
Abstract Modern cultivated barley is an important cere-
al crop with an estimated genome size of 5000 Mb. To
develop the resources for positional cloning and structur-
al genomic analyses in barley, we constructed a bacterial
artificial chromosome (BAC) library for the cultivar 
Morex using the cloning enzyme HindIII. The library
contains 313344 clones (816 384-well plates). A random
sampling of 504 clones indicated an average insert size
of 106 kbp (range=30–195 kbp) and 3.4% empty vectors.
Screening the colony filters for chloroplast DNA content
indicated an exceptionally low 1.5% contamination with
chloroplast DNA. Thus, the library provides 6.3 haploid
genome equivalents allowing a >99% probability of re-
covering any specific sequence of interest. High-density
filters were gridded robotically using a Genetix Q-BOT
in a 4×4 double-spotted array on 22.5-cm2 filters. Each
set of 17 filters allows the entire library to be screened
with 18432 clones represented per filter. Screening the
library with 40 single copy probes identified an average
6.4 clones per probe, with a range of 1–13 clones per
probe. A set of resistance-gene analog (RGA) sequences

identified 121 RGA-containing BAC clones representing
20 different regions of the genome with an average of
6.1 clones per locus. Additional screening of the library
with a P-loop disease resistance primer probe identified
459 positive BAC clones. These data indicate that this li-
brary is a valuable resource for structural genomic appli-
cations in barley.
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Introduction

Modern cultivated barley (Hordeum vulgare L.) is a dip-
loid crop species having an estimated haploid genome
size of 5000 Mb (Arumuganthan and Earle 1991). An
extensive history of genetic, mutagenic, and cytogenetic
studies has resulted in a large store of mutants, cytoge-
netic stocks, and knowledge about the genes that control
barley functions, such as malting quality, yield, stress re-
sponse and disease resistance. Molecular-marker linkage
maps have been developed using RFLP, AFLP, SSR, iso-
zyme and protein markers (GRAINGENES database;
Graner et al. 1991; Heun et al. 1991; Kleinhofs et al.
1993; Becker et al. 1995; Ellis et al. 1997; Kleinhofs
1997; Waugh et al. 1997). All barley maps appear to be
co-linear and can easily be integrated with only minor
differences in genetic distances between markers. In ad-
dition, a barley morphological-marker linkage map con-
taining over 200 loci has been constructed (Franckowiak
1997) and is being integrated with the molecular-marker
maps (Kleinhofs 1996; Castiglioni et al. 1998). More-
over, the molecular-marker linkage maps have been use-
ful for identifying quantitative trait loci (QTLs) for many
agronomic and quality traits (Hayes et al. 1993). While
many important traits have been mapped in barley, phys-
ical mapping, structural analysis and map-based cloning
has been limited due to the lack of a complete large-
insert genomic library that would be available to the
public barley research community.
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An essential tool for characterizing genomes is the
availability of yeast artificial chromosome (YAC) or 
bacterial artificial chromosome (BAC) libraries contain-
ing large genomic DNA inserts. Plant YAC libraries 
have been constructed for several organisms including:
Arabidopsis (Grill and Somerville 1991), tomato (Martin
et al. 1992), maize (Edwards et al. 1992) and barley
(Kleine et al. 1993). These libraries have been used for a
number of studies but their general use has been limited
by the high frequency of chimeric and unstable clones.
In contrast, BAC vectors from the mini-F plasmid allows
cloning and stable-maintenance of large DNA fragments
in Escherichia coli (Shizuya et al. 1992). BAC libraries
are popular for a number of reasons, including: ease 
of handling, relatively simple to develop and exhibiting 
a low frequency of chimeric clones. BAC libraries 
have been developed for many plant species including:
Arabidopsis, rice, soybean, sorghum, and sugarcane
(Woo et al. 1994; Choi et al., 1995; Wang et al. 1995;
Zhang et al. 1996; Marek and Shoemaker 1997; Danesh
et al. 1998; Mozo et al. 1998; Tomkins et al. 1999a, b).
Lapitan et al. (1997) reported the development of a small
BAC library for barley containing 10750 clones with an
average insert size of 95 kb that provides less than one
genome equivalent. For successful large-scale genomic
applications in barley, a larger library providing at least
five genome equivalents is needed.

Plant BAC libraries have been used for a number of
structural genomic applications. In Arabidopsis, BAC li-
braries have and are being used to develop sequence-
ready physical maps (Bevan et al. 1998). In addition,
BAC libraries have been used to positionally clone dis-
ease resistance genes and other genes known only by
their phenotype (cf. Song et al. 1995). Moreover, BAC
libraries are useful for examining genomic structure. The
genomic structure of the a1-sh2 region of maize, sor-
ghum and rice has been extensively examined through
the sequencing of BAC clones containing these genes
(Chen et al. 1997, 1998; Tikhonov et al. 1999). BAC li-
braries have also been used to develop physical maps for
genomic regions containing resistance gene-analog se-
quences (Marek and Shoemaker 1997).

Of the many uses of BAC libraries, one of our interests
is to develop the the resources for the positional cloning of
genes and in particular for cloning disease resistance (R)
loci from barley. More than a dozen R genes have been
isolated from plants and the general nature of these se-
quences is now apparent. Interestingly, R genes from di-
verse species and genes that confer resistance to different
pathogens have similar protein domains. R genes have
been grouped into five general classes based on the con-
served protein domains they encode (Hammond-Kosack
and Jones 1997). In general, these protein domains consist
of a nucleotide-binding site (NBS) and leucine-rich re-
peats (LRR). Using sequence similarities from the NBS
and LRR regions from the R genes, candidate disease-
resistance genes from a large set of plants have been iso-
lated and referred to as resistance gene analogs (RGA;
Kanazin et al. 1996; Leister et al. 1996; Yu et al. 1996;

Aarts et al. 1998; Leister et al. 1998; Ohmori et al. 1998;
Seah et al. 1998; Shen et al. 1998; Mago et al. 1999).
Mapping studies with these RGA sequences in soybean,
lettuce, Arabidopsis, rice and barley indicate that they 
are linked to R genes and tend to cluster at multiple loca-
tions in the genome (Kanazin et al. 1996; Yu et al. 1996; 
Botella et al. 1997; Aarts et al. 1998; Leister et al. 1998;
Meyers et al. 1998a, b; Shen et al. 1998). Therefore, iden-
tifying RGA-containing BAC clones is a good starting
point for positional cloning of R gene-loci.

The primary objective of the present study was to es-
tablish the resources and protocols necessary to conduct
structural genomics in barley. The specific objectives
were: (1) develop a bacterial artificial chromosome
(BAC) library providing at least six haploid-genome
equivalents, (b) characterize the library for insert size
and chloroplast DNA content, (3) screen the library with
genetically mapped RFLP markers, and (4) identify
RGA-containing BAC clones.

Materials and methods

BAC library construction

BAC library construction was essentially the same as that de-
scribed by Tomkins et al. (1999a) with the following modifica-
tions. The first size-selection of HindIII fragments used switch
times of either a constant 20-s interval or a 1–40 s linear ramp.
Fractions between 100 and 300 kbp were cut from the gel and in-
serted into a second gel and run at a constant 3-s switch time to 
remove small trapped DNA fragments. After removing appropri-
ate fractions from the second size selection, DNA was either re-
moved from the agarose by Gelase (Epicentre) or by electroelution
(Model 422 Electro-Eluter, Bio-Rad). Transformed cells were
plated on 200 ml of selective medium (LB, Luria-Bertani medium)
in 24×24 cm plates (Genetix) with 12.5 µg/ml of chloramphenicol,
0.55 mM of IPTG, and 80 µg/ml of X-Gal. After a 20-h incubation
at 37°C, the plates were placed at room temperature in the dark for
an additional 20 h to allow a stronger color-development of non-
recombinant colonies. Plates were either stored at 4°C or used im-
mediately for picking. Recombinant white colonies were picked
robotically using the Genetix Q-BOT apparatus and arrayed as in-
dividual clones in 384-well microtiter plates (Genetix) containing
50 µl of freezing broth (Woo et al. 1994). After incubation over-
night, microtiter plates were stored at –80°C. Two copies of the li-
brary were made using the replicating function of Genetix Q-BOT
and stored in separate –80°C freezers. BAC clone characterization
has been described previously by Tomkins et al. (1999a, b).

BAC library screening and BAC fingerprinting

High-density colony filters for hybridization-based screening of
the library were prepared using Genetix Q-BOT. Clones were
gridded in double spots using a 4×4 array with six fields per
22.5×22.5-cm nylon (Hybond NT) filter. This gridding pattern al-
lows 18432 clones to be represented per filter. Library screening
was performed using 17 filters (labeled A–Q) such that one filter
set represented 313344 clones. Colony filters were processed and
hybridized using standard techniques (Sambrook et al. 1989).
Screening for chloroplast DNA content was performed as de-
scribed by Woo et al. (1994).
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Resistance-gene analog probes

Probes were developed for the barley nucleotide binding site-leu-
cine rich repeat (NBS-LRR) resistance-gene analog sequences b2,
b3, b4, b5, b6, b7, b8 and b9 (Leister et al. 1998) using as a tem-
plate a spike-derived RNA from the barley cv Chevron. In short,
RNA was isolated from Chevron spikes at anthesis following the
TRIzol reagent (GIBCO-BRL) RNA-isolation procedure. RT-PCR
was conducted according to Bauer et al. (1994). cDNA synthesis
was performed on the RNA sample using RT (GIBCO-BRL) and a
poly (dT) primer. cDNA was PCR-amplified with the following
b2–b9-specific primers: b2–5′ primer, 5′-TGTGGATCTGTGTAT-
CCA-3′; b2–3′ primer, 5′-CTAGGATGGTGCTCACAGTTG-3′;
b3–5′ primer, 5′-GACAAACTTCAATATTTCTG-3′; b3–3′primer,
5′-TGCATTCCTTATCTTAAACC-3′; b4–5′ primer, 5′-GAAGCT-
CAATAGGCTTGT-3′; b4–3′ primer, 5′-CAGGGTCCTCGTTC-
CATAC-3′; b5–5′ primer, 5′-TGCTCGGCTGACAACTTCTG-3′;
b5–3′ primer, 5′-GCTAGTATCATGCAACCAC-3′; b6–5′ primer,
5′-CTTCCCTAATGCTCATGCT-3′; b6–3′ primer, 5′-GCCACGA-
CACCGCTCAACTACAG-3′; b7–5′ primer, 5′-CAAGGGAGG-
TCTACCGCAAGA-3′; b7–3′ primer, 5′-GGCAGCAGTCCTCA-
GAACCAA-3′; b8–5′ primer, 5′-GGAAGGTGCATAGCCTCA-
TT-3′; b8–3′ primer, 5′-TTCATCCCTTCCGAGTTAGG-3′; b9–5′
primer, 5′-GGTGTCCAGCAACATTTCCAG-3′; and b9–3′ prim-
er, 5′-CTGCTTGATTCTGCTCAACATC-3′. The resulting PCR
products were subcloned into a plasmid and verified by sequenc-
ing the insert. The lengths of the b2–b9 probes were 391, 220,
472, 461, 463, 398, 794 and 416 bp, respectively. All b-RGA
probes were at least 90% identical at the nucleotide level to the
previously published b-RGA sequences (Leister et al. 1998) ex-
cept for b3 which was 82% identical. The b8 probe contains a
328-bp intervening sequence that is most likely an intron, other-
wise the b8 sequence is 98% identical to the previously published
sequence. The b2 and b5 probes were 82% identical to each other.
We obtained PCR-amplified products of genomic DNA for the
barley homologs of the rice Xa21 (Song et al. 1995) and wheat Lrk
probes (Feuillet et al. 1997) from V. Kanazin and T. Blake (Mon-
tana State University). The primer sequences used to amplify the
barley Xa21 probe were: 5′-AGTTTTGAGGC(TCGA)GA(GA)-
TGTGA-3′ and 5′-ATCCTTG(AC)(TC)ATGCCAAA(AG)TC-3′.
The primer sequences used to amplify the barley Lrk probe were:
5′-GGAGGATTTGGAA(CG)TGT(CGA)TA-3′ and 5′-A(TC)AG-
CTCCGGTGCAATGTA-3′. Sequencing of the barley Xa21 and
Lrk PCR products demonstrated that they were similar to the rice
Xa21 and wheat Lrk sequences. The barley P-loop primer probe
was synthesized from the sequence of the nucleotide-binding site
of a b9-like sequence. The P-loop primer was a 20-mer with the
following sequence 5′ GTSSGGRAAGACRACYCTTG 3′.

Results and discussion

BAC library construction and characterization

We constructed a barley BAC library using the cultivar
Morex which is suitable for physical mapping and map-
based cloning. The library consists of 313344 clones
stored in 816 384-well microtiter plates. Less than 4% of
the clones do not contain inserts as judged by random
analysis of BACs sampled from the library. A random
sampling of 504 BACs taken from the library during the
course of library construction indicated an average insert
size of 106 kbp with a range of 30 to 195 kbp. Fig. 1A
shows 24 randomly selected clones digested with NotI to
release the insert. The two NotI sites in pBeloBAC11
flank the multi-cloning site. Because NotI recognizes an
8-bp GC sequence and the barley genome is moderately
GC rich, digestion typically generates vector plus 1–4 in-

sert bands per BAC clone. Figure 1B shows a Southern
blot of the gel in Fig. 1A probed with total barley ge-
nomic DNA. As indicated by the strongly hybridizing
lanes, many of the BACs contain highly repetitive DNA.
However, 42% of the BAC insert bands contain low-
copy DNA as indicated by bands not hybridizing or else
weakly hybridizing on the Southern blot.

To determine the size distribution of BAC clones in
the library, the 504 BACs analyzed with NotI digests
were grouped by insert size and the insert size of each
clone was plotted against the frequency of each group of
clones represented in the library (Fig. 2). Based on this
analysis, over 80% of the clones in the library have an
average insert size greater than 100 kbp. Of the clones
larger than 100 kbp, 40% are between 100 and 130 kbp
and 40% are greater than 130 kbp. Based on the average
insert size and a haploid genome size of 5000 Mb 
(Arumuganathan and Earle 1991) the coverage of the li-
brary is about 6.3 genome equivalents, resulting in a
greater than 99% probability of recovering any specific
sequence of interest.

To obtain an estimate of the representation of chloro-
plast DNA in the library, the filters were screened with
three different chloroplast genes spaced equidistantly
around the 133-kbp barley chloroplast genome. Results
from this screening showed that approximately 1.5% of
library sequences are chloroplast DNA (data not shown).

BAC library screening with single-copy and resistance
gene analog (RGA)-containing probes

Screening the library with 40 single-copy probes identi-
fied 256 confirmed BAC clones for an average of 6.4
and a range of 1–13 clones per probe. The probes were
judged to be single copy because they hybridized to a
single band with genomic barley DNA, were previously
mapped in various barley mapping populations to a sin-
gle locus, and hybridized to a single identical size
HindIII fragment from all positive BACs. All probes
tested to-date yielded at least one BAC clone indicating
a robust library.

In order to evaluate the potential of the BAC library
to identify genomic regions associated with disease re-
sistance, library screening was performed with an array
of disease resistance gene analog (RGA) probes. Probes
were developed for b2, b3, b4, b5, b6, b7, b8 and b9
(Leister et al. 1998; see Materials and methods). We also
received probes for the barley homologs of the rice Xa21
and wheat Lrk probes from V. Kanazin and T. Blake
(Montana State University; see Materials and methods).
We screened the BAC library with each probe and veri-
fied the number of positive BAC clones identified by
each probe using DNA gel blots on HindIII-digested
BAC DNA and probing with a specific RGA probe. We
identified 16, 5, 9, 16, 8, 10, 20, 12, 31 and 10 BACs
that hybridized to the b2, b3, b4, b5, b6, b7, b8, b9, Xa21
and Lrk probes, respectively (Table 1). The b2 and b5
probes were 82% identical at the nucleotide level and
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identified the same set of 16 clones. The b2 and b5
probes were the only RGA sequences that identified
overlapping BAC clones. Taken together, these data indi-
cate that we identified 121 RGA-containing BACs.

We estimated the number of different genomic re-
gions identified by the BAC clones based on our DNA
gel-blot analysis. BAC clones exhibiting the same-sized
RGA hybridizing HindIII fragment(s), or combinations
of the same fragments, were considered clones covering
the same RGA-containing region of the genome. BAC
clones that gave different-sized fragments were consid-
ered clones covering different RGA-containing regions
of the genome. We identified 2, 1, 2, 2, 2, 1, 2, 1, 4, and
5 regions for the b2, b3, b4, b5, b6, b7, b8, b9, Xa21 and
Lrk probes, respectively. Added together, these BAC
clones account for 20 regions of the barley genome.
These data indicate that the barley BAC library is a use-
ful tool for identifying regions of the genome that con-
tain RGA sequences.
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Fig. 1 Analysis of 24 random-
ly selected barley BAC clones. 
A Ethidium bromide-stained
CHEF gel (5–15 s switch time,
14 h) showing insert DNA
above and below the common
7.5-kbp pBeloBAC11 vector
band. B Autoradiograph of gel
in A after Southern transfer and
probing with total barley ge-
nomic DNA. Molecular-weight
marker in outside lanes is 
Midrange I (NEB)

Fig. 2 Insert size distribution of clones in the barley BAC library.
To estimate the insert size range, BAC DNA from 504 randomly
selected clones was analyzed, as shown in Fig. 1a



Screening with the P-loop probe derived from a b9-
like RGA sequence resulted in 459 positive signals.
When the BAC clones identified by the P-loop probe
were characterized for insert size, the average was the
same as that obtained by screening random BAC clones
as described previously. In addition to identifying poten-
tial R gene-containing regions of the genome, these data
helped to further verify that the average insert size of the
library was 106 kbp.

Applications of the barley BAC library

There are many uses for the barley BAC library includ-
ing: physical mapping, positional cloning, genomic
structural analysis and comparisons of specific regions in
barley to other grasses. Three loci conferring resistance
to powdery mildew, have been cloned from barley via a
map-based approach. The Mlo and Rar1 genes were
cloned via high-resolution AFLP analysis and subse-
quent chromosome landing utilizing a YAC library from
the cultivar Ingrid (Büschges et al. 1997; Simons et al.
1997, Lahaye et al. 1998; Shirasu et al. 1999). The Mla
resistance cluster was isolated via a combined chromo-
some-walking strategy using YAC libraries from the
cultivar Franka (Kleine et al. 1993, 1997) and the pres-
ently described Morex BAC library (Wei et al. 1999).
Hence, development of this comprehensive barley BAC
library should facilitate the positional cloning of many
agronomically important genes.

BAC libraries are also valuable tools to characterize
specific regions of genomes that contain R genes. Many
R genes and RGA sequences have been genetically char-
acterized in plants. Genetic and molecular analysis of

these sequences indicates that they are frequently located
in clusters in the genome (Kunkel 1996; Botella et al.
1997; Holub 1997; Meyers et al. 1998a; Michelmore and
Meyers 1998; Wei et al. 1999). In barley, RGA sequenc-
es are tightly linked to known R genes (Leister et al.
1998). Therefore, identifying RGA-containing BAC
clones is a useful first step for characterizing the regions
of the barley genome that contain R genes and for the
eventual isolation of R genes.

Another useful application of the barley BAC library
is for physical mapping of gene-rich regions of barley.
There is substantial evidence that the genes in cereal
genomes are not distributed evenly throughout the ge-
nome, but rather are found in gene-rich regions (Gill 
et al. 1993; 1996; Civardi et al. 1994; DeScenzo and
Wise 1996; Buschges et al. 1997). Examining gene dis-
tribution in three Gramineae (barley, maize, and rice)
revealed a similar gene distribution in these genomes
(Carels et al., 1995; Barakat et al. 1997). Gene space,
as these authors refer to as gene-rich regions, occupies
12%, 17% and 24% of the genomes of barley, maize
and rice, respectively. Gene-distribution studies at the
nucleotide level have revealed similar patterns to those
described above. A contiguous 60-kb stretch of barley
chromosome 4HL was sequenced and shown to contain
three genes (Panstruga et al. 1998). This number of
genes in a 60-kb stretch is 6- to 10-fold higher than ex-
pected from random gene distribution in the barley ge-
nome. Sequencing the Lrk loci of barley, wheat and rice
revealed one gene per 4–5 kb (Feuillet and Keller
1999). Additionally, sequencing of a 160-kb BAC span-
ning the barley Mla resistance-gene cluster on chromo-
some 5S (1HS) revealed two major gene islands
bridged by nested retrotransposons (Wei and Wise, un-
published data). Although these studies are limited,
they are consistent with previous work showing that
genes are distributed unevenly across the genome into
gene-rich and gene-poor regions. The availability of the
barley BAC library will be an important tool for devel-
oping physical maps of the gene-rich regions. Because
the barley genome is syntenous with other grass ge-
nomes, physical maps of the gene-rich regions of the
barley genome will be extremely useful for examining
microsynteny of particular regions across grass species.
In addition, physical maps will be a starting point for
positionally cloning genes from any member of the Tri-
ticeae.
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Table 1 Number of BACs and genomic regions identified by each
RGA probe

Probe Genomic Number of Size (kb) of HindIII-
region hybridizing digested fragment(s)

BAC clones

b2 I 3 8
b2 II 13 12, 9, 7.5, 7, 6, 5
b3 I 5 9, 7, 5.5
b4 I 6 6.5
b4 II 3 3, 1
b5 I 3 8
b5 II 13 12, 9, 7.5, 7, 6, 5
b6 I 4 13, 9
b6 II 4 12
b7 I 10 9, 3.2, 1
b8 I 19 13
b8 II 1 5
b9 I 12 4.5, 4
Xa21 I 18 13, 12
Xa21 II 4 4
Xa21 III 4 3
Xa21 IV 5 2.5, 2
Lrk I 6 13
Lrk II 1 11, 2.5
Lrk III 1 10
Lrk IV 1 7, 4
Lrk V 1 1.3
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