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Abstract

Key message This manuscript provides a genetic map
of Raphanus sativus that has been used as a reference
genetic map for an ongoing genome sequencing pro-
ject. The map was constructed based on genotyping by
whole-genome resequencing of mapping parents and F,
population.

Abstract Raphanus sativus is an annual vegetable crop
species of the Brassicaceae family and is one of the key
plants in the seed industry, especially in East Asia. Assess-
ment of the R. sativus genome provides fundamental
resources for crop improvement as well as the study of crop
genome structure and evolution. With the goal of anchoring
genome sequence assemblies of R. sativus cv. WKI10039
whose genome has been sequenced onto the chromosomes,
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we developed a reference genetic map based on genotyping
of two parents (maternal WK10039 and paternal WK10024)
and 93 individuals of the F, mapping population by whole-
genome resequencing. To develop high-confidence genetic
markers, ~83 Gb of parental lines and ~591 Gb of map-
ping population data were generated as Illumina 100 bp
paired-end reads. High stringent sequence analysis of the
reads mapped to the 344 Mb of genome sequence scaffolds
identified a total of 16,282 SNPs and 150 PCR-based mark-
ers. Using a subset of the markers, a high-density genetic
map was constructed from the analysis of 2,637 markers
spanning 1,538 ¢cM with 1,000 unique framework loci. The
genetic markers integrated 295 Mb of genome sequences
to the cytogenetically defined chromosome arms. Com-
parative analysis of the chromosome-anchored sequences
with Arabidopsis thaliana and Brassica rapa revealed that
the R. sativus genome has evident triplicated sub-genome
blocks and the structure of gene space is highly similar to
that of B. rapa. The genetic map developed in this study
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will serve as fundamental genomic resources for the study
of R. sativus.

Introduction

Raphanus sativus L. includes important root vegetable crop,
radish, that is cultivated worldwide and various related wild
species having potential of germplasms. The most market-
able part of radish is its swollen taproot which provides a
source of carbohydrates, phytochemicals, minerals and
organic nutrients, and dietary fiber. The radish taproot varies
in color (white, red, and black) as well as in size and shape
from short and globular type to spindle-shaped, conical, and
oblong-elongated type. In addition, there are several culti-
vars used as oil crops, silique vegetables, and leaf vegeta-
bles. R. sativus belongs to the tribe Brassiceae of the Bras-
sicaceae family. Systematic and comparative genetic studies
have shown that R. sativus is a close relative of Brassica
species (Al-Shehbaz et al. 2006; Hall et al. 2002). Suc-
cessful development of intergeneric allopolyploid hybrids
between R. sativus and B. rapa (Lee et al. 2011) or B. olera-
cea (Prakash et al. 2009) also supports their close relation-
ship. Phylogenetic studies have suggested that Raphanus
species may have arisen from hybridization between B. rapa
(A genome)/oleracea (C genome) and B. nigra (B genome)
lineages (Song et al. 1990; Yang et al. 2002). However, the
origin of Raphanus is still controversial.

The importance of R. sativus in agriculture and plant
evolution has motivated efforts to develop tools for genetic
and genomic studies on the R. sativus genome. One aspect
of this effort has been the development of genetic maps.
In the early stage of genetic mapping, restriction fragment
length polymorphism (RFLP) or amplified fragment length
polymorphism (AFLP) markers have played an important
role in genetic studies (Bett and Lydiate 2003; Budahn et al.
2009; Kamei et al. 2010; Tsuro et al. 2005). A major focus
of recent genetic mapping effort is the simple sequence
repeat (SSR) and single nucleotide polymorphism (SNP)
of expressed sequence tags (ESTs) including EST-SSR
(Shirasawa et al. 2011) and EST-SNP markers (Li et al.
2011). EST-based genetic maps have enabled comparative
genome mapping between R. sativus and the sequenced
genomes of Arabidopsis thaliana and B. rapa. In parallel to
these activities, transcriptome analysis using the Illumina
platform (Wang et al. 2012) and development of databases
for ESTs, markers, and genetic maps such as RadishBase
(Shen et al. 2013) have been reported. In addition, 402 Mb
genome sequences of the Japanese cultivar ‘Aokubi’ have
recently been published (Kitashiba et al. 2014). However,
the sequences are draft scaffolds with a small size of N50
(46.3 kb) and only 116 Mb of them has been assigned to
chromosomes showing incomplete genome assembly.
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R. sativus has a diploid genome (RR, 2n = 2x = 18),
and the genome size of R. sativus is estimated from
539 Mb (Hall et al. 2002) to 573 Mb (Johnston et al. 2005).
Our previous cytogenetic data predicted that the chromo-
some size and structure of R. sativus are similar to those of
B. rapa. Moreover, the heterochromatin regions are posi-
tioned on the centromeric region of whole chromosomes
with an estimation of 36.3 % of the total genome (Hwang
et al. 2012). These results underlie a strategy for sequenc-
ing the R. sativus genome based on whole-genome shotgun
sequencing. To make a reference genome sequence of R.
sativus, we have been sequencing the Korean cultivar cv.
WK10039 (510 Mb) which is a typical oriental radish with
white skin and large elongated root. As of September 2014,
whole-genome scaffold sequences covering 344 Mb with
an N50 of 1.22 Mb (67.5 % of the total genome and almost
all of the predicted euchromatin) were assembled by next-
generation sequencing (NGS) technologies (our unpub-
lished data). A crucial component of successful genome
sequencing is the availability of a high-density genetic
map of the reference species. Sites representing potential
sequence polymorphisms within the assembly as well as
previously reported genetic markers can be used to facili-
tate chromosome assignment of the sequence scaffolds.

Recent advances in NGS technologies have led to the
development of rapid genome-wide SNP detection at low
costs where sequences are directly used to detect and score
SNPs. A new approach, namely genotyping by sequenc-
ing (GBS), uses sequence reads from the mapping popu-
lation being genotyped. In brief, two parental lines are
deeply sequenced using NGS sequencers and then SNPs or
other variations between them are identified. The mapping
population of the two parental lines is sequenced through
a reduced-representation or a whole-genome resequenc-
ing using NGS technologies. The choice of whether to
sequence a reduced fraction or the entire genome depends
on several factors including ploidy, genome size, repetitive
sequence content, or presence of homeologs. The resulting
sequences are used to determine allelic diversity for each
individual (reviewed in Deschamps et al. 2012). So far,
GBS by whole-genome resequencing has been performed
on small genome species including Arabidopsis (Cao et al.
2011; Ossowski et al. 2008) and rice (Huang et al. 2009;
Subbaiyan et al. 2012; Xu et al. 2011), whereas reduced-
representation resequencing has been applied to complex
genomes such as maize (Elshire et al. 2011), wheat (Trick
et al. 2012), potato (Uitdewilligen et al. 2013), and soybean
(Sonah et al. 2013).

In this study, we aimed to develop a reference genetic map
of R. sativus to provide a framework for anchoring and order-
ing the sequence scaffolds enabling their assembly into pseu-
domolecules of the genome. Here, we report on the construc-
tion of a high-density SNP map of R. sativus by whole-genome
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resequencing of the mapping parents (WKI0039 and
WK10024) and 93 individuals of the F, population. Relatively
small genome size and availability of the genome sequences
of R. sativus enabled us to construct a genetic map based on
whole-genome resequencing. The resulting genetic map facili-
tated anchoring of sequence assemblies as well as sequenced
BAC clones for the whole genome of R. sativus. In addition,
the characteristics of the gene space and overall genomic
structure of R. sativus are described.

Materials and methods
Plant materials

Two parental inbred lines of R. sativus, cv. WKI10039
(maternal line and the reference cultivar investigated in our
genome sequencing project) and cv. WK10024 (paternal
line), were chosen to develop a mapping population. Cul-
tivar WK10039 is a typical winter type with white cylin-
drical root and green siliques, whereas cv. WK10024 has
red round root and pink siliques. Both lines were obtained
from the National Institute of Horticultural & Herbal Sci-
ence (RDA, Korea) and were self-pollinated for eight gen-
erations before crossing. A single plant of cv. WK10039
was used as the female partner and a single plant of cv.
WK10024 was used as the male partner to produce F,
hybrids whose genotypes were confirmed by co-dominant
gene-based markers. A single F; plant was selected and
self-pollinated to produce the segregating F, population.
A total of 93 individuals were randomly selected as the F,
mapping population for segregation analysis and genetic
mapping. Seeds of parental lines and F, individuals were
surface sterilized in 12 % sodium hypochlorite and ger-
minated on 0.5x Murashige and Skoog (MS) agar plates
(0.7 %) in a growth chamber at 22 °C with a 16-h light/8-h
dark cycle and 60 % humidity. Seedlings harvested 5 days
after germination were transferred into soil and grown in a
culture room under the same growth conditions.

Genomic DNA extraction and Illumina sequencing

Genomic DNA (gDNA) was extracted from the leaves
of each plant using the DNeasy Plant MaxiKit (Qiagen,
USA) and standard paired-end (PE) libraries with 500 bp
inserts were constructed for Illumina sequencing. In brief,
extracted gDNA was sheared by Covaris and the frag-
mented DNA was purified with the QIAquick PCR Puri-
fication Kit (Qiagen, USA) followed by end repair and
index adapter ligation using the TruSeq PE Cluster Kit
v3-cBot-HS (Illumina, USA). The resulting libraries were
size selected and then pooled with up to six samples per
flow cell lane for cluster generation on the Illumina flow
cell using the cBot. The library clusters were sequenced
in the Illumina HiSeql1000 sequencer to generate paired-
end sequences (2 x 100 bp) using the TruSeq™ SBS Kit
v3-HS. Reads from each library were collected at a mini-
mum [llumina quality score of 31 and then filtered for
adapter contamination, ambiguous residues (N residues),
PCR duplicates, and low-quality regions.

Mapping reads, filtration, and polymorphism detection

All PE reads generated from the parental lines were
aligned to the WKI0039 draft genome sequence and
BAC sequences (Table 1; NCBI BioProject Accession
PRINA239785) using Burrows Wheeler Aligner (BWA,
version 0.5.9) with default options (Li and Durbin 2009).
After initial mapping of the raw reads, the reads that
mapped to multiple locations or unmapped reads were
excluded. In addition, aligned reads considered to be PCR
duplicates were also removed using the MarkDuplicates in
the Picard software package 1.48 (McKenna et al. 2010).
Base quality scores were recalibrated with CountCovariates
and TableRecalibration, and regions near short Insertion
or Deletion (InDel) were realigned with IndelRealigner in
the Genome Analysis Toolkit (GATK, version 1.0.5974).
The realigned and recalibrated Sequence Alignment/Map
(SAM) files produced by these processing steps were used

Table 1 Summary of reference sequences for WK7/0039 and NGS reads used in this study

Class Plant Mapping population  Sequence type NGS Number Length (Mb)  Coverage (X)*
Reference genome = WK10039 Maternal Genome scaffold  GS-FLX Plus 1,414 344.0 0.7
BAC sequence® GS-FLX Plus 188 23.6 0.05
WGS WK10039 Maternal PE read HiSeq1000 427,289,276  43,156.2 84.6
WK10024 Paternal PE read HiSeq1000 394,451,376 39,839.6 78.1
93 progeny® F, PE read HiSeq1000 62,922,175 6,355.1 12.5

WGS whole-genome shotgun, PE paired-end

* Genome coverage was calculated with the genome size of WK10039 as 510 Mb

5 Phase 2 sequence with ordered contigs per BAC clone

¢ Average values are presented
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for SNP, InDel, and SSR detection. We used UnifiedGeno-
typer in GATK for calling variants such as SNP, InDel,
and SSR. Polymorphisms between the parental lines were
called with a standard call confidence (-stand_call_conf) set
to 30.0 and standard emit confidence (-stand_emit_conf)
set to 10.0. To reduce the false discovery rate of SNP,
InDel, and SSR, raw variant calls were filtered out using
VariantFiltration in GATK under the following conditions:
base quality score of <50.0, mapping quality (MQ) <30,
strand bias (SB) >—1.0, MQzero reads (MQO) >4, and
MQO divided by depth (MQO/DP) >0.1. In addition, InDels
with at least 10 bp size difference and SSRs of di- and tri-
nucleotide repeats were considered for further analysis.
The SNP information was saved asvcf files, whereas InDel
and SSR information was converted into SAMtoolsmpileup
format (http://samtools.sourceforge.net).

SNP marker selection and genotyping of the F, population

To obtain high-confidence SNP markers for genetic map
construction, all SNPs identified between the parental lines
were filtered as follows: length of the reads mapped to
the SNP sites >75 bp, depth at each SNP in both parental
lines >7, mapping quality of reads >20, and base quality
>30. We further selected SNPs which were 100 %homozy-
gous alleles in each parental line. The final candidate SNPs
were used for genotyping of the F, population. For geno-
type calling, reads of F, individuals were filtered as fol-
lows: read depth >8, mapping quality of reads >20, base
quality >30, and default values for the other options. SNPs
that had >30 % (28 plants) missing or ambiguous data
were excluded. In addition, a position was considered to be
homozygous if more than 90 % of the nucleotides at the
SNP position were the same. A heterozygous position had
two different alleles with a frequency between 0.3 and 0.7.
For multi-sample genotyping, every 93 individuals were
grouped into 4 groups and genotypes were determined
as follows: homozygous maternal (WKI10039) as “A”,
homozygous paternal (WK10024) as “B”, heterozygous as
“H”, and missing or ambiguous data as ““-.”

InDel and SSR marker development

To discover InDel and SSR regions for PCR-based marker
development, we used BWA, Picard, and GATK tools.
The polymorphic loci between WK10039 and WK10024
were filtered as follows: read depth of >7, length differ-
ence between the parental lines >10 bp, flanking length
of >150 bp, and SNP variation within the flanking region
<4. Size differences of more than 10 nucleotides between
the parental lines were considered as InDels. For SSRs,
di- and tri-repeats with >12 nucleotide differences were
selected for further analysis. Sequences from the candidate
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regions were extracted by SAM tools. Primers targeting
the selected regions were designed using Primer3 software
(Rozen and Skaletsky 1999) with a target amplicon size
range of 100-250 bp. Primer specifications were as fol-
lows: melting temperature (7,,) 55-60 °C, GC content 40—
60 %, and primer length 1827 nucleotides. PCR amplifica-
tion was performed using Tenuto 2X premix (Enzynomics,
Korea), 0.5 uM of each primer, and 20 ng genomic DNA.
The PCR cycle conditions were 5 min at 94 °C, 35 cycles
of 30 s at 94 °C, 30 s at 55 °C, 1 min at 72 °C, and a final
5 min extension step at 72 °C. The PCR products were sep-
arated on a 3 % agarose gel in 1 x sodium borate buffer and
bands were visualized by ethidium bromide.

Construction of genetic map

To construct a genetic map, the JoinMap 4 (van Ooijen
2006) program was used. Linkage analysis and marker
grouping were performed at a logarithm of odds (LOD)
threshold of 10 and genetic distance between the markers
was calculated by the Kosambi map function (Kosambi
1944). SNP (RsSNP), InDel (RsInD andRsIBP), and SSR
(RsSSR) markers as well as previously reported mark-
ers we developed based on B. rapa sequences (BrEST and
RsSSR) (Chung et al. 2014; Park et al. 2010) were inte-
grated to construct a genetic map, and the markers which
were positioned at the same loci were manually curated.
The genetic position of each BAC clone was determined
based on the selected BAC SNP (RsH) markers. To evalu-
ate co-linearity of markers in the linkage groups with their
physical positions, each linkage group on the genetic map
was aligned with the genome assembly of WK10039. Con-
sensus sequences of SNPs were searched with BLASTN at
an E value cutoff of 1E7!° and sequence coverage greater
than 85 % against the genome sequence.

Florescent in situ hybridization of BAC clones

Mitotic chromosomes of WKI0039 were prepared as
described previously (Hwang et al. 2012; Lim et al. 2005).
DNA (1-2 pg) extracted from BAC clones, 45S rDNA,
and 55 rDNA was labeled with either biotin-16-dUTP or
digoxigenin-11-dUTP by nick translation (Roche, Ger-
many), and FISH was performed as described by Lim
et al. (2005). The hybridization mixture consisted of 50 %
deionized formamide, 10 % dextran sulfate, 2x SSC, and
salmon sperm DNA. The probes were mixed to a final con-
centration of 20 ng/mL and then denatured at 70 °C for
10 min. The slides were subsequently washed in 2x SSC
at room temperature for 5 min and 0.1x SSC at 42 °C for
30 min. The fluorescence signal was detected using FITC-
conjugated anti-digoxigenin antibodies (Roche, Germany)
and streptavidin Cy3 (Zymed Lab., USA). The slides were
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then mounted and counterstained in Vectashield contain-
ing 2 pL/mL 4/,6-diamidino-2-phenylindole (DAPI). The
images were observed using an Olympus BX 61 fluores-
cent microscope equipped with a CCD camera and ana-
lyzed with the Genus Image Analysis Workstation (Genus
version 3.8, Applied Imaging Corporation, UK).

DNA sequence analysis and genome comparison

BAC sequences were masked using Repeat-Masker
(http://www.repeatmasker.org) and gene-coding regions
in the BAC sequences were predicted by the Fgenesh+
(http://www.softberry.com) program with parameters
trained using the R. sativus matrix. Predicted gene mod-
els were searched against a database of plant transposon-
encoded proteins (Nussbaumer et al. 2013). Predicted pro-
teins with a top match to transposon-encoded proteins were
excluded from the annotation and gene counts. For compar-
ative genomics, scaffold sequences containing SNPs and
sequence-tagged site (STS) genetic markers were aligned
to the genome of A. thaliana. Alignment was performed
using LASTZ (version 1.03.02) with the gapped align-
ment option. Only LASTZ matches longer than or equal
to 300 bp with identity >80 %, and LASTZ score >20,000
were used. Analysis of chromosomes based on a syntenic
dot matrix plot was performed using an internally devel-
oped visualization program.

Results
Mapping population and reference sequence assembly

To facilitate genetic mapping, we developed an F, pop-
ulation composed of 93 individuals. The F, mapping
population was derived from a single F, plant based on
a cross between cv. WKI10039, the reference species
of our genome sequencing project, and cv. WKI0024.
Because the alleles of the F, plant are assumed to segre-
gate according to Mendelian rules in the F, population,
co-dominant markers are expected to segregate at 1:2:1
ratio of homozygous WKI10039:heterozygous WKI0039
and WK10024:homozygous WK10024. We applied 109 co-
dominant intron-target markers and identified 89 markers
(82 %) showing a goodness-of-fit ratio (1:2:1, P < 0.005).
This result suggested that the segregation of the markers in
the F, population was not distorted significantly from the
expected ratio.

As a reference sequence to identify polymorphic loci
between the mapping parents, we used a draft genome
assembly of cv. WKI0039. The reference genome
sequences of cv. WK10039 were previously generated from
the ongoing genome sequencing project. Whole-genome

scaffold sequences of cv. WK10039 were assembled using
single and mate-paired reads of 454 sequences, PacBio
RSII sequences, and end sequences of ~23,000 BAC clones.
In brief, approximately 50x raw sequences of single
(1.5 kb) and mate-paired (3, 8, and 20 kb) DNA sequences
were generated using Roche/454 GS-FLX Plus (average
read length of ~600 bp). Approximately 24X PacBio RSII
sequences and ~23,000 BAC-end ABI sequences were also
generated. The sequence reads were assembled into scaf-
folds using Newbler assembler, and homopolymers in the
scaffolds were corrected using 85x paired-end short-read
sequences from Illumina HiSeq1000. The resulting genome
sequence assembly included 1,414 scaffolds with an N50 of
1.22 Mb and spanned 344 Mb, representing 67.5 % of the
genome (our unpublished data). In addition, sequences of
188 gene-rich BAC clones were also determined as phase 2
sequences with ordered contigs per clone. All the sequence
data used in this study are summarized in Table 1.

Sequence variations between the parental lines
and PCR-based marker development

For identification of polymorphic loci between the map-
ping parents, we generated >394 million Illumina PE reads
from the paternal line WK10024. These reads corresponded
to 39 Gb sequence data representing approximately 78x
genome coverage. In addition, >427 million Illumina PE
reads of WK10039 covering 85 x of the genome were avail-
able from our genome sequencing activity. Using the bio-
informatics pipeline that allowed read mapping to the ref-
erence genome and identification of polymorphic alleles
between the parental lines (Fig. 1), we aligned 60.8 Gb
of high-quality sequence reads from the parental lines to
326.6 Mb (86 %) of the reference scaffold sequences, pro-
viding an average read depth of 99x when all the reads
were considered together. As a consequence of the read
mapping and identification of polymorphic loci, we found
a total of 14,741 length variants (1,039 InDels and 13,702
SSRs; Table 2) and 1,258,476 SNPs between the paren-
tal lines. The average density of polymorphic loci in the
genome was 3.9/kb which is almost two times higher than
A. thaliana (2/kb; Cao et al. 2011).

With the goal of establishing genetic map positions for
sequence assembly scaffolds, we designed PCR primers
flanking InDels and SSR motifs. Among the 14,741 length
variants, 265 InDel (RsInD) and 206 SSRs (RsSSR) were
randomly selected to test PCR amplification. Additional
PCR primers that were developed based on BAC-end
sequence information from WKI10039 (RsIBP; our unpub-
lished data) and tissue-specific ESTs from B. rapa (BrEST;
Yu et al. 2011) were applied. Moreover, we also screened
previously reported EST-SSR markers from R. sativus
including 610 RSS (Shirasawa et al. 2011). However, most
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Fig.1 Workflow to develop
genome-wide InDel/SSR and

Genomic sequence of R. sativus cv. WK10039

SNP markers based on whole-
genome resequencing. More
than 80 x Illumina reads gener-
ated from each mapping parent
(WK10039 and WK10024)

were mapped to the reference
genome sequences of WK10039
(genomic scaffolds and BAC
sequences) and polymor-

Illumina short reads

Genome scaffolds

parental lines: WK10039, WK10024
(100 bp X 2, ~80X coverage of each line)

(Samtools mpileup)

BAC clones

read mapping/alignment
base recalibration
(BWA, Picard, GATK)

(GATK UnifiedGenotyper)

phic loci were identified. For InDel/SSR SNP loci
PCR-based markers, primers discovery discovery
targeting InDels and SSRs were

designed. For SNP markers and (Primer3) lumina HiSeq

genotyping, resequencing of the
F, population was performed

with 8 genome coverage and Primers targeting F, population
high-confidence SNP loci were InDel/SSR sequencing

selected. Candidate polymor-

phiC markers were genotyped PCR of 93 individuals Read mapping & base

using 93 individuals of the F,
population followed by link-

parental lines

100 bp X 2
>8X coverage

recalibration
(BWA, Picard, GATK)

age analysis and genetic map InDel/SSR SNP
construction. For integration of markers markers
cytogenetic and genetic linkage
maps, FISH analysis of BAC
C]OE€§ was erfoi/med The PCR of SNP multi-sample genotyping
o : p : 93 individuals (GATK UnifiedGenotyper)
bioinformatics programs used
in this study are presented in F, genotyping BAC FISH
2

parentheses

of the RSS primers failed PCR amplification or did not
show polymorphisms between WK10039 and WK10024.
All primer sets showing polymorphisms between the par-
ent lines were selected as PCR-based markers. In total, 150
primer pairs including 92 RsInD, 20 RsSSR, 11 RSS, 22
RsIBP, and 5 BrEST markers were selected to construct a
genetic map.

SNP genotyping by whole-genome resequencing of the F,
population

To generate a substantial number of reads for increased
target coverage, at least 41 million PE reads for the F,
progeny were produced by Illumina sequencing. A total of
5,851,762,272 reads corresponding to 591 Gb were gener-
ated from 93 individuals. The number of reads varied from
41,207,730 to 112,117,888 (average of 62,922,175) cov-
ering 8x to 22x of the genome. All reads passing quality
filter were mapped to the reference sequences. A total of
71 % of the reads were mapped to the reference scaffolds.
Although the number of mapped reads varied among indi-
viduals, genome coverage of the reads was not significantly
varied representing an average of 87.5 % coverage with an
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Reference genetic map of R. sativus

average read depth of 13.6 (Supplemental Figure S1 and
Supplemental Table S1).

According to the genotyping criteria of the SNP posi-
tion, we considered all SNPs having genotypes for at least
65 individuals with more than 8 reads. Consequently, we
obtained a total of 772,678 SNP loci from the reference
sequences. To develop high-confidence SNP markers from
the candidate SNPs, we further filtered out the SNPs that
were unable to define the plant genotype as homozygous
or heterozygous at the nucleotide frequency cutoff. As a
result, a total of 16,069 genomic SNP markers from 1,353
genome scaffolds (258.9 Mb) along with 188 BAC SNP
and 25 conserved ortholog set (COS) SNP markers were
selected for genetic mapping (Supplemental Table S2 and
Supplemental Fig. S2). The transition/transversion ratio of
genomic SNP markers was 1.39, thus, showing a high rate
of transition similar to other plant species (Table 3).

Genetic map construction
For purposes of genetic mapping of polymorphic markers

and anchoring the sequence scaffolds of R. sativus, the gen-
otypes of 16,282 SNP and 150 PCR-based markers in the
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Table 2 Summary of polymorphic InDels and SSRs identified
between the mapping parents, WK10039 and WK10024

Characteristics Number
InDel® size difference 10 264
(bp) 11 199
12 180
13 88
14 98
15 58
16 40
17 25
18 17
19 19
>20 51
SSR® motif type AT/TA 5,775
AG/GA/CT/TC 2,867
AC/CA/TG/GT 501
AAG/AGA/GAA/CTT/TTC/TCT 1,393
ATG/TGA/GAT/CAT/ATC/TCA 746
AAT/ATA/TAA/ATT/TTA/TAT 606
AGG/GGA/GAG/CCT/CTC/TCC 542
AAC/ACA/CAA/GTT/TTG/TGT 484
ACC/CCA/CAC/GGT/GTG/TGG 336
AGC/GCA/CAG/GCT/CTG/TGC 175
AGT/GTA/TAG/ACT/CTA/TAC 168
ACG/CGA/GAC/CGT/GTC/TCG 62
GGC/GCG/CGG/GCC/CCG/CGC 47
Total 14,741

 InDels of >10 bp size difference were considered

® SSRs of di- and tri-repeats with >12 nucleotides were considered

Table 3 SNP characteristics of transition or transversion identified
between the mapping parents, WK10039 and WK10024

DNA substitution types [WK10039/WK10024] Number (%)
Transition
[G/A] 4,556 (28.4)
[C/T] 4,776 (29.7)
Sub-total 9,332 (58.1)
Transversion
[C/G] 1,018 (6.3)
[T/A] 2,274 (14.2)
[A/C] 1,691 (10.5)
[G/T] 1,754 (10.9)
Sub-total 6,737 (41.9)
Total 16,069 (100)

F, mapping population were scored. SNP genotypes from
the same scaffolds were analyzed together and the redun-
dant SNPs showing same genotypes were collapsed into a

major SNP. As a result, we selected 2—-3 of the best SNPs
per scaffold for linkage analysis. Genotypes for all mark-
ers were integrated into a color-coded genotype matrix
using Excel (Kiss et al. 1998). An initial linkage analy-
sis was performed with a total of 2,678 markers includ-
ing 2,319 genomic SNP, 188 BAC SNP, 25 COS SNP, and
146 PCR-based markers using the JoinMap 4 program. For
further analysis, the redundant markers showing identical
genotypes were collapsed to a single representative frame-
work marker (Supplemental Table S3), and the markers
locating on multiple mapping positions were excluded. As
a result, 2,637 out of 2,678 markers (99 %) were grouped
into 9 linkage groups at LOD 10. As shown in Fig. 2, a
genetic map was derived from the 1,000 non-redundant
framework genetic markers including 689 genomic SNPs,
168 SNPs from BAC clones, 25 COS SNPs, and 118 PCR-
based markers. The genetic map spanned 1,538 cM with
an average distance of 1.5 cM between markers (Table 4).
We assigned the name of each linkage group according to
the R groups of previously reported genetic maps (Jeong
et al. 2014; Shirasawa et al. 2011). The biggest linkage
group R9 contained 136 markers spanning 263.5 cM, while
the smallest group R8 had 75 markers covering 99.4 cM.
A detailed list of marker attributes along with the genetic
positions is given in Supplemental Table S4. The sequence
defined genetic markers (framework markers and their
equivalent markers) anchored 390 assembly scaffolds
accounting for ~275 Mb and 168 BAC clones covering ~20
Mb on 9 chromosomes. Therefore, the extent of the genome
sequence associated with genetic loci was ~295 Mb or
85.8 % of the genome assembly. Considering the estimated
genome size of WK10039 as 510 Mb by K-mer analysis
(our unpublished data), 1 cM of the current genetic map
corresponded to 331.6 kb. Figure 3 shows the correlation
between the genetic map and the draft genome sequence
of cv. WK10039. The physical position of the markers was
determined by a BLASTN search. Most of the markers in
the linkage groups showed co-linearity with their physical
position, especially with R1, R3, R4, RS, and R6. However,
uneven distributions of markers were found in R2, R8, and
RY, suggesting that there may be a biased distribution of
makers presumably due to centromeres or heterochromatin.

Anchoring of BAC clones on the genetic map enabled
us to align the linkage groups and chromosomes of R. sati-
vus. Although the chromosomes of cv. WK10039 are small
and compact, each chromosome can be distinguishable
based on 5S and 45S rDNA hybridization signals and mor-
phological characteristics including chromosome size and
the chromosome arm length ratio (Hwang et al. 2012). To
establish correspondence between each linkage group and
chromosome, we performed FISH analysis of BAC clones
that were anchored on the genetic map. Consequently,
nine BAC clones (one BAC clone per linkage group) were
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Marker types are indicated with the following prefixes: RsInD, InDel;
RsSSR, SSR; RsIBP and RsCOS, gene-based; BrEST, B. rapa EST;
RSS, EST-SSR. Markers developed from BAC clones that were
mapped to chromosomes by FISH analysis are highlighted in red

Table 4 Summary of the reference genetic map of R. sativus constructed using SNP, InDel/SSR, and COS markers

Group No. linked framework markers

Genomic SNP BAC SNP COS SNP PCR-based markers

Framework markers per group Length (cM) Average length/marker (cM)

R1 58 12
R2 104 23
R3 64 12 10
R4 99 28 13

2 13
3
2
3
R5 82 24 3 20
3
3
3
3
5

11

R6 101 28 15
R7 31 12 10
R8 47 15 10
RO 103 14 16
Total 689 168 2 118

85 122.9 1.4
141 219.9 1.6
88 129.2 1.5
143 176.1 1.2
129 210.7 1.6
147 209.1 1.4
56 107.5 1.9
75 99.4 1.3
136 263.5 1.9
1,000 1,538.2 1.5
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Fig. 3 Correlation between the genetic map and the draft genome sequence of R. sativus cv. WK10039. The physical position of each marker
was identified in the reference genome based on a BLASTN search. X axis denotes genetic distance (cM) and Y axis indicates physical distance

hybridized on metaphase chromosomes (Fig. 4). Using the
fluorescent signals of BAC clones detected, the destination
of each BAC clone was determined based on the size and
morphological characteristic of the chromosome, which
were previously numbered from the largest (a) to the small-
est (i) chromosomes. In addition, the orientation of each
linkage group could be revised based on the orientation
of the chromosome deduced from the FISH signal. These
results confirmed that analysis of BAC clones by FISH is
highly useful for distinguishing chromosomes as well as
integrating genetic and cytogenetic maps.

Characteristics of the gene space in the R. sativus genome
and comparative analysis

To overview the characteristics of the gene space in the
R. sativus genome, gene prediction was carried out for
the sequenced BAC clones. Ab initio gene prediction of
188 BAC clones by the Fgenesh+ program resulted in the

construction of 4,957 gene models. The gene structure and
density statistics are shown in Table 5. The exon—intron
composition and average length of the R. sativus genes
were highly similar to those of B. rapa genes. Moreover,
the average gene density of 1 per 4.8 kb of R. sativus BAC
clones was also similar to that of the gene-rich BAC clones
of B. rapa (1 per 4.2 kb) (Mun et al. 2009) indicating that
the gene-containing regions of R. sativus occupy almost the
same space as B. rapa. Considering the overall gene den-
sity of the B. rapa genome (1 per 6.9 kb) and the coverage
of euchromatin in R. sativus, the overall number of protein-
coding genes in the R. sativus genome was estimated up to
~47,000.

A large-scale sequence level comparison between chromo-
some-assigned R. sativus sequence scaffolds and the whole
genome of A. thaliana demonstrated that there was a three-to-
one syntenic match between five chromosomes of A. thaliana
and nine chromosomes of R. sativus, indicating genome-wide
triplication of the R. sativus genome (Fig. 5). Similar to the
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Fig. 4 Chromosome karyotype of R. sativus cv. WK10039 and FISH
mapping of BAC clones on mitotic metaphase chromosomes. a
Mitotic metaphase chromosomes stained with DAPI, bleached DAPI
(BDB) technique, and 5S (green) and 45S (red) rDNA. Chromosomes
are arranged according to linkage group name (R/—-R9) and previous
IDs (a toi) by Hwang et al. (2012) are also provided on the fop mar-

results from the B. rapa and A. thaliana genome comparison,
R. sativus and A. thaliana genomes share a minimum of seven
large-scale triplicated syntenic block sets. Within the individ-
ual syntenic block set, the coverage of syntenic region (sum
of aligned sequences divided by the total length of sequences
in the blocks) was different among the triplicated blocks;
one has higher coverage than the others (Supplemental Table
S5). Taken together, it is evident that the diploid R. sativus
genome had a triplicated genome structure that consisted of
three sub-genome blocks with different fractionation. Addi-
tional sequence information will present a more detailed view
of synteny between the genomes.

SNP markers continue to be added to the genetic map,
furthering the integration of genetic and physical scaffolds in
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that were mapped to linkage groups of the genetic map. Arrows to
green or red areas point to the position of the hybridization signal of
BAC clones. Red signals (R2, R3, R5, and R7) are 45S rDNA. Bars
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this species and providing additional anchoring and assem-
bly validation for the ongoing genome sequencing effort.
Together with further scaffolding of the current assembly
using clone-end sequences such as fosmid-end and BAC-
end sequences, the resulting assembly will allow construc-
tion of more accurate chromosome pseudomolecules.

Discussion

Sequence-based genetic maps provide the framework for
sequencing projects because they indicate the position of
sequences and guide assembled sequences to their spe-
cific locations in linkage groups. Of particular importance,
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the positioning of sequence assemblies to cytogenetically
defined chromosomes greatly aids the production of chro-
mosome pseudomolecules (Mun et al. 2006). The ultimate
goal of our genome sequencing project in R. sativus is to
provide pseudochromosome arms that cover the entire
gene space of the whole genome. As of May 2014, a draft
sequence of ‘Aokubi’, a Japanese cultivar of R. sativus, has

Table S Overall composition of predicted protein-coding genes in
the gene-rich BAC sequences of R. sativus cv. WK10039, B. rapa,
and A. thaliana genomes

Features R. sativus  B. rapa®  A. thaliana®
Number of BACs 188 - -
Total sequence length (Mb) 23.6 283.8 119.1
Transposon (%) 20.1 39.5 20.9
Number of protein-coding genes 4,957 41,090 27411
Number of exons per gene 5.1 5.0 59
Average intron size (bp) 202 209 165
Average exon size (bp) 228 233 296
Average gene size (kb)® 2.0 2.0 2.6
Average gene density (kb/gene) 4.8 6.9 4.3

% B. rapa genome annotation v1.0 was used
 TAIR10 genome statistics was used

¢ Average gene size was defined as average length of coding region
including introns

been published (Kitashiba et al. 2014). It is noteworthy that
a total of 402 Mb scaffold sequences were generated; how-
ever, only a part of them (116 Mb) has been assigned to
the linkage map showing insufficient anchoring of assem-
bled sequences to produce chromosome pseudomolecules.
In this regard, determination of the order and orientation
of sequence scaffolds on each chromosome are crucial to
the final assembly of the ordered scaffolds. Therefore, the
primary objective of this study was to develop a reference
genetic map to anchor the scaffolds generated from whole-
genome shotgun sequencing directly onto specific chromo-
somes and chromosome positions.

Genetic mapping of sequenced genome regions has
been performed using STS markers. Genomic STS mark-
ers identified from genome sequences provide immedi-
ate links between sequence assembly and the genetic map.
Previously reported STS markers can be applied for genetic
mapping; however, PCR amplification of STS markers in
different species or cultivar often fails resulting in limited
cross-species/cultivar utility. For instance, we applied 610
previously reported RSS markers to the mapping parents but
only 20 markers (3.3 %) showed polymorphism. Therefore,
an effective development of STS markers should include
direct analysis of genomic sequence data. One of the co-
dominant STS markers of frequent choice has been genomic
SSRs. Automated identification of SSRs in DNA sequence
databases using public software programs has become

— 0y Y = L
R - B
71 72 \ " J 73
wn
N
< -
61 62 .. 63 :
& E
e . *
& [+ .
Cd b3 o
< e % 52 C
- 51 © 53 -
< N
\ ¢ g
o}
b ) 4 42/ 43 -
- " &
- e
\ Jj.' '; 7
3 T3 32 L A33 .
P > B
. . e
2-1 ™ 22 23
A -
{ 3 ‘
— .
N
< y .
_/" H _:'
s 12°.° i 13
R1 R2 R3 R4 RS R6 R7 RS R9

Fig. 5 Chromosome correspondence between R. sativus and A. thali-
ana represented as a dot plot. Each dot demonstrates the best LASTZ
match between sequence pairs. Scale unit of X and Y axes is 5 Mb.

The color-shaded boxes in the dot plots represent long-range synteny
blocks along chromosome pairs. Boxes with the same color are puta-
tive triplicated sub-genomic blocks
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commonplace in a wide variety of plant species. Polymor-
phic SSR alleles can be scored in agarose or polyacryla-
mide gels or capillary sequencers; however, genotyping of
the mapping population still has limited throughput, high
cost, and is time consuming due to PCR amplification of
the target alleles. Recently, a major focus of genome map-
ping efforts has been SNPs because there are vast numbers
of SNPs in every genome enabling highly detailed genome
maps to be constructed. Furthermore, SNPs have a lower
error rate compared with SSRs (Jones et al. 2007) and rapid,
high throughput detection and genotyping methods have
been developed. These methods include the Illumina Gold-
enGate assay, oligonucleotide hybridization analysis using
high-density SNP chips, and NGS genotyping (Edenberg
and Liu 2009). In particular, whole-genome resequencing
of mapping populations using NGS technologies with a
known reference has created a powerful way to construct a
high-density SNP map covering the entire genome (Sonah
et al. 2013). Although it is still expensive to carry out on a
large set of genotypes, resequencing efforts are suitable for
SNP genotyping not only for small genome species includ-
ing Arabidopsis (Cao et al. 2011) and rice (Subbaiyan et al.
2012; Xu et al. 2011) but also for large genome polyploidy
species such as B. napus (Huang et al. 2013).

The current work has contributed to a successful appli-
cation of NGS genotyping by resequencing. It is note-
worthy that the genome of R. sativus has been indicated
as a polyploid genome (Jeong et al. 2014; Li et al. 2011,
Shirasawa et al. 2011). Polyploid genomes present chal-
lenges to genome-wide SNP discovery due to the presence
of multiple homoelogous sequences (Bancroft et al. 2011;
Huang et al. 2013; Lai et al. 2012). To reduce false SNPs
from non-allelic paralogous variations, we applied three
stringent conditions and identified polymorphic alleles with
high confidence. First, we selected only single-hit reads
that uniquely mapped to the reference sequences for further
analysis. Second, because we aimed to genotype individu-
als of the F, population (homozygous or heterozygous at a
single genomic locus), SNPs derived from 100 % homozy-
gous alleles in each parental line were considered as allelic
differences for genotyping of the mapping population.
Third, to remove sequencing errors, only alleles with depth
>8 reads were used for SNP genotyping. This read depth
is more than two times higher than the minimum recom-
mended read depth of >3 per genotype for genotyping by
resequencing (Santosh et al. 2012). As a result, a total of
16,282 SNP markers along with 150 length polymorphic
PCR markers were identified and 2,637 unique markers
among them were mapped to 9 linkage groups. The result-
ing genetic map of R. sativus had more than three times
as many markers than any of the genetic maps reported so
far (Li et al. 2011; Shirasawa et al. 2011). Inclusion of the
PCR-based markers ensured direct comparison with map
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positions of previously reported maps of R. sativus and B.
rapa. Comparison of the PCR-based markers showed col-
linearity of linkage groups between our map and previously
reported maps. Moreover, by means of inferred marker
sequence scaffold relationships, 390 sequence scaffolds
and 168 BAC clones were incorporated into the reference
genetic map, anchoring ~295 Mb of the genome sequences
to genetic loci, which covers approximately 86 % of the
current genome assembly and is 2.5 times more than that of
the Japanese ‘Aokubi’ assembly (116 Mb; Kitashiba et al.
2014). Because the current map has restricted resolution of
markers due to limited number of F, population (93 plants),
additional sequencing of F, plants and reanalysis of the
SNP data such as bin mapping (Celton et al. 2010) will be
helpful for further improvement of genetic map and addi-
tional anchor of the genome assembly.

The sequence scaffolds anchored onto chromosomes
provided an overall view of the euchromatin structure in R.
sativus. A genome-scale comparison of R. sativus genomic
sequences with the A. thaliana genome showed chromo-
some level synteny between the two genomes and pre-
sented clear evidence of a triplicated genome structure in
the Raphanus lineage. There have been several reports that
the R. sativus genome has triplicated sub-genome blocks
based on the comparative mapping (Jeong et al. 2014; Li
et al. 2011; Shirasawa et al. 2011) or a close phylogenetic
relationship of Raphanus with Brassica in tribe Brassiceae
(Lysak et al. 2005). Our results provide direct chromosome
to chromosome relationships at the sequence level. In addi-
tion, sequence analysis of gene-rich BAC clones showed that
the gene structure and density of R. sativus are expected to
be highly similar to those of B. rapa. The total number of
genes in the R. sativus genome was estimated to be approxi-
mately 47,000, which is similar to B. rapa (~41,000) and B.
oleracea (~45,000, personal communication with Dr. She-
ingyi Liu) and only 1.7-fold more compared with that of A.
thaliana (~27,000). It is noteworthy that the 61,572 gene
models predicted from the ‘Aokubi’ assembly appears to be
an over-estimation because the gene models were predicted
by Augustus with a training set using the A. thaliana gene
model and partial genes as well as very small genes (3—
300 bp) and transposons were also counted (Kitashiba et al.
2014). Despite whole-genome triplication, a reduced number
of genes in the R. sativus genome indicate a genome-wide
loss of redundant components. Even though the R. sativus
sequencing project is still underway and the sequence scaf-
folds used in this study are incomplete, the scale of synteny
between R. sativus and A. thaliana is enough to estimate the
degree of fractionation in each syntenic sub-genome block.
We identified differential coverage of syntenic region per
sub-genome block in the R. sativus genome. Taken together,
it appears that a similar mode of whole-genome triplication
proposed as a two-step merging of three ancestral genomes
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in tribe Brassiceae (Cheng et al. 2013) might be involved in
the organization of the R. sativus genome.

The map presented here successfully incorporates
sequence scaffolds which can be assembled into super-
scaffolds or chromosome pseudomolecules. In addition, it
helps us to identify potential errors in order and orienta-
tion of sequence assembly. We evaluated the reliability of
scaffolds based on SNP genotypes. Contigs showing con-
flict of genotyping data compared to neighbor contigs in
the same scaffold were considered as possible assembly
errors. Among 33,319 contigs investigated, 2,685 (8.1 %)
contigs fell into this category. By using multiple evidences
including SNP genotypes and sequence matches of mate-
paired reads, 206 scaffolds were split into separate con-
tigs. In addition, the genetic map identified several inver-
sion errors in orientation of scaffolds. For example, the
region at 34.5 Mb to 38.4 Mb in R2 was inversed based
on the genetic position. The possible origins of such errors
include highly conserved triplicated genome segments,
misassignment of highly similar repetitive sequence blocks,
and experimental error. Increasing the marker density of
the genetic map will further enable analyses of genomic
sequences associated with high recombination rates. Fur-
thermore, the sequence data generated in this study increase
the genetic and genomic resources available for R. sativus
by adding a new category of genetic markers and a pipeline
of resequencing data, thus, greatly enriching genomic tools
that can be used to study the R. sativus genome and facili-
tate the genetic improvement of this crop.
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