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Specific patterns of gene space organisation
revealed in wheat by using the combination of
barley and wheat genomic resources
Camille Rustenholz1†, Pete E Hedley2†, Jenny Morris2, Frédéric Choulet1, Catherine Feuillet1, Robbie Waugh2,
Etienne Paux1*

Abstract

Background: Because of its size, allohexaploid nature and high repeat content, the wheat genome has always
been perceived as too complex for efficient molecular studies. We recently constructed the first physical map of a
wheat chromosome (3B). However gene mapping is still laborious in wheat because of high redundancy between
the three homoeologous genomes. In contrast, in the closely related diploid species, barley, numerous gene-based
markers have been developed. This study aims at combining the unique genomic resources developed in wheat
and barley to decipher the organisation of gene space on wheat chromosome 3B.

Results: Three dimensional pools of the minimal tiling path of wheat chromosome 3B physical map were
hybridised to a barley Agilent 15K expression microarray. This led to the fine mapping of 738 barley orthologous
genes on wheat chromosome 3B. In addition, comparative analyses revealed that 68% of the genes identified were
syntenic between the wheat chromosome 3B and barley chromosome 3 H and 59% between wheat chromosome
3B and rice chromosome 1, together with some wheat-specific rearrangements. Finally, it indicated an increasing
gradient of gene density from the centromere to the telomeres positively correlated with the number of genes
clustered in islands on wheat chromosome 3B.

Conclusion: Our study shows that novel structural genomics resources now available in wheat and barley can be
combined efficiently to overcome specific problems of genetic anchoring of physical contigs in wheat and to
perform high-resolution comparative analyses with rice for deciphering the organisation of the wheat gene space.

Background
The term “gene space” refers to the fraction of the gen-
ome corresponding to protein coding genes and, by
extension, to the distribution of these genes [1]. In large
genomes that contain abundant repetitive DNA, it
encompasses also the notion of regions containing
genes, the so-called gene-rich regions, surrounded by
gene-poor regions composed of repeats [2].
With the growing number of sequenced plant gen-

omes, it becomes obvious that the distribution pattern
of genes is far from random and not universal across
the plant kingdom. Small plant genomes, such as

Arabidopsis thaliana (125 Mb), Brachypodium distach-
yon (272 Mb) and Oryza sativa (389 Mb) exhibit fairly
homogenous gene distribution along their chromosomes
[3-5]. The transition from a homogenous to a non-
homogenous gene distribution seems correlated to the
genome size. Indeed, in intermediate size genome, such
as Populus trichocarpa (485 Mb) and Vitis vinifera
(487 Mb), large regions alternating between high and
low gene density were observed [6,7], whereas larger
genomes, such as Glycine max (1115 Mb) and Zea mays
(2300 Mb), display an increasing gradient of gene den-
sity from the centromere to the telomeres [8,9].
Because of its size (17000 Mb), allohexaploid nature

(A, B and D-genomes) and high repeat content (>80%)
[10], the bread wheat (Triticum aestivum L.) genome is
among the largest and most complex plant genomes
and has always been considered too complex for
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molecular analyses. As a result, no genome sequence is
available yet and very little is known about the organisa-
tion of the wheat gene space. The first insights were
obtained from the mapping of wheat gene-based mar-
kers in wheat aneuploid genotypes called deletion lines
where fragments of chromosomes or deletion bins are
missing [11]. Based on EST and Pst1 genomic clone
mapping, Erayman et al. [12] suggested a very heteroge-
neous distribution of the genes along the wheat chro-
mosomes, with 94% of the genes being located in only
29% of the entire wheat chromosomes and mostly at
their telomeric parts. In contrast, by EST mapping on
chromosome group 3 deletion bins, Munkvold et al.
[13] observed a slight gradient of the gene density along
the chromosomes as well as a significant number of
genes in the most proximal bins thereby suggesting a
more homogeneous distribution. More recently, indivi-
dual BAC sequencing [14,15] confirmed a rather homo-
geneous gene distribution in wheat with an average of
one gene per BAC. Finally, Choulet et al. [16] investi-
gated megabase-sized regions from various parts of
chromosome 3B and indicated that the gene-free regions
are much smaller than expected by Erayman et al. [12],
i.e. not larger than 1 Mb. Moreover, they found evidence
for a slight gradient (twofold) of the gene density distri-
bution from the centromere to the telomeres. Thus,
additional whole genome or whole chromosome ana-
lyses are needed to better characterize the gene space
organisation in wheat.
We recently constructed a physical map of chromo-

some 3B, the largest wheat chromosome (1 Gb, 2.5 times
the whole rice genome) [17]. The map consists of 1036
contigs spanning 811 Mb, of which 611 Mb are anchored
with 1443 molecular markers. However, very few contigs
are anchored by gene-derived markers. Indeed despite
the development of genomic resources, such as extensive
marker collections and saturated genetic maps [18-20],
genetic mapping of genes in wheat is still hampered by
the lack of polymorphism and the presence of the three
homoeologous copies of each gene. As a result, no high
density transcript genetic map is available. In contrast,
several gene maps have been constructed for barley
[21-25] (Hordeum vulgare L.) that diverged from wheat
~10-12 MYA [26,27] and belongs to the same tribe (Tri-
ticeae). With a size of 4.9 Gb [10] and a repeat content of
over 80% [28], the diploid barley genome (2n = 14) is
very similar to the wheat subgenomes and several map-
ping studies have demonstrated a high collinearity
between barley and wheat [26,27,29-32].
Here, we wanted to explore the possibility of using

barley transcript genetic maps as a surrogate to anchor
and order the wheat physical contigs. BAC pools repre-
senting the minimal tiling path (MTP) of wheat chro-
mosome 3B were hybridised onto barley expression

microarrays to identify the location of genes along
the wheat 3B physical map. The results show that such
barley-wheat cross-hybridisations represent high-
throughput cost-efficient approaches for anchoring
genes on wheat physical maps and for performing com-
parative genomics studies between wheat and other
grass genomes. In addition, the possibility to locate
genes precisely within BAC contigs that were anchored
by other markers onto the chromosome 3B enabled us
to gain new insights into the distribution of genes along
a wheat chromosome.

Results and discussion
A high throughput anchoring method
To assess the efficiency of wheat-barley cross-species
hybridisation for gene-based physical map anchoring, a
barley Agilent 15K unigene microarray was hybridised
with 60 three-dimensional (plate, row, column) BAC
pools from the MTP of the wheat chromosome 3B [17].
After signal quantification and normalisation, hybridisa-
tion data were evaluated with four complementary scor-
ing methods to reliably locate as many barley gene
homologs as possible on the wheat BACs (see Methods).
Using the most stringent “automated scoring” method,
3355, 3401 and 3286 probes were identified as positive
with the plate, row and column pools, respectively.
Deconvolution of the pool data led to the identification
of 571 unambiguous BAC addresses for 566 unigenes,
defining 561 unique genomic loci and 5 duplicated loci.
The less stringent “boxplot scoring” method led to the
identification of 6205, 5103 and 6761 positive probes for
the plate, row and column pools, respectively. With this
method, 770 probes having unambiguous BAC addresses
were identified, including 481 that were already identi-
fied with the “automated” method. Out of the 289 newly
identified probes, we selected 86 probes (100 loci) that
correspond to the most robust data (i.e. located on two
to three overlapping BACs). Finally the “semi-
automated” and the “manual scoring” methods added
additional BAC addresses for 13 and 78 probes respec-
tively that showed missing coordinates with the two other
methods due to technical limitations (detailed below).
In total, the combination of four methods enabled us

to identify 762 unambiguous wheat BAC addresses for
743 barley probes. A BLASTN search [33] against the
Triticeae repeat database TREP [34], indicated that five
probes had high sequence identity (>86%) with TEs and
were removed from further analysis. Each of the remain-
ing 738 non TE-related genes was assigned to one to
three wheat BACs resulting in 757 gene loci identified
on the wheat chromosome 3B physical map [17]. These
barley unigenes were located on 624 wheat BACs
that corresponded to 388 individual contigs of 187 kb to
3.8 Mb and 86 singletons.
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We tested the reliability of the 757 genes using the
sequenced contigs available on chromosome 3B [16].
We found that 74% (23/31) of the genes located on the
sequenced contigs through hybridisation gave a hit on
the sequenced contigs after a BLASTN analysis. Out of
these genes, 91% (21/23) matched a gene on the
sequenced contigs at their expected location. Eight uni-
genes (26%) were assigned to these contigs but their
position was not supported by sequence information.
Several hypotheses can be proposed to explain such dis-
crepancy between hybridization and sequencing data,
including false positives, misassembled MTP BACs or
gaps in the sequence. In addition, 30 out of the 15208
barley Agilent microarray unigenes matched a gene after
a BLASTN analysis against the sequenced contigs but
were not located on a BAC through hybridisation. How-
ever the sequence identity of these 30 unigenes (84%)
was lower than the sequence identity of the 21 unigenes
located on the sequenced contigs through hybridisation
(90%). These unigenes would therefore hardly be located
on a BAC through hybridisation. These data validated
this cross-species hybridisation approach as a powerful
and reliable method to map genes to BAC contigs.
The 738 probes correspond to roughly 40% of the bar-

ley unigenes that were expected to be present on the
wheat chromosome 3B physical map. Indeed, chromo-
some 3 H accounts for approximately 14.8% of the bar-
ley genome [35,36]. Assuming a comparable gene
density for all barley chromosomes, 2250 probes out of
the 15208 unigenes are expected to be located on chro-
mosome 3 H. As the MTP covers 82% of the whole
wheat chromosome 3B, about 1845 probes should in
theory be present on the wheat chromosome 3B physi-
cal map assuming that all barley genes are conserved in
wheat. The difference of 60% between expected and
observed results could be explained by both biological
and technical limitations of our experiment. First,
sequence divergence between wheat and barley genes
may have significantly impacted the efficiency of this
approach. Letowski et al. [37] estimated that hybridising
a probe and a DNA target sharing 90% of sequence
identity results in 73% to 99% decrease in hybridisation
signal intensity compared to a probe and a DNA sharing
100% of sequence identity. Blasting the barley 60-mer
probes against the 6162 wheat cv. Chinese Spring full-
length cDNA dataset [38] revealed that 56% of the hits
show more than 10% nucleotide divergence (86% iden-
tity on average). Moreover we found that the unigenes
located on the sequenced contigs of the wheat chromo-
some 3B [16] through BLASTN and hybridisation
showed a significantly higher sequence identity (90%)
compared to the ones that were located on the
sequenced contigs through BLASTN only (83%) (T-test,
P-value = 5E-6). Therefore, one can estimate that

sequence conservation played a key role in the detection
of hybridisation signals and that more than half of the
potentially positive barley probes generated a near unde-
tectable hybridisation signal with the wheat BACs.
A second origin of the discrepancy likely originates from
the presence of gene families located at multiple loci.
The wheat genome is allohexaploid (three subgenomes:
A, B and D) and at least one copy of each wheat gene is
expected to be present on the three homoeologous chro-
mosomes. In addition, there is increasing evidence for
high level of tandem and interchromosomal duplication
events in wheat and perhaps barley genomes since their
divergence from the other grasses [16,39]. Thus there is a
good probability that some genes are found in multiple
copies on chromosome 3B. Such genes can result in mul-
tiple non-overlapping BAC addresses that cannot be
resolved without ambiguity and are therefore excluded
from our analysis. Another critical point affecting the
efficiency of the approach lies in the putative heterogene-
ity of the BAC pools. Indeed, each three-dimensional
MTP pool contains more than 300 BACs (see Methods),
making it difficult to guarantee equimolarity for all
BACs. In some extreme cases, this heterogeneity in indi-
vidual BAC quantity may lead to weak signal intensity for
positive probes resulting in missing coordinates. These
two limitations could be circumvented by the use of six-
dimension pools of the complete chromosome 3B BAC
library [40]. However, such pools would have required
almost 3 times more hybridisations than the three-
dimensional MTP pools (177 vs. 60) thereby reducing the
cost-efficiency of the approach.
Despite these limitations, this single experiment per-

mitted the localisation of 738 genes on the wheat chro-
mosome 3B contigs and allowed us to get novel
information for the order of the BAC contigs along the
chromosome based on the barley EST genetic maps. So
far, genetic mapping of genes in wheat has been ham-
pered by the lack of polymorphism in the genic
sequences and the presence of several homoeologous
copies. As a consequence, only a third of the 680 mar-
kers located on the chromosome 3B genetic map con-
structed using the ‘neighbours’ approach correspond to
ESTs [17]. Here, we established a barley whole genome
neighbour map using the same criteria as the IBM
neighbour map of maize [41] and used it to assess the
order of wheat contigs based on the EST order found
on the genetic map. Out of the 738 probes assigned to
BAC contigs of wheat chromosome 3B, 308 (42%) were
mapped to the barley neighbour map including 209 on
chromosome 3 H and 99 on other chromosomes. Using
the barley 3 H mapping data, 151 BAC contigs and
20 singletons from the wheat chromosome 3B physical
map were genetically ordered. Only 30% of these contigs
were previously ordered genetically using the wheat
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chromosome 3B neighbour map, whereas 44% were
mapped to the wheat chromosome 3B deletion bin map,
but not ordered in bins, and 26% were not anchored at
all [17]. In addition, it is worth noting that 36% of the
151 contigs are only anchored by gene-based markers.
This is consistent with the results of Paux et al. [17]
who showed that some regions of the genome can only
be anchored by specific types of markers (ESTs, SSRs,
ISBPs) and that 35% of the contigs were anchored by
ESTs only. Therefore, we conclude that the cross-hybri-
disations of wheat BAC pools with barley expression
microarrays is a straight forward approach to order
wheat contigs with gene-based markers without the dif-
ficulty of EST genetic mapping in wheat.
Moreover, the total cost for these 60 pool hybridisa-

tions on 15 microarrays was approximately 8800 USD.
For the same price, PCR screening of individual EST
markers on the same BAC pools (including primers and
amplification) would only have allowed testing of 500
markers. Thus, the method is a cost-efficient alternative
to PCR-based physical map anchoring. However, despite
its convenience and its cost-efficiency, this technique is
still limited in the number of contigs anchored and
ordered but it would be greatly improved by technologi-
cal developments in the near future. First, use of the
barley 44K Agilent expression microarray will signifi-
cantly increase the number of positive probes, regardless
of the experiment efficiency. Second, as large amounts
of barley SNPs are becoming available [22], the number
of genetically mapped genes will increase in the coming
years, therefore improving the efficiency of the anchor-
ing strategy.
Finally, wheat-barley cross-species hybridisation is a

convenient, cost-efficient and relatively high-throughput
approach for gene-based physical map anchoring and
ordering of wheat BAC contigs. However, even if the
use of barley genomic resources circumvents the limita-
tions caused by the complexity of the wheat genome,
the divergence between the two species is large enough
to observe synteny breaks. Thus, we performed a com-
parative study between wheat, barley and rice to assess
the extent to which the barley gene order is transferable
to wheat.

Comparative genomics between wheat, barley and rice
In addition to its interest for anchoring physical maps,
cross-species hybridisation also provides valuable data
for comparative genomics as it allows the mapping of
barley (and to some extent rice) orthologous genes on
wheat chromosomes. We studied synteny, i.e. the con-
servation of the genes on the orthologous chromosomes
of wheat chromosome 3B in barley (chromosome 3H)
and rice (chromosome 1) without the assumption of the
conservation of the gene order [42]. Out of the 738

probes located on the contigs of wheat chromosome 3B,
209 were mapped on barley chromosome 3 H and 99
on other barley chromosomes. Rice orthologous genes
were identified unambiguously for 659 of the 738 probes
located on wheat chromosome 3B, of which 389 are
located on rice chromosome 1and 270 on other rice
chromosomes (Table 1). These results suggest that, at
the whole chromosome scale, 68% and 59% of wheat
chromosome 3B genes are syntenic with genes located
on the orthologous barley chromosome 3 H and rice
chromosome 1, respectively. These results are consistent
with previous studies that estimated between 59% and
74% of the genes were in conserved positions between
wheat chromosome group 3 and rice chromosome 1
and 75% between wheat chromosome group 3 and bar-
ley chromosome 3 H [13,25,43-50]. The genes that are
not syntenic between wheat chromosome 3B and barley
chromosome 3 H mapped on the other barley chromo-
somes with no significant bias towards any other single
chromosome (Chi2 test, P-value = 0.16). In contrast, the
non-syntenic genes between wheat chromosome 3B and
rice chromosome 1 are biased in favour of genes
mapped on the rice chromosomes carrying the highest
number of genes (chromosomes 3 and 5) and against
the rice chromosome carrying the lowest number of
genes (chromosome 9) (Chi2 test, P-value < 10-5).
Further analyses confirmed that the distribution of the
non-syntenic genes between wheat chromosome 3B and
rice chromosome 1 on the other rice chromosomes is
correlated with the number of genes per rice chromo-
some (Pearson’s correlation coefficient r = 0.735;
P-value = 0.01) [3]. Thus, no real mapping bias was
identified towards any of the non-syntenic barley or rice
chromosomes.
Interestingly, a number of genes located on wheat

chromosome 3B were not syntenic with barley chromo-
some 3 H but their homologs were syntenic between
barley and rice. For example, 11 wheat chromosome 3B
genes mapped on barley chromosome 2 H and on its
ortholog in rice (chromosome 4). We found another
example with 9 wheat chromosome 3B genes mapping
on barley chromosome 6 H and on the orthologous rice
chromosome 2 [44]. This result indicates that these
genes have undergone rearrangements specifically in
wheat and supports the recent finding of Choulet et al.
[16] for extensive interchromosomal duplications in
wheat.
Out of the 219 gene loci orthologous to barley chro-

mosome 3 H genes, 153 have been located on wheat
BACs assigned to one of the eight deletion bins of
wheat chromosome 3B using the physical map data [17].
Their approximate location on the chromosome arms
was thus inferred from the mapping data of the BAC.
This enabled us to study the synteny between wheat,
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barley and rice at a finer scale. We calculated the per-
centage of probes that are syntenic to barley chromo-
some 3 H genes for each deletion bin of chromosome
3B and found that the conservation of genes is signifi-
cantly uniform along chromosome 3B (Chi2 test, P-value
= 0.84) with 73% of syntenic genes per bin on average
(Table 1). We performed the same calculation with the
285 genes assigned to wheat chromosome 3B deletion
bins and syntenic to genes on rice chromosome 1.
In this case, the distribution of syntenic genes was nega-
tively correlated with the distance to the centromere
(Pearson’s correlation coefficient r = -0.742; P-value =
0.04). In other words, the level of synteny between
wheat chromosome 3B and rice chromosome 1
decreases from the centromere to the telomeres. This is
in complete agreement with the results of Akhunov
et al. [39] who correlated this with the recombination
rate along wheat chromosomes. However, using the data
from Saintenac et al. [51] who performed an analysis of
the distribution of the recombination rate among chro-
mosome 3B, we did not find any correlation between
the synteny level and crossing-over frequency (Pearson’s
correlation coefficient r = -0.378; P-value = 0.36). Com-
parisons between the sequences of 18 Mb sized contigs
of chromosome 3B with the rice and Brachypodium
genomes led to the same conclusions [16]. Moreover,
the authors found a positive correlation between trans-
posable element activity and the number of non syntenic

genes. Thus, it is likely that the synteny level between
wheat chromosome 3B and rice chromosome 1 that
decreases from the centromere to the telomeres results
from a combination of factors that have still to be
identified.
The links between the barley chromosome 3 H genetic

map, the rice chromosome 1 sequence and the wheat
chromosome 3B deletion bin map were used to analyse
the collinearity, i.e. the order of the genes [42], between
the genes on wheat chromosome 3B and on barley chro-
mosome 3 H and between the genes on wheat chromo-
some 3B and on rice chromosome 1. As the relative
order of wheat genes in a given deletion bin is not
known, we inferred this order from the barley chromo-
some 3 H and rice chromosome 1 data. This virtual
order was used to define eight synteny blocks on barley
chromosome 3 H and rice chromosome 1 corresponding
to the eight deletion bins of wheat chromosome 3B
(Figure 1). Genes being assigned to a given deletion bin
of wheat and to the corresponding synteny block of bar-
ley or rice were considered as collinear. Those not being
conserved at syntenic positions were considered as non
collinear. In total we found that 102 (67%) genes were
collinear between wheat 3B and barley 3 H and 185
(65%) between wheat 3B and rice 1 (Table 1 & Figure 1).
We calculated the percentage of collinear genes between
wheat chromosome 3B and barley chromosome 3 H and
between wheat chromosome 3B and rice chromosome 1

Table 1 Mapping data in wheat chromosome 3B deletion bins

Wheat Barley Rice

3B
Deletion

Bin

Bin
size
(Mb)

Number
of loci

Density
(locus/
Mb)

Gene loci
mapped
on 3H

Gene loci mapped
on the other
chromosomes

Collinear gene
loci between
3B and 3H

Gene loci
mapped
on Os01

Gene loci mapped
on the other
chromosomes

Collinear gene
loci between 3B

and Os01

3BS8-
0.78-1.00

44.2 37 0.84 10 9 7 15 14 10

3BS9-
0.57-0.78

43.2 43 1.00 12 4 9 22 16 16

3BS1-
0.33-0.57

94.3 86 0.91 14 11 8 40 33 20

C-3BS1-
0.33

58.3 34 0.58 9 1 4 23 7 16

C-3BL2-
0.22

45.7 36 0.79 15 3 8 27 6 18

3BL2-
0.22-0.50

74.9 78 1.04 25 10 21 47 26 38

3BL10-
0.50-0.63

40.1 40 1.00 13 5 8 18 17 8

3BL7-
0.63-1.00

155.5 165 1.06 55 14 37 93 57 59

Total
assigned

556.2 519 0.93 153 57 102 285 176 185

Not
assigned

438.8 238 / 66 42 / 111 104 /

Total 995 757 / 219 99 / 396 280 /

318 676
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for each bin. We found that the distribution of collinear
genes is significantly uniform along chromosome 3B
(Chi2 test, P-value = 0.89 and 0.69 for barley and rice
respectively). Some translocations of genes can be
observed between wheat chromosome 3B and barley
chromosome 3 H and between wheat chromosome 3B
and rice chromosome 1 (Figure 1) that are similar to pre-
vious studies [13,52]. However, we expected a higher col-
linearity between the wheat and barley group 3
chromosomes with regard to previous results [29-32].
We think that this apparent discrepancy may originate
from the construction of the barley neighbour map.
None of the five individual barley genetic maps available
to date holds a sufficient number of genes, and therefore

we had to use a barley neighbour map combining these
maps to optimize the anchoring experiment. However,
the gene order is not fully reliable in such maps especially
in the pericentromeric and centromeric parts of the chro-
mosomes where recombination is reduced or totally sup-
pressed [25]. Finally, the use of wheat neighbour genetic
mapping data suggests additional rearrangements in bins
(data not shown) as suggested by Liu et al. [53] and
Chantret et al. [54] and this may also lead to some
discrepancies.
Altogether, our results regarding conservation between

wheat chromosome 3B, barley chromosome 3 H and
rice chromosome 1 at the whole chromosome and at
the deletion bins scales are in agreement with previous
studies. However, we also noticed some wheat-specific
rearrangements of the genes that disrupt the collinearity
between wheat and barley and between wheat and rice.
Thus, globally we expected the genes to be in the same
order between wheat and barley but rearrangements are
likely to be observed locally. So the results of anchoring
and ordering of the wheat BAC contigs along chromo-
some 3B using the barley mapping data should be con-
sidered with caution as they may not be perfectly exact.

Wheat gene space organisation
For the first time, we were able to assign precisely a
large number of genes to individual BACs and BAC
contigs whose order is known on wheat chromosome
3B. This led us to analyse the pattern of gene distribu-
tion along the chromosome. Out of the 757 loci mapped
on the wheat chromosome 3B physical map, 519 loci
were assigned to the eight deletion bins (Table 1). The
density of loci per deletion bin was calculated by divid-
ing the number of loci assigned to each deletion bin by
the cumulative length of contigs in the bin [17]. The
density of loci showed a slight increasing gradient from
the centromere to the telomeres (Figure 2) with a posi-
tive correlation with the distance to the centromere
(Pearson’s correlation coefficient r = 0.664), even though
this correlation was not statistically significant using a
5% threshold (P-value = 0.07). The highest density was
found on the most distal 3BL7-0.63-1.00 deletion bin of
the long arm (1.06 probes per megabase), whereas the
lowest density was observed on the most proximal
C-3BS1-0.33 bin of the short arm (0.58 probes per
megabase). Such a gradient could be artificially created
by a difference in gene sequence conservation from the
centromere to the telomeres between wheat and barley.
To test this hypothesis, we calculated the coefficient of
correlation between the gene density and the percentage
of sequence identity per bin. No significant correlation
was found (Pearson’s correlation coefficient r = -0.478;
P-value = 0.23), demonstrating that the gene density
gradient is not biased by the differences in the similarity

Figure 1 Collinearity between wheat chromosome 3B, barley
chromosome 3 H and rice chromosome 1. Each colour on wheat
chromosome 3B corresponds to a deletion bin. Yellow: 3BS8-0.78-
1.00; light green: 3BS9-0.57-0.78; pink: 3BS1-0.33-0.57; red: C-3BS1-
0.33; orange: C-3BL2-0.22; purple: 3BL2-0.22-0.50; dark green: 3BL10-
0.50-0.63 and brown: 3BL7-0.63-1.00. The black segments
correspond to the heterochromatic regions identified by C-banding,
the coloured segments to the euchromatic regions and the circle to
the centromere. The coloured blocks represent regions where the
genes are collinear between two chromosomes. The lines represent
the genes that are not collinear between two chromosomes. As the
relative order of wheat genes in a given deletion bin is not known,
we inferred this order from the barley chromosome 3 H and from
rice chromosome 1 data.
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between wheat and barley gene sequences. Thus, the
gene density distribution observed here provides a reli-
able snapshot of the gene space organisation along
wheat chromosome 3B and led to a hypothesis where
the gene density is higher in the distal parts than in the
proximal parts of the chromosome (Figure 2). As we
found that 87% of the genes were mapped on the 81%
most distal parts of chromosome 3B, our result is in
agreement with the moderate gradient of gene density
along wheat chromosomes suggested by Munkvold et al.
[13], Devos et al. [15], Charles et al. [14] and more
recently, Choulet et al. [16]. The discrepancy between
these results and the first suggestions of Erayman et al.
[12] that most of the genes are located in the distal
parts of the wheat chromosomes may originate from
their use of a consensus deletion bin map from the A, B
and D chromosomes, where markers were non-systema-
tically assigned to the deletion bins [51]. This likely led
to approximations of the relative positions of the mar-
kers and the postulation that genes are mostly found in
gene-rich regions in wheat. Here, the possibility to
assign genes on physical contigs that cover 82% of a
specific chromosome 3B [17] enabled us to derive more
precise information about the gene distribution.
We then extrapolated the expected gene density per

deletion bin to the whole set of chromosome 3B genes.
We first estimated the number of genes per bin by con-
sidering the bins fully covered by contigs and by keeping
the same gene density distribution along chromosome

3B. This resulted in an estimate of 904 loci assigned to
the eight deletion bins compared to the 519 loci identi-
fied by hybridisation in this study. Recently Choulet
et al. [16] estimated that chromosome 3B carries 8400
genes. We then extrapolated the gene density by consid-
ering 8400 loci assigned to the eight deletion bins. We
found that the distal bin 3BL7-0.63-1.00 and the proxi-
mal bin C-3BS1-0.33 would have a gene density of
1 gene per 101 kb and 1 per 185 kb, respectively. There-
fore, even in the least gene-dense regions of the chro-
mosome, our results indicate that there may be one
gene on average every 185 kb and therefore no mega-
base-sized regions devoid of genes. This is consistent
with RNA hybridisations on chromosome 3B MTP
arrays that showed that the largest region without genes
is about 800 kb long and that genes are distributed
across the entire chromosome 3B [16].
However, our approach suffers from a major limitation

to estimate the gene density precisely. Here, the gene
densities estimated for the 3BS8-0.78-1.00 and 3BL7-
0.63-1.00 telomeric deletion bins were lower than the
ones found through RFLP hybridisation with ESTs by
Munkvold et al. [13] (normalized gene densities: 0.928
versus 1.190 and 1.176 versus 1.421, respectively). One
of the characteristics of telomeric parts of wheat chro-
mosomes is that they accumulate tandemly duplicated
genes at a high rate [16,39]. Thus, it is likely that the
differences in gene density observed between the two
experiments reflect the inability of gene mapping based

Figure 2 Gene density in the eight deletion bins of wheat chromosome 3B. The density of isolated genes is represented by blue bars. The
density of the genes organized in island is represented by red bars. The proportions of genes organized in island per deletion bins are shown
as percentages within the red bars.
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on BAC hybridisation to detect tandemly duplicated
genes. This method is only qualitative and detects the
presence or absence of a gene on a BAC but it does not
indicate whether a gene located on a BAC is present in
single or multiple copies. Thus, the gene density estab-
lished through gene mapping based on BAC hybridisa-
tion is likely underestimated in the distal regions and
therefore one can expect an even higher gene density gra-
dient. If we consider that the difference in gene density
between the two studies is only due to tandemly dupli-
cated genes, we could estimate that we missed 28% and
21% of genes for 3BS8-0.78-1.00 and 3BL7-0.63-1.00
deletion bins, respectively. This also explains why our
estimation of gene density at telomeres was lower com-
pared to the gene density of sequenced contigs located in
distal regions of chromosome 3B (1 gene per 101 kb ver-
sus 1 gene per 86 kb) whereas our estimation at the cen-
tromere precisely fits the gene density of sequenced
contigs located in proximal regions (1 gene per 185 kb
versus 1 gene per 184 kb). Assuming that we missed 21%
of genes due to tandem duplications in 3BL7-0.63-1.00
deletion bin, the gene density would be 1 gene per 90 kb.
This demonstrates that all these studies can give an indi-
cation of the general gene space organisation along
wheat chromosomes but are unable to precisely estimate
the local gene density of specific regions.
To further study the gene space and especially the

genes clustered in islands in more detail, we considered
gene islands as multiple genes located on the same BAC
or overlapping BACs, i.e. separated by less than 150 kb.
Out of the 757 loci mapped on wheat chromosome 3B
physical map, 303 loci, i.e. 40%, were considered part of
gene islands, whereas the 454 remaining genes (60%)
were considered as isolated genes. In contrast to the dis-
tribution of isolated genes that we found significantly
uniform along chromosome 3B (Chi2 test, P-value =
0.97), the distribution of genes organised in islands was
significantly non-uniform along chromosome 3B (Chi2

test, P-value < 10-5) with a positive correlation between
the density of genes in islands and the distance to the
centromere (Pearson’s correlation coefficient r = 0.762;
P-value = 0.03) (Figure 2). We also found a correlation
between the density of genes in islands and the overall
gene density (Pearson’s correlation coefficient r = 0.956,
P-value < 10-3). This strongly suggests that the gradient
of gene density between centromeric and telomeric
regions is due to the differential distribution of genes
organised in islands across the chromosome with pro-
portionately more genes in islands in the distal parts
compared to the proximal parts.
In conclusion, our cross-species hybridisation techni-

que allowed us to assign a large number of genes onto
wheat chromosome 3B at the BAC resolution and to
obtain original results on the wheat gene space

organisation. We confirmed that the gene density distri-
bution along the chromosome 3B follows a slight gradi-
ent from the centromere to the telomeres and we suggest
that the presence of more gene islands in the distal part
of the chromosome explains this gradient. However, the
ultimate experiment to access the whole set of genes and
confirm the gene density distribution at a high resolution
along a wheat chromosome will be high-quality sequen-
cing and annotation. This is currently underway for chro-
mosome 3B (C. Feuillet, personal communication).

Conclusions
Our study demonstrates that hybridisations of the barley
Agilent 15K expression microarray with wheat chromo-
some 3B MTP pools is a convenient and cost-efficient
technique to perform physical map anchoring with
gene-based markers. Our comparative genomics analysis
between wheat, barley and rice confirms good global
collinearity between these species, with a few wheat-spe-
cific rearrangements that could lead to local mis-order-
ing of wheat contigs using the barley gene order. Using
this technique, we also confirmed previous studies that
the gene space organisation follows a gradient of gene
density along chromosome 3B from centromere to telo-
meres without large “gene-free” regions. We also
demonstrated that this gradient was generated by a dif-
ferential accumulation of gene islands between the cen-
tromere and the telomeres with more genes in islands
in the distal parts of the chromosome. Such results have
far-reaching implications in terms of strategies to
sequence the wheat genome. Indeed, our results confirm
that to access the whole wheat gene set, the entire
wheat genome needs to be sequenced. A wheat expres-
sion microarray is currently being utilised to increase
the density of genes at the BAC scale located along
wheat chromosome 3B and to improve our understand-
ing of the wheat gene space organisation.

Methods
Barley expression microarray and hybridisations
The barley Agilent 15K expression microarray contains
15208 barley 60-mer probes derived from unigenes of
HarvEST assembly #25 used to originally design probe
sets for the 22K Barley1 Affymetrix GeneChip [21].
BACs (7440 in total) arranged in twenty 384-well plates
were selected to build a wheat chromosome 3B Minimal
Tiling Path covering 82% of the whole chromosome
with ~30% overlap as described by Paux et al. [17].
These twenty plates were pooled in three dimensions
(20 plate pools, 16 row pools and 24 column pools) to
generate 60 samples by CNRGV (Toulouse, France) and
the BAC pools were amplified as described by Paux
et al. [17]. Two channels processing of the microarrays
was used, with BAC pool DNA labelled with Cy3 and a
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mixed reference set of barley cv. Golden Promise RNAs
(equal amounts of leaf, root and inflorescence) labelled
with Cy5. RNA (5 μg) was labelled as described by
Ducreux et al. [55]. Amplified BAC pool DNA (200 ng)
was labelled using a modified BioPrime Genomic DNA
Labelling System (Invitrogen, Carlsbad, California USA):
BAC pool DNA in 11 μl was added to 10 μl Random
Primer Reaction Buffer mix and denatured at 95°C for
5 min prior to cooling on ice and to this was added
2.5 μl modified 10× dNTPs buffer (1.2 mM each of
dATP, dGTP, dTTP; 0.6 mM dCTP; 10 mM Tris pH8.0;
1 mM EDTA), Cy3 dCTP (1 μl of 1 nM) and 0.5 μl Kle-
now enzyme (20U) followed by incubation for 16 h at
37°C. Labelled samples (BAC DNA & reference RNA)
for each array were combined and unincorporated dyes
removed using the Qiaquick PCR Purification Kit (Qia-
gen, Hilden, Germany) as recommended, eluting with
20 μl EB buffer (Qiagen, Hilden, Germany). Hybridisa-
tions and washing were carried out as recommended
(Agilent Protocol v5.5). Scanning was performed with an
Agilent G2505B scanner using default settings and data
extracted using Agilent FE software (v 9.5.3). All data
has been submitted to ArrayExpress [56] (accession #
E-TABM-1011) under MIAME guidelines [57].

Blast analyses
A BLASTN analysis [33] was performed with the
60-mer barley probes against the TREP database [34] to
identify probes that could hybridise with TEs of the
wheat BACs. We considered that a probe could generate
a false positive due to TEs if we found 80% identity on a
minimum 45 nucleotides. Then a BLASTN analysis [33]
was performed with the 15208 60-mer barley probes
against the sequenced contigs of wheat chromosome 3B
[16]. The annotation of the best hit on the sequenced
contigs was viewed using Artemis [58]. The best hit and
the query barley probe were then aligned using Clus-
talW2 [59] and the sequence identity was calculated
using the entire barley probe length. In addition, a
BLASTN analysis [33] was performed with the 60-mer
barley probes against 6162 wheat cv Chinese Spring full-
length cDNAs developed by Kawaura et al. [38]. The
sequence identity between the best hit and the query
barley probe was calculated on the entire barley probe
length as previously described. The most significant rice
homologues to the unigenes used to design the barley
microarray probes were identified by BLASTN searches
of the gene models from the Rice Genome Annotation
Project from Michigan State University (Rice Pseudomo-
lecules v5 database [60]).

Data deconvolution
Following hybridisation, signals were analysed to rebuild
the MTP addresses of the BACs carrying an ortholog of

a barley probe. For each barley probe, we identified the
positive pools to determine the original MTP BAC
address on which it is located. Each type of pool does
not contain the same number of BACs (plate: 384
BACs/pool; row: 480 BACs/pool; column: 320 BACs/
pool).
The first normalisation step undertaken addressed the

fact that the 60 samples had different hybridisation sig-
nal averages. Medians were calculated for each pool
independently and each value was divided by the median
corresponding to the pool type. This led to comparable
hybridisation values for each pool. A second normalisa-
tion step was undertaken for each probe, based on the
same method. After this second normalisation step,
probe hybridisation values were all comparable, while
pool hybridisation values were not significantly changed.
To identify pools with positive signal, we first used an

automated classical outlier detection method, that we
called the “automated scoring” method. The mean and
the standard deviation were calculated for each probe
and used to define a different threshold for each probe.
Calculation of the thresholds was different for each pool
type (plate: Mean + 2.8 × Standard Deviation; row:
Mean + 2.5 × Standard Deviation; column: Mean + 3 ×
Standard Deviation). All the pools with probe signal
above this threshold were considered positive. We
repeated this step twice by deleting positive signals pre-
viously detected, calculating the mean, standard devia-
tion and the threshold again for each probe and
selecting the new positive signals above the new thresh-
olds. The calculation of the thresholds for the three
pool types remained the same.
Following this “automated scoring” method, a “semi-

automated” one was performed to identify missing coor-
dinates from probes having five positive pools (e.g. two
plate coordinates, two row coordinates and one column
coordinate). Here, a combination of all possible coordi-
nates was used to try to identify two overlapping BACs.
A “manual scoring” analysis was also performed to iden-
tify the missing coordinate from probes having two posi-
tive pools.
The final analysis that we called “boxplot scoring”

method was performed whereby a boxplot was drawn
using R software [61] for each probe for each of the
three pool types and the upper outlier values were con-
sidered as positive pools. This analysis was less stringent
than the “automated scoring” so we kept only the
probes that were located on two overlapping BACs.
To rebuild the BAC addresses, we collated the positive

pools for each probe. Some probes gave one positive
pool per pool type which enables us to identify an
unambiguous BAC address. However, some probes gave
more positive pools per pool type. We therefore looked
at every combination and used the chromosome 3B
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physical map data [17] to assist finding addresses of
overlapping BACs where the probe is located on the
overlap itself.
After identification of BACs carrying barley orthologs,

we used the physical map [17] to locate them in their
respective contig and possibly in one of the eight chro-
mosome 3B deletion bins used for this study.

Synteny and collinearity analyses
In total, five barley genetic maps [21-25] were used to
establish a barley neighbour map using the same criteria
as the IBM neighbour map of maize [41]. For two maps
[24,25], we had to perform a BLASTN analysis to link the
markers to the barley unigenes mapped on wheat chro-
mosome 3B. The best hits with at least 85% identity over
100 nucleotides were selected for each unigene. The
order of the rice genes along the chromosomes was
established using the rice gene numbering annotation. As
the relative order of wheat genes in a given deletion bin
is not known, we inferred this order from the barley
chromosome 3 H and rice chromosome 1 data. The soft-
ware GenomePixelizer [62] was used for the graphical
display of the collinearity between wheat chromosome
3B, barley chromosome 3 H and rice chromosome 1.

Statistical analyses
The statistical analyses including the T-test, Chi2 and
Pearson’s correlation coefficient tests were performed
using R software [61] at a 5% threshold. The distance to
centromere was estimated from the centromere to the
middle of deletion bins. We calculated the gene density
per deletion bins by dividing the number of genes
assigned to the bin by the length of the contigs assigned
to the same bin. The gene density per bin of Munkvold
et al. [13] was estimated by dividing the number of genes
they assigned to the bin by the total size of the bin. The
normalized gene densities per deletion bin were calcu-
lated by dividing the density for each bin by the mean of
the densities along chromosome 3B. The Rice Genome
Annotation Project from Michigan State University (Rice
Pseudomolecules v6.1 database [60]) was used to esti-
mate the number of annotated genes on the rice chromo-
somes. For the Chi2 tests, to test the uniformity of the
percentages and the densities along chromosome 3B, we
estimated the number of genes per deletion bins that
would have generated a uniform distribution and we
used these numbers as theoretical values.
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