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Abstract ESTs-derived markers are useful for compara-
tive genomic analysis and can also serve as phenotype-
linked functional markers. Here, we report the development
of EST-derived 2RL-speciWc markers and the evaluation of
the possibility of functional assessment of markers tagging
2RL, which carries Hessian Xy resistance genes (loci). To
identify transcripts speciWc to 2RL, unigene sequences in
combination with wheat progenitor genomes were used.
Total 275 contigs mapped to the long arms of homoeolo-
gous group 2 chromosomes were downloaded. To obtain a
cluster corresponding to each of the wheat 275 contigs, uni-
gene sequences of wheat, rice, barley, and rye were pooled
for cross-species clusters. Out of 275 clusters examined, it
was possible to design 112 cross-species primer pairs for
genome-speciWc ampliWcations. Out of 112 cross-species
primer pairs, 45 primer pairs (40%) produced amplicons
from at least one species (three wheat progenitors or rye).
Among the 45 contigs, 73% were associated with one of
known functions and 82% of the contigs associated with
known functions were also associated with one of the GO
categories. On the basis of the oligonucleotide sequence
alignment of each of 45 genome-speciWc ampliWcations, 21
ampliWcations (47%) were suitable for designing RR
genome-speciWc primers, which are speciWc to translocated

rye chromatin 2RL. Six primer pairs (13%) successfully
produced amplicons in the 2BS.2RL translocation lines and
not in the non-2RLs. Functional assessment of one of the
2RL-speciWc markers, NSFT03P2_Contig4445, was per-
formed on Hessian Xy infested NILs. Under Hessian Xy
infestation, signiWcantly high expression of a gene tagged
by a 2RL-speciWc marker (NSFT03P2_Contig4445) was
observed 1 day after infestation. EST-derived 2RL-speciWc
marker development from this study provides a basis for
the development of ESTs-derived markers for detecting
wheat–rye translocations. In addition, these markers could
be employed in elucidating functional analysis of genes on
2RL.

Introduction

Wheat–rye translocation lines in the form of 1AL.1RS,
1BL.1RS, and 2BS.2RL have been developed for an impor-
tant genetic source of disease and pest resistance, and supe-
rior performance in the unfavorable environment for crop
production (Friebe et al. 1996). The long arm of ‘Chaupon’
rye chromosome 2R carries a gene or gene complex that
conditions antibiosis to the Hessian Xy larvae (Friebe et al.
1990). Gene H21, derived from the 2RL of ‘Chaupon’ rye
(Hatchett et al. 1993), conferred stable resistance to biotype
L of the Hessian Xy (Friebe et al. 1990; Hatchett et al.
1993). To date, several resistance genes related to the Hes-
sian Xy infestation have been mapped (H13 in Liu et al.
2005; H32 in Sardesai et al. 2005; H22 in Zhao et al. 2006),
but H21 was not one of them.

Several markers derived from repetitive rye DNA or
ampliWed fragment of wheat genomic DNA have been
developed for identifying 2RL (Lee et al. 1996; Brunell
et al. 1999; Saal and Wricke 1999; Seo et al. 1997, 2001).
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Unlike these previous markers, gene-derived markers such
as ESTs-derived markers can be served as phenotype-
linked functional markers, and are also more useful for
comparative genomics (Anderson and Lübberstedt 2003;
Gupta and Rustgi 2004). More than 1.05 million wheat
EST sequences have been registered in public databases (as
of August 2008, http://www.ncbi.nlm.nih.gov/sites/entrez?
db=nucest&cmd=search&term=triticum+aestivum). How-
ever, the marker development, which is supported by these
databases, is still emerging.

There has been progress in dealing with useful ideas
that could be applied to develop markers (especially based
on ESTs) speciWcally detecting translocated rye chroma-
tins in wheat genomes. Nomura et al. (2005) designed
primers that are speciWc to each homoeologous chromo-
some group (AA, BB, or DD) using the hexaploid wheat
‘Chinese Spring’ and conWrmed the diVerentially
expressed transcripts for each respective gene on three
homoeologs. Numerous studies reported on the cloning of
speciWc sequences which are based on ESTs. Feltus et al.
(2006) developed conserved-intron scanning primers that
included relatively conserved exons located near exon–
intron boundaries for targeted discovery of SNPs. To
eVectively assign homoeologous genes to each of the three
wheat genomes, PCR-based unique gene marker system
has shown the chromosome locations of ESTs based on
orthologous gene conservation in hexaploid wheat
‘Chinese Spring’ (Ishikawa et al. 2007). These marker sys-
tems were directly applied in dissection of rye chromo-
some 1R that was translocated in common wheat lines
(Tsuchida et al. 2008).

Comparative approaches by using public sequence
databases and understanding orthology between rye and
rice for mapping of self-incompatibility locus Z on 2RL
(Hackauf and Wehling 2005), and synteny analysis
between wheat and rice for the mapping of the rust resis-
tance genes on the short arm of rye chromosome 1 (Mago
et al. 2005) have given new perspectives for marker
developments in wheat–rye translocation lines. Currently,
there is little usage of wheat progenitors (AA, SS*BB,
and DD) AA, SS*BB, and DD for marker development.
Thus, integrated approaches, which encompass compara-
tive genomics using public Triticeae sequence databases
such as TIGR and Graingenes with a better understand-
ing of evolutionary history of common wheat and pedi-
grees of breeding lines, would be useful tools for the
successful development of marker systems for identify-
ing genes that reside on the translocated chromatin such
as 2RL.

The objectives of this study were to develop EST-
derived 2RL-speciWc markers and to evaluate the possibil-
ity of functional assessment of markers tagging 2RL, which
carries Hessian Xy resistance gene(s).

Materials and methods

Plant materials

Diploid progenitors (2n = 14) of hexaploid wheat, T. uratu
(Kyoto university seed stock accession no. KU199-6, AA
genome), A. speltoides (KU5727, SS*BB genome), and A.
squarrosa (KU20-9, DD genome), were used as surrogates
for the common wheat genome (AABBDD). Three diploid
progenitors have been used for the analysis of homoeolo-
gous gene expressions (Nomura et al. 2005).

Near-isogenic lines (NILs) were developed by backcross
introgression BC3F3:4 (‘Coker 797’ *4/‘Hamlet’) and
diVered by the presence or absence of H21 (on 2RL)
derived from ‘Chaupon’ rye (Secale cereale L.) (Seo et al.
1997). In ‘Hamlet’ (‘ND 7532’/‘Chaupon’//4* ‘ND 7532’),
2RL segment is present in a cytologically stable form as a
2BS.2RL (Friebe et al. 1990). NIL possessing H21, ‘Coker
797’ (Cltr 17722), ‘Hamlet’ (PI 549276, 2BS.2RL), ‘ND
7532’ (none 2RL parent), diploid rye ‘Chaupon’ (TA 9002,
2RL donor of NIL possessing H21 and ‘Hamlet’), and
‘Chinese Spring’ (common wheat) were used for 2RL spe-
ciWc marker development and conWrmation. Presence or
absence of 2RLs in plant materials (NIL with H21, NIL
without H21, and ‘Hamlet’) were conWrmed by Xuores-
cence in situ hybridization (FISH) using rye genomic DNA
as a probe. FISH was performed as described by Jang et al.
(2003).

Wheat–rye addition lines (‘Chinese Spring’/’Imperial’
rye) were kindly provided by S. M. Reader (Department of
Crop Genetics, John Innes Centre, UK). Seven wheat–rye
addition lines (21�+1R�, 21�+2R�+2RL�, 21�+3R�, 21�+4R�,
21�+5R�, 21�+6R�, and 21�+7R�) were used in this study.
Several wheat–rye translocation germplasms diVering for
presence of translocated rye sources such as 1AL.1RS,
1BL.1RS, 6BS.6RL were provided by National Plant Germ-
plasm System (http://www.ars-grin.gov). Six wheat–rye
translocation lines [TAM 202 (1AL.1RS), GRS1201 (PI
561948, 1AL.1RS), SIOUXLAND (PI 483469, 1BL.1RS),
GABO (PI 410845, 1DL.1RS), KS93WGRC28 (PI 583795,
T6BS.6RL), and KS92WGRC17 (PI 592729, T6BS-6BL-
6RL)] and three rye varieties [‘Blanco’ (PI 542470, Secale
cereale), ‘Chilbohomil’ (Secale cereale), and ‘Jochunho-
mil’ (Secale cereale)] were used in this study. Most of
wheat–rye translocation germplasms and rye varieties were
used by independent researches (Lee et al. 1994, 1996; Seo
et al. 2001).

Genomic DNA for PCR was isolated from seeds (all
samples except for ‘Chaupon’ rye and wheat–rye addition
lines) or leaf tissues (‘Chaupon’ rye and wheat–rye addition
lines) by using i-genomic PLANT DNA Extraction Mini
Kit (INTRON, Korea) according to the manufacturer’s
instructions.
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Marker development

In silico data mining for 2RL-speciWc marker

A total of 275 contig sequences mapped on long arms of
wheat homoeologous group 2 were downloaded from
GrainGenes (http://wheat.pw.usda.gov/cgi-bin/westsql/
contig.cgi; Conley et al. 2004). Unigene databases (1,359,497
wheat unigenes and 1,554,216 rice unigenes from NCBI
and/or TIGR) and 405,326 barley unigenes and 5,013 rye
unigenes, which were assembled by downloaded barley or
rye ESTs from NCBI, were pooled for unigene-clusters.
A unigene-cluster is deWned in this study as the group of a
contig sequence and unigene sequences that were from at
least one species among wheat, rice, barley, and rye. Each
unigene-cluster was deWned if any unigene(s) of diVerent
species (wheat, rice, barley, and rye) was best matched with
wheat contigs with cutoV value of E value ·1 £ 10¡10

using TBLASTX, which identiWes the orthologous encoded
by unigenes of each unigene-cluster. Unigene-clusters con-
taining unigenes from at least two species were further ana-
lyzed for designing primer pairs, while unigene-clusters
containing only one unigene were excluded.

Preparation of cross-species markers

The common primer pairs for three wheat progenitors (AA,
SS*BB, and DD genome) and rye (RR genome) were
designed. Because the common primer pairs designate uni-
gene-clusters speciWcally mapped on wheat bin and each
unigene-cluster contains unigene sequences representing a
unique gene, PCR primer pairs produced ampliWed prod-
ucts among species are deWned here as cross-species mark-
ers. Conserved exon regions or exonic regions Xanking
introns were used for the design of cross-species primer
pairs. To avoid non-speciWc ampliWcation and increase the
number of scanable genome species (AA, BB, DD, and
RR), highly conserved (max. 0–2 nucleotide mismatch)
exonic regions within unigene sequences aligned in each
unigene-cluster were used in principle. The primer pairs
(forward and reverse) were designed to avoid exon/intron
junctions. The exon/intron junctions within unigene
sequences were predicted by aligning rice unigene
sequence with rice genomic DNA sequences that were
obtained from TIGR using the ClustalW program (http://
www.ebi.ac.uk/clustalw). The primer sites were mainly
focused on the conserved regions in wheat and rye rather
than barley and/or rice. Primer pairs were designed
manually under the guidelines of 19–21 bp primer length,
40–60% GC content, 300–1,500 bp amplicon size. If there
were SNPs in the conserved region among the unigenes
within a unigene-cluster, primers containing mixed oligo-
nucleotide bases for SNPs were designed.

A total of 112 cross-species primer pairs were designed,
and screened for ampliWcation using three wheat progeni-
tors (AA, SS*BB, and DD) and ‘Chaupon’ rye (RR).
PCRs were carried out in a 25-�l solution containing 50 ng
of genomic DNA template at annealing temperatures (50,
55, or 60°C) under conditions as follows: 5 min at 94°C,
followed by 35 cycles of ampliWcation (30 s at 94°C,
annealing for 30 s). Ex Taq polymerase (Takara, Japan)
were used for PCR. PCR products were run on agarose gels
for the conWrmation of successful ampliWcation, and then
amplicons showing expected size from annealing tempera-
ture range (50–60°C) were cloned for designing 2RL-spe-
ciWc primer pairs.

2RL-speciWc primer pairs

In order to develop 2RL-speciWc primer pairs, each
ampliWed product that was generated from wheat progen-
itors and ‘Chaupon’ rye using cross-species markers
were sequenced. 2RL-speciWc primer pairs, speciWc for
targeting the oligonucleotide sequence on translocated
2RL chromatin, were designed based on the inter-homo-
eologous SNP sites within sequences generated by each
cross-species markers. 2RL-speciWc primer pairs were
designed for both RR and SS*BB sequences within
sequences generated by each cross-species markers
where suYcient sequence conservation was observed
between two sequences, not on either side of the AA and
DD.

To achieve translocated rye chromatin-speciWc ampli-
Wcation, we conducted PCR under highly stringent condi-
tions as follows: 5 min at 94°C, followed by 23–29
cycles of ampliWcation (30 s at 94°C, 30 s at 60–72°C).
Genomic DNA (50–150 ng) in a 25-�l reaction mixture
and Ex Taq polymerase (Takara, Japan) were used for
PCR. The 2RL-speciWc primer pairs were initially con-
Wrmed on 2BS.2RL translocation lines, and then applied
on wheat–rye addition lines and other types of transloca-
tion lines. The cross-species markers were tested on bar-
ley (Hordeum vulgare L.) cv. ‘Karl’ (CI 15487), and rice
(Oryza sativa L.) cv. ‘Dongan-byeo’. PCR products were
run on 3% w/v agarose gels for the conWrmation of
unique amplicon.

Evaluation of genomic colinearity

Sequences obtained from cross-species markers were com-
pared to the rice pseudomolecules (version 4.0) by using
the BLASTN algorithm with an E value ·1 £ 10¡15 cutoV
for estimating genomic colinearity between wheat (or rye)
and rice. Description and GO term for each sequence were
identiWed based on the contig sequences at the TIGR Rice
Database.
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Hessian Xy infestation and transcriptional expression
analysis of a 2RL-speciWc marker in NILs

Biotype L of Hessian Xy, which was reared on the
susceptible wheat line, was kindly provided by Dr. Sue
Cambron (USDA-ARS, Department of Entomology,
Purdue University, IN, USA). Seeds of NILs were sown
in Sunshine Mix #1 (Sun Gro, Canada) and grown in a
Growth Chamber with an optimized condition. When
plants reached the third leaf stage, plants were trans-
ferred to a growth chamber Wlled with adult Hessian
Xies. The beginning of larvae infestation, 0 day after
infestation (0 DAI), was estimated by closely monitoring
egg hatches on the leaf blade and examining the base of
plants to determine the time when larvae had reached the
crown of the plant. After 1 and 3 DAI, plant tissues
[coleoptile, Wrst leaf sheath (from cotyledonary node to
auricle) around the second and third leaf, leaf blade or
sheath surrounded by Wrst leaf sheath of NILs] were
collected and kept in RNAlater solution (Ambion, USA)
at 4°C until RNA isolation. Hessian Xy larvae were
removed before RNA isolation under LEICA EZ4 D
microscope (Leica Microsystems, Switzerland). Total
RNA was initially isolated from samples using TRIzol
(Invitrogen, USA) reagent according to the manufac-
turer’s protocol. The RNA was further puriWed using an
RNeasy spin column (Qiagen, USA). Total RNA of 2 �g
was used for cDNA synthesis. RT-PCR and real-time
RT-PCR was conducted as described by Choi et al.
(2007). The gene-speciWc primer pairs for each ampliW-
cation were: 5�-CGCATGCTCTGCTATGAACA-3� and
5�-CATTCCTCCAGATTTGGTAG-3� for 2RL-speciWc
marker no. 2 (NSFT03P2_Contig4445), and 5�-CAGCA
ACTGGGATGATATGG-3� and 5�-ATTTCGCTTTCAG
CAGTGGT-3� for Actin. For real-time RT-PCR analysis,
the SYBR Green Supermix (Bio-Rad, USA) was used
according to the manufacturer’s instructions.

Results

ConWrmation of 2RL translocation by FISH

Translocation of 2RL chromatin in wheat–rye translocation
lines was conWrmed by FISH. Translocated 2RLs were
detected in NIL possessing H21 and ‘Hamlet’, but no sig-
nals were detected in NIL lacking 2RL (‘Coker 797’)
(Fig. 1). The result of FISH on NIL possessing H21 and
NIL lacking 2RL (‘Coker 797’) showed the same results
with the previous work (Jang et al. 2003).

EST sequence analysis

From the 275 contigs that were downloaded from the
GrainGenes database and mapped to the long arms of homo-
eologous group 2 chromosomes (2BL bin and missing spe-
ciWc 2BL bins), 49 contigs (17.8%) were mapped to only
2BL bin and 181 contigs (65.8%) were mapped to more than
two homoeologus groups of 2AL, 2BL, and 2DL. The
remaining 45 (16.4%) that were mapped to not only the long
arms of homoeologous group 2 chromosomes, but also other
wheat chromosomes were excluded. The unigenes from
each species were pooled and clustered to construct 275 uni-
gene-clusters. Out of 275 unigene-clusters examined, it was
possible to design cross-species primer pairs for 112 uni-
gene-clusters. Cross-species primer pairs could not be
designed for 163 unigene-clusters because of insuYcient
sequence data from unigene-clusters or no sequence diVer-
ences within the aligned unigene sequences.

Cross-species ampliWcations

Out of 112 cross-species primer pairs, 45 primer pairs
(40%) produced amplicons from at least one species (AA,
SS*BB, DD or RR) (Table 1). A total of 18 primer pairs
(16.1%) were identiWed to be produced from all four

Fig. 1 Fluorescence in situ hybridization of 2BS.2RL translocation
lines. a FISH of NIL carrying one pair of translocated chromosomes,
where the entire long arm of rye 2R has replaced the entire long arm of
2B (2BS.2RL). b FISH of normal hexaploid wheat ‘Coker 797’ (with
normal 2BL). c FISH of ‘Hamlet’ carrying one pair of translocated
chromosomes, where the entire long arm of rye ‘Chaupon’ 2R has

replaced the entire long arm of 2B (2BS.2RL). Two open yellow
arrows in a and c represent one pair of translocated rye long arms
(2RL) with a short wheat chromosome arm (2BS). Wheat chromo-
somes are colored red (b) or orange (a and c) and translocated rye
segments are yellow (a) or green (c) from Xuorescence in situ hybrid-
ization (Color Wgure online)
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genomes. All 45 cross-species ampliWcations were
sequenced and compared to those of the targeted unigene
sequences in unigene-clusters. Of the 45 cross-species
ampliWcations, 16 were comprised from the template of one
exon region only, while 29 were from exonic regions Xank-
ing the exon–intron boundaries (containing at least one
intron). Amplicon numbers that were obtained from each
genome species were 31 for AA genome, 27 for SS*BB
genome, 28 for DD genome, and 35 for RR genome.

Cross-species ampliWcations detected from three wheat
progenitors were compared with the contig datasets down-
loaded from GrainGenes (long arm of homoeologous group
2, which contains contigs mapped on 2AL, 2BL, and/or
2DL) to evaluate the eYcacy of using contig information
and wheat progenitors. Of the contigs that produced ampli-
cons from at least one genome species, 8 (17.8%) are in
agreement with the datasets. A total of 30 contigs among 45
(66.7%) matched with datasets; a part, 13 among 18 contigs
from AA, 19 among 30 contigs from BB, and 15 among 23
from DD matched with Southern blot datasets. Out of those
30 contigs, 13 contigs newly produced amplicons within
three wheat progenitors (11 from AA, none from SS*BB,
and 6 from DD). In contrast to Southern blot analysis, 7
(15.5%) failed to produce amplicons within three wheat
progenitors. Those 7 contigs were cloned from rye genome
only. The description of amplicons was displayed on
Table 1.

Using BLASTN queries (E value ·1 £ 10¡15), putative
functions were assigned to 45 cross-species ampliWcations.
A total of 73% of cross-species ampliWcations were associ-
ated with one of the known functions and 82% of them
were associated with one of the GO categories.

2RL-speciWc marker development and conWrmation
of speciWcity

On the basis of the oligonucleotide sequence alignment of
each of 45 cross-species ampliWcations, 21 (47%) were
suitable for designing 2RL-speciWc primer pairs. Seven
primer pairs produced amplicons in the 2BS.2RL transloca-
tion lines (NIL possessing H21 and ‘Hamlet’) and not in the
non-2RLs (‘Coker 797’ and ‘ND 7532’). SpeciWcity of the
amplicons was further conWrmed using wheat–rye addition
lines and various wheat–rye translocation lines. Six among
seven primer pairs showed amplicons that were identical to
expected target sizes in a wheat–rye addition line
(21�+2R�+2RL�) and three rye cultivars (‘Blanco’, ‘Chil-
bohomil’, and ‘Jochunhomil’), but none of the amplicons
were generated in other wheat–rye addition lines (21�+1R�,
21�+3R�, 21�+4R�, 21�+5R�, 21�+6R�, and 21�+7R�) and
other translocations (Fig. 2; Table 2, PCR results of three
rye cultivars and other translocations were not shown).

Representative sequence alignment of 2RL-speciWc marker
no. 2 (NSFT03P2_Contig4445) was shown in Fig. 3.

According to the contig sequences mapped on long arms
of homoeologous group 2 based on public database
(GrainGenes 2.0), six 2RL-speciWc amplicons were con-
Wrmed to be resided on 2BL (4 on 1L+2L, 1 on 3L+4L+5L,
1 on 6L, and none on CL). The consensus bin designations
represent the bin fraction as follows: CL stands for
C-2BL2-0.36, 1L+2L stands for 2BL2-0.36-0.50, 3L+4L+5L
stands for 2BL4-0.50-0.89, and 6L stands for 2BL6-0.89-
1.00 (Conley et al. 2004). Cloned contig numbers follow
the distribution of EST loci on the group 2 consensus map
relatively well [Conley et al. 2004; 47 (12.6%) on CL, 142
(38.0%) on 1L+2L, 95 (25.4%) on 3L+4L+5L, and 90
(24.1%) on 6L].

Genomic colinearity of cross-species ampliWcations

Cross-species ampliWcations were grouped into seven rice
chromosome groups according to their BLAST result. The
sequences of these ampliWcations showed a highly signiW-
cant relationship with rice chromosome 4 [23 in rice chro-
mosome 4 (R4), 3 in R1, 1 in R2, 1 in R3, 2 in R5, 1 in R6,
and 4 in R7 based on the sequences cloned from rye]
(Table 1). Among the 45, three had each of their sub-geno-
mic (AA, SS*BB, DD, or RR) PCR products that did not
belong to the same rice chromosome group.

AmpliWcation on the Triticeae tribe

The cross-species markers were tested on barley and rice.
No signiWcant diVerences in patterns of amplicons were
found (data not shown). Investigation of the transferability
of 45 cross-species markers to the Triticeae tribe would be
valuable steps for the enhancement of EST marker-based
comparative maps in crops.

Transcriptional expression of alleles located 
on 2RL during Hessian Xy infestation

The 2RL speciWc marker no. 2 (NSFT03P2_Contig4445)
which considered tagging an allele reside on 2RL was eval-
uated under the Hessian Xy larvae attack (Fig. 4). Because
the 2RL-speciWc marker no. 2 ampliWed only the exon
region, the same primer pairs developed for 2RL-speciWc
markers could be employed directly in RT-PCR and real-
time RT-PCR analysis. Unique amplicon showing diVeren-
tial expressions in each NIL cDNA template of RT-PCR
were cloned for sequence comparison in Fig. 3. No expres-
sion was observed in case of using ‘Coker 797’ cDNA as
templates of RT-PCR. Under Hessian Xy infestation, the
expression was signiWcantly enhanced (more than tenfold
123
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compared with NIL non-infested samples) 1 DAI. The
expression was reduced at 3 DAI compared to 1 DAI.

Discussion

In order to identify transcripts speciWc to 2RL, unigene
sequences in combination with wheat progenitor genomes
were used. Considering the evolutionary history of the
Triticeae tribe, there are close relationships among diploid
genomes, e.g., wheat progenitors (AA, SS*BB, and DD),
barley (HH), and rye (RR) (Monte et al. 1993; Kellogg
1998; Paterson et al. 2003; Chantret et al. 2005). To facili-
tate the collection of interspecies-conserved regions across
four species (wheat, rye, barley, and rice) securely, over-
come the inaccuracy of rye EST sequences which showed
relatively short length of sequences and less number of
available sequence data, and avoid the possibility of INS/
DEL of loci during translocation events, rice and barley
unigenes were pooled for this study.

Rye chromatin 2RL showed homoeologous relationships
to the long arms of wheat chromosome 2 (Naranjo and
Fernández-Rueda 1991; Devos et al. 1995), suggesting a
high sequence homology of homoeologous genes such as
genes distributed on 2AL, 2DL, and 2RL (translocated rye
chromatin) in homoeologous relationships. This would be
one of the reasons why the homoeologous chromosomes
are diYcult to be discriminated by marker systems based on
the diVerences of oligonucleotide sequences. To discrimi-
nate sequence polymorphisms between 2BL and 2RL, and
to increase the speciWc marker numbers, three wheat pro-
genitors and ‘Chaupon’ rye were used as surrogates for
three common wheat genomes (AABBDD) and translo-
cated rye arms (RR). Furthermore, contigs mapped on both
long arms of homoeologous chromosome 2 and other wheat
chromosome arms were excluded in order to reduce the
misampliWcation introduced by multiple loci.

Fig. 2 ConWrmation of 2RL-speciWc markers. PCR products of 2RL-
speciWc markers using 2BS.2RLs (NIL possessing H21 and ‘Hamlet’)
and non-2RLs (‘Coker 797’, ‘ND 7532’, and ‘Chinese Spring’) (a–f),
and wheat–rye addition lines (g–l). 2RL-speciWc marker no. 1
(NSFT03P2_Contig17755) PCR products (a, g), 2RL-speciWc marker
no. 2 (NSFT03P2_Contig4445) PCR products (b, i), 2RL-speciWc
marker no. 3 (NSFT03P2_Contig14078) PCR products (c, j), 2RL-
speciWc marker no. 4 (NSFT03P2_Contig17103) PCR products (d, h),
2RL-speciWc marker no. 5 (NSFT03P2_Contig16931) PCR products
(e, l), 2RL-speciWc marker no. 6 (NSFT03P2_Contig16317) PCR
products (f, k). Lane, N NIL (2BS.2RL, ‘Coker 797’ *4/‘Hamlet’), C
‘Coker 797’ (non-2RL), H ‘Hamlet’ (2BS.2RL, ‘ND 7532’/
‘Chaupon’//4* ‘ND 7532’), ND ‘ND 7532’ (non-2RL), CR ‘Chaupon’
(TA 9002, Secale cereale), CS ‘Chinese Spring’ (common wheat),
1 21�1R�, 2 21�+2R�+2RL�, 3 21�+3R�, 4 21�+4R�, 5 21�+5R�,
6 21�+6R�, 7 21�+7R�, 8 ‘Chaupon’ (TA 9002, Secale cereale). M 25/
100 bp Mixed DNA Ladder (Bioneer, Korea)

�
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Wheat chromosome group 2 was shown to share synten-
ous blocks with rice chromosomes 4 (R4) and 7 (R7) (Sorr-
ells et al. 2003; Conley et al. 2004; La Rota and Sorrells
2004). The long arm of wheat chromosome 2 is generally
related to R4 (Sorrells et al. 2003; Conley et al. 2004; La

Rota and Sorrells 2004). Additionally, comparative map-
ping of DNA sequences in rye provided the syntenous sta-
tus between the rye chromosome 2, and R4 and R7 from the
rice genome point of view (Hackauf et al. 2009). Hackauf
and Wehling (2005) revealed orthology between R4 and
2RL with rearrangements of the distal parts of rye chromo-
some in their mapping research. In the absence of suYcient
number of translocated rye sequences that could be calcu-
lated statistically, orthology cannot be thoroughly evalu-
ated. High density markers, which reside on translocated
chromatins, along with other types of markers such as EST-
SSRs in wheat may help to draw the comparative maps of
homoeologous chromatins in wheat.

Cross-species ampliWcations detected from three wheat
progenitors were compared with the contig datasets
downloaded from GrainGenes to evaluate eYcacy of use of

Table 2 2RL-speciWc primer pairs

a Mixed base code: S (C, G)

No. Contig Primer sequence (5� ! 3�)a Template 
DNA 
quantity 
for PCR (ng)

Annealing 
temp. (°C)

Product 
size (bp)

Forward Reverse

1 NSFT03P2_Contig17755 CCTACCACCACTTGCCCATA TTTCCCGTGCCGTAGACGAT 50 60 439

2 NSFT03P2_Contig4445 CGCATGCTCTGCTATGAACA CATTCCTCCAGATTTGGTAG 50 60 289

3 NSFT03P2_Contig14078 CCAGCAGCTGGGAAACAATC CTAGATCTTCTGCTTGAGCAC 50 65 548

4 NSFT03P2_Contig17103 CATTCCCCACGACCTCATC AGCTCGGTTTGCTCCTGSACA 50 68 612

5 NSFT03P2_Contig16931 TGTTACACCATCCAGGCAGT TCAAGAAGTGACCACCAAGA 50 65 579

6 NSFT03P2_Contig16317 AGACAGCCACGTACCTCTCA TCTGGCACAGCTTCACCTCC 150 70 305

Fig. 3 Sequence alignment of 2RL-speciWc marker no. 2
(NSFT03P2_Contig4445). Oligonucleotide sequences of ESTs down-
loaded from rye, wheat, barley, and rice, cloned sequences of three
wheat progenitors (AA, SS*BB, DD), speciWcally ampliWed
oligonucleotide sequence with 2RL-speciWc marker no. 2
(NSFT03P2_Contig4445), and RT-PCR products were aligned.
NSFT03P2_Contig4445, contig sequence downloaded from GrainG-
enes; 4445.ta, unigene sequence downloaded from NCBI and/or TIGR;
4445.sc, unigene sequence assembled from NCBI; 4445.hv, unigene
sequence assembled from NCBI; 4445.os, unigene sequence down-
loaded from NCBI and/or TIGR; 4445_sc, cloned sequence from
‘Chaupon’ rye; 4445_AA, cloned sequence from T. uratu (AA
genome) genomic DNA; 4445_BB, cloned sequence from A. spelto-
ides (SS*BB) genomic DNA; 4445_DD, cloned sequence from A.
squarrosa (DD) genomic DNA; 4445_cNIL_DAI1, RT-PCR products
using cDNA conversed from DAI1 RNA of NIL possessing H21;
4445_cNIL_DAI3, RT-PCR products using cDNA conversed from
DAI3 RNA of NIL possessing H21. Some parts of oligonucleotide
sequences of NSFT03P2_Contig4445 (from 1 to 139 and 485 to 763),
4445.ta (from 1 to 827 and from 1,176 to 1,950), 4445.hv (from 1 to 8
and from 354 to 631), 4445.os (from 1 to 837 and from 1,189 to 1,910)
were omitted for the eYcient alignment, respectively. Sequence align-
ment was analyzed by ClustalW with the default value. Yellow-colored
rectangles represent forward and reverse primer sequences of cross-
species markers. Red-colored rectangle represents reverse primer
sequence of 2RL-speciWc primer pairs (Color Wgure online)
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contig information and wheat progenitors. Partial disagree-
ment of evaluated clone numbers between detected ampli-
cons and the contig datasets would be the results of, in
macro:not all genomes (common wheat and wheat progeni-
tors) are perfectly matched, in micro:genomic duplication
or INS/DEL of primer pair tagging locus. A total of 67
cross-species primer pairs failed to produce amplicons,
possibly because an intron occurred within the primer
sequences interrupting ampliWcation, a large intron dis-
rupted PCR extension, or inaccurate unigene sequences
occurred in unigene-clusters containing rye unigene
sequences. Nevertheless, the obtained 45 cross-species
ampliWcations that were cloned from three wheat progeni-
tors and rye would be putative candidate genes (alleles) for
comparative mapping in wheat and for traits of NILs con-
taining 2RL. Seven cross-species ampliWcations (no. 1, 5,
21, 22, 23, 41, and 44 in Table 1) might be deWned as being
“rye-speciWc” at least under the assay conditions applied
and could be evaluated for possible 2RL-speciWc markers.
However, cross-species primer pairs for those seven cross-
species ampliWcations produced multiple bands which were
diVerent from expected target size in each AA, BB, DD
genome, which might hinder to develop primer pairs to
generate clear single band of expected size. Therefore,
those seven ampliWcations were not included in the further
study.

Among 45 cross-species ampliWcations, six 2RL-speciWc
markers (13%) speciWcally tagging 2RL were developed.

These results could be explained partially by lesser poly-
morphism between homologous alleles due to a short time
after divergence of wheat diploid progenitors and a lack of
rye ESTs registered in public database. These primers
ampliWed unique single ampliWed fragment in the 2BS.2RL
translocation lines, one wheat–rye addition line
(21�+2R�+2RL�) and rye cultivars, but not in the non-
2BS.2RLs, and other types of wheat–rye addition lines and
translocations. ConWrmation of six 2RL-speciWc markers
on 2BS.2RL translocation lines, wheat–rye addition lines,
and various translocation lines established suYcient proof
of speciWcity of the markers developed in this study. Based
on public database (GrainGenes 2.0), six 2RL-speciWc
markers were conWrmed to be resided on speciWc wheat
2BL bin. Even though 2RL-speciWc amplicons that showed
the best match with the targeted contigs via BLAST, direct
hybridization on rye chromosome or PCR using 2RL dele-
tion stock would be needed for the further localization of
2RL-speciWc markers. Intensive mapping researches using
1R or 6R deletion stocks were reported (Dundas et al. 2001;
Tsuchida et al. 2008). Because the deletion stock of rye
chromosome arm 2RL has not been developed yet, genetic
mapping in a segregating population would be an alterna-
tive method for addressing the regions of 2RL-speciWc
sequences in wheat–rye translocation lines.

For the functional assessment of developed 2RL-speciWc
markers, 2RL-speciWc marker no. 2 (NSFT03P2_Con-
tig4445) was applied on Hessian Xy infested NILs. Under
Hessian Xy infestation, signiWcantly high expression of
gene was tagged by the 2RL-speciWc marker no. 2 at 1 day
after infestation. Using BLASTN (E value ·1 £ 10¡15)
queries, this contig did not match any known proteins in
TIGR. We speculate that the early burst of gene expression
at the initiation of larvae attack in the 2BS.2RL wheat–rye
translocation might indicate its signiWcant role in the antibi-
osis.

Wheat–rye translocation in the form of 2BS.2RL
showed an improved agronomic performance that was
related with biotic and/or abiotic stresses (Friebe et al.
1990; Heun and Friebe 1990; Hysing et al. 2007). It also
has additional agronomic traits, such as powdery mildew
resistance and has reddish glume and awn color. 2RL-spe-
ciWc markers primarily enhanced in quantity will facilitate
to map not only Hessian Xy resistance on 2RL, but also
other important agronomic traits.

In this study: (1) 45 cross-species markers, which were
derived from ESTs mapped to the long arms of homoeolo-
gous group 2 of common wheat, were identiWed in three
wheat progenitors and rye, (2) six 2RL-speciWc markers
discriminating 2BS.2RL wheat–rye translocation lines were
developed, and (3) under Hessian Xy infestation, the signiW-
cant transcriptional increases of one of the 2RL-speciWc
markers were functionally assessed.

Fig. 4 Transcriptional expression of 2RL-speciWc marker no. 2
(NSFT03P2_Contig4445) in NIL possessing H21. RT-PCR analysis
was performed in Hessian Xy infested NIL (2BS.2RL). real-time RT-
PCR was performed in Hessian Xy infested and non-infested NIL
(2BS.2RL). Expression of 2RL-speciWc marker no. 2 in Hessian Xy
non-infested samples was deWned as 1. Error bars denote the standard
deviation from the mean of at least two independent experiments.
Expression of Actin gene served as a control in both experiments
123
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In conclusion, the approach using public sequence
databases and the application of wheat progenitors to dis-
criminate sequence polymorphisms provides a valuable
tool for the development of translocated rye chromatin-
speciWc markers, which corresponded directly to tran-
scribed genes on 2RL and could be employed in elucidating
functions of genes on 2RL. In addition, EST-derived 2RL-
speciWc markers would be used for marker-aided selection
in the eYcient genomics-assisted breeding program.
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