50-year
period in the mid-20th century. They were represented
by over 300 different barley accessions. However, ap-
proximately one-half of the mutations were identified
in one of eight cultivated barley genotypes (cultivars;
Fig. 2B). The remaining donors were represented in less
than 20 NILs each. For simplicity, we refer to all 881
lines as the Bowman NILs.

Two hundred ninety-eight (34%) of the introgressed
phenotypic variants were spontaneous mutants while

Figure 1. Phenotypes of some barley backcross-derived lines carrying mutations affecting morphological and developmental
processes such as tillering and plant stature (A–E), lateral floret development (F–L), inflorescence branching (M–O), rachis
internode length (P–S), awn development (T–Y), color of the floral organs (Z–AH), chlorophyll biosynthesis in leaf blades and
culms (AI–AO), development of the ligular region (AP–AV), early maturity (AWand AX), and necrosis (AY–BD). Phenotypes of the
recurrent parent of these lines cv Bowman is shown in A, F, G, M, AG, and AP. For the full description, see Supplemental Text S1.
Abbreviations: in G and H: ltFLO,lateral floret; cOGL, central outer glumes; cFLO, central floret; ltOGL, lateral outer glumes. In
section AP: LIG, ligule; AUR, auricles.
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583 (56%) were induced by approximately 30 different
mutagenic agents (Fig. 2C). The Bowman NILs are
mostly affected in barley flower (236 lines), leaf (164
lines), and culmdevelopment (166 lines; Figs. 1 and 2D).

Genotypes of the Bowman NILs

Genotypic analysis of the most common donor lines
with up to 3,072 SNPs (BOPA1 and BOPA2; Close

et al., 2009) allowed us to predict that, in the majority
of cases, mutant alleles originating from these donors
and retained in the Bowman NILs would be carried on
genomic introgressions with different regional SNP-
marker haplotypes from those of the recurrent parent.
Consequently, in lines that retain only a small donor
genome segment, we make the assumption that any
observed SNP polymorphisms are most likely to be
genetically linked to the mutant alleles. After geno-

Figure 2. Basic features of the Bowman
NIL population. A, Population-wide
distribution of backcrossing levels.
Absolute (histogram, left y axis) and
cumulative (line graph, right y axis) fre-
quencies are plotted. Relative frequen-
cies of the individual lines are shown
above or within the histograms as per-
centages. B and D, Number of NILs at
different backcross generations accord-
ing to the original parent (B), the muta-
gen used (C), and the phenotypic
classification (D).Only groups represen-
ted by a total of .20 NILs are shown.
Cell shading (white to black) is based on
the number of NILs (shown within the
cells) within each individual group.
Groups are ordered according to the
total number of lines per class (highest
on top).
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typing all 881 Bowman NILs, we observed, as ex-
pected, that different backcross generations revealed
considerable variation in genetic complexity (Fig. 3;

Supplemental Table S2). In terms of the frequency
of polymorphic SNPs between the NIL and the cv
Bowman, the complexity reduction correlated well
with the backcross generation following the estab-
lished model (Briggs, 1938; Fig. 3, A and B). Only 37
Bowman NILs revealed no polymorphisms after this
analysis. In these lines we conclude that either the ef-
fective mutation was induced in a region of the ge-
nome with the same haplotype as Bowman or the
introgression is too small to be detected at the current
marker density. In some cases, where the seed stocks
were available as a mixture of homozygous dominant
and heterozygous genotypes (for example, lines car-
rying male sterile genetic [msg] mutations) we may
have selected for genotyping the homozygous dom-
inant line, resulting in genotypes indistinguishable
from the cv Bowman.

Size and Chromosomal Distribution of the
Introgressed Regions

The majority of the SNPs used to genotype the
Bowman isolines were also used to construct a barley
consensus map (Close et al., 2009). This map context
enables a straightforward estimation of the number of
introgressions present in individual NILs and their
size. For both of these parameters we found concor-
dance with theoretical predictions (Briggs, 1938; Fig. 3,
A, C, and D). Low resolution linkage assignments
based on a combination of isozyme data and test-
crosses with classical genetic stocks have been repor-
ted previously for 461 Bowman NILs, and 295 of these
(those with one or two introgressions) can be com-
pared to our mapping results (Supplemental Tables S1
and S2). At the chromosomal level, there is 78% cor-
respondence between the classical and the SNP map-
ping data. The noncorresponding fraction can likely be
explained by less-powerful classical mapping tech-
niques that possibly led to more misplacement, by
genetic stock mix ups during generation of the back-
cross-derived lines or by residual introgressions that,
while retained, are unlinked to the trait.

The introgressed segments in the Bowman NILs
reveal a relatively even distribution across the barley
genome (Fig. 4). However, on average 3 times higher
introgression frequencies were found at the genetic
centromeres (crudely defined as the central regions of
each barley chromosome where the frequency of SNP
markers on the genetic map is significantly increased).
These represent recombinationally inactive but phys-
ically expansive regions that have been estimated
to contain between 30% and 50% of mapped barley
genes. An increased frequency of mutations (and
hence introgressions) contained within these specific
genetic intervals is therefore not unexpected.

We considered those NILs that contain very small
and defined introgressions (,10 cM or ,0.6% of
barley genetic map) an important class. Small intro-
gressions provide an opportunity to explore rapid
candidate gene identification and isolation, especially

Figure 3. Reduction in genome complexity by backcrossing. Individual
value plots show predicted or theoretical fraction of the heterozygous
recurrent parent genome after each backcrossing event (A), calculated
using the following formula r = (2m 2 1)/2m (where m is the number of
backcrosses); average values of the polymorphic SNP frequencies (B);
number of introgressions (C); and the interval size (D). Vertical error
bars show 95% Bonferroni corrected confidence intervals for the
mean with errors pooled across the groups (inbred: n = 36, BC1: n =
77, BC2: n = 87, BC3: n = 88, BC4: n = 110, BC5: n = 118, BC6: n =
282, and .=BC7: n = 83).

Genetics of Barley Development

Plant Physiol. Vol. 155, 2011 621

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/155/2/617/6111396 by D

AF: D
ept of Agriculture and Fisheries user on 21 M

arch 2024



Figure 4. Chromosomal distribution of introgressed segments containing mutant alleles. Four hundred thirty lines that have one
or two donor introgressions into Bowman were partitioned into three groups based on introgression size, small (,10 cM),
medium (10–60 cM), and large (.60 cM; separated by a dotted vertical line), and ordered based on the average marker positions.
Numbers below the chromosome graphs show the number of lines within the groups. Genetic map scale (in centimorgans) and
distribution of the loci in the consensus map are shown on the left for all chromosomes. Coloring from white to gray to red is
based on the SNP frequency within the 10-cM intervals.
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when the mutant locus in the Bowman NILs is
supported by a range of additional allelic variants. Of
the 881 Bowman NILs, we classified 176 as small in-
trogressions of ,10 cM. These represent a range of
phenotypes and chromosomal locations (Fig. 4; Sup-
plemental Tables S1 and S2). The average introgression
size for this group is 3.7 cM, ranging from 0 cM (32
lines) to 9 to 10 cM (11 lines).
The presence of multiple mutant alleles is valuable

for both confirming gene location and eliminating
spurious background introgressions. After genotypic
alignment genes represented by multiple alleles form
groups of complementary overlapping introgressions
(COIs) that better resolve the genetic interval containing
a mutant locus and eliminate unlinked introgressions.
Based on phenotypic and genotypic information, 414
lines form 98 groups (genes) of COIs altogether re-
presenting 35 different phenotypic classes. In the ma-
jority of cases these effectively eliminate spurious
introgressions from further genetic analysis. However,
for about one-half of the groups, there is no gain in
resolution from using COIs, as the line containing the
smallest introgression is completely contained within
the introgressions present in the other lines. However,
for 18 groups a 10% to 90% reduction of the putative
gene-containing region can be inferred (see example in
Supplemental Fig. S1).

Exploiting Synteny for Gene Prediction in Barley

To explore the feasibility of mutant gene identifica-
tion using the SNPmapping data and synteny models,
we analyzed fiveNILswhere the identity of themutant
locus is known: BW069 and BW880 lines containing the
THIRD OUTER GLUME (HvTRD1) gene on chromo-
some 1H (Whipple et al., 2010), BW898 containing
HvVRS1 (Komatsuda et al., 2007) on 2H, BW885 con-
tainingHvUZU (Chono et al., 2003) on 3H, and two loci
on chromosome 7H, namely BW638 containing the
HvNUD1 gene (Taketa et al., 2008) and BW905 contain-
ing HvWAXY (Rohde et al., 1988). Based on the as-
sumption that synteny is conserved with rice and that
major structural rearrangements are absent, we esti-
mated the number of genes contained within the in-
trogressed segments.
For HvTRD1 there is no barley EST available; hence

no SNP assay or probe set has been designed (Fig. 5A).
The rice ortholog of HvTRD1 isNECK LEAF1 (OsNL1).
Based on our barley-rice synteny model, the inferred
position of OsNL1 or HvTRD1 is 132.5 cM on chromo-
some 1H. This is within the 6.7-cM introgression de-
fined by four polymorphic SNPs of the HvTRD1
carrying line BW880; however, only two of them have
rice homologs in the syntenic position. Even so, the
inferred (model-based) position of theHvTRD1 gene is
less than 100 rice gene models away (Fig. 5A). By
considering additional markers inferred from compar-
ative rice-barley gene expression analyses the interval
can be further reduced to six rice genes (K. Houston,
unpublished data).

A comparison between Bowman and BW898
(HvVRS1) identified six polymorphic SNPs within a
6.3-cM interval on chromosome 2H (Fig. 5B). Although
the rice ortholog of HvVRS1 is not at a conserved
syntenic position, five of the six SNPs identify rice
orthologs that span a 2.5-Mb region on chromosome
Os04 containing 303 gene models. The SNPs immedi-
ately flanking HvVRS1 define a 2.8-cM interval, span-
ning 300 kb in rice and 34 gene models (Fig. 5B). In
BW885 (HvUZU), 10 of 15 polymorphic SNPs clustered
on chromosome 3H defined a 10.3-cM introgression
close to the genetic centromere (Fig. 5C). A separate
introgression remained on chromosome 1H. Nine of
the 3H SNP-containing genes have clear rice homologs,
and seven belong to a conserved block of synteny
covering 2.3Mb containing 320 genemodels. The SNPs
immediately flanking HvUZU are 5.6 cM apart, delim-
iting a 370-kb region containing 56 gene models (Fig.
5C). For HvNUD1, three cosegregating SNPs were
located within a 190-kb region of the rice genome
containing 27 gene models (Fig. 5D). This region con-
tains 20 gene models (approximately 100 kb) proximal
to the rice homolog ofHvNUD1, but still within the 95%
confidence boundaries of the synteny model. Finally,
BW905 (HvWAXY) has a 17.8-cM introgression defined
by eight SNPs. The genes containing these SNPs all
have rice homologs, with five spread over a 1.2-Mb
region on rice chromosome Os06 that harbors 169 gene
models. The two HvWAXY flanking markers are 360
kb apart and the interval contains 50 putative genes
(Fig. 5D).

DISCUSSION

A theoretical framework for estimating the propor-
tion of donor genome likely to remain in NILs devel-
oped by backcross breeding (Briggs, 1938; Hospital,
2001) has led to the widespread use of at least six
backcross generations to recover an introgressed phe-
notype in an otherwise recurrent parent background.
Our detailed genotypic characterization of over 800
BC1 to BC10 derived inbred lines provides, at an un-
precedented scale, an accurate and representative pra-
ctical appraisal of the reduction in genome complexity
achieved by different levels of backcrossing. Using a
combination of related parameters (Fig. 3) our results
reveal a good concordance with the theoretical pre-
dictions (Briggs, 1938; Hospital, 2001).

Four hundred twenty-six Bowman NILs with intro-
gressed segments of ,50 cM in length (i.e. ,3% of the
barley genetic map) are powerful resources for both
understanding the biology of the affected phenotypes
and for gene discovery by forward genetics. However,
as this remains laborious in large genome cereals, it is
routinely enhanced by exploiting conservation of syn-
teny with the fully sequenced rice, Brachypodium,
sorghum, and maize genomes (Flavell, 2009). The gene-
based SNP platform used to genotype the Bowman
NILs facilitates this analysis as the gene sequences
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represent a common currency that reliably anchors
almost 90% of barley genetic map to the sequence of
these genomic models (Goff et al., 2002; Supplemental
Table S3).

To explore the feasibility of mutant gene identifica-
tion using the SNPmapping data and synteny models,
we analyzed fiveNILswhere the identity of themutant
locus is known:HvTRD1 (Whipple et al., 2010),HvVRS1
(Komatsuda et al., 2007), HvUZU (Chono et al., 2003),
HvNUD1 (Taketa et al., 2008), and HvWAXY (Rohde

et al., 1988). Based on the assumption that synteny is
conserved with rice and that major structural rear-
rangements are absent, we estimated the number of
genes containedwithin the introgressed segments. The
number of positional candidate rice gene models
ranged from 22 (HvNUD1) to 303 (HvVRS1). While
these examples illustrate possible outcomes from in-
ferring the location of a mutated locus using the NIL
genotypic data alone, they also provide context for the
likely impact of our data on morphological and devel-

Figure 5. Predictions of the position and precision of locating HvTRD1 (A), HvVRS1 (B), HvUZU (C), and HvNUD1 and
HvWAXY (D) genes using Bowman NIL genotypic data, in conjunction with the current barley consensus gene map and barley-
rice conservation of synteny models. Scatterplot is based on barley-rice homolog pairs, plotting genome-wide ordinal values
where the x axis = rice physical gene order, y axis = barley genetic gene order. Insets show summaries of the model inputs. Gray
areas within the scatterplot indicate both the barley and the inferred rice regions as defined by SNPs that are polymorphic
between cv Bowman and the corresponding NIL. Expansion of these regions on the physical and genetic scales is shown as
graphs on the top and left of the scatterplots depicting polymorphic SNPs and their genetic positions (barley graph) and physical
positions and number of genes in the intervals (rice graph). Positions of the actual genes and/or their inferred positions based on
synteny are shown as black boxed white text. The direction of the arrow (the dotted line) within the scatterplot indicates how the
position of each of the genes was predicted. For HvTRD1, HvUZU, and HvNUD1 the arrow points from rice to barley because
these genes have not been located genetically on our SNP map, but have rice homologs that are assumed to be in a syntenic
position and therefore can be used to predict the position of the barley homologs. The arrow points from barley to rice for
HvVRS1 because the corresponding SNPs have been mapped in barley. Note that the rice homolog is not at the syntenuous
position. No arrow is shown for HvWAXY because both barley and rice homologs exist for this gene.
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opmental biology, andmore broadly on trait genetics in
the Triticeae cereals. The defining SNPs are ready-to-go
gene-based markers that enable highly efficient target-
ing for positional cloning projects. In such endeavors
the emerging draft barley genome sequence will play
an increasingly important role (Schulte et al., 2009),
allowing individuals to focus on positionally and func-
tionally consistent candidate genes where simple tar-
geted resequencing of wild-type and mutant alleles
would represent a rapid validation approach. Formany
mutants, such an off-the-shelf validation strategy is
alreadyavailable in the large collections of documented
mutant allele series housed and maintained in germ-
plasm collections such as NordGen (http://www.
nordgen.org/) and the U.S. Department of Agriculture
NationalSmallGrainsCollection (http://www.ars-grin.
gov/npgs/acc/acc_queries.html). Predicted gene fre-
quencies, especially in highly recombinogenic regions,
suggest that for many loci, gene identification and
validation by this route is both realistic and possible.
Despite the above successes, in the majority of cases,

and especially those for mutants lacking multiple alle-
lic variants, positional cloning using recombinant pop-
ulations of outcrossed Bowman lines will remain
essential to determining the identity of amutated gene.
Collecting this additional genetic data is important
because there will be instances where mutations have
been generated in donor lines that have identical re-
gional haplotypes to Bowman, which could result in
comparative analysis being conducted in the wrong
genetic region. We have therefore crossed approxi-
mately 100 selected Bowman mutants to the barley
cultivars Bowman, Morex, and Barke, generating ex-
tended F2 and/or F3 populations specifically for posi-
tional cloning applications. In this context, the Bowman
NIL genotypic data gives a head start by providing
mapped and polymorphic genetic markers that can be
used immediately to validate the location of a mutant
gene. Subsequently, through comparative genetic anal-
ysis, assembly of the putative regional barley gene
content may identify strong candidate genes or even
functional orthologs of characterized genes in related
grasses.
Selection during backcrossingwasmostly based on a

single character (reflected in the locus name), butmany
mutations act pleiotropically, affectingmultiple aspects
of barley plant morphology and development (e.g. Fig.
2,AP–AV).One task for the futurewill be a detailed and
systematic comparative phenotypic analysis of the
Bowman NILs at the whole plant level at different
developmental stages. When the identity of many in-
dividual genes is determined, such a phenotypic data
set may facilitate the interpretation of a gene’s action
and interactions underlying related phenotypes.

CONCLUSION

Many trait-based quantitative trait loci analyses
have been conducted in barley (and in closely related
species) and by meeting the twin imperatives of posi-

tional and biological concordance, our hypothesis is
that many of the mutants that we have genetically char-
acterized represent extreme examples of natural genetic
variation commonly measured as quantitative varia-
tion in natural or constructed populations (Druka
et al., 2010). If this hypothesis is correct, the barley
mutants described here provide a convenient and
tractable Mendelian solution to the identification and
characterization of genes controlling non-Mendelian
or quantitative traits.

MATERIALS AND METHODS

Generation of the Bowman Lines

The generation of barley (Hordeum vulgare) lines with single morphological

markers started in 1985 using genetic stocks with multiple morphological

markers (Wolfe and Franckowiak, 1991). These included Master Dominant

(GSHO 3450) and Master Recessive (GSHO 3451) stocks and other recessive

phenotype stocks covering all seven barley chromosomes. Subsequently other

genetic stocks frommany sourceswere acquired and used for the backcrossing

project (Supplemental Table S1). The two-rowed spring barley cultivar Bow-

man (PI 483237; Franckowiak et al., 1985) was selected as a recurrent female

parent. Three to six F1 seeds were planted, followed by 60 to 120 F2 progenies.

From each F2 progeny, two or three plants that visually exhibited the mutant

phenotype were harvested. Four F3 seeds from one plant were sown and one

was used for subsequent backcrosses.

Seed Availability

Seeds of the Bowman backcross-derived lines can be obtained from the

Scottish Crop Research Institute (Invergowrie, Dundee, United Kingdom) by

contacting Arnis Druka (arnis.druka@scri.ac.uk). Alternatively, they can be

requested from the National Small Grains Collection, U.S. Department of

Agriculture, Agricultural Research Service, National Small Grains Germplasm

Research Facility, National Small Grains Collection (Aberdeen, Idaho) by

contacting Harold E. Bockelman (harold.bockelman@ars.usda.gov), or from

the Nordic Genetic Resource Center (Alnarp, Sweden) by contacting Morten

Rasmussen (morten.rasmussen@nordgen.org).

Genotyping

Plants were grown in a glasshouse maintained between 16�C and 24�C
with natural light and supplemented with high-pressure sodium lamps to

provide 16 h day length. Automated irrigation was used to keep compost

reasonably wet. Fungicidal spraying and insecticidal fumigation was applied

at regular intervals. One leaf tip at Zadoks 11 developmental stage was

harvested and placed into 96-deep well blocks and used for DNA extraction

using a Nucleoplex plant DNA kit (product no. 33300, Tepnel Life Sciences

PLC) on a Nucleoplex machine (Tepnel Life Sciences PLC) according to the

manufacturer’s protocols. DNA was eluted in 100 mL of 10 mM Tris (pH 8).

DNA quality was assessed by running 2 mL of each sample on an ethidium

bromide-stained 1% agarose gel and visualization under UV light. The DNA

quantity was estimated by comparing sample band intensity to known

amount of standard DNA (Hyperladder1, BIO-33025, Bioline).

SNP genotyping was carried out at the Southern California Genotyping

Consortium (SCGC) at the University of California, Los Angeles. Between

500 ng and 1 mg of genomic DNA was provided in 96-well skirted v-bottom

polypropylene microplates (catalogue no. MSP–9601) from Bio-Rad sealed

with strip caps. Genomic DNA was quantified using a Quant-iT Picogreen

dsDNA assay kit (Invitrogen no. P11496) and normalized to 50 ng per mL. A

total of 250 ng of gDNAwas used per reaction with 1,536 BOPA1 and BOPA2

SNPs typed in each reaction.

The multiplexed genotyping reactions (Golden Gate assay) themselves

were based on well-characterized biochemical reactions but carried out under

highly controlled and optimized conditions. An oligo pool containing allele-

specific and locus-specific oligos tailed with IllumiCode sequences and uni-

versal primer sequenceswere created for 1,536 unique barley SNP loci per each
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pool (BOPA1 and BOPA2; Close et al., 2009). The oligo pool was allowed to

hybridize to genomic DNA, undergo primer extension and ligation such that

each allele generated a unique PCR template with common primer sequences.

A multiplexed PCR generated labeled products from the templates and the

amplified products were hybridized to the decoded array so that the genotype

information for each locus was scanned, decompiled, and recorded by an

Illumina 1000 SNP genotyping system.

Genotype Inference and Identification of

the Polymorphisms

BeadLab output files (.idat) corresponding to cy3 and cy5 dye intensities

for each sample were uploaded from the SCGC server for analysis. They were

imported in the Beadstudio v2.0 (Ilumina, Inc.) software and genotype calls

were calculated using Cluster All SNPs function, resulting in 683,941 (45.5%)

AA genotype scores, 690,682 (45.9%) BB genotype scores, and 65,399 (4.3%)

AB genotype scores. A total of 63,722 (4.2%) cy3 and cy5 pairs did not result in

reliable signal, therefore were assigned as no call (NC). The cumulative fre-

quency genotype call distribution across the SNPs and across the lines shows

that the majority of AB and NC calls are due to underperforming SNPs, rather

than lines (DNA samples). Thus, only 11 lines had call rates less than 0.9; of

those, two had 0.58 and 0.73, the rest had better than 0.8.

All the lines were included in the analysis, but 342 markers that had low

marker score or were not informative (low level of allelic discrimination) were

removed from the analysis. Further refinement of the genotypes was by visual

inspection of the raw data. Thus, genotypes were reported by 1,194 SNP

markers and consecutively used to identify those that are polymorphic be-

tween cv Bowman and each NIL.

After preliminary data analysis, 84 NILs that had no or a single polymor-

phism were genotyped with BOPA2. Summary statistics of the genotype

scores for these 84 lines was similar to that obtained by the BOPA1 genotyping

of 978 NILs: 54,717 (42.4%) AA calls; 68,229 (52.8%) BB calls; 1,431 (1.1%) AB

calls; and 4,647 (3.6%) were assigned as NC. BOPA2 SNPs that were poly-

morphic between Bowman and each NIL were combined with those identified

by BOPA1, aligned to the barley consensus map (Supplemental Table S2), and

used for the analysis of the introgression number and size (Fig. 3).

Note that in the case of mutants that are not viable as homozygotes (e.g.

Msg lines), the single plant chosen for genotypic analysis would have had a 1:4

chance of being wild type at the mutant locus due to segregation in an

effective F2. The data from these lines should be treated with the necessary

caution.

Consensus Linkage Map

Construction of the barley consensus linkagemap has been reported before

(Close et al., 2004). In summary, the map was assembled based on 334

segregating double-haploid lines represented by three biparental F1 doubled-

haploid-based populations Steptoe 3 Morex, Morex 3 Barke, and OWB-D 3
OWB-R. The map consisted of 965 loci represented by 2,945 SNP markers.

Rice Physical Map—Barley Genetic Map Alignment and

the Model Development

The Institute for Genomic Research rice (Oryza sativa) gene build v5 was

used for building synteny models. The number of gene models was reduced

from 56,278 to 41,129 genes by excluding repeated elements and their genes.

The consensus sequences of the barley EST assemblies (Close et al., 2007)

numbers 21, 32, and 35 were used for the homology search against the rice

genomic sequence using the tblastX algorithm (Altschul et al., 1990) with

e-value cutoff ,e-05, resulting in 38,975 top hits for the assembly number 21,

31,265 for number 32, and 36,053 for number 35. The total number of unique

rice hits was 17,868. Transcript-derived markers (TDMs; Potokina et al., 2008)

were integrated in the SNP-based map as described previously (Druka et al.,

2008). The map distances in the integrated map were adjusted by taking into

account TDM mapping data (A. Druka, unpublished data). Scatterplots of the

gene (SNP and TDMmarker) order values from the barley consensus map and

homologous gene order values from the rice physical map identified the

general pattern of blocks with high conservation of synteny (Supplemental

Table S3). Small inversions within the blocks were rotated, and genes that

were clearly outside the synteny region were removed. These blocks were

used to predict the position of barley genes in rice and vice versa.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Reduction of the gene-containing interval using

groups of COIs.

Supplemental Table S1. Summary of the Bowman backcross-derived line

population.

Supplemental Table S2. Bowman backcross-derived line genotyping data.

Supplemental Table S3. Rice-barley synteny regions.

Supplemental Text S1. File contains extended legend for the Figure 1,

description of the column headings for all three supplemental tables,

and note about naming barley genes and alleles.
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