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Abstract

Key message 13,347 high-confidence SNPs were dis-
covered through transcriptome sequencing of Aegilops
tauschii, which are useful for genomic analysis and
molecular breeding of hexaploid wheat.

Abstract In organisms with large and complex genomes,
such as wheat, RNA-seq analysis is cost-effective for dis-
covery of genome-wide single nucleotide polymorphisms
(SNPs). In this study, deep sequencing of the spike tran-
scriptome from two Aegilops tauschii accessions repre-
senting two major lineages led to the discovery of 13,347
high-confidence (HC) SNPs in 4,872 contigs. After
removing redundant SNPs detected in the leaf transcrip-
tome from the same accessions in an earlier study, 10,589

Communicated by X. Xia.

Electronic supplementary material The online version of this
article (doi:10.1007/s00122-013-2215-5) contains supplementary
material, which is available to authorized users.

J. C. M. Iehisa - R. Nishijima - K. Sakaguchi - R. Matsuda -
S. Takumi (1)

Graduate School of Agricultural Science, Kobe University,
Nada-ku, Kobe 657-8501, Japan

e-mail: takumi@kobe-u.ac.jp

A. Shimizu

Department of Biological Resources Management, School
of Environmental Science, University of Shiga Prefecture,
Hikone 522-8533, Japan

K. Sato
Institute of Plant Science and Resources, Okayama University,
Kurashiki 710-0046, Japan

S. Nasuda
Graduate School of Agriculture, Kyoto University,
Kyoto 606-8502, Japan

new SNPs were discovered. In total, 5,642 out of 5,808
contigs with HC SNPs were assigned to the Ae. tauschii
draft genome sequence. On average, 732 HC polymorphic
contigs were mapped in silico to each Ae. tauschii chro-
mosome. Based on the polymorphic data, we developed
markers to target the short arm of chromosome 2D and
validated the polymorphisms using 20 Ae. tauschii acces-
sions. Of the 29 polymorphic markers, 28 were success-
fully mapped to 2DS in the diploid F, population of Ae.
tauschii. Among ten hexaploid wheat lines, which included
wheat synthetics and common wheat cultivars, 25 of the 43
markers were polymorphic. In the hexaploid F, population
between a common wheat cultivar and a synthetic wheat
line, 23 of the 25 polymorphic markers between the parents
were available for genotyping of the F, plants and 22
markers mapped to chromosome 2DS. These results indi-
cate that molecular markers that developed from poly-
morphisms between two distinct lineages of Ae. tauschii
might be useful for analysis not only of the diploid, but also
of the hexaploid wheat genome.

Introduction

Common wheat (Triticum aestivum L.) is an allohexaploid
species that originated by natural hybridization between
tetraploid wheat (Triticum turgidum L.), containing the A
and B genomes, and the wild diploid relative Aegilops
tauschii Coss., containing the D genome (Kihara 1944;
McFadden and Sears 1944). Ae. tauschii is widely dis-
tributed in Eurasia and shows abundant genetic variation
(Dvorak et al. 1998; Dudnikov and Kawahara 2006;
Matsuoka et al. 2007, 2008, 2009; Takumi et al. 2009a).
Based on population structure analyses, Ae. fauschii has
been divided into two major genealogical lineages, lineage
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1 (L1) and lineage 2 (L2), and a minor lineage, HGL17
(Mizuno et al. 2010a; Wang et al. 2013). The gene pool of
Ae. tauschii can be easily accessed in wheat breeding, but
remains largely unexplored. Synthetic hexaploid wheat can
be obtained through interspecific hybridization between
tetraploid wheat and Ae. fauschii (Kihara and Lilienfeld
1949; Matsuoka and Nasuda 2004), and the resulting lines
can be used as intermediates to exploit the natural variation
in Ae. tauschii for improvement of common wheat (Tre-
thowan and Mujeeb-Kazi 2008; Jones et al. 2013). It is
believed that the Ae. fauschii populations involved in the
origin of common wheat are limited to a narrow distribu-
tion range and restricted to L2, which has given rise to a
founder effect in hexaploid wheat (Feldman 2001; Mizuno
et al. 2010a; Wang et al. 2013). Therefore, Ae. tauschii,
especially L1, has large genetic diversity that is not rep-
resented in common wheat (Feldman 2001; Mizuno et al.
2010a, 2010b).

Development of molecular markers is an important step
for molecular breeding and map-based cloning. Although a
draft genome sequence of Ae. tauschii based on a whole
genome shotgun strategy has been published, only 1.72 Gb
out of the 4.36 Gb genome was anchored to chromosomes
(Jia et al. 2013). A physical map of Ae. tauschii covering
4 Gb has also been developed (Luo et al. 2013), while the
availability of bacterial artificial chromosome sequences is
limited. In a previous study, annotation-based genome-
wide single nucleotide polymorphism (SNP) discovery has
been developed to overcome the complex nature of Ae.
tauschii genome (You et al. 2011). In this approach, Roche
454 shotgun reads could be annotated with low genome
coverage for one genotype, and then genomic and cDNA
shotgun reads of another genotype generated from SOLiD
and Solexa platforms were used to identify around 500,000
putative SNPs. However, around 56 % of the sequence
length, characterized as a repetitive region, was excluded
from the analysis (You et al. 2011). RNA-seq, a next-
generation sequencing technology for transcripts, is cost-
effective for SNP discovery in organisms having large and
complex genomes and insufficient reference information
(Hansey et al. 2012; Iehisa et al. 2012). The transcript-
based approach for SNP discovery has also been applied in
hexaploid wheat (Allen et al. 2011; Cavanagh et al. 2013).
We previously sequenced the leaf transcriptome of two Ae.
tauschii accessions, each from L1 and L2 (Iehisa et al.
2012). After de novo assembly of the reads, 4,337 SNPs
were discovered in at least 1,700 contigs, and around 200
polymorphic contigs per chromosome were mapped in
silico to barley virtual chromosomes by the GenomeZipper
approach (Mayer et al. 2011). More recent draft sequence
information on the barley genome could be more helpful
for in silico mapping [International Barley Genome
Sequencing Consortium (IBSC) 2012]. Because almost all
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of the validated SNP markers were polymorphic between
L1 and L2, it was assumed that these markers would be
available for wheat D-genome genotyping (Iehisa et al.
2012). The objectives of the present study were to discover
new SNPs from RNA-seq data from spikes of Ae. tauschii
and to assess the Ae. tauschii SNP libraries for D-genome
analysis of diploid and hexaploid wheat. We also evaluated
the D-genome SNP markers using genomic information on
Ae. tauschii and barley.

Materials and methods
Plant material and cDNA library construction

In total, 20 Ae. fauschii accessions from each sublineage
and 10 hexaploid wheat lines were used (Table 1). Syn-
thetic hexaploid wheats were obtained through crosses of
tetraploid wheat cultivar Langdon (Ldn) and different Ae.
tauschii accessions, followed by chromosome doubling of
the interspecific ABD hybrids (Takumi et al. 2009b; Ka-
jimura et al. 2011). For RNA-seq, the Ae. tauschii acces-
sions PI476874 from the L1-2 sublineage and 1G47182
from the L2-2 sublineage were selected. Total RNA was
isolated from spikes (about 3—6 cm long) before heading

Table 1 Lineage, accession number and origin of Ae. tauschii and
hexaploid wheat accessions used in this study

Lineage—
sublineage

Accession number (country)

Ae. tauschii accessions

Li1-1 1G48508 (Turkmenistan), KU-2627
(Afghanistan)
L1-2 PI476874 (Afghanistan), IG126387
(Turkmenistan)
L1-3 KU-2826 (Georgia), KU-2087 (Iran)
Li-4 I1G131606 (Kyrgyzstan), 1G48559 (Tajikistan)
L1-5 1G48747 (Armenia), KU-2144 (Iran)
L1-6 AT47 (China), AT76 (China)
L2-1 KU-2069 (Iran), KU-2811 (Armenia)
L2-2 1G47182 (Azerbaijan), KU-2100 (Iran)
L2-3 KU-2159 (Iran), KU-2093 (Iran)
HGL17 AEA454 (Georgia), AE929 (Georgia)
Hexaploid wheat accessions
L1-derived Ldn/IG131606 (Kyrgyzstan), Ldn/IG126387
synthetics (Turkmenistan), Ldn/P1476874 (Afghanistan)
L2-derived Ldn/KU-2090 (Iran), Ldn/KU-2069 (Iran),
synthetics Ldn/KU-2159 (Iran), Ldn/KU-2097 (Iran)

Common wheat
cultivars

Norin 61 (Japan), Kitanokaori (Japan), Chinese
Spring (China)

Underlining indicates the accessions used for RNA-seq

HGL haplogroup lineage
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stage using an RNeasy Plant Mini Kit (QIAGEN, Hilden,
Germany). mRNA was purified from 48 g of RNA using
an Oligotex-dT30 mRNA Purification Kit (Takara Bio,
Ohtsu, Japan). A cDNA Synthesis System (Roche Diag-
nostics, Mannheim, Germany) was used to fragment a
200 ng aliquot of mRNA and synthesize cDNA from it.
Approximately, 10® adapter-ligated cDNA molecules from
the samples were used for library preparation using a GS
FLX Titanium Rapid Library Preparation Kit (Roche
Diagnostics).

RNA-seq, sequence assembly and discovery
of polymorphic sites

The cDNA libraries were sequenced with a GS FLX Tita-
nium Sequencing Kit on a GS FLX System (Roche Diag-
nostics) according to the manufacturer’s instructions. Files
containing raw sequence data were deposited in the sequence
read archive of the DNA Data Bank of Japan (DDBJ)
(accession number DRA001014). Before assembly, raw
sequence reads were trimmed to remove primer and adapter
sequences and poly-A tails. All reads from both accessions
were merged and assembled de novo with the GS de novo
assembler algorithm (Newbler) version 2.6 (Roche Diag-
nostics) to generate reference contig sequences (minimum-
overlap length of 40 bp and minimum-overlap identity of
90 %). SNPs and insertions/deletions (indels) were discov-
ered by aligning all individual reads to the reference contig
sequences using GS Reference Mapper version 2.6 software
(Roche Diagnostics). Only the accession-specific sequence
variants (supported by at least two reads) were extracted as
true polymorphisms from “All” and “High-Confidence”
sequence differences produced by the GS Reference Mapper.

Generation of non-redundant (NR) contig sequences

To obtain NR contig sequences from all the leaf- and spike-
derived contigs, sequence clustering using the CD-HIT-
EST web server (Li and Godzik 2006) with 95 % identity
(parameters: -c¢ 0.95, -n 8) was performed for each of the
two tissues. Next, the NR contigs from both tissues were
merged and sequence clustering was performed using CD-
HIT-EST with 95 % identity (-c 0.95, -n 8).

Gene annotation and comparison of SNPs
between the spike and leaf datasets

The reference sequences were searched against the
National Center for Biotechnology Information (NCBI) NR
protein database using the blastx algorithm with an E-value
cutoff of 107>, Gene ontology (GO) terms were assigned
using Blast2GO software (Conesa et al. 2005) based on
blastx hits against the NCBI NR database.

For all the SNPs discovered in leaves (Iehisa et al. 2012)
and spikes, 50 bp sequences were extracted from contigs,
positioning the SNPs in the middle of the sequence. The
sequences generated from the spike libraries were searched
against those generated from the leaf libraries using the
blastn algorithm with an E-value cutoff of 10 and hit length
>25 bp. An SNP was classified as “common” when the
26th nucleotide (SNP) from the 5’ end of the query
sequence matched the SNP of the subject sequence. For
this, the BLAST output was parsed to extract SNPs in
common between the two datasets using an in-house Perl
script.

In silico mapping of new SNPs and NR contigs
to genome sequences of Ae. tauschii and barley

Contigs with high confidence (HC), lower confidence (LC)
SNPs and NR contigs were blastn searched against Ae.
tauschii genome sequences (Jia et al. 2013) and barley
genome sequences, among which fingerprinted contigs,
whole genome shotgun assemblies and HC genes were
included (IBSC 2012), with an E-value threshold of 107>
and hit length >50 bp. The LC SNPs were here defined as
all detected SNPs except the HC SNPs. Based on the blastn
data, the SNPs of Ae. tauschii were plotted onto the barley
genome using Circos version 0.63 software (Krzywinski
et al. 2009).

Development of SNP and indel markers

The identified SNPs were converted to cleaved amplified
polymorphic sequence (CAPS) or high-resolution melting
(HRM) markers. The primer sequences of SNP and indel
markers, product lengths and restriction enzymes are
summarized in Table S1. PCR and analysis were performed
according to our previous studies (Matsuda et al. 2012;
Iehisa et al. 2012). The polymorphic information content
(PIC) was calculated using Excel Microsatellite toolkit
add-in software (Park 2001).

Linkage map construction

Three F, mapping populations with different ploidy levels
were used for construction of D-genome linkage maps. The
diploid mapping population consisted of 97 F, individuals
derived from a cross between PI476874 (LL1) and 1G47182
(L2) (Iehisa et al. 2012); the synthetic hexaploid wheat
population consisted of 117 F, individuals derived from a
cross between Ldn/KU-2075 (L2) and Ldn/KU-2025 (L1)
(Mizuno et al. 2011; Matsuda et al. 2012) and a set of 108
F, individuals derived from a cross between the common
wheat cultivar Norin 61 (N61) and an L1-derived synthetic
wheat (Ldn/PI476874) (Okamoto et al. 2012). The new
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markers were assigned to chromosomes 2D of the estab-
lished genetic maps. Linkage maps were constructed using
the MAPMAKER/EXP version 3.0b package (Lander et al.
1987) and drawn in MapChart version 2.2 software (Voo-
rrips 2002). The genetic distances were calculated with the
Kosambi function (Kosambi 1944).

Results

Sequencing and assembly of expressed sequence tags
(ESTs)

The sequencing of spike cDNA libraries from PI476874
and 1G47182, respectively, produced 848,953 and 893,917
reads, which corresponded to 361 and 386 Mb per acces-
sion after trimming. Both libraries were merged and
assembled de novo using Newbler to generate the reference
sequences. During assembly, the Newbler algorithm con-
structs multiple alignments of overlapping reads and
divides them into consistent sequences; i.e., contigs. When
contig graphs contain branching structures, Newbler tra-
verses paths through connected branches, generating iso-
tigs that may represent splicing variants. In total, 21,208
contigs (length >100 bp) and 18,530 isotigs were gener-
ated. The nucleotide length of the majority of contigs and
isotigs ranged between 500 and 1,000 bp, with an average
of 903 bp for contigs and 1,231 bp for isotigs (Table 2).

To estimate how many of the contigs were expressed in
spikes rather than leaves, NR contig sequences were first
obtained for each of the two tissues, and then the number of
spike contigs was reduced from 21,208 to 20,518 and the
number of leaf contigs from 10,224 to 9,896. Next, both
tissue-derived NR contigs were merged and second
sequence clustering was performed again. Out of the
30,414 contigs, 24,875 NR contigs were obtained, and
15,739 contigs were found in spikes but not in leaves (Fig.
S1).

For gene annotation, isotigs were reassembled using the
CAP3 program (Huang and Madan 1999) with default

Table 2 Contig and isotig sequence length distribution

Sequence length (bp) Number of contig Number of isotig

100-500 6,559 1,356
501-1,000 7,840 8,217
1,001-1,500 3,576 4,289
1,501-2,000 1,705 2,244
2,001-2,500 759 1,071
>2,500 769 1,353
Total 21,208 18,530
Average length (bp) 903 1,231
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parameters (identity >90 % and overlap of 40 bp), and
longer NR sequences were obtained. As a result, the 18,530
isotigs from both tissues were reassembled into 17,598 NR
sequences. These NR sequences were blastx searched
against the NCBI NR protein database, and significant hits
were obtained for 88.4 % of the query sequences. GO
annotation was performed based on these blastx results,
assigning one or more GO terms to 13,309 sequences. Of
the assigned GO terms, 34,500 were under the biological
process domain, 15,851 under molecular function and
19,017 under cellular component. Compared with the leaf
isotigs, GO term enrichment was observed in the devel-
opmental process, cellular component organization,
nucleus, plasma membrane and cytosol categories (Fig.
S2).

SNP and indel detection

To search for polymorphic sites, individual reads from the
spike libraries of two accessions were aligned to the ref-
erence sequence using GS Reference Mapper. Of the
28,268 total polymorphic sites detected in contigs longer
than 100 bp, 25,837 were SNPs, 2,108 indels and 323
variants with two or more nucleotide changes (Table 3).
According to the read depth (>3 non-duplicated reads) and
quality (QV >20), 13,347 polymorphic sites were classi-
fied as HC SNPs, which were detected in 4,872 contigs
(Table S2). On average, one SNP was found for every
741 bp of sequence, and an HC SNP appeared once per
1,435 bp of sequence.

The SNP dataset from the published leaf libraries con-
tained SNPs derived from contigs shorter than 100 bp
(Iehisa et al. 2012). Thus, we selected only SNPs detected
in contigs >100 bp to compare the SNPs detected in the

Table 3 Polymorphisms detected between the two Ae. tauschii
accessions

Number of polymorphic sites in
contigs >100 bp

Spike Leaf*

Total 28,268 (8,592 10,355 (3,571
contigs) contigs)

All SNPs 25,837 (8,325 9,429 (3,441
contigs) contigs)

HC SNPs 13,347 (4,872 4,335 (1,747
contigs) contigs)

Indel 2,108 (1,444 794 (542 contigs)
contigs)

Multiple nucleotide
polymorphisms

Average bp per HC SNP

323 (298 contigs) 112 (100 contigs)

1,435 1,854

* Obtained after filtering the data from Iehisa et al. (2012)
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Fig. 1 Comparison of SNPs found in contigs of leaf and spike
transcripts. The number of SNPs in leaves is indicated inside black
continuous lines, of spikes in shaded boxes and HC SNPs of both
tissues inside the broken black line. The number of contigs is
indicated in parentheses. In the case of common SNPs, the number of
contigs is represented by the number of spike contigs because of their
longer sequences

spike libraries with those in the leaf libraries (Table 3). Out
of the SNPs found in both tissues, SNPs considered as HC
in either of the tissues were counted as HC SNPs. In total,
31,454 NR SNPs were detected in 10,054 contigs of both
tissues (Fig. 1), and 16,148 SNPs (51 %) in 5,808 contigs
were classified as HC. Consequently, SNPs were detected
in 23 % of the NR contigs (5,808/24,875), and 10,589 of
the 13,347 HC SNPs found in spikes were new.

In silico mapping of polymorphic contigs

A draft genome sequence was recently reported in Ae.
tauschii, and around 40 % scaffolds of the genomic
sequence was anchored to the Ae. tauschii chromosomes
(Jia et al. 2013). In addition, a 4.03 Gb physical map of Ae.
tauschii has been published, and approximately 61 Mb of
the genomic sequences obtained from the extended SNP
marker sequences, which were used for anchoring bacterial
artificial chromosome contigs to the linkage map, is now
available (Luo et al. 2013). We first integrated both sets of
genomic information by performing a blastn search of the
extended marker sequences against the draft genome
sequence of Ae. tauschii. Hits were obtained for all
extended markers with an E-value <2 x 1072, In addi-
tion to 13,688 scaffolds (a total of 1.28 Gb) anchored to the
Y2280/AL8/78 linkage map of Ae. tauschii (Jia et al.
2013), 3,188 scaffolds were anchored to the AL8/78/AS75
linkage map (Luo et al. 2013), resulting in a total of
1.49 Gb of sequence anchored to the Ae. fauschii maps
(Table S3). Next, the polymorphic and NR contigs

Table 4 Number of contigs mapped to the draft genome of Ae.
tauschii and barley

Ae. tauschii genome Barley genome

NR contigs with SNPs
Aligned to the genome

10,054 (5,808)

10,022 (5,642) 9,569 (5,435)

Spike 7,621 (4,262) 7,292 (4,112)
Leaf* 2,253 (1,053) 2,142 (1,009)
Common 1,646 (1,260) 1,595 (1,227)

Anchored to the genetic map 8,848 (5,122) 9,516 (5,407)

Spike 6,812 (3,871) 7,251 (4,091)
Leaf* 1,415 (705) 2,131 (1,003)
Common 1,522 (1,170) 1,589 (1,223)

Number of HC contigs is indicated in parenthesis
* Data published by Iehisa et al. (2012)

Table 5 Number of polymorphic contigs assigned to Ae. tauschii and
barley chromosomes

Anchored to D-genome genetic map Barley physical map

All HC All HC
1D 1,202 724 1H 1,179 695
2D 1,401 799 2H 1,504 839
3D 1,313 721 3H 1,446 775
4D 1,128 662 4H 1,176 687
5D 1,498 875 SH 1,551 907
6D 1,071 623 6H 1,255 708
7D 1,235 718 TH 1,405 796
Total 8,848 5,122 Total 9,516 5,407

obtained in the present study were mapped in silico to the
Ae. tauschii draft genome sequence based on blastn sear-
ches. Hits were obtained for 24,633 (99.0 %) of the 24,875
NR contigs. For the contigs with SNPs, 10,022 (99.7 %)
out of 10,054 were confirmed to be present in the D-gen-
ome draft sequence, and 6,179 (61.5 %) were successfully
mapped to the anchored scaffolds. Additionally, it has been
reported that genomic scaffolds can be anchored to known
wheat linkage maps using simple sequence repeat marker
and EST sequences (Jia et al. 2013). Using this informa-
tion, the number of contigs with SNPs anchored to chro-
mosomes of the D genome increased to 8,848 (Tables 4
and S4). Similarly, 5,642 of the contigs with HC SNPs
were mapped to the Ae. fauschii genome, and 5,122 were
anchored in silico to the Ae. tauschii maps. On average,
732 contigs with HC polymorphisms were mapped to each
Ae. tauschii chromosome (Table 5).

The polymorphic and NR contigs were also aligned to
the barley draft genome because of the extensive conserved
synteny between barley and wheat chromosomes (Mayer
et al. 2011). blastn hits were obtained for 22,711 NR
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contigs, of which 22,549 were assigned to the barley
chromosomes. In total, 9,516 polymorphic contigs were
assigned to the barley chromosomes, which included 5,407
contigs with HC SNPs (Table 4). On average, 772 HC
polymorphic contigs were mapped to each barley chro-
mosome (Table 5). Because the genomic sequences
anchored to the linkage map are longer in barley
(>3.09 Gb) than in Ae. tauschii, and physical map infor-
mation is available in barley (IBSC 2012), the HC SNPs of
Ae. tauschii were plotted onto the barley chromosomes
(Fig. 2). The number of both SNPs and NR contigs was
higher in telomeric regions than in centromeric regions.

Marker development and mapping to chromosome 2DS
of Ae. tauschii

To assess the usefulness of the SNP dataset for construction
of wheat linkage maps, 2DS-specific markers were
designed based on the in silico mapping of polymorphic
contigs. This chromosome arm was chosen because several
agriculturally important loci, such as Ner2, a causal
D-genome gene for hybrid necrosis in interspecific crosses
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between tetraploid wheat and Ae. tauschii (Mizuno et al.
2011; Matsuda et al. 2012), and some of grain shape-
related QTLs (Okamoto et al. 2012), have been reported. In
total, 40 markers were new and 8 were discarded because
the PCR products were longer than expected. Of the
remaining primer sets, 3 were indel markers, 9 were CAPS
and 20 were HRM markers. Polymorphisms using the 32
markers were examined in 20 accessions of Ae. tauschii,
which were selected from each of the sublineages reported
by Mizuno et al. (2010a) to cover the species’ genetic
diversity. Two HRM markers and one CAPS marker were
excluded from further study because we failed to detect any
polymorphism in these markers. Based on the allelic
diversity within the 20 accessions, PIC values were cal-
culated, which ranged from 0.09 to 0.57, with an average of
0.29 (Fig. 3). Out of the 29 markers, 2 were 1G47182-
specific SNP alleles and 1 was a PI476874-specific SNP
allele (PIC = 0.09) (Fig. S3). In 21 of the markers (72 %),
the PIC value was greater than 0.20, indicating that they
were polymorphic among most of the accessions; these
included 6 markers that clearly distinguished L1 from L2
accessions (Fig. S3).
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Fig. 3 Frequency distribution of PIC values of the markers devel-
oped. PIC values of 29 markers among the 20 Ae. tauschii accessions
(black bars) and 25 markers among the 10 hexaploid wheat lines
(open bars)

To confirm the 2DS-specific assignment of the markers
developed, an F, population of PI476874/1G47182 was
used for genotyping. One of the HRM markers
(Xctg10285) failed in the genotyping because of difficulty
distinguishing the alleles. All of the remaining 28 markers
(96.6 %) were successfully assigned to chromosome 2DS
(Fig. 4). Segregation distortion has been reported for
chromosome 2D of this population (Iehisa et al. 2012).
Segregation distortion was observed in the chromosomal
region between the marker bags20g23 (HRM13)
(220.3 cM) and Xgwm539 (347.1 cM). In this region, the
frequency of the homozygous PI476874-allele was signif-
icantly lower than expected, whereas the homozygous
1G47182-allele appeared at high frequency (Fig. S4; Table
S5).

Polymorphism and mapping of the markers
in hexaploid wheat

To examine the usefulness of the markers developed for
detection of polymorphisms in hexaploid wheat, three
common wheat cultivars, three L1-derived synthetic wheat
lines and four L2-derived synthetics were genotyped. All
the synthetic hexaploids were obtained by crossing the
tetraploid wheat cultivar Ldn with the respective L1 or L2
accessions of Ae. tauschii (Takumi et al. 2009b; Kajimura
et al. 2011). The synthetic wheat line derived from the L1
accession used in the RNA-seq analysis, Ldn/PI476874,
was also genotyped, but no synthetic line derived from the
L2 accession was genotyped because triploid hybrids of
Ldn/IG47182 exhibited hybrid lethality (Hatano et al.
2012). In addition to the 29 markers, 14 previously
developed HRM markers were also used (Table S6). Of the
43 markers, 25 (58 %) were polymorphic, defined as
showing a distinct genotype in at least one of the 10
hexaploid wheat lines. Of the three marker types, 75 % of
the CAPS markers (six out of eight) were polymorphic,
followed by 67 % of indel (two out of three) and 53 % of
HRM markers (17 out of 32). The low polymorphism of

HRM markers in hexaploid wheat might be explained by a
decrease in sensitivity of HRM analysis due to the presence
of the A and B genomes. PIC values ranged from 0.16 to
0.56 (average 0.36), and the markers with the lowest PIC
values detected specific alleles in Ldn/PI476874 (Fig. 3).
Six of the polymorphic markers clearly distinguished the
L1-derived hexaploids from the L2-derived synthetics and
common wheat cultivars (Fig. S5). In most of the markers
(92 %), the PIC values were greater than 0.20, indicating
high polymorphism, especially between L1 and L2 syn-
thetics and between L1 and common wheat, as supposed
previously (Iehisa et al. 2012). The HRM marker
Xctg216781, which recognized an allele specific to
1G47182 among the 20 Ae. tauschii accessions, distin-
guished common wheat cultivars from the wheat synthet-
ics. For three HRM markers, polymorphisms were
observed even among common wheat cultivars.

To examine whether these markers could be mapped to
2DS in the allohexaploid background, F; individuals of two
mapping populations were genotyped. In the N61//Ldn/
PI476874 population, 23 of the 25 polymorphic markers
between the parents were available for genotyping of the F,
plants, and no segregation distortion was observed (Table
S7). Four of the 5 (80 %) CAPS markers and 3 of the 16
(19 %) HRM markers were used as dominant markers,
although 6 of these 7 markers mapped as co-dominant
markers in the diploid mapping population (Fig. S6). In
total, 22 markers were assigned to 2DS (Fig. 4) and the
assignment of 1 marker (Xcrg05269) was ambiguous
between chromosomes 2B and 5D.

The second F, population derived from the cross
between L1 and L2 synthetics (Ldn/KU-2075//Ldn/KU-
2025) varied only in the D genome, in contrast to the N61//
Ldn/P1476874 population. First, we checked the polymor-
phism of the 29 markers developed in this study and 6
HRM markers developed by Iehisa et al. (2012) between
the parental synthetics. Only 14 % of the markers (5/35)
were polymorphic and could thus be used for genotyping of
the F, plants. The low polymorphism implied that the
markers based on polymorphisms between PI476874 and
1G47182 might be less useful in some cross combinations
of L1 and L2 accessions. It might also be explained in part
by the low sensitivity of the HRM procedure in allopoly-
ploid species. Two CAPS markers and two HRM markers
were used as dominant markers in the Ldn/KU-2075//Ldn/
KU-2025 population. All five markers mapped to chro-
mosome 2DS, and no segregation distortion was observed
(Fig. 4; Table S8).

Using the PI476874/1G47182 and N61//Ldn/P1476874
linkage maps, in which more than 20 ESTs were assigned,
the relationship between genetic and physical distances
was evaluated. The physical map of barley was used in
this analysis because the number of genomic scaffolds
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Fig. 4 Genetic maps of chromosome 2D of the Ae. tauschii and
hexaploid wheat F, populations. The diploid P1476874/1G47182 map
(left) and hexaploid maps of N61//Ldn/P1476874 (middle) and Ldn/
KU-2075//Ldn/KU-2025 (right) populations are shown. Gray bars

aligned to the map was larger than in Ae. fauschii. The
recombination frequency on 2DS greatly decreased at
distances farther than 100 Mb from the distal end of the
physical map in both the Ae. tauschii and hexaploid wheat
maps (Fig. 5). This result was consistent with previous
reports in barley and Ae. tauschii (IBSC 2012; Luo et al.
2013).
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indicate the putative centromere positions. The markers mapped in
this study (indicated in bold) were placed on previously constructed
linkage maps. Map distances are shown in centimorgans (cM)

Discussion

In the present study, RNA-seq analysis of transcripts from
the spikes of two Ae. tauschii accessions was performed for
SNP discovery and marker development. Although the
number of reads and total read length did not differ greatly
from values for leaves, the number of contigs and isotigs
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Fig. 5 Relationship between physical and genetic distances. Based
on BLAST hits of the marker sequences, physical positions on the
barley genome were determined. Squares indicate the positions of
markers on the PI476874/1G47182 map, diamonds the positions on
the N61//Ldn/PI47182 map and triangles the positions on the barley
genetic map (IBSC 2012)

was twice as high and the number of HC SNPs was three
times higher in the spike transcripts, and at least 10,589
SNPs were new (Tables 2, 3). These results indicated that
sequencing of the more diverse set of genes expressed in
spikes yielded higher detection of SNPs than in leaves, and
also suggested that the SNP detection rate was slightly
higher for genes expressed in spikes than in leaves
(Table 3; Iehisa et al. 2012).

The draft genome sequence (Jia et al. 2013) and the
physical map (Luo et al. 2013) of Ae. tauschii will facilitate
the development of molecular markers in the wheat D
genome. However, the number of genomic sequences
anchored to the linkage map remains small compared with
barley (IBSC 2012), which is supported by the in silico
mapping results of the present study. Although the number
of polymorphic contigs assigned to the Ae. tauschii genome
was slightly higher than that of barley, the number of
contigs anchored to the linkage map was somewhat higher
for barley (Table 5). These results imply that Ae. tauschii
genomic information may be complemented by that of
barley for development of molecular markers in specified
regions of the D genome.

The in silico mapping analysis revealed that both contigs
and SNPs derived from leaves and spikes were predomi-
nantly distributed in the distal portions of chromosomes
(Fig. 2), consistent with recent reports in barley (IBSC
2012) and Ae. tauschii (Luo et al. 2013). Genome analyses
in barley and Ae. fauschii show that distal portions of
chromosomes are more gene rich IBSC 2012; Luo et al.
2013). In the case of the short arm of chromosome 2D, the
number of contigs and SNPs that mapped to the barley
physical map of 2HS was larger within the region of the
first 100 Mb from the distal end, and this 100 Mb region
coincided with high occurrence of recombination events

(Figs. 2, 5; Luo et al. 2013). Thus, SNP discovery through
RNA-seq was especially efficient in the distal portion of
barley and wheat chromosomes, where gene density and
recombination rate are correlated (Luo et al. 2013).

In the present study as well as in our previous report
(Iehisa et al. 2012), molecular markers developed using
information generated through RNA-seq are generally
polymorphic between L1 and L2 accessions of Ae. tauschii
(Fig. S3). Because a restricted population within L2 appears
to be the main source of the D genome of common wheat
(Mizuno et al. 2010a, b; Wang et al. 2013), these markers
were also expected to be polymorphic between the D gen-
omes of L1-derived synthetic hexaploid wheat and common
wheat (Fig. S5). SNPs can be converted to PCR-based
markers such as CAPS and HRM. In a hexaploid back-
ground, the leaky amplification of A- and B-genome
sequences interferes with accurate SNP typing of the D
genome. The interference results in an increase in the fre-
quency of dominant markers, especially for conversion to a
CAPS marker, and a decrease in the sensitivity of SNP
detection in HRM analysis (Matsuda et al. 2012). Failure of
SNP detection in CAPS markers occurs only when the
fragmentation patterns of the A and B genomes mask both
the digested and undigested alleles of the D genome. In such
cases, the allopolyploid nature of the common wheat genome
may make genotyping by CAPS and HRM markers difficult.

Many experimental platforms for SNP typing have also
been applied to hexaploid wheat (Akhunov et al. 2009;
Allen et al. 2011, 2013; Cavanagh et al. 2013). However,
due to the comparatively low genetic diversity of the D
genome of common wheat (Caldwell et al. 2004; Chao
et al. 2009), the number of markers mapped to the D
genome is usually three- to fivefold lower compared to the
A and B genomes (Allen et al. 2011, 2013; Cavanagh et al.
2013). For wheat breeding, Ae. tauschii is a promising
germplasm because of its abundant variation in various
traits (Jones et al. 2013). Although nonadditive expression
of homeologous genes is often observed during wheat
synthetic formation (Pumphrey et al. 2009), the natural
variation found in Ae. tauschii is significantly expressed in
many traits under the allohexaploid genetic background of
wheat synthetics (Kajimura et al. 2011; Iehisa and Takumi
2012; Okamoto et al. 2012). Thus, the wide natural vari-
ation found in Ae. tauschii, especially in the L1 accessions,
can be exploited to introduce agronomically beneficial
alleles, which may have been left behind during the allo-
polyploidization event (Ogbonnaya et al. 2005). Our results
suggested the potential usefulness, at least in part, of the
SNPs discovered between the L1 and L2 accessions of Ae.
tauschii for genome analysis and molecular breeding of
hexaploid wheat. SNPs might be valuable for marker
development of the D genome, particularly in the progeny
obtained through crosses between common wheat cultivars
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and Ll-derived synthetics. On the other hand, the low
polymorphism of the markers between Ldn/KU-2075 and
Ldn/KU-2025 suggests that finding more SNPs in the D
genome between and within the two lineages will be nec-
essary to apply them widely to Ae. fauschii and hexaploid
wheat lines.
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