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Abstract Genome-wide detection of short insertion/

deletion length polymorphisms (InDels,\5 bp) in Brassica

rapa (named the A genome) was performed by comparing

whole-genome re-sequencing data from two B. rapa

accessions, L144 and Z16, to the reference genome

sequence of Chiifu-401-42. In total, we identified 108,558

InDel polymorphisms between Chiifu-401-42 and L144,

26,795 InDels between Z16 and Chiifu-401-42, and 26,693

InDels between L144 and Z16. From these, 639 InDel

polymorphisms of 3–5 bp in length between L144 and Z16

were selected for experimental validation; 491 (77 %)

yielded single PCR fragments and showed polymorphisms,

7 (1 %) did not amplify a product, and 141 (22 %) showed

no polymorphism. For further validation of these intra-

specific InDel polymorphisms, 503 candidates, randomly

selected from the 639 InDels, were screened across seven

accessions representing different B. rapa cultivar groups.

Of these assayed markers, 387 (77 %) were polymorphic,

111 (22 %) were not polymorphic and 5 (1 %) did not

amplify a PCR product. Furthermore, we randomly selec-

ted 518 InDel markers to validate their polymorphism in

B. napus (the AC genome) and B. juncea (the AB genome),

of which more than 90 % amplified a PCR product; 132

(25 %) showed polymorphism between the two B. napus

accessions and 41 (8 %) between the two B. juncea

accessions. This set of novel PCR-based InDel markers

will be a valuable resource for genetic studies and breeding

programs in B. rapa.

Background

The genus Brassica includes a diverse range of crop spe-

cies. Of particular importance are the diploids Brassica

rapa (A genome) and B. oleracea (C genome), which

include vegetable and oil crops, and the amphidiploids

B. napus (AC genomes) and B. juncea (AB genomes), the

sources of canola oil and condiment mustard. The genome

of B. rapa has triplicated homologous counterparts of the

corresponding segments in the Arabidopsis genome due to

a whole-genome triplication that occurred 5–9 million

years ago (Wang et al. 2011a). The B. rapa genome was

selected as the initial reference genome for sequencing by

the Multinational Brassica Genome Project, due to its

relatively small size and high economic importance. The

Chinese cabbage cultivar Chiifu-401-42 was adopted as the

reference A genome, culminating in the recent release of a

complete genome assembly representing at least 98 % of

the gene space (Wang et al. 2011a). This resource now

facilitates the development of sequence-based molecular

markers in B. rapa to underpin genetic improvement of

Brassica crops.

Molecular markers are a valuable tool in both basic and

applied research for fingerprinting genotypes, analyzing

genetic diversity, determining variety identity, marker-

assisted breeding and phylogenetic analysis (Nagaraju et al.

2002; McCouch et al. 1997; Vos et al. 1995). Variation in
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non-repetitive DNA has been exploited for generation of

genetic markers using various approaches, including

restriction fragment length polymorphism (RFLP, Botstein

et al. 1980), random amplified polymorphism (RAPD,

Williams et al. 1990) and amplified fragment length

polymorphism (AFLP, Vos et al. 1995). Microsatellite, or

simple sequence repeat (SSR, Tautz 1989), markers pro-

vided some advantages over earlier molecular markers due

to their reproducibility, multi-allelic nature, codominant

inheritance, relative abundance and relatively good gen-

ome coverage (Powell et al. 1996). Once developed, SSR

markers have been relatively easy to analyze at moderate

cost with separation and detection of allelic fragments by

gel or capillary electrophoresis. One of the most important

features of SSR markers is that they can detect multiple

alleles. However, the complex and heterogenous mutation

patterns of SSRs can introduce ambiguities in further data

analysis (Vali et al. 2008), and genotyping errors may

occur because of stutter bands and technical artefacts (null

alleles, false alleles and size homoplasy) (Pompanon et al.

2005).

The discovery of large numbers of single-nucleotide

polymorphisms (SNPs) in genome-scale sequencing ini-

tiatives provides an alternative approach to develop high-

density markers. In contrast to SNPs, which have been

studied extensively, other forms of natural genetic varia-

tion, such as insertion and deletion (InDel) polymorphisms,

have received relatively little attention. In spite of the

development of SNP genotyping technologies, InDel

markers have practical value for those laboratories without

infrastructure to perform SNP genotyping. Within the

complete genomes of humans, rice and Arabidopsis thali-

ana, the InDel polymorphism frequency is 139, 1,050 and

151 InDels/Mb, respectively (Mills et al. 2006; Shen et al.

2004; Jander et al. 2002). A recent survey on B. rapa has

indicated an InDel frequency of 4.83 InDels/kb. This study

was based on comparison of 1,398 STSs within 557 BAC

sequences of Chiifu-401-42 (Park et al. 2010). InDel

polymorphisms are readily genotyped by fragment length

polymorphisms, using the same experimental approaches

routinely used for SSR markers (Bhattramakki et al. 2002).

Moreover, the genomic density of InDels outnumbers that

of SSRs by orders of magnitude. By harnessing the refer-

ence genome sequence of B. rapa, it is now possible to

detect genome-wide InDel polymorphisms among different

accessions using whole-genome re-sequencing to guide

rapid and efficient development of PCR-based markers for

high-resolution genetic analysis.

In this study, we used re-sequencing data from two

B. rapa cultivars in comparison with the reference Chiifu-

402-41 de novo assembled genome sequence to identify

26,693 short InDel polymorphisms across the genome.

These could be genotyped with simple procedures based on

size separation. Furthermore, we converted 639 InDel

polymorphisms to PCR-based InDel assay markers and

experimentally validated them, using the two re-sequenced

accessions together with seven additional accessions rep-

resenting different B. rapa subspecies and two B. napus

and two B. juncea accessions. These stable InDel markers

will be a useful resource for the Brassica research

community.

Materials and methods

Plant materials and sequence data sets

The genome sequence of B. rapa line Chiifu-401-42 was

retrieved from BRAD (http://brassicadb.org/brad/) and

used as a reference. Using the sequencing-by-synthesis

method, a total of 7.9-Gb Illumina pair-end reads were

generated from B. rapa accession L144 (a rapid cycling

line), as well as 1.4-Gb single-end reads and 2.9-Gb pair-

end reads from accession Z16 (a heading Chinese cabbage

line).

Seven B. rapa accessions from different cultivar groups:

Chinese cabbage (ssp. pekinensis), turnip (ssp. rapa),

Caixin (ssp. parachinensis), Zi Caitai (ssp. chinensis var.

purpurea Bailey), Komatsuna (ssp. perviridis), Yellow

sarson (ssp. tricolaris), rape seed (ssp. oleifera) and the two

re-sequenced accessions, Z16 (ssp. pekinensis) and L144

(rapid cycling), were used for InDel polymorphism vali-

dation. Two B. juncea accessions from different groups,

A12451 (var. napiformis) and A12907 (var. foliosa),

together with two B. napus accessions (A12409 and

A12412) were also tested for InDel polymorphism. One

hundred BC2DH lines were developed from a cross

between the inbred rapid cycling accession L144, a donor

parent, and the DH Chinese cabbage line Z16, a recurrent

parent.

InDel detection

The process used to detect InDel polymorphisms (Fig. 1)

involved three steps. For the first step of short reads

alignment, the Short Oligo-nucleotide Alignment Program

(SOAP) software (Li et al. 2008) was used to align single

reads or paired reads to the reference with default param-

eters. The alignment with the least number of mismatches

was nominated as the ‘best hit’ (Wang et al. 2008). No gaps

were allowed in the alignment. The next step involved

re-mapping the unmapped read pairs to the reference by

allowing at most a 5-bp gap and less than two mismatches.

This limited the InDels within a range of 1–5 bp in length.

Gaps supported by at least three pair-end reads were

retained (Wang et al. 2008). The third step involved
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identification of unique InDel polymorphisms. We extrac-

ted 150-bp flanking sequences on both sides of an InDel to

search the reference genome sequence using a simple

Visual C?? script. The InDel was removed if more than

30 % of the 150-bp flanking sequences on both sides matched

multiple sites with at least 70 % identity. The scripts for InDel

polymorphism detection from re-sequencing PE reads and

the reference sequence are presented on BRAD (http://

brassicadb.org/brad/tools/InDel/).

For the detection of InDel polymorphisms between the

two re-sequenced B. rapa accessions, we used the reference

Chiifu-401-42 genome as a ‘bridge’ to sequentially detect

sequence polymorphisms between them. The single-end

reads of Z16 were aligned to the reference sequence of

Chiifu-402-41 by SOAP with no gaps allowed. To avoid

false detection of polymorphisms, multiple-hit reads were

filtered out from the dataset. The aligned reads dataset was

compared against the InDel polymorphisms dataset iden-

tified between L144 and Chiifu-401-42. Only those InDel

polymorphisms where the sequences were identical

between Z16 and Chiifu-401-42 were deemed as InDel

polymorphisms between Z16 and L144.

Primer 3 (Rozen and Skaletsky 2000) was used to design

PCR primers, with a constraint of generating products of

60–180 bp. The length of primer pairs was limited to

19–22 bp. The Tm value was restricted to between 52 and

58 �C.

Experimental validation of DNA polymorphism

Genomic DNA was isolated from mature leaves as

described by Wang et al. (2005). PCR was performed in

15-ll reaction volumes containing 0.4 U of Taq DNA

polymerase with 19 PCR buffer (Tiangen, Beijing, China),

0.5 lM of each primer, 300 lM of each dNTP,

1.5–2.0 mM MgCl2 and approximately 30 ng of genomic

DNA as a template. Thermocycling was started at 94 �C

for 7 min and followed by 35 cycles of 94 �C for 40 s,

57 �C for 40 s and 72 �C for 1 min, with a final extension

at 72 �C for 10 min. The PCR products were separated on

8 % polyacrylamide gel and visualized by silver staining.

Results

Identification of short InDels between Chiifu-401-42

and L144

The genome of L144 (a rapid cycling line of B. rapa) was

re-sequenced using the Illumina GA II platform. Reads in

length of 44 nt were generated from two paired-ends (PE)

libraries of 489 and 2,224-bp insert sizes. Approximately,

180 million high-quality reads (with an average quality

C20) were generated, corresponding to about 7.9 gigabases

(Gb) of sequence.

Using the SOAP software (Li et al. 2008), 5.3 Gb of

sequence (accounting for 68 % of all data) was aligned to

the reference genome, covering 88 % of the reference

sequence with an 18.79 sequencing depth. About 79 % of

the mapped PE reads were uniquely aligned (approxi-

mately 14.89 depth) and used to detect insertion/deletion

(InDel) polymorphisms. Approximately, 21 % of the

mapped PE reads were aligned to multiple sites. This was

most likely due to the triplication of the B. rapa genome

throughout the nested polyploidy events (Wang et al.

2011a).

To define an InDel, we identified sequence regions

where at least three paired reads from L144 were aligned to

the reference genome sequence. Given the short-read

sequencing strategy, it was necessary to limit the InDel

length detection to B5 bp to avoid alignment errors. Based

on this criterion, we surveyed 4.2 Gb of uniquely aligned

PE reads for short InDel polymorphisms. This revealed a

total of 108,558 putative short InDels (1–5 bp) between

Fig. 1 Flowchart of the

procedure used to detect InDel

polymorphisms
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Chiifu-402-41 and L144, corresponding to a frequency of

434.2 InDels/Mb within an approximately 249.7 Mb

physical distance. Among the 1- to 5-bp short InDels

detected, there was a skewed distribution of InDel lengths:

most (63 %) were single-nucleotide, 19 % were two-

nucleotide and only 10 % were three-nucleotide InDels

(Table 1). In addition to natural variation in InDel size,

some of this observed bias may be due to the detection

method. Due to the deep re-sequencing at 14.89 depth, we

detected a large number of short InDels with a dense dis-

tribution across each of the ten B. rapa chromosomes

(Fig. 2). The normalized average occurrence of InDels

varied across the chromosomes, falling within the range of

approximately 379–517 InDels/Mb of genomic DNA

(Table 2). Based on this distribution of InDels, it was

possible to construct high-density genetic maps and select

InDels within specific regions for fine mapping.

We next examined the distribution of the 108,558

InDels relative to genes of B. rapa and found that 15,824

(15 %) were located within annotated genes (Table 3).

Some 2,822 identified InDels were located within exons,

where gene function may be expected to be influenced. Of

these, 1,163 (41 %) were non-3-nucleotide InDels that

were predicted to cause frameshifts that would lead to the

premature termination of the encoded proteins.

Identification of short InDel polymorphisms

between two re-sequenced B. rapa accessions,

L144 and Z16

For cost-effective detection of InDel polymorphisms

between the two re-sequenced B. rapa accessions, we used

the reference Chiifu-401-42 genome as a ‘bridge’ to

sequentially detect sequence polymorphisms between

them. The InDel polymorphisms identified between L144

and Chiifu-401-42 were used as seeds to detect InDels

between L144 and another B. rapa accession, Z16, for

which 1.4 Gb of 35-bp single-end reads had been

generated.

The single-end reads of Z16 were aligned to the refer-

ence sequence of Chiifu-402-41 with no gaps allowed, to

search accurately between the single-end reads and the

sequence of Chiifu-401-42. To avoid false detection of

polymorphisms, multiple-hit reads were filtered out from

the dataset. The aligned reads dataset was compared

against the InDel polymorphisms dataset identified

between L144 and Chiifu-401-42. Only the InDel poly-

morphisms where the sequences were identical between

Z16 and Chiifu-401-42 were deemed as InDel polymor-

phisms between Z16 and L144. Using this procedure, we

identified a total of 26,693 (1–5 bp) InDel polymorphisms

between Z16 and L144 that were distributed across the ten

chromosomes, varying from 3,510 on the chromosome A09

to 1,812 on chromosome A04 (Table 1). The frequency of

InDel polymorphisms between Z16 and L144 varied from

71.7 InDels/Mb on the chromosome A06 to 148.2 InDels/

Mb on chromosome A07 (Table 2).

As Illumina sequencing technology has developed, the

read length has increased from 35 to 150 bp. To validate

our strategy for identifying InDel polymorphisms, we

repeated the analysis with long pair-end reads; approxi-

mately, 2.9 Gb of 80-bp reads from Z16 were used to

identify InDel polymorphisms between Z16 and L144.

Nearly 1.6 Gb of the read sequences were aligned to the

reference genome using the SOAP software with default

parameters. Employing the same method used to identify

InDel polymorphisms between L144 and Chiifu-401-42, a

total of 26,795 InDels were identified between Z16 and

Chiifu-401-42. In total, 120,675 InDel polymorphisms

were detected between Z16 and L144 by comparing the

two batches of InDel datasets identified between L144 and

Chiifu-401-42, and Z16 and Chiifu-401-42. The compari-

son between two InDel datasets also revealed 7,339 com-

mon InDels where L144 and Z16 had the same sequences

compared to Chiifu-401-42. Nearly, 98 % of the 26,693

InDels identified from 35-bp single-end reads were inclu-

ded in the 120,675 InDel polymorphisms dataset. A further

94,516 InDels were identified using the 80-bp pair-end

reads between Z16 and L144.

Experimental validation of short InDel polymorphisms

To validate the InDels identified between L144 and Z16,

we selected 639 of the 26,693 InDels and converted them

to PCR-based markers. To facilitate screening using

PAGE, only InDels of 3–5 bp in length were selected.

Table 1 The number and distribution frequency of short InDels

(1–5 bp) identified in the B. rapa genome

InDel

size (bp)

L144 versus Ref L144 versus Z16

Count Frequency

(InDels/Mb)

Count Frequency

(InDels/Mb)

1 68,074 272.3 16,521 66.0

2 20,338 81.4 4,915 19.7

3 10,367 41.5 2,715 10.9

4 6,893 27.6 1,814 7.3

5 2,886 11.5 728 2.9

Total 108,558 434.0 26,693 106.8

Fig. 2 Distribution of DNA polymorphisms identified between

B. rapa accessions Chiifu-402-41 and L144 along each chromosome.

The horizontal scale indicates the physical distance (from the B. rapa
physical map; http://brassicadb.org/brad/). The vertical scale indi-

cates the number of InDel polymorphisms within each 1M region

between Chiifu-402-41 and L144

c
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To reduce non-specific amplification, InDels located within

assembled sequences represented by multiple homologs

were excluded (data not shown). The selected InDels were

evenly distributed across the B. rapa genome, with most

residing in non-coding sequences. Based on this selection,

we designed primer pairs to amplify fragments of

80–140 bp surrounding the InDels. In the PCR analysis,

614 of the 639 primer pairs (96 %) gave reliable amplifi-

cation using genomic DNA of both L144 and Z16 as the

template, and 491 (77 %) revealed identifiable polymor-

phisms between L144 and Z16 using PAGE, including 18

primer pairs that produced an amplicon in only one geno-

type (3 %). These 18 primer pairs were not propitious to

genetic analysis. Another 141 primer pairs (22 %) gave

monomorphic results, and no amplification was observed

for 7 primer pairs (1 %). According to the characters of

InDel markers (sequencing depth and InDel length), the

polymorphism rate increased slightly along with increasing

InDel length, and the polymorphism rate varied from 75 %

on 3-bp length to 80 % on 5-bp length (Fig. 3a). However,

there was no distinct relationship between reads coverage

of InDel regions with polymorphism rate (Fig. 3b). The

result indicated that the read depth of InDel polymorphisms

position (at least three paired reads) was enough to obtain

high polymorphism rate InDel markers.

To check the universal applicability of the InDel

markers, we screened seven B. rapa accessions represent-

ing a range of different subspecies for polymorphisms

using 503 of the 3- to 5-bp InDels. In this analysis, 387 of

the InDels (77 %) identified from L144 and Z16 were

polymorphic across the wider taxa, with 111 (22 %) being

monomorphic and only 5 having no amplification. Of the

387 polymorphic InDels, 325 appeared to be conserved

with those identified between Z16 and L144 (Supplemen-

tary Document). In addition, 59 InDels were monomorphic

between Z16 and L144, but revealed identifiable poly-

morphisms in the seven B. rapa accessions. This indicates

that these InDels have universal applicability in B. rapa

subspecies.

Two B. napus accessions and two B. juncea accessions

from different varieties (var. napiformis and var. foliosa)

were selected to validate the InDel markers that were

polymorphic among B. rapa accessions. From 518 tested

InDels, 132 (25 %) showed polymorphism between the

two B. napus accessions and 41 (8 %) between the two

B. juncea accessions. Some 352 InDel markers (68 %)

were monomorphic between the two B. napus accessions,

Table 2 Short InDel polymorphisms (1–5 bp) identified in each

chromosome of B. rapa

Chr CDa

(Mb)

L144 versus Ref L144 versus Z16

No.

InDels

Frequency

(InDels/Mb)

No.

InDels

Frequency

(InDels/Mb)

A01 28.6 10,832 378.6 2,663 93.1

A02 27.9 10,965 393.7 2,577 92.4

A03 31.7 13,701 431.9 3,055 96.4

A04 19.0 7,167 379.2 1,812 95.4

A05 23.9 9,340 390.1 2,515 105.2

A06 26.3 10,914 415.5 1,887 71.7

A07 22.6 10,085 446.4 3,350 148.2

A08 21.6 8,363 387.2 2,005 92.8

A09 37.1 14,025 517.2 3,510 94.6

A10 17.6 7,230 410.8 1,923 109.3

a The physical distances of B. rapa chromosomes

Table 3 Location distribution

of short InDels identified in

B. rapa

Location Count

Coding exon 2,822

Intron 13,002

Intergenic 92,734

Total 108,558
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Fig. 3 The relationship between polymorphism rate and the charac-

ters of markers of B. rapa. a The relationship between polymorphism

rate and InDel length. b The relationship between polymorphism rate

and sequencing depth. Analyses were carried out on 639 InDel

markers validated between L144 and Z16. The number in the bracket
indicates the number of polymorphism markers in total markers
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and 443 (86 %) between the two B. juncea accessions.

There were 34 primer pairs that produced no amplification

in either species (Supplementary Document).

To assess the value of the InDel markers for genetic

analysis, 100 B. rapa BC2DH lines (ILs) were selected

from a Z16/L144 BC2DH population to show introgression

patterns on chromosome A03 (Fig. 4). There were 26 InDel

markers evenly distributed on chromosome A03. Geno-

typing of these 26 InDels among the 100 BC2DH lines

showed that 68 of 100 lines were genetically same as the

recurrent parent (Z16). Twelve lines contained more than

half of the genomic segments from the donor parent

(L144), while 20 lines contained less than half. This indi-

cates that the developed InDel markers are useful for

identifying the genetic composition of B. rapa lines and

provide a valuable source of allelic diversity for genetic

and molecular dissection of traits.

Given that the reference genome sequence was assem-

bled from 729 Illumina short-read and BAC-end sequen-

ces (Wang et al. 2011a), the majority of markers were

located in euchromatic, non-repetitive regions. To facilitate

the construction of a genetic map with evenly distributed

markers, we defined 518 bins representing every 500-kb

block within the reference B. rapa genome. The InDel

markers we identified were distributed in 363 (70 %) of

these bins (Fig. 5). Using these markers, a high-density

linkage map that contained 414 InDel markers and 94 SSRs

was constructed for a DH population derived from crossing

between Z16 and L144 (Wang et al. 2011b). Based on

alignment to this reference linkage map, these InDel

markers appear to be evenly distributed across the ten

linkage groups (Fig. 5), providing encouragement that it

will be possible to select appropriate markers for fine

mapping and construction of high-density genetic maps.

Discussion

We have shown the feasibility and facility of using geno-

mic re-sequencing data to identify putative InDel poly-

morphisms. These InDel loci can then be validated to

generate informative genetic markers with a reliably high

rate of polymorphism. More importantly, since the coor-

dinates of the InDels are known in relation to a reference

genome, it is possible to develop genetic markers within

specific genome regions to assist in efficient construction

of genetic maps and for fine mapping of, for example,

BC2DH lines as used in this study or near isogenic lines

(NILs).

InDel markers may be assayed using the same separa-

tion and detection technologies as SSR markers. In this

study, we selected 639 InDels of 3–5 bp to develop PCR-

based markers, of which 553 (87 %) were polymorphic

either between the two re-sequenced accessions (491) or

among seven accessions from different subspecies of

B. rapa (387). Only 25 (4 %) of the primer pairs yielded no

amplification product from either of the two re-sequenced

accessions. This can be explained by sequence variations in

the primer binding sites among B. rapa accessions as we

designed primers based on the reference genome sequence.

The 108,558 short InDel polymorphisms identified

between Chiifu-402-41 and L144 represent an average of

434.23 InDels/Mb across the entire B. rapa genome. This

is a low estimate because we limited the InDel size to

Fig. 4 Graphical genotypes of 100 B. rapa BC2DH lines on chromosome A03. Black bars represent the donor parent; gray bars represent the

recurrent parent. White bars represent missing data. The names of 26 InDel markers are indicated on the left margin
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1–5 bp during the identification process. In addition, we

used short reads (35 bp) for the analysis, although we

have shown that by using longer reads (80 bp) there is a

substantial increase in detected InDels between the two

re-sequenced accessions. As expected, the density of

434.23 InDels/Mb is ten times lower than the previously

reported 4,830 InDels/Mb for InDels of 1–100 bp (Park

et al. 2010). However, one factor that should be taken into

account is that in the previous study the InDels and SNPs

were identified among eight genotypes rather than between

two genotypes as used here. Compared to the estimate of

151 InDels/Mb (1–100 bp in size) in A. thaliana (Jander

et al. 2002), the frequency of short InDel polymorphisms in

B. rapa is more than three times greater, although

approximately 2.4 times less than that observed in rice

(Shen et al. 2004). This high frequency of polymorphism in

B. rapa may be explained by the outcrossing reproductive

mode of the species, which is mediated by strong self-

incompatibility. It has been noted previously that out-

crossing species have higher levels of sequence variation

than self-fertile species (Pollak 1987).

Second-generation sequencing platforms are more cost-

effective than traditional Sanger sequencing (Datta et al.

2010). However, there remains a relatively high entry cost

for generating datasets representing high sequencing depth,

such as the 18-fold depth for L144 in this study. We

therefore demonstrated the value of using a low depth set

with the 1.4-Gb single-end reads from B. rapa accession

Z16, corresponding to about threefold depth, to identify

InDel polymorphisms between L144 and Z16. A key aspect

of our strategy was to use the reference Chiifu-401-42

genome to bridge the polymorphisms identified in the

two re-sequenced accessions. Once the location of poly-

morphisms between one re-sequenced accession and

the reference was established, those between the two

re-sequenced accessions are readily distinguished at

corresponding positions where the second accession is

identical to the reference. We identified 26,693 InDel

polymorphisms using this procedure. The subsequent val-

idation of the markers indicated that this strategy was a

practical route for marker development. Since the B. rapa

genome underwent a hexaploidy event after its divergence

from A. thaliana (Wang et al. 2011a), to ensure locus-

specific amplification, InDels located within the assembled

sequence represented by multiple homologs were excluded.

However, there was a low proportion of non-specific ampli-

fication, possibly because of amplification from homologs

within un-assembled sequence regions. We experimentally

validated the detected InDel polymorphisms between the

two re-sequenced accessions by converting them into PCR-

based markers. Furthermore, a high-density linkage map

was constructed using the validated InDel markers for the

RCZ16_DH population (Wang et al. 2011b). In contrast to

the high polymorphism rate of InDels among the seven

B. rapa accessions representing different subspecies, the

tested two B. napus and two B. juncea accessions showed

Fig. 5 Distribution of experimentally validated polymorphic InDel

markers on each chromosome of B. rapa. Bin names are listed to the

right of the chromosomes. Each bin comprised 500-kb physical

distance. The number of InDel markers in each filled bin is indicated

in the boxes. White boxes indicated regions that do not include any

markers
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much lower polymorphism rates. However, nearly 93 % of

the test InDels showed amplified fragments, indicating that

those markers will be potentially useful for genetic

research on B. napus or B. juncea when there are more

accessions being screened.

In contrast to the high frequency of 15,260 SNPs/Mb

observed in B. rapa (Park et al. 2010), the frequency of

1-bp InDels is only approximately 272.3 InDels/Mb across

the whole B. rapa genome (Table 1). Therefore, in the

same experimental conditions, SNPs are better for devel-

oping polymorphism markers than InDels of 1-bp size.
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