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SUMMARY

Next-generation sequencing (NGS) provides a powerful tool for the discovery of important genes and alleles
in crop plants and their wild relatives. Despite great advances in NGS technologies, whole-genome shotgun
sequencing is cost-prohibitive for species with complex genomes. An attractive option is to reduce genome
complexity to a single chromosome prior to sequencing. This work describes a strategy for studying the
genomes of distant wild relatives of wheat by isolating single chromosomes from addition or substitution
lines, followed by chromosome sorting using flow cytometry and sequencing of chromosomal DNA by NGS
technology. We flow-sorted chromosome 5M? from a wheat/Aegilops geniculata disomic substitution line
[DS5M? (5D)] and sequenced it using an lllumina HiSeq 2000 system at approximately 50 X coverage.
Paired-end sequences were assembled and used for structural and functional annotation. A total of 4236
genes were annotated on 5M?, in close agreement with the predicted number of genes on wheat chromo-
some 5D (4286). Single-gene FISH indicated no major chromosomal rearrangements between chromosomes
5M? and 5D. Comparing chromosome 5M° with model grass genomes identified synteny blocks in Brachy-
podium distachyon, rice (Oryza sativa), sorghum (Sorghum bicolor) and barley (Hordeum vulgare). Chromo-
some 5M%specific SNPs and cytogenetic probe-based resources were developed and validated. Deletion
bin-mapped and ordered 5M? SNP markers will be useful to track 5M-specific introgressions and transloca-
tions. This study provides a detailed sequence-based analysis of the composition of a chromosome from a
distant wild relative of bread wheat, and opens up opportunities to develop genomic resources for wild
germplasm to facilitate crop improvement.
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INTRODUCTION

Next-generation sequencing (NGS) technologies are pro-
viding the ability to assess the genomic composition of crop
plants and contributing to a massive introduction of molec-
ular and genomics approaches into crop improvement pro-
grams (Henry, 2012; Varshney et al., 2014). NGS is suitable
for a number of purposes, including marker discovery, gen-
ome-wide selection studies and targeted re-sequencing to
identify important alleles and genes by comparing the gen-
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ome of crop species and their wild relatives (Egan et al.,
2012; Henry, 2012; Ray and Satya, 2014; Varshney et al.,
2014). NGS technologies may also be used to assess gene
structure and expression and identify heritable genomic
variation related to important agronomic traits (Berkman
et al, 2012). Application of NGS is straightforward in
species with small genomes and in crops for which refer-
ence genome sequences are available (Abe et al., 2012; Liu
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et al., 2012; Varshney et al., 2013). However, whole-genome
NGS data are more difficult to handle and use in species
with large and complex genomes for which reference
sequence assemblies are not available. Important species
with large, complex genomes are found in the tribe Trit-
iceae, with high repeat content (approximately 85%) and
large genome size of 4-5 GB per haploid genome. Many of
these species, including bread wheat (Triticum aestivum),
are polyploid, making the genome even larger (approxi-
mately 17 GB) (Choulet et al., 2014; International Wheat
Genome Sequencing Consortium, 2014). Exome capture
and genotyping-by-sequencing approaches have been used
successfully to reduce complexity, but they have their own
limitations at the whole-genome level and ignore some
potentially important parts of the genome (Winfield et al.,
2012; Jordan et al., 2015).

Flow cytometric sorting of individual chromosome(s)
and chromosome arm(s) provides an attractive approach
to reduce genome complexity. Through sorting, individ-
ual chromosomes or chromosome arms are typically iso-
lated at approximately 90-95% purity (Dolezel et al.,
2014). High-molecular-weight DNA prepared from flow-
sorted chromosomes was used to construct chromo-
some-specific BAC libraries (Safar et al.,, 2004, 2010) for
preparation of sequence-ready physical maps (Paux et al.,
2008; Philippe et al., 2013; Poursarebani et al., 2014) and
chromosome reference sequences (Choulet et al., 2014).
DNA amplified from a smaller number of these large
chromosomes is suitable for NGS technology (Mayer
et al., 2011). Although individual chromosomes still rep-
resent a considerable target of 500-1000 Mb, sequencing
individual chromosomes from flow-sorted DNA enables
more robust assembly and permits identification of the
majority of genes on a chromosome. Virtual gene order
maps may be developed using GenomeZipper (http://
pgsb.helmholtz-muenchen.de/plant/barley/gz/index.jsp),
which relies on synteny with sequenced model genomes
including rice, sorghum and Brachypodium distachyon L.
(Mayer et al., 2011, Martis et al., 2013; International
Wheat Genome Sequencing Consortium, 2014). The gene
order maps facilitate structural and comparative genomic
studies in cereals and have provided insight into evolu-
tionary aspects of wheat chromosomes (Ma et al., 2010;
Hernandez et al., 2012; Jordan et al., 2015). More impor-
tantly, DNA amplified from flow-sorted chromosomes has
been used for marker discovery (International Wheat
Genome Sequencing Consortium, 2014, Tiwari et al.,
2014).

The under-utilized tertiary gene pool of wheat (Qi
et al., 2007) is a potential gold mine for genetic variabil-
ity. However, the lack of molecular markers and geno-
mic resources, coupled with hybridization barriers, has
led to limited success in utilizing this attractive resource

for wheat improvement. Cytogeneticists have developed
hundreds of useful stocks whereby whole chromosomes
and arms from tertiary gene pool species have been
added to the wheat genome (Friebe et al., 1996a,b; Gill
et al., 2006; Schneider et al., 2008), but the lack of
molecular resources and tools impede their use. We
hope that developing genomic resources for these spe-
cies will result in better understanding of their genic
and non-genic constitution, and facilitate precise gene
transfer to wheat.

One of the tertiary gene pool species, Aegilops genic-
ulata Roth, is an important source of genes for crop
improvement (Zaharieva et al., 2001a,b; Dhaliwal et al.,
2002; Kuraparthy et al., 2007; Liu et al., 2012). Important
germplasm resources have been developed to utilize the
important variability from Ae. geniculata in wheat breed-
ing (Friebe et al., 2000; Dhaliwal et al., 2002; Kuraparthy
et al., 2007; Liu et al., 2012). A number of agronomically
important genes have been mapped on Ae. geniculata
chromosome 5M? from accession TA10437, including
Lr57, Yr40 and Sr53 (Dhaliwal et al.,, 2002; Kuraparthy
et al, 2007; Liu et al., 2012). In addition, chromosome
5M? from accession TA10437 escapes the diploid pairing
control of wheat and freely recombines with chromo-
some 5D of wheat (Liu et al., 2012). Our specific interest
in these genes and genetic factors led us to develop
alien chromosome-specific SNP markers after Illumina
sequencing of the flow-sorted short arm of chromosome
5M¢ of Ae. geniculata (Tiwari et al., 2014). However, due
to short sequence reads and low coverage, the sequence
data were not suitable for structural and comparative
analyses.

To develop genomic resources for targeted genes on
5M¢, we coupled the powerful NGS approach with flow
sorting of a complete Aegilops chromosome from its
substitution line, and reduced the complexity to an indi-
vidual chromosome. This study provides useful insight
into the functional and structural analysis of an Aegilops
chromosome from a tertiary wheat gene pool species.
We demonstrated the utility of alien chromosome-speci-
fic shotgun sequences to study chromosomal rearrange-
ments and its syntenic relationship with wheat and
wheat progenitors and model grass genomes. We devel-
oped SNP markers and ordered them in homoeologous
wheat deletion bins for downstream applications in
tracking and mapping introgressions of chromosome 5M
across the M-genome species such as Ae. comosa Sm.
in Sibth. & Sm. (MM), Ae. crassa Boiss. (USU°M°M°), Ae.
biuncialis Vis. (UPUPMPMP), Ae. neglecta Req. ex Bertol.
(U"U"M"M") and Ae. columnaris Zhuk (U°U°M°M°). Addi-
tionally, we developed repetitive DNA-based cytogenetic
markers and database resources for use in molecular
cytogenetic analyses.
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Figure 1. Flow-cytometric analysis of mitotic metaphase chromosomes iso-
lated from a wheat/ Ae. geniculata disomic substitution line. Histogram of
DAPI fluorescence intensity (flow karyotype) was obtained after analysis of
DAPI-stained chromosome suspensions, and comprises three composite
peaks representing groups of wheat chromosomes, and a peak representing
wheat chromosome 3B. The peak representing chromosome 5M9 is well
resolved, and the chromosome was sorted with approximately 95% purity.
Inset: Examples of flow-sorted chromosomes 5M¢ after FISH using probes
for the Afa family (red) and (GAA), repeats (yellow/green). The chromo-
somes were counterstained using DAPI (blue).

RESULTS
Flow sorting and sequencing of 5M® of Ae. geniculata

Flow cytometric analysis of DAPI-stained chromosome sus-
pensions prepared from a wheat/ Ae. geniculata 5M° dis-
omic substitution line resulted in a histogram of DAPI
fluorescence intensity (flow karyotype) with three compos-
ite peaks (I-1ll) representing groups of wheat chromosomes
and a peak for wheat chromosome 3B. Moreover, the peak
representing Ae. geniculata chromosome 5MY was well
resolved between composite peaks | and Il (Figure 1), per-
mitting sorting of chromosome 5MY with approximately
95% purity as determined by FISH. Sequencing of DNA
amplified from flow-sorted chromosome 5M° in one lane
of an Illumina HiSeq 2000 system generated more than
470 154 682 raw reads with a mean read length of 101 bp.
The short-paired end reads were filtered and trimmed for
quality control. The resulting 369 434 106 reads (79% of
the total raw reads) provided approximately approximately
50 x coverage of chromosome 5MY (estimated size
750 Mb), and were used for further analysis. Assembly of
the Illumina paired-end reads was performed using
SOAPdenovo (Luo et al. 2012) with various k-mer sizes
(31-79 bp). The assembly with the best N50 (a weighted
median statistic such that 50% of the entire assembly is
contained in contigs equal to or larger than this value; 79—
mer, 400 bp) and the highest number of larger contigs (959
contigs with scaffolds >10 kb) was chosen for further anal-
yses. De novo assembly of the 5M? reads resulted in

© 2015 The Authors
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Figure 2. General overview of annotated 5M? transcripts against five cereal
genomes. Numbers represent the total number of annotated genes in the
5M¢ assembly compared with various grass genomes, including wheat (ho-
moeologous group 5 chromosomes), barley, Brachypodium, rice and sor-
ghum. Numbers given below each species name represent the total number
of annotated transcripts in that species.

approximately 246 000 contigs with a length >500 bp and a
mean coverage depth of 13 x. Assembled repeat-free
sequences were then used for chromosome structure anal-
ysis, gene detection and construction of a virtual gene
order map.

Estimation of the gene content of chromosome 5M9, and
GenomeZipper analysis

By mapping wheat EST sequences to the repeat-free 5M?
contigs, we predicted the structure of 4236 transcripts (Fig-
ure 2). Sequence-based comparisons against the genomes
of barley, Brachypodium, rice, sorghum and wheat chro-
mosomes were performed. The total numbers of ortholo-
gous transcripts found in barley, Brachypodium, rice,
sorghum and wheat chromosomes were 1755, 1987, 1375,
1270 and 3045, respectively. Among the 4236 predicted
non-redundant transcripts, 3147 were found to have ortho-
logs in at least one of the grass genomes (Figure 2). The
number of 5M® genes shared among the species is
detailed in Figure 2. In total, approximately 72% (3045) of
the annotated genes on 5M° showed sequence identity
(mean 97%) to bread wheat, with high-confidence genes
on homoeologous group 5 chromosomes (5A, 5B and 5D).
A total of 1882 genes were shared by 5M? and all group 5
wheat chromosomes (Figure 3a). When genes on chromo-
some 5M9 were compared with genes/gene fragments in
the whole-genome draft assemblies of A and D genome
donors of hexaploid wheat, Triticum urartu Tumanian ex.
Gandilyan and Ae. tauschii Coss., we found that 2795
genes/gene fragments were shared by T. urartu and
Ae. tauschii and chromosome 5M° of Ae. geniculata
(Figure 3b).

The Plant Journal © 2015 John Wiley & Sons Ltd, The Plant Journal, (2015), 84, 733-746
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GenomeZipper-based alignment across the sequenced
cereal genomes based on syntenic regions generated a vir-
tual gene map of chromosome 5M? (Figure 4). The 5M?
sequences were compared by stringent BLASTX analysis
(Kopecky et al. 2013) against genomic sequences of
Brachypodium, rice, sorghum and barley (Mayer et al.,
2011) to identify syntenic blocks or regions (Figure 4).
Comparing the 5M® contigs against sequenced grass gen-
omes identified syntenic regions on Brachypodium chro-
mosomes 1 and 4, rice chromosomes 3, 11 and 12,
sorghum chromosomes 1, 2, 5 and 10, and barley chromo-
some 5H (Figure 4). Chromosome-specific information for
barley chromosome 5H was then used to anchor and order
5M9 genes and contigs.

Figure 3. Number of genes annotated on
Ae. geniculata chromosome 5M? compared with
those on homoeologous groups of wheat,
Ae. tauschii and T. urartu. The Venn diagrams
show (a) the number of wheat homoeologous
group 5 genes (5A, 5B and 5D) and (b) Ae. tauschii
(DD) and T. urartu (AA) genes shared with chromo-
some 5M? of Ae. geniculata. Overlaps represent the
number of 5M? genes that have homoeologous
genes in both or all three genomes.

Figure 4. Collinearity of Ae. geniculata chromo-
some 5M? with sequenced grass genomes. Linear
gene order of Ae. geniculata GenomeZipper against
the sequenced genomes of Brachypodium, rice,
sorghum and barley. Barley chromosome 5H-speci-
fic information was used to virtually anchor and
order 5M¢ genes. The outermost semi-circle repre-
sents the corresponding position of 5M? genes on a
high-density SNP consensus map of wheat chromo-
some 5D based on chromosome 5H of barley. The
scale bar with various colors shows the gene den-
sity in a 10 Mb window.

—11¢

=125

Repeat landscape of chromosome 5M?

To identify the main repetitive DNA elements of chromo-
some 5M?, de novo repeat reconstruction was performed
on lllumina sequence reads using the RepeatExplorer pipe-
line (Novak et al., 2013). A variety of repetitive DNA ele-
ments were identified based on all-to-all sequence read
comparisons using rigorous threshold similarities (90%
identity over 55% of the sequence length). Graph-based
clustering resulted in 128 093 clusters containing 2 755 143
sequence reads. Two hundred clusters, corresponding to
0.01% of the Illumina sequence reads, were manually
annotated using a combination of approaches based on
similarity searches against sequence databases (TREP,
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http://wheat.pw.usda.gov/ITMI/Repeats/; GIRI, http:/www.-
girinst.org/) and graph layout analysis. Annotation of the
largest clusters led to classification of 72.50% of chromo-
some 5M? sequences, and provided information about the
content of various types of repetitive elements (Figure 5).
The largest clusters contained mainly Ty3/gypsy-like ele-
ments (Figure 5), which were found to be the most abun-
dant (33.46% of the total repeat content). Ty7/copia-like
retroelements represented 12.82% of the repeats, whereas
10.49% of the repeats represented putative non-annotated
LTR retroelements, which did not contain any coding
domain that allowed their classification (Figure 5 and
Table S1). On the other hand, this group of putative LTR
elements shared high similarity with previously annotated
LTR sequences and/or contained putative LTR sequences

13.67%
= Ty3/gypsy
Ty1/copia
wLINE
DNA transposons
® Tandem repeats
Unclassified repeats®

= Non-annotated sequences

16.94%

12.82% Singlets

7.88%
1.02% 0.37%
Figure 5. Repetitive landscape of chromosome 5M° of Ae. geniculata. Com-
position of various repetitive elements in sequenced reads of chromosome
5MY of Ae. geniculata.

Figure 6. Application of wheat tandem repeats and
full-length ¢cDNA FISH probes to chromosome 5M¢
of Ae. geniculata.

(a) FISH pattern of tandem repeats (GAA),, pAs1
and NOR on chromosome 5MY. Repeat (GAA), is
shown in white, pAs1 is shown in red and NOR is
shown in green; chromosomes counterstained with
DAPI are blue.

(b) Physical mapping of group 5 wheat FLcDNA
FISH probes on chromosome 5M? from substitution
line TA6675. The wheat FLcDNA signals are red,

(Table S1). Sequences similar to DNA transposons repre-
sented 7.88% of the repeats; only 0.37% of the repeats
were found to be homologous to LINE elements. We were
not able to classify sequences within 51 clusters that
accounted for 6.45% of the analyzed repeats (Figure 5).
These sequences may represent unknown DNA repeats or
artifacts originating during the whole-genome amplifica-
tion procedure.

Based on the graphic layouts used by SeqGrapheR
(https://cran.r-project.org/web/packages/SeqGrapheR/
index.html), contigs derived from clusters containing
putative tandem repeats were identified using Dotter
analysis (Sonnhammer and Durbin, 1995) (Figure S1).
Dotter analysis revealed the presence of tandem orga-
nized repeats in 12 clusters, which together represented
1.02% of the sequence reads. Within these clusters,
known satellite/tandem sequences, as well as newly
identified tandem repeats, were found.

To develop a useful, repetitive DNA-based resource for
chromosome 5M9 a sequence database (http://olo-
mouc.ueb.cas.cz/projects/Aegilops_geniculata_5M) for vari-
ous types or families of DNA repeats was prepared by
merging reads from clusters with the same annotation.
This database is useful for fast annotation of previously
assembled genomic sequences by mapping the reads
using various alignment programs. Novak et al. (2013)
showed that collections of reads gathered from clustering
analysis provide better sensitivity for detecting divergent
repetitive elements because they better represent their
sequence variability. Databases of lllumina reads and
assembled contigs specific to the various types of repeti-
tive elements identified in the data for chromosome 5M?
were established and are publicly available at http://olo-
mouc.ueb.cas.cz/projects/Aegilops_geniculata_5M.

(GA), and centromeric repeats are green; chromo-

X ' Chromosome  FISH site FLcDNA Average distance from the centromere
somes counterstained with DAPI are blue. Each arm name KOMUGI
chromosome is presented as a merged image and database 5Ms-TA6675  5Me-TA10437 5D
as a separate red-channel image showing the 58 58-5 tplb0027f03 0.69+0.05 0.73+0.05 0.70+0.04
FLcDNA sites. Scale bar =5 um. The positions of 55-4 tplb0016e11 0.71+0.07 0.70+0.04 0.69+0.04
cDNA FISH probes and blocks of tandem repeats on 58-3 tplb0006h03 0.71£0.07 0.67+0.07 0.63+0.03
chromosome 5M? from the substitution line ::i :piggggg%g giiigg: g;;zgg; glgiggg
. . - p . . ¥ X .18+0.
TAhBGZF”hAe' ge”’c”’asraD acces:‘)" T.A1(t’:37t ZTd 5L 5L-1 tplb0014123 | 0.090.03 0.10:0.02 | 0.07£0.02
wheat chromosome 5L are shown in the table. 45-3 tplb0013i03 0.17£0.03 0.1520.02 0.1620.03
Chromosome measurement data for chromosome GA 0.22+0.02 0.22+0.01
5D were taken from Danilova et al. (2014). 5L-2 AK331808 0.50£0.03 0.48+0.02 0.45+0.03
5L-3 AK334748 0.69+0.03 0.70+0.04 0.61+0.03
5L-4 tplb0043p15 0.72+0.02 0.74%0.03 0.70+£0.02
Acc-2 0.86+0.02 0.82+0.02 0.81+0.03
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Single-gene FISH

Tandem repeats GAA, GA and pAs1, the LTR of retroele-
ment Quinta, and minor NOR sites were detected on chro-
mosome 5M¢ (Figure 6). Wheat chromosomes 3B, 4B, 5B
and 6B have large blocks of GA- repeats (Cuadrado et al.,
2008a), but their pattern differs from that of 5M®. There-
fore, in the following experiments, the GA- repeat was
used to identify chromosome 5M?. FISH using all 11 wheat
Full Length cDNA probes produced distinct signals on
chromosome 5M?° of Ae. geniculata (Figure 6). The order
and relative positions of the probes on chromosome 5M9
were similar in substitution line TA6675, Ae. geniculata
TA10437 (Figure 6) and chromosome 5D of Triticum aes-
tivum cv. Chinese Spring, indicating no major rearrange-
ments except for the positions of the two short-arm probes
5S-1 and 5S-2. These probes are located very close to each
other in the pericentromeric region. Their order is opposite
on chromosome arm 5DS and the short arms of chromo-
somes 5A and 5B of wheat (Danilova et al., 2014) and
5M9S of Ae. geniculata. This region of chromosome 5D of
wheat cv. Chinese Spring is probably inverted; however,
additional work is required to confirm this assumption.
The results of this analysis indicate that chromosome 5D-
specific mapping information may be used for ordering
homoeologous 5M° genes.

Physical localization of repetitive DNA-based probes

We identified repetitive DNA elements, especially simple
sequence repeats (SSRs), from sequences of flow-sorted
chromosome 5M° (Table S2). A subset of these were used
for developing FISH probes to identify chromosome 5M°.
Figure 7 shows FISH patterns of individual SSRs on chro-

Figure 7. Chromosome-specific localization of sim-
ple sequence repeats (SSRs).

(a-g) FISH patterns of individual SSRs on chromo-
some 5M? and a corresponding ideogram of local-
ization patterns.

(h,i) The FISH pattern of TR14 was specific to the
proximal region of the long arm of chromosome
5M°9 (h), and was also specific to short-arm sub-
terminal region of Ae. comosa subsp. subventri-
cosa, which is the M-genome donor species of
Ae. geniculata (i).

(j) However, no hybridization signal was detected in
another sub-species of Ae. comosa subsp. comosa.
(k) This probe was also used for detection of chro-
mosome 5M? in a wheat/ Ae. geniculata addition.
() The presence of chromosome 5M was further
confirmed in the disomic addition line using geno-
mic in situ hybridization (GISH). The FISH signals
are indicated by arrows, and the transposable ele-
ment Quinta, a centromere-specific probe, was
used for detection of centromere position. A
description of the probes is given in Table S1.

mosome 5M° together with an ideogram of localization
patterns. The FISH pattern of TR14 was specific to the
proximal region of the long arm of chromosome 5M¢ and
the short-arm sub-terminal region of Ae. comosa subsp.
subventricosa (Figure 7h,i). However, no hybridization sig-
nal was detected in another sub-species of Ae. comosa
subsp. comosa, implying that potential M-genome donor
species may have arisen from hybridization between Ae.
comosa subsp. subventricosa and one of the U-genome
donor species (Figure 7i,j). This probe was also used to
detect chromosome 5M? in the wheat/ Ae. geniculata chro-
mosome addition line (Figure 7k,l). Thus, a combination of
this probe and others may be used to identify the 5M9
alien chromosome in a wheat background.

Anchoring and ordering of 5M? NGS contigs

Our results with single-gene FISH revealed no evidence of
a major structural rearrangement between chromosomes
5D and 5M9, which indicated that the 5D data may be used
to map 5M° contigs and genes. We used barley-specific
GenomeZipper information to anchor 5MY genes
(Table S3) and 5M? contigs. Because chromosomes 5M¢
and 5D show a close relationship, chromosome 5D-specific
high-density SNP, POPSEQ and 5D physical map data
(Wang et al. 2014, Chapman et al., 2015; Luo et al., 2013)
were used to anchor 5M? genes and repeat-free NGS con-
tigs (Figure 4 and Table S3). Approximately 2600 5M9
genes or gene fragments and 5M? contigs were anchored
and ordered based on GenomeZipper, POPSEQ and
Ae. tauschii map-based datasets. The chromosome 5D
marker sequences (POPSEQ and Ae. tauschii physical
map) were used for BLAST-based searches against 5M°

© 2015 The Authors
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contigs, and information about the closest markers, based
on sequence similarity, was provided with respect to the
GenomeZipper data. Because an Ae. geniculata -specific
genetic map was not used in this study, our ability to
resolve 5M9 contigs was limited, but single-gene FISH data
indicated that 5D-specific data may be transferred to 5M?
for comparative genomics studies, including anchoring
and ordering of 5M® genes and contigs.

Development of SNP markers

Chromosome 5M? is an important source for agronomi-
cally important genes (such as Lr57, Yr40 and Sr53). To
develop a marker resource for identification of 5M-specific
introgressions across the various M-genome species, we
focused on developing 5M-specific SNP markers. To
develop short arm- and long arm-specific SNPs, 5M? reads
from Ae. geniculata were mapped onto homoeologous
group 5 wheat chromosomes (5A, 5B and 5D) and short-
arm and long-arm assemblies of hexaploid wheat cv. Chi-
nese Spring. After this step, we focused on finding chro-
mosome 5M-specific SNPs that had the same allele on all
group 5 wheat chromosomes but a different allele on 5M9,
We observed that 4538 SNPs had the same alleles in 5A,
5B and 5D chromosomes and different alleles in 5M®. By
mapping SNP sequences to arm-specific chromosome sur-
vey sequences (CSS) assemblies of Chinese Spring group
5 chromosomes, arm-specific 5M SNPs were identified
(Table S4). A total of 364 SNPs were identified on the short
arm and 1462 SNPs were identified on the long arm of
chromosome 5M9 (Table S4). To find SNPs in genic
regions, we aligned these SNPs against wheat ESTs
mapped on chromosomes 5A, 5B and 5D. The method
described by Tiwari et al. (2014) was then used to confirm
that the flanking sequences of 5M9-specific SNPs matched
the 5M? assemblies. Flanking sequences of 5M9-specific
SNPs were BLAST-searched against the 5M? assemblies so
that the primers designed based on the flanking sequences
would work for chromosomes 5A, 5B, 5D and 5M%. To
develop specific SNP assays, interference from variations
that may be located in the flanking sequences was elimi-
nated, and only 235 SNPs that showed no variation in the
100 bp flanking sequences of SNPs between the 5A and
5M¢ contigs were selected as described by Tiwari et al.
(2014). To locate these genic SNPs, 5M9-specific sequences
were then mapped on deletion bin-mapped wheat ESTs
(5A, 5B and 5D), and SNPs that showed at least 99% simi-
larity over 100 bp sequences were selected. Because 5M9
is similar to chromosome 5D of wheat (based on DNA
sequence composition and single-gene FISH) and a physi-
cal map of 5D is available, these ESTs were ordered based
on the 5D physical map. A total of 135 ordered 5M%-speci-
fic SNPs (Table S5) were placed in seven homoeologous
deletion bins of chromosome 5D, which provides an excel-
lent resource for screening for 5M%-specific introgressions
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from M-genome species (http:/wheatgenetics.org/down-
load/category/19-5 m-geniculata).

Identification of 5M°? contigs specific to the Lr57 and Yr40
region

Chromosome 5M°? of Ae. geniculata TA10437 is a source of
important genes including Lr57, Yr40 (Kuraparthy et al.,
2007) and Sr53 (Liu et al. 2011). Although the Lr57 and Yr40
genes were mapped in the distal region of chromosome 5D
with a very small distal segment from chromosome 5M9,
fine mapping and identification of the putative candidates
for these genes was not possible because of the limited
number of markers for Ae. geniculata. We have developed
germplasm and genomic resources to narrow down the
genetic region containing these two important genes.
Kuraparthy et al. (2007) mapped Lr57 and Yr40 genes and
identified the breakpoint between 5M? of Ae. geniculata
and 5D of hexaploid wheat using 5D-specific EST-derived
sequenced-tagged sites markers from wheat deletion bin
5DS2-0.78-1.00. By combining an NGS approach with rice
synteny and the Ae. tauschii physical map, the Lr57 and
Yr40 region may be narrowed to a small genetic interval
(Table S3). We used all the EST sequences mapped by Kura-
parthy et al. (2007) for a BLASTN search against the
Ae. tauschii physical map database (http://probes.pw.usda.-
gov/WheatDMarker/phpblast/blast.php). By combining both
results, we determined the virtual map position of flanking
ESTs of the Lr57 and Yr40 region on Ae. tauschii chromo-
some 5D (Tables S3 and S5). Our results with single-gene
FISH do not indicate any major rearrangement between
chromosomes 5D and 5M®. The 5D physical map informa-
tion may be used to anchor and order 5M9-specific contigs
for the Lr57 and Yr40 region (Table S5).

DISCUSSION

Complexity reduction and sequencing of chromosome
5M°

Like other members of the tribe Triticeae, Aegilops species
have large and complex genomes, and their ploidy varies
from diploid to hexaploid. Ae. geniculata is allotetraploid,
and its 1C genome size of 10.06 Gb (Eilam et al., 2008) is
similar to the 12.38 Gb genome size for tetraploid durum
wheat (T. turgidum subsp. durum) (Boyko et al., 1984). To
work efficiently on such a complex genome, reducing gen-
ome complexity, which involves high repetitive DNA con-
tent (approximately 85%) and homoeologous genes, is
useful. Several approaches to reduce genome complexity
are useful, such as sequencing complementary DNA for
generation of ESTs, RNA-Seq, exome capture, genotyping-
by-sequencing and chromosome flow sorting. The first
two strategies require developmental stage specificity of
RNA samples (Martienssen et al., 2005; Kopecky et al.,
2013). Exome capture is specific to the functional and
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hence smaller part of the genome, and genotyping-by-
sequencing may be used only for mapping and low-end
genetic diversity studies due to the low coverage of very
small sequence reads. On the other hand, the flow cyto-
metric chromosome sorting approach reduces genome
complexity (Dolezel et al., 2014) and plays an important
role in dissecting large and complex cereal genomes such
as wheat, rye and barley (Mayer et al., 2011, Martis et al.,
2013; International Wheat Genome Sequencing Consor-
tium, 2014). Chromosome flow sorting in wild relatives of
wheat has also been reported (Molnar et al., 2011; Molnar
et al., 2013; Grosso et al., 2012).

However, in some species, not every chromosome may
be discriminated and flow sorted. Thus, chromosome 5M?
was not separated in flow karyotypes of Ae. geniculata,
and was only sorted together with a group of other five
chromosomes (2M¢, 4M9, 2U9, 2U°% and 4U° (Molnar
et al., 2011). Our results demonstrate that one solution
may be to sort the chromosome of interest from alien
chromosome addition and substitution lines. This is possi-
ble in cases where the substituting or added chromosome
differs in relative size (measured in our case by DAPI fluo-
rescence) from the remaining chromosomes in the kary-
otype. Based on the observations by Vrana et al. (2015),
who mapped distributions of chromosomes within the
three composite peaks on the flow karyotype of hexaploid
wheat, and chromosome sizes (Safar et al, 2010), our
results indicate that the peak of chromosome 5MY was
resolved from the left shoulder of composite peak Il due to
the absence of wheat chromosome 5D, which has almost
the same molecular size as 5M° (748 Mb versus 750 Mb).
In the flow karyotype of the substitution line lacking 5D,
chromosome 5M9 was resolved clearly between the right
shoulder of chromosome 4D (648 Mb) on composite peak |
and the left shoulder of chromosomes 1A (799 Mb) and 6A
(705 Mb) on composite peak Il. The apparent discrepan-
cies between the estimated chromosome sizes and their
peak position are most probably due to the fact that chro-
mosomes were classified by flow cytometry after staining
by DAPI, which binds preferentially to AT-rich regions of
DNA. Thus, DAPI fluorescence does not correspond to the
DNA amount (Dolezel et al., 1992). This observation indi-
cates differences in AT/GC ratio between chromosome
5M? and wheat 5D.

The strategy used here will be extremely useful to
develop genomic resources for targeted chromosomes
from wild wheat relatives. Combining NGS technology
with flow cytogenetics provides a powerful approach for
studying complex genomes at the individual chromosome
level or even chromosome arm level (Dolezel et al., 2012;
Choulet et al., 2014, International Wheat Genome Sequenc-
ing Consortium, 2014; Tiwari et al., 2014). These advances
have opened up opportunities for developing genomic
resources for the wheat gene pool.

Gene content analysis

Comparative genomics approaches have been extensively
used in wheat and other cereals, and the inter-relationship
of syntenic blocks among the various cereal genomes has
been established (Devos and Gale, 2000; Salse et al., 2008;
Molnar et al., 2013). Gene content-based analysis predicted
the presence of approximately 4236 genes on chromosome
5M¢, which is very similar to the corresponding homoeolo-
gous group 5 chromosomes of hexaploid wheat, with simi-
larities of 96%, 95% and 98% for chromosome 5A, 5B and
5D, respectively. Lucas et al. (2014) reported the presence
of 4286 genes on 5D, which supports our estimated gene
number. Approximately 72% of the annotated 5M° genes
showed sequence identity to the wheat homoeologous
genes on chromosomes 5A, 5B and 5D. If all annotated
genes (including low-confidence genes) are included, then
3261 (approximately 77%) of the 5M°® genes had homoe-
ologs on the group 5 wheat chromosomes. The smaller
and highly fragmented 5M° assembly was the major limi-
tation in identification of complete or partial genes. We
were able to identify 1118 genes that had complete open
reading frames, but we were unable to differentiate com-
plete or partial genes in the rest of the cases. The reference
CSS assembly used for identification of homoeologous
genes for chromosome 5M? had approximately 90% com-
pleteness in terms of representation of total genes on the
wheat genome (International Wheat Genome Sequencing
Consortium, 2014). Our flow-sorting results were con-
firmed with 95% purity for chromosome 5MS. This indi-
cates that there is a possibility of approximately 5%
contamination from other chromosomes. Compounded
with the highly fragmented 5M9 assembly, use of very
stringent sequence identity criteria, and partially incom-
plete CSS reference assembly, this may explain the exis-
tence of a subset of 5M°® genes without any wheat
homoeologs. Similar results were observed for the number
of genes on chromosome 5M? and homoeologous chro-
mosomes 5A" and 5D" from T. urartu and Ae. tauschii, the
diploid A- and D-genome donors of hexaploid wheat (Fig-
ure 3b). A close similarity between the sizes of chromo-
some 5M9 (750 Mb) and wheat chromosome 5D (748 Mb)
(Lucas et al., 2014) was also observed. These similarities
indicate that 5D may be used as a reference to study chro-
mosome 5M9. The annotated sequences identified here for
chromosome 5MY represent an important genomic
resource for wheat improvement.

We used GenomeZipper to develop a virtual gene order
map of Ae. geniculata chromosome 5M9. Various studies
on crop plants have established that GenomeZipper is a
useful tool for gene-based anchoring and ordering of phys-
ical maps, especially in crops where a reference sequence
is not available (Mayer et al., 2011, Kopecky et al., 2013;
Martis et al., 2013; Philippe et al, 2013; International
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Wheat Genome Sequencing Consortium, 2014). Mapping
of 5M? genes showed collinear order with barley chromo-
some 5H, in agreement with various published reports, fur-
ther highlighting the conservation of large-scale co-
linearity among species of Triticeae (Mayer et al., 2011;
Lucas et al., 2014). Chromosome 5M? was collinear with
three rice chromosomes (30s, 110s and 120s), two
Brachypodium chromosomes (Bd1 and Bd5) and four sor-
ghum chromosomes (Sb1, Sb2, Sb5 and Sb8). Our findings
were also supported by previous reports that indicated a
syntenic relationship of group 5 wheat chromosomes (5A
and 5D) with the Brachypodium, rice, sorghum and barley
genomes (Vitulo et al., 2011; Lucas et al., 2014).

Determination of homoeologous relationships of 5M°
using single-gene FISH

Single-gene FISH is an important technique that utilizes
highly conserved genic sequences among Triticeae species
to develop homoeolog-specific wheat and Triticeae-specific
FISH markers (Lamb et al., 2007; Danilova and Birchler,
2008; Ma et al., 2010; Karafiatova et al., 2013). Danilova
et al. (2014) used single-gene FISH to analyze homoeolo-
gous relationships and chromosomal rearrangements
within the Triticeae. Our study with single-gene FISH,
using 11 FL-cDNA probes, indicated no major rearrange-
ment between 5M? of Ae. geniculata and chromosome 5D
of hexaploid wheat (Figure 6). Low-resolution, single-gene
FISH provided the gene order and allowed us to use com-
parative gene mapping based on synteny conservation
between chromosome 5D and 5M°,

Limited information on evolutionary and cytogenetic
relationships between wheat and its wild relatives hampers
transfer of alien genes to wheat (Friebe et al., 1996b; Ceo-
loni, 2006). Information about chromosomal rearrange-
ments of a given chromosome is important for the success
of gene transfer by induced homoeologous recombination
(Riley et al., 1968; Sears, 1977), because it depends on gen-
ome affinity and chromosome co-linearity (Danilova et al.,
2014). The extent of meiotic pairing of alien chromosomes
or chromosome arms with wheat homoeologs corresponds
to the level of structural rearrangements (Ceoloni et al.,
1988; Devos et al., 1993; Cuadrado et al., 1997; Lukaszewski
et al., 2004). Chromosomes 5M? (this study) and 5D (Lucas
et al., 2014) are of similar size (approximately 750 Mb), and
the number of predicted genes is also similar.

Chromosome 5M? did not show any major structural
rearrangements relative to the group 5 wheat chromo-
somes (Figure 6), and therefore gene transfer from 5M9
may be facilitated by induced homoeologous pairing
between 5M° and the group 5 wheat chromosomes. Sev-
eral important genes have been transferred from
Ae. geniculata accession TA10437 to wheat (Kuraparthy
et al., 2007; Liu et al., 2011). Liu et al. (2011) reported a
higher than expected chromosomal meiotic metaphase |
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pairing between chromosomes 5D and 5M° (from the
same accession of Ae. geniculata used in this study), sug-
gesting no major rearrangements in chromosome 5M°,

The annotated 5M genes and contigs were anchored
using GenomeZipper. We used the barley physical map for
chromosome 5H to deduce a virtual gene order for 5M9,
Due to the absence of an Ae. geniculata -specific genetic
map, we are unable to resolve 5M chromosomal events.
However, single-gene FISH data indicated that wheat chro-
mosome 5D data may be transferred to chromosome 5M9,
and 5D-specific markers may be used to anchor 5M? con-
tigs and to deduce gene order. We used 5D high-density
SNP marker data (Figure 4), POPSEQ data and Ae. tauschii
5D map data (Table S3) to anchor 5M? contigs (Luo et al.,
2013; Wang et al., 2014; Chapman et al., 2015). To avoid
any discrepancies between marker datasets, we used the
5M® virtual order deduced by GenomeZipper (based on
barley 5H) and provided corresponding POPSEQ and
Ae. tauschii 5D map positions (Table S3).

These ordered contigs may be used as a resource for
developing more markers to target 5M?Y specific-genes
such as Lr57, Yr40 and Sr53 (Table S5). Using a compre-
hensive in silico approach, we narrowed the Lr57 and Yr40
region and corresponding sequenced contigs of chromo-
some 5MY (Tables S3 and S5). SNPs identified in this
research will be useful in the eventual map-based cloning
of genes Lr57 and Yr40.

5M9 repeat content: analysis and visualization

The high repeat content of 5M? (74.0%) is as expected from a
member of the tribe Triticeae (Wicker et al., 2005, 2007;
Daron et al., 2014). Daron et al. (2014) reported 85% trans-
posable elements in the 833 Mb chromosome 3B, and 77%
and 74% in the diploid A- and D-genome donors T. urartu
and Ae. tauschii, respectively. Class | transposable elements
were major contributors to the repeat content of 5M° (Fig-
ure 5), with Ty3/gypsy-like elements being the most abun-
dant (33.46%), followed by Ty1/copia-like retroelements
(12.82%) and putative non-annotated LTR retroelements
(10.49%). DNA transposons represented only approximately
8% of the reads, with 0.4% of reads being homologous to
LINE elements. Retroelements that move via an RNA inter-
mediate are known to be the major component of plant gen-
omes (Sabot et al., 2005; Wicker et al., 2007; Charles et al.,
2008; Tenaillon et al., 2010). Daron et al. (2014) analyzed the
transposable element composition of wheat chromosome
3B, and also found that Ty3/gypsy-like elements accounted
for the highest proportion (47%) of the total transposable ele-
ment fraction, in agreement with our results.

Repeat-based FISH probes were developed and used to
characterize chromosome 5M?. The chromosomal localiza-
tion of various repetitive DNA sequences, including SSRs
such as (GAA),, tandem repeat sequences (pSc119.2 and
the Afa family) and ribosomal genes have been used to
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identify the chromosomes of wheat and its wild relatives
(Jiang et al., 1994; Pedersen and Langridge, 1997; Cua-
drado et al., 2008b; Sepsi et al., 2008). De novo identifica-
tion of repetitive DNA elements by NGS of whole-genome
or flow-sorted chromosomes has proven a useful resource
for developing cytogenetic FISH markers in several plant
species (Macas et al, 2007, 2011; Torres etal, 2011;
Kopecky et al., 2013). Thus, the probes developed in our
study may be used to identify the 5M? alien chromosome
in a wheat background.

Development of 5M9-specific SNPs

Despite the rapid advancement in NGS technology, very
limited marker information is available for alien chromo-
somes, especially from the tertiary gene pool of wheat. We
developed 4538 5M9-specific SNPs, of which 235 high-con-
fidence SNPs (Table S6) were located in the chromosome
5D deletion bins of bread wheat and ordered by the 5D
physical map. These bin-mapped and ordered SNPs (upon
validation) may be used to identify large to cryptic translo-
cations between wheat and 5M chromosomes from M-gen-
ome species such as Ae. comosa (MM), Ae. crassa
(UUMM), Ae. biuncialis (UUMM), Ae. neglecta (UUMM)
and Ae. columnaris (UUMM), which will reduce the exten-
sive genomic in situ hybridization - and FISH-based screen-
ing of progenies required to select targeted translocations.

CONCLUSIONS

The production of an Illumina sequence assembly of chro-
mosome 5M¢ provides useful insight into the genome
organization of a wild wheat relative and Triticeae genome
evolution. We characterized the synteny between chromo-
some 5M? and its sequenced grass genome relatives, and
our analysis indicated no major chromosomal rearrange-
ments between chromosomes 5M¢ and 5D of wheat. The
NGS data were used for constructing the virtual gene order
of 5M?, anchoring and mapping of contigs on a physical
map, and studying structural rearrangements in chromo-
some 5M9. The data were used to develop SNPs and repet-
itive DNA-based cytogenetic markers. The flow-sorted
chromosome approach presented here is a powerful strat-
egy for developing knowledge and molecular tools for wild
relatives of wheat, and marks an important step forward
for effective utilization of the tertiary gene pool for wheat
improvement.

EXPERIMENTAL PROCEDURES
Plant material

Plant materials included Ae. geniculata (accession number
TA10437) and the bread wheat (T. aestivum L. cv. Chinese Spring)/
Ae. geniculata 5M9 chromosome disomic substitution line TA6675
[DS5M9(5D)]. The TA6675 line contains 20 pairs of wheat chromo-
somes and chromosome pair 5M9 from Ae. geniculata, substitut-

ing for chromosome 5D of wheat. For chromosome sorting, seeds
of disomic substitution line TA6675 were used. The plant materi-
als used in this study were procured, developed and maintained
by the Wheat Genetics Resource Center at Kansas State University
(http://www.k-state.edu/wgrc/).

Chromosome analysis, sorting and sequencing

Aqueous suspensions of mitotic metaphase chromosomes were
prepared from wheat/ Ae. geniculata disomic substitution line
TA6675 as described by Vrana et al. (2000). Samples were stained
using DAPI and analyzed using a FACSAria Il SORP flow cytome-
ter and sorter (BD Biosciences, http://www.bdbiosciences.com/us/
home?cc=US&WT.srch=1&gclid=CNigqvu3CwsgCFQiraQod3ygJSg).
Three independent samples of 33 000 chromosomes (equivalent of
3 x50 ng DNA) were sorted into 40 pl of sterile deionized water in a
0.5 ml PCR tube. The contamination of sorted fractions by other
chromosomes was assessed for each sort run by analyzing 1000
chromosomes on a microscopic slide. The chromosomes were iden-
tified by FISH using probes for the Afa family and [GAA], repeats.
The protocol described by Simkova et al. (2008) was used to amplify
DNA of flow-sorted chromosome 5M°. The sorted fractions were
treated using proteinase and purified using Microcon YM-100 col-
umns (Millipore, http://www.emdmillipore.com/). The 5M¢ DNA was
amplified using an lllustra GenomiPhi V2 DNA amplification kit (GE
Healthcare, http://www3.gehealthcare.com/en/global_gateway). The
three samples of amplified DNA were then pooled to reduce possi-
ble amplification bias. The amplified chromosomal DNA was
sequenced using a HiSeq 2000 system (lllumina, https://www.
illumina.com/). The pooled multiple displacement amplification-
amplified DNA (5.0 pg) was used to create a shotgun DNA-seq
library. DNA sequencing libraries were prepared using an Illlumina
TruSeq DNA kit, and agarose gel size selection was used for library
preparation steps. The mean fragment size for the sequencing
library was 504 bp. Because the size of the adapter sequences was
120 bp, the final insert size for sequencing was 384 bp. The 5M°%-
specific library was sequenced on one lane of an lllumina
HiSeq 2000 system at the Center for Genome Research & Biocom-
puting, Oregon State University (Corvallis, OR).

Assembly of chromosome 5M? sequences

Sequence data were checked for read quality, and, after initial fil-
tering and trimming, lllumina paired-end reads were assembled
using SOAPdenovo (Luo et al. 2012), and four k-mer-based param-
eters were used (31, 57, 75 and 79) to achieve optimum assembly.
The raw 5M9 reads were deposited in the National Center for
Biotechnology Information Sequence Read Archive under acces-
sion number SRX1167449. The program was run on the Beocat
high-performance computing clusters at Kansas State University,
and the assembly with the best N50 was selected for further analy-
ses. Table S6 provides detailed information about 5M? assemblies
generated using various k-mers.

The repetitive sequences from the assembly were masked by
BLAST searching against the GIRI plant repeats database (http://
www.girinst.org/). The 75-mer-based run provided the assembly
with the best sequence coverage and N50. The repetitive DNA
contents in chromosome 5MY sequences were identified using
Vmatch (http://www.vmatch.de) against the MIPS-REdat Poaceae
version 8.6.2 repeat library (http:/pgsb.helmholtz-muenchen.de/
plant/recat/search.jsp).

Gene estimation and GenomeZipper analysis

Approximately one million cDNA sequences of hexaploid wheat
were downloaded from the National Center for Biotechnology
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Information Sequence Read Archive and mapped to 5M°
assemblies to predict genes and structures using the PASA pipe-
line with default parameters (Haas et al., 2003). In total, approxi-
mately 318 166 cDNA sequences were aligned to 5M¢ assemblies.
After filtering with a minimum of 90% similarity and correct splice
sites, 52 203 cDNA sequence alignments were used for gene con-
tent prediction. The predicted 5M9 transcripts were BLAST-
searched against other sequenced grass species including Brachy-
podium, rice, sorghum and barley transcript sequences to detect
possible orthologous genes. The best hits with an e-value <1e-30
and for which >60% of the overall length of the coding sequence
was aligned were selected as the corresponding orthologous
genes.

Genes on Ae. geniculata chromosome 5M? and its sequence
contigs were then ordered based on syntenic relationships of the
orthologous genes. The repeat-masked 5M? contigs were also
compared to a bread wheat chromosome 5D shotgun sequence
assembly (International Wheat Genome Sequencing Consortium,
2014) using the National Center for Biotechnology Information
BLASTN tool with a cut-off e-value of 1e-30. The 5D consensus
map (1009 markers) constructed based on a 90K genotyping assay
of eight populations (Wang 2014) and physical mapping data of
gene markers from an integrated physical map of chromosome
5D of Ae. tauschii was then used to order 5M9 genes and NGS
contigs. A high-density POPSEQ map (Chapman et al., 2015) of
bread wheat chromosome 5D was also used to order 5M? genes
and contigs. The corresponding relationships of the ordered
genes with various grass genomes and wheat 5D consensus maps
were visualized using Circos plot (Krzywinski et al., 2009). To
order the 5Mg contigs, barley-based GenomeZipper data were
used. The corresponding mapping information of 5D POPSEQ and
the 5D physical map (Ae. tauschii) are provided against the
GenomeZipper-based ordered 5M virtual map for downstream
applications.

Repeat reconstruction and annotation

A random dataset, representing 0.4 x coverage of chromosome
5M9, was retrieved from the Illumina data and used for recon-
struction of repetitive elements using a graph-based method
(Novak et al., 2010) using the Louvain clustering algorithm (Blon-
del et al., 2008). Resulting clusters were manually annotated using
several sources, including similarity searches using RepeatMasker
(http://www.repeatmasker.org), and BLASTX and BLASTN tools
were used for similarity searches against public databases and
also against the database of domains derived from plant mobile
elements  (http://repeatexplorer.umbr.cas.cz). Dotter analysis
(Sonnhammer and Durbin, 1995) was used to confirm the pres-
ence of tandem organized repeats.

FISH with single-gene and repetitive DNA element-based
probes

Somatic chromosome preparations, direct probe labeling by nick
translation and FISH were performed as described by Kato et al.
(2006) and Kato et al. (2004), with modifications as described by
Danilova et al. (2012). To study the structure of the 5M? chromo-
some, 11 cDNA FISH probes (Table S3) mapped on group 5 wheat
chromosomes were used, and their positions relative to the cen-
tromere were measured on five to eight 5M? chromosomes from
the substitution line TA6675 and Ae. geniculata TA10437 (Danilova
et al., 2014).

Chromosome preparation and repetitive DNA element-based
FISH were performed as described by Danilova et al. (2014) and
Koo et al. (2010). The oligonucleotide probes CY5-(AAG);, 6-
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FAM-(GA);; and TEX615-TCAGAGTTCATTTGAAATGCTTTTCA,
labeling the D-genome-specific Afa family repeat (Nagaki et al.,
1995), were synthesized by Integrated DNA Technologies
(https://www.idtdna.com/site) and used to identify chromosome
5M¢ on chromosomal spreads of Ae. geniculata and the substi-
tution line TA6675. Clone pTa771 containing 8S, 5.8S and 26S
rRNA wheat genes (Gerlach and Bedbrook, 1979) labeled with
fluorescein-12-dUTP (Perkin Elmer, http://www.perkinelmer.com/
lab-solutions/default.xhtml) was used to detect NOR sites. A
probe for the LTR of transposable element Quinta (Li et al.,
2013) was labeled with fluorescein-12-dUTP and used to detect
centromeres. Other SSRs used as FISH probes (Table S4) were
amplified in the absence of template DNA (Cox et al., 1993).
Wheat chromosomes 3B, 4B, 5B and 6B have large blocks of
(GA) repeats (Cuadrado et al., 2008a), but their pattern is differ-
ent from that of 5M9. Images were captured using an Axio-
plan 2 microscope (Zeiss, http://zeiss-campus.magnet.fsu.edu/)
and a CoolSNAP HQ2 camera (Photometrics, http://www.
photometrics.com/) and AxioVision 4.8 software. Images were
processed using Adobe Photoshop software (Adobe Systems,
http://www.adobe.com/).

SNP discovery and chromosome 5M9-specific markers for
short and long arms

To identify Ae. geniculata chromosome 5M9-specific SNPs, we
used the approach described by Tiwari et al. (2014). Before align-
ing reads to references, all reads were trimmed to remove low-
quality bases (Phred score <15, http://www.phrap.org/phredphrap
consed.html) at the ends; reads of more than 30 bp after quality
trimming were then filtered based on overall quality (80% of bases
must have quality >15). CSS assemblies from wheat chromosome
arms 5AS, 5AL, 5BS, 5BL, 5DS and 5DL (International Wheat Gen-
ome Sequencing Consortium, 2014; http://www.wheatgen-
ome.org/) were used as reference to map 5M° reads, and variants
were called in the second step. Bowtie software (version 1.3)
(http://bowtie-bio.sourceforge.net/index.

html) was used to map quality filtered reads of 5M9 to the Chinese
Spring 5A, 5B and 5D contigs using mapping quality control
parameters as: -k 1 -best —v 3. The 5M? reads that mapped on the
short arm of group 5 assemblies were considered as 5M? short-
arm SNPs, whereas those that mapped on the long arm were con-
sidered as 5M? long-arm SNPs. The alignment results were saved
in SAM format files using SAMtools (version 1.8) (http://www.ht-
slib.org), and used to generate pileup files, which were then fed to
BCFtools (http://www.htslib.org) to call raw variations using
default parameters. To develop 5M9specific marker assays and
avoid any other variation in the flanking SNP region, the program
BLAT (Kent, 2002;) was used to align the 100 bp flanking
sequences of 5M9-specific SNPs against the reference contigs of
homologous wheat chromosome arms (5AS, 5AL, 5BS, 5BL, 5DS
and 5DL). The alleles of SNPs with 100% similarity on the flanking
sequences in 5A, 5B and 5D were then compared to select poten-
tial 5M9 -specific SNPs.

To develop 5M? SNPs from genic regions and localize 5M® SNP
sequences on wheat deletion bins, 5M° sequences were aligned
against the wheat EST database (http://wheat.pw.usda.gov/wEST)).
SNP sequences with a high similarity percentage were shortlisted
and assigned to deletion bins of homologous group 5 wheat chro-
mosomes. The alleles of SNPs with 100% similarity on the flanking
sequences in 5A, 5B and 5D chromosome-specific ESTs were then
compared to select potential 5M9-specific SNPs. Because the
majority of 5D ESTs were ordered based on the Ae. tauschii physi-
cal map, we used this information to order 5M9%specific SNPs
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(based on the order of the aligned EST with that particular SNP).
Additionally, we used a consensus genetic map and a POPSEQ
map of chromosome 5D to order ESTs corresponding to 5M con-
tigs. Only sequences with a 99% match based on BLAST search
were used to assign 5D deletion bin positions.
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