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Abstract PCR-based Landmark Unique Gene (PLUG)
markers are EST-PCR markers developed based on the
orthologous gene conservation between rice and wheat,
and on the intron polymorphisms among the three orthol-
ogous genes derived from the A, B and D genomes of
wheat. We designed a total of 960 primer sets from wheat
ESTs that showed high similarity with 951 single-copy
rice genes. When genomic DNA of Chinese Spring wheat
was used as a template, 872 primer sets ampliWed one to
Wve distinct products. Out of these 872 PLUG markers,
531 were assigned to one or more chromosomes by nulli-
somic-tetrasomic analysis. For each wheat chromosome,
the number of loci detected ranged from 32 for chromo-
some 6A to 73 for chromosome 7D, with an average of 48
loci per chromosome. Several novel synteny perturba-
tions were identiWed using deletion bin-mapping of mark-
ers. Furthermore, we demonstrated that PLUG markers

can be used as probes to simultaneously identify BAC
clones that contain homoeologous regions from all three
genomes.

Introduction

Common wheat (Triticum aestivum L., 2n = 6x = 42,
AABBDD) is one of the most important cereal crops in the
world, and breeders are constantly attempting to improve
the yield, quality characteristics, stress tolerance, and dis-
ease and insect resistance of this crop. Extensive investiga-
tions of the molecular genetic basis of these traits have been
undertaken in eVorts to improve breeding eYciency (Mar-
shall et al. 2001). Wheat is also of interest from an evolu-
tionary standpoint, and the elucidation of the complex
origins of this crop, which evolved by polyploidization
around 10,000 years ago (Feldman and Levy 2005), is
ongoing. Recent work in this area has focused on determin-
ing the degree of diVerentiation among the three wheat
genomes (Chantret et al. 2008; Gao et al. 2007).

Over the last two decades, molecular markers have come
to be regarded as useful tools for conducting genetic and
genomic studies in wheat. The development of molecular
markers has been aided by the large-scale chromosome
mapping project led by the International Triticeae Mapping
Initiative, with data organized in the form of the GrainG-
enes public database (Carollo et al. 2005). In common
wheat, approximately 2,000 RFLP and 1,000 SSR markers
have been mapped on linkage maps, and 6,426 wheat
expressed sequence tags (EST) sequences have been
located on physical maps of wheat using Southern hybrid-
ization analysis. However, given the large genome size of
wheat (16 Gbp), the number of molecular markers available
is still relatively small. The development of additional
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markers would enhance the ease of identifying useful genes
and would be useful in clarifying the genomic organization
of wheat.

To date, more than 1,000,000 ESTs of wheat have been
registered in public databases (http://
www.ncbi.nlm.nih.gov/dbEST/) (Wheeler et al. 2006).
Since genomic sequencing of wheat is not at an advanced
stage, these abundant EST sequences represent the best
templates for designing primers for PCR-based gene-spe-
ciWc markers. Additionally, the amount of sequence data
from related species is continually increasing, and sophisti-
cated in silico methods for comparing sequences have
become available (Florea et al. 1998; Haas et al. 2003;
Notredame et al. 2000; Thompson et al. 1994). Bioinfor-
matic procedures that can be used to simplify the design of
primers from conserved sequences among related species
have also recently been established (Feltus et al. 2006;
Fredslund et al. 2006; Wei et al. 2005; Wu et al. 2006).
Through the use of these techniques, the transferability of
EST-PCR markers among species has improved and
marker success rates have increased.

Due to the allohexaploid nature of wheat, however, PCR
products derived from orthologous genes are often ampli-
Wed simultaneously, which hinders the mapping of EST-
PCR markers on wheat chromosomes. To resolve this prob-
lem, we developed a system called the PCR-based Land-
mark Unique Gene (PLUG) marker system (Ishikawa et al.
2007). In the construction of PLUG markers, the map-
based genomic sequence of rice (International Rice
Genome Sequencing Project 2005; Itoh et al. 2007; Yuan
et al. 2005) is used to identify single-copy rice genes,
which are used as template loci for selecting conserved
sequences and predicting exon–exon junctions within
wheat ESTs. PLUG primer sets designed based on these
ESTs usually amplify only two or three intron-containing
products from genomic DNA of wheat. Products from an
individual primer set share high sequence similarity, indi-
cating they are derived from the wheat orthologues of the
rice template genes. PLUG markers are useful for mapping
these orthologous loci to wheat chromosomes and to dele-
tion bins.

Here, we demonstrate the utility of the PLUG system
on a large scale by designing one thousand PLUG primer
sets from genes distributed across the wheat genome,
thereby producing markers which were assigned to all 21
chromosomes and 215 deletion bins. We also show that
PLUG markers can be used to speciWcally identify BAC
clones containing homoeologous regions from the A, B
or D genomes. This data was used to demonstrate the
potential uses of PLUG markers in mapping, genome
research, and comparative studies not only between
wheat and other grasses, but also among the three wheat
genomes.

Materials and methods

Designing PLUG primers

The PLUG system, described by Ishikawa et al. (2007),
was used to design wheat primer sets. Rice pseudomole-
cules version 4 of TIGR and wheat UniGene build 46 from
NCBI were used as sequence resources for designing
primer sets. The objective was to obtain primers which
would amplify products of approximately 1 kb including
one or more intron(s), based on the rice genome DNA
sequence. A total of 951 single-copy rice genes that showed
high similarity to wheat ESTs (TaEST-LUGs) were
selected as template loci for primer design. The number of
TaEST-LUGs selected from each rice chromosome reX-
ected the ratios of TaEST-LUG numbers among the 12 rice
chromosomes (Fig. 1). A total of 960 primer sets were
designed based on the corresponding wheat ESTs (Supple-
mental material 1). Although a single primer set was gener-
ally used for each locus, two primer sets were designed for
seven loci and three sets for one locus. The following set-
tings were used for primer design: Melting temperature 55–
65°C (optimum: 60°C), primer length 18–25 bases (opti-
mum: 21), and estimated size of ampliWed fragments based
on the rice genome 200–4,000 bp (optimum: 1,000 bp).

Plant materials and DNA extraction

The common wheat cultivar Chinese Spring (CS) and its
aneuploid lines and deletion stocks were used. In this study,
21 nullisomic-tetrasomic, 36 ditelosomic and 174 deletion
lines were used to assign markers to chromosomes and to
determine the location of markers within chromosomes
(Supplemental material 2). These plant materials were from
stocks that have been maintained by the National BioRe-
sources Project, Japan (NBRP-wheat). Genomic DNA was
extracted from 100 mg of young leaf tissue using the auto-
mated DNA isolation system PI-50� (Kurabo Industries
Ltd., Osaka, Japan) according to the manufacturer’s
instructions.

Molecular analysis

PCR ampliWcation of genomic DNA was carried out using
the 960 primer sets listed in Supplemental material 1. Each
25-�L PCR mixture included either 50–100 ng of DNA,
0.2 pmol of each primer, 1.5 mM MgCl2, 0.2 mM dNTP
(each), 1£ Ex Taq buVer, and 0.5 U of TaKaRa Ex Taq™
(Takara, Osaka, Japan) or 50–100 ng of DNA, 0.2 pmol of
each primer, and 1£ GoTaq® Green Master Mix (Promega,
WI, USA). The PCR cycle consisted of an initial 5 min
denaturation at 95°C, followed by 32 cycles of 95°C for
30 s, 53–63°C (optimum 58°C) for 30 s, and 72°C for
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2 min, followed by a Wnal extension at 72°C for 7 min.
DNA ampliWcation was performed using a GeneAmp PCR
system 9700 (Applied Biosystems, Foster city, CA, USA).
An 8-�L aliquot of the ampliWcation product was analyzed
by electrophoresis on a 1% agarose gel in 40 mM Tris-ace-
tate, 1 mM EDTA (TAE) buVer. For PCR–RFLP analysis,
an 8-�L aliquot of the product was digested overnight with
1.0 U of HaeIII or TaqI in incubators set at 37 or 65°C,
respectively. Digested fragments were fractionated by elec-
trophoresis on a 4% agarose gel in TAE buVer. Band sizes
were estimated against a ‘1 kb plus DNA Ladder’ (Invitro-
gen, Carlsbad, CA, USA) or a ‘2-Log DNA Ladder’ (New
England BioLabs Inc., Ipswich, MA, USA).

Chromosome assignment and deletion-bin mapping

PLUG markers were assigned to wheat chromosomes by the
presence or absence of products in nullisomic-tetrasomic
lines. Three to six lines were selected for this analysis based
on the previously reported synteny data for rice and wheat
(Fig. 1). For example, primer sets based on genes from rice
chromosome 1 were subjected to analysis using the three
nullisomic-tetrasomic lines of group 3 chromosomes.

The strategy used for deletion-bin mapping has been
described in the NSF project homepage (http://
wheat.pw.usda.gov/NSF/). Mapping was performed using
154 primer sets that produced fragments assigned to the A,
B and D genomes of wheat. Markers were located to chro-
mosomal regions by the presence or absence of the prod-
ucts in sequential deletion lines of the chromosome. Bin
assignment was performed as described in Qi et al. (2003).
The physical location of each deletion interval on a chro-
mosome was determined by the fraction length (FL) values
of the deletion lines. For example, bin 3BL2-0.22-0.50 is
located in the interval between the deletion in line 3BL-2

(which has a FL value of 0.22) and that in 3BL-10 (which
has a FL value of 0.50).

Wheat BAC library screening

A Chinese Spring BAC library (WCS) purchased from the
John Innes Centre Genome Laboratory was used for screen-
ing experiments. The library consisted of 700,416 clones
maintained on 384-well plates. For PCR screening, a DNA
pool of each plate was prepared using a R.E.A.L. Prep 96
plasmid kit (QIAGEN, Hilden, Germany). DNA superpools
were produced by combining 16 DNA pools, and a total of
114 superpools were used for the initial PCR. In the second
PCR, each DNA pool of the positive superpool was ampli-
Wed separately to determine which plate included the target
clone(s). Screening was performed at the Society for
Techno-innovation of Agriculture, Forestry and Fisheries
(STAFF) Institute using the method described by Wu et al.
(2002). Three markers, TNAC (Tohoku National Agricul-
ture Research Center) 1248, TNAC1252 and TNAC1263,
which showed distinct sizes in each wheat genome, were
used in this experiment. Sequencing of products was used
to conWrm that they originated from the target genes. Prod-
ucts were puriWed using a SigmaSpin™ Post Reaction Puri-
Wcation column (Sigma-Aldrich co., St. Louis, MO, USA),
and puriWed products were directly sequenced using an
ABI3130 Genetic Analyzer (Applied Biosystems).

Results

Template rice loci for PLUG primers

The template rice loci for designing PLUG primers were
distributed across the 12 rice chromosomes (Fig. 1). The

Fig. 1 Distribution of the tem-
plate rice loci for designing 
PLUG primer sets. Template 
loci are indicated by black bands 
on the 12 rice chromosomes. 
Rice and wheat synteny, as re-
ported by Gale and Devos 
(1998), La Rota and Sorrells 
(2004) and Sorrells et al. (2003), 
is indicated by diVerent patterns 
for each wheat chromosome 
group
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number of loci for each chromosome ranged from 173 for
rice chromosome 1 (R1) to 29 for R11. The average inter-
val between loci ranged from 241 kb for R3 to 980 kb for
R11, with an overall average of 474 kb. The 960 primer
sets extracted by the PLUG system had the following
characteristics: melting temperature was 54.7–66.7°C
(average: 60.8°C), primer length was 18–25 bases (aver-
age: 20.8), and the size of ampliWed fragments estimated
from the rice genome was 273–3,197 bp (average:
951 bp).

PCR ampliWcation with PLUG primers

Using genomic DNA from CS as a template, 872 (90.8%)
out of 960 primer sets successfully ampliWed one to Wve
products that were separable on a 1% agarose gel. A sin-
gle band was observed with 493 primer sets (51.4% of
the total), while two or three products with diVerent sizes
were obtained with 294 (30.6%) and 76 (7.9%) primer
sets, respectively. Nine primer sets (0.9%) showed four
or Wve clear bands. Unclear patterns consisting of multi-
ple bands were obtained from 29 (3.0%) primer sets,
while no detectable product was observed with 59 primer
sets (6.2%), and results with these primers did not
improve upon changing the annealing temperature of the
reaction.

For eight randomly selected loci, we designed several
primer sets to test the eVect of varying the primer posi-
tion. No discrepancies were observed for six loci, but
two loci showed diVerent results among the primer sets
in terms of the presence or absence of ampliWed prod-
ucts. For LOC_Os06g38320 (RAP2_ID: Os06g0581300),
no product was detectable using the primers associated
with TNAC1816, while two clear products were
ampliWed by the TNAC1817 primers. For
LOC_Os06g39344 (Os06g0594100), TNAC1819 prim-
ers ampliWed multiple non-speciWc products, while
TNAC1820 primers produced a single clear product
(Supplemental material 1).

Size distribution of PCR products

The estimated size of the 1,348 products representing the
872 PLUG markers ranged from 200 to 6,000 bp, with an
average size of 1,180 bp. As expected, almost all ampliWca-
tion products were larger than the sizes calculated from the
wheat ESTs sequences (Fig. 2a), implying that the products
contained introns. Only three products had a similar size to
the corresponding ESTs. We found a signiWcant correlation
(r = 0.295, P < 0.001) between observed product sizes and
those calculated based on the corresponding rice genomic
sequence (Fig. 2b). Template loci were generally highly
conserved between wheat and rice in terms of copy number
and gene structure, but some exceptions were observed.
Although a maximum of three bands per primer set would
be expected, four or Wve distinct products were ampliWed
from wheat with nine primer sets (0.9% of total primer
sets). Products that were considerably larger (>3 kb) than
the size calculated from the rice genomic sequence were
obtained with 25 primer sets (2.6% of total). Sequence
analysis of a 4 kb product associated with marker
TNAC1582 indicated the presence of retroelement-like
sequences (data not shown).

Assignment of PLUG markers to wheat chromosomes

The presence or absence of products in nullisomic-tetraso-
mic lines allowed 142 of the 872 PLUG markers to be
assigned to one chromosome, whereas 32 and 24 markers
were assigned to two and three chromosomes, respectively.
With PCR–RFLP analysis using either HaeIII or TaqI
restriction enzyme, 531 markers (60.9% of the total 872
markers) were assigned to one or more chromosome(s)
(Table 1). The percentage of PLUG markers assigned was
high for primers designed from loci on R6 and R3-2, and
low for the primers from R7 and R9 (Table 1).

A total of 341 PLUG markers could not be assigned to
chromosomes using the nullisomic-tetrasomic lines
selected according to the previously reported synteny

Fig. 2 Scatter diagrams of the 
size of PCR products ampliWed 
from wheat versus the size esti-
mated from wheat ESTs (a), and 
versus the size estimated from 
rice genomic sequences (b). *** 
indicates signiWcance at 
P = 0.001 level
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between rice and wheat. A complete nullisomic-tetrasomic
analysis using all 21 lines lacking each pair of homologous
chromosomes was conducted for six of these markers,
which allowed us to assign them to one or more chromo-
somes (data not shown). This indicated that the chromo-
somal location of the genes associated with these PLUG
markers did not concur with previously reported synteny
relationships between rice and wheat (Gale and Devos
1998; La Rota and Sorrells 2004; Sorrells et al. 2003).
Likely the same is true for a large percentage of the remain-
ing markers which could not be assigned to chromosomes.

Among the 21 chromosomes, the number of loci
detected by the PLUG markers ranged from 32 for chromo-
some 6A to 73 for chromosome 7D, with an average of 48
loci per chromosome (Table 2). Out of the 531 markers,
395 were developed using EST sequences that did not

showed any similarity with sequences in the bin-mapped
EST databases of GrainGenes 2.0 (Supplemental material
1). There were no signiWcant diVerences (P = 0.51) among
the number of loci detected from the A, B or D genomes.

Deletion bin mapping of PLUG markers

Deletion bin mapping was performed using 154 markers that
were each assigned to three homoeologous chromosomes
(Table 3). Gel documentation of the nullisomic-tetrasomic
analyses for these markers is provided in Supplemental
material 3. Out of 215 deletion bins, we mapped one or more
marker(s) into 159 bins (74.0%). For wheat group 1 chromo-
somes, the comparative map for rice and wheat chromo-
somes is shown in Fig. 3. Maps for all seven chromosome
groups are provided in Supplemental material 4.

Using these markers, we found Wve cases where con-
tradictions occurred between the order of the putative
breakpoints and that of FL values in the deletion stocks
(Endo and Gill 1996). From centromere to telomere, the
orders of the breakpoints were 1AL-3 (FL = 0.61), 1AL-4
(0.47) and 1AL-6 (0.56); 1AS-1 (0.47) and 1AS-2 (0.45);
2BL-7 (0.58), 2BL-5 (0.65) and 2BL-4 (0.50); 2DL-3
(0.49) and 2DL-10 (0.47); 7DS-2 (0.73) and 7DS-4 (0.61).
The FL values of these lines were therefore tentatively
changed to match with the breakpoint orders indicated by
the markers (Supplemental material 2).

Table 1 Results of genomic PCR and nullisomic-tetrasomic analyses using the PLUG primer sets

a 3-1 and 3-2 are parts of rice chromosome 3, 3-1 from short arm terminus to 30.3 Mb, 3-2 from 30.3 Mb to long arm terminus
b Percentage of the total primer sets
c Percentage of the 872 primer sets
d Number of marker sets for which PCR products were assigned to translocated chromosomes is presented in parentheses together with the as-
signed chromosome

Wheat 
group

Syntenic
rice chr.

Total 
primers

No. of primers 
producing 
fragments

Not assigned Assigned Assigned genomed

A B D BD AD AB ABD

1 5 57 51 (89.5)b 15 (29.4)c 36 (70.6)c 4 3 1 6 4 3 15

10 39 33 (84.6) 12 (36.4) 21 (63.6) 3 2 2 5 2 0 7

2 4 80 75 (93.8) 32 (42.7) 43 (57.3) 8 2 4 5 6 5 13

7 66 51 (77.3) 26 (51.0) 25 (49.0) 1 7 5 2 2 3 5

3 1 173 153 (88.4) 64 (41.8) 89 (58.2) 13 21 5 7 5 10 28

4 3-1a 121 112 (92.6) 47 (42.0) 65 (58.0) 20 (7, 5A) 12 4 5 9 (3, 5A) 2 13 (1, 5A)

11 29 28 (96.6) 12 (42.9) 16 (57.1) 1 7 (3, 5B) 1 1 2 3 1

5 3-2a 31 29 (93.5) 6 (20.7) 23 (79.3) 1 3 3 2 1 (1, 4A) 2 (1, 4A) 11 (4, 4A)

9 49 47 (95.9) 23 (48.9) 24 (51.1) 1 5 0 4 6 0 8

12 39 38 (97.4) 12 (31.6) 26 (68.4) 3 (1, 4A) 5 0 4 2 6 6

6 2 100 93 (93.0) 39 (41.9) 54 (58.1) 5 8 6 8 7 2 18

7 6 106 99 (93.4) 25 (25.3) 74 (74.7) 10 4 (1, 4A) 7 14 10 7 (1, 4A) 22 (1, 4A)

8 70 63 (90.0) 28 (44.4) 35 (55.6) 3 6 5 2 6 6 7

Total 960 872 (90.8) 341 (39.1) 531 (60.9) 73 85 43 65 62 49 154

Table 2 Number of orthologous loci detected by the 531 PLUG mark-
ers

Genome Group Total

1 2 3 4 5 6 7

A 38 43 56 50 51 32 71 341

B 41 42 66 41 59 36 65 350

D 42 42 45 36 47 39 73 324

Total 121 127 167 127 157 107 209 1,015
123
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Synteny relationships among wheat and rice chromosomes

Nullisomic-tetrasomic analysis using the three to six lines
that were selected based on the synteny between rice and
wheat allowed products from more than 60% of the PLUG
markers to be assigned to wheat chromosomes (Table 1,
Supplemental material 1). The mapping data from these
markers generally supported previously reported synteny
data among wheat and rice chromosomes (Gale and Devos
1998; La Rota and Sorrells 2004; Sorrells et al. 2003).
However, 21 PLUG markers based on rice genes located in
one region of R2 (7–20 Mb) rarely mapped to the syntenic
wheat group 6 chromosomes. Similar results were observed
for markers based on regions of R3 (13–26 Mb) and R7 (0–
17 Mb).

There are three well known translocation regions in
wheat; from 4A to 5AL (4A/5A), from 5A to 4AL (5A/4A),
and from 7B to 4AL (7B/4A) (Nelson et al. 1995). A PLUG
marker representing orthologous loci mapping to bins
4BL10-0.95-1.00 and 4DL14-0.86-1.00 (TNAC1391) was
also found in bin 5AL23-0.87-1.00, where the 4A/5A trans-
location has previously been detected (Table 3, Supplemen-
tal material 4). Similarly, markers representing orthologous
loci in bins 5BL16-0.79-1.00 and 5DL5-0.76-1.00
(TNAC1574, 1575, 1623 and 1624) were mapped to bin
4AL12-0.43-0.66, and a marker mapping to bin 7AS2-0.73-
0.83 and bin 7DS4-0.73-1.00 (TNAC1776) was also found
on the long arm of 4A (bin 4AL2-0.75-0.80).

Breakpoints of wheat translocations could be precisely
identiWed on the corresponding regions of orthologous rice
chromosomes. The breakpoint of the 4A/5A translocation

was located between LOC_Os03g03510 (Os03g0126800)
and LOC_Os03g07300 (Os03g0169100), that of 5A/4A
was between LOC_Os03g61019 (Os03g0825400) and
LOC_Os03g61220 (Os03g0827700), and that of 7B/4A
was between LOC_Os06g04580 (Os06g0137300) and
LOC_Os06g06030 (Os06g0153800) (Supplemental mate-
rial 1).

BAC clone screening with PLUG markers

Using the genomic DNA of CS as template, primers for the
TNAC1248 marker ampliWed 1.3, 1.1 and 0.9 kb products,
and nullisomic-tetrasomic analysis indicated these frag-
ments originated from chromosomes 3A, 3B and 3D,
respectively (Fig. 4a). Using DNA pools of BAC clones as
templates, three products with the same sizes as those from
the genomic PCR were obtained. Therefore, the 1.3, 1.1
and 0.9 kb products from the BAC DNA superpool were
likely derived from clones originating from chromosomes
3A, 3B and 3D, respectively. Subsequent screening of
pools corresponding to the positive superpools allowed us
to obtain individual clones bearing the 1.3 kb product (one
clone), the 1.1 kb product (one clone) and the 0.9 kb prod-
uct (two clones).

Primers corresponding to marker TNAC1252 produced
1 and 1.5 kb products from genomic DNA. The 1.5 kb
product was directly localized to chromosome 3B. Diges-
tion with HaeIII indicated that the 1 kb band included two
ampliWcation products, which were assigned to chromo-
somes 3A and 3D (Fig. 4b). Similarly, 1.5 and 1 kb prod-
ucts were identiWed in DNA pools of BAC clones. Separate

Fig. 3 Comparative map of the 
wheat group 1 chromosomes and 
rice chromosomes 5 and 10. Ar-
rows beside the rice chromo-
somes indicate the positions of 
centromeres. The C banding pat-
tern and the deletion breakpoints 
of Chinese Spring wheat chro-
mosomes are based on Endo and 
Gill (1996)
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BAC DNA pools contained 1 kb products with HaeIII
restriction-digest patterns matching those of products from
chromosomes 3A and 3D, while the 1.5 kb product
appeared to be derived from a clone originating from chro-
mosome 3B (Fig. 4b).

For marker TNAC1263, the genomes from which prod-
ucts originated could be identiWed by polymorphisms in the
TaqI-digested fragments (Fig. 4c). The restriction fragment
patterns of the products ampliWed from BAC pools were
completely consistent with those from genomic DNA of
CS.

For all markers, sequencing of ampliWed products from
BAC pools or clones conWrmed that the products were
derived from the target genes (data not shown).

Discussion

A TaEST-LUG is a gene which is present as a single copy
in the rice genome and shows high sequence similarity with
one or more wheat EST sequences. Based on previously
reported genome-wide synteny data between rice and wheat
(Gale and Devos 1998; La Rota and Sorrells 2004; Sorrells
et al. 2003), each TaEST-LUG should correspond to a sin-
gle, highly conserved gene in each of the A, B and D
genomes of wheat. Such single copy genes will be useful as
landmarks or anchors for navigating the huge genome of a

polyploidy crop such as wheat. In our previous work, we
developed the PLUG system for producing markers to
detect such landmark genes on wheat chromosomes, and
tested the system using 24 TaEST-LUGs. Here, we devel-
oped 872 PLUG markers from 951 TaEST-LUGs and suc-
ceeded in assigning 531 markers to one or more
chromosomes (Tables 1, 2).

Previous work indicated that it should be possible to
assign 70% or more markers developed by the PLUG sys-
tem to at least one chromosome (Ishikawa et al. 2007). In
this study, 61% of the PLUG markers were assigned to one
or more chromosomes (Table 1), which was fairly close to
the expected level. However, several factors were identiWed
which might contribute to the discrepancy between pre-
dicted and observed values; the most important of these
appears to be synteny perturbations between wheat and
rice.

Based on data from the NSF deletion bin-mapping pro-
ject, approximately 35% of wheat ESTs showing high simi-
larity to rice genes map to non-syntenic wheat
chromosomes (La Rota and Sorrells 2004). In barley, 763
of 1,032 mapped ESTs showed high similarity with rice
sequences, and 288 of these (37.7%) were assigned to link-
age groups that were non-syntenic to the linkage groups of
rice (Stein et al. 2007). Here, approximately 40% of mark-
ers could not be assigned to chromosomes (Table 1) using
an analysis based on previously reported synteny data for
wheat and rice (Gale and Devos 1998; La Rota and Sorrells
2004; Sorrells et al. 2003). The percentage of markers
which could not be assigned to wheat chromosomes ranged
from 20.7 to 51.0% for each rice chromosome (Table 1).
Since a more detailed analysis using all 21 nullisomic-tetra-
somic lines with some of these markers allowed us to
assign them to one or more non-syntenic chromosome(s),
the unequal distribution of unassigned markers may reXect
regions with diVerent levels of conservation between wheat
and rice. Recent work by Salse et al. (2008) should also be
considered in future attempts to assign PLUG markers to
wheat chromosomes. These authors performed an in silico
analysis using annotated rice genes and wheat ESTs to
identify duplications in the rice and wheat genomes. Based
on 638 putatively duplicated loci that had been assigned to
deletion bins, ten duplicated blocks were identiWed on
seven chromosomes of wheat.

Although conservation of synteny among homoeologous
chromosomes of wheat was generally high, there were
some diVerences in the order of orthologous genes. In one
region of 1AL, we found that eight markers mapped to bins
in inverted positions compared to their locations on chro-
mosome 1BL and the syntenic rice chromosome (Fig. 3).
While is not yet known whether this chromosomal rear-
rangement originated in the diploid ancestor of the A
genome or occurred after polyploidization, the identiWca-

Fig. 4 PCR screening of a Chinese Spring BAC library using the
markers TNAC1248 (a), TNAC1252 (b) and TNAC1263 (c). CS Chi-
nese Spring, N3A nullisomic-3A tetrasomic-3D, N3B nullisomic-3B
tetrasomic-3D, N3D nullisomic-3D tetrasomic-3A, BAC clones pattern
obtained from three DNA pools extracted from a 384-well plate of
BAC clones
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tion of synteny perturbations between homoeologous chro-
mosomes can provide valuable information regarding the
evolutional history of the three genomes of wheat (Akhu-
nov et al. 2003; See et al. 2006). The development of new
PLUG markers will help to clearly identify the structural
divergences among wheat homoeologous chromosomes.

We detected Wve contradictions in the order between
putative breakpoints and the FL values of the CS deletion
stocks. A number of the deletion stocks used here have sec-
ondary and tertiary deletions including internal deletions
(Qi et al. 2003), and it is possible that they contain as yet
unreported deletions, which could lead to problems with
ordering by cytological methods. However, changes to FL
values based on DNA markers should be conWrmed by sev-
eral markers. The contradictions in order between 1AL-3
and 1AL-4, between 1AS-1 and 1AS-2, and between 2BL-5
and 2BL-4 were each only detected by single markers
(Figs. 1, 2 in Supplemental material 4), and further analysis
is necessary to validate the correct order of the deletion
breakpoints. Since FL values are measured indirectly, they
do not necessarily indicate the precise breakpoints of dele-
tions (Endo and Gill 1996). DNA markers appear to be
superior to FL values for ordering deletion stocks, and with
increasing numbers of bin-mapped DNA markers, errors in
FL values will continue to be detected. Furthermore, Wnger-
printing of deletion stocks with PLUG markers should
allow simpler and more accurate validation of individual
deletion lines during line multiplication and maintenance
compared to the cytological methods traditionally used.

From the results described here (Fig. 2a, b), the positions
of exon–intron junctions and intron sizes in wheat and rice
appear to be similar. Wei et al. (2005) reported that the
intron sizes of Rhododendron were on average 3.8 times
larger than those of Arabidopsis, and they suggested that
this diVerence was related to the diVerence in the genome
sizes of these species. However, despite the four-fold diVer-
ence in the genome sizes of Brassica oleracea and Arabid-
opsis thaliana, a sequence-based analysis indicated that the
average intron lengths of the two plants were comparable
(Town et al. 2006). Similarly, in this study, intron length
did not increase proportionally to genome size (Fig. 2b).
Nevertheless, we did observe several products that were
considerably larger than expected (>3 kb). These products
may represent loci where transposable elements have been
inserted into genic regions. Since large insertions can result
in a loss of gene function or changes in expression levels
(Fu et al. 2005), further investigation of these loci may
prove interesting.

PLUG markers are based on orthologous gene conserva-
tion, therefore their transferability to other Triticeae species
should be high. Indeed, approximately 80% of the 960
primer sets used in this study resulted in successful product
ampliWcation when genomic DNA from rye and/or barley

was used as a template (Tsuchida et al. 2008; our unpub-
lished data), indicating that these primer sets can be widely
used to directly produce anchor markers for comparing Tri-
ticeae genomes. Similarly, EST data from related species
may be useful in developing additional wheat markers.
Recently, more than 1,000 ESTs were mapped in three dou-
bled-haploid lines of barley (Stein et al. 2007). This tran-
script map provided new anchor points for comparing
grasses, and 475 markers showed a syntenic organization
with the known colinearity linkage groups of rice. Some of
TaEST-LUGs used in this study were orthologous to these
475 barley markers (our unpublished data). Using such
common markers, additional genes located between two
wheat PLUG markers can be predicted from the mapping
information of the barley ESTs, which will accelerate fur-
ther anchor marker production in wheat.

In a hybridization-based bin-mapping study in wheat,
Hossain et al. (2004) identiWed 119 probes that produced
only three fragments and mapped to homoeologous group 7
chromosomes. These were designated as landmark probes,
with particular utility in the allocation of orthologous loci
across Triticeae genomes and in the genetic mapping of
orthologous genes. Here, most of the 154 bin-mapped
PLUG markers ampliWed only three products that were
assigned to homoeologous chromosomes (Supplemental
material 3) and can therefore be considered landmark
probes. These markers will be eYcient and easy to use for
identifying orthologous loci not only across Triticeae
genomes but also in Poaceae genomes.

Assignment of markers to one or more wheat chromo-
some(s) simply based on intron size polymorphisms among
orthologous genes represents a cost-eVective and labor-sav-
ing means of chromosome assignment, since sequencing or
RFLP analysis is not required. A total of 22.7% of PLUG
markers could be assigned based on PCR product size poly-
morphisms alone, and increasing the percentage of markers
that fall into this category would be advantageous. Previ-
ously we reported that intron regions among orthologous
genes of wheat had insertion/deletion polymorphisms every
100 bp on average (Ishikawa et al. 2007). Therefore, the
development of a method that can detect slight size diVer-
ences, or the use of high resolution equipment such as cap-
illary gel electrophoresis, should greatly increase the
eYciency of marker development. We also noted that
although most PLUG primer sets ampliWed speciWc prod-
ucts, a small number ampliWed non-speciWc products or did
not amplify detectable products. This problem was resolved
for some loci by using a second primer set (Supplemental
material 1). Since PCR failure appears to be attributable to
primer design, redesigning primers for problematic tem-
plate loci should increase the PCR success rate.

Genes controlling important traits of wheat such as dis-
ease resistance and vernalization requirement have been
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isolated by positional cloning using BAC clones (Faris
et al. 2003; Feuillet et al. 2003; Yahiaoui et al. 2004; Yan
et al. 2003). PCR-based BAC screening methods are eas-
ier to use than hybridization-based methods, and PCR-
based contiguous probes are easier to design than hybrid-
ization-based probes. While primer sets designed from
EST sequences often amplify ambiguous products from
BAC DNA pools of wheat, PLUG markers were able to
clearly identify pools containing all three orthologues.
The ease in identifying clones containing homoeologous
regions from the A, B and D genomes will aid in
sequence comparisons of homoeologous regions. Such
comparisons not only provide information on sequence
evolution among genomes (Gu et al. 2006; Wicker et al.
2007) but also often reveal structural and functional
diVerences among orthologous genes (Beales et al. 2007).
In this study, the three BAC clones isolated with
TNAC1252 (Table 3; Supplemental material 1) carried
homoeologous regions of group 3 chromosomes that
included the wheat orthologues of a rice auxin amidohy-
drolase gene. Campanella et al. (2004) previously iso-
lated a cDNA for this gene (TaIAR3) from wheat based on
sequence similarities with an Arabidopsis gene (IAR3),
and demonstrated that the wheat gene has evolved in a
functionally diverse manner compared to the correspond-
ing Arabidopsis gene. The BAC clones identiWed here
would be useful in furthering this work by simplifying the
isolation of genes from the A, B and D genomes and their
surrounding regulatory sequences. Similarly, rice annota-
tion information can be used to identify genes that are
potentially of interest either due to their functional anno-
tation or their syntenic location in relationship to wheat
quantitative trait loci (QTLs), and PLUG markers can be
used to identify BAC clones carrying the wheat ortho-
logues of these genes.

QTLs are generally associated with a speciWc genome,
making the ability of PLUG markers to distinguish BAC
clones originating from A, B or D genomes particularly
useful. BAC sequences Xanking a target gene can be
used to develop new, closely linked markers for survey-
ing polymorphisms among wheat cultivars and for iden-
tifying contiguous BAC clones. By selecting BAC
clones using PLUG markers mapping close to QTLs, and
then using markers designed from these BACs to survey
mapping populations, we have succeeded in producing
new markers linked to several QTLs (our unpublished
data). To assist in the design of PLUG markers for
regions targeted in speciWc research programs, sequences
for PLUG primers and bin-mapping data are now avail-
able at the web site http://plug.dna.affrc.go.jp/ or
through the RAP-DB web site http://rapdb.dna.affrc.
go.jp/.
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