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Abstract
Background: Flow cytometry facilitates sorting of single chromosomes and chromosome arms which can
be used for targeted genome analysis. However, the recovery of microgram amounts of DNA needed for
some assays requires sorting of millions of chromosomes which is laborious and time consuming. Yet,
many genomic applications such as development of genetic maps or physical mapping do not require large
DNA fragments. In such cases time-consuming de novo sorting can be minimized by utilizing whole-genome
amplification.

Results: Here we report a protocol optimized in barley including amplification of DNA from only ten
thousand chromosomes, which can be isolated in less than one hour. Flow-sorted chromosomes were
treated with proteinase K and amplified using Phi29 multiple displacement amplification (MDA). Overnight
amplification in a 20-microlitre reaction produced 3.7 – 5.7 micrograms DNA with a majority of products
between 5 and 30 kb. To determine the purity of sorted fractions and potential amplification bias we used
quantitative PCR for specific genes on each chromosome. To extend the analysis to a whole genome level
we performed an oligonucleotide pool assay (OPA) for interrogation of 1524 loci, of which 1153 loci had
known genetic map positions. Analysis of unamplified genomic DNA of barley cv. Akcent using this OPA
resulted in 1426 markers with present calls. Comparison with three replicates of amplified genomic DNA
revealed >99% concordance. DNA samples from amplified chromosome 1H and a fraction containing
chromosomes 2H – 7H were examined. In addition to loci with known map positions, 349 loci with
unknown map positions were included. Based on this analysis 40 new loci were mapped to 1H.

Conclusion: The results indicate a significant potential of using this approach for physical mapping.
Moreover, the study showed that multiple displacement amplification of flow-sorted chromosomes is
highly efficient and representative which considerably expands the potential of chromosome flow sorting
in plant genomics.
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Background
Advances in sequencing technologies facilitate rapid
progress in understanding plant genome structure, func-
tion and evolution. However, the majority of sequencing
efforts have targeted plant species with relatively small
genomes, typically less than 700 Mbp (for example see
[1]). But many plants and important crops, including
major cereals such as barley, wheat and rye have genomes
that are many time larger [2]. Different strategies have
been proposed to tackle these genomes, including
reduced-representation sequencing (reviewed by [3]) or
the use of ancestral or taxonomically closely related spe-
cies with smaller genomes [4,5].

We have been pursuing another strategy that is based on
our ability to prepare suspensions of intact mitotic chro-
mosomes and to sort individual chromosomes and chro-
mosome arms using flow cytometry [6]. Genome analysis
can be simplified by dissecting a large genome into these
smaller parts, in some species representing only a few per-
cent of the whole genome, as is the case of wheat [7,8].
Chromosome sorting has been reported in at least seven-
teen plant species, including major legumes and cereals
[6]. Flow-sorted chromosomes have been used in variety
of studies, including targeted development of markers for
specific genome regions [9-11], physical mapping of DNA
sequences using PCR [12,13] and localization of DNA
sequences to chromosomes using FISH and PRINS [14-
16]. The most attractive application has been the con-
struction of chromosome- and chromosome arm-specific
BAC libraries [17-19]. Their availability greatly facilitates
development of physical contig maps [20] and positional
gene cloning [21] in species with complex genomes.

The construction of BAC libraries requires microgram
amounts of high molecular weight DNA. In order to
obtain this amount of large DNA fragments, millions of
chromosomes must be sorted which is laborious and time
consuming [17]. However, many methods, for example
those which utilize PCR to create small amplicons are not
constrained by a requirement for large template mole-
cules and can in principle be supported using DNA ampli-
fied from sorted chromosomes. Thus, a practical approach
to the production of sufficient amounts of moderate-size
DNA from particular chromosomes is to sort a more mod-
est number of chromosomes and then amplify their DNA.
There are several methods for non-specific DNA amplifi-
cation, most of them being based on PCR. However, these
methods such as DOP-PCR (degenerate oligonucleotide
primed PCR) [22] or PEP (primer extension preamplifica-
tion) [23] are characterized by high amplification bias
and provide incomplete genome coverage [24,25]. More-
over, they generate DNA fragments less than 3 kb long,
which may be not suitable for some applications.

Recently, a protocol for isothermal multiple displacement
amplification (MDA) was developed, which uses the
Phi29 polymerase and random primers to amplify the
whole genome [24,26]. The protocol has been shown suit-
able for many applications such as RFLP analysis, chro-
mosome painting [24], comparative genome
hybridization [24,27] and SNP genotyping [28-32]. Data
obtained from these prior studies indicated that the
genome representation achieved after MDA is compre-
hensive. For example, Paez et al. [30] using high-density
oligonucleotide arrays estimated the genome representa-
tion to be 99.82% complete. Similarly, Barker et al. [29]
observed a concordance of 99.8% in SNP genotyping
from genomic DNA and MDA-amplified human DNA,
and they achieved a SNP call rate of 98% in both genomic
and amplified DNA. Pinard et al. [25] compared two mul-
tiple displacement amplification methods, GenomiPhi
(GE Healthcare, Chalfont St. Giles, United Kingdom) and
Repli-G (Qiagen Sciences Inc., Germantown, USA). In his
sequencing-based study, Repli-G generated more ampli-
fied DNA, but introduced marginally more bias than
GenomiPhi, and generated significantly lower genome
coverage, indicating the GenomiPhi the best available sys-
tem for whole genome amplification.

In this work we have optimized for the first time a proto-
col for amplification of DNA from flow-sorted plant chro-
mosomes by MDA using barley as our model system. Here
we report excellent coverage of amplification, confirmed
on a whole genome level using an oligonucleotide pool
assay.

Methods
Preparation of chromosome suspensions and flow-
cytometric sorting
Mitotic metaphase chromosomes of barley (Hordeum vul-
gare L., 2n = 2x = 14) cv. Akcent were flow-sorted accord-
ing to Lysák et al. [33]. Briefly, barley seedlings were
treated subsequently with hydroxyurea and amiprophos-
methyl to accumulate meristem root tip cells at met-
aphase and the synchronized root meristems were fixed
by formaldehyde. Chromosome suspensions were pre-
pared by mechanical homogenization of 25 root tips in 1
ml ice-cold LB01 buffer [34] and stained by 2 μg/ml DAPI
(4',6-diamidino-2-phenylindole). The stained samples
were analyzed using a FACSVantage SE flow cytometer
and sorter (Becton Dickinson, San José, USA). Batches of
10,000 chromosomes 1H and of 60,000 chromosomes
2H – 7H were sorted into 50 μl deionized water in a PCR
tube. Purity in sorted fractions was checked regularly by
FISH using a probe for GAA microsatellite as described in
Suchánková et al. [35].
Page 2 of 9
(page number not for citation purposes)



BMC Genomics 2008, 9:294 http://www.biomedcentral.com/1471-2164/9/294
Purification and amplification of chromosomal DNA
Flow-sorted chromosomes were treated with proteinase K
at 50°C for 36 hours in a buffer consisting of 2.5 mM Tris
(pH 8.0), 1.25 mM EDTA (pH 8.0) and 0.125% (w/v)
SDS. Freshly prepared proteinase K (0.5 mg/ml) was
added in a volume of 4 μl to the 10,000-chromosome
samples and 8 μl to the 60,000-chromosome samples.
Another 2 or 4 μl (half of the original amount) were
added after 20 hours of the treatment. The proteinase K
was then removed and the buffer was exchanged using
Microcon YM-100 column (Millipore Corporation, Bed-
ford, USA) in four rounds of centrifugation at 500 g for 15
min at 23°C. About 450 μl deionized water were added to
the column before each centrifugation to wash out the
buffer. After purification, the amount of DNA in the sam-
ples was estimated using TD-700 fluorometer (Turner
Designs, Sunnyvale, USA). As the volume after purifica-
tion was usually 10–20 μl, it was reduced by overnight
evaporation at 4°C to reach volume of 1–2 μl. The ampli-
fication of purified chromosomal DNA was performed
using GenomiPhi DNA Amplification Kit (GE Healthcare,
Chalfont St. Giles, United Kingdom) according to instruc-
tions of the manufacturer in a 20 μl reaction for 16 hours.
The samples were lyophilized for storage and shipment.
For further processing, samples were resuspended in 100
μl of 10 mM Tris-HCl, 0.1 mM EDTA (pH 8.0) of which
50 μl were de-salted on MicroSpin G50 columns (GE
Healthcare). Concentrations were measured by absorb-
ance at 260 nm and using the Quant-iT PicoGreen assay
(Invitrogen, Carlsbad, USA).

Analysis of the amplification products by Southern 
hybridization
Southern hybridization with barley genomic DNA as a
probe was used to analyze composition of the amplifica-
tion product. The probe was labeled using AlkPhos Direct
kit (GE Healthcare). In the first experiment, 5 μg of the
multiple-displacement-amplified barley chromosomes
(1H-7H) were run in a 1.5% agarose gel in 0.5 × TBE and
subsequently transferred onto a nylon membrane
(Hybond N+, GE Healthcare) by alkali transfer. Hybridi-

zation ran overnight at 55°C, followed by standard post-
hybridization washes. Visualization of the hybridization
product was performed by membrane incubation with a
chemiluminiscent substrate (CDP Star, GE Healthcare)
followed by 4 hours exposure to X-ray film. To quantify
the portion of barley-derived DNA in the amplification
product, dot blot analysis was performed. Serial dilutions
of 40, 20, 10, 5, 2, 1 and 0.5 ng, respectively, were spotted
on a nylon membrane for both barley amplified and
unamplified DNA. Hybridization and signal detection
were performed as above.

Real-time quantitative PCR
Real-time quantitative PCR was used to check the purity of
the sorted fractions and potential amplification bias of the
MDA. Primers were designed for four genes localized on
chromosome 1H, and one gene for each of the remaining
chromosomes (Table 1). Primer design was done using
Primer Express (Applied Biosystems, Foster City, USA).
The PCRs were performed in 96-well plates. A standard
curve was constructed for each amplicon with serial dilu-
tions of genomic DNA (30, 15, 7.5, 3.75, 1.875, 0.9375,
0.46875 ng/well). Standards and samples were run in
duplicate. Each 25 μl reaction consisted of 12.5 μl of SYBR
Green PCR Master Mix (Applied Biosystems), 1 μl of each
primer (10 μM) and 1.5 μl of DNA (3 ng for the samples
and between 30 and 0.46 ng for the standards). The real-
time PCR analysis was performed on an Applied Biosys-
tems Prism 7700 Sequence Detection System (Applied
Biosystems). Thermocycling was as follows: 50°C for 2
min and 95°C for 10 min followed by 40 cycles of 95°C
for 15 s and 60°C for 1 min.

Assessment of amplified genomic DNA using an 
oligonucleotide pool assay
Genetic marker analysis was done using an Illumina
GoldenGate BeadArray (Illumina, San Diego, USA) with
an Oligo Pool Assay (OPA) for interrogation of 1524 bar-
ley markers [36]. Processing of DNA was done by Joe DeY-
oung and staff at the Southern California Genotyping
Consortium at University of California, Los Angeles, fol-

Table 1: Primers for real-time quantitative PCR

Chr. Gene Forward (5' – 3') Reverse (5' – 3') Amplicon (bp)

1H HemA2 CACGCCATCTGTTTGAGGTATC TCTTTCCCAGGCCTCCACTAT 120
1H Hor3 TGTGTTGGCAAACTGCACTTG TTGTGAGGCCCTTAAGTCGG 123
1H Hva1 CTCCACAAGCAGTCGATCCA GGCCATCTTCGTCTCACGAT 111
1H Nbs CAACCTACACCGGAAAACTCATCT TTGTGAGGCCCTTAAGTCGG 137
2H Cor14b CCCAAACAGGTCACCCAAAG TGCGTGCGAGACTGTCGAC 139
3H Dhn10 GGGTTCTCGATCTCTTCTTGCAT TCTTCCTCCGTCCACCCA 177
4H Dhn6 GGACGTACGGCGCTACTGAG TGGTTCCTCGAGTCTTTATTCTTCA 150
5H Dhn9 GTTCCACGTGATCTTCATTCAATAA TCAGCAAGAAGACACAAGAACACA 137
6H Dhn8 CCGTCCTTCTTTCTTGCTTGTG TATAGCCGCTGTCAAGTAGACCG 100
7H Ss1 CTTGGCCGGGATGCGTTA GGTGTGGGTATCCGAGGGAG 101
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lowing standard procedures. Marker data were supervised
manually using the GenCall software (Illumina). In order
to compare the performance of amplified to unamplified
genomic DNA, marker analysis included both amplified
and unamplified DNA of cv. Akcent, together with unam-
plified DNA from 102 barley accessions [36]. Marker calls
of Akcent were accepted if an Akcent datum clustered with
marker data from the germplasm collection. Markers with
low GenCall scores were tagged as "no call" and not con-
sidered further. To add certainty, three replicates of ampli-
fied Akcent DNA were used. The GenCall software's
calling function was used to produce genotype allele calls
(AA, AB, BB) and the GenCall score. Allele calls from the
replicated samples of amplified Akcent and the unampli-
fied sample of Akcent were analyzed for concordance and
the reproducibility was evaluated by calculating the coef-
ficient of variation (CV, standard deviation as a percent-
age of the mean). Only markers with a high concordance
and reproducibility were further considered.

Marker analysis of amplified flow-sorted chromosomes 
using the OPA
We also analyzed DNA amplified from sorted chromo-
some 1H and from a pool of sorted chromosomes 2H –
7H. We calculated the ratio of GenCall values from 1H
and 2H – 7H for each locus and examined the distribution
of these ratios in the context of previously mapped mark-
ers to heuristically define 1H, uncertain or 2H – 7H bins.

Results and Discussion
Chromosome sorting
Histograms of relative fluorescence intensity obtained
after flow-cytometric analysis of chromosomes isolated
from barley cv. Akcent consisted of a small peak represent-
ing chromosome 1H and a composite peak representing
the remaining chromosomes 2H – 7H (Figure 1). This
observation confirmed our previous results [33,35] and
enabled sorting of chromosome 1H. The purity in sorted
1H fractions as determined by FISH exceeded 95%.

Optimization of chromosome treatment for DNA 
amplification
After DNA purification, 7 – 70 ng of chromosomal DNA
were obtained from flow-sorted fractions (depending on
the number of sorted chromosomes), which were subse-
quently used for multiple displacement amplification.
The yield of amplified DNA varied from 3.7 to 5.7 μg. A
critical step of the procedure was the purification of sam-
ples after proteinase treatment using the Microcon YM-
100 columns. If the buffer was not exchanged completely
(by reducing the number of centrifugations), remnants of
proteinase K and the buffer interacted with Phi29
polymerase and hampered the amplification. On the
other hand, additional rounds of centrifugation and espe-
cially spinning to dryness drastically reduced the recovery
of chromosomal DNA (to approximately 1 ng). While this
did not significantly influence the amount of amplifica-

Locus representation in amplified DNA relative to unampli-fied DNAFigure 2
Locus representation in amplified DNA relative to 
unamplified DNA. Four 1H-specific loci and one locus 
from each of the remaining chromosomes were examined 
for representation by real-time quantitative PCR with gene-
specific primers. The RT PCR was run on amplified 1H chro-
mosomes (MDA 1H), amplified 2H – 7H chromosomes 
(MDA 2H-7H), amplified Akcent DNA (MDA Akcent) and 
unamplified Akcent genomic DNA (Akcent).
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tion product, it decreased the representation of some loci
in the amplification product as demonstrated by real-time
PCR (data not shown). Amplification bias inversely corre-
lating with the amount of template was observed also by
Rook et al. [37] and Bergen et al. [38]. These data are in
agreement with the manufacturer's instructions according
to which at least 1 ng (optimum 10 ng) of purified DNA
is to be used for the reaction to warrant minimum ampli-
fication bias.

Quantitative PCR using primers for four genes localized
on chromosome 1H (Table 1) showed high quantities of
PCR products both in the 1H and genomic DNA samples.
Samples of amplified flow-sorted 1H chromosomes
showed maximum 2.3-fold difference in the copy number
among the 1H-specific loci (Figure 2). Several-fold higher
quantities of PCR products obtained with DNA amplified
from chromosome 1H reflect the fact that the samples of
flow-sorted chromosomes were enriched seven-fold in
number of loci per unit of mass as compared to genomic
DNA. For genes localized on the remaining chromosomes
(2H – 7H) even lower amplification bias (1.5-fold)

among the six loci was observed (Figure 2). This is a sim-
ilar level of amplification bias as observed by Dean et al.
[24] who compared amplification of 8 genes from blood
and tissue cultured cells and observed less than a three-
fold bias, Hosono et al. [28] who analyzed amplification
of 47 loci in DNA from clinical samples revealing maxi-
mum six-fold bias, and Rook et al. [37] who observed
maximum three-fold bias when comparing amplification
of 4 loci in samples of laser-capture microdissected cells.
Samples of chromosomes 2H – 7H where 60,000 purified
chromosomes were used as a template provided lower
amplification bias compared with those of 1H where only
10,000 chromosomes were used. This corresponds to sim-
ilar findings of Rook et al. [37] who observed an inverse
correlation between amplification bias and the amount of
template. RT-PCR showed only minor contamination of
the 1H fraction by other chromosomes (Figure 2).

Characterization of the amplification product
The multiple-displacement-amplified (MDA) DNA of
flow-sorted chromosomes was analyzed by electrophore-
sis under various conditions (Figure 3a, b). The majority

Analysis of the product of multiple displacement amplification on flow-sorted chromosomesFigure 3
Analysis of the product of multiple displacement amplification on flow-sorted chromosomes. (a) 500 ng of the 
product were analyzed by pulsed field gel electrophoresis in 1% agarose gel, 0.25 × TBE at 12.5°C, 6 V/cm and 5–15 s switch 
time ramp for 15 hours. Lambda ladder was used as a size standard. (b) 5 μg of the product were analyzed in 1.5% agarose gel 
in 0.5 × TBE and (c) after transfer on nylon membrane hybridized with barley genomic DNA. (d) Dot blot of barley genomic 
DNA (Non-MDA) and amplified DNA of all barley chromosomes (MDA) hybridized with barley genomic DNA.
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of products were found between 5 – 30 kb. The MDA
using random hexamers to prime the DNA amplification
is known to generate amplification product also in the
absence of template DNA [38]. This spurious product is
electrophoretically indistinguishable from that obtained
in the presence of template. Therefore we analyzed the
composition of the MDA product obtained with flow-
sorted chromosomes. Southern hybridization with barley
genomic DNA used as a probe revealed that the product in
its whole size spectrum was derived from barley DNA
(Figure 3c). To quantify the portion of barley-derived

DNA in the MDA product we performed dot blot analysis
comparing serial dilutions of barley amplified and unam-
plified DNA hybridized with barley genomic DNA. The
hybridization showed high concordance of both samples
indicating that a large percent of the amplified DNA was
barley-derived rather than nonspecific synthesis (Figure
3d).

Genome wide survey of amplified barley DNA
We previously developed an OPA for interrogation of
1524 barley SNPs [36]. We observed 1426 loci with high-
confidence marker calls for Akcent genomic DNA. Com-
parison of the allele calls for Akcent DNA samples (ampli-
fied or unamplified) revealed only one locus with
different allele call for one of the amplified replicates
compared to un-amplified Akcent DNA, resulting in a
concordance of 99.98%. Similar studies using MDA on
genomic DNA from human cell lines also resulted in
>99% concordance [29,31]. In addition, we found high
reproducibility for the three replicates of amplified Akcent
DNA; the coefficient of variation (CV) of GenCall scores
was below 2% for 1398 of the 1426 loci (98.0%). This
shows that the replicates of amplified Akcent DNA clus-
tered very close together as was evident also from manual
inspection of the genotyping clusters. In summary, we
were able to score the marker call as plus/minus for the
entire dataset by including Akcent as a reference dataset.

Isolated chromosomes as a tool for physical mapping
We also applied the OPA to amplified DNA of flow-sorted
barley chromosomes 1H and 2H-7H, respectively (see
Materials and Methods). We classified the 1426 loci with
good genotype calls from unamplified Akcent genomic
DNA into four sub-sets based on their map data: (i) 130
known 1H loci, (ii) 920 known 2H – 7H loci, (iii) 349 loci
with previously unknown map position, and (iv) 27 loci
with ambiguous map positions (mapped to different
chromosomes dependent on the mapping population
used).

For the 130 loci previously mapped to 1H, we expected a
high GenCall 1H/2H-7H score ratio (see Materials and
Methods). This expectation was fulfilled for 93.8% of
these markers (122 of 130) which had a ratio of at least
5.0 (Figure 4a). Interestingly, four loci were nulls in the
1H fraction but not in the 2H – 7H fraction (these loci had
a ratio of 0.003 – 0.002). These anomalies have been sub-
sequently explained as an incorrect assumption that sub-
clustering patterns within the genotyping data represented
the targeted SNP.

We conducted a parallel analysis of the 920 loci previ-
ously mapped to chromosomes 2H – 7H, of which the
GenCall score ratios for 98.7% (908 of 920) were less than
0.2 (Figure 4b). One locus had a ratio of 162, which also

Histogram of the ratio of GenCall scores (1H/2H-7H)Figure 4
Histogram of the ratio of GenCall scores (1H/2H-
7H). (a) 127 loci previously mapped to 1H, (b) 920 loci pre-
viously mapped to 2H-7H and (c) mapping 349 loci with 
unknown map position. Loci mapped to 1H (GenCall score 
ratio 51 – 55) are shown in green. Loci mapped to 2H – 7H 
(GenCall score ratio 5-5 – 5-1) are shown in yellow. Cutoff 
region (GenCall score ratio 5-1 – 5) is shown in grey. Note 
that the X axis is shown in log5 scale.
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has subsequently been explained as incorrect use of sub-
clusters to represent SNP variation in the targeted marker
position.

Based on the above two analyses of 1H and 2H – 7H
markers and selecting ratios of 5.0 for 1H and 0.2 for 2H
– 7H, we can conclude that only 20 out of 1050 previously
mapped loci (1.9%) failed to be allocated to one of these
two marker sets.

Associating markers with unknown map position to 
chromosome 1H
A total of 349 loci targeted by the OPA and yielding high
quality Akcent data were not previously mapped. The
GenCall score ratio cutoff values discussed above
removed 10 loci from further consideration and parti-
tioned the remaining 339 loci into two bins: the 1H bin
contained 40 markers (11.8%) and the 2H – 7H bin con-
tained 299 markers (88.2%) (Figure 4c). These propor-
tions are very near the expected proportion of slightly less
than 1/7 of the total barley genome contained in chromo-
some 1H. We analyzed barley-rice synteny by BLASTX of
all rice proteins against these 40 HarvEST:Barley unigenes
mapped to 1H [see Additional file 1]. The rice chromo-
somes with highest number of best blast hits were chro-
mosomes five and ten with 24 and 8 hits, respectively.
Stein et al. [39] placed 93 markers on 1H and also found
the highest degree of synteny to rice chromosome five fol-
lowed by chromosome ten.

Genotyping of isolated chromosomes to clarify the map 
location of ambiguous loci
The consensus map used in [36] contained 1153 OPA-
based loci, of which 27 markers mapped to 2 different

chromosomes (a total of 54 ambiguous markers). Of
these 54 markers, 14 were mapped to 1H in at least one
mapping population and had a high quality genotype call
using Akcent DNA. In order to solve the correct map posi-
tion for these ambiguous loci we examined the GenCall
ratios as discussed above (Table 2). The correct chromo-
some assignments for 12 of these 14 loci were readily
apparent from the GenCall ratios. The remaining two loci
encode a GTP binding protein and a chlorophyll A/B
binding protein, both of which belong to large multigene
families, with 58 and 40 members, respectively. The high
GenCall scores for these loci both in 1H and 2H – 7H frac-
tions indicate that the SNP markers target two loci on dif-
ferent chromosomes.

To summarize, among the 1426 interrogated Akcent loci,
1381 were unambiguously allocated to 1H or 2H-7H
using flow-sorted chromosome DNA [see Additional file
2].

Conclusion
The present study demonstrates a method to produce
unbiased microgram quantities of DNA from a small
number of flow-sorted plant chromosomes, suitable for
high throughput genetic marker systems. This is a signifi-
cant breakthrough as the preparation of chromosomes in
microgram quantities DNA requires weeks of sorting [17].
Depending on chromosome size, the ten ng quantity,
required for representative amplification translates to
only about 10 – 20 thousand chromosomes. With a sort-
ing speed of 20 chromosomes/sec [2], the required
number of chromosomes can be sorted in less than 30
minutes.

Table 2: Using sorted chromosomes 1H and 2H – 7H to determine chromosome location of ambiguously mapped loci

Locus name Morex × 
Barke

OWBs Steptoe × 
Morex

Allele call 
Akcent

Allele call 1H Allele call 2H-
7H

Ratio of 
GenCall 
scorea

Chrom.b

1_0198 1H 1H 5H B B B 488 1H
1_0716 1H 3H 3H A A A 479 1H
1_0549 6H Nd 1H B B B 436 1H
1_0443 1H Nd 5H B B AB 435 1H
1_0644 1H 6H nd B B B 412 1H
1_0075 1H 7H 7H A A B 306 1H
1_1223 1H 5H nd B B AB 299 1H
1_0148 nd 1H 4H A A AB 252 1H
1_0059 3H 1H nd A A B 1 nd
1_0828 6H 1H nd A B A 1 nd
1_0942 nd 4H 1H B B B 1/476 4H
1_0316 1H 7H 7H B B B 1/488 7H
1_1092 5H 1H 5H B B B 1/515 5H
1_1100 nd 2H 1H B B B 1/722 2H

nd – not determined, a1H GenCall score/2H-7H GenCall score, bchromosome location as determined by comparing GenCall scores for 1H and 2H 
– 7H
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Although the amplified DNA of flow-sorted chromo-
somes is not of high molecular weight, the size of the
amplified fragments (5 – 30 kb) may suit various applica-
tions, including the construction of chromosome-specific
short-insert DNA libraries and genotyping assays. Short-
insert chromosome-specific DNA libraries constructed
after MDA facilitated development of molecular markers
from particular genome regions [11].

The use of the novel approach presented here is not lim-
ited to barley as the chromosome sorting technology has
been developed for 17 plant species, including tetraploid
and hexaploid wheat, rye or several legume species [6]. In
some species it is possible to sort single chromosome
arms, which represent only a few percent of the whole
genome [8,35]. The ability to dissect genomes to small
fractions is especially attractive when dealing with com-
plex plant genomes.

We have established that chromosome sorting coupled
with DNA amplification and the Illumina GoldenGate
assay provides a powerful approach towards parallel map-
ping of DNA sequences to particular chromosomes. In
this work, we have mapped 162 SNP loci to chromosome
1H, including 40 loci with hitherto unknown map posi-
tion. As the position of markers on genetic maps often can
be questioned, we expect that this approach can be used
to clarify many ambiguities. In summary, the ability to
rapidly produce micrograms of chromosome-specific
DNA significantly broadens the range of applications of
flow-sorted chromosomes and chromosome arms in
plant genomics.

Abbreviations
BAC: Bacterial Artificial Chromosome; CV: coefficient of
variation; DOP-PCR: degenerate oligonucleotide primed
PCR; FISH: fluorescence in situ hybridization; MDA: mul-
tiple displacement amplification; PEP: primer extension
preamplification; PRINS: primed in situ labeling; RFLP:
restriction fragment length polymorphism; SNP: single
nucleotide polymorphism.

Authors' contributions
HŠ and JB optimized the procedure for multiple displace-
ment amplification of flow-sorted chromosomes. JTS and
PC performed real-time PCR analysis of amplification
products. JTS analyzed the genotyping data and devel-
oped the strategy for bin mapping. EH analyzed the
amplification product by Southern hybridization. PS flow
sorted the barley chromosomes. PRB and TJC examined
and helped resolve map position ambiguities. JŠ made an
intellectual contribution to the concept of the experiment.
HŠ and JTS drafted the manuscript. JD and TJC conceived
and supervised the project and prepared the final version
of the manuscript.

Additional material

Acknowledgements
We thank our colleagues Bc. Romana Nováková and Bc. Jitka Weiserová, 
for excellent technical assistance. This work was supported by the Czech 
Science Foundation (grant 521/05/H013), Ministry of Education, Youth and 
Sports of the Czech Republic (grants ME884 and LC06004) and National 
Science Foundation (DBI-0321756).

References
1. The Community Sequecing Program   [http://www.jgi.doe.gov/

CSP/index.html]
2. Doležel J, Kubaláková M, Paux E, Bartoš J, Feuillet C: Chromosome-

based genomics in cereals.  Chromosome Res 2007, 15:51-66.
3. Peterson DG: Reduced representation strategies and their

application to plant genomes.  In The Handbook of Plant Genome
Mapping: Genetic and Physical Mapping Edited by: Meksem K, Kahl G.
Weinheim: WILEY-VCH Verlag GmbH & Co. KgaA; 2005:307-335. 

4. Keller B, Feuillet C, Yahiaoui N: Map-based isolation of disease
resistance genes from bread wheat: cloning in a supersize
genome.  Genet Res 2005, 85(2):93-100.

5. Bossolini E, Wicker T, Knobel P, Keller B: Comparison of orthol-
ogous loci from small grass genomes Brachypodium and rice:
implications for wheat genomics and grass genome annota-
tion.  Plant Journal 2007, 49:704-717.

6. Doležel J, Kubaláková M, Bartoš J, Macas J: Flow cytogenetics and
plant genome mapping.  Chromosome Res 2004, 12:77-91.

7. Vrána J, Kubaláková M, Šimková H, Жíhalíková J, Lysák MA, Doležel J:
Flow-sorting of mitotic chromosomes in common wheat
(Triticum aestivum L.).  Genetics 2000, 156:2033-2041.

8. Kubaláková M, Vrána J, Жíhalíková J, Šimková H, Doležel J: Flow
karyotyping and chromosome sorting in bread wheat (Triti-
cum aestivum L.).  Theor Appl Genet 2002, 104:1362-1372.

9. Požárková D, Koblížková A, Román B, Torres AM, Lucretti S, Lysák
MA, Doležel J, Macas J: Development and characterization of
microsatellite markers from chromosome 1-specific DNA
libraries of Vicia faba.  Biol Plant 2002, 45:337-345.

10. Román B, Satovic Z, Požárková D, Macas J, Doležel J, Cubero JI,
Torres AM: Development of a composite map in Vicia faba,
breeding applications and future prospects.  Theor Appl Genet
2004, 108:1079-1088.

11. Kofler R, Bartoš J, Gong L, Stift G, Suchánková P, Šimková H, Berenyi
M, Burg K, Doležel J, Lelley T: Development of microsatellite
markers specific for the short arm of rye (Secale cereale L.)
chromosome 1.   in press.

Additional file 1
Analysis of 40 HarvEST:Barley unigenes mapped to 1H. XLS file with 
a table displaying results of analysis of barley-rice synteny based on 
BLASTX of all rice proteins against these 40 HarvEST:Barley unigenes 
mapped to 1H.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-294-S1.xls]

Additional file 2
Scheme of the mapping experiment. PDF file with a chart displaying 
illustratively the process of mapping using flow-sorted chromosomes and 
the results obtained. In the first stage, 1050 loci with known map position 
were analyzed (a) to define selecting GenCall score ratios for bin map-
ping. These parameters were used to analyze 349 loci with unknown map 
position (b) and to clarify the map location of 14 ambiguous loci (c).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-294-S2.pdf]
Page 8 of 9
(page number not for citation purposes)

http://www.biomedcentral.com/content/supplementary/1471-2164-9-294-S1.xls
http://www.biomedcentral.com/content/supplementary/1471-2164-9-294-S2.pdf
http://www.jgi.doe.gov/CSP/index.html
http://www.jgi.doe.gov/CSP/index.html
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17295126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17295126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16174327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16174327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16174327
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17270010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17270010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17270010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14984104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14984104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11102393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12582592
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15067394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15067394


BMC Genomics 2008, 9:294 http://www.biomedcentral.com/1471-2164/9/294
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

12. Vláèilová K, Ohri D, Vrána J, Жíhalíková J, Kubaláková M, Kahl G,
Doležel J: Development of flow cytogenetics and physical
genome mapping in chickpea (Cicer arietinum L.).  Chromo-
somes Res 2002, 10:695-706.

13. Neumann P, Požárková D, Vrána J, Doležel J, Macas J: Chromosome
sorting and PCR-based physical mapping in pea (Pisum sati-
vum L.).  Chromosome Res 2002, 10:63-71.

14. Kubaláková M, Vrána J, Жíhalíková J, Lysák MA, Doležel J: Localisa-
tion of DNA sequences on plant chromosomes using PRINS
and C-PRINS.  Methods Cell Sci 2001, 23:71-82.

15. Kubaláková M, Kovářová P, Suchánková P, Жíhalíková J, Bartoš J,
Lucretti S, Watanabe N, Kianian SF, Doležel J: Chromosome sort-
ing in tetraploid wheat and its potential for genome analysis.
Genetics 2005, 170:823-829.

16. Valárik M, Bartoš J, Kovářová P, Kubaláková M, de Jong H, Doležel J:
High-resolution FISH on super-stretched flow-sorted plant
chromosomes.  Plant Journal 2004, 37:940-950.

17. Šafář J, Bartoš J, Janda J, Bellec A, Kubaláková M, Valárik M, Pateyron
S, Weiserová J, Tušková R, Жíhalíková J, Vrána J, Šimková H, Faivre-
Rampant P, Sourdille P, Caboche M, Bernard M, Doležel J, Chalhoub
B: Dissecting large and complex genomes: flow sorting and
BAC cloning of individual chromosomes from bread wheat.
Plant Journal 2004, 39:960-968.

18. Janda J, Bartoš J, Šafář J, Kubaláková M, Valárik M, Жíhalíková J, Šimk-
ová H, Caboche M, Sourdille P, Bernard M, Chalhoub B, Doležel J:
Construction of a subgenomic BAC library specific for chro-
mosomes 1D, 4D and 6D of hexaploid wheat.  Theor Appl Genet
2004, 109:1337-1345.

19. Janda J, Šafář J, Kubaláková M, Bartoš J, Kovářová P, Suchánková P,
Pateyron S, Жíhalíková J, Sourdille P, Šimková H, Fairaivre-Rampant
P, Hřibová E, Bernard M, Lukaszewski A, Doležel J, Chalhoub B:
Advanced resources for plant genomics: BAC library specific
for the short arm of wheat chromosome 1B.  Plant Journal 2006,
47:977-986.

20. Paux E, Sourdille P, Salse J, Saintenac C, Choulet F, Leroy F, Korol A,
Spielmeyer W, Appels R, Doležel J, Bernard M, Feuillet C: Physical
mapping in a giant genome: A chromosome landing-ready
physical map of chromosome 3B of hexaploid wheat.  In
Abstracts of the International Conference Plant and Animal Genome XVI:
12–16 January 2008; San Diego, CA Sherago International, Inc; 2008:65. 

21. McNeil MD, Kota R, Paux E, Dunn D, McLean R, Feuillet C, Li D, Kong
X, Lagudah E, Zhang JC, Jia JZ, Spielmeyer W, Bellgard M, Appels R:
BAC-derived markers for assaying the stem rust resistence
gene, Sr2, in wheat breeding programs.  Mol Breeding 2008.

22. Telenius H, Carter NP, Bebb CE, Nordenskjold M, Ponder BA, Tun-
nacliffe A: Degenerate oligonucleotide-primed PCR: general
amplification of target DNA by a single degenerate primer.
Genomics 1992, 13:718-725.

23. Zhang L, Cui X, Schmitt K, Hubert R, Navidi W, Arnheim N: Whole
genome amplification from a single cell: implications for
genetic analysis.  Proc Natl Acad Sci USA 1992, 89:5847-5851.

24. Dean FB, Hosono S, Fang L, Wu X, Faruqi AF, Bray-Ward P, Sun Z,
Zong Q, Du Y, Du J, Driscoll M, Song W, Kingsmore SF, Egholm M,
Lasken RS: Comprehensive human genome amplification
using multiple displacement amplification.  Proc Natl Acad Sci
USA 2002, 99:5261-5266.

25. Pinard R, de Winter A, Sarkis GJ, Gerstein MB, Tartaro KR, Plant RN,
Egholm M, Rothberg JM, Leamon JH: Assessment of whole
genome amplification-induced bias through high-through-
put, massively parallel whole genome sequencing.  BMC
Genomics 2006, 7:216.

26. Dean FB, Nelson JR, Giesler TL, Lasken RS: Rapid amplification of
plasmid and phage DNA using Phi 29 DNA polymerase and
multiply-primed rolling circle amplification.  Genome Res 2001,
11:1095-1099.

27. Lage JM, Leamon JH, Pejovic T, Hamann S, Lacey M, Dillon D, Seg-
raves R, Vossbrinck B, Gonzalez A, Pinkel D, Albertson DG, Costa J,
Lizardi PM: Whole genome analysis of genetic alterations in
small DNA samples using hyperbranched strand displace-
ment amplification and array-CGH.  Genome Res 2003,
13:294-307.

28. Hosono S, Faruqi AF, Dean FB, Du Y, Sun Z, Wu X, Du J, Kingsmore
SF, Egholm M, Lasken RS: Unbiased whole-genome amplifica-
tion directly from clinical samples.  Genome Res 2003,
13:954-964.

29. Barker DL, Hansen MS, Faruqi AF, Giannola D, Irsula OR, Lasken RS,
Latterich M, Makarov V, Oliphant A, Pinter JH, Shen R, Sleptsova I,
Ziehler W, Lai E: Two methods of whole genome amplification
enable accurate genotyping across a 2320-SNP linkage
panel.  Genome Res 2004, 12:901-901.

30. Paez JG, Lin M, Beroukhim R, Lee JC, Zhao X, Richter DJ, Gabriel S,
Herman P, Sasaki H, Altshuler D, Li C, Meyerson M, Sellers WR:
Genome coverage and sequence fidelity of phi29 polymer-
ase-based multiple strand displacement whole genome
amplification.  Nucleic Acids Res 2004, 32:e71.

31. Pask R, Rance HE, Barratt BJ, Nutland S, Smyth DJ, Sebastian M,
Twells RCJ, Smith A, Lam AC, Smink LJ, Walker NM, Todd JA: Inves-
tigating the utility of combining Phi29 whole genome ampli-
fication and highly multiplexed single nucleotide
polymorphism BeadArray genotyping.  BMC Biotechnol 2004,
4:15.

32. Park JW, Beaty TH, Boyce P, Scott AF, McIntosh I: Comparing
whole-genome amplification methods and sources of biolog-
ical samples for single-nucleotide polymorphism genotyping.
Clin Chem 2005, 51:1520-1523.

33. Lysák MA, Жíhalíková J, Kubaláková M, Šimková H, Künzel G, Doležel
J: Flow karyotyping and sorting of mitotic chromosomes of
barley (Hordeum vulgare L.).  Chromosome Res 1999, 7:431-444.

34. Doležel J, Binarová P, Lucretti S: Analysis of nuclear DNA con-
tent in plant cells by flow cytometry.  Biol Plant 1989,
31:113-120.

35. Suchánková P, Kubaláková M, Kovářová P, Bartoš J, Жíhalíková J, Mol-
nár-Láng M, Endo TR, Doležel J: Dissection of the nuclear
genome of barley by chromosome flow sorting.  Theor Appl
Genet 2006, 113:651-659.

36. Rostoks N, Ramsay L, Mackenzie K, Cardle L, Bhat PR, Roose ML,
Svensson JT, Stein N, Varshney RK, Marshall DF, Graner A, Close TJ,
Waugh R: Recent history of artificial outcrossing facilitates
whole-genome association mapping in elite inbred crop vari-
eties.  Proc Natl Acad Sci USA 2006, 103:18656-18661.

37. Rook MS, Delach SM, Deyneko G, Worlock A, Wolfe JL: Whole
genome amplification of DNA from laser capturemicrodis-
sected tissue for high-throughput single nukleotide polymor-
phism and short tandem repeat genotyping.  Am J Pathol 2004,
164:23-33.

38. Bergen AW, Qi Y, Haque KA, Welch RA, Chanock SJ: Effects of
DNA mass on multiple displacement whole genome amplifi-
cation and genotyping performance.  BMC Biotechnol 2005, 5:24.

39. Stein N, Prasad M, Scholz U, Thiel T, Zhang H, Wolf M, Kota R, Var-
shney RK, Perovic D, Grosse I, Graner A: A 1,000-loci transcript
map of the barley genome: new anchoring points for integra-
tive grass genomics.  Theor Appl Genet 2007, 114:823-839.
Page 9 of 9
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11863073
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11741145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11741145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11741145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15802508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15802508
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14996224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14996224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14996224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15341637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15341637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15365624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15365624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15365624
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16911585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16911585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16911585
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1639399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1639399
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1631067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1631067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1631067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959976
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16928277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16928277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16928277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11381035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11381035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11381035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12566408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12566408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12566408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12695328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12695328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15150323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15279678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15279678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15279678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16040848
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10560966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10560966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16810504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16810504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17085595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17085595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17085595
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14695315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14695315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14695315
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16168060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16168060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16168060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17219208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17219208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17219208
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Preparation of chromosome suspensions and flow- cytometric sorting
	Purification and amplification of chromosomal DNA
	Analysis of the amplification products by Southern hybridization
	Real-time quantitative PCR
	Assessment of amplified genomic DNA using an oligonucleotide pool assay
	Marker analysis of amplified flow-sorted chromosomes using the OPA

	Results and Discussion
	Chromosome sorting
	Optimization of chromosome treatment for DNA amplification
	Characterization of the amplification product
	Genome wide survey of amplified barley DNA
	Isolated chromosomes as a tool for physical mapping
	Associating markers with unknown map position to chromosome 1H
	Genotyping of isolated chromosomes to clarify the map location of ambiguous loci

	Conclusion
	Abbreviations
	Authors' contributions
	Additional material
	Acknowledgements
	References

