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Abstract A set of 110 diploid putative introgression lines
(ILs) containing chromatin introgressed from the undomes-
ticated species Hordeum bulbosum L. (bulbous barley
grass) into cultivated barley (Hordeum vulgare L.) has been
identified using a high-copy number retrotransposon-like
PCR marker, pSc119.1, derived from rye (Secale cereale
L.). To evaluate these lines, 92 EST-derived markers were
developed by marker sequencing across four barley culti-
vars and four H. bulbosum genotypes. Single nucleotide
polymorphisms and insertions/deletions conserved between
the two species were then used to develop a set of fully
informative cleaved amplified polymorphic sequence mark-
ers or size polymorphic insertion/deletion markers. Intro-
gressed chromatin from H. bulbosum was confirmed and
genetically located in 88 of these lines using 46 of the EST-
derived PCR markers. A total of 96 individual introgres-
sions were detected with most of them (94.8%) extending
to the most distal marker for each respective chromosome
arm. Introgressions were detected on all chromosome arms
except chromosome 3HL. Interstitial or sub-distal intro-
gressions also occurred, with two located on chromosome
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2HL and one each on 3HS, SHL and 6HS. Twenty-two
putative ILs that were positive for H. bulbosum chromatin
using pSc119.1 have not had introgressions detected with
these single-locus markers. When all introgressions are
combined, more than 36% of the barley genetic map has
now been covered with introgressed chromatin from
H. bulbosum. These ILs represent a significant germplasm
resource for barley improvement that can be mined for
diverse traits of interest to barley breeders and researchers.

Introduction

Barley is an important cereal crop grown widely throughout
the world and was one of the first crops domesticated by
humans (Badr et al. 2000). Extensive breeding combined
with an inbred habit has resulted in elite barley cultivars
with a relatively low level of genetic diversity (Feuillet
et al. 2008). The economic value and quality of barley
crops is constantly challenged by a range of environmental
stresses including drought, frost, soil toxicity and disease;
hence novel sources of genetic improvement for barley are
of great importance.

Hordeum bulbosum is the sole member of the secondary
genepool of Hordeum (von Bothmer et al. 1995), and like
barley is endemic to the Fertile Crescent and Mediterranean
regions from Morocco and Portugal in the west to Afghani-
stan and Tadzjikistan in the east (von Bothmer et al. 1995).
Unlike cultivated barley, H. bulbosum is perennial, an obli-
gate outbreeder (self-incompatible) and includes both dip-
loid and tetraploid cytotypes (von Bothmer et al. 1995),
culminating in a species with a high level of heterozygosity
and heterogeneity. Hence, H. bulbosum represents a valu-
able source of genetic diversity for barley crop improve-
ment. The first reported introgression lines (ILs) between
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barley and H. bulbosum were generated more than 26 years
ago (Szigat and Pohler 1982) with the presence of
H. bulbosum-like morphological characteristics in ‘modi-
fied barley plants’ containing 14 chromosomes. Transfer of
chromatin from H. bulbosum into barley was confirmed
with the development and use of molecular techniques such
as in situ hybridisation and Southern blotting (Xu and
Kasha 1992; Pickering et al. 1995). These ILs are diploid
and predominantly feature single recombination events
between the two species’ chromatin resulting in the transfer
of the end of one chromosome arm from H. bulbosum,
replacing the homoeologous region in barley. Hence, these
ILs can be considered as near isogenic lines featuring dis-
crete portions of H. bulbosum chromatin in a barley genetic
background. Because H. bulbosum is a non-host to most
barley pathogens, development of this material has focused
primarily on the transfer of disease resistance from H.
bulbosum into cultivated barley (Pickering etal. 1995,
1998; Toubia-Rahme et al. 2003; Walther et al. 2000; Xu
and Kasha 1992). However, it is likely that these ILs will
contain significant genetic diversity for many traits beyond
disease resistance.

Sequential application of the cytological techniques
genomic in situ hybridisation (GISH) and fluorescent in situ
hybridisation (FISH) have been used to determine the phys-
ical chromosomal location of the introgressed chromatin
(Pickering et al. 2000). Restriction fragment-length poly-
morphisms (RFLP) with barley-derived probes were also
used to determine the genetic location of introgressed chro-
matin (Pickering et al. 1995). Due to the labour intense
nature of the in situ hybridisation and RFLP methods,
material for analysis was pre-selected using a small number
of morphological (pubescent leaf sheath, growth habit,
agronomic performance) or pathological traits (resistance
to powdery mildew, leaf rust, scald) derived from H. bulbo-
sum. Further characterisation of the ILs with PCR-based
molecular markers developed in barley has been problem-
atic due to amplification failure of H. bulbosum alleles and
preferential or exclusive amplification of barley alleles in
heterozygous or hybrid material (Johnston 2007). The
development of a PCR-based screening tool using a retro-
transposon-like sequence, pSc119.1 (Johnston and Picker-
ing 2002), provided a significant improvement in the
detection of putative ILs. This presence/absence assay
allowed putative ILs to be selected for subsequent marker
analysis independent of the location of the introgressed
chromatin and without relying on readily identifiable traits
derived from H. bulbosum.

This paper describes the development and implementa-
tion of a PCR-based molecular marker set to genetically
locate the introgressed chromatin in these putative ILs. This
information will allow breeders and researchers to identify
H. bulbosum introgressions in particular regions of the
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genome and thus uncover genetic diversity in traits of inter-
est. These tools will also enable fine mapping and targeted
backcrossing to reduce the transfer of undomesticated alle-
les present in chromatin linked with the trait of interest.

Materials and methods
Plant material

Interspecific hybrids between Hordeum vulgare and H.
bulbosum were generated as previously described (Picker-
ing 1988). Diploid progeny were produced from these inter-
specific hybrids via two methods: (1) triploid interspecific
hybrids (VBB, where V and B represent haploid genome
components of cultivated barley and H. bulbosum, respec-
tively) were backcrossed to the recurrent barley parent and
(2) tetraploid interspecific hybrids (VVBB), were allowed
to self-fertilise.

Seedlings from previously uncharacterised progeny were
directly screened with crude DNA extracts of leaf tissue
bulked from up to five individual plants, using the pSc119.1
retrotransposon-based PCR assay (Johnston and Pickering
2002). The pSc119.1 PCR primers (For3: 5 ATG GGC
GCA GCC GAT AGT 3’, Rev2: 5" ATG CCT CCA TGT
ATC TCT GCC 3') amplify a H. bulbosum-specific ampli-
con (201 bp) from lines containing H. bulbosum chromatin,
with no amplification product detected from barley culti-
vars. This PCR was performed in conjunction with primers
for a 5.8S rDNA amplicon (329 bp) to control for amplifi-
cation failure in the crude DNA extracts (Johnston and
Pickering 2002). Individual plants from bulk extracts
returning a positive pScl19.1 result were then tested to
identify those individuals possessing putative introgres-
sions of H. bulbosum and DNA was extracted from these
positive individuals (Murray and Thompson 1980). All
plant lines described in this paper are detailed in Supple-
mentary Table S1.

Marker development

Co-dominant and fully informative EST-based markers
were developed using assembled contig sequences from the
HarvEST database (Wanamaker et al. 2006) and hence are
designated H31_#### referring to that contig number from
HarvEST assembly #31. Mapped EST sequences (Klein-
hofs et al. 1993; Qi et al. 2004; Sato et al. 2004; Thiel et al.
2003) and cloned H. bulbosum-derived cDNA-AFLP
(amplified fragment-length polymorphisms) bands were
used as BLAST queries to identify matching HarvEST con-
tigs (‘stringent’ assembly #31). The markers were designed
following the principles of exon-primed intron-crossing
(EPIC)-PCR (Palumbi 1995). Intron/exon structure was
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inferred from matching rice genomic sequence identified
using discontinuous megaBLAST (http://www.ncbi.nlm.
nih.gov/blast/Blast.cgi) against the non-redundant (nr) data-
base and visualised using Spidey (http://www.ncbi.nlm.
nih.gov/IEB/Research/Ostell/Spidey/index.html). ~ Primer
sequences were designed using Primer3 (http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3_www.cgi) to target exon
sequences and to span one or more introns. Due to the
absence of introns some markers were developed that con-
sisted entirely of exon sequence. Additional primers (KS
markers) were kindly provided by Prof. Kazuhiro Sato
[Okayama University, Kurashiki, Japan (Sato et al. 2004)].
All markers were amplified using genomic DNA from four
barley cultivars (Emir, Golden Promise, Steptoe and
Morex) and four H. bulbosum genotypes (2032 (diploid),
2920/4 (diploid), A17 (tetraploid), A17-1 (tetraploid)) com-
monly used in the breeding programme. Those markers
producing a single amplification product were sequenced
directly, in both directions, from the PCR amplifications of
all eight parental lines using Big Dye® Terminators v3.1
(Applied Biosystems), on an ABI PRISM® 3100 Genetic
Analyser (Applied Biosystems). Alignments were con-
structed using SeqScape® (version 2.1, Applied Biosys-
tems) and were visually inspected for accuracy.
Species-specific SNPs and InDels (consistent within
each species but differing between species) were used to
generate polymorphic markers. The online program Blast-
Digester (Ilic et al. 2004) was used to select restriction
enzymes that discriminated between SNPs from the two
species for developing CAPS markers. Markers producing
size polymorphisms (due to species-specific InDels) were
resolved using agarose gels or on the ABI3100. All single-
locus markers were tested against a core set of eight inter-
specific hybrids (Supplementary Table S1) derived from a
range of parental genotypes to ensure amplification of both
barley and H. bulbosum alleles in a mixed genetic back-
ground and to determine whether null alleles were present.
Markers showing polymorphisms between cultivars Step-
toe and Morex were mapped in the Steptoe x Morex popu-
lation (Kleinhofs etal. 1993) using the software
MapManager QTX (Manly et al. 2001) on default settings.
A basic consensus map was developed by combining the
18 species-specific markers that were mapped here using
the  Steptoe x Morex  population  (Supplementary
Table S2), with the remaining 28 markers that had their
locations previously published in other populations (Qi
et al. 2004; Sato et al. 2004; Thiel et al. 2003). The loca-
tions of markers on the consensus map were based on their
relative chromosomal position according to the mapping
population in which they were originally mapped and each
chromosome was normalised to a length of 100. For exam-
ple, the marker KS302 was mapped by Sato et al. (2004) at
position 89.5 cM out of a total chromosome length for 4H

of 146.8 cM; therefore, is located at position 61 on the con-
sensus map (Fig. 2). This enabled the relative order and
position of markers on each chromosome to be visualised
(Fig. 2). An estimate of the genetic coverage of these ILs
was made by summing the largest introgression (assuming
that introgressions detected by only the most distal marker
were at least 5% in size) on both arms of each chromosome
(e.g. chromosome 2H = 15 + 26 = 41% coverage). The pro-
portion of the entire genetic map length that each chromo-
some contributed was then determined by averaging across
five different mapping populations (Kleinhofs et al. 1993;
Ramsay et al. 2000; Sato et al. 2004; Rostoks et al. 2005,
Varshney et al. 2007) and the final estimate of genetic cov-
erage was obtained by multiplying the chromosomal cover-
age by the proportion of the genetic map contributed by that
chromosome.

Statistics

The frequency of SNPs detected within exon sequence was
analysed using a binomial generalised linear model
(McCullagh and Nelder 1989) and was compared between
those markers that either did or did not possess introns. The
comparison was tested within the analysis of deviance done
as part of the analysis, using an F test. The results are pre-
sented as reciprocals of the estimated proportions, along
with 95% confidence intervals. The analysis was carried out
with GenStat (GenStat Committee 2006).

Results
Progeny screening with pSc119.1

The diploid progeny, generated from triploid and tetraploid
interspecific hybrids, were screened with the pSc119.1 retro-
transposon-based PCR assay, revealing a total of 102 (24%)
positive lines (putative ILs) from the 425 lines tested
(Table 1). The proportion of pSc119.1-positive lines was sim-
ilar from either triploid (23.1%, n = 225) or tetraploid (25%,
n =200) interspecific hybrids (Table 1). However, frequen-
cies of pSc119.1-positive progeny varied among the different
interspecific hybrids (between 5.4 and 44.4%) (Table 1).

Marker development

A total of 216 amplicons were analysed, comprising 172
markers generated from EST contigs selected from the Har-
vEST database (Wanamaker et al. 2006) and 44 primer
pairs kindly provided by Prof. Kazuhiro Sato (Okayama
University, Kurashiki, Japan). After initial screening to
remove markers amplifying multiple bands, 126 markers
were direct sequenced from four barley cultivars and four
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Table 1 Screening of unselected diploid progeny from interspecific hybrids using the pSc119.1 PCR assay

Hybrid code Pedigree (Hv x Hb) Positive lines

Positive Individuals % Positive lines % Positive individuals

Progeny from triploid (VBB) hybrids

181P Emir x (Emir x A17-1) 45/143
203S Emir x (Emir x A17) 3/8
251V Morex x (Morex x 2032) 4/74

Total = 52/225
Progeny from tetraploid (VVBB) hybrids

220A Morex x 2920/4 7127
228Q1 Morex x 2032 9/23
230H1 Morex x 2032 7/24
230H3 Morex x 2032 1/7
230H13 Morex x 2032 4/16
230H18 Morex x 2032 2/13
230H24 Morex x 2032 6/25
230H25 Morex x 2032 4/30
230S5 Morex x 2032 521
231D5 Golden Promise x 2032 1/5
231D8 Golden Promise x 2032 4/9
Total = 50/200

Combined 102/425

152/655 31.5 23.2

9/39 37.5 23.1

9/364 5.4 2.5

Total = 170/1058 Mean = 23.1 Mean = 16.1
14/130 25.9 10.8

26/101 39.1 25.7

19/96 29.2 19.8

5/33 14.3 15.2

14/74 25.0 18.9

8/59 15.4 13.6

20/108 24.0 18.5

13/138 13.3 9.4

18/98 23.8 18.4

4/17 20.0 23.5

8/19 44.4 42.1

Total = 149/873 Mean = 25.0 Mean = 17.1
319/1,931 Mean =24 Mean = 16.5

H31_4821 H31_2522
. | STEPTOE AC
5| MOREX A
£| EMIR “CG? A
T | GOLDEN PROMISE AGGGCATTCTCTTX A
_‘E 2032 CAGC ACTTTATCCATCCTCCATATATAAATC
2129204 CAGC ACTTTATCCATCCTCCATATATAAATC
| Al17 CAGC TTATCCATCCTCCATATATAAATC
= Al7-1 CAGCAG. TTATCCATCCTCCATATATAAATC
ab c d e f

Fig.1 Composite sequence alignment from the intron regions of
markers H31_4821 and H31_2522 indicating; a two species-specific
SNPs, b a genotype-specific SNP in cultivar Golden Promise, ¢ a SNP
present in all H. bulbosum genotypes and barley cultivar Golden Prom-
ise, d SNP variation within the H. bulbosum genotypes, C in diploids

H. bulbosum genotypes. Of these markers, 92 returned
good quality alignments consisting of a total of 40.6 kb of
trimmed sequence per line, and featured 870 species-spe-
cific single nucleotide polymorphisms (SNPs) (Fig. 1a) and
59 species-specific insertions/deletions (InDels) (Fig. 1f).
Polymorphism between different barley cultivars (Fig. 1b,
¢, e) and between or within (observed as mixed bases) the
H. bulbosum genotypes (Fig. 1d) was also detected in these
sequence alignments. However, only the species-specific
SNPs and InDels were analysed further.

Introns were identified and located in 64 markers by
aligning each genomic marker sequence with the respective
barley EST contig from the HarvEST database. Intron
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2032 and 2920/4 and T in the tetraploid A17 with tetraploid A17-1 pos-
sessing a mixed base (Y = C + T), e a SNP between the parents of the
Steptoe x Morex mapping population (Kleinhofs et al. 1993) and f a
species-specific nine base pair InDel

sequence accounted for 17 kb or 42.7% of the total marker
sequence but contained 61.5% of the species-specific SNPs
and 66% of the species-specific InDels. As expected, the fre-
quency of species-specific SNPs was higher in introns (1 per
32.4 bp) than in exons (1 per 69.6 bp). However, the fre-
quency of species-specific SNPs within exon-only markers
[1 per 46 bp (95% confidence interval 36,59)] was signifi-
cantly greater (P < 0.001) than within the exon regions of
intron-spanning markers [1 per 109 bp (79,149)] (Table 2).
Species-specific InDels (>2 bp) were also detected in
46.7% of the 92 alignments with an InDel detected on aver-
age every 445 bp in introns and every 1,166 bp in exons.
The InDels that were located in introns were also on
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Table 2 Frequencies of species-specific single nucleotide polymorphisms (SNP) between intron and exon sequences

Intron-spanning markers Exon-only Overall

markers

Intron* Exon®
Number of markers 64 28 92
Number of species-specific SNPs 535 126 209 870
Total sequence (bp) 17,357 13,680 9,641 40,678
SNP frequency® 1/32.4 1/108.6 1/46.1 1/46.8

# Intron sequences from intron-spanning markers were assigned where there was no alignment of genomic marker sequence to the corresponding

HarvEST contig sequence (assembly 31)

b Exon sequences from intron-spanning markers were assigned by alignment of genomic marker sequence to the corresponding HarvEST contig

sequence (assembly 31)

¢ SNP frequency was measured as the mean number of base pairs per species-specific single nucleotide polymorphism

average larger (18.1 bp, range 3-161 bp) than InDels found
in exons (9.9 bp, range 3-21 bp).

The Steptoe x Morex mapping population (Kleinhofs
etal. 1993) was used to locate markers showing polymor-
phism between these parents. A total of 25 markers were
added to this map (data not shown), as cleaved amplified
polymorphic sequence (CAPS) markers (using restriction
enzyme digest polymorphisms), electrophoretic size poly-
morphisms and tetra-primer ARMS PCR (Chiapparino et al.
2004). Genetic mapping of markers provided confirmation of
chromosomal location and elucidation of marker order on
specific chromosome arms. Of the remaining markers, 52
were monomorphic between Steptoe and Morex, and the
remaining 15 could not be easily mapped without additional
expense. Marker genotyping of previously characterised ILs
also provided additional proof of chromosomal location and
marker order where direct mapping was not performed.

A major impediment to the utilisation of these sequence
alignments as CAPS markers was the absence of discrimi-
nating restriction enzymes or the considerable cost of pur-
chasing all the enzymes required. From 92 informative
alignments (each containing at least one species-specific
SNP), only 46 fully informative markers were successfully
developed to screen the putative ILs. Of these, 40 were
developed as CAPS markers and six were markers possess-
ing large size polymorphisms. To be considered ‘fully infor-
mative’ markers had to be co-dominant, generate robust
CAPS or size polymorphism between the four barley culti-
vars and four H. bulbosum genotypes used in our program
and not to suffer from preferential or exclusive amplification
of the barley alleles in heterozygous or hybrid material.

Marker analysis of putative introgression lines

A total of 110 putative ILs (pSc119.1-positive) were analysed
using the 46 single-locus markers developed here. The pres-
ence of H. bulbosum-specific alleles was confirmed in 88
(80%) of the putative ILs with the remaining 22 lines having
no introgression detected. Single introgressions were detected

in the majority of the ILs, with six ILs possessing two distinct
introgressed locations and one IL found to contain three sepa-
rate introgressions. Of the 96 introgressions detected, 91
(94.8%) extended to the most distal marker of the respective
chromosome arm (Fig. 2). The remaining five introgressions
were located in interstitial (or sub-distal) regions of the
genome and were detected on chromosomes 2HL (x2), 3HS,
SHL and 6HS (Fig. 2). Introgressions were found most fre-
quently on chromosome 2HL (29.2%), with introgressions
located on all other chromosome arms with the exception of
chromosome 3HL. Introgressions on chromosome 3HL have
not previously been detected in any of our material.

A null allele was detected for the marker H31_6035 for
all lines derived from the IL 203S11/M2. These lines failed
to amplify a H. bulbosum allele for this marker despite an
introgression being confirmed on chromosome 2HL by
flanking markers.

Prior to the adoption of pSc119.1 screening, putative ILs
were selected based on the observation of a limited number
of H. bulbosum-specific phenotypes followed by RFLP
marker analysis (Johnston 2007). The chromosomal distri-
butions of introgressed chromatin detected in ILs under
these original selection criteria and after the adoption of the
pSc119.1 assay were compared. Since using the pSc119.1
assay, a significant reduction in the relative abundance of
introgressions on chromosomes 2HS and 4HL has been
detected along with a significant increase in the relative
abundance of chromosome 2HL introgressions (Fig. 3).

By using the largest introgression on each chromosome
arm, a coarse estimate of 36% of the barley genetic map has
now been transferred from H. bulbosum into cultivated bar-
ley (Table 3).

Discussion
Adoption of the pSc119.1 assay has allowed all previously

characterised ILs to be detected with high selectivity and
sensitivity for H. bulbosum chromatin (Johnston and
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Fig. 2 Chromosomal location and genetic sizes of introgressions from
46 EST-derived PCR markers performed on progeny pre-selected us-
ing pSc119.1. The detected introgressions are indicated by bars to the
right of the genetic chromosome map (black bars indicate introgres-
sions that extend to the most distal marker available and grey bars indi-
cating interstitial introgressions) with the introgression ends located
adjacent to diagnostic markers. Because the markers are derived from
a number of different genetic maps their positions are shown as a per-
centage of the chromosome length from the mapping population in

30

[
wh

M Before pScl19.1 screening
[ After pSel19.1 sereening

]
=

which that marker was mapped (i.e. most distal short arm marker = 0
and most distal long arm marker = 100). The multipliers (i.e. x3) indi-
cate where multiple versions of an introgression with the same marker
results have been detected. Markers designated with an H were devel-
oped from HarvEST contigs generated from assembly #31 (Wana-
maker et al. 2006), markers designated with KS were developed by
Prof. Kazuhiro Sato (Okayama University, Kurashiki, Japan) and the
marker GBM 1021 was developed by Dr. Thomas Thiel (IPK, Gatersle-
ben, Germany)

Table 3 Estimated coverage of the barley genetic map provided by
the largest introgression lines (ILs) on each chromosome arm (assum-
ing a minimum introgression size of 5%)

L

=

MNumber of introgression lines

IHS THL 2HS 2HL 3HS 3HL 4HS 4HL 5HS 5HL 6HS 6HL THS THL

Chromosomal location of introgression

Fig. 3 Chromosomal distributions of chromatin introgressed from
H. bulbosum into cultivated barley, before and after the adoption of the
pSc119.1 PCR assay for progeny screening

Pickering 2002). More importantly, the pScl19.1 assay
allowed putative ILs to be selected independently of pheno-
type. For example, ILs containing introgressions on two
chromosome arms (2HS and 4HL) that were phenotypically
selected at high frequency were detected at relatively lower
frequency after adopting pScl19.1 screening (Fig. 3).
These two introgression locations were most likely over-
represented in previous analyses due to the presence of
easily identified H. bulbosum-derived traits for mildew
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Shortarm  Longarm  Total Proportion® Coverage
1H 36 5 41 0.144 5.9
2H 15 26 41 0.148 6.1
3H 10 0 10 0.150 1.5
4H 39 44 0.117 52
SH 36 41 0.176 7.2
6H 24 23 47 0.125 5.9
TH 24 5 29 0.140 4.1
Total 35.9

# Proportion of the barley genetic map contributed by each chromo-
some was averaged from five different linkage maps (Kleinhofs et al.
1993; Ramsay etal. 2000; Sato etal. 2004; Rostoks etal. 2005,
Varshney et al. 2007)

resistance/glossy leaf and sheath (2HS), pubescent leaf
sheath and prostrate growth habit (4HL). Progeny selection
strategies are limited by the time and cost required to sam-
ple material for a finite number of traits. Screening putative
ILs at a molecular level will reduce the bias when selecting
traits such as disease resistance and will provide material
for screening novel traits in future barley breeding pro-
grammes.

There was a wide range in the frequencies of pSc119.1-
positive progeny detected from the interspecific hybrids
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(Table 1, between 5.4 and 44.4%). This confirmed previous
data indicating that efficient IL generation was influenced
greatly by the parental genotypes used in hybrid formation
(Pickering 2000). However, even hybrids generated from
the same parental genotypes were quite variable, with small
populations of Morex x 2032 tetraploid hybrids yielding
between 13.3 and 39.1% putative ILs. The use of tetraploid
hybrids (VVBB) for producing introgression lines was pre-
viously considered inefficient due to the absence of identifi-
able H. bulbosum traits in the progeny (Pickering,
unpublished). However, the pSc119.1 analysis has revealed
that both triploid (VBB) and tetraploid (VVBB) interspe-
cific hybrids generate a similar frequency of putative ILs
(Table 1).

As H. bulbosum is a highly heterozygous and heteroge-
neous species and possesses significant sequence diver-
gence from cultivated barley (Table 2), it was critical to
develop a set of conserved markers for detecting introgres-
sed chromatin. In this study, we focused on the detection of
species-specific SNPs between four barley cultivars and
four H. bulbosum genotypes (Fig. 1a) that could be con-
verted into robust PCR-based markers. Additional SNPs
between the individual genotypes were often detected (see
Fig. 1b—e) along with genotype-specific InDels. All this
polymorphism accounts for the difficulties associated with
using PCR markers (e.g. SSRs and EST-SSRs) designed
from barley sequences for detection of H. bulbosum intro-
gressions (Johnston 2007). A comparable study in culti-
vated barley, detected a frequency of one SNP every 130 bp
in randomly selected EST sequences across seven barley
genotypes, with 89% of SNPs appearing in more than one
genotype (Kota et al. 2007). In our markers, conserved
interspecific SNPs were detected 2.15 times more fre-
quently in intron sequence than in exon sequence. A similar
ratio of 2.11 (intron SNPs/exon SNPs) was also detected by
Zhu et al. (2003) from 115 sequences across 25 soybean
genotypes reinforcing the value of using intron-spanning
markers to increase polymorphism detection.

In our programme, markers need to be ‘fully informa-
tive’, i.e. capable of detecting multiple H. bulbosum alleles
in a barley genetic background without preferential amplifi-
cation. The presence of a null allele in one IL family for the
marker H31_6035 (2HL) (later resolved by primer rede-
sign) indicated that there are possibly additional lines
escaping detection. This further emphasises the need to
locate PCR primers in regions of conserved sequence
between the species and to take into account variation
between and within the individual H. bulbosum genotypes.
When the frequency of species-specific SNPs was exam-
ined solely in exon sequence, a large difference was
detected between exon sequence from intron-spanning
markers (1 SNP per 109 bp) and exon sequence from exon-
only markers (1 SNP per 46 bp) (Table 2). One reason for

this discrepancy may be that the exon sequences sampled in
intron-spanning markers are enriched for sequences located
near exon—intron junctions. Exon sequences flanking
introns evolve at half the rate of exon centres from the same
genes in humans and mice (Parmley et al. 2007). Therefore,
PCR primers sited close (~70bp) to these exon—intron
junctions or within small exons may provide a way of max-
imising conserved primer design for cross-species applica-
tions.

Most (94.8%) of the detected introgressions extended to
the most distal marker available, indicating the importance
of having distally located markers to maximise the detec-
tion of small introgressions. The high frequency of intro-
gressions located on chromosome 2HL relative to other
chromosomal locations was not reflected in the relative
level of chromosome association detected between homo-
eologous chromosomes from two diploid interspecific
hybrids (Pickering et al. 2006). This may instead be attrib-
uted to a number of factors including: the chromosomal dis-
tribution of pScl19.1, intensive marker development on
chromosome 2HL, greater sequence similarity between the
barley and H. bulbosum in this region, recombination hot-
spots and/or a greater ability for 2HL introgressions from
H. bulbosum to compensate for the substituted regions of
cultivated barley.

Despite the development of both the pSc119.1 assay and
the set of single-locus markers described here, ILs possess-
ing H. bulbosum introgressions located on chromosome
3HL had, until recently, still not been detected. However, a
relatively high frequency of homoeologous chromosome
association was detected between 3H and 3H" in two inter-
specific hybrids (Pickering et al. 2006). This may indicate
that chromosome association does not necessarily correlate
with interspecific recombination frequency and that per-
haps post-pollination events are responsible for a lack of
3HL introgressions (Pickering et al. 2006). Since the sub-
mission of this manuscript a single 3HL IL was identified
using GISH/FISH (Pickering, unpublished) but when tested
using the 3HL markers H31_31503 and H31_18890 devel-
oped here, this IL returned only the barley genotype. This
may be due to a failure of the markers to detect the specific
H. bulbosum alleles introgressed in this case (i.e. a null
allele).

Twenty-two putative ILs were positive for the pSc119.1
assay but no H. bulbosum-specific alleles were detected in
the single-locus marker analysis. It is possible that the
marker coverage was not sufficient to detect very small int-
rogressions, that there were a large number of null alleles or
that IL detection using pSc119.1 may in some cases have
arisen independently of H. bulbosum introgression.

It was hoped that pre-screening using the pSc119.1 assay
would result in an increased number of proximal and
interstitial introgressions being detected, but this has not
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eventuated. It is likely that constraints on recombination
between these two species are driving the distal location of
most introgressions. In general, the barley genome is char-
acterised by suppressed recombination in the proximal/cen-
tromeric regions and more frequent recombination in the
distal chromosomal regions (Kiinzel et al. 2000). H. bulbo-
sum has an even more marked contrast in recombination
frequency between distal (high) and proximal (low) chro-
mosomal regions (Jaffé etal. 2000; Salvo-Garrido et al.
2001). The combination of low recombination frequencies
in the proximal chromosomal areas of both species and fur-
ther reduced recombination between the two species may
explain the paucity of H. bulbosum introgressions in the
more proximal chromosomal locations (Fig. 2). This phe-
nomenon does have important implications for the ability to
access H. bulbosum for traits located in these proximal or
centromeric regions of the genome.

The initial introgressions of H. bulbosum chromatin
transferred into the barley genome can be reduced in size
by interspecific recombination during backcrossing to the
recurrent parent. However, a general reduction in recombi-
nation frequency (relative to barley) has been identified,
which probably depends on the chromosomal location of
the introgression. Korzun et al. (1999) examined a 15.8-cM
marker interval (between psb43 and mwg616) on 4HL in
barley that was reduced to 0.5 cM in the corresponding
region introgressed from H. bulbosum. Ruge et al. (2003)
also detected a similar reduction on chromosome 6HS
(between psr167 and mwg573) from 12.8 cM in barley to
1.8 cM in the introgressed segment. Large backcross popu-
lations and the development of markers closely linked to
traits of interest within the introgressed chromatin will be
required for accessing H. bulbosum traits for barley
improvement.

Molecular marker analysis of ILs between barley and
H. bulbosum demonstrated the transfer of H. bulbosum
chromatin into the cultivated barley genome. Using the
locations of the most proximal markers that detect each
H. bulbosum introgression for genetic sizing and assuming
a minimum introgression size of 5% for introgressions
detected by a single distal marker, a coarse estimate of 36%
of the barley genetic map has now been introgressed from
H. bulbosum into cultivated barley. Each introgression
probably extends more proximally than the detecting
marker and this should, therefore, be considered a conser-
vative estimate. These ILs provide an important resource
for barley improvement and the molecular markers
described will facilitate genetic map-based selection of ILs
for a wide variety of agronomic and quality traits.
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