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and Lemont, the parents of the population. We selected 384 
informative SNPs that were evenly distributed across the 
genome for genotyping the biparental population using the 
Illumina GoldenGate assay. 335 (87.2  %) validated SNPs 
were used for further genetic analyses. After removing seg-
regation distortion markers, 321 SNPs were used for linkage 
map construction and QTL mapping. This strategy generated 
SNP markers distributed more evenly across the genome 
than previous SSR assays. Taking the GW5 gene that con-
trols grain shape as an example, our strategy provided higher 
accuracy (0.8 Mb) and significance (LOD 5.5 and 10.1) in 
QTL mapping than SSR analysis. Our study thus provides a 
rapid and efficient strategy for genetic studies and QTL map-
ping using SNP genotyping assays.

Introduction

Most important agronomic traits are complex quantitative 
traits controlled by multiple quantitative trait loci (QTL). 
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The application of molecular genetic markers enabled 
crop researchers and breeders to detect QTL in biparental 
populations, in which the trait typically shows continuous 
variation. Huge amounts of effort have been invested in the 
detection of QTL in many crop plants for implementation 
of marker-assisted selection (MAS) breeding or molecular 
breeding (Würschum 2012). DNA polymorphisms have 
been the basis for the development of various traditional 
molecular markers, from restriction fragment length poly-
morphisms (RFLPs) to simple sequence repeats (SSRs) 
(McCouch et al. 1988; Wu et al. 1993). Traditional molec-
ular markers have been prevalently used in crop genetic 
research. However, traditional molecular marker assays are 
labor-intensive and time consuming (Xie et al. 2010).

New sequencing technology has enabled the discovery 
of numerous single nucleotide polymorphisms (SNPs) by 
mapping the entire genomic sequences of individuals to 
the reference genome. SNPs have become more popular 
than other traditional molecular markers because they 
are the most abundant form of genetic variation across 
genomes, and automated technologies have been devel-
oped for high-throughput analysis based on microarray 
or next-generation sequencing. Various genotyping plat-
forms for SNP markers have been developed and success-
fully used for the construction of genetic maps (Xie et al. 
2010), investigation of genome-wide linkage disequilib-
rium (Cao et al. 2011), detection of QTL in cross-derived 
populations (Wang et al. 2011), understanding of popula-
tion evolutionary history (Chen et al. 2011; Huang et al. 
2012a), and discovery of marker trait associations in asso-
ciation mapping studies (Huang et al. 2010, 2012b; Parida 
et al. 2012).

With the rapid progress of next-generation sequenc-
ing (NGS), genotyping by sequencing techniques (GBS) 
are being developed for genotyping studies (Hamilton 
and Buell 2012). For different genome size and fund-
ing, sequencing is carried out either on genomic DNA or 
focused on complexity-reduced DNA (Saintenac et  al. 
2013). For whole-genome sequencing method, high-
throughput genotyping and estimation of recombination 
points based on resequencing of recombinant inbred lines 
were recently described, and even though the sequenc-
ing coverage was insufficient (only 0.02× coverage per 
line), the method provided plenty of useful information 
(1.2 M SNPs) (Huang et al. 2009; Xie et al. 2010). Another 
strategy includes approaches using complexity-reduced 
DNA generated based on digestion of genomic DNA by 
restriction enzymes, including CRoPS (van Orsouw et  al. 
2007), RAD-seq (Baird et  al. 2008), Cornell genotyping 
by sequencing (Elshire et  al. 2011; Poland et  al. 2012), 
ddRADseq (Peterson et  al. 2012), GR-RSC (Maughan 
et  al. 2009, 2010), MSG (Andolfatto et  al. 2011), DArT-
Seq (Schouten et al. 2012). These approaches offer benefits 

including lower cost in the future, low ascertainment bias, 
detection of dynamic range of variants (SNPs, small inser-
tions, deletions, and microsatellites), and even ability 
to analyze samples in the absence of a reference genome 
(Baird et al. 2008; Elshire et al. 2011; Poland et al. 2012). 
The rapid evolution of sequencing technologies is driving 
the development of low-cost, fast and accurate GBS meth-
ods for agrigenomics researches.

As a trusty and flexible genotyping platform, the Illu-
mina GoldenGate assay can multiplex from 96 to 1, 536 
SNPs in a single reaction over a 3-day period (Fan et  al. 
2003). This assay has been widely used to validate large 
numbers of SNPs in many crops, including rice (Yamamoto 
et al. 2010; Zhao et al. 2010; Thomson et al. 2012), maize 
(Lu et al. 2009), soybean (Hyten et al. 2008), wheat (Akhu-
nov et  al. 2009), and barley (Close et  al. 2009). Among 
these versatile SNP platforms, 89  % of the SNPs gener-
ated reliable allelic discrimination and about 40  % of the 
SNPs had polymorphisms in each population. Recently, 
Hyten et  al. (2008) genotyped recombinant inbred lines 
of soybean using a custom 384-plex GoldenGate assay, 
and Thomson et  al. (2012) developed several 384-SNP 
arrays for different germplasm pools in rice: Indica/Indica, 
Indica/Japonica, Japonica/Japonica, Indica/O. rufipogon, 
and Japonica/O. rufipogon. However, only about 150–
200 polymorphic SNPs could be obtained for biparental 
crosses. Therefore, designing specific SNP arrays for par-
ticular populations may be a way to increase the numbers 
of informative polymorphic SNPs.

Introgression lines (ILs), also termed ‘chromosome 
segment substitution lines, or CSSL’, can be generated by 
introgressing small chromosomal segments from the donor 
parent into the recurrent parent by backcrossing and self-
ing. Introgression libraries genetically dissecting both 
qualitative and quantitative traits have been very useful for 
plant breeding (Zamir 2001; Li et  al. 2005). Accordingly, 
a great deal of effort has been invested over decades in 
detecting QTL in ILs (Doi et  al. 1997, 2003; Ghesquiere 
et al. 1997; Sobrizal et al. 1999; Ahn et al. 2002; Li et al. 
2005; Xu et al. 2005; Tian et al. 2006; Zheng et al. 2007).

In this study, we developed a new strategy for SNP gen-
otyping of the population derived from the cross between 
Teqing and Lemont. First, we obtained “high quality” SNPs 
by resequencing the parents. Next, we genotyped the popu-
lation with 384 specific informative SNPs using the Illu-
mina GoldenGate assay based on the Illumina BeadXpress 
system. Finally, we performed QTL analysis of grain shape 
and milling quality traits, with better accuracy and signifi-
cance than previous results obtained using SSR markers 
(Zheng et al. 2007). This study thus indicates that medium-
density SNP genotyping using specific informative SNPs 
was time- and cost-effective for QTL mapping in biparental 
population studies.
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Materials and methods

Plant materials and DNA extraction

The high-yielding indica rice variety Teqing was used as 
the recurrent parent to cross with the commercial semi-
dwarf japonica rice variety Lemont. The F1 plants were 
simultaneously backcrossed to Teqing, resulting in 100 
BC1F1 plants. Consecutive backcrossing was carried out to 
the BC2F1, BC3F1 or BC4F1 generations. Stable lines were 
developed after more than two rounds of selfing, result-
ing in a set of 143 introgression lines (ILs) in the Teqing 
background, including 78 BC2F5, 50 BC3F4, and 15 BC4F3 
(Xu et  al. 2005; Zheng et  al. 2007). We extracted mixed 
genomic DNA from approximately ten seedlings of each 
IL and of the two parents using plant DNA extraction kits 
according to the manufacturer’s instructions (Qiagen).

Next‑generation sequencing

Paired-end sequencing libraries were constructed using 
about 10 μg genomic DNA following the manufacturer’s 
instructions (Illumina). 100 bp short reads at each end were 
generated following the manufacturer’s base calling pipe-
line (SolexaPipeline-1.3, Illumina).

SNP calling for genotyping

High-throughput reads of Teqing and Lemont were mapped 
to the reference Nippon bare genome (MSU build 6.1) 
using bwa version 0.6 (Li and Durbin 2010). Then, the 
SNPs from Teqing and Lemont with high-quality reads of 
more than eight were extracted using Perl scripts. Further, 
only SNPs without other SNPs/InDels in 100 bp of flanking 
sequence were kept. After that, we submitted all the SNPs 
to Illumina to determine their design ability rank scores 
that indicate the success rates for the GoldenGate assay. 
Finally, a total of 384 SNPs distributed evenly across the 
genome (about one marker per 1 Mb) with a relatively high 
success rate according to the design ability rank score were 
further selected for Oligo Pool Assay (OPA) synthesis.

SNP genotyping using the Illumina GoldenGate assay

We carried out SNP genotyping using the Illumina Gold-
enGate assay. We used 250 ng of DNA for each IL. A total 
of 384 SNP genotypes were generated from the BeadX-
press system using the GoldenGate assay and vericode 
technology, which can genotype 384 markers in a single 
plate. The intensity data for each SNP were normalized and 
cluster positions were assigned using Illumina GenomeS-
tudio Genotyping Analysis Module version 1.9.4. All SNP 
loci were manually checked to remove errors in calling the 

homozygous and heterozygous clusters. SNPs with Gen-
Train scores less than 0.25 or call rates lower than 90  % 
were removed. Finally, 335 high-quality SNPs were kept 
for further analysis.

Segregation distortion calculation

The Chi square test was used to determine whether the 
marker ratio was consistent with normal Mendelian seg-
regation in three different generations of ILs derived from 
Teqing and Lemont (77 BC2F5 lines, 49 BC3F4 lines, and 
17 BC4F3 lines). χ2 values used to estimate the P value 
were calculated using the following formula:

where Oi is the number of markers for an individual parent, 
and Ti is the theoretical value of the two parents for three 
different generations of ILs (BC2F5 for 1:7, BC3F4 for 1:15, 
and BC4F3 for 1:31). The P value was adjusted using the 
Benjamini and Hochberg method (Benjamini and Hoch-
berg 1995) to control for the false discovery rate.

Linkage map construction and QTL mapping

The genetic linkage map was constructed using ICIMap-
ping version 3.1 (Li et  al. 2010). After removing 14 SNP 
segregation distortion markers, 321 evenly distributed and 
successfully genotyped polymorphic SNP markers were 
used to construct the linkage map.

We performed QTL analysis of rice agronomic traits 
using these SNP markers in comparison with SSR mark-
ers to investigate the efficiency of this strategy for detect-
ing QTL of complex traits. The phenotypic data including 
grain length (GL), grain width (GW), grain thickness (GT), 
brown rice percentage (BR), milled rice percentage (MR), 
head rice percentage (HR), and the two derived traits, ratios 
of GL/GT (RGLT) and GL/GW (RGLW) of the 143 TQ-
ILs were previously obtained (Zheng et  al. 2007). QTL 
analysis was performed using the interval mapping (IM) 
method by QTL ICIMapping (Li et al. 2010). The permu-
tation method (Churchill and Doerge 1994) was used to 
obtain empirical thresholds for claiming QTL based on 
1,000 runs of randomly shuffling the trait values, which 
ranged from 4.2 for GT by 160 SSR markers to 11.3 for GL 
by 321 SNP markers.

Results

A stepwise strategy (Fig.  1) was followed to design the 
markers with resequencing data and characterize QTL 

χ
2

=

2
∑

i=1

(

|Oi − Ti| − 0.5
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/Ti,
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using the GoldenGate assay in 143 ILs derived from the 
cross between Teqing and Lemont.

SNP discovery between two parents

We resequenced the entire genomes of Teqing and Lem-
ont, the parents of the ILs. Resequencing Lemont yielded 
5.2G bases from 26.1 million 100-bp paired-end reads. 
All the reads were mapped to the reference Nipponbare 
genome version 6.1 (Ouyang et  al. 2007) using bwa (Li 
and Durbin 2010), and covered approximately 92.4 % of 
the Nipponbare genome, with an average depth of 14x. 
The Teqing resequencing data generated by Zhou et  al. 
(unpublished) contained 147.7 million 45-bp reads, cov-
ering approximately 93.6  % of the Nipponbare genome 
(Fig. S1).

The sequence data were analyzed for SNP discovery 
using the Samtools application (Li et al. 2009). 2,794,158 
SNPs were detected between Teqing and Lemont with at 
least one read covered. Stricter criteria were required to 
filter and verify these SNP to reliably design the micro-
array. We, therefore, defined a “high quality SNP” as (a) 

the number of reads in both Teqing and Lemont were >8 
at the locus and (b) minor allele frequencies were <10 % 
in Teqing and Lemont. Using these criteria, 728,362 “high 
quality” SNPs were identified (Fig. 2; Table S1). Of these, 
56 “high quality” SNPs were randomly selected for PCR 
verification. The PCR products obtained using Teqing and 
Lemont as templates were sequenced, showing that 100 % 
of these SNPs between Teqing and Lemont were correct 
(Table S2).

The 728,362 “high quality” SNPs were distributed along 
all the chromosomes, except for some regions where poly-
morphisms between Teqing and Lemont were unavailable. 
The average density was 196.1 SNP per 100 kb. The den-
sity of “high quality” SNPs varied across chromosomes, 
with the highest density (233.3/100  kb) on chromosome 
9 and the lowest density (147.4/100  kb) on chromosome 
5. No “high quality” SNPs were detected in thirty-three 
100  kb windows, including a 400-kb contiguous region 
between 37.0 and 37.4 Mb on chromosome 1 (Fig. 2). This 
sequence information identified many “high quality” SNP 
markers covering the entire rice genome that could be used 
for further analysis.

SNP genotyping with the GoldenGate assay

We selected the Illumina BeadXpress system and used the 
GoldenGate 384 SNP assay for genotyping. We picked 384 
SNPs that were evenly distributed across the genome for 
the assay (Fig. S2a), of which 355 had design ability rank 
scores of 0.8 or higher while the remaining 29 SNPs had 
scores between 0.6 and 0.8 (the scores range from 0 to 1 
where the higher score indicates higher synthesis success 
rate).

SNP genotyping of ILs was carried out using the Gold-
enGate assay and Vericode technology, which can geno-
type 96 samples at 384 loci in a single plate. All SNP 
genotyping data (143 ILs and controls at 384 SNP loci) 
were generated using the BeadXpress system and then 
processed from images to genotypes with the Illumina 
GenomeStudio Analysis Module software. Quality control 
was, therefore, crucial at this step. Of the 384 SNP loci, 
371 (96.6 %) could be successfully genotyped with a Gen-
Train cut-off score of ≥0.25, which was recommended for 
obtaining a reliable genotype call. Additionally, the geno-
typing results were manually adjusted for higher dependa-
bility. That is, rice genotypes at each SNP locus were clas-
sified into three clusters: (a) homozygous AA (Lemont), 
(b) homozygous BB (Teqing), and (c) heterozygous AB 
(Fig. S3). We then adjusted the genotyping clusters manu-
ally based on the control samples (genotyping of parents 
and F1 of Lemont  ×  Teqing) for each SNP locus. SNPs 
with call rates lower than 90  % were removed. Finally, 
335 SNPs that with an estimated error rate lower than 1 % 

Genotyping introgression lines with 
Goldengate 384 SNPs assay

(335 SNPs were successfully genotyped)

Re-sequencing of parents, Teqingand Lemont 
(13.3x and 16.5x)

Phenotype 

Select 384 SNPs evenly distributed across chromosomes as 

Discover high quality SNPs between Teqing and Lemont 
(depth>8: 728,362 SNPs)

SNPs qualified for Goldengate assay
(iSelect score > 0.6, without other SNPs/indels in 

100 bp flanking sequence, 66,885 SNPs)

mapping (321 SNPs were used to construct linkage map 

Align reads to MSU6.1 reference

the markers of population

collections

Genetics analysis, linkage map construction and QTL

after removing segregation distorted markers)

Fig. 1   Workflow for the high-efficiency genotyping of a biparental 
population derived from a cross between Teqing and Lemont
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were retained for data analysis. Of the 335 SNPs, A/G 
(110) and C/T (108) accounted for 65  %, whereas A/C 
(37), A/T (31), C/G (20), and G/T (28) accounted for the 
remaining 35 %. According to the annotation of the MSU 
build 6.1 of the rice genome, 264 (62.9 %) of these SNPs 
are located in exons, of which 257 are non-synonymous 
mutations resulting in amino acid changes. The remaining 
SNPs include 10 (3.0  %) in introns, 6 (1.8  %) in UTRs, 
and 55 (16.4  %) in intergenic regions. Thus, following 
our stepwise strategy, most SNPs in the GoldenGate assay 
could be used for accurate and informative genotyping in a 
biparental population.

We also compared the SNP markers with 160 SSR 
markers previously generated for the same population 
(Zheng et  al. 2007). The sequences of the SSR markers 
were obtained from RiceData (http://www.ricedata.cn/) 
and Gramene (http://www.gramene.org/). To obtain the 
physical locations of the SSR markers, the sequences 
of the SSR markers were aligned to the reference Nip-
pon bare genome using BLAST. Overall, 151 SSR mark-
ers were successfully located, and the physical locations 
of the other nine SSR markers were calculated based on 
the physical and genetic locations of the flanking mark-
ers. The distributions of SNP and SSR markers across the 
chromosomes are shown in Fig. S2b, which shows that 

the SNP markers designed in this study had higher res-
olution and were more evenly distributed than the SSR 
markers.

Genotyping analysis of the ILs

The results of genotyping the 143 ILs are shown in Fig. 
S4a (raw data are presented in Table S3). The proportions 
of the entire genomes of these lines consisting of introgres-
sion fragments from Lemont ranged from 0.5 to 26.2 %. At 
each SNP locus, from 2 to 88 ILs contained introgression 
fragments, with an average of 19.5 (Fig. S4b). We com-
pared genotypes obtained using SNPs with those obtained 
using SSRs (Zheng et al. 2007), and the results showed a 
good match. On average, 91.2 % of the genotypes detected 
by SSRs were consistent with those detected by SNPs. 
Meanwhile, SNP genotyping provided some precise results 
that were not detected using SSRs (Fig. S5). Locus Os06-
26104673-LT, was remarkably enriched with 88 ILs that 
had introgressed Lemont fragments, indicating a very high 
segregation distortion at this position.

To better understand the mechanism of segregation dis-
tortion in the ILs, a Chi square test was performed on the 
SNP loci to determine whether the population showed nor-
mal Mendelian segregation (Fig. 3). Most of the P values 

Fig. 2   Distribution of SNPs beween Teqing and Lemont across the 12 rice chromosomes. Window size was 100 kb

http://www.ricedata.cn/
http://www.gramene.org/
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for segregation distortion were less than 10−5, except for 
a peak at Os06-26104673-LT for all BC2F5, BC3F4 and 
BC4F3 sub-populations. Segregation distortions varied 
according to populations and chromosomes, while P values 
in BC4F3 population were lower than in the other two sub-
populations. In these three sub-populations, P value peaks 
were observed in regions located on chromosomes 3, 6, and 
8, coinciding with the ga-14, S8 and qSS-8 loci previously 
reported to be associated with pollen or spikelet sterility 
(Lu et al. 2000; Chen et al. 2006; Wan et al. 1993; Wang 
et al. 2005).

Linkage maps and QTL affecting agronomic traits

After removing 14 segregation distortion markers, 321 SNP 
markers were kept for linkage and QTL analysis. Then a 
genetic linkage map was constructed when the total size 
is 1,791  cM with an average distance of 5.6  cM between 
adjacent markers. The average size of the 12 chromosomes 
is 149.3 cM, ranging from 81.9 cM for chromosome 6 to 
247.5 cM for chromosome 1 (Fig. S6). This map is larger 
than the genetic map constructed using 160 SSR mark-
ers by Xu et al. (2005), which had a total genomic size of 
1,677  cM with an average distance of 10.5  cM between 
adjacent markers.

Quantitative trait loci affecting grain shape and mill-
ing quality traits detected by the 321 SNPs and 160 
SSRs were compared. Thirty QTL were detected by the 
321 SNPs: one for grain length (GL), ten for grain width 
(GW), five for grain thickness (GT), three for ratios 
of GL/GT (RGLT) one for ratios of GL/GW (RGLW), 
four for brown rice percentage (BR), four for milled 

rice percentage (MR), and two for head rice percent-
age (HR) (Table  1). At all loci except for QGl4, QGt1, 
QGt5, QGt11, QRglt3a, QRglt4, QRglt5, and QRglw3 
the Lemont alleles were associated with lower trait val-
ues. For grain shape traits, only eight QTL for were 
also identified by the 160 SSRs, including one for GW, 
three for GT, and four for RGLT; the Lemont alleles at 
QGw7b, QGt5, QGt6, and QGt7b reduced the trait val-
ues, whereas those at the other four QTL increased RGLT 
(Table  1). QTL affecting GT and GW were detected 
at five genomic regions, and the Lemont alleles in the 
regions (Os01-20463894-LT–Os01-21379853-LT on 
chromosome 1 and Os11-15445681-LT–Os11-17512870-
LT on chromosome 11) had opposite effects on GT and 
GW, whereas the Lemont alleles in the other three regions 
(Os07-22344509-LT–Os07-23234709-LT and RM18-
25652668–RM478-25949521 on chromosome 7, and 
Os10-12700842-LT–Os10-13707801-LT on chromosome 
10) had the same effects on GT and GW. For three mill-
ing quality traits, no QTL were identified by the 160 SSRs 
when 10 QTL were detected by 321 SNPs. This may be 
due to the density of different markers (Fig. S7) and rela-
tively low heritabilities (72.1 % for BR, 82.3 % for MR, 
and 70.2 % for HR, when 94.4 % for GL, 92.1 % for GW, 
and 93.7 % for GT). The Lemont alleles in these regions 
had opposite effects on these milling quality traits.

GW5 is an important cloned gene affecting grain shape. 
QTL loci adjacent to the gene were detected for GT and 
RGLT traits by QTL mapping (Fig. 4). For GT, a signifi-
cant QTL QGt5 was detected by both SNP and SSR mark-
ers, which could be accurately delimited to about 0.8 Mb 
using SNP markers but only to a 4.4-Mb interval using the 

Fig. 3   Segregation distortion loci detected in three different generations of introgression lines derived from Teqing and Lemont. Y axis indicates 
–log10 of P values for the Chi square test



303Theor Appl Genet (2014) 127:297–307	

1 3

SSR markers (Fig. S8). For RGLT, the QTL (QRglt5) adja-
cent to the GW5 locus was detected only by SNP and not 
by SSR markers.

In conclusion, the SNP markers generated by our strat-
egy were highly accurate, evenly distributed, and of high 
quality for gene mapping and QTL identification.

Table 1   QTLs for grain shape and milling quality traits detected by SNP and SSR markers in the 143 introgression lines derived from the cross 
between Teqing and Lemont

a  Phenotypic variation explained
b  Additive effect

Marker QTL Trait Chr. Pos. Left marker Right marker LOD PVE (%)a Addb

321 SNPs

QGl4 GL 4 103 Os04-28545803-LT Os04-29499584-LT 12.3 13.8 0.8

QGw1 GW 1 103 Os01-20463894-LT Os01-21379853-LT 5.9 4.3 −0.1

QGw3 GW 3 57 Os03-09537796-LT Os03-10696698-LT 10.2 11.3 −0.2

QGw7a GW 7 122 Os07-23234709-LT Os07-24210590-LT 10.8 10.1 −0.2

QGw8 GW 8 57 Os08-17449468-LT Os08-18396373-LT 7.0 6.0 −0.1

QGw9a GW 9 19 Os09-07237057-LT Os09-08118408-LT 5.4 8.1 −0.2

QGw9b GW 9 85 Os09-19102345-LT Os09-20111040-LT 8.7 10.3 −0.2

QGw10 GW 10 66 Os10-12700842-LT Os10-13707801-LT 7.5 8.5 −0.2

QGw11a GW 11 54 Os11-08413857-LT Os11-09429954-LT 6 4.7 −0.1

QGw11b GW 11 69 Os11-12596218-LT Os11-13616357-LT 5.8 4.4 −0.1

QGw11c GW 11 84 Os11-15445681-LT Os11-17512870-LT 7.4 5.6 −0.1

QGt1 GT 1 103 Os01-20463894-LT Os01-21379853-LT 4.6 3.5 0.1

QGt5 GT 5 31 Os05-04578273-LT Os05-05389716-LT 5.5 4.4 0.1

QGt7a GT 7 120 Os07-22344509-LT Os07-23234709-LT 8 5.8 −0.1

QGt10 GT 10 68 Os10-12700842-LT Os10-13707801-LT 8.8 7 −0.1

QGt11 GT 11 85 Os11-15445681-LT Os11-17512870-LT 5.6 4.2 0.1

QRglt3a RGLT 3 116 Os03-16699322-LT Os03-17511092-LT 7.4 6.9 0.3

QRglt4 RGLT 4 103 Os04-28545803-LT Os04-29499584-LT 7.2 11.0 0.4

QRglt5 RGLT 5 33 Os05-04578273-LT Os05-05389716-LT 10.1 8.3 0.2

QRglw3 RGLW 3 58 Os03-09537796-LT Os03-10696698-LT 9.4 2.8 0.4

QBr3 BR 3 71 Os03-09537796-LT Os03-10696698-LT 5.3 9.4 −0.1

QBr4a BR 4 57 Os04-18321788-LT Os04-19483066-LT 5.4 4.5 −0.1

QBr4b BR 4 266 Os04-31485158-LT Os04-32513565-LT 6.1 4.6 −0.1

QBr8 BR 8 23 Os08-04488034-LT Os08-07745351-LT 5.3 6.2 −0.1

QMr2 MR 2 117 Os02-17799722-LT Os02-18559893-LT 6.6 5.6 −0.1

QMr4a MR 4 20 Os04-04560663-LT Os04-05587643-LT 6.0 4.5 −0.1

QMr4b MR 4 57 Os04-18321788-LT Os04-19483066-LT 6.8 5.5 −0.1

QMr4c MR 4 265 Os04-30541070-LT Os04-31485158-LT 6.1 4.9 −0.1

QHr2 HR 2 115 Os02-17799722-LT Os02-18559893-LT 7.9 5.7 −0.1

QHr4 HR 4 122 Os04-28545803-LT Os04-29499584-LT 6.9 11.8 −0.1

160 SSRs

QGw7b GW 7 89 RM18-2565266 RM478-259495 7.7 9.3 −0.3

QGt5 GT 5 60 RM574-3451030 RM289-7807830 4.2 7.7 −0.1

QGt6 GT 6 99 RM30-27252300 RM439-29625189 4.3 9.2 −0.1

QGt7b GT 7 90 RM18-25652668 RM478-25949521 6.8 7.7 −0.1

QRglt2a RGLT 2 41 RM53-4414267 RM324-11389874 6.8 12.1 0.4

QRglt2b RGLT 2 175 RM208-35135799 RM482-35272560 5.7 10.8 0.4

QRglt3b RGLT 3 99 RM16-23126231 RM168-28091639 6.7 11.9 0.4

QRglt12 RGLT 12 95 RM463-22092389 RM270-24969001 6.1 12.1 0.4
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Discussion

SNP selection from parental resequencing

Traditionally, to genotype a biparental population, marker 
pools including SSRs and other markers were used to iden-
tify polymorphisms between the parents and only the poly-
morphic markers were kept (McCough and Doerge 1995). 
Every marker needed specific pairs of primers, and most 
laboratories could only handle stocks of primers for detect-
ing a few hundred markers. Accordingly, there frequently 
were not enough informative markers after the preliminary 
screening, especially if the distribution of these markers 
was uneven (Fig.S2b; Zheng et al. 2007).

Compared with SSRs, SNP markers are relatively abun-
dant across the rice genome and can be detected by high-
throughput techniques. Recently, next-generation sequenc-
ing has provided a powerful method to detect SNPs. 
Smith et al. (2008) reported that sequencing at a depth of 
10–15× using the Solexa Analyzer permitted accurate 
and cost-effective detection of polymorphisms. Yamamoto 
et al. (2010) discovered 67,051 SNPs between two closely 
related rice cultivars (Koshihikari and Nipponbare), with an 
average density of 5.7 kb/SNP after sequencing to a depth 
of 15× coverage with the Illumina system. In our study, to 
identify the informative SNPs, we resequenced the parents 
Teqing and Lemont to a depth of about 14× and detected 

728,362 “high quality” SNPs between them. This was 
enough to select markers not only for the preliminary QTL 
analysis, but also for the subsequent fine mapping (Fig. 2, 
Fig. S2a). As shown in Fig. S2b, because of the huge pools 
of SNPs, it was easy to select evenly distributed SNPs for 
QTL analysis, which showed great advantages over SSR 
markers. PCR validation confirmed that SNPs with more 
than 9× coverage during resequencing were 100 % correct 
(Table S2).

Advantages of genotyping biparental populations 
with GoldenGate assays based on parental resequencing

The BeadXpress platform was used to genotype the IL pop-
ulation derived from Teqing and Lemont using the selected 
SNPs and the GoldenGate assay. This platform has been 
demonstrated to be efficient for medium-throughput SNP 
genotyping (Chen et al. 2011). In this study, the genotyp-
ing experiment was completed within 3 days by one person 
after obtaining the genomic DNAs. In contrast, genotyping 
these lines with 160 SSR markers took about 3 months of 
work by two highly experienced scientists who assayed on 
average twenty 96-well gels per day without taking account 
of possible repeats or trouble-shooting (Zheng et al. 2007). 
Thus, the strategy used in this study dramatically acceler-
ated the genotyping process and provided more information 
with much lower cost per marker.

Fig. 4   Comparison of QTL 
mapping using SNP and SSR 
markers. a LOD curves of QTL 
mapping for grain thickness 
on chromosome 5 using SSR. 
Short bars on X axis indicate 
the position of SSR markers. b 
LOD curves of QTL mapping 
for grain length to thickness 
ratio on chromosome 5 using 
160 SSR markers. c LOD 
curves of QTL mapping for 
grain thickness on chromosome 
5 using all 321 SNP markers. 
Short bars on X axis indicate 
the position of SNP markers. d 
LOD curves of QTL mapping 
for grain length to thickness 
ratio on chromosome 5 using all 
321 SNP markers
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Recently, next-generation sequencing (NGS) has been 
used to genotype populations, which has increased the res-
olution of QTL mapping (Huang et  al. 2009; Wang et  al. 
2011; Xie et  al. 2010; Yu et  al. 2011). However, to mini-
mize the relatively higher costs, the strategies for genotyp-
ing populations by resequencing commonly choose a rela-
tively low coverage (often less than 2×). As indicated by 
our screening of SNPs from the sequencing data of Teqing 
and Lemont, the repeatability of SNPs decays significantly 
with decreasing depth of resequencing (Table S1). Fur-
thermore, it has two other disadvantages and is difficult to 
apply widely. First, library construction and resequencing 
for several hundred plants is time-consuming and expen-
sive. Second, the huge amount of data generated by rese-
quencing requires complicated bioinformatics analysis. 
Comparing with NGS, the GoldenGate assay is much eas-
ier, since it only needs genomic DNA, avoiding the com-
plexity of library construction. Moreover, the generated 
data are direct SNP alleles which do not need complicated 
analysis. Most importantly, the SNPs that perform well in 
GoldenGate assays can be directly used as molecular mark-
ers for genetic research and breeding.

Using GoldenGate assays, many SNP arrays have been 
developed in plants. Hyten et al. (2008) developed a 384 SNP 
GoldenGate assay in soybean based on published soybean 
SNP data. When this set of SNPs was used to genotype three 
recombinant inbred line populations, about 40 % of the SNPs 
showed polymorphisms in each population. Thomson et  al. 
(2012) developed several versatile SNP arrays in rice, which 
are very useful for wide applications. However, the efficiency 
of these versatile SNP arrays was relatively low when applied 
to specific populations. Our method took a different approach 
in that it was designed for a specific population. Since it was 
based on resequencing the whole genomes of the parents, this 
guaranteed that all the selected SNPs were informative for 
genotyping the population derived from the biparental cross. 
It thus traded efficiency for versatility, but this will be a use-
ful tradeoff in analyzing any RIL population, especially as the 
costs of sequencing continue to decrease.

Comparison of genotyping and QTL analysis based 
on SNPs and SSRs

We compared genotypes obtained using SNP markers with 
those previously obtained using SSR markers (Zheng et al. 
2007). On average, 91.2 % of genotypes detected by SSRs 
were consistent with those detected by SNPs. However, 
genotyping by SNP provided more precise results, such as 
the successful detection of small introgressions that were 
not recognized by SSRs (Fig. S5). The genotypes obtained 
using SNP markers had another advantage in linkage map 
construction. The known physical positions of SNP mark-
ers generated by resequencing could detect false double 

crossovers between adjacent markers, which would other-
wise be incorrectly incorporated in genetic maps based on 
markers such as SSRs (Yu et al. 2011).

Pan et  al. (2012) reported high-density markers could 
improve QTL mapping power and resolution. By progress-
ing from QTL mapping with 220 SSRs to QTL mapping 
with 1536 SNPs, they reduced the size of the cloned QTL 
Pa19 locus (FatB gene controlling palmitic acid) from 3.5 
to 1.72  Mb, and the cloned QTL Oil6 locus (DGAT1-2 
gene controlling oil concentration) from 10.8 to 1.62 Mb. 
In our study, a cloned QTL QGt5 was detected by both 
SNP and SSR markers and accurately delimited to ~0.8 Mb 
using SNP markers, but only to a 4.4-Mb interval using the 
SSR markers (Fig. S8). Our results clearly show that high-
density SNP markers improved QTL mapping resolution.

Furthermore, to compare the QTL analyses based on 
equal numbers of SNP and SSR markers, we selected 160 
SNPs that were evenly distributed for analysis, as the pre-
vious QTL mapping study used 160 SSR markers (Zheng 
et al. 2007). The accuracies for QTL mapping were similar 
between these two marker sets (160 SNPs and 160 SSRs, 
Fig. S9), but LOD values detected by the SNPs were much 
larger than those detected by the SSRs (Fig. S10). As well, 
the SNPs were selected from a huge SNP pool here to 
ensure their better even distribution than the SSRs’, which 
would minimize the possible false negatives for the QTL 
analysis caused by marker gaps.

In summary, following our strategy, all SNPs were 
selected from a huge SNP pool; thus the SNPs were evenly 
distributed along chromosomes and provide much higher 
resolution for QTL mapping. Each SNPs was from bipa-
rental sequencing and thus would be effective for geno-
typing the population. So we suggest it is the best strategy 
currently available to genotype a biparental population and 
map its important agronomic traits.
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