A 4-gigabase physical map unlocks the structure and
evolution of the complex genome of Aegilops tauschii,
the wheat D-genome progenitor
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The current limitations in genome sequencing technology require
the construction of physical maps for high-quality draft sequences
of large plant genomes, such as that of Aegilops tauschii, the wheat
D-genome progenitor. To construct a physical map of the Ae. tauschii genome, we ﬁngerprinted 461,706 bacterial artiﬁcial chromosome clones, assembled contigs, designed a 10K Ae. tauschii
Inﬁnium SNP array, constructed a 7,185-marker genetic map, and
anchored on the map contigs totaling 4.03 Gb. Using whole genome shotgun reads, we extended the SNP marker sequences
and found 17,093 genes and gene fragments. We showed that
collinearity of the Ae. tauschii genes with Brachypodium distachyon, rice, and sorghum decreased with phylogenetic distance
and that structural genome evolution rates have been high across
all investigated lineages in subfamily Pooideae, including that of
Brachypodieae. We obtained additional information about the evolution of the seven Triticeae chromosomes from 12 ancestral chromosomes and uncovered a pattern of centromere inactivation
accompanying nested chromosome insertions in grasses. We showed
that the density of noncollinear genes along the Ae. tauschii chromosomes positively correlates with recombination rates, suggested
a cause, and showed that new genes, exempliﬁed by disease resistance genes, are preferentially located in high-recombination
chromosome regions.
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any plants have large genomes with vast amounts of repeated DNA. An example is Aegilops tauschii, the diploid
progenitor of the D genome of hexaploid wheat (Triticum aestivum). The estimates of its genome size range from 4.02 (1) to 4.98
Gb (2), and 90% of its genome was estimated to be repetitive
DNA (3). The Ae. tauschii genome and the D genome of hexaploid wheat are closely related due to the recent origin of hexaploid wheat (4). Ae. tauschii is therefore an important resource
for wheat breeding, and its genome is an invaluable reference
for wheat genomics, as illustrated by the utility of its sequences in
the analysis of the wheat gene space (5). The utility of Ae. tauschii
for wheat genetics and genomics would be further enhanced by
a high-quality draft sequence of its genome. With current technology, the only approach to produce a high-quality de novo draft
sequence for a genome of this size and complexity is the orderedclone sequencing approach, which requires a physical map.
Physical map construction necessitates ﬁngerprinting multiple
genome equivalents of bacterial artiﬁcial chromosome (BAC)
clones, assembling them into contigs, and anchoring the contigs
on a genetic map (6–8). Great strides have been made in BAC
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ﬁngerprinting techniques (7, 9–12) and software for ﬁngerprint
editing and contig assembly (13–16). It is now possible with these
technological advances to ﬁngerprint and assemble contigs from
hundreds of thousands of BAC clones (7, 8, 17–19). In contrast,
contig anchoring remains a weakness in physical mapping of
large plant genomes because of their low gene density, extensive
gene duplication, and abundance of repetitive DNA. BAC end
sequences (BESs) are an effective means of contig anchoring in
small genomes (11). In large genomes, however, hundreds of
thousands of BESs are needed. DNA hybridization and PCRbased anchoring (6, 7, 20, 21) is laborious and often produces
equivocal results. Contig anchoring with highly multiplexed Illumina GoldenGate SNP assays overcomes some of these limitations
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Contigs
After FPC
assembly
After editing
Anchored contigs
Unanchored
contigs

No. of
contigs

Total length
(Mb)

Average length
(kb)

N50
(kb)

3,153

4,756

1,509

2,665

3,578
2,263
1,315

4,792
4,030
757

1,339
1,778
578

2,092
2,385
945

(22), but its relatively high cost limits the number of markers that
can be used.
Here we report the construction of a physical map of the Ae.
tauschii genome using the SNaPshot BAC ﬁngerprinting technology (9, 11) and the Illumina Inﬁnium SNP array technology in
contig anchoring. To make the physical map comparative, we use
SNPs in sequences greatly enriched for genes (23) in designing the
array and then extend the mapped SNP markers with whole genome shotgun (WGS) reads. We use the Ae. tauschii comparative
map to reassess collinearity between the Ae. tauschii genome and
the Brachypodium distachyon, rice (Oryza sativa), and sorghum
(Sorghum bicolor) genomes and report insights into several aspects
of grass genome evolution.
Results
Physical Map Construction. We ﬁngerprinted 461,706 BAC clones
(Table S1) of Ae. tauschii accession AL8/78, edited them, and
assembled 399,448 clones into 3,153 BAC contigs with Fingerprinted Contig (FPC) software (14) (SI Text; Table 1); 15,683
clones remained as singletons. To construct a genetic map for
contig anchoring, we built a 10K Inﬁnium iSelect SNP oligonucleotide array (SI Text) using 10,000 SNPs selected from 195,631
SNPs between Ae. tauschii accessions AL8/78 and AS75, the
parents of our F2 mapping population, mostly located in genes
(23). We genotyped 1,102 F2 plants of a single biparental mapping
population (Fig. S1) and constructed a 7,185-marker genetic
map (Table 2; SI Text; http://probes.pw.usda.gov/WheatDMarker/
downloads/ComparativeMapData.xls).
To anchor BAC contigs, we constructed ﬁve-dimensional (5-D)
BAC pools (22) (SI Text). To avoid nonspeciﬁc DNA ampliﬁcation in negative pools, we added AS75 genomic DNA to all pools.
The Inﬁnium assays failed to produce clear-cut clustering of
positive and negative genotypes in the GenomeStudio graphs
(Fig. S1), which we overcame as described in SI Text. Genotyping
data for 356 (4.96%) low-deconvolution conﬁdence markers were
deconvoluted manually and were either conﬁrmed or eliminated
from the physical map. Ultimately, we assigned 6,992 (97.3%) of
the 7,185 SNP markers to contigs.
We then examined contigs for false joins by using (i) contig
anchoring on the genetic map (http://probes.pw.usda.gov/
WheatDMarker/downloads/ComparativeMapData.xls), (ii) analyses of FPC consensus band (CB) maps (Fig. S2), and (iii)
coassembly of contigs using Ae. tauschii BAC clones and clones of
wheat D-genome subgenomic BAC libraries (24) (Fig. S3; SI Text).
The contig coassembly was made possible by the close phylogenetic proximity of the Ae. tauschii genome to the wheat D genome.
We disjoined 425 (13.5%) chimeric contigs and obtained
a 4,030-Mb physical map (Fig. 1) consisting of 2,263 anchored
contigs (Tables 1 and 2). Contig disjoining increased the number
of contigs and decreased their average and N50 lengths (Table 1).
The 4,030-Mb physical map (http://probes.pw.usda.gov/
WheatDMarker/) represented 84.2% of 4,792 Mb, the total
length of the 3,578 BAC contigs (Table 1). The total contig length
was within the range of published Ae. tauschii genome size estimates. However, 4,792 Mb must be an overestimate because
undetected overlaps between contigs were necessarily counted
twice. The remaining 15.8% of the total length were unanchored,
Luo et al.

mostly short contigs of average length = 578 kb (Table 1). The
minimal tiling path (MTP) across all anchored and unanchored
contigs consisted of 42,822 clones.
Marker Sequence Extension. We extended the sequences of the
7,185 mapped SNP markers with 3.1× and 50× genome equivalent of Roche GS FLX Titanium and Illumina HiSeq WGS
reads, respectively (SI Text). The sequence associated with each
marker was on average extended to 7,869 bp with an N50 of
10,830 bp (Table 3).
To assess the accuracy of sequence extension, we aligned
extended sequences to 37 homologous AL8/78 BAC clone
sequences in the National Center for Biotechnology Information
(NCBI) database. Of the 37 extended sequences, the alignment of
22 and 27 exceeded 99% and 95% of the sequence length, respectively, and the alignment of all sequences exceeded 81% sequence length. A reduced alignment length of two sequences was
caused by gaps in the BAC sequence scaffolds. Nucleotide identity,
except for one BAC clone, exceeded 98% of aligned nucleotides.
The 7,185 extended sequences (http://probes.pw.usda.gov/
WheatDMarker/) contained 17,093 genes and gene fragments
(http://probes.pw.usda.gov/WheatDMarker/downloads/GeneList.
xls). Of these, 9,716 (56.8%) were complete genes (deﬁned in SI
Text), and 7,377 (43.2%) were gene fragments based on alignment
with wheat and barley expressed sequence tags (ESTs) (4,866) or,
in the absence of EST evidence, with proteins (2,511).
Chromosome Structure. We previously hypothesized that the seven
Ae. tauschii chromosomes originated from 12 ancestral chromosomes by ﬁve nested chromosome insertions (NCIs) (25) (Fig. 1).
Our data showed that during the NCIs that produced Ae. tauschii
chromosomes 1D, 2D, 5D, and 7D, a telomere of the inserted
chromosome was inserted near the centromere, in a gene-containing
region (Fig. 1). That centromere was lost, and the centromere of
the inserted chromosome became the active centromere in each
compound chromosome (Fig. 1).
Chromosome 5D originated by NCI of a chromosome corresponding to Os12 near the centromere of Os9, but we did not ﬁnd
evidence of the expected homology between the 5D short arm and
the 1-Mb tip of the short arm of Os9. However, the small size of
the region may have precluded its detection. In addition to this
putative NCI, chromosome 5D acquired a segment corresponding
to a distal portion of the short arm of Os3, which was attached to
a segment corresponding to the long arm of Os9, making up the
arm 5DL (Fig. 1). We detected the reciprocal product of this
translocation. The tip of the long arm of Os9 forms the tip of the
4D short arm; hence, the translocation between chromosomes
corresponding to Os3 and Os9 was reciprocal.
Rate of Genome Evolution. We assigned inversions, translocations,
and NCIs (http://probes.pw.usda.gov/WheatDMarker/downloads/
ComparativeMapData.xls) to each branch of a grass phylogenetic
tree (Fig. 2A) as described earlier (25). Using divergence time
Table 2. Maps of the Ae. tauschii chromosomes
Genetic map

Chromosome
1D
2D
3D
4D
5D
6D
7D
Total

Physical map

No. of
markers

Length
(cM)

No. of
markers

No. of
contigs
anchored

Length
(Mb)

973
1,326
1,101
821
1,034
771
1,159
7,185

175.6
235.1
204.1
143.9
215.4
172.2
228.1
1,374.4

943
1,282
1,062
799
1,001
746
1,159
6,992

295
385
356
267
319
267
374
2,263

520
672
633
520
577
466
642
4,030
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Table 1. Statistics of FPC contig assembly and editing (disjoining
of chimeric contigs)

and gene fragments ﬂuctuated two- to threefold (Fig. S5). Gene
density was correlated with recombination rate (r = 0.53, P <
0.0001). An insertion of a telomeric region into the centromeric
region during NCI juxtaposes a high-gene-density terminal region and a low-gene-density centromeric region in the nascent
compound chromosome. These gene-density juxtapositions have
been observed in the B. distachyon genome (26). They appear to
be absent from the Ae. tauschii genome (Fig. 1; Fig. S5).

Fig. 1. Ae. tauschii genome circle maps. The inner circle (#1) contains the
physical maps of the Ae. tauschii chromosomes each with its short arm tip at
0 Mb. Circle #2 contains heat maps of recombination rates, circle #3 contains
gene density heat maps, circle #4 contains heat maps of only genes collinear
with the B. distachyon, rice, or sorghum pseudomolecules, and circle #5
shows global synteny with the rice chromosomes symbolizing 12 ancestral
chromosomes. In circle #5, the active Ae. tauschii centromeres are white,
inferred extinct centromeres are black, and the locations of current and
inferred ancient telomeres are diagrammed by thick bars. Thirty-megabase
windows sliding by 1 Mb were used in the heat map construction. The heat
map units for circle #2 are cM/Mb and for circles #3 and #4 are numbers of
genes and gene fragments discovered in the extended sequences per megabase of the physical maps.

estimates (26), we estimated the rates (k) of structural genome
evolution (Fig. 2A). We conﬁrmed the highest rate of genome
evolution in the Ae. tauschii branch (67 inversions, translocations,
and NCIs) and the slowest rates in the rice and sorghum branches
(respectively 16 and 25 inversions, translocations, and NCIs). The
rate was also high in the B. distachyon branch (48 inversions,
translocations, and NCIs) and internal branch 2 (18 inversions and
translocations), showing that all investigated branches of subfamily
Pooideae had elevated rates of genome evolution compared with
those of Panicoideae and Ehrhartoideae (P = 0.01). The fast rate of
genome evolution in Ae. tauschii is illustrated by dot plots (see SI
Text for methodology). The Ae. tauschii–rice dot-plot shows more
chromosome rearrangements than the sorghum–rice dot plot (Fig.
2 B and C). The Ae. tauschii–B. distachyon dot plot (Fig. S4A) shows
the largest number of rearrangements illustrating the fast rates of
genome evolution in both lineages.
The orthologous and paralogous relationships of the Ae. tauschii chromosomes relative to rice pseudomolecules are shown
by a dot plot in Fig. S4B. The paralogous relationships reﬂect the
pan-grass whole-genome duplication (27).
Recombination Rates and Gene Density. The average recombination
rate was 0.32 cM/Mb and ranged from nearly zero in the proximal
chromosome regions to about 1.5–2.0 cM/Mb in the distal regions
(Fig. S5). Recombination rates dropped more precipitously in the
short arms than in the long arms (Fig. 1; Fig. S5).
Genes were distributed across the entire spans of the physical
maps of the Ae. tauschii chromosomes including the lowrecombination pericentromeric regions (Fig. 1; Fig. S5). Gene
density computed for nonoverlapping 30-Mb intervals along Ae.
tauschii chromosomes based on the distribution of 17,093 genes
7942 | www.pnas.org/cgi/doi/10.1073/pnas.1219082110

Noncollinear Genes. We selected among the extended sequences
of 7,185 SNP markers a nonredundant set of 5,901 Ae. tauschii
genes or gene fragments with one or more homologs in at least
one of the B. distachyon, rice, and sorghum genomes. If there
were more than one homolog in a compared genome, we always
considered only the homolog with the lowest E value. We then
counted the numbers of homologs in collinear locations in the
B. distachyon, rice, and sorghum genomes and used their percentage as a measure of collinearity of genes between the Ae.
tauschii genome and the three grass genomes (Table 4). Collinearity of Ae. tauschii genes with B. distachyon, rice, and sorghum
genes was proportional to the phylogenetic distance of compared
genomes (Table 4).
Of the 5,901 Ae. tauschii genes, 1,540 (26.1%) were complete
genes having homologs in collinear locations in none of the three
grass genomes (Table S2) and were therefore most likely genes
transposed or translocated to new locations in the Ae. tauschii
lineage after its divergence from the B. distachyon lineage. The
following indicated that these genes were preferentially located
in the distal, high-recombination regions of the Ae. tauschii
chromosomes. The elevated gene density in the distal regions of
the Ae. tauschii chromosomes (circle #3 in Fig. 1) largely disappeared when we excluded the noncollinear genes from the
physical map (circle #4 in Fig. 1). Dot plots of individual Ae.
tauschii chromosomes compared with the 12 rice chromosomes
showed dense clouds of rice homologs in noncollinear locations
in the distal, high-recombination regions of each of the Ae. tauschii
chromosomes (Fig. S6). Finally, the density of Ae. tauschii noncollinear genes per megabase correlated with recombination rate
(r = 0.464, P < 0.0001; Fig. 3).
Recombination and Location of Actively Evolving Genes. We selected
the average recombination rate as an arbitrary boundary to
divide each Ae. tauschii chromosome arm into high- and lowrecombination regions. We then selected 4,134 Ae. tauschii complete genes in 23 gene ontology (GO) categories and allocated
them into four groups: collinear high recombination, collinear low
recombination, noncollinear high recombination, and noncollinear
low recombination (Table S3). The distribution of collinear genes
in each of the 23 GO categories with respect to high- and lowrecombination regions did not signiﬁcantly differ (2 × 2
Table 3. Gene prediction in extended sequences anchored on
the physical map
Category
Extended sequence contigs (number)
Mean extended length (bp)
N50 (bp)
Genes/gene fragments (number)
Complete genes (number)
Genes aligned to ESTs (percentage)
Genes aligned to proteins (percentage)
Averaged gene length (bp)
Average exon number per gene
Median exon length (bp)
Average exon length (bp)
Median intron length (bp)
Average intron length (bp)
Gene fragments (number)

Measure
7,185
7,869
10,830
17,093
9,716
84.0
95.4
2,772
5.5
245
266
151
156
7,377
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Fig. 2. Rates of structural genome evolution in the grass family. (A) Rates
(k; numbers of inversions, translocations and NCIs per million years) during
the evolution of grass subfamilies Panicoideae, Ehrhartoideae, and Pooideae. (B and C) Pairwise dot-plot comparisons of gene order along Ae.
tauschii physical maps (B) and along sorghum pseudomolecules (C) relative
to that along the rice pseudomolecules. Chromosomes and pseudomolecules
on the y axis have the tips of the short arms at 0 Mb, respectively, at the top.
Blue dots indicate parallel order and red dots indicate antiparallel order of
chromosomes and pseudomolecules on the x and y axes. Only orthologous
loci are shown for the sake of clarity.

contingency tables). However, the distribution of noncollinear
genes in GO category “receptor activity” (GO: 0004872) was signiﬁcantly (P = 0.002) overrepresented in the high-recombination
group (Table S3). This overrepresentation pattern was also observed for Ae. tauschii disease resistance genes, which were identiﬁed among the 4,134 genes by homology search against the plant
disease resistance (R) gene database (28) (Table 5) (noncollinear R
genes and their GOs are listed in http://probes.pw.usda.gov/
WheatDMarker/downloads/RGeneGOClass.xls). This overrepresentation is typiﬁed by the distribution of NB-LRR disease resistance protein genes (NB-ARC domain-containing proteins),
which accounted for 4.7% of the noncollinear genes in the highrecombination regions but only for 0.7% of noncollinear genes
in the low-recombination region.
Discussion
Physical Mapping. The most signiﬁcant technical advance we report

here is contig anchoring with an Inﬁnium SNP array. Prior physical
Luo et al.

Gene Sequences. We encountered 17,093 gene and gene fragment
sequences in the extended sequences of the 7,185 SNP markers,
which is seemingly incongruous with genes representing as little
as 2.5% of the Ae. tauschii genome (3). We attribute this apparent contradiction to two factors: most of the 7,185 SNP
markers were already located in genes (23) and clustering of Ae.
tauschii genes (30).
The structural characteristics of the 9,716 complete genes we
found in the extended sequences, such as the average number of
exons per gene (5.5), the average exon length (245 bp), and the
average gene length (2.8 kb), were similar to those reported for
B. distachyon genes (5.5, 268 bp, and 2.6 kb, respectively) and
rice genes (4.8, 364 bp, and 2.5 kb, respectively) (26). For unknown reasons, our data agree less closely with those reported
for barley (7.6, 454 bp, and 3.0 kb, respectively) (8).
Centromere Fate During NCI. In each Ae. tauschii chromosome that
originated by NCI whereby a telomere of the inserted chromosome was inserted into the vicinity of the centromere of the recipient chromosome, the centromere of the recipient chromosome
became extinct, whereas the centromere of the inserted chromosome remained active. We observed the same pattern in the seven
NCIs in the B. distachyon genome (26) and two NCIs in the sorghum genome (25). Because the centromere of the recipient
chromosome has a telomeric region in its neighborhood, we
speculate that such NCIs impair centromere functioning and
generate functionally monocentric nascent chromosomes. A corollary is that NCIs taking place far away from the centromere may
generate functionally dicentric chromosomes that are lost, which
could explain why all NCIs observed to date in grasses took place
in the vicinity of the centromere.
Genome Evolution Rate and Genome Size. A previous study (25) that
did not include B. distachyon suggested a possible relationship
PNAS | May 7, 2013 | vol. 110 | no. 19 | 7943
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mapping of other medium size or large grass genomes used multiple marker systems, some of them requiring intensive laboratory
work, to anchor contigs (7, 8, 21). Contig anchoring with an
Inﬁnium SNP array opened the door to the use of essentially unlimited numbers of SNP assays in contig anchoring with minimal
labor beyond that needed for the construction of 5-D BAC pools.
Another important technical advance, which greatly reduced the
ambiguity of contig anchoring, was a computer script that used the
locations of positive BAC clones in contigs to discriminate between
true-positive and false-positive BAC clones during the deconvolution of the 5-D BAC pools (29). These two advances made it
possible to include unequivocally 6,992 of the 7,185 markers
(97.4%) on the genetic map into BAC contigs for contig anchoring.
The construction of the physical map also beneﬁtted from the use
of an Ae. tauschii-wheat D-genome contig coassembly as one of the
criteria for detecting Ae. tauschii chimeric contigs.
The results of our contig assembly and contig anchoring compare favorably with other Triticeae physical mapping endeavors.
We assembled 399,448 edited clones into 3,578 edited contigs
with an N50 contig length of 2,092 kb. During the physical
mapping of wheat chromosome 3B, 56,952 ﬁngerprinted clones
were assembled into 1,036 edited contigs of an average size of
783 kb (21). The likely reasons for the relatively greater number
of contigs and shorter average contig length in physical mapping
of chromosome 3B were the use of fewer BAC libraries, a shorter
average insert length, and a smaller number of restriction fragments in ﬁngerprints caused by the use of shorter size standard
during capillary electrophoresis (LIZ500 rather than LIZ1200).
During the physical mapping of the barley genome, 517,202 edited
BAC clones were assembled into 9,265 contigs with a N50 contig
length of 904 kb (8). Because of the greater number of clones, the
barley assembly should have generated a smaller number of contigs
with greater N50 contig length than our assembly. However, the
reverse was obtained. Because the two assemblies used similar
stepwise strategies and similar stringencies, the reasons for the
different outcomes likely lie in some undetermined technical factor.

Table 4. Nonredundant Ae. tauschii complete genes and gene
fragments in collinear positions relative to homologous genes in
B. distachyon, rice, and sorghum
Genome
B. distachyon
Rice
Sorghum

Total (no.)

Collinear (no.)
‡

5,901*
5,272†
5,901*
5,272†
5,901*
5,272†

3,624
3,523§
3,209‡
3,136§
3,008‡
2,942§

Percentage
61.4
66.6
54.4
59.5
51.0
55.4

*Complete genes plus gene fragments.
†
Complete genes only.
‡,§
Estimates followed by the same footnote symbol differ signiﬁcantly from
each other (χ2 test with Yates correction, P < 0.001).

between a large genome size and a fast rate of genome evolution
among grasses. Here we show that genomes in all investigated
branches of the subfamily Pooideae have been evolving fast, including the Brachypodieae branch. Because B. distachyon has
a small genome (26), the fast rate of evolution of its genome
contradicts the previous study. Genera Melica, Glyceria, Nardus,
and Lygeum that diverged from the Brachypodieae lineage before
the divergence of the Brachypodieae and Triticeae lineages (31)
have 1C genome sizes >1.5 Gb (The C-value database, Kew Royal
Botanical Garden, http://data.kew.org/cvalues/). We therefore
speculate that the B. distachyon genome evolved from a larger
ancestral genome by size contraction to account for the relatively
fast rate of Brachypodieae genome evolution.
Noncollinear Genes and Evolution of New Genes. Transposition or
translocation of a gene into a new location in a genome creates
polymorphism for a paralogous gene pair. If both paralogues are
retained and are not in tandem they appear as dispersed duplicated genes (32). The ancestral gene in the paralogous pair is in
a collinear location relative to related genomes, whereas the derived gene is in a noncollinear location. Ae. tauschii collinear genes
were distributed more-or-less uniformly across Ae. tauschii chromosomes, but noncollinear genes were concentrated in the distal
regions, and their density correlated with recombination rates
along chromosomes.
We propose the following hypothesis that may at least partially
account for the concentration of noncollinear genes in distal, highrecombination regions of Ae. tauschii chromosomes. Neutral SNP
and restriction fragment length polymorphism (RFLP) were
shown to have a greater rate of loss in low-recombination
regions of Ae. tauschii chromosomes than in high-recombination
regions (33, 34), presumably due to the effects of selection sweeps
and background selection. Polymorphic noncollinear genes must
be affected by the same processes as other neutral polymorphism
and hence have a greater rate of loss in low-recombination
regions compared with high-recombination regions. Noncollinear
Table 5. Numbers of Ae. tauschii genes homologous to plant
disease resistance genes in four indicated groups

Class
Collinear
Collinear
Noncollinear
Noncollinear
Total

Recombination
rate
High
Low
High
Low

Genes

Genes
homologous
to R genes

Percent of
genes
in the class

1,202
1,930
620
382
4,134

56
94
43
8
201

3.7
3.8
4.7
1.4

P < 0.0001 between noncollinear classes (Fisher exact test). P = 0.049
between collinear and noncollinear classes in high recombination regions
(Fisher exact test).
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Fig. 3. Relationship between recombination rate and density of noncollinear genes in the Aegilops tauschii genome.

genes therefore have a greater chance of survival in distal highrecombination regions of Ae. tauschii chromosomes than in
proximal low-recombination regions.
The population of noncollinear genes is an arena for evolution
of new gene functions, and the high-recombination regions of Ae.
tauschii chromosomes should therefore be enriched for new actively evolving genes, including R genes, which are rapidly evolving
genes in plants (35). Ae. tauschii noncollinear genes in distal, highrecombination chromosome regions were indeed enriched for R
genes, as predicted by the hypothesis. In agreement with enrichment for R genes, high-recombination regions were also enriched
for signal transduction genes (GO class “receptor activity” GO:
0004872), which play important roles in the innate immunity in
plants (36). This observation supports the hypothesis that the
evolution of new genes preferentially takes place in the highrecombination regions of Triticeae chromosomes, as previously
hypothesized on the basis of other evidence (37, 38).
Materials and Methods
BAC Fingerprinting and Contig Assembly. We used nine large-insert libraries
(Table S1, SI Text) and ﬁngerprinted 461,706 clones of average length 120.5
kb (Table S1), as described earlier (9, 11). We edited ﬁngerprints with
FPMiner software (11) (SI Text) and assembled 399,448 edited clones into
contigs with FPC (version 9.3; www.agcol.arizona.edu/software/fpc/) at an
initial Sulston cutoff of 1 × 10−70, stepwise reduction of stringency accompanied by contig joining allowing a maximum of 15% Q clones, and terminated at the Sulston cutoff of 1 × 10−22 (SI Text). We converted FPC length
metrics CB units into kilobases by estimating the insert lengths in 100 BAC
clones per library by pulse ﬁeld electrophoresis and dividing the total length
by the number of restriction fragments in the ﬁngerprints. The conversion
factor was 1.5 kb/CB unit.
Ae. tauschii 10K Inﬁnium Array. We used an algorithm similar to that described
previously (39) in selection of SNPs to maximize the likelihood of having
a single SNP marker per gene. Based on the evaluation of 10,000 sequences
containing SNPs with Illumina’s Assay Design Tool, we obtained 9,485
functional assays in the 10K Inﬁnium array. They included 515 SNPs located in wheat ESTs (labeled by GenBank accession numbers) that have
been previously mapped on an AL8/78 × AS75 map (25). The 10K Inﬁnium
database can be found at http://probes.pw.usda.gov/WheatDMarker/
al878_gene_10000_snps_order_070410.csv.
Genetic and Physical Map Construction. F2 mapping population, DNA isolation, 10K Inﬁnium genotyping of the F2 plants, and genetic map construction are described in SI Text. The genetic map database is available at
http://probes.pw.usda.gov/WheatDMarker/downloads/ComparativeMapData.xls.
The construction of the Ae. tauschii physical map consisted of the following
steps: (i) 5D pooling of BAC clones, (ii) genotyping of the pools with the Ae.
tauschii 10K SNP Inﬁnium assay, (iii) deconvolution of the 5D BAC pool
genotyping data to identify BAC clones bearing marker genes, (iv) assigning
each positive BAC clone to a marker locus on the genetic map, and (v)
manual editing BAC contigs and disjoining chimeric contigs. Steps i–v are
described in SI Text.
Marker Sequence Extension. We constructed contigs from the 3.1× Roche 454
reads, extended them with 50× Illumina contigs, and generated a set of
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changes in this progression as evidence of inversions or translocations. We
color-coded each change in the progression along a pseudomolecule relative
to the order of genes along the Ae. tauschii genetic map (http://probes.pw.
usda.gov/WheatDMarker/downloads/ComparativeMapData.xls). Using maximum parsimony, we assigned each inversion or translocation to a lineage.
Because we did not have an outgroup, we could not decide if a change in
gene order took place in the sorghum lineage or in branch 1 of the phylogenetic tree (Fig. 2A). We arbitrarily assigned all changes in these two
branches to the sorghum branch.

Recombination Rate and Gene Density. We computed the cumulative lengths of
contigs along the physical maps of the Ae.tauschii chromosomes. For Fig. 1, we
used a 30-Mb window sliding by 1 Mb at a time to compute a rate. For Fig. S5
and statistics, we used a 30-Mb nonoverlapping window to compute a rate.

GO. We used gene sequences in a BLASTX search against the UniProt knowledgebase (UniProtKB) database (www.uniprot.org) to assign each gene a functional GO term (BLASTX cutoff E value < 1E−7). GOs were assigned on the basis
of biological, functional, and molecular annotation available from GO (www.
geneontology.org). We also used gene sequences in a BLAST search against the
plant resistance gene database (PRGdb; http://prgdb.crg.eu/wiki/Main_Page).

Collinearity Between Ae. tauschii and B. distachyon, Rice, and Sorghum. We
searched for homology between the nucleotide sequences of Ae. tauschii
genes and gene fragments in the B. distachyon, rice, and sorghum pseudomolecules (builds Brachypodium 1.2 from www. brachypodium.org, Osativa_120 from www.phytozome.net/, and Sorghum 1.0 from http://genome.
jgi-psf.org/Sorbi1/Sorbi1.info.html). If we detected more than one homologous gene in the B. distachyon, rice, and sorghum genome, we selected the
gene with the lowest E value. We used the progressive increase or decrease
of gene starts along the pseudomolecule as evidence of collinearity and
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gene predictions in the 7,185 mapped extended sequences as described in
SI Text. We assumed that 9,716 of the genes found in the extended sequences
that were without any gap in the coding sequence and aligned fully with
ESTs or annotated proteins were complete genes. We also obtained sequences
that were incomplete but showed partial alignment to wheat and barley
ESTs or proteins if no EST evidence was obtained. The output of MAKER
(http://gmod.org/wiki/MAKER) was used to create a .gff ﬁle for our Gbrowse
web interface (available at http://probes.pw.usda.gov/WheatDMarker/). A
matrix of 17,093 genes and gene fragments including name, location on the
genetic map, locations of homologous genes in B. distachyon, rice, and
sorghum, and GO is available at http://probes.pw.usda.gov/WheatDMarker/
downloads/GeneList.xls.

