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ABSTRACT. In this study, a total of 1047 insertion-deletion (InDel)
primer pairs distributed across the rice genome were developed and
experimentally validated. The primer pairs were designed based on the
InDel length polymorphisms between 93-11 (Oryza sativa ssp indica cv.)
and Nipponbare (Oryza sativa ssp japonica cv.), aiming for utilization
between indica and japonica rice, or between other inter-subspecific rice
cultivars. The 1047 primer pairs were dispersed across all 12 of the rice
chromosomes, with one InDel marker found every 371.3 kb on average.
The InDel length of the markers varied from 3 to 39 bp: 88.2% of the
markers contained 6 to 25 bp, only 6.2% of markers were <5 bp, and 5.6%
were >26 bp. Six hundred and twenty-three (59.5%) of the 1047 InDel
markers were shown to amplify well and were polymorphic between
Taichung65 and IRS, and 476 (45.5%) markers were polymorphic
between Lemont and Yangdao4, while 398 (38.0%) were polymorphic
in both combinations. These results demonstrated that the polymerase
chain reaction-based InDel markers developed in this study could be of
immediate use for rice genetic studies and breeding programs.
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INTRODUCTION

Molecular markers play important roles in both basic and applied research, such as
fingerprinting genotypes, analyzing genetic diversity, determining variety identity, marker-
assisted breeding, phylogenetic analysis, and map-based cloning of genes (Shen et al., 2004;
Liuetal., 2013). Rice is an important food crop for more than half the world’s population, and
is a model plant for the grasses. A large number of molecular markers have been developed
in rice, including expressed sequence tags, restricted fragment length polymorphisms, simple
sequence repeat (SSR) markers, single nucleotide polymorphism (SNP) markers, insertion-
deletion (InDel) length polymorphism markers, and cleaved amplified polymorphic sequence
markers among others (Akagi et al., 1996; Panaud et al., 1996; Temnykh et al., 2001; Mc-
Couch et al., 2002; Nasu et al., 2002; International Rice Genome Sequencing Project, 2005;
Ren et al., 2005; Chen et al., 2011). The emergence of genomic sequences in rice has increased
the development of several locus-specific markers for high-resolution genetic analysis.

SSR, InDel, and SNP markers are frequently used in rice studies. A total of 18,828 SSR
markers have been developed in rice, with approximately one SSR marker found every 19.69
kb in the rice genome (International Rice Genome Sequencing Project, 2005). The fact that
SSR markers are co-dominant, multi-allelic, high-density, easy to use, and inexpensive makes
them the most widely used markers in rice to date (McCouch et al., 2002). The release of the
genome sequence of two inbred rice cultivars, japonica cv. Nipponbare and indica cv. 93-11,
has greatly accelerated the identification of SNP and InDel polymorphisms in rice. A total of
1,703,176 SNPs and 479,406 InDel polymorphisms have been identified to date, and the fre-
quencies of SNP and InDel polymorphisms between Nipponbare and 93-11 are 0.71 and 0.20%,
respectively, or approximately one SNP every 268 bp and one InDel every 953 bp along the
rice genome (Shen et al., 2004). Using whole-genome sequencing of a japonica landrace rice
line, Omachi, SNP and InDel polymorphisms between Omachi and Nipponbare were reported
(Arai-Kichise et al., 2011). The high frequency of SNP and InDel polymorphisms makes the
development of high-density SNP and InDel markers possible. The SNP markers have been
used more and more frequently over recent years. A total of 213 SNP markers have been es-
tablished (Nasu et al., 2002). A set of 372 SNP markers were used to genotype 300 inbred rice
varieties from 22 rice-growing countries (Chen et al., 2011). A total of 280 polymorphic SNP
markers were used in mapping quantitative trait loci for heat tolerance in rice (Ye et al., 2012).
A whole-genome resequencing technique was used to examine genome-wide SNPs to con-
struct a genetic map with high resolution using 150 rice recombinant inbred lines (Huang et al.,
2009). The InDel polymorphisms have received relatively little attention compared with SNPs.
However, InDel markers have more practical value for laboratories without infrastructure to
perform SNP genotyping (Liu et al., 2013). InDel polymorphisms occur more frequently than
SSR polymorphisms in the rice genome, which has made them more preferable in fine map-
ping genes. Since InDel markers use the same experimental approaches routinely used for SSR
markers, the InDel markers have all the advantages of the SSRs (Liu et al., 2013). Fifty InDel
markers were developed for rice by Shen et al. (2004). Although a large number of InDel poly-
morphisms have been reported in the rice genome, InDel markers with good coverage of the 12
rice chromosomes have not yet been developed.

In this study, we analyzed the InDel sequences between Nipponbare and 93-11, and
developed a set of 1047 InDel markers along the 12 rice chromosomes, corresponding to ap-
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proximately one marker per 371.3 kb in the rice genome. We experimentally validated all of
the InDel markers, and analyzed their applicability in two other indica/japonica combinations.
The InDel markers developed in the present study are valuable for rice genetic research and
marker-assisted breeding.

MATERIAL AND METHODS

Searching InDel polymorphisms between 93-11 and Nipponbare sequences

We searched and collected InDel polymorphisms along the rice genome using 93-
11 and Nipponbare as reference sequences. The 93-11 genomic sequences were downloaded
from the Beijing Genomics Institute-Rice Information System (BGI-RIS) (ftp://ftp.genomics.
org.cn/pub/ricedb/SynVs9311/9311/Sequence/SupScaffold/). The downloaded files with the
filename extension ‘.gz’ were unzipped using the WinRAR software. The unzipped files were
opened in the DNAStar EditSeq program (DNASTAR Inc.). The contig sequences of the 93-
11 were used as queries to BLASTN Nipponbare genomic sequences (http://blast.ncbi.nlm.
nih.gov/). The alignments of 93-11 and Nipponbare sequences were shown as the BLASTN
results. The InDel site can be found from the alignment results denoted as ‘-’.

Candidate InDel sequences for primer design

The alignment results of 93-11 and Nipponbare from the BLASTN search in the Na-
tional Center for Biotechnology Information (NCBI) website were analyzed, and the candi-
date sequences for primer design were determined to require the following characteristics:
1) the sequence length of the PCR product should usually be 120-480 bp, the InDel length
between 93-11 and Nipponbare should usually be >4 bp, and 2) the InDels between 93-11 and
Nipponbare should be located relatively in the middle of the candidate sequences, and there
should be identical sequences for 93-11 and Nipponbare in places outside of the candidate se-
quence. This is because SNPs or InDels occurring at places other than the candidate sequence
restrict the selection of forward or reverse primers.

Primer design

The candidate sequences (Nipponbare or 93-11) were copied and pasted into the
PRIMER PREMIER software (version 5.0, PREMIER Biosoft International, Palo Alto, CA,
USA). Primer pairs were automatically searched using PRIMER PREMIER. Primers were
limited to 16-26 nucleotides long. The PRIMER PREMIER software will automatically detect
‘hairpin’, ‘dimer’, ‘cross dimer’, and ‘false priming’ of the forward and reverse primers, and
provide a final rating (from 0 to 100) for a specific primer pair. The ‘hairpin’, ‘dimer’, and
‘cross dimer’ indicate the secondary structure formed by primers. The ‘false priming’ indicates
primer binding at the incorrect site of the template. Sequences that provided primer pairs with
ratings below 86 were eliminated from consideration. If ‘false priming’ was detected, the
primer pairs were also eliminated from further consideration. The names and the forward and
reverse sequences of the 1047 InDel markers developed in this study are listed in the supple-
mentary material (Tables S1 to S12).
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PCR amplification and experimental validation of the InDel markers

All of the 1047 primer pairs developed in this study were tested in PCR and poly-
acrylamide gel analysis. PCR was performed in a 15-uL reaction volume containing 50-100
ng template DNA, 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl,, 200 uM dNTP, 0.2 uM
primer pairs, and 0.7 U Tag DNA polymerase (Dingguo Biotech Ltd., Beijing, China). The
DNA amplification protocol included an initial 5 min at 94°C, followed by 35 cycles of 30 s
at 94°C, 30 s at 55°C, and 1 min at 72°C, with a final extension for 7 min at 72°C. The reac-
tions were performed in a PTC-200 thermal cycler (MJ Research Inc., Waltham, MA, USA).
The PCR products were separated on 8% denaturing polyacrylamide gels and visualized using
silver staining (Bassam et al., 1991).

Two indica-japonica combinations (Taichung65/IR8 and Lemont/Yangdao4) were
used for polymorphism validation of the InDel markers developed in this study. Taichung65
(from Taiwan) and Lemont (from the USA) are japonica cultivars, whereas Yangdao4 (from
Jiangshu Province, China) and IR8 (from IRRI) are indica cultivars.

Construction of the physical map and the genetic linkage map

The positions of the 1047 InDel markers in the physical map of the rice chromosomes
were constructed according to the alignment of the InDel primers in relation to the Nipponbare
reference sequences in GenBank.

In order to assess the value of the InDel markers for genetic research, 12 polymorphic
InDel markers between Lemont and Yangdao4 on chromosome 12 were used to construct a
genetic linkage map: D1202, D1211, D1220, D1225, D1228, D1239, D1246, D1252, D1260,
D1264, D1270, and D1274. The genetic linkage map was constructed using 190 individuals
in an F, population derived from crossing Lemont with Yangdao4. The linkage map was con-
structed using MAPMAKER/EXP 3.0 (Lander et al., 1987). The Kosambi mapping function
was used to transform the recombination frequency into genetic distances (cM).

RESULTS

Development of InDel markers distributed over the rice genome

There are several InDel polymorphisms between 93-11 and Nipponbare in the rice
genome. We selected more than 3500 InDel polymorphic sites dispersed along the 12 rice
chromosomes, and tried to transfer them into InDel markers. A majority of candidate DNA
templates were found to be unsuitable for primer design because of high (or low) GC content,
secondary structure formed by primers, or other reasons. Ultimately, a total of 1047 InDel
markers dispersed along the 12 rice chromosomes were developed, approximately one InDel
marker every 371.3 kb (the rice genome contains 388.82 Mb according to the International
Rice Genome Sequencing Project, IRGSP). The forward and reverse sequences of the 1047
InDel markers developed in this study are listed in the supplementary material (Tables S1 to
S12). The physical positions of the InDel markers across the rice genome are shown in Figure
1. The average interval between adjacent InDel markers varied among the chromosomes, from
the shortest (274 kb) on chromosome 1 to the longest (492 kb) on chromosome 11, with an
average size of 392 kb across all 12 chromosomes (Table 1).

Genetics and Molecular Research 12 (4): 5226-5235 (2013) ©FUNPEC-RP www.funpecrp.com.br


http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr3193_supplementary.pdf
http://www.geneticsmr.com/year2013/vol12-4/pdf/gmr3193_supplementary.pdf

Y.X. Zeng et al. 5230

ot ooz o3 oot

chros chor Chos omos o0

Figure 1. Distribution of the 1047 InDel markers on rice chromosomes. Marker names are listed to the right of
the chromosomes, the digit at the left of the corresponding marker name indicates the physical position (kb) of the
marker in the rice genome. This physical map was constructed based on the Nipponbare sequences in GenBank.

Table 1. InDel markers developed in this study and their polymorphisms in two indica-japonica combinations.

Chromosome Number of Average interval ~ Number of polymorphic ~ Number of polymorphic ~ Number of polymorphic
InDel markers  between adjacent markers between markers between markers at both
developed markers (kb)* Taichung65 and IR8 Lemont and Yangdao4 combinations
1 165 274 107 64 52
2 116 319 74 68 56
3 116 323 78 61 56
4 107 341 57 49 39
5 87 344 47 36 29
6 84 385 55 32 31
7 70 438 47 38 35
8 62 466 29 20 15
9 49 491 24 22 17
10 53 452 26 20 17
11 63 492 39 33 26
12 75 374 40 33 25
Total 1047 392 623 476 398

*The interval between adjacent markers was calculated according to the physical distances of the markers in
Nipponbare reference sequences.
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The InDel length of the 1047 markers varied from 3 to 39 bp, according to the 93-11
and Nipponbare reference sequences. The majority of the 1047 markers (88.2%) were 6-25 bp
InDel in length: 24.4% were 6-10 bp, 28.0% were 11-15 bp, 21.1% were 16-20 bp, and 14.7%
were 21-25 bp. Only 6.2% of the markers were <5 bp in length, and 5.6% of the markers were
>26 bp in length (Figure 2).
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Figure 2. Distribution of the insertion-deletion length of the 1047 InDel markers.

Potential of the InDel markers for genetic research

The 1047 InDel markers were designed based on the InDel polymorphisms between
93-11 and Nipponbare reference sequences. Therefore, these markers should theoretically be
polymorphic between 93-11 and Nipponbare. To test their polymorphisms in other indica-
Japonica varieties, we analyzed them in two indica-japonica combinations (Taichung65/IR8
and Lemont/Yangdao4). Of all 1047 InDel markers, 623 markers (59.5%) showed polymor-
phism between Taichung65 and IR8, 476 markers (45.5%) showed polymorphism between
Lemont and Yangdao4, and 398 markers (38.0%) were polymorphic in both of the combina-
tions (Table 1). The polymorphic markers are indicated in Tables S1 to S12. These results
demonstrated that the InDel markers developed based on 93-11 and Nipponbare sequences can
be used in other indica-japonica combinations, although the polymorphic rate of the markers
varied with different combinations.

We further selected 12 polymorphic InDel markers on chromosome 12 to genotype
an F, population consisting of 190 individuals derived by crossing Lemont and Yangdao4. A
linkage map consisting of 11 InDel markers was constructed (Figure 3), and the marker D1202
did not link with the 11 InDel markers in this map. The positions of the 11 InDel markers in the
genetic linkage map agreed with those of the physical map (Figures 1 and 3).
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Figure 3. Linkage map of rice chromosome 12 constructed using 190 F, individuals derived from a cross between
Lemont and Yangdao4.

These results indicated that the developed InDel markers are useful for identifying
genetic composition and provide a valuable platform for the molecular dissection of traits.

Relationship between InDel length and polymorphic marker rate

The InDel lengths of the 1047 InDel markers ranged from 3 to 39 bp. It was not
clear whether the polymorphic marker rate in a specific indica-japonica cross increased
with increasing length of the InDel markers. We classified the InDel markers according
to their InDel lengths, and calculated the polymorphic marker rate in two indica-japonica
combinations (Table 2). In the Taichung65/IR8 combination, the correlation coefficient
between polymorphic marker rate and InDel length was -0.59888 (P = 0.1167), and the
correlation coefficient between polymorphic marker rate and InDel length in the Lemont/
Yangdao4 combination was -0.19822 (P = 0.6380). Therefore, there was no clear relationship
between the polymorphic marker rate in a specific indica-japonica combination and the InDel
length of the developed markers. Therefore, we could not increase the polymorphic marker
rate by developing markers with longer InDel sequences.
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Table 2. Distribution of the polymorphic marker number at two indica-japonica combinations listed according
to the InDel length of the markers.

InDel length (bp) Number (%) of polymorphic markers Number (%) of polymorphic markers
between Taichung65 and IR8 between Lemont and Yangdao4

1-5 40 (61.5%) 25 (38.5%)

6-10 146 (57.3%) 112 (43.9%)

11-15 186 (63.5%) 148 (50.5%)

16-20 126 (57.0%) 95 (43.0%)

21-25 97 (63.0%) 71 (46.1%)

26-30 25(53.2%) 23 (48.9%)

31-35 2 (20%) 1 (10%)

36-40 1(50%) 1 (50%)

Total 623 476

DISCUSSION

SSR markers have several advantages such as co-dominance, multi-allelic, and
technically easy and inexpensive to use, which has made them the most widely used molecular
markers in rice since their release (Panaud et al., 1996; Temnykh et al., 2001; McCouch et al.,
2002; International Rice Genome Sequencing Project, 2005). SNP and InDel polymorphisms,
the first and the second largest polymorphic mutations in the rice genome, provide suitable
resources for designing primers with higher density than SSR markers. The higher frequencies
of InDel and SNP markers in the rice genome make them preferable for fine mapping rice
genes (Pan et al., 2008; Wu et al., 2011; Xu et al., 2011; Kwon et al., 2012; Zeng et al., 2013).
It is worth noting that special equipment or hardware is indispensable for SNP genotyping,
which has restricted the application of SNP markers. Although PCR-based SNP markers do
not require special infrastructure, the development of PCR-based SNP markers is nonetheless
difficult, and therefore more rare. InDel markers represent a balance between SSR and SNP
markers. They provide a higher density than traditional SSR markers and utilize the same
experimental procedure as used for SSR markers. Genome-wide InDel polymorphisms were
detected soon after the release of the rice genome sequences (Shen et al., 2004; Arai-Kichise et
al.,2011). However, the development of InDel markers with good coverage of the rice genome
is time-consuming because not all InDel polymorphisms can be transferred to InDel markers;
for example, sequences with high (or low) GC content are not suitable for primer design.
Other restricting factors for InDel marker development include: secondary structure formed
by primers, melting temperature of the forward and the reverse primers differ greatly, and too
many SNPs occur at either side of the InDel candidate sequences. In this study, we copied
more than 3500 InDel sequences into the PRIMER PREMIER software program and tried to
transfer them to primers, but only 1047 markers were ultimately developed.

The 1047 InDel primer pairs were designed based on the insertion-deletion length
polymorphisms between 93-11 and Nipponbare, aiming for utilization between indica and ja-
ponica rice. By analyzing these markers using two indica-japonica combinations, it was found
that the polymorphic rate of the markers varied with different crosses, from 45.5% between
Lemont and Yangdao4 to 59.5% between Taichung65 and IR8. We did not test the polymor-
phic rate of these markers in indica-indica or japonica-japonica combinations. Therefore, the
potential of these markers within such combinations should be studied in the future.

We aimed to develop InDel markers with an average interval of ~500 kb between
adjacent markers along the chromosomes so that the developed markers would have good
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coverage of the rice genome. Of the 1047 InDel markers, 73 (7.0%) of them contained SSRs.
Because some SSRs were linked with the InDel sequences, the SSRs were included when
designing InDel primers. The second reason is that because there were no suitable InDel se-
quences for developing primers at specific positions of the rice genome, the SSRs were cho-
sen. Finally, we were able to develop a set of InDel markers with an average interval of 392
kb between adjacent markers along the rice genome. This density is suitable for primary map-
ping of rice genes. At specific positions of the rice chromosomes, the marker density can be
augmented according to the requirements of different studies using the marker development
procedure reported in this study.
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