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Abstract

Key message This manuscript provides a Brassica con-
served ortholog set (COS) that can be used as diagnostic
cross-species markers as well as tools for genetic map-
ping and genome comparison of the Brassicaceae.
Abstract A conserved ortholog set (COS) is a collection
of genes that are conserved in both sequence and copy
number between closely related genomes. COS is a useful
resource for developing gene-based markers and is suitable
for comparative genome mapping. We developed a COS for
Brassica based on proteome comparisons of Arabidopsis
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thaliana, B. rapa, and B. oleracea to establish a basis for
comparative genome analysis of crop species in the Brassi-
caceae. A total of 1,194 conserved orthologous single-copy
genes were identified from the genomes based on whole-
genome BLASTP analysis. Gene ontology analysis showed
that most of them encoded proteins with unknown function
and chloroplast-related genes were enriched. In addition,
152 Brassica COS primer sets were applied to 16 crop and
wild species of the Brassicaceae and 57.9-92.8 % of them
were successfully amplified across the species representing
that a Brassica COS can be used as diagnostic cross-spe-
cies markers of diverse Brassica species. We constructed a
genetic map of Raphanus sativus by analyzing the segrega-
tion of 322 COS genes in an F, population (93 individuals)
of Korean cultivars (WK10039 x WK10024). Comparative
genome analysis based on the COS genes showed con-
served genome structures between R. sativus and B. rapa
with lineage-specific rearrangement and fractionation of
triplicated subgenome blocks indicating close evolutionary
relationship and differentiation of the genomes. The Bras-
sica COS developed in this study will play an important
role in genetic, genomic, and breeding studies of crop Bras-
sicaceae species.

Introduction

The Brassicaceae is a large plant family including approxi-
mately 3,700 species in 350 genera. The species of this
family have diverse morphological characteristics, many of
which are of agronomic importance as vegetables, oilseeds,
condiments, fodders, and ornaments (Beilstein et al. 2006).
Economically, the crop species of Brassicaceae contribute to
10 % of the world’s vegetable crop produce and 12 % of the
worldwide edible oil supplies (Economic Research Service
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USDA 2008). The tribe Brassiceae, which is one of 13-19
tribes in the Brassicaceae, consists of approximately 240
species in monophyletic group and contains most crop spe-
cies of Brassica and its relatives (Al-Shehbaz et al. 2006).
Species of particular importance are B. napus (Bna) and B.
Jjuncea (Bj) as sources of canola oil, B. rapa (Br) and B. oler-
acea (Bo), as vegetable cole crops, Raphanus sativus (Rs) as
root vegetable, and B. nigra (Bn) and Sinapis alba (Sa) as
sources of mustard condiment. In addition to the crop spe-
cies, many of the wild species in the tribe Brassiceae have
potential as new crops, sources of condiments, industrial oil,
and other diverse products and/or host systems for molecular
farming. Moreover, wild relatives possess a number of use-
ful agronomic traits, including nuclear and cytoplasmic male
sterility, resistance to disease, insect, and nematode pests,
tolerance of cold, salt, and drought stresses. For this reason,
an understanding of the genetic potential and genomic infor-
mation of Brassiceae is highly helpful for the establishment
of long-term breeding programs of these crops.

Knowledge transfer from the sequenced genomes to
the species of interest is critical for comparative and evo-
lutionary genomic studies. As of 2013, six sequenced
genomes, Arabidopsis thaliana (The Arabidopsis Genome
Initiative 2000), A. lyrata (Hu et al. 2011), Thellungiella
parvula (Dassanayake et al. 2011), B. rapa (The Brassica
rapa Genome Sequencing Project Consortium 2011), T.
salsuginea (Wu et al. 2012; Yang et al. 2013), and Capsella
rubella (Slotte et al. 2013) were published in the Brassi-
caceae and genome sequencing of several species includ-
ing Bo, Bn, Bna, and Camelina sativa is ongoing. Sequence
level comparison between the sequenced genomes ena-
bled the reconstruction of evolutionary relationships and
the identification of lineage-specific events. For example,
genome comparison of At and Br suggested that the tripli-
cated Br genome might be arisen by hybridization between
the less fractionated diploid genome (LF) and the more
fractionated (MF1 and MF2) tetraploid genome (Cheng
et al. 2013). Genome size change derived by deletions and/
or insertions and recent transition to self-fertilization from
outcross by genome-wide relaxation of purifying selection
were found from A. lyrata (Hu et al. 2011) and C. rubella
(Slotte et al. 2013), respectively.

Meanwhile, the extensive sequence and genetic informa-
tion of the sequenced genomes can be easily applied to the
closely related crop species based on comparative genome
mapping. In the early stage, restriction fragment length
polymorphism (RFLP) markers facilitated genetic linkage
analyses and comparative mapping studies. Because RFLP
markers use DNA—-DNA hybridization, it became possible
to examine homologous or similar genes between species,
which enabled comparative mapping. With the advances in
bioinformatics and molecular genetics, polymerase chain
reaction (PCR) markers replaced the RFLP markers. Among
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them, gene-based markers targeting conserved genes had
significant utility for comparative genome analysis as these
were anticipated to have wider application between the
closely related species. Furthermore, markers developed
from single-copy genes are useful for studying polyploid
genomes such as Bj and Bna because the orthologous (allelic)
and paralogous (non-allelic) variants for single-copy genes
do not need to be distinguished (Huang et al. 2013; Panjabi
et al. 2008). In this regard, conserved ortholog set (COS) is
an ideal candidate of gene-based marker development. COS
is a collection of single- or low-copy genes that are evolu-
tionarily conserved or orthologous between the species. Ini-
tially, COS was developed from the Solanaceae family and
the COS markers were successfully applied in the compar-
ative mapping of Solanum species by Fulton et al. (2002).
Furthermore, Wu et al. (2006) reported COSII markers
which were developed from a set of single-copy conserved
orthologous genes in Euasterid species as an expanded ver-
sion of original COS markers. So far, COS has been iden-
tified from diverse plant species such as cereals (Quraishi
et al. 2009), Rosaceae (Bushakra et al. 2011; Cabrera et al.
2009), Asteraceae (Chapman et al. 2007; Timms et al. 2006),
and Pinaceae (Krutovsky et al. 2004; Liewlaksaneeyanawin
et al. 2008). Considering the fact that COS genes are highly
conserved and low in copy number, PCR-based COS mark-
ers provide an important opportunity of rapid genetic map
construction and genome comparison as shown in species of
Solanaceae (Wu et al. 2009a, b, 2010).

Radish (Rs) is an edible root vegetable crop cultivated
worldwide and is one of the key items of seed industry in
East Asia. It is a member of tribe Brassiceae and a close
relative of Brassica crops such as Kimchi cabbage (Br) and
cabbage (Bo) that share mesopolyploidy before domesti-
cation. Despite of its importance in agriculture and evolu-
tionary biology, little is known about the radish genome.
Therefore systematic study of the radish genome can pro-
vide us detailed information on the genome as well as use-
ful resources that can be used for breeding. Recently, a few
studies of genetic map construction and comparative map-
ping showing chromosome relationship between Rs and Br
based on EST-SSR (Shirasawa et al. 2011) or EST-SNP (Li
et al. 2011) markers have been reported. Furthermore, a
genome sequencing project for a Korean cultivar of radish,
WK10039 (2n = 18, 510 Mb) is currently underway (The
Agricultural Genome Center, Rural Development Adminis-
tration, Korea) using a next-generation sequencing strategy.
As a part of genomic studies of the radish genome, here we
report the development of COS markers on the basis of the
sequenced genomes in the Brassicaceae and their applica-
tion as diagnostic markers for diverse Brassica species. In
addition, we applied these markers as genomic tools for
genetic mapping of radish and identification of conserved
genome blocks between the Rs and Br genomes.
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Materials and methods
Sequence data and identification of COS

Sequence data were collected from TAIR (www.
arabidopsis.org) for At and BRAD database (www.brassic
adb.org) for Br in March, 2012. The predicted gene models
of Bo were provided by Shengyi Liu at Oil Crops Research
Institute of Chinese Academy of Agricultural Sciences,
China. Conserved orthologous genes between At, Br, and
Bo were identified by a proteome comparison based on
BLASTP analysis (Altschul et al. 1997). First we identified
single-copy genes of each genome based on self-BLASTP
(minimum of 50 % alignment coverage at a cutoff of
<1E~*) then compared the single-copy genes between the
genomes. The top reciprocal BLASTP matches (mini-
mum of 50 % alignment coverage at a cutoff of <IE~'%) of
At-Br, Br—-Bo, and Bo-At comparisons were selected and
mutually connected with each other. Only the set of genes
showing self-closed relationships among the genomes (i.e.
a gene tracing the relation within At—Br, Br—Bo, and Bo-At
comparisons comes back to itself) were selected as Bras-
sica COS.

Alignment of COS and primer design

Sequences of selected COS were aligned using the
CLUSTALW program (Larkin et al. 2007) and the intron-
flanking regions showing more than 10 % size differences
of introns between the genomes were selected for fur-
ther analysis. Primers targeting the selected regions were
designed based on the exon sequences of Br using Primer3
software (Rozen and Skaletsky 2000). The Primer3 soft-
ware was configured to design five sets of oligonucleotide
primers flanking each intron with a target amplicon size
range of 250-1,000 bp. Primer specifications were melting
temperature (7,,,) 57-63 °C (target 60 °C) with GC content
40-60 % and a primer length of 18-27 nucleotides (target
24 nucleotides).

Plant materials and DNA extraction

Seeds of 11 wild Brassica species (B. balearica, B. barre-
lieri, B. bivoniana, B. drepanensis, B. desnottesii, B. fru-
ticulosa, B. macrocarpa, B. repanda, B. rupestris, B. spi-
nescens, B. villosa) were obtained from Leibniz Institute of
Plant Genetics and Crop Plant Research, Germany. Seeds
of At, Brassica species and Rs were surface sterilized in
12 % sodium hypochlorite and were germinated 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 of 5 days after germination were trans-
ferred into soil and were grown in a culture room with the

same growth condition. Genomic DNA from the leaves
of each plant was isolated using an extraction buffer [2 %
hexadecyltrimethylammonium bromide (CTAB), 100 mM
TrisHCl pH 8.0, 20 mM EDTA, 1.4 M NaCl, 0.2 %
B-mercaptoethanol] followed by ethanol precipitation and
RNase treatment.

PCR amplification and sequencing

PCR amplification was performed using 2x TOPsimple
Premix-Tenuto (Enzynomics, Daejeon, Korea) with a fol-
lowing condition of 3 min at 95 °C, 35 cycles of 30 s at
95 °C, 30 s at 55 °C, 3 min at 72 °C, and a final 5 min
extension step at 72 °C. Primers used in this study are listed
in Supplemental Table S1. PCR products were resolved on
a 3 % agarose gel and bands were visualized by staining
with ethidium bromide. Sequencing of PCR products was
performed using an ABI3730xIl automated sequencer and
the ABI BigDye Terminator V3.1 Cycle Sequencing kit
(Life Technologies, USA).

COS gene finding and construction of genetic map
in R. sativus

To identify the COS genes in Rs, coding sequences of At,
Br, and Bo COS genes were BLASTZ searched with cut-
off of 1E71? against the whole-genome contig sequences
of Rs cv. WKI0039 covering 469 Mb of the genome
(unpublished data). The Rs sequences showing the high-
est sequence similarity to the BLAST query were selected
and the gene models were ab initio predicted using the
FGENESH program with the parameter trained using the
Rs matrix. The region of contig that contains the COS gene
was also identified.

For genetic mapping, SNPs within the COS genes were
searched between mapping parents, cv. WK10039 and cv.
WK10024, and SNP genotyping of F, mapping population
composed of 93 individuals were performed by resequenc-
ing of each F, progeny for 10X genome coverage using
Illumina HiSeq1000 (unpublished data). In brief, a total
of 5,851,762,272 F, reads corresponding to 591 Gb were
mapped to the reference contig sequences of parent lines
using Bowtie (Langmead et al. 2009) and genotypes with
more than 8 reads mapped on the SNP sites of the COS
genes were recorded as follows: homozygous maternal
(WK10039) as “A”, homozygous paternal (WK10024) as
“B”, heterozygous as “H”, and missing or ambiguous data
as “~". For purposes of accurate genotype analysis, SNP
genotypes from single COS gene were analyzed together.
When the identity of genotypes for SNPs within the same
COS gene was higher than 80 %, the genotype of major
SNP was determined as representative for the COS gene.
Otherwise, the genotype of COS was treated as unknown.
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A genetic map was constructed by JoinMap 4 (van Ooijen
2006). A LOD threshold of 5.0 was used for the assign-
ment of linkage groups and the genetic distance between
the markers was calculated by the Kosambi map function.

Synteny block comparison between the genomes

Physical positions of the COS genes in the At and Br
genomes were determined and compared with those in the
genetic map of Rs. Syntenic region between the Br and At
genomes were identified by a proteome comparison based
on BLASTP analysis, as described in our previous report
(Kim et al. 2012; Mun et al. 2009). The assignment of 24
genome building blocks of the ancestral karyotype (AK)
of both genomes was carried out according to previous
comparative genome mapping studies (Cheng et al. 2013;
Schranz et al. 2006) and subgenome information of Br
(Cheng et al. 2013). Meanwhile, Bo was excluded due to
insufficient genome information. Syntenic regions between
Rs and At or Br were determined based on collinearity of
COS genes. The isolated non-collinear COS genes in the
AK blocks were ignored. Synteny block pairs between
the genomes were illustrated by Circos (Krzywinski et al.
2009).

K calculation of COS

To calculate the number of synonymous substitutions per
synonymous site (K,) between homologous genes of Az,
Br, and Rs, the coding sequences of the COS genes were
aligned pairwise. In the case of Rs genes, coding sequences
were deduced from the gene models predicted as described
above. In addition, approximately 1.2 Gb expressed
sequence tag (EST) reads generated from seedling (5 days
after germination), root and leaf (1 month old), and flower
tissues by 454 GS FLX were also analyzed (unpublished
data). For the comparison of orthologous or paralogous
gene pairs, annotated gene models for A¢ and Br and pre-
dicted gene models or ESTs for Rs were used. After remov-
ing gaps, the K values from pairwise alignments of homol-
ogous sequences were determined using the maximum
likelihood method implemented in the CODEML program
(Goldman and Yang 1994) of the PAML package (Yang
2007).

Results

Identification and characterization of COS
in the A. thaliana, B. rapa, and B. oleracea genomes

Considering the history of frequent polyploidy events in
Brassicaceae, we created a list of single-copy genes in the
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Table 1 Conserved orthologous single-copy genes identified in the
A. thaliana, B. rapa, and B. oleracea genomes

Species Total gene  Single-copy gene (%)  COS gene (%)
A. thaliana 35,386 4,845 (13.7) 1,194 (3.4)
B. rapa 41,019 5,036 (12.2) 1,194 (2.9)
B. oleracea 45,758 5,581 (12.2) 1,194 (2.6)

At, Br, and Bo genomes before genome to genome com-
parison. Self-BLASTP analysis identified that 12.2-13.7 %
of the genes were single copy in each genome. BLASTP
comparison of the single-copy gene sets between the
genomes identified a total of 1,194 conserved orthologous
single-copy genes representing 2.6-3.4 % of total genes in
each genome (Table 1). These genes were named as Bras-
sica COS. The functional characteristics of COS were clas-
sified according to Gene Ontology (GO) analysis (Sup-
plemental Fig. S1). We compared the results of GO-based
classification of COS with those of whole Ar genes under
statistical analysis of Z test. This revealed several catego-
ries for which the functional complement of COS is atypi-
cal (P < 0.0001). For example, it has higher proportions of
genes pertaining to chloroplast and plastid of the GO cellu-
lar component category between the two data sets. In addi-
tion, there are differences in genes classified as related to
‘DNA or RNA metabolism’ under the GO biological pro-
cess and unknown function and putative function of ‘pro-
tein binding’ of the GO molecular function category com-
pared to the At genes.

To examine the distribution of COS genes in the At, Br,
and Bo genomes, physical position was determined (Fig. 1).
Overall, they were widely distributed across the chromo-
somes of each species with an average interval of 0.10 Mb
(A1), 0.22 Mb (Br), and 0.36 Mb (Bo) between the genes,
respectively. There was no significant bias of COS distri-
bution in the genome except the centromeric region. Cen-
tromeric regions of At chromosomes had few COS genes
because gene density was low. As the heterochromatin
sequences are unavailable, it is not clear whether the COS
genes are unevenly distributed in the centromeric regions
of Br and Bo genomes. Recently, Cheng et al. (2012)
reported the comparative analysis of triplicated subge-
nome blocks (LF, MF1, and MF2) of Br with their syntenic
counterpart of Az. Using this information, the distribution
patterns of COS in the triplicated subgenomes of Br were
analyzed. A total of 994 COS genes (83.2 %) were identi-
fied in the subgenome blocks of Br that are syntenic to At.
Most COS genes (56 %) were distributed in the LF blocks
whereas MF1 and MF2 blocks contained 24 and 20 % of
COS genes, respectively, representing more frequent distri-
bution of COS genes in the LF blocks of the Br genome
(P <0.001; Table 2).
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Table 2 Distribution of the Brassica COS genes in the triplicated subgenomes of B. rapa

Number Total Ratio (%)

LF MFI MF2 LF MF1 MF2
B. rapa genes 16,270 11,633 9,653 37,556 43.3 31.0 25.7
COS genes 557 241 196 994 56.0 24.2 19.7

Number of genes in the triplicated subgenomes of B. rapa was counted based on the information of Cheng et al. (2012)

Table 3 Summary of PCR amplification of COS genes applied to crop and wild species

Species Single-band Multiple-band Noisy or no Single-band Overall success
amplification amplification amplification amplification rate (%) rate (%)
A. thaliana 117 23 12 77.0 92.1
B. rapa 125 16 11 82.2 92.8
B. nigra 100 36 16 65.8 89.5
B. oleracea 122 21 9 80.3 94.1
R. sativus 107 18 27 70.4 82.2
B. balearica 72 16 64 474 57.9
B. barrelieri 83 41 28 54.6 81.6
B. bivoniana 98 33 21 64.5 86.2
B. drepanensis 104 31 17 68.4 88.8
B. desnottesii 64 29 59 42.1 61.2
B. fruticulosa 75 35 42 49.3 72.4
B. macrocarpa 106 29 17 69.7 88.8
B. repanda 73 33 46 48 69.7
B. rupestris 108 28 16 71.1 89.5
B. spinescens 88 27 37 579 75.7
B. villosa 101 31 20 66.4 86.8
Average 96.4 279 27.6 63.4 81.8

PCR analysis of the COS in the Brassicaceae species

With the goal of developing cross-species diagnostic mark-
ers for Brassica species, we used the Primer3 software to
design multiple sets of PCR primers flanking introns of
the COS genes. Among 1,194 COS genes, 152 genes that
have more than 10 % size differences between At, Br, and
Bo were selected for PCR analysis. Primers were designed
based on the Br sequences and amplification was per-
formed using genomic DNA of At, Br, Bo, Bn, Rs, and wild
Brassica species (Table 3). Approximately 82.2-94.1 %
of the primer pairs yielded amplification products and the
efficiency of single-band amplification was highest for Br
(82.2 %) whereas less efficient for Rs (70.4 %) and Bn
(65.8 %). To develop diagnostic markers for Brassica spe-
cies, a total of 51 (34 %) of the primer pairs that amplified
single amplicons in each genome of Az, Rs, Br (A genome),
Bn (B genome), and Bo (C genome) were selected. Among
them, 7 primer pairs showed clear size difference between
the genomes in agarose gel. Application of these 7 primer
pairs successfully distinguished diploid genomes as well
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as allotetraploid species of Brassica, Bj (AB genome), Bna
(AC genome), and B. carinata (Bc, BC genome) (Fig. 2a;
Supplemental Fig. S2).

PCR amplification of the 152 primer pairs for the
diverse wild Brassica species showed that 57.9-89.5 % of
the genes were amplified and most of them were single-
band amplifications (Table 3). However, there were vari-
ations in ratio of the single-banded amplicon per species.
For example, B. rupestris showed the highest rate (71.1 %)
of single-band amplicon whereas only 42.1 % of COS
primer pairs amplified single-band amplicons in B. desnot-
tesii. Of particular interest, 5 wild Mediterranean Brassica
species (B. bivoniana, B. drepanensis, B. macrocarpa, B.
rupestris, and B. villosa) showed higher rate of single-band
amplification (64.5-71.1 %) than the other species (Supple-
mental Fig. S3). As shown in Fig. 2b, a total of 23 primer
pairs were amplified as single amplicons across all the 11
wild Brassica species tested with size difference suggesting
possible development of genome diagnostic markers for
wide variety of wild Brassica species. To evaluate whether
the COS primers correctly amplified the target genes,
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Fig. 2 PCR amplification of the COS genes in selected species of
Brassicaceae. a An example of PCR amplification using COS0424
primer set. At, A. thaliana; Rs, R. sativus; A, B. rapa (A genome);
B, B. nigra (B genome); C, B. olearacea (C genome); AB, B. jun-
cea (AB genome); AC, B. napus (AC genome); BC, B. carinata
(BC genome); A + B, genomic DNA mixture of A and B; A + C,
genomic DNA mixture of A and C; B + C, genomic DNA mixture
of B and C. b PCR amplification of COS genes in 11 wild Bras-
sica species using COS0015 and COS1073 primer sets. Amplicons
were examined in 3 % agarose gel. I, B. balearica (BRA2850);
2, B. barreilieri (BRA1877); 3, B. bivoniana (BRA2922); 4, B.
drepanensis (BRA2949); 5, B. desnottesii (BRA2919); 6, B. fru-
ticulosa (BRA1810); 7, B. macrocarpa (BRA2944); 8, B. repanda
(BRA1645); 9, B. rupestris (BRA2992); 10, B. spinescens
(BRA2994); 11, B. villosa (BRA1896)

sequences of the PCR products amplified by 6 primer pairs
from 16 diploid species were analyzed. Among 96 ampli-
cons, 93 sequences (96.9 %) were shown to be generated
from the target genes and 32 sequences (33.3 %) had mis-
matches within intron. In this regard, the Brassica COS
genes are conserved in the genomes of Brassicaceae with
sequence or copy number variation.

Divergence of the COS genes between the genomes

To deduce the approximated divergence time point of the
COS genes, we compared the distribution of synonymous
substitution (Kj) of orthologous counterparts of COS genes
between At, Br, and Rs genomes. As shown in Fig. 3a, At
shares a single peaks with Br and Rs at K, modes of 0.40 and
0.45, respectively, indicating a split of the tribe Brassiceae
from the Arabidopsis lineage. Recent analyses based on the
Bayesian approach suggest that diversification time between
the two lineages occurred 43.2-47.5 million years ago
(Mya) (Arias et al. 2014; Beilstein et al. 2010). The age dis-
tribution of Br and Rs yields a clear peak at K, = 0.20 which
is essentially identical to that obtained using the comparison
of an orthologous gene set between Br gene models and Rs
ESTs, which yields a peak at K, = 0.25. A comparison of

the K, mode for the paralogs in Rs ESTs identified a peak
for recent genome polyploidy event that is also evident in
the Br genome at K, = 0.30 as whole-genome triplication
(Fig. 3b). Taken together, these findings suggest that the Br
and Rs genomes share a recent polyploidy event, presuma-
bly a whole-genome triplication at 22.5 Mya (Beilstein et al.
2010), and separate soon after this polyploidy event.

Genetic mapping of the COS genes in R. sativus

For purposes of mapping the COS genes to the Rs genome,
the genotypes of COS genes were scored in a reference
mapping population consisted of 93 F, individuals from
a cross between cultivars WK10039 and WK10024. In the
initial analysis, we identified 11,198 SNPs from 632 COS
genes in the whole-genome contig sequences of Rs and
could score genotypes of 77.4 individuals of mapping
population per SNP on average. In the case of COS genes
mapped to multiple contigs were treated as paralogs. Geno-
typing data of all SNPs from a COS gene within a contig
were compared and integrated into a major SNP only if the
identity of genotypes is higher than 80 %. After removing
ambiguous or insufficiently genotyped loci, SNP genotypes
of 527 COS genes were selected for map construction.
Linkage analysis identified COS genes showing identical
genotypes or multiple mapping positions, and these genes
were removed from map construction. A genetic map shown
in Fig. 4 was derived from the analysis of 5,922 SNPs in
322 COS genes spanning 693.4 cM with an average distance
between COS genes of 2.2 cM (Table 4). The biggest link-
age group R4 contained 31 COS genes spanning 113.1 cM,
while the smallest group R8 had 26 COS genes spanning
51.8 cM. Based on the estimated genome size (510 Mb) of
WK10039 based on K-mer analysis using 454 reads (unpub-
lished data), 1 cM corresponds to 735.4 kb.

The reliability of linkage groups within the COS genetic
map was tested with linkage comparisons, which were per-
formed based on a putative ancestral karyotype (AK) com-
prising 24 genome building blocks named as A to X (Lysak
et al. 2006; Schranz et al. 2006). Comparison of the COS
genes of Rs with those of At and Br enabled comparative
mapping of the inferred AK genome building blocks of the
Brassicaceae. We defined conserved AK blocks on the Rs
genome according to genome mapping of AK blocks on
the Ar and Br genomes and pairwise information of A7—Rs
and Br—Rs collinearity blocks. A total of 45 AK blocks,
excluding G and H blocks, were mapped to the Rs genome
(Fig. 5a; Supplemental Table S2). The pattern of block
boundaries on each linkage of the COS map was similar
to those reported patterns for genetic maps based on EST
markers (Li et al. 2011; Shirasawa et al. 2011). Overall, 42
of 45 blocks were present in the EST-based maps and 34
blocks were common in all three genetic maps with similar
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block order (Supplemental Table S3). Comparison of the
Rs genome with the Az and Br genomes viewed through AK
genome blocks revealed that three copies of the genomes,
especially A, E, F, I, N, R, U, and W blocks, were evi-
dent (Supplemental Fig. S4); this suggests whole-genome
triplication (WGT) of the Rs genome as predicted from a
phylogeny of tribe Brassiceae. Other blocks occurred once
or twice, presumably due to limited marker information
or loss of blocks during genome evolution. Therefore, the
COS genetic map defines nine linkage groups correspond-
ing to those in previously defined maps.

Comparative analysis of subgenomic synteny between Rs
and Br

Comparative mapping of COS genes between the Rs and
Br genomes enabled characterization of the subgenomic

Fig. 4 Genetic map of R. sativus. A total of 322 COS genes wereb
positioned on nine linkage groups. Linkage groups were named as
R1-R9 based on the comparative block models of Li et al. (2011).
Maker positions (in cM) are shown on the left margin and corre-
sponding COS genes are shown on the right margin of each linkage
group. The position of AK genome blocks in the R. sativus chromo-
some was defined by a comparison of Rs—Ar and Rs—Br relationships
of COS and the A—AK mapping results. At, A. thaliana; Br, B. rapa;
Rs, R. sativus

identity of AK blocks on the triplicated Rs genome because
the COS genes identified in this study are single-copy, syn-
tenic orthologs. As shown in Fig. 5b and Supplemental Fig.
S5, most Rs COS genes from the same block were mapped
to a specific subgenome of the Br chromosome. For exam-
ple, AK1 blocks (A, B, and C blocks) were located in R1,
RS, and R8 of the Rs genome whereas they were dispersed
in 6 Br chromosomes (A5, A6, A7, A8, A9, and A10).

Br gene-Rs EST

At-Br COS At-Rs COS Br-Rs COS
A orthologs
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Fig. 3 Traces of polyploidy events in the R. sativus genome and
divergence of COS genes. Distributions of K values were obtained
from comparison of sets of orthologous COS genes (a) and par-
alogous genes (b) pairs. The vertical axes indicate the frequency of
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Ks

paired sequences and the horizontal axes denote K values at 0.05
intervals. The black bars indicate the position of the mode of K, dis-
tributions. At, A. thaliana; Br, B. rapa; Rs, R. sativus
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Table 4 Summary of the

. . Linkage group Number of markers ~ Genetic length (cM) Average distance per marker (cM)

genetic map constructed using

the COS markers in R. sativus Rl 28 52.4 1.9
R2 45 73.6 1.6
R3 28 60.8 22
R4 31 113.1 3.6
R5 50 100.5 2.0
R6 48 104.7 22
R7 30 52.5 1.8
R8 26 51.8 2.0
R9 36 84.0 23
Total 322 693.4 22

Interestingly, except one gene, all Rs COS genes in R1 had
counterparts in the LF subgenomes of Br A6, A9, and A10.
Moreover, 7 of 8 Rs COS genes in R8 were mapped to the
MF1 subgenomes in Br A8, whereas 5 of 6 Rs COS genes
in R5 were orthologous to genes in the MF2 subgenomes
of Br AS and A9. The overall subgenomic structure of the
Rs genome is presented in Fig. 6. These results collectively
indicate that the Brassica COS is a useful resource for
comparative genomic study of the Brassicaceae.

Discussion

Genome information of crop species provides fundamental
resources for biology, phylogeny, and breeding studies. For
genome analysis, investigation of structural and genetic fea-
tures of the genome is crucial. In this regard, crop species
in tribe Brassiceae can benefit directly from the sequenced
genomes and gene-based markers which have utility for
cross-species comparison are good targets of marker devel-
opment. In this study, we developed conserved orthologous
single-copy gene set of Brassica and positioned 322 COS
genes on the genetic map of Rs for targeting gene-rich frac-
tions of the genome.

The Brassica COS identified in this study was developed
from 1,194 conserved single-copy genes in the genomes
of At, Br, and Bo which correspond to small portion (2.6—
3.4 %) of total genes in each genome. However, PCR analy-
sis of the COS genes in 16 crop and wild species resulted in
successful single-band amplification (42—82 %) suggesting
a potential role as universal PCR primers for wide range
of taxa in Brassicaceae. Wu et al. (2006) identified 2,869
COSII genes using EST sequences of 6 euasterid species
(tomato, potato, pepper, coffee, sunflower, and lettuce)
and one eurosid species Az. Although not all the COSII
were single copy in euasterid genomes, all COSII genes
were single copy in At. Sequence comparison of the Bras-
sica COS with the At COSII genes revealed that only 443
(37.1 %) genes are overlapped representing copy number

@ Springer

variation of the A¢ COSII genes in the Brassica genomes
due to triplicated nature of the genomes. Enrichment of
chloroplast and plastid-related genes of the Brassica COS
based on GO in cellular component mapping (Supplemen-
tal Fig. S1) also suggests that evolutionary selection might
involve in identity of single-copy genes in the Brassica
genome. However, distribution of the COS genes on the At,
Br, and Bo genomes was not uneven and they distributed
throughout the genomes (Fig. 1). Taken together with suc-
cessful cross-species amplification in the diverse crop and
wild species, Brassica COS can serve as core gene-based
markers for obtaining gene-rich fractions of Brassica and
closely related species and investigating syntenic relation-
ships between genomes.

We anticipated that application of the Brassica COS as
well as the strategy of cross-species marker development
will accelerate knowledge transfer from the sequenced
genomes to closely related taxa and can make a significant
contribution to structural and comparative genomic studies
of Brassica and its relative crop species. For instance, we
have constructed a core genetic map of Rs which has been
serving a key resource for ongoing genome sequencing
project using 322 COS genes (Fig. 4). We note that integra-
tion of sequence contigs or scaffolds into the genetic map is
crucial for genome sequencing. Because the Rs genome has
polyploidy nature, genetic markers originated from highly
conserved multiplicated genome segments or recently
evolved gene paralogs can result in inaccurate mapping of
the assembled sequences. In this case, the resulting anchor
of the sequence contigs or scaffolds would be flawed. In
this regard, COS markers provide excellent tools to deter-
mine precise location and order of assembled sequences
on the chromosomes because they represent non-redundant
unique loci. Genetic markers continue to be added to the
COS map, furthering the integration of genetic map and
sequence assembly in this species and providing anchoring
for the ongoing genome sequencing effort.

The utility of COS played an important role in under-
standing organization and evolution of the Rs genome.
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Fig. 5 Genomic structure of

R. sativus based on 24 ancestral
karyotype (AK) genome
building blocks and syntenic
relationships of AK1 between
R. sativus and B. rapa genomes.
a AK blocks were assigned
based on the report of Cheng

et al. (2013) and comparison of
Rs—Br COS relationships. Each
color indicates 8 ancient chro-
mosomes and alphabets indicate
AK blocks. Most of AK blocks
in Rs genome are duplicated or
triplicated and thoroughly rear-
ranged compared to the ancient
chromosomes. Block bounda-
ries between syntenic blocks are
shown in Supplemental Table
S2. b Circos diagram of COS
gene pairs in AK1 regions of

Rs and Br. Only chromosomes
or linkage groups with genes
belonging to AK1 are displayed.
Conserved orthologous genes

in Rs are plotted against their
syntenic counterparts in Br. The
numbers in Rs linkage groups
indicate genetic distance in cM
whereas those in Br chromo-
somes indicate 5 Mb intervals.
The syntenic counterparts of
conserved gene pair between
the genomes are interconnected
by colored lines. The line colors
indicate three differentially
fractionated subgenome types in
the Br genome. Br, B. rapa; Rs,
R. sativus
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Fig. 6 Subgenomic char- R1
acteristics of the triplicated
Rs genome. The COS genes 0 - LF  MF1  MF2
mapped to the Rs genetic map !
were plotted according to the '
position of their counterparts in 20 | o
the triplicated subgenomes of !
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Multiple rounds of polyploidy are evident during Bras-
sica evolution (Mun et al. 2009). K, estimates suggest
that the Rs genome shared similar polyploidy events with
Br (Fig. 3) and the most recent polyploidy event might be
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whole-genome triplication based on the mapping of AK
blocks (Fig. 5a). The Rs genomes might be evolved from
a pre-triplicated common ancestral genome of Brassica
and Raphanus by chromosomal rearrangement considering
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the triplicated nature of Brassica genomes and the similar
genome divergence time point of Rs—Br in this study and
Br—Bo in our previous report (Mun et al. 2009). This is in
agreement with the taxonomic studies that genus Raphanus
is a close relative of genus Brassica (Li et al. 2008; War-
wick and Black 1991, 1997) in the tribe Brassiceae.

In addition to the polyploidy and speciation events,
a chromosome synteny map based on Rs and Br COS
genes revealed subgenomic organization of the Rs genome
(Fig. 5b; Supplementary Fig. S5). Previous genetic maps
(Li et al. 2011; Shirasawa et al. 2011) indicated a syntenic
relationship between Rs and Br genomes along with AK
mapping but differentially fractionated subgenome blocks
were not defined presumably due to non-allelic relation-
ships between paralogs. In contrast, we could identify the
subgenomic block structure of the Rs genome based on the
orthologous syntenic relationship of COS genes. One nota-
ble characteristics of the Rs genome is R1, which retained
all three blocks of AK1 as a LF subgenome. The similar
structure of retained AK1 was also evident in the SO5 chro-
mosome of Sa, which has a triplicated genome. Compara-
tive mapping of the single copy RFLP marker, pO105,
suggested that SO5 is syntenic to A6 of Br, which corre-
sponds to the LF subgenome in Br (Nelson et al. 2011).
BLAST search of the pO105 sequence in Br also identified
Bra020001 in A6 (data not shown). Thus, it is likely that
S05 is a LF subgenome in Sa. Phylogenic study based on
chloroplast genes suggested that Rs belongs to the Br/Bo
lineage whereas Sa is related to the Bn lineage, and the
two lineages diverged approximately 20 Mya (Arias et al.
2014). In contrast, studies of nuclear DNA markers sug-
gested that Rs is closely related to Bn than Br and Bo (Song
et al. 1990, 1988; Thormann et al. 1994; Yang et al. 1999).
Considering the fact that the LF subgenome of AK1 has
been rearranged in the genomes of Brassica species includ-
ing Br, Bo, and Bna, R1 and S05 chromosomes might be
inherited from the common ancestor of Rs and Sa. This
result supports previous suggestions on the origin of Rs as
a hybrid between Br/Bo and Bn lineages (Song et al. 1990;
Yang et al. 2002).

Further analysis of the complete genome sequences of
both Rs and Brassica species will allow determination of
the precise location of AK blocks on the Rs genome as well
as the genomic relationships between Rs—Br/Bo and Rs—Bn.
We anticipate that the COS markers developed in this study
will have applications for taxonomic classification, com-
parative mapping, and genomic analysis of Brassica spe-
cies and their relatives on the basis of orthology.
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