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Abstract: The present study involves discovery, validation and use of single-nucleotide polymorphisms (SNPs)
in bread wheat utilizing 48 EST-contigs (individual contigs having 20-89 ESTs, derived from 2 to 11 different
genotypes). In order to avoid a problem due to homoeologous relationships, the ESTs in each contig were classified
into 175 sub-contigs (3.7 sub-contigs/EST-contig) using characteristic homoeologue sequence variants (HSVs),
which had a density of 1 HSV every 136.7 bp. In silico analysis of sub-contigs led to the discovery of 230 candi-
date EST-SNPs with a density of 1SNP/273.9 bp. Locus specific primers (each primer pair flanking 1-18 SNPs)
were designed utilizing one sub-contig each from 42 EST-contigs that contained SNPs, the remaining 6 contigs
having no SNPs. To provide locus specificity to the PCR products, each primer was tagged with an HSV at its
3" end. Only 10 primer pairs, which gave each a characteristic solitary band, were utilized to validate EST-SNPs
over 30 diverse bread wheat genotypes; 7 SNPs were validated through resequencing the PCR products. Allele
specific primers were designed and utilized for genotyping of 50 diverse bread wheat accessions (including 30
bread wheat genotypes previously used for validation of SNPs), with an aim to test their utility in genotyping and
map construction. The allele specific primers allowed the classification of 50 genotypes in two alternative allele
groups for each SNP as expected, thus suggesting their utility for genotyping. Of the above 7 validated SNPs, 4
belonged to a solitary locus (PKS37); 7 haplotypes were available at this locus. Altogether, the results suggested
that EST-SNPs constitute an important source of molecular markers for studies on wheat genomics.
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Bread wheat (Triticum aestivum L.) is a hexa-
ploid crop species having three genetically re-
lated sub-genomes (2n = 6x = 42; AABBDD) and a
large genome size (17 Gb). A variety of molecular
markers including RFLPs, SSRs and AFLPs have
been developed and used in this crop for different
purposes including the construction of molecular
maps (SOMERS et al. 2004; GOoYAL et al. 2005; L1u
et al. 2005; SONG et al. 2005). More recently, EST
database has also been utilized in this crop for
development of a variety of functional markers,
particularly the EST-SSRs (GurPTA & RUSTGI 2004;
GuPTA et al. 2005). An extensive study for assign-
ing > 16 000 EST loci to chromosome bins has also
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been completed recently (Q1 et al. 2004; PENG &
LAPITAN 2005), although these mapped ESTs can-
not be directly used as markers. However, taken
together, only ~7000 molecular markers have so
far been placed on different maps (SOMERS et al.
2004; GuPpTaA et al. 2005; L1u et al. 2005; SONG et al.
2005; SOURDILLE et al. 2005) although according to
some estimates, as many as 10 000 to 20 000 mark-
ers are needed on one map to have a reasonably
high-density map in bread wheat (ApPELS 2003).
Therefore, keeping in view the need for developing
and mapping additional markers, emphasis is now
shifting to a new class of abundant markers, the
single nucleotide polymorphisms (SNPs). In 2002,
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an International Wheat SNP Consortium (IWSC)
was also constituted to accelerate the pace of work
on SNPs in bread wheat (http://wheat.pw.usda.
gov/ITMI/WheatSNP/). A number of studies for
developing SNP markers in bread wheat have been
conducted (MocCHIDA et al. 2003; SCHWARZ et al.
2003; SOMERS et al. 2003; YANAGISAWA et al. 2003;
ZHANG et al. 2003; BLAKE et al. 2004; CALDWELL
et al. 2004; MASsSA et al. 2004; BEALES et al. 2005;
HuUANG & RODER 2005; RAVEL et al. 2006; CHAO et
al. 2009) but in most of these studies, SNPs have been
utilized for characterizing polymorphism within
specific genes (SCHWARZ et al. 2003; YANAGISAWA
et al. 2003; ZHANG et al. 2003; BLAKE et al. 2004;
CALDWELL et al. 2004; MASSA et al. 2004; BEALES
et al. 2005; HUANG & RODER 2005). Only in a few
of these studies, SNPs have been developed from
ESTs (MocHIDA et al. 2003; SOMERS et al. 2003;
RAVEL et al. 2006; CHAO et al. 2009), and no study
on random genomic SNPs is available. Thus, there
is a need for further work on development and use
of SNPs in bread wheat, where triplicate loci due
to three closely related sub-genomes and para-
logues due to further duplication of loci make the
development of SNPs rather difficult. The present
study is another effort to develop SNP markers in
this crop, and the uniqueness of this work lies in
the genotyping platform used during the study,
which is extremely user-friendly, cost efficient and
can be implemented in any marker-assisted plant
breeding program.

MATERIALS AND METHODS
Seed material

A set of 50 diverse bread wheat genotypes origi-
nating from 25 countries was used for SNP vali-
dation and genotyping (Table 1). None of these
genotypes was the source of ESTs available in
the database that were used for SNP discovery,
so that a subset of these genotypes proved useful
for validation of SNPs.

EST-contigs and detection of candidate SNPs

Under the aegis of IWSC, ESTs were assembled
into contigs and 48 (belonging to 19 genotypes)
contigs, each having 20-89 ESTs, were used for the
detection of candidate SNPs (http://wheat.pw.usda.

gov/ITMI/WheatSNP). The EST-contigs were
visualized using JalView (M. Clamp; http://www.
ebi.ac.uk/~michele/jalview), following SOMERS et
al. (2003), to identify homoeologue specific EST
clusters (hereafter called EST-subcontigs), which
were defined by the presence of homoeologue
sequence variants (HSVs) at specific nucleotides.
Subsequently in each homoeologue specific EST-
subcontig, SNPs were detected manually.

Designing and synthesis of STS primers

Individual pairs of STS (sequence tagged site) prim-
ers were designed for each of the 42 EST-subcontigs
in such a manner that each selected subcontig had the
maximum number of ESTs within the corresponding
contig. The two primers of an individual pair flanked
a part of the sequence of EST-subcontig containing
SNPs, and were tagged at their 3" ends on HSVs that
were used to define the homoeologue specific EST-
subcontig. The length of STS primers ranged from 18
to 32 bases and annealing temperatures ranged from
55°C to 69°C (Table 2). The primers were designed
using Primer3 software (http://frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi) and synthesized
on contract from Illumina Inc., USA (http://www.
illumina.com).

PCR amplification, purification and
sequencing of PCR products

DNA amplification was carried out in a total of
1260 PCR reactions (42 STS primers x template
DNA of 30 genotypes). The PCRs were carried out
in 25 pl reaction mixtures, each containing 50 ng
template DNA, 2.5uM of each of the two STS prim-
ers, 200uM dNTPs, 2.5mM MgClz, 1x PCR buffer
and 0.5 U Tag DNA polymerase (Life Technologies,
USA) in a DNA Mastercycler, Eppendorf, Germany
using the following PCR profile: initial denatura-
tion at 95°C for 5 min followed by 40 cycles at 95°C
for 1 min, 55°C to 69°C for 1 min (according to
primer’s annealing temperature), 72°C for 1 min,
with a ramp at the rate of 0.5°C per second and
final extension at 72°C for 10 min. Small aliquots
of PCR products were resolved on 10% polyacry-
lamide denaturing gels (PAGE), following silver
staining. The remaining aliquots of PCR products
that gave a solitary band each were purified using
AuPreP™ PCR purification kit (Life Technologies

107



Czech J. Genet. Plant Breed., 45, 2009 (3): 106—116.

Table 1. Fifty bread wheat genotypes and their countries of origin

S. no. & genotype

Country of origin

S. no. & genotype

Country of origin

1. E3249* Sweden
2.E3111*% Portugal
3. E3877*% Brazil
4. E3901* Ecuador
5. E4205* Africa
6. E3275% The Netherlands
7. E549* Canada
8. E3083* S. Africa
9. E585* Kenya
10. E661* Argentina
11. E3876* Brazil
12. E146* Kenya
13. E149* Kenya
14. E680* Argentina
15. E780* Brazil
16. E1003* Cyprus
17. E965* Yugoslavia
18. E2336* USA
19. E1000* Cyprus
20. E2724* Israel
21. E2990* Turkey
22. E2401* USA
23. E3068* Mexico
24. E2602* Italy
25. E3414* Ethiopia

26. E3389* Lebanon
27. E3840* Columbia
28. E3274* The Netherlands
29. E3839* Columbia
30. E3273* The Netherlands
31. E3086 USA
32. E3860 Guatemala
33. E3896 Ecuador
34. E4813 Kenya
35. E4229 Spain
36. E4328 Czechoslovakia
37.E581 Kenya
38. E336 Canada
39. E288 Poland
40. E319 Australia
41. E271 Poland
42.E677 Argentina
43.E784 Brazil
44. E2055 Poland
45. E2161 USA
46. E3066 Mexico
47.E3070 Mexico
48. E3859 Guatemala
49. E3492 USA
50. E3387 Lebanon

* Genotypes used for validation of SNPs; — Pedigrees of the genotypes are described elsewhere (GuPTA et al. 2003)

India Pvt. Ltd.), and were sequenced from both
the directions on contract from MACROGEN,
Seoul, South Korea (http://www.macrogen.com).
The alignment of sequences and detection of SNPs
was carried out using Sequencher (http://www.
genecodes.com).

Validation of SNPs and development
of PCR based assay

Seven (7) putative SNPs validated through direct
sequencing of PCR products were used to develop
allele specific primers using Primer3 (for primer
details, see Table 3) following the strategy described
elsewhere (JEONG et al. 2004; CHIAPPARINO et al.
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2004). The allele specific primers varied in length
from 18 to 30 bases and the annealing temperatures
ranged from 58.3°C to 64.2°C (Table 3). The primers
were synthesized on contract from Illumina Inc.,
USA. The two allele specific primers were used
along with two corresponding STS primers (each
tagged with an HSV on either side of the SNP(s)),
previously used for validation. The size of PCR
products in such a reaction would depend on the
specific SNP allele (see Figure 1a, b).

PCR reactions using allele specific primers were
set up as described earlier for homoeologue specific
STS primers. The PCR products obtained using
allele specific primers were subjected to agarose
gel (2.0%) electrophoresis followed by ethidium
bromide staining.
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Table 2. Details of 10 homoeologue specific STS primers each amplifying a solitary band in bread wheat genotypes

gzisril;iration Forward Primer (5'—3") Reverse Primer (5'—3") ?8 S[i;(;c}l];;t)
PKS2 TTTCTTCCGCATCAAGAGATCC CCTCAGGCTATGGCACAGAAT 5720 325
PKS4 CCGCTATGCTCCTCGTAGCCTG CAACGTACTCAGCGTAGATCGCTG 6140 366
PKS6 CACGAAGAGATATCACCCCGAG GGATGTCTGCGAGCCTTTCATAT 58.70 242
PKS8 TTCGCACATGCGCATAGATACA ACGCGGTCAGACAAACATGC 59.61 390
PKS10 CAACACGCCACCAACAATACTTCTG TGCTTCTCCTGCGGCGAGTC 62.61 249
PKS16 GCTTGTTGAAGGTTTGAAGCGT CCCAGCCAAACTCCTCAGAC 57.50 372
PKS30 GCTGCCTACAACAATGGTTCTGC CGTACCTCGTCGGGCTGTTC 60.21 360
PKS35 CAACCCGATTCACCGCCTAC CTAACGGCCTCCGTTTGCTG 60.00 480
PKS36 TCCTCTCCATGGCCAACGCC AACCAAGGCCGCCGGACGC 66.88 325
PKS37 TTGAGCGGCACAGCTCATCG TGCAAGTGATCCTCCCGTGCTA 62.75 530

Am - annealing temperature

Haplotype construction
In one case, four SNPs were available at the same
locus. Using SNP alleles at each of these SNP loci,
haplotypes were assembled.
RESULTS

In silico mining of SNPs

When 48 EST-contigs were subjected to mul-
tiple alignments, as many as 462 homoeologue

Allele specific
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sequence variants (HSVs) were identified in 47
contigs. The number of HSVs per contig ranged
from 2 to 26, giving an average density of 1 HSV
every 136.7 bp (for HSV, SOMERS et al. 2003).
Utilizing information on HSVs, ESTs in 48 EST-
contigs were grouped into 175 subcontigs, with an
average of 3.70 subcontigs per contig; the number
of ESTs in individual subcontigs ranged from 2 to
30. Subcontigs containing 6 or more ESTs were
considered suitable for the visual detection of
SNPs. As many as 230 putative SNPs (giving an
average density of 1 SNP every 273.9 bp) were
detected in 155 such subcontigs belonging to 42
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Figure 1. PCR-based assay for genotyping of SNPs; (a) diagrammatic representation of the strategy used for genotyping
of SNPs; the two allele specific primers were designed in such a way that their 3' ends carried different SNP allele;
STS primers were designed in such a way that their 3' ends carried each an HSV whereas the distance of two HSVs
on either side of SNP differed; consequently two PCR products (one invariant band and the other variable band) will
be available, and the variable band will help genotyping; (b) PCR amplification profiles obtained using allele specific
primers at locus PKS37b in five representative bread wheat genotypes, showing an alternative allele in genotype 8
(the other four genotypes have the same allele); M = 100 bp marker
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Table 3. Details of 7 allele specific primers, their product sizes (when used in combination with respective homoeo-

logue specific STS primers, see Table 2) and annealing temperatures

Contig ID P;:;;Zr SNP (%(;s)ition Allele specific SNP primer Pm(il;;; size ?gl)
PKS8b C/T (396) GATGTGCAGCACCTCGCAAC 113 60.33
CCAAGGTCCCGAAGTTCTGCTA* 313 59.82

1636-2458 PKS16 C/T (12200 GGGGACTTGCTCATAACTGCG* 234 59.14
TGTTCTGGAGAAGTCCTGCCAT 179 58.35

1636.3749 PKS30 A/G (266) TACTCCAACAACCATATTTCTTCTACACCG 242 60.97
CTAATTGCCGTGCTAGGTCTATCTTCTCT* 148 60.14

PKS37b G/A (601) AAGGGCCACGACCCTTTATGG 390 61.34
TTGGTCTCGGATGCTGCTGGT* 180 62.53

PKS37c T/G (806) CGCAAGCACTCTTAATCCAGCGIT 188 62.63
CCCTCGTGTGGCTTCGCCH 383 62.59

1636-955 PKS37e G/A (809) AAGCACTCTTAATCCAGCGATGCG 185 62.66
CCGTCCCTCGTGTGGCTGT* 386 62.01

PKS37f C/A (838) TTGTACTGCGGCCGACTAGCG* 417 62.73
CGTTGTACTGCGGCCGACTATICT* 419 61.64

*Reverse primer; underlined base represents non-template specific mismatch; Am — annealing temperature

EST-contigs. In the remaining 20 subcontigs be-
longing to six contigs, no SNPs could be detected.
Out of 230 SNPs, 123 (53.5%) represented transi-
tions and the remaining 107 (46.5%) represented
transversions. The frequencies of different types
of substitutions ranged from 0.65% for A/C or
C/A to 25.3% for G/A.

Validation of SNPs

Only 39 (92.8%) of the 42 homoeologue specific
STS primers each amplified products in 15 to
30 genotypes. Ten (10) of these 39 STS primers
gave each a solitary band (representing a single
homoeolocus) in each of 237 (79%) of the 300 pos-
sible (10 primers x 30 genotypes) primer-genotype
combinations (Table 2); the remaining 29 primer
pairs amplified 2 to 8 fragments each in 22 to
30 genotypes. Only the above 10 primers amplifying
the solitary fragment were considered suitable for
validation of 30 putative SNPs that were detected
in silico in the amplifiable regions (amplicon) of
the corresponding EST-contigs (Table 4).

The solitary PCR fragments amplified in each
of the above 237 primer-genotype combinations
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were sequenced from both the directions. The
sequence analysis validated only 7 (23%) of the
30 SNPs available in three contigs (for details, see
Table 4). Five of these 7 SNPs belonged to ORFs
(no annotations for these ORFs were available in
the database), 3 of which represented substitutions
resulting in nonsynonymous codons and the re-
maining two represented substitutions that resulted
in synonymous codons. Also, 5 (71.43%) of the
7 SNPs represented transitions and the remaining
2 (28.57%) represented transversions.

Development of PCR based assay

Allele-specific primers developed for the seven
validated SNPs were tried on a set of 50 diverse
bread wheat genotypes to test their utility as SNP
markers. The test allowed not only the confirmation
of already validated SNP alleles in 20 to 25 of the 30
bread wheat genotypes (previously used for valida-
tion of SNPs) but also the characterization of alleles
in the remaining 20 previously untested genotypes
(Figure 1a, b). Thus, suggesting that these allele
specific primers can be used as markers to faith-
fully genotype individuals at these loci. However,
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Table 4. Summary of the results of putative and validated EST-SNPs, and haplotypes in 10 EST-contigs

Contig ID No. of Ifrime.r No. of putatiYe SNPsin No. gf putat?ve SNPs  Validated
subcontigs designations contig in amplicon SNPs
1636-2208 4 PKS4 5 5 0
1636-2377 3 PKS6 3 1 0
1636-2458 3 PKS8 3 3 2
1636-2602 3 PKS10 2 1 0
1636-3749 4 PKS16 17 9 1
1636-709 4 PKS30 2 1 0
1636-923 3 PKS35 1 1 0
1636-935 4 PKS37 4 4 4
1636-203 3 PKS2 3 2 0
1636-924 3 PKS36 3 3 0
Total 43 30 7

ahomoeologue (represented by an EST-subcontig)
specific band (outer amplicon) was observed only
with 37 to 42 genotypes out of 41 to 45 genotypes
amplified using 6 of the above 7 allele specific prim-
ers when used in combination with corresponding
homoeologue specific STS primers.

Haplotype structure

The occurrence of 4 out of the 7 validated SNPs
at a single locus amplified by primer pair PKS37 al-
lowed haplotype analysis at this locus. The analysis
of genotyping data belonging to these 4 SNPs over 42
(out of 50) bread wheat genotypes allowed the detec-
tion of seven haplotypes. Haplotype 1 was detected

in 29 (69.05%) genotypes followed by haplotypes 3
and 4 in 4 (9.52%) genotypes each, haplotype 2 in
two (4.76%) genotypes, and haplotypes 5, 6 and 7
each in a single (2.38%) genotype (Figure 2).

Annotation of EST-contigs

In view of assigning putative functions to the
three EST-contigs harbouring seven validated
SNPs, their sequences were compared with the
nonredundant (nr)-protein sequence database
maintained at NCBI using blastx. The analysis
allowed the assignment of putative functions to two
of the three EST-contigs, numbered 1636-2458 and
1636-3749, which showed similarity with trypsin/
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Figure 2. Seven haplotypes detected at the locus characterized by STS primer pair PKS37 in 42 bread wheat genotypes;
haplotypes 1 was detected in 29 genotypes (2, 6,9, 11, 13, 15, 17, 18, 20, 22, 23, 24, 26, 27, 29, 30, 32, 33, 36, 37, 38, 39,
40, 41, 44, 45, 47, 49, 50), haplotype 2 in 2 genotypes (8, 25), haplotype 3 in 4 genotypes (1, 14, 19, 21), haplotype 4 in
4 genotypes (31, 35, 42, 43) and haplotypes 5 (34), 6 (46) and 7 (48) each in a solitary genotype (genotype numbers in
parenthesis correspond to the serial numbers in Table 1); the SNPs are indicated by hollow rectangular boxes
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alpha-amylase inhibitor CMX1/CMX3 (89%; e-
value 8e-56; score 220) and elongation factor 2
(95%; e-value 0.0; score 1223), respectively.

DISCUSSION

In bread wheat, the development of SNPs is dif-
ficult due to a high level of similarity among EST
sequences representing homoeologous triplicate loci
and due to the occurrence of multigene families.
Consequently, an individual EST-contig contains
ESTs belonging to three or more homoeologues/
paralogues. The differences among sequences rep-
resenting homoeoloci are minor, so that despite
stringent assembly conditions (95% similarity over
a 40-bp window) homoeologous ESTs cannot be
assembled into independent contigs. In view of
this, if the EST contigs are directly used for dis-
covery of SNPs, single nucleotide variations due to
homoeoloci will confound the results. Therefore,
for SNP discovery in bread wheat, EST contigs are
first separated into subcontigs, each representing a
locus on an individual chromosome. This is made
possible by identifying polymorphisms, described
as homoeologue sequence variants (HSVs), which
characterize each of the triplicate homoeoloci within
an EST-contig (SOMERS et al. 2003). The HSVs could
also be utilized for designing primers in such a man-
ner that each primer pair allows the amplification
of only one of the three homoeologous loci. This
strategy was successfully utilized by SOMERS et al.
(2003) and the present study confirms the utility
of this approach for SNP discovery in bread wheat.
However, surprisingly, in the present study, 1 HSV
occurred every 136.7 bp as against 1 HSV every 24
bp reported by SOMERS et al. (2003). This is intrigu-
ing, although it may partly be attributed to a small
sample used in the present study and to different
sets of contigs used in the two studies.

SNP discovery and validation

During the present study, only 10 out of the
42 primers designed were found suitable for dis-
covery of locus specific SNPs. Complete failure of
amplification by three primers and amplification of
more than one products by each of the remaining
29 primers may be attributed to several reasons:
first, there may be possible errors in single pass EST
sequences organized into contigs; second, a single
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nucleotide corresponding to an HSV at the 3'-end
of the primers may provide insufficient specificity,
and the third, there are also paralogues within the
genome due to duplications [one-quarter of genes
in the bread wheat genome are believed to have two
or more duplicate loci (paralogues), so that some
genes can have as many as ~6 loci (AKHUNOV et al.
2003a, b)]. An important example of the occurrence
of homoeologues and paralogues is provided by the
Glu-1loci encoding HMW-glutenin, which are lo-
cated on the long arms of each of the homoeologous
group 1 chromosomes of bread wheat (SHEWRY et
al. 1992). In view of the above, the amplification of
up to 8 fragments by an individual STS primer is
not surprising. Nevertheless, this causes a major
problem in the study of SNPs in individual sequences
representing a particular gene in bread wheat. In
a recent study, only 12% of the 5 762 informative
EST probes detected 1-2 loci on the wheat genome
(Q1 et al. 2004). Considering the magnitude of the
problem, an NSF funded wheat SNP project was
initiated recently. The above project will undertake
validation and subsequent genotyping of 1 800 SNPs
derived from ESTs representing unique loci on the
wheat physical map (POWELL & LANGRIDGE 2004;
http://wheat.pw.usda.gov/SNP/). More recently, the
successful completion of a pilot project (CALDWELL
et al. 2004) where genome specific primers were
designed from the sequences of two genes involved
in starch biosynthesis (GSS and Xwye838) gave
further support to the desirability/feasibility of the
above NSF funded project.

Density of SNPs

In the present study, estimates of the density of
SNPs were done through both the in silico analysis
of the ESTs available as contigs and the analysis
of sequences of PCR products that were obtained
by the use of 10 selected STS primer pairs with
30 exotic wheat genotypes. The in silico analysis
of 48 EST-contigs gave a density of 1 SNP/273 bp,
but when this ix silico analysis was restricted only
to the amplicons flanked by the 10 selected STS
primers, this density was much higher (1 SNP every
121.3 bp). This was not surprising, because while
designing the primers, segments having a higher
density of SNPs were really selected. However, the
sequences of PCR products obtained using 10 prim-
ers (see above) gave a lower density (1 SNP/520 bp),
which is also understandable in view of the fact
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that only 7 out of 30 SNPs could be validated.
The density of SNPs reported during the present
study, however, falls within the range (1SNP/21bp
to 1ISNP/8500bp) of densities of SNPs reported in
earlier studies on different tree and plant species
(BRYAN et al. 1999; ScHMID et al. 2003; BLAKE et
al. 2004; BuNpocK & HENRY 2004; FELTUS et al.
2004; GuprTA & RusTGI 2004; LE DANTEC et al.
2004; MORALES et al. 2004; RUSSELL et al. 2004;
SHEN et al. 2004; YANG et al. 2004; ROSTOKS et
al. 2005), but is little above the density reported
for bread wheat in an earlier study (1 SNP/540 bp;
SOMERS et al. 2003). We also noticed that in bread
wheat the density of SNPs scored in EST databases
(1SNP/144.9 bp; 1 SNP/540 bp) was higher than
that reported in sequences of genes of economic
importance (1ISNP/1000bp to 1SNP/1700bp; BRYAN
et al. 1999; MocCHIDA et al. 2003; SOMERS et al.
2003; ZHANG et al. 2003; BLAKE et al. 2004). This
variation in the density of SNPs may be attributed to
(i) the number and type of genotypes sampled and
(ii) the variable selection pressure on the genomic
regions under study. Also, in the present study,
transitions were more frequent than transversions,
which is in conformity with the results of earlier
studies in bread wheat (CALDWELL et al. 2004) and
sugar beet (SCHNEIDER et al. 2001).

Development of PCR based assay for SNP
genotyping

PCR based assays developed for 7 validated SNPs
allowed faithful genotyping of 40—45 bread wheat
genotypes, suggesting the probable use of SNPs in
constructing genetic maps and in studying genetic
diversity available in the wheat germplasm (GupTAa
et al. 2003; SOMERS et al. 2003). However, with six
out of the above seven allele specific primers, a
homoeologue specific band (large fragment) was
observed in 37 to 42 genotypes. The above observa-
tion is in conformity with earlier studies conducted
in barley (CHIAPPARINO et al. 2004; BUNDOCK et al.
2005), where the failure of genome specific ampli-
fication was attributed to the competition among
one of the locus specific primers and allele specific
primers used during the PCR reaction.

Haplotype structure

During the present study, the availability of
4 SNPs at a solitary locus allowed studying the
haplotype structure at this locus. It was shown that
allelic variants at this locus consisted of haplotypes
rather than single base replacements. Similar stud-
ies on haplotyping were conducted earlier in bread
wheat (CALDWELL et al. 2004; BEALES et al. 2005),
barley (Bunpock & HENRY 2004; RUSSELL et al.
2004) and maize (CHING et al. 2002; PALAISA et
al. 2003). Taken together, these studies suggest
that on average there are fewer SNPs/haplotype
in inbreeders like wheat and barley than in out-
breeders like maize (CLARK et al. 2004; JUNG et al.
2004; PALAISA et al. 2004; BUNTJER et al. 2005).
This has been attributed to selective constraints,
absence of recombination and narrow genetic base
of the inbreeders (KANAZIN et al. 2002; ZHU et
al.2003; BuNDOCK & HENRY 2004; CALDWELL et
al. 2004; RUSSELL et al. 2004). During the present
study, out of the seven haplotypes, haplotype 1
(GTGC) was the most abundant. However, once
a function is assigned to the concerned locus, it
would be interesting to find the association of
haplotypes and phenotypes.

Annotation of EST-contigs

By extensive homology searches, putative func-
tions could be assigned to two of the three EST-
contigs containing validated SNPs. One of these
EST-contigs showed similarity with the trypsin/
alpha-amylase inhibitor CMx1/CMx3, which is
known to inhibit the production of germination
specific alpha-amylase, thus regulating the amount
of sugars released from starchy endosperm during
germination, which not only helps in preventing
precocious germination (i.e. pre-harvest sprouting)
but also protects seeds from predators (TAUFEL et
al. 1997). Interestingly, the map locations of CMx
(CMx1, CMx2 and CMx3) genes also coincide well
with the known location of three major dormancy
QTLs detected on group 4 chromosomes of bread
wheat (SANCHEZ DE LA Hoz et al. 1994; MoORI et
al. 2005), thus suggesting the usefulness of these
SNP markers in gene-assisted selection (GAS) for
pre-harvest sprouting tolerance (PHST).
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CONCLUSIONS

Single-nucleotide polymorphisms (SNPs) rep-
resent an important source of polymorphisms in
bread wheat like in other plant systems, although
most of the allelic variants for different genes of
economic importance in wheat (like in other crops)
may consist of haplotypes rather than single base
replacements. Furthermore, only a few SNPs can
potentially define a haplotype and such SNPs can
be used for the study of linkage disequilibrium (LD)
and association analysis. The minimal number of
SNPs defining an allele may also prove useful for
gene-assisted selection (GAS) programmes for the
crop of interest. Extensive studies on the discovery
of SNPs followed by genotyping of the germplasm
with these SNPs are needed for this purpose.
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