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Abstract We describe the construction of a reference
genetic linkage map for the Brassica A genome, which will
form the backbone for anchoring sequence contigs for the
Multinational Brassica rapa Genome Sequencing Project.
Seventy-eight doubled haploid lines derived from anther
culture of the F; of a cross between two diverse Chinese
cabbage (B. rapa ssp. pekinensis) inbred lines, ‘Chiifu-401-
42’ (C) and ‘Kenshin-402-43’ (K) were used to construct
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the map. The map comprises a total of 556 markers, includ-
ing 278 AFLP, 235 SSR, 25 RAPD and 18 ESTP, STS and
CAPS markers. Ten linkage groups were identified and des-
ignated as R1-R10 through alignment and orientation using
SSR markers in common with existing B. napus reference
linkage maps. The total length of the linkage map was
1,182 cM with an average interval of 2.83 cM between
adjacent loci. The length of linkage groups ranged from 81
to 161 cM for R04 and RO6, respectively. The use of 235
SSR markers allowed us to align the A-genome chromo-
somes of B. napus with those of B. rapa ssp. pekinensis.
The development of this map is vital to the integration of
genome sequence and genetic information and will enable
the international research community to share resources

J. Batley - D. Edwards

Plant Biotechnology Centre,

Primary Industries Research Victoria,
Bundoora, VIC 3086, Australia

D. H. Koo - J. W. Bang
Department of Biology,
Chungnam National University,
Daejeon 305-764, South Korea

B.-S. Park

Brassica Genomics Team,

National Institute of Agricultural Biotechnology,
Suwon 441-707, South Korea

P. Soengas
Misién Bioldgica de Galicia (CSIC), Apartado 28,
36080 Pontevedra, Spain

P. Plaha

Advanced Centre of Hill Bioresources and Biotechnology,
HP Agricultural University, Palampur 176062, India

@ Springer


http://dx.doi.org/10.1007/s00122-007-0608-z

778

Theor Appl Genet (2007) 115:777-792

and data for the improvement of B. rapa and other culti-
vated Brassica species.

Introduction

The genus Brassica is one of the core genera in the subtribe
Brassicinae and includes a number of crops with a wide
spectrum of adaptation for cultivation under varied agro cli-
matic conditions. Of the six cultivated species of Brassica,
B. rapa (AA, 2n = 20), B. nigra (BB, 2n = 16) and B. olera-
cea (CC, 2n = 18), are monogenomic diploids which have
contributed by hybridization to the allopolyploids (amphi-
diploid) B. juncea (AABB, 2n=36), B. napus (AACC,
2n = 38) and B. carinata (BBCC, 2n = 34). Besides provid-
ing oil, vegetables, fodder and condiment crops, Brassicas
are the important sources of dietary fibre, vitamin C and
other nutritionally beneficial factors such as anticancer
compounds (Fahey and Talalay 1995). The Brassica A
genome is of major economic and calorific importance,
contributing ~12% of the world-wide edible vegetable oil
supplies via the crops B. napus (oilseed rape, Canola) and
B. juncea (mustard oil). B. rapa comprises a number of
morphologically diverse crops, including Chinese cabbage,
Pakchoi, turnip and broccoletto, as well as oilseeds that
include yellow and brown Sarsons (Gomez-Campo and
Prakash, 1999). Together, these crops contribute signifi-
cantly towards world food and fodder production.

Assigning molecular markers to the linkage groups and
constructing genetic maps is an important step towards ana-
lyzing the genomes of crop species. Such maps provide a
better insight into genome organization, evolution of the
crop species, and synteny with related species. In addition,
the maps are useful for tagging and cloning genes of eco-
nomically important traits, marker assisted breeding and
gene pyramiding.

A number of genetic linkage maps based on a range of
marker types, including Restriction Fragment Length Poly-
morphisms (RFLPs), Random Amplified Polymorphic
DNA (RAPD), Simple sequence Repeats (SSRs) and
Amplified Fragment Length Polymorphisms (AFLPs), have
been produced for B. rapa (Song etal. 1991; Chyi et al.
1992; Teutonico and Osborn, 1994; Nozaki etal. 1997;
Kim et al. 2006; Suwabe et al. 2006; Soengas et al. 2007).
PCR-based markers have been widely used in the construc-
tion of genetic linkage maps for B. oleracea (Cheung et al.
1997; Sebastian et al. 2000), B. nigra (Truco and Quiros
1994), B. juncea (Pradhan et al. 2003) and B. napus (Fois-
set etal. 1996; Lombard and Delourme 2001; Piquemal
et al. 2005). However, there is only limited published data
on sequence-tagged PCR-based markers mapped in B. rapa
(Suwabe et al. 2006), especially markers that may provide
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anchors to the B. rapa genome and are readily transferable
to other populations.

The nomenclature and orientation of many earlier Bras-
sica linkage groups, including those of different linkage
maps for the same species, has to some extent been arbi-
trary and hence published maps are often difficult to com-
pare. In the context of whole genome sequencing, it is
essential to align and orientate the linkage maps that relate
to the same genome, and to adopt a common linkage group
nomenclature, allowing establishment of reference linkage
maps. The A and C genome linkage group nomenclature
described by Parkin et al. (1995) for B. napus has been
adopted for a number of other maps of the C-genome of B.
oleracea, including Sebastian et al. (2000) and Howell
etal. (2002), and for the A-genome of B. rapa (Suwabe
etal. 2006; Kim et al. 2006). There is a requirement for
unambiguous assignment of marker loci associated with
sequence-tagged marker assays and the ability to identify
data provenance. In order to achieve this, it is important to
identify common sequence-tagged anchor loci. SSR mark-
ers are readily transferable since they exhibit a high degree
of polymorphism and locus-specificity. For B. rapa 228
SSRs have recently been described, of which 90% success-
fully amplified in other Brassica species, and 40% ampli-
fied in Arabidopsis (Suwabe et al. 2002, 2004). SSRs have
also been described for other Brassica species and Arabid-
opsis and a summary of these can be found at the Brassica
microsatellite information exchange (http://www.brassica.
info/ssr/SSRinfo.htm).

Chinese cabbage (B. rapa ssp. pekinensis) is considered
a typical representative of the Brassica A genome (Lim
et al. 2006). Due to the small genome size relative to the
other Brassica species together with the extensive genetics
and genomics resources available, it has been adopted as
the subject for the first whole genome sequence arising
from the Multinational Brassica Genome Project (MBGP).
The Chinese cabbage inbred line Chiifu-401-42 has been
selected as the sequencing template. In this study, we report
the construction of a reference molecular genetic linkage
map of B. rapa ssp. pekinensis which is aligned to the A
genome map of B. napus (Parkin et al. 1995) and describe
its relationship to the Arabidopsis genome. It has been
agreed that in the MBGP (see www.brassica.info), the
sequencing contigs will be aligned using this map. The map
is constructed using Simple Sequence Repeats (SSR),
Amplified Fragment Length Polymorphism (AFLP), Ran-
dom Amplified Polymorphic DNA (RAPD), Sequence
Tagged Sites (STS), Expressed Sequence Tag Polymor-
phism (ESTP), and Cleaved Amplified Polymorphism
Sequence (CAPS) markers segregating in a doubled hap-
loid (DH) population derived from the F, involving inbred
lines, ‘Chiifu-401-42’ and ‘Kenshin-402-43".
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Materials and methods

Plant material and DNA isolation

Two diverse inbred lines of Chinese cabbage (Brassica
rapa ssp. pekinensis), ‘Chiifu-401-42° and ‘Kenshin-402-
43°, were used as the parents for developing a mapping
population. Seventy-eight doubled haploid (DH) lines,
derived from anther culture of five F, plants
(‘Chiifu” x ’Kenshin’) were used as the mapping popula-
tion, named CKDH. DNA was isolated from fresh leaf
material of the parental and 78 DH lines following the pro-
cedure of Guillemaut and Laurence (1992) or by using the
Qiagen 96-DNeasy 96 Plate Kit.

Analysis of molecular markers

AFLP

The original AFLP procedure as described by Vos et al.
(1995) was followed with minor modifications. Genomic
DNA was digested with two different enzyme combina-
tions, EcoRI/Msel and Pstl/Msel, in a total volume of
25 pl at 37°C overnight. After inactivation of restriction
enzymes at 75°C, adapters were ligated in a total volume
of 50 pl at 37°C for 3 h. A 5 pl aliquot of tenfold dilution
of the restriction/ligation mixture was pre-amplified with
primers complementary to the adaptor sequence and
including one additional selective nucleotide at the 3’ end
of an EcoRI or Pstl directed primer (E + A or P + G) and
an Msel directed primer (M + C). Pre-amplification reac-
tion contained 2.5 mM dNTPs, 1XPCR buffer (1.5 mM
MgCl,), 30 ng of each primer, and 1 unit Tag DNA poly-
merase. The amplicon was diluted 50-fold and used as
template DNA in selective amplification reactions, which
were carried out using with one or two primers additional
selective nucleotides at the 3’ end for all the enzyme
digests. The number following E, P corresponds to the
selective nucleotide(s) at the 3’ end of EcoRI, Pstl or Msel
primers. Selective PCR was performed with 1XPCR buffer
(1.5 mM MgCl,), 2.5 mM dNTPs, 30 ng Msel + CNN or
Msel + CN, 15ng Pstl+ GNN or EcoRI+ ANN, and
0.4 unit Tag DNA polymerase. Fifty-nine selective primer
combinations, 40 of EcoRl/Msel and 19 of Pstl/Msel, were
used to generate AFLP fragments from pre-amplified frag-
ment templates.

To generate AFLP marker data, 40 EcoRI (36 at CNU
and four at WHRI) and three PstI primers were end labeled
with ¥P-ATP. AFLP fragments amplified with the remain-
ing 16 Pstl/Msel primer combinations were detected by sil-
ver staining. All amplifications were performed in a Perkin-
Elmer 9700 Thermal-cycler with the PCR conditions

described by Vos etal. (1995). The adapter and primer
sequences used are presented below:

Enzyme Adapter sequence Pre-amplification primers

EcoRI  Oligo 1 5’-ctcgtagactgegtacc-3’ 5’-gactgcgtaccaattca-3’
Oligo 2 3’-catctgacgcatggttaa-5’
Pstl Oligo 1 5’-ctcgtagactgegtacatgea-3’  5’-gactgegtacatgecag-3’

Oligo 2 3’-catctgacgcatgt-5’
Msel Oligo 1 5’-gacgatgagtcctgag-3’ 5’-gatgagtcctgagtaac-3’

Oligo 2 3’-tactcaggactcat-5’

Silver staining was done based on the conditions
described by Piao et al. (2004).

AFLP markers were named according to the nomencla-
ture method of Keygene (http://www.keygene.com) with
the modification that the suffix was given a number relating
to the relative position on the gel rather than the actual band
size resulting from primer combinations employed. Multi-
ple loci, resulting from the same primer combination, were
given identical names with the addition of a number suffix
(see locus nomenclature below).

SSR

SSR repeats were identified from the BAC-end sequences
of the KBrH library of the inbred line ‘Chiifu-401-42’
(Park et al. 2005). A total of 2,902 end-sequences were
analyzed using 1,451 BAC clones of this library. Forty
one sequences were found to contain repeat motifs, and
primer pairs were designed from the flanking sequences
using Primer 3 software (Rozen and Skaletsky 2000). The
criteria used for designing the primers were that the size
of amplified DNA fragments were in the range of 100-
400 bp, the difference of T,, between the two primers
within a pairs was less than 3°C, the primer T, ranged
from 55 to 63°C, and the GC contents were greater than
35%. DNA amplification was carried out in volumes of
20 pl, containing 1 unit of Taqg polymerase, 0.5 uM of
primers, 200 uM of dNTPs, 1.5-2.0 mM MgCl,, 1XPCR
buffer and 40 ng of genomic DNA as templates. The PCR
profile was: initial 5 min at 95°C, and 30-35 cycles, each
with 30 s DNA denaturation at 94°C, 45 s at appropriate
annealing temperature and 60 s extension at 72°C, and
final extension of 7 min at 72°C. PCR was carried out in a
Perkin-Elmer Thermal-cycler and the PCR products sepa-
rated on 2% NuSieve 3:1 Agarose (FMC) or 6% poly-
acrylamide gel. The marker assay names for these SSRs
are taken from the BAC clone in which they were identi-
fied and the details of the primers for loci mapped here are
given in Table 1.

For the PBC SSRs, primers were synthesized for 470
SSR repeats, identified from Brassica napus EST and genomic
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Table 1 Primers for new SSR, STS, ESTP and CAPS marker assays

Marker assay name Assay type Forward primer Reverse primer

KBRH138G23 SSR TTTGACATCGTGCAATGCTA TTGGGCTGGTCCTGAAGATA
KBRH139B23 SSR ATCTCATGGTTGGTTCACCG ATTTCCAAAACACACACGCA
KBRH143D22 SSR GATGTGATACTTTGGCGACGG TGAAGGATAATATGGTCTTGGCC
KBRH143F19 SSR GCATGCAAGCTTGGAACTGAT CAGTCACGCTTTCTGACGAAAA
KBRH143H15 SSR TCTGCATCAAAATGCTAAAATGA TGATCTTTTAGAAACAAAGATCGAG
KBRH143K20 SSR CAAATGTCTCAAGACACATAAACCA CTAAAGCAGCAATTGGGTGTTC
KBRH040J24 STS CTTGCGCACGACGTAAACAG TGGCTCTCCAGAGGCTAACG
KBRHO043E02 STS ATGCAAGCTTCATGGTGTCA CATCAGCAAAATTTCATTTGTGT
KBRH048011 STS GCCTCTACCTGGCTTCAGCA TCATTTGGCGCATACTTCCA
PW161 STS TTCCTCTCGCTCTCCTCG TCGAAGGAGAAGCCCACT

PW258 STS CTCCTTCTCAGCATTCCCTTTGG TCGGATTCTTCTCACTCCACATACG
Pw243 STS CTCCTTCTCAGCATTCCCTTTGG ACAACAAACTGGGACTGGGACAG
PW186 STS GACGGTGACGACCAATCAGAGCA GCGTTCGCCATAGACGAGTCCAA
PX129 STS AGCGCCAAGAAGTCATTT AAGGAGAGAGATGACACTGATG
E018 ESTP AACGAAACAGCCACTAGAAACA CCCTCTCACAGCCCTCAG

E039 ESTP CTTGAGTGCTCAGGTCAAAGC GAACCCTTACCCCCAAGACTAC
E060 ESTP GGGTTTACATCCTCATCGGA CGCAAAGAGATAAGCTTTGGA
E101 ESTP ATTGAGATTCTGGCCAAGGAG AGGGAATATCAAGATCCACCAC
E120 ESTP ATCATAACCCTCAGGTTTGACATC ACATCAAGCTCCTCTCTGGGTA
E129 ESTP AGATGGTAAAAGAGCACAAGCC TTCAAGCTACCGATCCAACTG
E138 ESTP TGCTATCACAGTAGGGATTGCTT CACTCCCACTCCTCCTAGTCC
30AFAI CAPS GCTTCACATGTGTCTTAAACGG TTCAGGAGTGTGATCCCAAGT
91STYI1 and 91XBAI CAPS CTTCCTCCTCGTTTCGGTCT GTTGGGTAAATGAACCTTCGTG
GOL1 SSR CAATATGTCCACCACCACCA GGAGAAGCAGAAGGAGCTGA
GOL2 SSR AGACATCCCACATCGGCTAC GACCCAAGACCCAAGACTCA
GOL3 SSR ACTCACTTTTGTTGGGCGTC GGAGCCGCTTTCTCTACCTT

EJU1 SSR GGTGAAAGAGGAAGATTGGT AGGAGATACAGTTGAAGGGTC
EJU2 SSR TTCACATCTTCTTCATCTTCC TTGCTATTCGTTCTCAGTCTC
EJU3 SSR CCTCTTTTAATTCAAACAAGAAATCA TTCGGACAATGGCAGTGATA
EJU4 SSR CACCTTATCATCTCTCTATCCC CCTCTGTTTCTCTCCTTGTG

EJUS SSR GGCACGTACATGGAGGATTC TGTTGGTCGAGCTGTTTCAG
EJU6 SSR TCTCTCACCTGCCTTGTCT ACTCCTCGGTAATGCCTC

ENA1 SSR ACTTCCACAAACAGAGCAAC TATGAAGACACCAAAGAGCC
ENA10 SSR ATCGTCTCCTCTCATCTCAA ATTACATCCTCCACCTTCTTC
ENAI13 SSR CTGCGTTCCAGTACCCTCTC TCATCCTTAATGGTCCTGCC
ENA14 SSR CTTACGGTGGAAATGCTG TCGCTGGTGCTAAACTTG

ENAIS SSR TAAACGGGAACTACCTCTATG CTCTGCTCTTTCTTCTGACTG
ENAI16 SSR GAAGATAGAGAGAGGCGTGAG GAAGATAGAGAGAGGCGTGAG
ENA17 SSR CAGTTATTTCGCCTCGTCT TATTTGTGGTCTGTTATTGGA
ENA18 SSR TTAAAATGAAACCCACCCGA TGTTGGGCAACATCCATTTA
ENA19 SSR AAGTTACCAAGGAGAGGACAG AAAGGGACGCTACAAGTCA
ENA2 SSR GATGGTGATGGTGATAGGTC GAAGAGAAGGAGTCAGAGATG
ENA20 SSR GATGGAGGAAGAAGACAAGAC TCTGAACTACCAAAGCCAAC
ENA21 SSR GAGTGTTTGGAGCAGATGA GGAGACTTTGCCTTTGTGT
ENA22 SSR TTTGTAGACGAACAGCCACG AGAATCGCATTTGATGGAGG
ENA23 SSR GCTGTGCCAGTTCCTCTTTC TCATTCCAAATGGCCTTACC
ENA25 SSR ACACCCTCCTTCTCCTCTC GCTTTGTTGAGTATCTTCGTC
ENA26 SSR AAGAACGTGATCTCCATCGC CGAGCTCCAAAGCAGATACC
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Table 1 continued

Marker assay name Assay type Forward primer Reverse primer

ENA27 SSR AAAGGACAAAGAGGAAGGGC TTGAAATCAAATGAGAGTGACG
ENA28 SSR GGAGTCCGAGCGTTATGAAT CTTCATCGACCCACCTTGTT
ENA3 SSR ATCCCTTCTCACAGGTTTACT GTCAAGTTTCTCTCCACACC
ENA4 SSR ACTTCTCTTTATTCACTTCCCA GAGGGTGGTTGGTTCATT

ENAS SSR CCCCCTTTCTATCTCCTCCA GAATTCGGGTCTCGATTTGA
ENA6 SSR CTCGTCTTCTTCACCTACAAC CTGACATCTTTCTCACCCAC
ENA7 SSR GCTCACACCTACAAGACAGAC ACTAATAAAGCAACCAAGCAA
ENAS SSR ACTGAGAGCAACAACAACAAC GTAGAGACGGAACCCTGA
ENA9 SSR CCTGAGACCAACCTACTCCT ATCTTCAACACGCATACCAC

sequences using SSR Primer (Robinson et al. 2004). The
forward primers were 5’-labelled with one of three different
ABI fluorescent dyes (FAM, HEX or NED). Amplifications
were carried out in a 25 pl reaction volume containing
25 ng DNA, 2.5 pl 10x PCR reaction buffer (Qiagen, CA,
USA), 15 pmol forward and reverse primers, 200 pM of
each dNTP and 2 unit HotStart Taq polymerase (Qiagen).
After an initial hot start at 95°C for 15 min, the following
cycling parameters were employed: denaturation at 94°C
for 1 min, annealing at 55°C for 1 min and extension at
72°C for 1 min. After 35 rounds of amplification, a final
extension step was performed at 72°C for 10 min. All PCR
reactions were performed in a PE9700 DNA thermal cycler
(Perkin-Elmer). Following amplification, for multiplex
loading, PCR products labeled with the three different dyes
were pooled, ethanol precipitated and mixed with deionised
formamide and GeneScan™-500 LIZ™ (Applied Biosys-
tems, CA, USA) size standard. The SSRs were separated by
capillary electrophoresis on an ABI3730xl (Applied Bio-
systems) and results were analyzed using Genotyper® Soft-
ware (Applied Biosystems).

In addition to these, a further 1,107 SSRs from a number of
sources (Lowe et al. 2004; Suwabe et al. 2002, 2006; AAFC
Consortium primers—http://brassica.agr.gc.ca; see also Micro-
satellite Information Exchange) were also used. Fourteen of
the AAFC Consortium primer sequences used in this study are
available upon request from A. Sharpe, Agriculture and Agri-
Food Canada for research purposes (sN11641, sN11707,
sN13039, sN1919, sN2025, sN3523R, sN8474, sNRD71,
sNRE30, sR3688, sR4047, sR6068, sR7178, and sS1949). In
order to confirm the laboratory-to-laboratory reproducibility,
five markers were screened in duplicate in two different labora-
tories using the same lines to confirm the genotype.

RAPD
About 10- and 12-base random oligonucleotide sequences

from the Operon Technologies (USA) and WA (Japan),
respectively, were used as RAPD primers. These were

designated as OP or WA with an additional letter indicating
the primer.

PCR amplification was carried out in volumes of 25 pl,
containing 1 unit of Tag polymerase, 200 uM of dNTPs,
5 pM primer, 1.5 mM MgCl, and 50 ng of template geno-
mic DNA. Samples were amplified for 50 cycles using the
following thermal profile: 60 s at 94°C, 60 s at 35°C and
60 s at 72°C. Samples were pre-denaturated for 2 min at
94°C and final elongation was performed for 3 min at 72°C
to ensure complete DNA extension. All amplifications were
repeated to ensure the fidelity of the DNA profiles gener-
ated. Amplified fragments were separated on 1.5% agarose
gel, stained with ethidium bromide and scored visually.

The primer details for the STS, ESTP and CAPS mark-
ers mapped in this study are given in Table 1.

STS

Thirty primer pairs were designed to KBrH BAC-end
sequences. PCR amplification was performed in volumes of
20 pl, containing 1 unit of Tag polymerase, 0.5 uM of
primers, 200 pM of dNTPs, 1.5-2.0 mM MgClz, 1x PCR
buffer and 40 ng of genomic DNA as template.

PCR profile included initial 5 min at 95°C, and 30-35
cycles, each with 30 s DNA denaturation at 94°C, 45 s
annealing at the appropriate temperature, and 60 s exten-
sion at 72°C, and final extension of 7 min at 72°C. The
PCR products were separated on 2% Nusieve 3:1 Agarose
(FMC) or 6% polyacrylamide gel.

Another set of STS markers were designed from the
sequences of the RFLP clones used in the construction of a
B. rapa linkage map (Teutonico and Osborn 1994). STS
marker assay names are designated by the name of BAC or
RFLP clone.

ESTP

One hundred and fifty ESTP primer pairs were designed
using cDNA sequences of ‘Chiifu-401-42’. PCR conditions
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for reaction mixture and amplification profiles were the
same as used for STS. The cDNA-based markers were des-
ignated as E followed by the number of primer.

CAPS

Monomorphic products of STS and ESTP assays were fur-
ther tested for polymorphism in a CAPS assay against a set
of 20 restriction endonucleases and the products resolved
on 2% Nusieve 3:1 Agarose (FMC) or 6% polyacrylamide
gels. These markers are designated by the number referring
to the primer pair and the restriction endonuclease used.

Linkage analysis and map construction

Markers which were reproducibly polymorphic between
the parent lines were scored in the DH population. Linkage
analysis and map construction were performed using Join-
Map Version 3.0 (Stam 1993; Van Ooijen and Voorrips
2001). Linkage groups were identified in the LOD grouping
threshold range of 3.2-5.0, and linkage groups were
assigned as R1-R10, corresponding to the A-genome link-
age groups (N1-N10) of B. napus, using SSR markers pre-
viously mapped in the species.

Maps were generated for each linkage group using a
recombination frequency below 0.45 and LOD score above
0.5 for all the marker pairs within each linkage group. A
“ripple” procedure was performed after the addition of each
marker and the “jump” thresholds were set to 5. Recombi-
nation frequencies were converted to centiMorgans (cM)
with Kosambi’s method for map-distance calculation
(Kosambi 1944).

Locus nomenclature

A new convention is used here to name loci unambigu-
ously, and to associate provenance in relation to marker
assays. The locus name is constructed from different
domains and is described in Bakus-Naur Form (Marcotty
and Ledgard, 1986) as: <3-letter institute code>_<single
letter marker assay type designator>< MARKER ASSAY
NAME><single letter locus counter | 2-digit leading zero
number locus counter | 3-digit leading zero allele size>,
where different domains within the name as indicated above
are bound by angle brackets and are case-sensitive. The
institute codes refer to the laboratory institution where each
assay was performed. Those used here are: aaf, Agriculture
and Agri-Food Canada; cnu, Chungnam National Univer-
sity; hri, Warwick HRI; pbc, Plant Biotechnology Centre.
The single letter marker assay type designators follow the
recommendations of De Vicente et al. (2004), and are: a,
AFLP; e, ESTP; f, RFLP; m, SSR; p, CAPS; r, RAPD; t,
STS. Marker assay names are as described in the sections
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above or as previously published. Where previously pub-
lished marker assay names are used, non-alphanumeric
characters have been removed and any lower case letters
converted to upper case in order to distinguish the marker
assay name from the other domains of the locus name. The
default letter counter for a locus is “a” and additional loci
are designated by sequential letters. Where loci have previ-
ously been assigned, the product size and map position
obtained here were compared with the original data in order
to assign the correct locus. For some marker types, such as
AFLPs and RAPDs, many loci are detected and where pos-
sible are referred to here by their band size in nucleotides.
For three common markers, (hri_aE11M50_3>330,
hri_aE12M47_1>330, hri_aE12M47_2>330) used in the
Soengas et al. (2007), just followed the former name in the
part of size by a digit number which corresponds to the
number of the polymorphic band starting with the highest
molecular weight band scored. A summary of this conven-
tion will also be available at http://www.brassica.info.

Comparison with the Arabidopsis genome sequence

The sequences of each sequence-tagged SSR, STS, ESTP
and CAPS locus in the CKDH map were aligned with Ara-
bidopsis genome sequences using BLASTN. The results of
detected homologies (E < 107%°) are reported with respect
to the Arabidopsis sequence tiling path BACs encompass-
ing the homologous sequence (http://atensembl.arabidop-
sis.info/Arabidopsis_thaliana_TAIR/index.html).  The
Arabidopsis chromosome and TIGR 5.0 bp co-ordinates of
the end of the BAC orientated to the top of the chromosome
are summarized in supplemental Table 4.

Results
Generation of markers and polymorphism survey

Data from the polymorphism survey using primers for assay-
ing different kinds of markers are presented in supplemental
Table 1. Of the 1,205 SSR primers from a range of different
sources used, 389 (32.3%) showed polymorphic banding pat-
tern between ‘Chiifu-401-42° and ‘Kenshin-402-43°, and
235 were placed on the map. Of these, seven SSR marker
assays (ENA23, GOLI1, NA12A01, Nal2E02, SJ4322A,
SN2713 and SORD79) detected more than one segregating
locus. Four of the 30 STS primers, designed from the BAC-
end sequences, showed polymorphism between the parents.
Sequencing of RFLP clones generated 137 STS primer pairs.
Of these, 17 revealed polymorphism between the parents
in 2% agarose or 6% polyacrylamide gels, and another
four after subsequent restriction enzyme digestion (i.e.
conversion to CAPS assays). One hundred and fifty primer
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pairs generated from the cDNA sequences and 34 primers
showed polymorphic ESTP loci directly on agarose gels
without additional manipulation of PCR products, whereas
the remaining 61 revealed monomorphic banding pattern. Of
the latter primers, 13 revealed polymorphism between the
parents after digestion with restriction enzymes. To generate
RAPD fragments, 28 primers were used, which amplified
one to four polymorphic bands per primer in the parents, cor-
responding to an average of 1.4 markers per primer.

The extent of AFLP polymorphism generated with the
two enzyme combinations is given in Supplemental Table 2
and a summary of the polymorphism detected for each
primer combination in Supplemental Table 3. Forty EcoRI/
Msel and nineteen Pstl/Msel selective primer combinations
were used to generate a total of 3,647 bands, of which 24%
were found to be polymorphic and 87% of these were
unambiguously scored.

A new nomenclature format

The accurate exchange of genetic information is becoming
increasingly important as researchers aim to maximize the

value of their genotype data by integrating it with existing
mapping and genomics information. To achieve this reli-
ably, specified data standards and formats are required. De
Vicente et al. (2004) initiated this by developing a set of
descriptors for genetic markers. Here, we adopt their locus
nomenclature proposals to create a flexible format that will
accommodate loci detected both by new and previously
published marker assays. This should contribute to
increased quality assurance and tracking of data prove-
nance. The locus name is divided into clearly defined
domains, with the marker assay name being discriminated
by being written completely in upper case. Due to the
potential ambiguities associated with establishing whether
duplicate marker assays performed in different laboratories
on different samples are detecting the same loci, the inclu-
sion of the institute code provides a means for discriminat-
ing between these results.

Linkage groups assembled and distribution of markers

A total of 556 loci were assigned to 10 linkage groups with
LOD values of 3.2-5.0. The genetic map had a total length

Table 2 Salient features of

. Linkage group No. of Density No. of No. of Average Length
IH;.O:Z[C)Zlar linkage map of of B. rapa markers (markers/cM) intervals® gaps® interval (cM) (cM)
RO1 46 2.96 40 0 3.40 136.3
RO2 40 3.01 31 1 3.89 120.6
RO3 79 1.95 63 1 2.45 154.2
RO4 27 3.02 23 0 3.54 81.5
RO5 72 1.82 49 0 2.67 130.9
RO6 79 2.03 62 0 2.59 160.7
RO7 74 1.23 55 0 1.66 91.3
ROS 36 2.78 30 0 3.34 100.2
 Adjacent markers > 1 cM R09 59 1.95 49 0 2.35 115.1
® Distance between adjacent R10 44 208 » 0 23 L6
markers > 15 cM Total/average 556 2.13 418 2 2.83 1182.3
E;l;lfo"’i desriltrirfl;n;rﬁil (())rfi:nstl;i the Assigned linkage Known linkage No. of . Known linka}ge No. of '
linkage groups of B. rapa group of B. rapa group of B. napus SSR loci group of B. juncea SSR loci
corresponding of the A-genomes RO1 NO1 13 Jo1 4
of B. napus and B. juncea
RO2 NO2 15 J02
RO3 NO3 16 J03 6
RO4 NO4 5 J04 1
RO5 NO5 10 J05 5
RO6 NO6 13 J06 8
RO7 NO7 12 107 3
ROS8 NO8 6 JO8
R09 NO09 17 J09
R10 N10 9 J10 2
Total 116 29
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Fig. 1 Linkage map of B. rapa L. ssp. pekinensis. Cumulative recom-
bination distances are shown on the left side and marker loci on the
right of the linkage groups. The map shows the distribution of 556 loci
along 10 linkage groups (RO1-R10). Total map length is 1,182 cM. *
and ** represent distorted marker segregation to ‘Kenshin-402-43 and
‘Chiifu-401-42’, respectively. Loci tested for homology with Arabid-

of 1,182 cM, with an average distance of 2.1 cM between
two loci (Table 2). Using SSR markers common to the ref-
erence A genome of B. napus (Parkin et al. 1995) linkage
groups R1-R10 were assembled (Fig. 1). The length of the
linkage groups ranged from 81 to 161 cM for R04 and R06,
respectively. The number of markers in the 10 linkage

@ Springer

opsis using BLASTN are shown with five circles to the right following
the convention of Lan et al. (2000). These circles from left to right rep-
resent Arabidopsis chromosomes 1-5, respectively. Filled circles indi-
cate the detection of homologous sequences with E < 1072, Groups of
two or more markers showing homology to a neighboring region of an
Arabidopsis chromosome are boxed

groups ranged from 27 to 79. The number of intervals, as
determined on the basis of mapped points in the linkage
groups, varied from 23 (R04) to 63 (R03) with an average
interval of 2.8 cM. In the final linkage map 97.2% of the
genome was within 5 cM of a marker; the two largest gaps
observed were 21 and 16 cM on R0O2 and RO3, respectively.
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Fig. 1 continued

In all, 278 AFLP, 235 SSR, 25 RAPD, 8 STS, 7 ESTP
and 3 CAPS markers were mapped on the linkage groups.
The distribution of the individual marker types varied along
the linkage groups (Fig. 1). The distribution of AFLP and
SSR markers along the linkage groups ranged from 14 to 45
and 10 to 33, respectively. RAPD markers located across
the 9 linkage groups ranged from 1 to 5.

Skewed segregation of markers

Skewed segregation of markers is a common feature in
most of the Brassica linkage maps, and particularly ones
based on DH lines due to preferential selection of geno-
types responsive to microspore or anther culture (Chuong
et al. 1988; Ferreira et al. 1994; Cloutier et al 1995; Uzunova
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Fig. 1 continued

et al. 1995; Foisset et al. 1996; Takahate and Keller 1991).
Of the 556 markers assigned to the linkage groups, 213
(38.3%) showed deviation from the expected segregation
ratio of 1:1 (P < 0.05) (Fig. 1). This was a general property
of the markers and not restricted to a particular marker
type. In general, the loci showing distorted segregation
were more skewed towards the male ‘Kenshin-402-43’
alleles irrespective of the type of marker used.

The markers showing biased segregation were distrib-
uted along all the linkage groups, except RO1. In five link-
age groups, R04, R06, R0O7, R09 and R10, the cluster of
markers were distorted towards ‘Kenshin-402-43°. How-
ever, for R02 and ROS5, the clusters of segregating markers
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were skewed towards ‘Chiifu-401-42" alleles. The markers
on RO3 and RO8 exhibiting segregation distortion were
skewed towards both parents. The clusters of distorted
markers were generally randomly distributed across the
linkage groups. However, in R08, the only cluster of mark-
ers showing skewed segregation was located on the distal
end of the chromosome.

Aligning the linkage groups to the A-genome chromosomes
of B. napus and B. juncea

In tetraploid B. napus linkage groups NO1 to N10 represent
the A-genome, whereas linkage groups N11-N19 represent
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R10
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Fig. 1 continued

the C genome (Parkin et al. 1995; Sharpe et al. 1995). Of
the 235 SSR markers used in the construction of the CKDH
map, 116 could be assigned to the linkage groups of the A
genome of B. napus (Microsatellite Information Exchange;
AAFC Consortium, Lowe et al. 2004; Table 3). B. juncea is
another allotetraploid Brassica species comprising the A
and B genomes. The B. juncea A genome linkage groups
are referred to as JO1-J10 and equate to NO1-N10 (Axels-
son etal. 2000). The CKDH linkage group assignments
established with SSRs common to the B. napus maps were
further supported by an additional 29 SSRs that mapped to
the corresponding A genome linkage groups of B. juncea
(Table 3).

A comparison of the detailed marker order between the
B. napus and B. rapa maps reveals general conservation of
marker order for most linkage groups, with several minor
rearrangements. A small number of minor rearrangements
in marker order are not surprising as genetic linkage maps
are the statistically most likely order generated by a particu-
lar software package, and do not necessarily represent the
correct order. In addition, although all care was taken to
minimize genotype scoring errors, even small numbers of
errors may have a significant impact on relative map posi-
tion. Further, two more significant rearrangements were

observed. Firstly, a small inversion covering 10 cM on R03
was suggested by the altered order of loci in the region of
aaf_mSN5237b and aaf_mSR6688b relative to the order in
B. napus. A second possible rearrangement relative to B.
napus covering 50 cM on RO7 is suggested by the altered
order of loci between aaf mSN12925a and aaf_mSS2367a.
There were insufficient markers relating to B. juncea to
compare conservation of marker order.

Comparison of marker order with the Arabidopsis genome
sequence

In total 232 sequence-tagged markers were used in the con-
struction of the CKDH map and these detected 240 loci
(Fig. 1). BLASTN was used to test homology between the
originating Brassica sequences and the Arabidopsis
genome, with a significance threshold of E <1072
(reported to E < 107> in Supplemental Table 4). About 120
of the 232 sequence-tagged markers detected 153 homolo-
gous regions, located on 131 different Arabidopsis BAC
clones (Table 4, Supplemental Table 4).

The five chromosomes of Arabidopsis were represented
by homologous sequences distributed throughout the ten B.
rapa linkage groups. Groups of two or more markers show-
ing homology to a neighboring region of an Arabidopsis
chromosome are considered here as evidence for synteny
(Fig. 1). On this basis 29 groups of markers could be recog-
nized, ranging from two to nine markers in a group. In com-
bination these groups covered 344 cM, representing 29% of
the CKDH map that could be aligned to the Arabidopsis
genome. The longest syntenic region is on ROl and is sup-
ported by six markers that span 8—17 Mb on At4. Particularly
notable regions of synteny are on linkage group R02 and
Arabidopsis chromosome 5 (At5) and also R10 and At5. The
three syntenic regions on RO2 together span 13 ¢cM and cor-
respond to three regions on At5: 21.1-23.5 Mb, around
245Mb and around 8.5 Mb. Within the 21.6-24.1 Mb
region there is also evidence of reshuffling, although some of
this could also possibly be explained by imprecision in
marker order. The region on R10 spans 8 cM on the map and
again correspond to a region on At5; around 2.1-4.3 Mb.
This region also appears to show evidence of reshuffling.

Discussion

Linkage map of B. rapa

The reference linkage map comprises a total of 556 markers
and grouped in ten linkage groups with an average interval
of 2.83 cM between adjacent loci.

One of the purposes of this map is to support the genome
sequencing project. The nomenclature and orientation of
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Table 4 Number of Arabidopsis genome sequences detected with B. rapa sequence-tagged markers

Brassica LG No. markers? Markers with hits® Total hits® Atl At2 At3 Atd AtS Mean loci/marker
RO1 24 10 13 0 2 5 6 0 0.54
RO2 25 17 20 3 1 1 3 12 0.8
RO3 32 16 21 3 7 5 3 3 0.66
RO4 10 4 4 0 2 1 0 1 04
RO5 27 18 22 6 5 9 0 2 0.81
RO6 36 17 26 5 2 5 10 4 0.72
RO7 26 11 16 9 4 2 2 0 0.61
RO8 13 8 9 5 0 0 4 0 0.69
RO9 28 10 11 3 1 4 3 0 0.39
R10 19 11 13 1 0 1 0 11 0.68
Total 240 (2329 122 (120% 155 (1538) 35 24 33 31 33

Expected? 40 27 34 24 31

4 Sequenced markers on the B. rapa genetic map
b Markers highly similar to an Arabidopsis BAC (BLAST E = <1072

)

¢ The number of BACs in the Arabidopsis genome containing sequences that are similar to the markers

d Expected number of total hits if B. rapa markers were distributed equally on separate Arabidopsis chromosomes in proportion to their physical

length

¢ The total number of unique markers after taking into account duplicated loci

! Total number of markers with homology to at least one Arabidopsis BAC clone

¢ Total number of unique homologies after taking into account duplicate loci

many earlier Brassica linkage groups, including those of
different linkage maps for the same species, has to some
extent been arbitrary and hence published maps are often
difficult to compare. The format used here eliminates the
use of non-alphanumeric characters that are frequently
incorporated into locus names and which are a potential
source of errors when parsing data between databases. In
addition, the default use of a locus counter suffix prevents
the confusion that can result when new loci are identified.
Although this format creates yet another name, there is
already a pressing need to track marker/locus synonyms.
Those presented here will be referred to as the reference
locus name, against which synonyms will be tracked in
future publications and databases.

A number of different types of markers, including 278
AFLP, 235 SSR, 25 RAPD and 18 ESTP, STS and CAPS
markers, were mapped on the linkage groups. Although the
CKDH population is derived from an intrasubspecific Chi-
nese cabbage cross, the overall level of AFLP polymor-
phism detected is higher than that reported in barley
(Becker et al. 1995) and rice (Maheswaran et al. 1997). The
number of polymorphic bands obtained by different primer
combinations ranged from 4 to 26 with an average of 15.
This compares with average values of 22 and 17 polymor-
phic bands per primer combination in the linkage maps
reported for B. napus (Lombard and Delourme 2001) and
B. juncea (Pradhan etal. 2003), respectively. Although
there was no notable skew in the distribution of AFLP
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markers in the present map, EcoRI/Msel AFLP markers
showed some tendency to cluster. Several markers grouped
as clusters within the central regions of the linkage groups,
which might represent the centromeric/pericentromeric
regions of linkage groups (e.g. in R1, R4 and R6) due to the
low frequency of recombination characteristic of these
regions. However, the distribution of PsfI/Msel combina-
tion based AFLP markers were more or less random across
the linkage groups. Such clustering of EcoRI/Msel markers
in specific regions is reported in the AFLP-based linkage
maps of potato (Van Eck etal. 1995), barley (Qi et al.
1998), soybean (Keim etal. 1997), Arabidopsis (Carlos
etal. 1998), maize (Vuylsteke etal. 1999), Guinea yam
(Mignouna 2002), B. oleracea (Sebastian et al. 2000) and
B. juncea (Pradhan et al. 2003). The markers generated by
the EcoRI/Msel enzyme combination were clustered
mainly near the centromeric regions, perhaps because of the
abundance of AT-rich segments which are not sensitive to
GC methylation, and more target sequences of the restric-
tion enzymes (Castiglioni etal. 1999; Vuylsteke et al.
1999). Consequently, there is a higher probability of identi-
fying EcoRI/Msel AFLP markers than Pstl/Msel AFLP
markers and RFLP in the highly repetitive regions of the
genome (Castiglioni et al. 1999).

We mapped 556 loci on 10 linkage groups which cov-
ered a total length of 1,182 cM. In comparison to this, the
previous maps of B. rapa reported by Song et al. (1991),
Chyi et al. (1992), Teutonico and Osborn (1994), Suwabe
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etal. (2006), Kim et al. (2006), and Soengas et al. (2007)
reported total map lengths of 1,850, 1,876, 1,785, 1,006,
1,287 and 663 cM, respectively with 280, 360, 139, 262,
545 and 246 as the corresponding number of mapped loci.
The differences in map lengths in different studies is usually
mostly attributable to scoring errors, but has been attributed
to the type of marker, number of individuals, number of
markers, recombination frequency and LOD values, and the
software employed (Gosselin et al. 2002). Qi et al. (1996)
reported that the length and the observed genome coverage
in barley was greater with MAPMAKER than with JOIN-
MAP. Such a difference was attributed to how each pro-
gram calculates map distance when the actual interference
differs from that assumed (Qi et al. 1996: Gosselin et al.
2002). Pradhan et al. (2003) also observed reduction in the
total genetic length although they mapped more markers in
comparison to other maps in B. juncea.

The diploid Brassica genomes contain large replicated
blocks of collinear segments both within and between link-
age groups. These are thought to have been derived from a
polyploid ancestor, although the exact mechanism by which
this occurred is still under debate (discussed in Parkin et al.
2005). In the linkage map generated here only seven SSR
markers detected multiple loci (see above) and no evidence
of conserved blocks of synteny can be deduced from this.
This low level of detection of the replication within the
genome is a result of the marker types used to generate this
map. The AFLP and RAPD techniques are valuable as they
are able to detect many polymorphic loci simultaneously.
However, the products are anonymous and so homology
between them is not readily detected without further char-
acterization. SSR markers are designed to discrete loci and
are usually located in non-coding sequences which are less
well conserved between the replicated blocks than coding
regions. Previous studies have included other marker types,
such as RFLPs, which usually encompass some coding
sequence, and these have proved efficient at detecting poly-
morphisms in replicated loci (Parkin et al. 2005).

The tendency of markers to be skewed towards ‘Ken-
shin-403-43" is in agreement with studies in which the
inbred Chinese cabbage line ‘Kenshin-402-43" has been
found to be particularly responsive to regeneration (Sato
et al. 1989; Kuginuki et al. 1997) and a separate study in
which Kenshin 402-43 was found to be more responsive to
regeneration than Chiifu 401-42 (Yang et al., unpublished).
The preferential transmission of chromosomal segments,
probably carrying allele(s) for increased anther culture
responsiveness of ‘Kenshin-402-43° in the DHs, might
have resulted in more markers exhibiting segregation bias
towards this parent. Previously, Foisset etal. (1996)
reported the possibility that anther/microspore culture
resulted in clusters of markers biased towards the respon-
sive parental line. This phenomenon has often been

reported in rapeseed (Chuong et al. 1988; Ferreira et al.
1994; Uzunova etal. 1995; Cloutier etal. 1995) and
B. oleracea (Takahate and Keller 1991).

The clusters of distorted markers were generally ran-
domly distributed across the linkage groups. In B. napus,
markers with distorted segregation ratios have been
reported to cluster in specific regions of linkage groups, and
each cluster comprises loci biased towards the alleles of the
same parental line (Foisset 1996). A higher percentage of
markers (38%) showed skewed segregation in this DH pop-
ulation than previously reported for F, B. rapa populations
by Song etal. (1991) (3%), Nozaki etal. (1997) (17%),
Chyi et al. (1992) (24%), Suwabe et al. (2006) (16%) and
Soengas et al. (2007) (16%). In addition to biased selection
of parental genotypes during DH line production, other
reported explanations for the frequent occurrence of segre-
gation distortions include loss of chromosomes (Kasha and
Kao 1970), genetic isolation mechanisms (Zamir and Tad-
mor 1986), the presence of viability genes (Beavis and
Grant 1991) and the occurrence of gene-conversion events
(Nicolas and Rossignol 1983; Nag et al. 1989). Segregation
distortions can also be generated by non-homologous and/
or homoeologous recombination (Armstrong and Keller
1982).

The use of 235 SSR markers enabled us to align and ori-
entate all 10 linkage groups of B. rapa ssp. pekinensis with
the corresponding A-genome reference linkage groups of
B. napus. In addition to a number of minor differences in
marker order, which may represent real differences in geno-
mic arrangement or artefacts of the mapping process, two
larger rearrangements were also observed. It is likely that
such rearrangements may have occurred subsequent to spe-
ciation. This study further demonstrates the value of SSRs
for the alignment of different linkage maps. Those used here
will provide a valuable additional set of mapped loci for this
purpose. To this end, a number of these SSRs have recently
been used to align two other B. rapa linkage maps to this
map, one segregating for clubroot resistance (Suwabe et al.
2006) and the R-0-18 x B162 map which segregates for
Xanthomonas campestris resistance (Soengas et al. 2007).

Recently, Koo et al. (2004) reported the construction of
a high resolution karyotype of B. rapa ssp. pekinensis by
chromosome in situ hybridization. The integration of the
cytogenetic and genetic map will be an important goal for
future work. Howell et al. (2002) assigned all the 9 linkage
groups of a B. oleracea genetic map to the corresponding 9
chromosomes through FISH using BAC clones as probes.
The BAC clones were definitively assigned to the linkage
map positions through development of locus-specific PCR
assays. We are using linkage group specific ESTs to iden-
tify the corresponding BAC clones in a KBrH library,
which will be involved in the FISH assay to integrate the
genetic map and physical map of B. rapa ssp. pekinensis.
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Comparison with the Arabidopsis genome sequence

With the criteria used here for considering synteny, nearly a
quarter of the B. rapa genetic map could be aligned to the
Arabidopsis genome. The markers used in the construction
of the CKDH map provide little information on the repli-
cated nature of the B. rapa genome. However, the finding
that regions on both R2 and R10 correspond to At5 sug-
gests that these may in fact be duplicate regions. This is
confirmed by the maps of Parkin et al. (2005) and Kim
et al. (2006) which have 16 and eight markers in common
between the two linkage groups, respectively.

Seventy-eight percent of the markers showing homology
to Arabidopsis genome sequences fall into the syntenic
groups. For the remaining singleton markers there is either
insufficient marker density to establish the size of the
homologous segment or they are the result of extensive
chromosomal reshufflings such as inversions, duplications
and deletions which have occurred since the divergence of
these two species (Fig. 1). In addition, many of the syntenic
regions presented here overlap, which provides further evi-
dence for genomic rearrangement.

The CKDH map adds considerably to the accumulating
evidence relating to the organization of the Brassica A
genome, and provides a key resource for comparison to
Arabidopsis and the anchoring of the Brassica genome
sequence. Other maps that also contribute to this are the B.
rapa maps of Suwabe et al. (2006) and Kim et al. (2006)
and the B. napus maps of Parkin et al. (2005) and Qui et al.
(2006). Comparison of the relationship between the CKDH
map and Arabidopsis with the relationship found in these
additional maps demonstrates a high degree of consensus.
Significant regions of correspondence are with At3 and At4
on RO1, At5 on R02, At2, At4 and At5 on RO3, At2 on R04,
Atl, At2 and At3 on ROS5, At5 on R06, Atl and At2 on RO7,
Atl on RO8 and At5 on R10. In combination, these maps
provide increased detail of the comparative relationship
between the Arabidopsis and B. rapa genomes. With this
increased detail, however, there seems to be an emerging
picture of ever increasing complexity.

The Multinational Brassica rapa Genome Sequencing
Project  (http://www.brassica.info/mbgp/mbgp1.htm) is
now underway. The aim of this project is to generate the
reference genome sequence for the A genome of Brassica
based upon the same B. rapa ssp. pekinensis inbred line
‘Chiifu-401-42’ for which alleles segregate in the map pre-
sented here. A BAC library has already been constructed
(Park et al. 2005) in this inbred line, which will be used for
genome sequencing. To date, at least 90,000 BACs (repre-
senting ~20% of the genome) have end-sequence tags.
More than 530 seed BACs have been sequenced (a further
15% of the gene space), and BAC by BAC sequencing has
already commenced on 5 chromosomes by international
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consortia. The linkage map reported here is therefore a key
resource in undertaking future structural and functional
genomic studies in B. rapa.
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