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Abstract The wild species in the Triticeae tribe are tre-
mendous resources for crop breeding due to their abundant
natural variation. However, their huge and highly repeti-
tive genomes have hindered the establishment of physical
maps and the completeness of their genome sequences.
To develop molecular markers for the efficient utilization
of their valuable traits while avoiding their genome com-
plexity, we assembled RNA sequences of ten representative
accessions of Aegilops tauschii, the progenitor of the wheat
D genome, and estimated single nucleotide polymorphisms
(SNPs) and insertions/deletions (indels). The deduced uni-
genes were anchored to the chromosomes of Ae. tauschii
and barley. The SNPs and indels in the anchored unigenes,
covering entire chromosomes, were sufficient for link-
age map construction, even in combinations between the
genetically closest accessions. Interestingly, the resolution
of SNP and indel distribution on barley chromosomes was
slightly higher than on Ae. fauschii chromosomes. Since
barley chromosomes are regarded as virtual chromosomes
of Triticeae species, our strategy allows capture of genetic
markers arranged on the chromosomes in order based on
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the conserved synteny. The resolution of these genetic
markers will be comparable to that of the Ae. tauschii
whose draft genome sequence is available. Our procedure
should be applicable to marker development for Triticeae
species, which have no draft sequences available.
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Introduction

The tribe Triticeae includes many economically valu-
able cereals (e.g., barley, rye, and wheat) and their wild
relatives. Aegilops tauschii Coss., the D-genome donor of
bread wheat (Triticum aestivum L.), has been utilized for
breeding wheat as a donor of important agricultural traits
such as abiotic and biotic stress resistance (Matsuoka et al.
2013, 2015; Yang et al. 2014; Sehgal et al. 2015). The wild
related species provide morphologically and genetically
high diversity, acting as resources for potentially useful
variability for cereal breeding. To accelerate introduction
of these traits to crop species, it is necessary to develop
efficient methods to find genetic markers linking the traits.
However, the genome size of the Triticeae species is too
large to develop high-quality physical maps, and whole
genome sequencing of these species is still challenging.
Barley (Hordeum vulgare L.) provides one of the high-
est-quality genome sequences in the Triticeae. A high-res-
olution physical map and over 20,000 full-length cDNAs
have also been released (Matsumoto et al. 2011; The Inter-
national Barley Genome Sequencing Consortium, IBSC
2012). Barley is evolutionarily closer to wheat and its wild
species than are other monocot species with high-quality
genome sequences. Barley and wheat ancestors diverged
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13 million years ago (Gaut 2002). Chromosomal syn-
teny of gene location is highly conserved between barley
and wheat (Mayer et al. 2011; Wicker et al. 2011). Using
this conserved synteny, genetic markers linked to phe-
notypes have been isolated. For example, Nishijima et al.
(2014) found tightly linked markers of the Iw2 locus of Ae.
tauschii, which encodes a cuticular wax inhibitor and pro-
vides an evolutionary clue for the establishment of bread
wheat. The D-genome donor of bread wheat is assumed
to have been Ae. tauschii accessions with a recessive iw2
allele, the habitat of which is limited to the area roughly
from Transcaucasia to the southern coastal region of the
Caspian Sea (Tsunewaki et al. 1966; Nishijima et al. 2014).
Although the genome sequence of Ae. tauschii is avail-
able (Jia et al. 2013), many contigs have failed to be con-
nected to chromosomal positions. A physical map of Ae.
tauschii was constructed as well using more than 400,000
bacterial artificial chromosomes (Luo et al. 2013), but not
all the sequences are accessible, preventing identification
of tightly linked markers. To solve these problems, sev-
eral SNP markers derived from RNA sequencing analyses
(Iehisa et al. 2012, 2014) were assigned to the Iw2 region,
and the Ae. tauschii genome contigs that carry these mark-
ers were selected. Based on the synteny between barley
and Ae. tauschii, additional contigs were assigned near the
marker-carrying contigs, and the sequences of these addi-
tional contigs were searched for simple sequence repeat
(SSR) motifs (Nishijima et al. 2014).

Designing useful SSR markers is laborious. Commonly,
SSR markers are built based on repeats in the genome
sequence and tested to determine whether these mark-
ers can detect variations in recombinant populations. To
avoid this arduous process, a systematic way of designing
genetic markers is needed. Whole genome sequencing of
multiple samples from wild Triticeae species is not neces-
sarily a convenient approach due to their large genome and
the costs of sequencing. RNA sequencing will be a pow-
erful approach to solve these problems. Here are some of
its advantages: (1) it is applicable to species that have large
and complex genomes, as it excludes intergenic repetitive
regions, (2) it allows mapping of detected polymorphisms
to chromosomes based on conserved coding regions and
synteny between other grass species that have high-quality
genome sequences, such as barley, rice, and Brachypodium
distachyon, and (3) it can be used to measure gene expres-
sion level as well.

Iehisa et al. (2014) performed RNA sequencing from
leaf and young spike tissues of two Ae. tauschii acces-
sions using the 454 Life Sciences pyrosequencer and iden-
tified 13,347 high-confidence SNPs. The short reads were
aligned to de novo assembled transcripts to call SNPs,
and the assembled transcripts were mapped to the barley

@ Springer

genome. At that time, barley full-length cDNA information
was unavailable. The comparisons between two accessions
provided a limited number of genetic markers for the Ae.
tauschii population (Iehisa et al. 2014). The Triticeae can
be treated as a single genetic system, sharing homoeolo-
gous chromosomes (Mayer et al. 2011; Wicker et al. 2011),
and the highly conserved synteny among the Triticeae spe-
cies enables conducting genetic analyses of wild Triticeae
species whose genome sequences are unavailable.

Here, we performed RNA sequencing of ten accessions
of Ae. tauschii on the Illumina MiSeq platform to develop
molecular markers. Through the RNA sequencing assem-
bly, a large number of SNPs was found between acces-
sions, even within the same lineages. The SNPs and indels
were anchored to the chromosomes of Ae. tauschii and
barley, and were distributed over the entire chromosomes.
Using this approach, a large number of genetic markers can
be efficiently obtained in Triticeae species even if the refer-
ence genome is incomplete.

Materials and methods

Plant materials, library construction and RNA
sequencing

Based on population structure analyses, Ae. tauschii can be
divided into two major lineages L.1 and L2 (Table 1) (Miz-
uno et al. 2010; Matsuoka et al. 2013). Ae. tauschii that has
given rise to the establishment of common wheat is pre-
sumed to belong to L2 (Mizuno et al. 2010; Matsuoka et al.
2013; Nishijima et al. 2014). The large part of the gene pool
of Ae. tauschii remains unexplored for wheat breeding,
especially in L1. The ten accessions of Ae. tauschii used
were chosen as representative of the two major lineages,
L1 and L2 (Table 1). Total RNA was extracted from leaves
at the seedling stage using a Plant Total RNA Extraction
Miniprep System (Viogene, Taipei Hsien, Taiwan, ROC).
A total of 4 pg of RNA was used for constructing paired-
end libraries following the manufacturer’s instructions.
The libraries were sequenced for 300 cycles x 2 on an
Ilumina MiSeq sequencer with 300-bp paired-end reads.
Sequencing data have been deposited to DDBJ BioProject
PRIDB4683.

De novo assembly of short reads from RNA sequencing

Quality control of short reads was performed using the
FastQC tool of the Galaxy portal (Giardine et al. 2005;
Blankenberg et al. 2010; Goecks et al. 2010). Low-qual-
ity bases (average Phred quality score per 4 bp < 30),
adapter sequences and reads <100 bp were removed using
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Table 1 Ae. tauschii accessions used in this study

References

Resources

Accession number Origins Lineage®

AT76 China L1 (TauL1b)
P1499262 China L1 (TauL1b)
KU-2627 Afghanistan L1-S1 (TauL1b)
KU-2025 Afghanistan L1-S2 (TauL1b)
KU-2087 Iran L1-S3 (TauL1b)
KU-2003 Pakistan L1-S4 (TauL1b)
KU-2078 Iran L2-S1 (TaulL2x)
KU-2124 Iran L2-S1 (Taul2x)
KU-2075 Iran L2-S3 (Taul2x)
KU-2093 Iran L2-S3 (TaulL2b)

Matsuoka et al. (2015)
Matsuoka et al. (2015)

Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)
Mizuno et al. (2010)
Matsuoka et al. (2015)

Okayama University
United States Department of Agriculture

Plant Germ-plasm Institute, Kyoto University
Plant Germ-plasm Institute, Kyoto University
Plant Germ-plasm Institute, Kyoto University
Plant Germ-plasm Institute, Kyoto University
Plant Germ-plasm Institute, Kyoto University
Plant Germ-plasm Institute, Kyoto University
Plant Germ-plasm Institute, Kyoto University

Plant Germ-plasm Institute, Kyoto University

# The lineage name in the parenthesis is described in Matsuoka et al. (2015)

the Trimmomatic version 0.32 tool (Bolger et al. 2014).
After filtering, paired short reads were merged into sin-
gle reads based on overlapping regions using PEAR ver-
sion 0.9.7 software (Zhang et al. 2014). The merged reads
were assembled de novo using Trinity version 2.1.1 soft-
ware (Grabherr et al. 2011; Haas et al. 2013) to reconstruct
transcripts for each accession of Ae. tauschii. Trinity gen-
erates a fasta file, in which each nucleotide sequence har-
bors a header with an isoform number (e.g., i1 = isoform
#1, 12 = isoform #2, etc.). If a gene had multiple isoforms,
the transcript sequence of isoform #1 was picked up from
the fasta file to construct a set of unigenes. The assem-
bled transcripts have been deposited to Transcriptome
Shotgun Assembly (TSA) division of DDBJ BioProject
PRIDB4683.

Mapping the assembled transcripts to Ae. tauschii
and barley genome sequences

The representative transcripts were mapped to the Ae.
tauschii reference genome “v1.25 masked” (Jia et al. 2013)
and barley reference genome “v1.26 masked” (IBSC 2012)
in Ensembl Plants (Kersey et al. 2015) using Gmap version
2013-03-31 software (Wu and Watanabe 2005; Quinlan and
Hall 2010). For mapping to scaffolds of the Ae. tauschii
genome, if the identity in the aligned region was >95 %
and the coverage of the aligned region per total length of a
transcript was >90 %, the transcript was regarded as map-
ping to a scaffold of Ae. tauschii. For mapping to the barley
genome, if the identity was >78 % and the coverage was

>77 %, the transcript was regarded as mapping to a barley
chromosome.

Quantification of gene expression and identification
of SNPs and indels between tested accessions

The merged reads of each Ae. tauschii accession were
aligned pairwise to their corresponding unigenes using the
Bowtie2 tool (Langmead and Salzberg 2012) with local
alignment, generating 10 x 10 alignment outputs. We esti-
mated depth of coverage over a transcript using SAMtools
software with the command “samtools idxstats” (Li et al.
2009) and calculated counts per million (CPM) as a meas-
ure of gene expression level. Correlation coefficients for
the CPM of each transcript between accessions were calcu-
lated using R software.

SNPs and indels were called from the alignment out-
puts using SAMtools and Coval software with the option
“-freq 0.95 -m 1000000 -n 10” (Kosugi et al. 2013). SNP
calling with Coval is successful in identification of causal
SNPs and genetic markers linked to phenotypes (Abe
et al. 2012; Takagi et al. 2013). To acquire novel SNP
markers between the Ae. rauschii accessions, we chose
only homozygous SNPs and indels, because Ae. rauschii
is a self-fertilizing species. Anchoring of SNPs and indels
to the scaffolds of Ae. tauschii and barley chromosomes
was performed based on the outputs of Gmap for map-
ping unigenes to these scaffolds and chromosomes. To
link the scaffolds of Ae. tauschii to the genetic map of Ae.
tauschii (Luo et al. 2013), the positional information from
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Supplementary Material 4 in Iehisa et al. (2014) was used.
All SNP information is available from our laboratory web
site (http://www.lab.kobe-u.ac.jp/ans-plantgenetics/index.
html).

Marker construction and genotyping

To assess the usefulness of the SNP library, cleaved ampli-
fied polymorphic sequence (CAPS) or derived CAPS mark-
ers were developed to the chromosomal region around
Iw2, a dominant non-glaucous allele, on the short arm of
chromosome 2D. In our previous study, some Ae. tauschii
scaffolds were anchored to this region (Nishijima et al.
2014). SNPs mapping to these scaffolds in silico were used
to develop molecular markers. The primer sequences for
each SNP marker and relevant restriction enzymes are sum-
marized in Supplementary Table S1. PCR and subsequent
analyses were performed as described previously (Iehisa
et al. 2012, 2014).

SNP assignment and association analysis

In Nishijima et al. (2014), we developed a genetic map of
Iw2 using F, mapping population derived from a cross
between KU-2003 (L1 lineage and non-glaucous pheno-
type) and KU-2124 (L2 lineage and glaucous phenotype).
Newly generated SNP markers through the RNA sequenc-
ing analysis were assigned to this framework. Another 210
Ae. tauschii accessions (Takumi et al. 2011; Nishijima et al.
2014) were also genotyped using these markers to assess the
genetic associations among the markers and glaucous pheno-
type. Association was analyzed using a mixed linear model
function in TASSEL ver. 5.0 software (Bradbury et al. 2007).
The Q matrix of population membership probabilities was
derived from population structure analysis of Ae. tauschii
accessions and kinship was calculated in TASSEL based on
the genotyping information of the 169 DArT markers for the
206 Ae. tauschii accessions (Matsuoka et al. 2013).

Results

Reconstruction of transcript sequences of the ten
accessions of Aegilops tauschii

To obtain novel genetic markers for the D genome, we
performed RNA sequencing of the ten accessions of Ae.
tauschii (Table 1). To cover the entire genetic variation of
Ae. tauschii, we chose representative accessions from both
lineages I (L1) and II (L2) including sublineages (Miz-
uno et al. 2010; Matsuoka et al. 2013, 2015). Altogether,
4.8-5.8 million paired-end short reads were obtained for
each accession (Supplementary Table S2) and analyzed
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according to the workflow shown in Fig. 1. After filtering
and merging of these short reads, 2.6-3.6 million high-
quality reads were acquired. The average length of the
merged reads was about 327 bp. After de novo assembly
of the merged reads, 33,680—65,827 transcripts were recon-
structed for each accession, with N50 values of 1369—
1519 bp. If a transcript had more than one isoform, one of
the isoforms from the transcript was selected as a unigene.
Finally, a set of unigenes for each accession, containing
29,386-55,268 representative isoforms, was obtained (Sup-
plementary Table S3).

To evaluate how many unigenes link to the published
genome sequences of Ae. tauschii (Jia et al. 2013) and bar-
ley (IBSC 2012), the unigene sequences for each accession
were aligned to these genome sequences. Of the total uni-
genes, 65.7-79.7 % were mapped to Ae. tauschii and 29.8—
39.1 % to barley genome sequences (Supplementary Table
S3). As expected, the number of unigenes that mapped to
Ae. tauschii sequences was higher than to barley sequences.
Only a few percent of the unigenes specifically mapped
to the barley sequences. The unigenes unmapped to both
genome sequences occupied 15.6-29.8 % of the total and
could have been derived from accession-specific genomic
regions or could be due to the incompleteness of the refer-
ence genome.

In order to compare nucleotide sequences of transcripts
between Ae. tauschii accessions, plants were grown under
the same conditions and their leaves were sampled at the
same stage. To assess the pattern of gene expression in
these samples, we estimated CPM, a commonly used
parameter of gene expression, and calculated the correla-
tion coefficient of CPM between all the possible pairs of
the ten accessions (Supplementary Table S4). All the pair-
wise comparisons showed significant positive correlations,
indicating that there was no drastic difference in gene
expression between the tested samples.

Detection of nucleotide polymorphisms in Ae. tauschii

To estimate how many potential genetic markers between
accessions could be constructed, we counted SNPs and
indels from the pairwise comparisons according to the
thresholds with read depth >3 (Supplementary Table S5) or
>10 (Table 2). More SNPs and indels were found under the
thresholds with read depth >3. Although the set of SNPs
and indels with read depth >3 may include some false posi-
tives, it may be useful in searching for genetic markers to
use for genetic linkage analysis when no marker candidates
are available in the set with read depth >10. Here, we con-
ducted downstream analyses using the set of high-confi-
dence SNPs and indels with read depth >10.

The number of SNPs and indels between accessions is
dependent on comparisons between and within lineages
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Fig.1 The RNA sequencing
analysis workflow for construct-
ing genetic markers of Ae.
tauschii
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(Table 2). In pairwise comparisons between the same
accessions, 98—-1492 SNPs and 4-20 indels were detected.
These SNPs and indels could be false positives generated
by nucleotide differences between paralogous genes in the
same genome. The average number of SNPs between lin-
eages L1 and L2 was 37,408 and the average number of
indels was 2041. Within L1, the average number of SNPs
and indels was 16,778 and 919, respectively. Within L2, the
average number of SNPs and indels was 22,875 and 951,
respectively. Even within the lineages, a large number of
potential genetic markers was obtained.

Nucleotide differences of 3 bp between PCR amplicons
can be detected by 6 % polyacrylamide gel electrophoresis.
The estimated indels >3 bp can be directly used as co-dom-
inant markers. To evaluate how many indels are available
for development of co-dominant markers, the distribution
of the length of indels was examined (Supplementary Fig.
S1). The average number of indels >3 bp was 863, 378,
and 411, respectively, between the lineages, within L1,

and within L2. These indels can be used for initial rough
mapping.

Transcript expression levels may affect SNP and indel
frequencies per transcript. To evaluate the impact of gene
expression on the SNP and indel frequencies, the correla-
tion between CPM and the number of polymorphisms per
transcript was calculated (Supplementary Fig. S2). No
clear correlation was found between CPM and the number
of polymorphisms, indicating that the gene expression lev-
els did not influence the SNP and indel frequencies under
our criteria for SNP and indel calling.

Anchoring SNPs and indels to scaffolds
and chromosomes of Ae. tauschii

To develop genetic markers anchored to the chromosomes
of Ae. tauschii, we evaluated how many SNPs and indels
were anchored to scaffolds of the draft genome or the chro-
mosomes of Ae. tauschii (Table 3, Supplementary Table
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Table 2 The number of SNPs and indels detected in each transcript-read pairing of ten Ae. tauschii accessions (depth >10)

Transcript model Read
L1 L2
AT76  PI499262 KU-2627 KU-2025 KU-2087 KU-2003 KU-2078 KU-2124 KU-2075 KU-2093
L1  AT76 168 24464 8316 13833 9587 7557 42153 45080 46808 42747 SNP
13 1368 472 708 555 460 2416 2533 2599 2240 Indel
PI1499262 21329 197 32872 12153 34614 28832 19012 30089 26789 25091 SNP
1134 8 1745 645 1934 1604 1085 1623 1426 1321 Indel
KU-2627 5931 25121 302 13784 10401 7309 45772 47993 50528 45253 SNP
292 1376 11 694 559 379 2616 2591 2806 2349 Indel
KU-2025 20568 19143 29150 98 30951 25330 24902 30063 27436 24284 SNP
1134 1095 1639 5 1719 1398 1381 1668 1422 1266 Indel
KU-2087 6346 25201 9809 14329 266 7694 45567 47877 49400 45017 SNP
351 1483 500 721 4 420 2642 2687 2765 2325 Indel
KU-2003 6015 20896 8399 13633 10075 252 45566 45534 49792 44860 SNP
321 1222 409 691 548 10 2610 2586 2763 2328 Indel
L2  KU-2078 31924 15026 50912 13480 52313 44929 361 20051 13708 13695 SNP
1720 825 2671 685 2891 2438 15 1179 760 769 Indel
KU-2124 78154 55971 103752 42438 103756 97379 43454 1492 45698 42744 SNP
1742 1315 2837 807 2879 2489 1125 20 1238 1042 Indel
KU-2075 31982 19685 51144 13617 50412 42150 12457 19518 377 13717 SNP
1689 1096 2724 645 2766 2320 707 1119 14 733 Indel
KU-2093 31684 21461 50642 13019 52124 44159 13723 20082 15656 349 SNP
1732 1192 2667 667 2793 2327 784 1115 842 14 Indel

S6). Of the total SNPs in the pairwise comparisons, an
average of 68.5 and 17.8 % were, respectively, anchored to
the scaffolds and chromosomes. There was no large differ-
ence in the percentage of SNPs mapping to the scaffolds
(61.0-79.8 %) or the chromosomes (10.8-21.9 %) for
any pairwise comparisons. The number of these anchored
SNPs was directly proportional to the total number of
SNPs (Tables 2, 3). Unfortunately, 78.1-89.2 % of SNPs
remained unmapped to the chromosomes, even when the
SNPs and indels were anchored to the scaffolds. Indels
showed the same tendency as the SNPs (Table 2, Supple-
mentary Table S6). Although the scaffolds cover 84.3 %
of the Ae. tauschii genome (4.23-Gb), only 1.72-Gb is
anchored to the chromosomes (Jia et al. 2013). Thus, the
number of SNPs and indels mapped to the chromosomes
were limited as well.

The average number of SNPs per chromosome within
L1, within L2 and between L1 and L2 was 312.2-678.0,
209.3-413.0 and 816.2-1356.8, respectively (Supple-
mentary Table S7). Except for chromosome 7, a large
coefficient of variation in the number of SNPs within
L1 (0.66-0.83) was detected (Supplementary Fig. S3;
Table S7). The number of SNPs for some pairwise com-
parisons within L1 was greater than between L1 and L2
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on six chromosomes. The average number of SNPs on
chromosome 6D was smaller than on the other chro-
mosomes, but no clear differences were found among
the chromosomes when the average number of SNPs
per transcript was estimated. The same tendency was
detected for the indels (Supplementary Fig. S3; Table
S8).

To develop molecular markers for genetic linkage analy-
sis, uniform distribution of SNPs and indels over the chro-
mosomes is desirable. The distributions of transcripts,
SNPs and indels over the seven chromosomes were visual-
ized in representative pairs within L1 (Fig. 2a), within L2
(Fig. 2b), and between L1 and L2 (Fig. 2c). These repre-
sentative pairs represent the most and least SNP- and indel-
rich pairs in each combination of lineages. Although the
SNPs were not evenly distributed, they covered all chromo-
somes moderately well in intra- and interlineage compari-
sons. Compared with the SNPs, indels were more unevenly
distributed. At least a small number of indels was located
on each chromosome. A high density of SNPs and indels
was detected around the centromeric regions. This observa-
tion could be explained by the suppression of recombina-
tion in these regions, generating gaps between physical and
genetic distance.
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Table 3 The number of SNPs mapped to the draft genome or the chromosomes of Ae. tauschii out of the SNPs detected in each transcript-read

pairing of ten Ae. tauschii accessions

Transcript model Read

L1 L2 Mapped to
AT76 Pl499262 KU-2627 KU-2025 KU-2087 KU-2003 KU-2078 KU-2124 KU-2075 KU-2093
L1  AT76 92 18038 5737 9752 6539 5266 30950 33317 34510 31281 Genome
(73.7) (69.0) (70.5) (68.2) (69.7) (73.4) (73.9) (73.7) (73.2)
20 5081 1295 2653 1509 1168 8501 8949 9337 8238 Chr.
(20.8) (15.6) (19.2) (15.7) (15.5) (20.2) (19.9) (19.9) (19.3)
P1499262 16213 99 25445 8717 26677 22525 13114 21414 19050 17603 Genome
(76.0) (77.4) (71.7) (77.1) (78.1) (69.0) (71.2) (71.1) (70.2)
4333 19 6813 2186 7246 6121 3251 4917 4380 4152 Chr.
(20.3) (20.7) (18.0) (20.9) (21.2) 17.1) (16.3) (16.3) (16.5)
KU-2627 3689 18304 123 9644 6519 4859 32454 33945 35754 31748 Genome
(62.2) (72.9) (70.0) (62.7) (66.5) (70.9) (70.7) (70.8) (70.2)
954 5166 26 2848 1589 1090 8502 8896 9552 8256 Chr.
(16.1) (20.6) (20.7) (15.3) (14.9) (18.6) (18.5) (18.9) (18.2)
KU-2025 16194 14706 22959 51 24248 20201 18652 22460 20519 18123 Genome
(78.7) (76.8) (78.8) (78.3) (79.8) (74.9) (74.7) (74.8) (74.6)
4345 3673 6347 4 6590 5555 4697 5113 4924 4386 Chr.
(21.1) (19.2) (21.8) (21.3) (21.9) (18.9) (17.0) (17.9) (18.1)
KU-2087 4065 18414 6743 10026 162 5245 32657 34034 35543 32151 Genome
(64.1) (73.1) (68.7) (70.0) (68.2) 71.7) (71.1) (71.9) (71.4)
823 5156 1398 2705 35 1144 8816 9021 9548 8401 Chr.
(13.0) (20.5) (14.3) (18.9) (14.9) (19.3) (18.8) (19.3) (18.7)
KU-2003 3911 15211 5512 9664 6142 128 32339 32215 35381 31713 Genome
(65.0) (72.8) (65.6) (70.9) (61.0) (71.0) (70.7) (71.1) (70.7)
727 4099 1170 2601 1316 18 8581 8414 9655 8335 Chr.
(12.1) (19.6) (13.9) (19.1) (13.1) (18.8) (18.5) (19.4) (18.6)
L2 KU-2078 23977 11430 39109 9868 40000 34827 190 13954 9774 9785 Genome
(75.1) (76.1) (76.8) (73.2) (76.5) (77.5) (69.6) (71.3) (71.4)
6563 2963 10525 2601 10769 9419 46 2644 1673 1867 Chr.
(20.6) (19.7) (20.7) (19.3) (20.6) (21.0) (13.2) (12.2) (13.6)
KU-2124 24152 17904 40666 11533 40148 34639 14150 160 15715 13853 Genome
(77.2) (76.4) (78.6) (76.1) (77.6) (78.8) (75.0) (75.0) (74.7)
6275 4202 10381 2661 10396 9017 2495 20 2857 2525 Chr.
(20.1) (17.9) (20.1) (17.6) (20.1) (20.5) (13.2) (13.6) (13.6)
KU-2075 24038 14415 39009 10043 38176 32300 8474 13363 185 9275 Genome
(75.2) (73.2) (76.3) (73.8) (75.7) (76.6) (68.0) (68.5) (67.6)
6341 3330 10312 2456 10384 8688 1349 2405 26 1642 Chr.
(19.8) (16.9) (20.2) (18.0) (20.6) (20.6) (10.8) (12.3) (12.0)
KU-2093 24338 16116 39131 9660 40055 34545 9904 14177 11252 147 Genome
(76.8) (75.1) (77.3) (74.2) (76.8) (78.2) (72.2) (70.6) (71.9)
6381 3858 10136 2324 10413 9111 1753 2545 1898 37 Chr.
(20.1) (18.0) (20.0) (17.9) (20.0) (20.6) (12.8) 12.7) (12.1)

The number in parenthesis shows the proportion (%) of the mapped SNPs to all SNPs in Table 2

Anchoring SNPs and indels to the chromosomal

pseudomolecules of barley

To evaluate whether the barley physical map is use-
ful for assigning SNPs and indels between Ae. tauschii
accessions in the same order on their chromosomes, the

estimated SNPs and indels were mapped to the barley
chromosomes (Table 4, Supplementary Table S9). An
average of 29.1 % of the total SNPs and 25.4 % of the
indels were anchored to the barley chromosomes. The
percentages of anchored SNPs and indels were almost
the same in any pairwise comparison. Interestingly, the
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Fig. 2 Distribution of SNPs &
and indels detected in pairwise (a) /\l)o 3 3
comparison of Ae. tauschii 2
accessions on the genetic map
of Ae. tauschii (a—c, scale in
cM) and the physical map of
barley (d—f scale in Mb). Three
circles of the same color show
the number of transcripts, SNPs,
and indels from the outer to
inner circles. The red circles
represent the richest SNP

and indel pairs, and the green
circles, the least rich pairs in
each combination of lineages:
aLl vs L1, KU-2087 read-
mapped to P1499262 transcript
and AT76 to KU-2003, b L2 vs
L2, KU-2093 to KU-2124 and
KU-2078 to KU-2075, ¢ L1 vs
L2, KU-2087 to KU-2078 and
KU-2025 to KU-2093,d L1

vs L1, KU-2087 to P1499262
and AT76 to KU-2627, e L2 vs
L2, KU-2075 to KU-2124 and
KU-2078 to KU-2075, and f L1
vs L2, KU-2075 to AT76 and
P1499262 to KU-2078. Arrow-
heads indicate centromeric
positions of each chromosome,
except for chromosome 1H,
which only had whole-chromo-
some sequence (IBSC 2012)

number of SNPs and indels anchored to the barley chro-
mosomes was larger than the number anchored to the
chromosomes of Ae. tauschii in all pairwise comparisons
(Tables 3, 4).

The average number of SNPs per chromosome within
L1, within L2, and between L1 and L2 was 413.4—
929.4, 481.6-851.5, and 1306.4-1849.0, respectively
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(Supplementary Table S10). The average number of indels
per chromosome within L1, within L2, and between L1 and
L2 was 18.9-46.0, 22.9-43.7, and 67.4-89.9, respectively
(Supplementary Table S11). These numbers were larger
than for those anchored to the Ae. fauschii chromosomes.
A similar observation was detected in the average number
of SNPs and indels per transcript on each chromosome. As
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Table 4 The number of SNPs mapped to the barley physical map out of the SNPs detected in each transcript-read pairing of ten Ae. tauschii

accessions

TTranscript model  Read
L1 L2
AT76  PI499262 KU-2627 KU-2025 KU-2087 KU-2003 KU-2078 KU-2124 KU-2075 KU-2093
L1
AT76 28 8042 2545 4043 2937 2499 14202 14948 15841 14356
(32.9) (30.6) (29.2) (30.6) (33.1) (33.7) (33.2) (33.8) (33.6)
P1499262 5907 44 9545 3496 10274 8719 5978 8874 8106 7486
(27.7) (29.0) (28.8) (29.7) (30.2) (31.4) (29.5) (30.3) (29.8)
KU-2627 1283 7019 83 3967 2583 1918 13315 14110 14642 13173
(21.6) (27.9) (28.8) (24.8) (26.2) (29.1) (29.4) (29.0) (29.1)
KU-2025 6357 6523 10264 53 10963 8979 8693 10216 9615 8467
(30.9) (34.1) (35.2) (35.4) (35.4) (34.9) (34.0) (35.0) (34.9)
KU-2087 1551 6921 2280 4099 40 1835 13027 13639 14177 12556
(24.4) (27.5) (23.2) (28.6) (23.8) (28.6) (28.5) (28.7) (27.9)
KU-2003 1521 6217 2003 4249 2570 68 14057 13536 15221 13634
(25.3) (29.8) (23.8) (31.2) (25.5) (30.8) (29.7) (30.6) (30.4)
L2
KU-2078 8444 4428 14450 3550 15266 13135 76 5091 3574 3459
(26.5) (29.5) (28.4) (26.3) (29.2) (29.2) (25.4) (26.1) (25.3)
KU-2124 8831 6735 15310 4143 15487 12891 5081 132 5728 4968
(28.2) (28.8) (29.6) (27.3) (29.9) (29.3) (26.9) (27.3) (26.8)
KU-2075 8916 5704 14617 3725 14824 12522 3139 5269 91 3658
(27.9)  (29.0) (28.6) (27.4) (29.4) (29.7) (25.2) (27.0) (26.7)
KU-2093 9176 6581 15069 3936 15699 13562 3602 5436 4022 101
(29.0) (30.7) (29.8) (30.2) (30.1) (30.7) (26.2) (27.1) (25.7)
The number in parenthesis shows the proportion (%) of the mapped SNPs to all SNPs in Table 2
observed for the SNPs anchored to the Ae. tauschii chro- SNPs Total 11658
mosomes, a large coefficient of variation in the number of
SNPs (0.62-0.83) and indels (0.55-0.76) within L1 was
detected, except for chromosome 7H (Supplementary Fig.
S4; Tables S10, S11). (56%) (852%)
To determine whether the SNPs and indels that were Mapped to Mapped to
. Ae. tauschii barley
anchored to the barley chromosomes were evenly dis- chromosomes chromosomes

tributed over the entire chromosomes, the distribution of
these SNPs and indels was visualized. We chose pairs hav-
ing the most or least numbers of SNPs and indels within
L1 (Fig. 2d), within L2 (Fig. 2e), and within L1 and L2
(Fig. 2f). In all combinations excluding the pairs with
the least number of SNPs between L1 and L2 (between
P1499262 and KU-2078), SNPs covered the entire region
of the chromosomes except for the unigene-sparse
regions, one of which corresponded to the centromeric
region of chromosome 2H. In the pairs with the least
number of SNPs between L1 and L2 (between P1499262
and KU-2078), a high-density localization of SNPs was
observed only for chromosomes 1H and 7H. Although the
distribution of indels was not as uniform as that of SNPs,
every chromosome carried a small number of indels in any
comparison.

176
(30.9%)

85
(14.9%)

Total 570

Indels

Fig. 3 Venn diagrams of SNPs mapped to the Ae. tauschii and barley
genomes. The numbers indicate mean values of SNPs and indels

Integration of SNPs and indels that were anchored
to the chromosomes of Ae. tauschii and barley
If the SNPs and indels anchored to Ae. tauschii chromo-

somes are different from those anchored to barley chromo-
somes, utilization of these SNPs and indels increases the
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number of potential genetic markers. We tested overlaps
between the SNPs and indels that were anchored to Ae.
tauschii and barley chromosomes (Fig. 3). Venn diagrams
of mean values of SNPs and indels showed that most SNPs
and indels were specifically anchored to Ae. tauschii or bar-
ley chromosomes. Only 15.6 and 14.9 % of the total SNPs
and indels overlapped. These results indicated that the inte-
gration of SNPs and indels anchored to the chromosomes
of Ae. tauschii and barley increased the available genetic
markers for linkage analysis.

Application of CAPS markers to linkage
and association analyses

To evaluate the usefulness of the SNP dataset, /w2 region
specific markers were designed based on in silico mapping
of transcript models to Ae. tauschii scaffolds. We developed
14 markers on 4 scaffolds (Supplementary Fig. S5). For ten
markers, the genotyping results were consistent with the
allelic type detected in RNA-seq. For the other four mark-
ers, however, genotypes of some accessions (scaf43829_1,
2, and 7 for P1499262 and KU-2025 and scafl10812_2 for
KU-2124) contradicted the results of RNA-seq. This obser-
vation suggests that the transcript models were constructed
by reads derived from paralogues on other chromosomes.
No specific PCR products were detected for a few SNP
markers in several accessions, for which reads were absent
at the SNP sites, e.g., scaf10812_6 for KU-2093, KU-2075,
and KU-2078 and scaf10812_8 for six L1 accessions. This
result indicated that some chromosomal rearrangements
had occurred during divergence among the Ae. tauschii
accessions, and that the genomic segments from which
these markers were derived did not exist in the accessions
that had no reads on the sites.

To confirm whether these markers were precisely linked
to the Iw2 locus on chromosome 2DS, we genotyped F,
individuals of the KU-2003/KU-2124 population using
ten markers that were polymorphic between KU-2003 and
KU-2124. Of the selected markers, seven mapped to the
Iw2 region and the remaining three markers were assigned
to another chromosome (Fig. 4). The Iw2 locus was
mapped within a 0.9 cM interval between the most closely
linked markers and co-localized with two markers. The
chromosomal order of selected scaffolds at the /w2 region
was consistent with that predicted in a previous study
(Nishijima et al. 2014). Association analysis showed that
five out of the seven markers that mapped to the /w2 region
were significantly (P < 1E~3) associated with the glaucous/
non-glaucous trait in Ae. tauschii (Table 5). All 20 glaucous
accessions had the KU-2124-type allele at scafl10812_2 and
scafl0812_6, and most non-glaucous accessions had the
KU-2003-type allele at scaf43829_9. These results dem-
onstrated that a fine map could be constructed efficiently

@ Springer

using SNPs derived from RNA-seq. Thus, the SNP dataset
might be useful for molecular marker development in the
specific chromosomal region of the D genome or across the
entire genome.

Discussion

RNA sequencing as an efficient tool for SNP discovery
and its potential for evolutionary studies in Ae. tauschii

We performed 300-bp paired-end RNA sequencing of leaf
tissues from ten representative Ae. tauschii accessions
including both the L1 and L2 lineages with the purpose
of SNP identification and molecular marker development
using the Illumina MiSeq platform. RNA sequencing
of samples obtained from tissues grown under the same
conditions generated a similar pattern of gene expression
between the accessions, facilitating the detection of a large
number of SNPs. The average number of SNPs between
L1 and L2 (78,519) was four times higher than discovered
in previous studies by transcriptome sequencing of leaves
and spikes of two Ae. tauschii accessions, one each from
L1 and L2 (Iehisa et al. 2012, 2014). Iehisa et al. (2014)
performed RNA sequencing of leaf and spike tissues from
the two Ae. tauschii accessions using 454 sequencing and
detected 16,148 high-confidence SNPs. However, 300-bp
paired-end sequencing on the MiSeq platform can gener-
ate long reads of higher quality. The length of the merged
reads is comparable to the length of expressed sequence
tags. This distinguishing characteristic enables detection
of more SNPs, even from RNA sequencing data of only
leaf tissue.

The increased number of SNPs among various acces-
sions will help to construct more detailed genetic maps of
the D genome. Although most intralineage pairings had
fewer SNPs than interlineage pairings (Table 2), the least
polymorphic pair had as many SNPs as the previous report
(Iehisa et al. 2014). This result suggests that even intra-
lineage crosses could possess enough polymorphisms for
construction of genetic linkage maps. Molecular mark-
ers derived from the SNP dataset were actually assigned
around the /w2 locus (Fig. 4), and were as densely distrib-
uted as our previous study (Nishijima et al. 2014), dem-
onstrating that a fine map could be constructed efficiently
using SNPs derived from RNA sequencing. This SNP data-
set allows development of molecular markers in any spe-
cific chromosomal region of the D genome.

As expected, the number of indels was much smaller
than that of SNPs. Since indels in exons often cause
frame-shift mutations, purifying selection removes such
deleterious mutations from the population. This is one of
the disadvantages of marker development based on RNA
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Fig.4 Comparison of linkage maps of the /w2 region. a Genetic
map of the KU-2154/KU-2126 F, population (Nishijima et al. 2014).
b The Ae. tauschii scaffolds anchored to the chromosomal region

sequencing. Indels, however, were detected across entire
chromosomes as well (Fig. 2). The average number of
indels that were anchored to the chromosomes was >10 on
each chromosome in most of the pairwise comparisons of
Ae. tauschii accessions. They should be useful for rough
mappings, as PCR-based indel markers can be genotyped
more easily than SNP markers.

Pairwise comparisons between the ten accessions of Ae.
tauschii revealed a large variance in the number of SNPs
and indels on chromosomes within L1 except for 7D, where
some combinations between L1 and L2 accessions had a
smaller number of SNPs and indels than between L1 acces-
sions. These observations suggest the existence of gene
flow between L1 and L2 lineages on these chromosomes,

(Nishijima et al. 2014). The positions of genes and markers on the
two maps are indicated. ¢ The linkage map constructed using markers
developed in this study

whereas the number of SNPs on chromosome 7D between
the L1 and L2 lineages was clearly larger than within L1
or within L2. The intraspecific lineage structure of Ae.
tauschii is associated with differences in seed production
and flowering time (Matsuoka et al. 2015). In particular,
the L1 lineage with its high seed production and early flow-
ering time has spread across East Asia (Matsuoka et al.
2015). The L1 lineage may have loci related to adaption to
different habitats, preventing gene flow on chromosome 7D
and generating a clear divergence between the L1 and L2
lineages.

The present study used only ten accessions, which are
not enough to address evolutionary questions such as the
above hypothesis. To dissect the evolutionary dynamics of
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Table 5 Genetic association between /w2-linked marker genotypes and glaucous/non-glaucous phenotype in 210 accessions of Ae. tauschii

Marker name Genotyped accession no.

Glaucous phenotype (N = 20)*

Non-glaucous phenotype Association analysis®

(N = 190)*

KU-2003-type ~ KU-2124-type ~ KU-2003-type ~ KU-2124-type  p yajue
scaf43829_3 208 9 11 55 133 0.60281
scaf43829_4 197 9 11 174 3 447E-05
scaf43829_9 210 8 12 189 1 1.98E—11
scafl0812_6 186 0 20 142 24 1.48E—09
scafl0812_2 208 0 20 135 53 8.70E—06
scaf$2981_1 209 1 19 148 41 1.36E—05
scaf9655_1 210 0 20 48 142 0.7121

The numbers of accessions for each genotype are represented in glaucous and non-glaucous phenotypes

* The phenotypes were evaluated in Nishijima et al. 2014

b The values were calculated based on a mixed linear model in the TASSEL ver. 5.0 software

the Ae. tauschii population, it is necessary to study nucleo-
tide polymorphisms in more Ae. fauschii accessions. We
found no clear correlations between gene expression level
and SNP frequency per transcript (Fig. S2). This allowed
SNPs identified through RNA sequencing to capture the
genome-wide genetic diversity in the Ae. tauschii popu-
lation without any bias derived from differences in gene
expression level. Since the costs of RNA sequencing are
fairly low owing to the development of next-generation
sequencing technology and improvements in library con-
struction (Townsley et al. 2015), the approach of RNA
sequencing will make revealing genome-wide nucleotide
polymorphisms in over a hundred samples of Ae. tauschii
accessions feasible in the near future.

Advantages of RNA sequencing in the development
of novel genetic markers for Triticeae

To reduce the complexity of genome sequencing, many
derivatives of next-generation sequencing have been devel-
oped for the development of genetic markers (Kumar et al.
2012). In genotyping-by-sequencing and restriction site-
associated DNA sequencing, restriction enzymes are used
to create reduced representation libraries for sequencing
(Davey et al. 2011). Although this method has been useful
for SNP identification, the choice of enzymes might be a
critical factor, and a portion of the sequenced reads such
as repetitive elements might be discarded from the fol-
lowing analyses, especially in the Triticeae species, which
have a large and complex genome. On the other hand, RNA
sequencing focuses on exons only and fails to detect abun-
dant polymorphisms in intragenic regions. SNPs between
tested samples can be detected only in expressed genes.
However, our study demonstrated that RNA sequencing
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enables detection of a large number of SNPs, even between
genetically close accessions of Ae. fauschii. In addition,
our approach based on RNA sequencing assembly can
make almost full use of the sequenced reads, and requires
no prior information about the genome of interest. Based
on the conserved gene order between barley and its crop
relatives, SNPs can be anchored to specific chromosomal
regions. From these points of view, RNA sequencing
should be a reasonable approach for the development of
molecular markers in the Triticeae.

The number of SNPs aligned to the Ae. tfauschii genome
was twice that of barley (Tables 3, 4). However, the num-
ber of SNPs mapping to chromosomes was slightly higher
for barley (Tables 3, 4), consistent with a previous report
(Iehisa et al. 2014), suggesting that molecular markers can
be designed to specific target chromosomes using genomic
information from barley as precisely as information from
Ae. tauschii. These results also imply the versatility of the
barley genome for the dissection of the genomes of other
Triticeae species, since the synteny between barley and
wheat relatives is widely conserved (Mayer et al. 2011;
Wicker et al. 2011). In conclusion, our strategy, in which
SNPs detected through RNA sequencing assembly are
anchored to the seven chromosomes in silico based on the
conserved synteny, can develop a large number of molecu-
lar markers and should be applicable to marker develop-
ment for other wild species in the tribe Triticeae, at least
diploids such as Ae. caudata (C genome), Ae. umbellulata
(U genome) and Ae. comosa (M genome), which have no
draft sequences available at all.
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