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Abstract

Thinopyrum elongatum serves as an excellent gene pool for
wheat improvement. Genes for resistance to many biotic and
abiotic stresses have been transferred from Th. elongatum to
wheat through chromosome manipulation. For breeding pro-
grams, molecular markers enable screening of a large number
of genotypes for alien chromosome introgressions. The main
objective of the present study was to develop and characterize
EST (expressed sequence tags) and PLUG (PCR-based
Landmark Unique Gene) markers that can distinguish 7h. elon-
gatum chromatin from the wheat genomes. A total of 258 map-
ped EST primer pairs and 46 PLUG primer pairs were tested
on DNA from wheat Chinese Spring (CS) and CS-Th. elonga-
tum addition lines. The results showed that 43 primer pairs
could be effectively mapped to specific Th. elongatum
chromosomes. Twenty-two of the 43 markers displayed similar
homoeologous chromosome locations to hexaploid wheat.
Nine markers mapped to different linkage groups between
wheat and Th. elongatum, while 12 makers mapped on two
or three different 7h. elongatum chromosomes. A comparison
of molecular marker locations indicated that Th. elongatum
genome was closely related to the D genome of wheat, and
chromosome rearrangements and duplication had occurred in
Th. elongatum and the wheat genomes. The markers will be
useful in comparative gene mapping, chromosome evolu-
tionary analysis, and gene introgression for wheat improve-
ment using Th. elongatum accessions as gene donors.
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Introduction

Wild relatives of common wheat (7riticum aestivum L.) have
been used extensively as sources of useful genes for agri-
culture (Friebe et al.,, 1996; Trethowan and Mujeeb-Kazi,
2008). These alien-derived genes have been transferred into
wheat via wide hybridization and make it possible to increase
resistance and tolerance to biotic and abiotic stresses, re-
spectively (Fedak, 1999; Feuillet et al., 2007). Thinopyrum
elongatum (Host) A. Love (2n = 14, genome E°E®) was de-
termined to have many agronomical useful traits for wheat
improvement, such as tolerance to salt (Dvorak et al., 1988;
Zhong and Dvorak, 1995) and drought (Roundy, 1985), resist-
ance to leaf rust (Friebe et al., 1996), stripe rust (Ma et al.,
1999; Yang and Ren, 2001), Fusarium head blight (Shen et
al., 2004; Jauhar et al., 2009) as well as high protein (Garg
et al., 2009). With the aim to introduce useful genes from
Th. elongatum to wheat, T. aestivum-Th. elongatum amphi-
ploids and several sets of alien chromosome addition and sub-
stitution lines were developed as germplasm stocks (Dvorak
and Knott, 1974; Dvorak and Chen, 1984; Tuleen and Hart,
1988; Mujeeb-Kazi et al., 2008).

From the last century, wheat breeders have crossed E-ge-
nome-containing species with wheat in the attempt to improve
wheat’s disease resistance or quality. Numerous resistant
Trititrigia lines have been produced (Sharma and Knott, 1966;
Sun, 1981; Li et al., 1985; Sharma et al.,1989; Friebe et al.,
1994; Zhang et al., 2005). In order to identify the resistant
gene(s) quickly and efficiently, the development of molecular
marker assisted-chromosome manipulation has played a vital
role (Gale et al., 1989; Hohmann et al., 1996; Rogowsky et
al., 1991; Schwarzacher et al., 1992). Randomly amplified pol-
ymorphic DNA (RAPD), sequence characterized amplified re-
gion (SCAR), microsatellite markers or simple sequence repeat
(SSR) were widely applied to develop genome- or chromo-
some-specific markers for Th. elongatum species (Liu et al.,
1998; You et al., 2003; Chen et al., 2007, 2010). Since the
interpretation of RAPD data is sometimes limited by poor re-
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peatability and the SCAR markers and genomic SSR markers
lack transferability among related species, attention was fo-
cused on the PCR markers based on EST data (Mullan et al.,
2005). To date, more than one million wheat expressed se-
quence tags (ESTs) have been registered in public databases
(Wheeler et al., 2006). The abundant EST sequences and in
particular the representing unigenes allowed for designing
PCR primers to target the chromosomal regions of wheat (Qi
et al., 2003; Ishikawa et al., 2009). EST-SSR is recognized
as an efficient and stable method to develop chromosomal mo-
lecular markers depended on its association with conserved
expression sequences. The transferability of EST-based PCR
markers among the related species allowed it to trace the in-
troduced alien chromatin easily (Varshney et al., 2005; Sim
et al., 2009).

In this paper, we report the development of 43 molecular
makers specific to Th. elongatum chromosomes, which reveals
extensive genomic rearrangements in Th. elongatum. These
markers proved to be powerful for detecting Th. elongatum
chromatin in wheat background, can be widely used in wheat
breeding programs.

Material and Methods

Plant materials

T. aestivum L. cv. Chinese Spring (CS, genome AABBDD,
2n=42), Th. elongatum (Host) D. Dewey, CS-Th. elongatum
amphiploid (Ag-CS-1, genome AABBDDEE, 2r=56), and 7
disomic additions of individual Th. elongatum chromosome
in CS (DA1E-DA7E) were kindly provided by Dr. J. Dvorak,
University of California, Davis, CA, USA. Pseudoroegneria
spicata (Pursh) A. Love (St genome, 2n = 2x = 14) accession
PI 23213 1were obtained from the USA National Small Grains
Collection at Aberdeen, Idaho. Wheat-Th. ponticum partial am-
phiploid 7430 developed by Li et al. (1985), and were obtained
by Dr. Z. J. Chang of the Shanxi Academy of Agricultural
Science, China. Wheat-Th. intermedium ssp. trichophorum
partial amphiploid 1520 was developed by our lab (Yang et
al., 2006) and identified in this study.

DNA extraction and PCR analysis

Total genomic DNA was prepared from young seedling leaves
after following the procedure of Yang et al. (2006). A total
of 258 pairs of EST-SSR primers (listed in Table 1) were syn-
thesized according to Xue et al. (2008). EST-SSR analysis was
performed in total reaction volume of 25 pf, containing 10
mmol Tris-HCI (pH 8.3), 2.5 mmol MgCl,, 200 umol of each
dNTP, 400 nmol primer, 50 ng template DNA and 0.5 U Taq
polymerase (Takara, Japan). EST-SSR amplification was car-
ried out in a MyCycleTM Thermal Cycler (Bio-RAD, USA).
The cycling parameters were, 94 °C for 3 min to pre-denature;
followed by 40 cycles of 94 °C for 45sec, 55 °C for 45sec,
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and 72 °C for 1 min; and then a final extension at 72 °C
for 10 min. The PCR products were fractionated on 39:1 poly-
acrylamide gel by silver-staining.

PCR-based landmark unique gene (PLUG) primer se-
quences were developed by Ishikawa et al. (2007), the primers
were listed in Table 1. PLUG primer analysis was performed
in total reaction volume of 25 pl, containing 10 mmol
Tris-HCI (pH 8.3), 2.5 mmol MgCl,, 200 umol of each dNTP,
400 nmol primer, 50 ng template DNA and 0.5 U Taq poly-
merase (Takara, Japan). EST-SSR amplification was carried
out in a MyCycleTM Thermal Cycler (Bio-RAD, USA). The
cycling parameters were 94 °C for 3 min to pre-denature; fol-
lowed by 40 cycles of 94 °C for 45sec, 55 °C for 45sec, and
72 °C for 2min; and then a final extension at 72 °C for 7
min. An 8 pl aliquot of the product was digested for two
hours with 1.0 U of Taql (60 °C), Hpall 37 °C), Haelll (37
°C) in incubators, respectively. Digested fragments were frac-
tionated by electrophoresis on a 3% agarose gel in TAE buffer.

GISH analysis

Pseudoroegneria spicata (St genome) genomic DNA was la-
beled with digoxigenin-11-dUTP by nick translation according
to the manufacturer’s instruction (Roche Diagnostics, USA),
and Chinese Spring (CS) genomic DNA for blocking. The
probe was diluted to a final concentration of 1 pug/mf in the
hybridization solution and the hybridization mixture was pre-
pared as described by Mukai et al. (1993). The digoxigenin
labeled genomic DNA signal was detected with fluo-
rescein-conjugated antidigoxigenin antibody (Roche Diagnos-
tics). The slide was finally mounted in Vectashield antifade
solution (Vector Laboratories, USA) with (0.25 pg/mt) propi-
dium iodide for only FITC detection. Photomicrographs of
GISH chromosomes were taken with an Olympus BX-51
microscope.

Results

Development of Th. elongatum chromosome specific markers
An initial set of 258 EST-SSR primer pairs mapped on wheat
individual chromosomes by Xue et al. (2008) were applied
to reveal amplified polymorphisms between Ag-CS-1 and CS.
Only 100 primer pairs out of a total of 258 primer pairs ampli-
fied polymorphic bands between Ag-CS-1 and CS. These 100
primer pairs were used to develop specific markers for detect-
ing individual Th. elongatum chromosomes in wheat back-
ground using Th. elongatum, a set of disomic addition lines
(DAIE to DA7E) and CS as materials. Of the original 100
primer pairs, only 37 primer pairs could amplify polymorphic
bands between wheat and Th. elongatum, and the remaining
63 primer pairs could not be mapped to the disomic addition
lines (DAI1E to DA7E). Thirteen primer pairs were from wheat
A genome, 21 from B genome, and 3 from D genome. Less
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Table 1. The detail information of 43 primer pairs which can be used to generated Thinopyrum elongatum chromosomal specific marker.

. . .. . Wheat or rice E-genome Amplification Amplification
Primer pair name  Original Acession . . . . s Sources
Chromosomal location location size in amphiploids
Xmag3489 BM140589 1A 1E 330bp N/A [1]
Xmag834 TC79494 1A 1E 500bp N/A [1]
Xmag2137 CD876028 1D 1E 350bp N/A [1]
330b
Xmag3253 CNO010914 2A 2E GOObg 7430 [1]
Xmag2090 CV774559 2B 2E 350bp 1520 [1]
Xmag3616 CNO008451 2D 2E&3E 250bp N/A [1]
Xmag905 TC95858 3A 3E 250bp N/A [1]
Xmag620 TC97429 3A SE 300bp N/A [1]
Xmag2134 Authors' lab 3A 7E 250bp 1520, 7430 [1]
Xmag4137 BM138418 3B 2E&3E 500bp N/A [1
Xmag3113 BM135674 3B 6E 450bp N/A [1]
Xmag574 BQ743434 3D 7E 170bp 7430 [1]
TNAC1248 CK209182 3S 3E 700bp N/A [2]
Xmag3733 BQ903542 4A 4E&6E 300bp N/A [1]
Xmag1682 CJ527931 4B 4E 850bp 1520, 7430 [1]
Xmag2055 CD373975 4B 4E 500bp N/A [1]
Xmag1293 TC255212 4B SE 850bp 1520 [1]
Xmag2071 - 4B 1E&4E&TE 450bp N/A [1]
Xmagl426 TC263658 5B SE 650bp 1520, 7430 [1]
370bp 7430
Xmag4013 BQ902006 5B SE 650bp 1520 [1]
Xmag532 TC86119 5B SE 250bp N/A [1]
120b
Xmag3137 BQ161813 5B 7E 300bg N/A [1]
Xmagl625 - 5B 1E&2E 300bp N/A [1]
TNAC1503 CK209224 58 SE 700bp 1520,7430 [2]
TNAC1559 AY847708 58 SE 1180bp 1520,7430 [2]
A19 BF474700 58 SE 725bp N/A This study
Xmagl470 TC252107 6A 1E&6E 200bp N/A [1]
600bp
Xmag3534 CNO010475 6A 1E&6E 700bp 1520 [1]
Xmagl579 CV771791 6B SE 500bp N/A [1]
Xmag3221 BM138303 6B SE 1000bp N/A [1]
Xmag2276 BE498763 6B 6E 250bp N/A [1]
Xmag3017 BM135029 6B 6E 270bp 1520, 7430 [1]
Xmag521 TC88776 6B 1E&6E 700bp 1520, [1]
Xmag590 TC101185 6B 1E&6E 350bp 1520 [1]
STS-CDO29 CDO29 6B 1E&6E 400bp N/A [1]
Xmag749 TC67842 6B 1E&6E 250bp N/A [1]
TNAC1674 CK211350 6S 6E 700bp 1520 [2]
TNAC1702 CK157364 6S 1E&6E 500bp N/A [2]
Xmagl715 BE406627 7A SE 150bp N/A [1]
Xmag1809 CD896941 TA 7E 500bp 7430, [1]
Xmag278 CF133375 TA 7E 400bp 1520, 7430 [1]
400bp 1520,
Xmag3284 BI750867 TA 7E 500bp 7430, [1]
300bp
Xmag1932 CD880294 7B 7E 700bp N/A [1]

Note: [1]=Xue et al (2008); [2]=Ishikawa et al. 2009; N/A=No amplification
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Figure 1. PCR amplification patterns of primer pairs TNAC1702
(A), A19 (B), Xmag3137 (C) and Xmagl470 (D) on wheat, Th..
elongatum and wheat-Th.. elongatum addition lines.

Note: Fig.1 A and B were from agarose gel electrophoresis, Fig.1
C and D were from PAGE stain.

than 10% (3/37) of the primer pairs could distinguish the wheat
D genome from Th. elongatum E genome implied that Th.
elongatum E genome and wheat D genome had a very close
relationship. In comparison, over 50% (21/37) primer pairs
from wheat B genome could amplify polymorphic bands, in-
dicating that Th. elongatum E genome was relatively distant
to wheat B genome. As shown in Figure 1C, the amplification
pattern of EST-PCR primer Xmag3137 showed that one strong
additional band in Th. elongatum and DAG6E was generated
compared to other material tested, suggesting that it might be
a marker for 6E chromosome. However, the amplification pat-
terns of Xmag1470 (Fig. 1D) showed that polymorphism DNA
bands could be found in both DAIE and DAGE simulta-

neously, indicating that the primer pairs were able to detect
both 1E and 6E in wheat background.

The PLUG primers are designed based on rice syntenic re-
gion, and presumably amplify fragments corresponding to the
similar linkage group(s) of wheat relatives (Ishikawa et al.,
2007). If verified, they will be useful markers to identify the
conserved regions and produce alien chromosome-specific
markers. Of 46 PLUG primers, 5 markers (11%) gave rise
to the specific amplification of Th. elongatum DNA. As shown
in Figure 1A, primer pair TNAC1702 clearly generated
6E-specific bands. Table 1 shows the specific homoeologous
relationships between wheat and Th. elongatum.

Among the initial set of 258 EST-SSR primer pairs, 37 were
found to amplify additional DNA bands from Th. elongatum
compared to the control CS. Among these 37 primer pairs,
17 (45.9%) were mapped to the same homoeologous chromo-
some groups of Th. elongatum as with hexaploid wheat, in-
dicating that Th. elongatum and wheat possessed well-con-
served synteny in those chromosome regions. Nine primers
(24.3%) were mapped to different linkage groups of wheat
and Th. elongatum, suggesting that chromosome rearrange-
ment had occurred between Th. elongatum and wheat genome
during the evolution. Eleven primers (29.7%) gave rise to addi-
tional amplification bands in other chromosome groups of the
E genome, besides those that corresponding with groups of
wheat. This result indicated either a degree of gene/chromo-
some segmental duplication occurred in Th. elongatum, or seg-
mental deletion in the wheat genome (Table 1).

Application of markers to identify wheat-Thinopyrum de-
rivatives

One wheat-Th. ponticum partial amphiploid ‘7430°, containing
16 J or J¥ (E° and/or E®) chromosomes (Fig. 2A) in wheat
background, was reported to resistance to strip rust and pow-
dery mildew (Chen, 2005). However, the homoeologous group

Figure 2. GISH patterns of wheat-Th. ponticum partial amphiploid 7430 (A) and wheat-Th. intermedium ssp. trichophorum partial
amphiploid 1520 (B) using St genomic DNA as probe. Arrowed indicated the Thinopyrum chromosomes. Bars indicated 20pm.
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of alien chromosomes in ‘7430’ remains unknown. In order
to determine the detailed genome constitution, the Th. elonga-
tum (E genome) specific markers were used to characterize
line “7430’. Nine markers (listed in Table 1) clearly amplified
DNA from 7430 with corresponding E genome specific bands
(figure not shown), which suggested possibly that 7430 con-
tained chromosomes 2E°, 4E°, SE® 6E° and 7E°. A wheat and
Th. intermedium ssp. trichophorum partial amphiploid 1520
carrying stripe rust and powdery mildew resistances was stud-
ied by GISH. In our study, the result indicated that Line 1520
possessed 14 alien chromosomes including St, J or J° (E°
and/or E’) (Fig. 2B). The amplification of the markers also
showed that Line 1520 may have chromosomes 1E°, 5E°, 6E°
and 7E°. It is thus feasible to apply the E genome specific
markers to determine the genomic designations of Th. interme-
dium and Th. ponticum chromatin in wheat background.

Discussion

The availability of wheat chromosome bin mapped sequences,
including EST-SSRs and PLUGs, has promoted the develop-
ment of molecular markers for detection of alien chromatin
in a wheat background (Ishikawa et al., 2007; Mohan et al.,
2007; Zhuang et al., 2008; Xue et al., 2008). EST-SSR and
PLUG primers reveal the polymorphism among wheat’s A,
B and D genomes. The STS-SSR and PLUG markers are use-
ful for facilitating chromosome engineering of alien chromatin
in wheat background (Jia et al.,, 2011; Hu et al., 2011).
Depending on the alien species and chromosomes involved,
the ratio of informative markers for alien chromosomes devel-
oped from wheat EST-SSRs or PLUGS varies; 9.1% (4/44)
for Hordeum chilense 4H™ chromosome (Said and Cabrera,
2009), 12.5% (7/56) for D. breviaristatum (Liu et al., 2010)
and 45% (29/64) for Aegilops species which have N, M, U
and C genomes (Bandopadhyay et al., 2004). In the present
study, we identified 37 polymorphic EST-SSR markers specif-
ic for Th. elongatum chromosome from 258 selected
EST-SSRs (14.3%), and 5 PLUG markers from 48 PLUGs
(10.4%), which revealed a similar ratio as the reports of H.

Table 2. Other specific markers for Th. elongatum chromosomes.

chilense and D. breviaristatum, but much lower than that of
Aegilops species. It is suggested that Aegilops genomes are
closely related to wheat genomes, and 7h. elongatum genome
is more distantly related to wheat genomes.

Until now, wheat-Th. elongatum amphiploids, chromosome
addition, substitution and translocation lines have been
developed. Th. elongatum-specific chromosome markers will
be of importance for further chromosome manipulation in
wheat breeding programs. Recently, several molecular markers
were established to identify the Th. elongatum chromosomes
(Table 2), based on the published markers we concluded that
there were over 200 specific primers for Th. elongatum
chromosomes. Nevertheless, stable and accurate PCR-based
molecular markers still needed to be developed and verified.
In this study, we developed 43 stable molecular markers spe-
cific to individual chromosomes of 1E through to 7E. In addi-
tion, we identified some of these markers which can be applied
to other wheat-Thinopyrum partial amphiploids. Interesting,
wheat-Thinopyrum partial amphiploids often contain trans-
locations between alien genomes, as shown in Figure 2A. The
J® chromosomes in Line 7430 were translocation chromosomes
apparently derived from interchanges between St and J (E°
and/or Eb) chromosomes, and the result complies with the early
study (Chen, 2005), other studies showed that translocations
appeared frequently in Th. intermedium partial amphiploids
(Fedak et al., 2000; 2005) which suggested that there are close
relationships between St chromosomes and J (E° and/or E")
chromosomes (Chen, 2005). According to results in Tablel,
the markers we established not only detect the E chromosome
of Th. elongatum but also trace the E chromosome into
wheat-Thinopyrum partial amphiploids Line 7430 and Line
1520 we created. In addition, the markers will be used in char-
acterized the E chromosome in progeny of wheat-Thinopyrum.

Wide hybridization between common wheat and its relatives
is recognized as a classical approach to improve wheat quality
through non-GM methods. The genus Thinopyrum (Agropy-
ron) is an excellent genetic resource for wheat improvement.
Several rust resistance genes, such as Lrl9, Li24, Lr29, Sr24,
Sr25 and Sr26 had already been transferred from Thinopyrum
spp. to wheat via translocation or recombinant lines (Jiang et

Marker type Chromosomes location Number of marker Reference
repetitive DNA E genome - Mclntyre et al. 1988; Zhang et al. 1990
RAPD 1E and 3E 4 Liu et al. 1998;
RAPD E genome - Zhang et al. 1998;You et al. 2002
Biochemical markers E genome 5 Liu et al. 1999
SSR E genome 25 You et al. 2003
RGAP 1E-7E chromosomes 30 Chen et al. 2007
RGA E genome 20 Chen et al. 2010
EST-SSR E genome 150 Mullan et al. 2005; Wang et al. 2010
AFLP and STS E genome 28 Zhang et al. 2007
CAPS markers E genome - Li et al. 2007

@ Springer



72

Genes & Genomics (2012) 34: 67-75

-+ Hvd

B

Figure 3. The putative Th. elongatum chromosome segmental duplication (A) compared with barley (B, Mayer et al, 2011) genomes

al., 1994, Friebe et al.,, 1996). The majority of these trans-
location lines involve wheat D chromosomes (Friebe et al.,
1996). Using genomic Southern and in situ hybridization, Liu
et al. (2007) found that E genomes DNA readily hybridized
to wheat D genome than A and B genomes, indicating the
close affinity of the E genome to the D genome. Because mo-
lecular markers based on the synteny of different genomes are
useful for determining the homoeologous relationships of chro-
mosomes from different species by comparative mapping (van
Deynze et al., 1998; Heslop-Harrison, 2000), in the present
research, the EST-SSR and PLUG primers were choose to re-
veal the polymorphism between wheat and Th. elongatum
genomes. The marker data support the view that E genome
is more close to wheat D genome compared to A and B ge-
nome, and this may indicate why most of the spontaneous
wheat-Th. elongatum translocations and substitutions usually
happen in the D genome, but rarely involving the A and B
genomes.

Based on the evolutionary analysis, the grass family
Poaceae displays a high degree of variation in overall genomic
size, ploidy level, and chromosome number (Devos, 2005).
A series of whole-genome and segmental duplications, chro-
mosome fusions, and translocations drives the rapid evolution
of grass genomes. Salse et al. (2008) provided evidence that
12 ancestral chromosomes of grass species arose from duplica-
tions and rearrangements of a basic number of five
chromosomes. Anderson et al. (1992) estimated that 25 to 30%
gene duplications existed for the wheat genome by RFLP
markers. Mohan et al. (2007) also found that 19% of detected
wheat EST-SSR markers localized on multiple loci on non-
homoeologous chromosomes of Secale cereale L., which
might represent duplicated DNA sequences in rye. Recently,
Mayer et al. (2011) identified nine major duplications (212
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paralogous pairs) that cover 48% of the barley genome, and
six of these corresponded to previously described ancestral
segmental duplications shared between grass genomes. In the
present study, we found that 11 primer pair markers that could
amplify fragments from different homologous group chromo-
somes of Th. elongatum (Table 1), indicating chromosome du-
plication also occurred in Th. elongatum. Based on the molec-
ular marker data, a putative Th. elongatum chromosome seg-
mental duplication draft was constructed (Fig. 3A). We con-
structed a scaffold based on conserved synteny for all wheat
chromosomes, (Fig. 3A) showing several chromosome seg-
mental duplications between Th. elongatum chromosomes 1E
and 6E, and mild duplication involving chromosomes 2E and
3E, 4E and 6E, 4E and 7E etc. We have not found any duplica-
tions involving chromosome 5E. The Th. elongatum chromo-
some 2E -3E duplication was also revealed by Udall et al.
(2005), which was consistent with our findings. Compared
with the duplication in individual chromosomes of barley ge-
nome (Fig. 3), the present studies showed that Th. elongatum
contained unique chromosome duplication patterns. The Th.
elongatum genome appears to have presumable translocations
(such as 2E and 3E etc.) and frequent rearrangements (such
as 1E and 6E) involved in the rapid genomic evolution.
Extensive duplication apparently occurred in cereal chromo-
some linkage groups 1 and 6 based on the evolutionary analy-
sis of seeds protein gene families (Xu and Messing, 2009).
Our previous studies also indicated that the 7h. elongatum ge-
nome displays rapid genomic divergence by analysis of the
gliadin gene family in Th. elongatum compared to wheat glia-
din genes (Li et al., 2010). Also, there were 100 pairs of pri-
mers could amplify the polymorphic bands between Ag-CS-1
and CS, but only 37 pairs of primers located to the disomic
addition lines (DAI1E to DA7E), This result possibly suggests
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that chromosomal structural changes had occurred during the
process of producing the alien chromosome addition lines from
the amphiploid. During this experimental procedure, EST se-
quences may have been deleted during the process of Th. elon-
gatum chromosomes being added to the wheat background,
which is possibly similar to the studies on sequences loss oc-
curred when Secale cereale chromosomes introgressed to
wheat (Ma et al., 2004; Tang et al., 2009). Detailed genomic
analysis of the diploids of genera Secale, Dasypyrum and
Thinopyrum, provide valuable insights into the long history
of chromosome rearrangements and segmental duplications
that may have occurred during Triticeae genomic evolutionary
history.
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