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Abstract: Rice, being a staple food crop for over one-third of the world’s population, has become
a potential target for many dishonest traders and stakeholders for mixing with low-grade,
low-cost grains/products and poorly nutritious adulterants to make a profit with the least effort.
Single-nucleotide and insertion–deletion (InDel) polymorphisms have been widely used as DNA
markers, not only in plant breeding but also to identify various traits in rice. Recently, next-generation
sequencing (NGS) has produced sequences that allow for genome-wide detection of these molecular
markers. These polymorphisms can potentially be used to develop high-accuracy polymerase chain
reaction (PCR)-based markers. PCR-based techniques are rapid and successful methods to deal with
the problem of adulteration at a commercial level. Here, we report the genome-wide analysis of
InDel markers of 17 commercially available Chinese cultivars. In order to achieve accurate results, all
samples were sequenced at approximately 30× genome coverage using Illumina HiSeq 2500™ system.
An average of 10.6 GB clean reads per sample was produced and ~96.3% of the reads could be mapped
to the rice genome reference IRGSP 1.0. After a series of filtering, we selected five InDel markers
for PCR validation. The results revealed that these InDel markers can be used for authentication of
Korean elite cultivars from the adulterants.

Keywords: rice; Chinese cultivars; insertion–deletion (InDel); DNA marker; next-generation
sequencing; validation

1. Introduction

Rice, being used in daily cuisine for over one-third of the world’s population, has become
a potential target for many dishonest stakeholders and traders who mix low-grade/cost/nutrition
adulterants to make a profit with the least effort. Though thousands of varieties with different
commercial names are available, particular varieties have become popular and suit the tastes of
consumers in a particular region [1,2]. Attempts to develop superior varieties/products always ended
up with some poor-quality ones. This led to the existence of different quality standards with obvious
price differences in the market [3,4]. This situation attracted dishonest traders to attempt adulteration
of the genuine products to make surplus profit [5].

Adulteration in rice is possible from crop harvest until it reaches consumers, and leads to nutrition
and health risks [6]. The common forms of rice prone to adulteration are brown rice, polished rice, rice
flour, rice cakes, and rice bran oil. Authentication of rice cultivars is an important issue to address to
protect the interests of farmers, dealers, millers, and food processors as well as to provide healthy food
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to consumers [7]. To this end, each country establishes quality standards for agricultural products
by providing a label with complete details including country of origin and chemical composition.
Many methods based on criteria such as morphological parameters (height, grain shape, size),
physicochemical properties (starch composition, lipids, seed storage proteins, and alloenzymes),
DNA (single-nucleotide polymorphism, insertions and deletions), proteins, and metabolites have been
developed to detect the genuineness of the agricultural and animal food products [1,8–12].

In South Korea, rice consumption per person peaked in 1970 at 136.4 kg per year. Since the
mid-1980s, rice consumption per person has declined almost every year, reaching 62.9 kg per year in
2015 [13]. In addition, the total rice cultivation area accounts for about 50 percent of total cultivated
land. Since 2006, rice cultivation area has dropped slightly faster than total area, and was 47.5 percent of
the total in 2015 (Korean Statistical Information System (KOSIS) database). Furthermore, South Korea
is an important market for U.S and Chinese rice, which subsequently used adulterants in Korean
varieties to meet demand. Next-generation sequencing (NGS) technology has been widely used in rice
genomics and molecular breeding studies [14]. This has enabled researchers to perform an accurate
genetic polymorphism analysis in order to identify unique molecular markers for particular rice
varieties. However, the traceability of imported rice varieties needs in-depth analysis.

Hence, this study aimed at screening and selecting compatible polymorphic InDel markers
through whole genome re-sequencing from 17 commercial rice cultivars from China. Our final goal is
to identify accurate, sensitive and effective SNP, InDel markers to authenticate domestic Korean rice
from those Chinese cultivars. Our results therefore lay the groundwork for long-term efforts to assess
the purity of other Korean rice varieties.

2. Results

2.1. Genome Re-Sequencing and Analysis

We have sequenced 17 commercial rice cultivars from China using Illumina high-throughput
sequencing technology. To facilitate downstream analysis, genomic DNA was isolated from the rice
grain of each cultivar. High-throughput sequencing was performed using the Illumina HiSeq 2500™
system, and the resultant sequence reads were mapped to the IRGSP-1.0 using BWA [15], as described
in methods Section 4.3. The sequence depths (30×) estimated from sequencing data for all reads
of the 17 cultivars ranged from 19.28 (‘Su Jung Mi’) to 49.55 (‘Jang Rip Gaeng Mi’). The mapped
sequence depths were lower than those of the total sequence, and ranged from 25.09 (‘Su Jung Mi’) to
31.75 (‘Jang Rip Gaeng Mi’). The highest and lowest coverages of a reference genome by input reads
were observed in ‘Jung Rang’ (97.4%) and ‘Hang Dea Mi’ (96.1%), respectively (Table 1).

The total number of InDels detected in the 17 Chinese rice cultivars was less than the
number of SNPs (Table 2). The number of InDels ranged from 64,613 for ‘Sunrice’ to 156,768 for
‘Kum Do Jean DongBuk Dea Mi’, with intermediate values for ‘Su Jung Mi’, ‘Saeng Tae Mi’,
and ‘Jang Rip Gaeng Mi’. ‘Sunrice’ had the fewest InDels compared to the other cultivars.
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Table 1. Sequence information for the 17 Chinese rice cultivars obtained by whole-genome re-sequencing analysis.

No. Chinese Rice Brand
Sequencing Data from All Reads Mapped Sequence Data within the Genome

Sequence Reads Clean Reads Mapped Reads Coverage
(%) Unique Reads Unique Rate

(%) Average Depth Coverage 30×
(%)

1 Su Jung Mi 105,072,772 97,876,196 93,872,807 97.19 79,787,991 82.6 25.09 19.28
2 Do Hwa Hyang 119,758,074 114,440,050 107,607,456 96.65 90,245,722 81.06 28.81 34.46
3 Kum Gaeng Do 107,139,768 102,746,548 96,570,831 96.61 81,492,231 81.53 25.86 22.14
4 Saeng Tae Mi 112,162,556 107,100,578 101,215,436 97.03 86,086,576 82.52 27.1 29.43
5 Won Rip Gaeng Mi 116,136,382 111,158,652 104,855,221 96.89 88,455,622 81.74 28.09 30.66
6 Jang Rip Gaeng Mi 131,387,698 125,670,080 118,530,326 97.02 100,048,014 81.89 31.74 49.55
7 Cheang Hang Do 126,197,574 121,035,598 113,822,239 96.72 96,046,869 81.62 30.48 42.86
8 Geum Yong Eo-Kum Dea Mi 120,031,414 114,699,600 108,137,537 96.75 91,889,823 82.22 28.94 38.27
9 Hae Jeon-Kum Dea Mi 122,675,242 117,511,332 110,851,176 96.9 94,164,685 82.31 29.68 41.92
10 Mi-Kum Ju-Kum Dea Mi 114,614,342 109,943,262 103,868,290 96.97 88,517,369 82.64 27.81 33.88
11 Hang Dea Mi 111,689,172 107,197,300 101,449,431 97.16 86,253,129 82.61 27.17 30.82
12 TeaJin Ju Mi 107,910,318 102,761,240 96,597,250 96.69 81,906,982 81.99 25.85 23.68
13 Kum Do Jean DongBuk Dea Mi 118,302,364 112,489,548 105,661,252 96.18 90,882,775 82.73 28.29 36.03
14 Wu Ju-DongBuk De Mi 128,450,312 122,723,200 115,388,796 96.89 97,534,245 81.89 30.89 45.24
15 Jung Rang 122,307,360 117,089,646 111,105,640 97.43 95,651,329 83.87 29.78 42.25
16 MMA 108,964,330 104,319,578 97,686,547 96.49 82,451,900 81.44 26.16 22.46
17 Sunrice-Sushi-rice 120,588,040 115,051,754 108,964,490 97.33 92,837,652 82.92 29.2 37.83
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Table 2. Number of SNPs and InDels compared to the reference genome (IRGSP v. 1.0) detected in the
17 Chinese rice cultivars.

No. Chinese Rice Brand SNPs InDels

1 Su Jung Mi 785,394 106,624
2 Do Hwa Hyang 990,095 118,942
3 Kum Gaeng Do 902,411 106,352
4 Saeng Tae Mi 932,382 107,665
5 Won Rip Gaeng Mi 998,599 132,142
6 Jang Rip Gaeng Mi 878,930 105,025
7 Cheang Hang Do 1,039,436 132,780
8 Geum Yong Eo-Kum Dea Mi 1,006,468 120,292
9 Hae Jeon-Kum Dea Mi 999,562 112,545

10 Mi-Kum Ju-Kum Dea Mi 1,019,042 112,787
11 Hang Dea Mi 862,603 101,055
12 TeaJin Ju Mi 1,019,123 117,282
13 Kum Do Jean DongBuk Dea Mi 1,184,780 156,768
14 Wu Ju-DongBuk De Mi 991,872 118,880
15 Jung Rang 440,306 63,885
16 MMA 990,558 117,703
17 Sunrice-Sushi-rice 567,065 64,613

2.2. Distribution of SNP and InDel Markers

As a result of designing primers, more than two-thirds of the SNP and InDel regions were
eliminated. Few SNP and InDel markers were uniquely detected in all the samples, so keeping these
markers might influence the total number of SNP and InDel markers for PCR validation. In total,
we selected 92 SNP and 278 InDel markers from the 17 rice cultivars. Here we selected only InDel
markers for PCR validation in order to get accurate results. In terms of marker efficiency, the available
markers to detect InDels were common to all rice cultivars but not ‘Hwayoung’, a Korean cultivar
(data not shown). The number of InDel markers decreased as the number of cultivars sharing the same
primer sequences decreased. Both selected SNP and InDel markers showed even distribution within
the rice genome (Figure 1).
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Figure 1. An annotated Circos plot depicts the distribution pattern of the selected SNP and InDel
markers. The outermost circle represents 12 chromosomes of the rice genome. Blue bars represent
the GC content of the rice genome, whereas red bars represent the gene frequency. In addition,
the innermost black boxes represent the SNP and InDel markers identified in the Chinese rice cultivars.

2.3. Experimental Validation of Five InDel Markers

In order to detect InDel polymorphisms by electrophoresis, we performed primer screening using
PCR. As an example of validation, clear single bands were detected around the expected PCR product
sizes for five markers including, KM-IND-7, KM-IND-21, KM-IND-80, KM-IND-253, and KM-IND-271
(Table 3). The unique size between the amplified fragments could be discriminated among the 17 cultivars
(Figure 2; Supplementary Table S1). Our validation results shown that the markers (for 17 cultivars) with
a success rate of 90% or more for PCR. In the case of KM-IND-21, polymorphism could be detected for
~80% of the rice cultivars.
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Figure 2. Electrophoretograms for five InDel markers. M, Molecular marker (a 100-bp DNA ladder).
1–17: Chinese commercial rice cultivars (see Table 2).

Table 3. Summary of validated InDel primers.

No. Primer ID Forward Primer Reverse Primer

1 KM-IND-7 TCCCTTGTAGGCTCCTATCT TCTCTCACGAGTGGAAAAAGCA
2 KM-IND-21 CCCTTCTTCCTCTTCTTTCTTCCTA ATTAAGGACGGAAATGTGGCAG
3 KM-IND-80 CAGATGTGATGCGCAAGGC TCATGGATTCCTGGTGCAAGTT
4 KM-IND-253 GCTAATCTGCAACGGGTACATG TGGAGCCCGAAAAGTGTTCATA
5 KM-IND-271 CTCTGCTGCTGCTGCTGGAA CGTCAAATCTCGACGAGCTCTT

3. Discussion

High accuracy is important when detecting nucleotide polymorphisms, including SNPs or InDels,
using the NGS re-sequencing strategy. In the International Rice Genome Sequencing Project (2005),
the entire ‘Nipponbare’ genome was sequenced through the Sanger sequencing method and thereby
precise reference sequences were established. For re-sequencing with short reads, the sequencing
depth affects the accuracy of polymorphism detection. Here, the sequencing depth of the mapped
sequences was an average of 28.9-fold (Table 1), which is twice the average depth (~14-fold) achieved
in the most current 3000 Genomes Project [16]. The results of our study suggest that this sequencing
depth is sufficient to accurately detect nucleotide polymorphisms. However, it appears that there is no
relationship between the genome coverage and the sequencing depth of all the rice samples (Table 1).
We found that the number of polymorphic sites (SNPs and InDels) in the genomes of all the samples
showed the opposite trend to the genome coverage (Table 1).

Furthermore, re-sequencing with short reads cannot physically detect InDels that are longer than
the read length (100 bp) and hence we only found insertions and deletions of less than 20 bp (data not
shown). InDels with a larger size (100 bp) and copy number variations (>1 kb) were undoubtedly
located all over the rice genome [17]. Various sizes of InDels with different PCR amplicons were
separated in both agarose and denaturing polyacrylamide gels [18–20]. Here, we found that InDels
could be easily detected by separation on 1.8% agarose gels, and we designed the markers accordingly.
Indeed, we observed a high PCR success rate for the five markers (Figure 2; Supplementary Table S1),
and these markers could be used to discriminate polymorphisms by electrophoresis.

New technologies and innovative approaches are changing the way we consider and apply
genetic authentication of crop cultivars. DNA markers such as InDels play a crucial role in breeding
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and cultivar identification. The five InDel markers we identified might deserve further study for
distinguishing Korean elite cultivars from adulterants.

4. Materials and Methods

4.1. Plant Materials

We performed whole-genome re-sequencing (WGRS) of 17 commercial rice grains of Japonica
populations obtained from the National Institute of Crop Science (NICS), Rural Development
Administration, South Korea.

4.2. DNA Isolation and Genome Sequencing

Genomic DNA was prepared from rice grains using a ChargeSwitch® gDNA plant kit (Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s protocol. Whole-genome re-sequencing
of the 27 samples was performed on an Illumina HiSeq2500™ by TheragenETEX Bio Institute
(Suwon, South Korea). The procedure was performed according to the standard Illumina protocol,
including sample preparation and sequencing as follows: high molecular weight genomic DNA
was excised from the gel and sheared using a Covaris S2 ultra sonicator system in order to get
appropriate sizes and agarose gel electrophoresis was used to select fragments. Libraries with short
inserts of 350–450 bp for paired-end reads were prepared using a Truseq DNA sample prep kit
following the manufacturer’s protocol for Illumina. Products were quantified using the Bioanalyzer
2100 (Agilent, Santa Clara, CA, USA) and sequencing was performed by establishing a library with
Illumina HiSeq2500™. To ensure high quality, low-quality reads (<20) reads with adaptor sequence
and duplicated reads were filtered out, and the remaining high-quality data were used in the mapping.

4.3. Mapping of Reads to the Reference

The raw reads were subjected to quality trimming (phred quality score, <Q20) using FastQC [21]
and adapter trimming was carried out by using the parameters (-O 5 and -m 32) in version 1.0 of
the cutadapt software [22]. Furthermore, the clean reads were mapped to the temperate japonica
Nipponbare reference genome, Os-Nipponbare-Reference-IRGSP-1.0 [23], using the Burrows–Wheeler
Aligner (BWA) software [15] under the default parameters. The alignment results were then merged
and indexed as BAM files [24]. Average sequencing depth and coverage were calculated using the
alignment results. The mapped reads were then used to detect SNP and InDel polymorphisms.

4.4. Detection of SNPs and InDels

We used GATK tools software [25] to detect SNPs and InDels with its default parameters. In our
analysis, InDels were defined as insertions or deletions the length of which was between 1 and 10 bp.
The InDels falls on more than 10 cultivars are selected for further analysis.

4.5. Primer Design for Common InDel Markers

To design InDel markers for the detection of InDel polymorphisms by electrophoresis,
we extracted only InDel regions with a large size (≥2 bp) and a high sequencing depth (DP, ≥5 fold)
from each InDel list for the 17 cultivars. Primer pairs for the selected InDel regions were automatically
designed by using a Perl script to control the Primer3 program [26]. In addition, we screened primer
pairs for duplication of sequences to maintain specificity. When the sequence of a primer pair matched
that of another primer pair, the corresponding pairs were eliminated because they were considered
redundant. PCR product size ranged from 100 to 150 bp.

4.6. PCR Validation

To validate the marker sets, we tested the primer pairs by means of gel electrophoresis.
Around 10 markers were chosen so as to cover as much of the entire genome as possible, but were
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randomly chosen within each portion of the genome. The InDel primer sets were validated by using
those 17 Chinese cultivars used for detection of the InDel regions. Furthermore, these primer sets
were PCR-amplified in approximately 10 µL of reaction mixture consisting of EmeraldAmp® GT PCR
Master Mix (Takara, Japan) along with 5.0 pmol of each primer, and about 120 ng of the genomic DNA
template. The conditions were: an initial denaturation step for 3 min at 95 ◦C, then 35 cycles of 20 s at
95 ◦C, 30 s at 55 ◦C, and 30 s at 72 ◦C, followed by a final extension for 1 min at 72 ◦C. PCR products
were analyzed by means of gel electrophoresis on 1.5~1.7% agarose gels in Tris/borate/EDTA buffer.
After staining with ethidium bromide, the band patterns on the agarose gels were photographed under
Gel Doc™ 2000 Gel Documentation System (Bio-Rad, Seoul, Korea).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/8/4/36/s1.
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