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Abstract

Single Nucleotide Polymorphisms (SNPs) are the commonest type of nucleotide variation distributed throughout the
genome and have enormous potential to saturate genetic maps. However, their identification is constrained by the huge invest-
ment required for their detection. In this study, we used publicly available EST (Expressed Sequence Tag) sequences to identi-
fy SNPs in Sorghum bicolor. A total of 12,421 putative SNPs were identified from 2,921 contiguous transcripts leading to an
average SNP interval of one putative SNP for every 275.26 bp. The proportion of transition type mutations (0.598) was larger
than transversion types conforming to biological expectations. In order to demonstrate the utility of the SNPs for development
of markers with relatively cheap assays, we experimentally validated SNPs using Single Strand Conformation Polymorphism
(SSCP) technique in sorghum accessions, which are used as parents for development mapping populations. Genotyping these
parents of mapping populations with SSCP markers showed up to 33% polymorphism in the markers suggesting that the SNPs
can be used as potential resource for S. bicolor crop improvement programs.

Key words: cheap genotyping assay, Cleaved Amplified Polymorphism Sequence (CAPS), SNP, SSCP  

Source: A total of 185,593 EST sequences were retrieved from FTP site of Sorghum bicolor NCBI UniGene database
(ftp://ftp.ncbi.nih.gov/repository/UniGene/Sorghum_bicolor/)

Sorghum is one of the world’s most important crop plants
ranking fifth in acreage among cereals (http://www.icrisat.org)
after wheat, maize, rice, and barley (Paterson 2008; Paterson
et al. 2009). Many types of biological markers exist but sin-
gle nucleotide polymorphisms (SNPs) are preferred markers

to saturate genetic maps as they are co-dominant, bi-allelic,
highly polymorphic, and the most abundant source of varia-
tions among closely related genomes on top of being compat-
ible with multiple, high-throughput technology platforms
(Tsang et al. 2005). Thus, saturating the genetic map of
sorghum with genome-wide SNP markers would augment the
success of breeding of most agronomically important traits.
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Initially, only the conventional wet lab (rDNA) techniques
were used to detect SNPs. But gradually with the develop-
ment of bioinformatics, in-silico SNP detection using the
huge number of EST resources available in public databases,
remains to be one of the splendid and economical routes to
detect novel SNPs (Edwards 2007). EST sequences offer an
enormous resource for the identification of biologically
meaningful SNPs due to their relatively higher redundancy.
There is the possibility of the submission of sequences of the
same locus from different individuals/cultivars. However,
errors incorporated by inaccurate reverse transcriptase, DNA
polymerase, and low quality sequencing are the major con-
straints of the use of EST sequences for SNP identification
(Gu et al. 1998; Picoult-Newberg et al. 1999). As a result, the
success of EST-based SNP identification depends on the
methods adopted in distinguishing the likely false positives
from the genuine ones. Nevertheless, candidate SNPs detect-
ed from EST sequence data after appropriate filtering
schemes have been validated by re-sequencing to comprise
largely genuine polymorphisms in a number of organisms
(Coles et al. 2005; Duran et al. 2009; Lopez-Crapez et al.
2005). It has been reported that in silico pre-selection of
potentially polymorphic loci had resulted in enhanced SNP
identification efficiency and generation of robust markers
with high nucleotide diversity (Kota et al. 2003). In this
paper, we used ESTs from the NCBI Unigene database to
identify SNPs in the transcribed regions of sorghum.
Moreover, as most of the assays for SNP genotyping require
expensive and specialized equipment and chemicals, we tried
to derive SSCP markers from the SNPs identified in order to
demonstrate the usefulness of the resources for cost-effective
marker development.

Methods and Materials

Mining of SNP-CAPS markers
Sorghum bicolor EST sequences were retrieved from FTP

site of the NCBI UniGene database (ftp://ftp.ncbi.nih.gov/repos-
itory/UniGene/Sorghum_bicolor/). Vector sequences used for
the Sorghum bicolor cDNA library were used to trim vector-
contaminated EST sequences. Redundancy in retrieved ESTs
was established through clustering using codoncode aligner
(http://www.codoncode.com/aligner/). All ESTs of a NCBI
‘Unigene’ were included in one batch and to minimize the
inclusion of ESTs from paralogous genes, stringent cluster-
ing criteria were followed: at least 50 bases overlap and 95%
identity between one end of a sequence to the other end. The
presence of variations was identified in assembled contigs. A
quality screen was performed in order to differentiate gen-
uine SNPs from false ones using the method adopted from
Picoult-Newberg et al. (1999) and Hawken et al. (2004).

Polymorphic SNPs from the multiple alignment of contigs
using Codoncode alignerTM, were converted to CAPS markers
with lists of restriction enzymes retrieved from Rebase data-

base (version903) (rebase.neb.com/rebase/rebase.html) using
the SNP2CAPS (Thiel et al. 2004) algorithm. The functional
relationship of each EST-containing putative SNPs was per-
formed by using the BLASTx program against the non-redun-
dant (nr) database. To assign tentative identity, an E-value cut-
off of E-10 was used as criteria. The genes annotated were clas-
sified into protein classes by considering the biological/molec-
ular function assigned to the protein in Uniprot. Genes were
further grouped into broader sets using scheme (Vogel and
Chothia 2006) for easy identification and classification.

Validation of SNPs
For experimental verification of the SNPs, three acces-

sions viz., E36-1, IS9830, and N13, which are parents of two
recombinant inbred populations (RIPs) [IS9830 × E36-
1(RIP1) and N13 × E36-1 (RIP2)] were used. From these
accessions, genomic DNA was extracted from leaf material
as described by Krishna and Jawali (1997). Primer pairs were
designed on the basis of contig consensus sequences obtained
by codoncode aligner using the computer program
VectorNTI (Invitrogen, USA). The criteria for selection of
the primers were: maximum size of amplicon - 400 bp, low
chance of primer-dimer and hairpin loops. PCR was done in
20 µL reactions as described by Kota et al. (2003).

Parental screening for polymorphism of SNP markers was
implemented on 15% non-denaturating gel (50% acrylamide-
bisacrylamide, 10X TBE, and glycerol) in a manual DNA
sequencing apparatus (Biorad, USA) with minor modifica-
tions (Orita et al. 1989). Pre-run was done at 300 volts at
constant temperature for at least 45 min. Denaturation of
samples was carried out at 95°C for 10 min. For 4 µL of PCR
product, 12 µL of formamide dye was added and immediate-
ly chilled on ice and kept at -20°C for 10 min prior to load-
ing. Electrophoresis was performed in 0.5X Tris-borate (PH
8.3) EDTA buffer at 300 V for 17 ± 1 h at room temperature.
To visualize the SSCP band patterns the gel was subjected to
silver staining.

Results and Discussion

The NCBI EST database for Sorghum bicolor consists of
209,814 EST sequences as of June 15, 2009. The sequences
are product of 48 cDNA libraries. Library size ranges from 1
sequence to 11,221. At least 13 cultivars were used as source
for library construction (Table 1). In NCBI, automated proce-
dure of Unigene database groups ESTs of the same origin
into clusters (Unigenes). It also removes EST sequences of
low quality, trims contamination by vector and host genome
sequences and masks repetitive and low quality sequences.
We used processed ESTs (~185,000) archived from NCBI
Unigene database. A total of 10,251 sequences were trimmed
due to contamination by vector sequences. In order to mini-
mize clustering of paralogous sequences, 173,755 EST
sequences were re-clustered and aligned with higher strin-
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gency into 19,243 contigs and 11,838 singletons. Most of the
contigs (24.44%) were formed from 2 fragments. The num-
ber of sequence reads per contig followed exponential fre-
quency distribution (R2 = 0.686). The same results were also
reported by Picoult-Newberg et al. (1999). Of these contigs,
10,865 (55%) comprised > 3 ESTs. It is indeed from these
contigs that candidate SNPs were mined.

CodonCode AlignerTM detected 433,041 raw mismatches
in contigs assembled from four or more fragments. This
includes 51,485 indels, 102,720 mismatches with ambiguous
base, and 278,336 substitution-type mismatches with unam-
biguous base. From the analysis of 117,631 EST sequences
to delineate the region with large sequencing errors, the first
60 bp and 40 bp from 5' and 3' end, respectively, were found
to be frequently prone for sequencing errors (Fig. 1).

The entire mismatch quality control scheme had three fil-
ters. Filter1 (F1) removed mismatches, which originated
from region where three or more mismatches are clustered in
a sliding window of 20 bp. Such mismatches were termed as
Low Quality Mismatches (LQM). This filter would likely
eliminate sequencing artifacts, which tend to cluster and
often occur in regions of low sequence quality. The filter
removed 121,675 LQM from the pool of 278,336 raw mis-
matches. The remaining 156,661 were labeled as ‘Filter1
passed’ (F1P) mismatches. The second filter (F2) was
employed to remove mismatches arising from terminal ends.
F2 removed 49,112 F1P mismatches, which resided in the
first 60 bases from the 5' end and 40 bases from the 3' end of
each EST sequence. The remaining 107,549 mismatches
were termed as F2P. The last filter, Filter 3 (F3) identified
SNPs where the minor allele frequency is represented more
than once in multiple sequence alignment. The resulting
12,421 sequence variants were termed as F3P or candidate
SNPs. These mutations most likely represent genuine genom-
ic polymorphisms.

On average for every 33.85, 50.38, and 275.26 bp, one
mismatch was found for filters one, two, and three, respec-
tively. Mismatch interval was found to be dependent on the
number of fragments for a given assembly and the level of
the filter (Fig. 2). Fragment count and mismatch interval had
a strong and significant (P < 0.05) negative logarithmic rela-
tionship for all filters.

Raw substitution mismatches had lower transition propor-
tion (0.420) compared to transversion. Transition proportion
increased to 0.50, 0.547, and 0.598 as the level of filter pro-
gressed from F1, F2, and finally to F3, respectively. C/T type
mutation had the highest percentage in all the filters followed
by another transition type mutation, A/G. In contrast, A/T
type mutation had the lowest frequency (Table 2).

Tamara
ICSV-272
35-1 
GOLDEN HARVEST
Abu 70
P898012
ATx399 X RTx430
TX430
Tx7000
B35
RTX430
IS3620C
Unknown
BTx623
Total

Table 1. Distribution of publicly available ESTs among sorghum geno-
types used to generate transctiptomes (as of June 15, 2009).

Cultivar
1
3
6

19
38
47
82
88

3597
6295

10449
22202
60405

106582
209814

EST frequency
0.000
0.001
0.003
0.009
0.018
0.022
0.039
0.042
1.710
3.000
4.980

10.580
28.790
50.800

100.000

% of ESTs

Fig. 1. Frequency of low quality mismatches and Isolated Mismatch (IM), non
Low Quality Mismatches (LQM), distributed by positions from both ends of EST
sequences. Regions of EST sequences from 5' and 3' ends to 60 bp and 40 bp,
respectively, had IM/LQM value less than the threshold 2.5.

Fig. 2. Average mismatch interval against contig size across the filter scheme

Transition

Transition

Transversion

Transversion
Grand Total

A<>G
C<>T

A<>C
A<>T
C<>G
G<>T

58197
58699

116896
42687
32383
50757
35613

161440
278336

0.209
0.211
0.420
0.153
0.116
0.182
0.128
0.580

35238
43045
78283
21698
13621
24404
18655
78378

156661

0.225
0.275
0.500
0.139
0.087
0.156
0.119
0.500

26547
32285
58832
12951
7769

16718
11279
48717

107549

0.247
0.300
0.547
0.120
0.072
0.155
0.105
0.453

3009
4419
7428
1526
515

1934
1018
4993

12421

0.242
0.356
0.598
0.123
0.041
0.156
0.082
0.402

Table 2. Frequency of substitution-type mutations at various stages of
the filtering scheme.

Kind of
mutation

Type
of

alleles
RM

Prop*.
RM**

F1P
Prop.
F1P

F2P
Prop.
F2P

F3P
Prop.
F3P

* Proportion** Raw Mismatches



One feature of genuine polymorphism is expected to be
the over-representation of transition substitutions (A to G and
C to T) due to the deamination of 5-methyl cytosine
(Holliday and Grigg 1993). This expectation was used to
evaluate our filtering scheme. As expected, the proportion
(0.598) of SNPs produced after implementation of all filters
was larger than the transversion-type of mutations (0.402) and
far greater than the proportion when the expectation is ran-
dom mutation (0.333). However, prior to implementation of
the filters, the proportion of transversion-type mutations was
greater than transition-type mutation. This shows that most of
the SNPs identified through the filtering scheme represent
biologically meaningful and likely genuine polymorphisms.

After implementation of F3, the mean SNP frequency was
1 in 275.26. bp. However, the frequency is a little underesti-
mated as the filters may have removed genuine SNPs. SNP
interval has changed from filters to filters and number of
ESTs per contig. In fact, very strong negative exponential
relationship between number of contigs and mean SNP inter-
val (number of bases per SNP) was found (R2 = 0.835).
Identified SNP frequency in sorghum was lower compared to
allogamous species like maize (1/61) and higher than other
autogamous species like wheat (1/540) (Ching et al. 2002;
Somers et al. 2003). Further, validation studies in humans
indicated that approximately 50 to 82% of predicted SNPs
are genuine (Batley et al. 2003; Buetow et al. 1999; Gu et al.
1998; Hawken et al. 2004; Hu et al. 2002; Irizarry et al.
2000; Picoult-Newberg et al. 1999; Stone et al. 2002).

A total of 445 assemblies had at least one SNP with minor
allele frequency ≥ 4. After BLASTx was performed, 17 (4%)
assemblies did not have a significant hit (E value = E-10) with
proteins available in public protein databases. Of the predict-
ed proteins, 37% were involved in metabolism. The remain-
ing 14, 11, 6, 5, and 4% were functionally grouped into regu-
lation, cellular functions, information, general function, and
stress/resistance, respectively. The remaining 19% proteins
were with unknown functions (Supplementary Table 1).

A subset of 877 SNPs were randomly selected from a pool
of putative SNPs and were tried in silico using SNP2CAPS
(Thiel et al. 2004) algorithm to convert into CAPS markers.
The SNPs were carried by 315 contigs spanning a total of
404,154 bp. A total of 1,599 potential CAPS (SNPs residing
within overlapping recognition site of restriction enzyme
were counted as independent potential CAPS) were identified
distributed over 224 (71.11%) contigs. On average, one
potential CAPS marker for every 252.75 bp was detected. The
average frequency of CAPS was 5.08 per contig (Table 3).
Thiel et al. (2004) reported that 90% of the alignments which
had harbored SNPs and indels had been converted to CAPS.
The conversion rate in terms of contig was lower possibly
because indels were not considered in this study. From 28
SSCP markers assessed, ten and six markers were found to
be contrasting across parents of RIPs viz., IS9820 and E36-1
(RIP1), and N13 and E36-2 (RIP2), respectively (Fig. 3 and
Table 4).
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Fig. 3. SSCP markers screened for polymorphism using parents of mapping pop-
ula-tions. The numbers indicate SB-SNP series primers designed for the markers.
The three wells under each marker were loaded amplicons from DNA templates
of E36-1, IS9830 and N13, respectively. Arrows indicate polymorphic markers.

Number of contigs considered
Total number of bases
Total number of contigs with CAPS markers
Total potential CAPS identified
Number of contigs with CAPS
bp / Potential CAPS
Average number of CAPS per contig

Table 3. Frequency of potential CAPS in relation to contigs considered
for SNP to CAPS conversion.

Description
315

404,154
223

1,599
224
252.75

5.08

Frequency

SB-SNP-22
SB-SNP-57
SB-SNP-36
SB-SNP-56
SB-SNP-26
SB-SNP-28
SB-SNP-32
SB-SNP-38
SB-SNP-53
SB-SNP-58
SB-SNP-48
SB-SNP-18
SB-SNP-19
SB-SNP-25
SB-SNP-35
SB-SNP-20
SB-SNP-34
SB-SNP-45
SB-SNP-47
SB-SNP-33
SB-SNP-40
SB-SNP-54
SB-SNP-27
SB-SNP-41
SB-SNP-43
SB-SNP-46
SB-SNP-37
SB-SNP-31
Polymorphic
Per. Poly

Table 4. Screening of SSCP markers for polymorphism using two map-
ping populations. (M, P, and NA signify Monomorphic, Polymorphic,
and No amplification, respectively).

PrimerID
M
P
P
P
M
P
M
M
P
M
P
NA
P
M
NA
M
M
M
NA
P
M
P
NA
P
M
M
M
NA
10
0.344828

IS9830 X E36-1 (RIP1)
M
P
P
M
M
M
M
M
M
M
M
NA
M
M
NA
M
M
M
NA
P
M
P
NA
P
M
M
M
P
6
0.206897

N 13 X E36-1 (RIP2)

M:  Monomorphic; P:  Polymorphic; NA: No Amplification
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The real concern for in-silico predicted SNPs is whether
the SNPs identified are also common in a wide range of culti-
vars cultivated and are being used in breeding programs.
Since EST submission is biased towards a small number of
genotypes, it is difficult to predict the allelic frequency of a
given SNP in a natural population. To check whether the pre-
dicted SNPs also are common in accessions being used for
breeding purposes, we screened 28 SSCP markers across
three sorghum parental lines, which are used as parents of
mapping populations. They showed a verification rate of
approximately 33%. The rate of verification is lower com-
pared to the reported rate (Batley et al. 2003; Hawken et al.
2004; Picoult-Newberg et al. 1999) probably due to the
smaller number of gene fragments and cultivars used for vali-
dation. However, the level of polymorphism of our SNPs in
the panel of parents used for mapping populations was
greater than the verification rate of gene based SSR markers
(25%) reported by Eujayl et al. (2001).

Conclusion

As a multitude of sequence data are available in public
databases, discovering polymorphisms in-silico becomes a
valid option. ESTs are redundant and there is possibility of
submission of sequences of the same locus from different
individuals; therefore, they provide a resource for in-silico
SNP discovery. Moreover, since ESTs largely represent cod-
ing segments of the genome, SNPs identified from them are
more likely to affect phenotype than those in non-coding
regions of a genome. Sorghum EST sequences are product of
48 cDNA libraries from at least 13 cultivars. Inclusion of
these many cultivars offered a great opportunity to mine
SNPs. The SNP markers in the present study have proven
their worthiness in the detection of polymorphism among the
sorghum cultivars and also provided an excellent opportunity
to develop a cost-effective marker system like SSCP.
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Cellular functions

General

Metabolism

Regulation

Information

Stress/Resistance

Unknown
Grand Total

Supplementary Table 1. Functional distribution of polymorphic
assemblies into different classes and categories. 

Category 

Cell motility
Membrane protein
Nuclear structure
Reactive Oxygen related
Storage
Structure
Transport

Developmental protein
Ion binding
Other enzymes
Sexual reproduction
Small molecule binding

Amino acids metabolism
Carbohydrate metabolism
Cell wall envelop metabolism
Coenzyme metabolism
Lipid metabolism
Nitrogen/carbon metabolism
Photosynthesis
Protease
Redox
Secondary metabolism
Transferases
General metabolism

Chromatin structure
DNA-binding
Kinase/phosphatase
Nucleotide binding
Other regulatory function
Protein interaction
Protein modification
RNA binding
Signal transduction
Transcription factor

mRNA processing
Ribonucleoproteins
Transcription
Translation

Disease resistance 
Stress

Class
50

9
2
1
1
1
2

34

21

1
12
4
2
2

168

5
7
5
3
3
3
9

28
49
4l

19
33

64

2
6
4
6
5
9

17
6
3
6

27

1
2
2

22

22

3
19

93
445

Frequency 


