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Abstract: We constructed a high-density Brassica rapa integrated linkage map by combining a reference genetic map of
78 doubled haploid lines derived from Chiifu-401-42 � Kenshin (CKDH) and a new map of 190 F2 lines derived from
Chiifu-401-42 � rapid cycling B. rapa (CRF2). The integrated map contains 1017 markers and covers 1262.0 cM of the B.
rapa genome, with an average interlocus distance of 1.24 cM. High similarity of marker order and position was observed
among the linkage groups of the maps with few short-distance inversions. In total, 155 simple sequence repeat (SSR)
markers, anchored to 102 new bacterial artificial chromosomes (BACs) and 146 intron polymorphic (IP) markers were
mapped in the integrated map, which would be helpful to align the sequenced BACs in the ongoing multinational Brassica
rapa Genome Sequencing Project (BrGSP). Further, comparison of the B. rapa consensus map with the 10 B. juncea A-
genome linkage groups by using 98 common IP markers showed high-degree colinearity between the A-genome linkage
groups, except for few markers showing inversion or translocation. Suggesting that chromosomes are highly conserved be-
tween these Brassica species, although they evolved independently after divergence. The sequence information coming out
of BrGSP would be useful for B. juncea breeding. and the identified Arabidopsis chromosomal blocks and known quantita-
tive trait loci (QTL) information of B. juncea could be applied to improve other Brassica crops including B. rapa.

Key words: bacterial artificial chromosome (BAC), Brassica rapa, intron polymorphic (IP) marker, linkage map, genome
sequencing, simple sequence repeats (SSRs).

Résumé : Les auteurs ont produit une carte génétique intégrée à haute densité chez le Brassica rapa en combinant une carte
de référence fondée sur une population de 78 lignées haploı̈des doublées dérivées du croisement Chiifu-401-42 � Kenshin
(CKDH) et une nouvelle carte basée sur 190 lignées F2 dérivées du croisement Chiifu-401-42 � B. rapa à cycle court
(CRF2). La carte intégrée compte 1017 marqueurs et couvre 1262,0 cM du génome du B. rapa, pour une distance moyenne
entre les marqueurs de 1,24 cM. Une grande similitude dans l’ordre et la position des marqueurs a été observée parmi les
groupes de liaison des cartes si ce n’est de quelques petites inversions. Au total, 155 marqueurs microsatellites (SSR), prove-
nant de 102 clones de chromosomes bactériens artificiels (BAC), et 146 marqueurs de polymorphisme d’introns (IP) ont été
situés sur la carte intégrée. Cela facilitera l’alignement des clones BAC séquencés dans le cadre du projet multinational de sé-
quençage du génome du Brassica rapa (BrGSP). De plus, une comparaison de la carte consensus du B. rapa avec les 10 grou-
pes de liaison du génome A du B. juncea à l’aide de 98 marqueurs IP partagés a montré une grande colinéarité entre les
groupes de liaison des génomes A, à l’exception de quelques marqueurs au sein d’inversions ou de translocations. Cela sug-
gère que les chromosomes sont largement conservés entre ces deux espèces de Brassica bien qu’elles aient évolué séparément
depuis leur divergence. L’information sur la séquence génomique émanant du BrGSP sera utile pour l’amélioration génétique
chez le B. juncea. Pareillement, les blocs chromosomiques identifiés chez l’Arabidopsis de même que les QTL identifiés chez
le B. juncea pourront contribuer aux efforts de sélection chez d’autres espèces de Brassica incluant le B. rapa.

Mots-clés : chromosome bactérien artificiel (BAC), Brassica rapa, marqueur de polymorphisme d’introns (IP), carte géné-
tique, séquençage génomique, microsatellites (SSR).
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Introduction
Brassica species are one of the world’s most economi-

cally important plant groups. The presence of wide genetic
and morphological diversity and the immense economic im-
portance has led to extensive morphological, genetic, and
genomic studies on different cultivated Brassica crops. In
the past two decades, studies using molecular markers in
economically important vegetable and oilseed Brassica
crops have helped researchers to map, tag, and clone impor-
tant quantitative trait loci (QTL) or genes in addition to
marker-assisted breeding and gene pyramiding (Teutonico
and Osborn 1994; Nozaki et al. 1997; Snowdon and Friedt
2004; Suwabe et al. 2006; Ramchiary et al. 2007; Zhang et
al. 2009). Further, the organization and evolution of differ-
ent Brassica genomes and the syntenic relationships among
themselves and with the model plant Arabidopsis thaliana,
their closest relative, are well established (Lagercrantz and
Lydiate 1996; Lagercrantz 1998; Parkin et al. 2005; Suwabe
et al. 2006; Panjabi et al. 2008). Although much structural
and functional genomic information on A. thaliana could be
utilized for Brassica, the complexity of the genome arrange-
ment and the presence of an average of three copies of an
Arabidopsis chromosomal segment in Brassica genomes
(Lagercrantz 1998; Parkin et al. 2005; Panjabi et al. 2008)
led to the initiation of the multinational Brassica Genome
Project (MBGP) with the aim to sequence the whole genome
of Brassica (Yang et al. 2005).

Brassica rapa subsp. pekinensis ‘Chiifu-401-42’ (here-
after Chiifu), a Chinese cabbage inbred line with compara-
tively smaller genome size among the cultivated brassicas,
was selected as the first representative model for Brassica
A-genome sequencing by the MBGP in 2003 (Yang et al.
2005). The ongoing efforts of the multinational Brassica
rapa Genome Sequencing Project (BrGSP) have generated
enormous DNA sequence information from B. rapa ‘‘seed
bacterial artificial chromosomes (BACs)’’ with a good op-
portunity to identify, develop, and map BAC-specific simple
sequence repeat (SSR) markers in the whole genome and an
excellent opportunity to develop integrated genetic, physical,
and sequence-based maps of B. rapa. Choi et al. (2007)
constructed the first (version I) reference genetic map of B.
rapa with doubled haploid mapping populations derived
from a cross involving Chiifu and Kenshin (CKDH) for the
BrGSP. Kim et al. (2009) updated the version I reference
genetic map (as version II) and aligned 188 seed BACs in
the 10 B. rapa linkage groups using BAC-anchored SSR
markers. Mun et al. (2008) published the first physical map
of B. rapa, in which they have accommodated 242 anchored
contigs of the 1428 contigs identified in the 10 linkage
groups of B. rapa. Mun et al. (2009) have also constructed
two B. rapa maps, JWF3 and VCS, using BAC-derived SSR
markers (Table S14 and www.brassica-rapa.org). However,
the number of BAC-anchored SSR markers in all the maps
is too low to cover the whole genome of B. rapa for the
BrGSP.

Therefore, in this study, we developed and mapped addi-
tional BAC-derived SSR markers and constructed a high-
density integrated linkage map of B. rapa for the BrGSP
using two populations with Chiifu as the common parent.

Furthermore, we used intron polymorphic (IP) markers
developed and mapped by Panjabi et al. (2008) to the B.
juncea genome for comparative mapping of the B. rapa
linkage groups with the 10 A-genome linkage groups of B.
juncea.

Materials and methods

Plant materials
Two mapping populations from the Korea Brassica Ge-

nome Resource Bank were used in the study. CKDH, con-
sisting of 78 doubled haploid lines, was derived from
microspore culture of the F1 plant of a cross between diverse
Chinese cabbage inbred lines Chiifu and Kenshin. The sec-
ond population (CRF2) comprised 190 F2 lines derived from
a cross between Chiifu and IBM 218 DH rcb, a rapid cy-
cling B. rapa line (hereafter RCBr) kindly gifted by Profes-
sor Tom Osborn (University of Wisconsin, Madison, Wis.,
USA).

DNA extraction, marker development, and genotyping
DNA was extracted from young expanded leaves of

greenhouse-grown plants by using an RBC genomic DNA
extraction kit (Real Biotech Corporation, Taipei, Taiwan).
Seven hundred forty-nine previously developed SSR
markers (Kim et al. 2009; prefixed cnu and nia) and 528
SSR markers (prefixed brpgm) newly developed from BAC-
end sequences were used for a polymorphism survey be-
tween Chiifu and RCBr. The SSR polymorphism survey,
genotyping, and scoring were conducted following Kim et
al. (2009). Two hundred seventy-two A genome-specific
B. juncea IP markers developed by Panjabi et al. (2008)
were custom-synthesized and used to screen polymorphism
among Chiifu, Kenshin, and RCBr. The PCR condition
used for the IP markers was as follows: initial denaturation
at 94 8C for 5 min; 30 cycles of denaturation at 94 8C for
30 s, annealing at 55 8C for 45 s, and extension at 72 8C
for 1 min; final extension at 72 8C for 7 min. The ampli-
fied PCR products were analyzed on 1.5%–2% (w/v) agar-
ose gel to score polymorphism on the basis of either length
difference or presence/absence (dominant) of PCR prod-
ucts. The nonpolymorphic IP markers on 1.5%–2% agarose
gel were further screened on 6% polyacrylamide gel for
parental polymorphism. Multiple or duplicated loci ampli-
fied by the same primer pairs were designated by lower-
case letters (a, b, c, etc.) starting from the larger fragment
to the smaller fragment after the primer name.

Map construction
The CKDH and CRF2 genetic maps were constructed as

described by Kim et al. (2009) using JoinMap version 4
(Stam 1993; Van Ooijen and Voorrips 2001). Logarithm of
odds (LOD) scores 4.0–8.0 were used to assign markers to
the linkage groups, and Kosambi’s (1944) mapping function
was used to convert the recombination value into the map
distance. A recombination frequency smaller than 0.4 and
an LOD larger than 1.0 were set to arrange the marker or-
der. The B. juncea map constructed by Panjabi et al. (2008)
was used for comparative mapping with the B. rapa consen-

4 Supplementary data for this article are available on the journal Web site (genome.nrc.ca).
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sus map developed in this study. To integrate the two maps,
the ‘‘Combine the Groups for Map Integration’’ function was
used. The linkage maps were drawn by the MapChart pro-
gram (Voorrips 2002).

Results

Construction of the CKDH linkage map
The version II CKDH reference genetic map contains 719

markers covering a total distance of 1123.3 cM. We
screened 272 B. juncea A genome-specific IP markers de-
veloped and mapped by Panjabi et al. (2008) for a parental
polymorphism survey between Chiifu and Kenshin. Of the
272 markers, 85 IP markers (including 40 markers on 2%
agarose gel and 45 markers on 4% polyacrylamide gel)
showed polymorphism with 99 marker loci between the pa-
rents. However, only 95 polymorphic loci could be mapped
to the 10 linkage groups of B. rapa. Most of the previously
mapped markers have remained in the same order, although
few markers showed inversion within a 5 cM interval. The
number of mapped IP markers ranges from 5 in linkage
group A4 to 21 in linkage group A9 (Table S1). The addi-
tion of IP markers to the version II reference genetic map
increased the marker density and map length of all the link-
age groups except A8, showing a decrease in length of 2
cM. The updated map shows an increased length of 51.8
cM, resulting in total genome coverage of 1175.1 cM. The
length of the linkage groups was enlarged at the bottom
(A2, A3, A9, and A10), at the top (A7), and on both sides
(A5, A6, and A8) by inserting 1–5 loci. The map now com-
prises 813 marker loci, including 267 AFLP, 410 SSR, 24
RAPD, 8 STS, 7 ESTP, 2 CAPS, and 95 IP markers. The
map length ranges from 91.9 cM in linkage group A8 to
155.2 cM in linkage group A6, with an average of one
marker in every 1.45 cM.

Construction of the CRF2 linkage map
In the polymorphism survey between Chiifu and RCBr,

by using the 749 previously developed SSR markers and
the 528 newly developed SSR markers, polymorphic loci
were identified from 502 and 71 SSR markers, respectively.
However, for genotyping the F2 population, only 280 good,
reproducible, and clear band-producing SSR markers com-
prising 43 nia_ssr, 166 cnu_ssr, and 71 brpgm_ssr were
used, resulting in the identification of 285 marker loci in-
cluding eight dominant loci. The polymorphism survey of
272 IP markers between the parents initially showed 65 pol-
ymorphic loci on 2% agarose gel. Further screening of the
nonpolymorphic IP markers on 6% polyacrylamide gel led
to the identification of 12 other polymorphic loci, reaching
a total of 77 polymorphic loci (65 codominant loci and 12
dominant loci) from 62 IP markers. Six IP markers gave
two polymorphic loci each, and one IP marker gave three
polymorphic loci.

The CRF2 genetic map was constructed by using the gen-
otyping data of 190 F2 individuals derived by crossing
Chiifu and RCBr, and 362 polymorphic marker loci com-
prising 285 SSR and 77 IP markers. Of these markers, 349
were included in the 10 linkage groups, but 13 markers
could not be added in any linkage group. Further, we re-
moved 31 non-BAC-anchored SSR markers showing dis-

torted segregation, missing genotypic information, and
insufficiently clear bands; therefore, the final map consists
of 318 markers including 250 SSR and 68 IP markers. The
10 linkage groups were designated A1–A10 on the basis of
the common markers located on each chromosome in the
version II reference genetic map. Random distribution of all
the mapped SSR and IP markers was found in the 10 link-
age groups, although the distribution is not uniform in few
regions. The genetic map covers a length of 1105 cM with
an average of one marker in every 3.47 cM. The length of
the linkage groups ranges from 76.1 cM in A6 to 162.7 cM
in A9, and the number of markers per linkage group varies
from 14 in A6 to 64 in A9 (Table S1). The number of BAC-
derived SSR loci in this map is 250, whereas the version II
reference genetic map has 191 loci. The number of BACs
anchoring SSRs varies from 10 in linkage groups A6 and
A10 to 39 in linkage group A9; further, the number of new
BACs mapped to the B. rapa genome ranges from 3 in link-
age group A6 to 15 in linkage group A9. The order and po-
sitions of the BAC-anchored SSRs and IP markers is the
same, although few changes were observed in some linkage
groups. Moreover, the marker order in linkage groups A2,
A4, A8, and A9 is the same, with one or no change in
marker order. The remaining linkage groups show changes
in the order of few markers, mostly within the range of 5
cM, although inversions within 10–15 cM were observed
for two or more markers (in A3 and A5).

Construction of the B. rapa consensus map
After identifying the linkage groups having common

markers, the CKDH and CRF2 maps were integrated. In to-
tal, 112 (95 SSR and 17 IP) common marker loci were iden-
tified between the maps and used as bridge markers during
the integration. SSR and IP markers with more than one pol-
ymorphic locus in the same linkage groups were correctly
identified for size and order before designating the common
loci between the maps. The number of common markers be-
tween the maps ranged from 5 (A4 and A8) to 23 (A9). The
integrated map now has 1017 markers comprising 267
AFLP, 24 RAPD, 563 SSR, 146 IP, 8 STS, 7 ESTP, and 2
CAPS markers (Fig. 1 and Table S1) and covers a total dis-
tance of 1262 cM, which is greater than the 1175.1 cM and
1105 cM length of the CKDH and CRF2 maps, respectively.
The number of markers in the integrated map ranged from
61 in linkage group A4 to 151 in linkage group A9, and the
length of the linkage groups varied from 92.6 cM in A10 to
158.5 cM in A6. The length of the integrated linkage groups
is about the same as the corresponding longest linkage
groups of the component maps with a slight increase in
map length except for linkage group A1, in which a de-
crease of approximately 10 cM was observed compared
with the maximal length of the individual maps. Large gaps
(>10 cM) in few linkage groups of the CKDH and CRF2
maps were reduced during the integration. For example, of
the two gaps observed in linkage group A2 of the CKDH
map (Kim et al. 2009), one was filled at the bottom by six
IP and two SSR markers from the CRF2 map upon integra-
tion. In the CRF2 map, we observed 12 large gaps (>10 cM)
in eight chromosomes except in linkage groups A7 and A8.
However, upon integration, the gaps decreased in length or
were saturated by the markers from the CKDH map. There-
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fore, the average interlocus interval decreased from 1.45 cM
and 3.47 cM in the CKDH and CRF2 maps, respectively, to
1.24 cM in the integrated map along with an increase in
marker density. The CRF2 map allowed us to anchor 155
new SSR markers derived from 102 seed BACs and 61 new
gene-specific IP markers to the integrated map, as more pol-
ymorphic BAC-derived SSR markers were found between
Chiifu and RCBr than between Chiifu and Kenshin. Linkage
groups A2 and A10 in the CKDH map contained only five
and nine SSRs, respectively, to which 12 and 5 new SSR
markers derived from BAC-end sequences of the CRF2 map
were added in the integrated map. A2 and A10 were further
strengthened by the addition of 10 and 6 other PCR-based IP
markers, respectively. The integrated consensus map in-
creased the length of four linkage groups at the end. The
top region of A7 and A8 was enlarged by the addition of
one SSR locus (A7) and two SSR loci (A8) as well as one
IP locus each from the CRF2 map. The bottom of A10 was
enlarged by the addition of three SSR loci from BAC-end
sequences and three IP loci compared with the CKDH map.
The length of A4 was increased toward the top by the addi-
tion of three SSR loci from BAC-end sequences and two IP
loci; toward the bottom, the addition of two SSR loci from
BAC-end sequences increased the length compared with the
CKDH map.

Comparison of the B. rapa consensus map with the B.
juncea map

The high-density B. rapa integrated map contains 146
gene-specific IP markers spread over the 10 linkage groups,
with the number of marker loci varying from 10 in A4, A6,
and A10 to 28 in A3 and A9. Of these markers, 98 were
common to those mapped to the 10 homologous A-genome
linkage groups of B. juncea (Panjabi et al. 2008). The num-
ber of marker loci between the homologous linkage groups
of B. rapa and B. juncea vary from 4 in A5 to 22 in A9
(Fig. 1). The other markers were multiple copies mapped to
the same region of the same block in other chromosomes.
The position and order of most of the IP markers in the ho-
mologous linkage groups were colinear between the ge-
nomes. However, one to three marker loci inversions
(change of order) were observed within a 5 cM interval
(mostly within 1–3 cM) in most of the homologous linkage
groups of B. rapa compared with B. juncea (Fig. 1). More
than 10 cM inversions with one or two marker loci were
also observed in linkage groups A9 and A10 of B. rapa
compared with B. juncea. The IP markers covered most of
the B. rapa linkage groups although the marker density was
less. Further, we identified some BAC-derived SSR markers

in the B. rapa linkage groups that could be mapped to the
corresponding large gap in the B. juncea linkage groups, es-
pecially in J1, J4, J5, J7, and J10 (Panjabi et al. 2008).

Mapping of the 146 original IP loci and the 155 new
BAC-derived SSR markers to the B. rapa genome helped us
to identify 24 Brassicaceae genomic blocks (A–X) proposed
by Schranz et al. (2006) more accurately. For genomic block
identification with SSR markers, SSR sequences were
aligned with A. thaliana DNA sequences as described previ-
ously by Kim et al. (2009). We identified 25 new genomic
blocks in the B. rapa genome (Fig. S14): five blocks each
in A2 (W, E, K, L, and Q), A3 (W, I, O, H, and N), and
A9 (O, Q, H, P, and A); two blocks each in A5 (B and C),
A6 (Q and V), A7 (H and G), and A8 (C and T); and one
block each in A4 (S), and A10 (W). However, we could not
identify any new block in A1. The identified blocks showed
the same orientation as the A-genome chromosomes in
B. juncea (Panjabi et al. 2008) and B. napus (Parkin et al.
2005) (Fig. S1). In addition, the integration of the B. rapa
and B. juncea linkage maps using IP markers allowed us to
identify conserved regions of the A-genome chromosomes
of B. rapa in A. thaliana chromosomal segments.

Discussion
The main objectives of this study were to develop a high-

density integrated linkage map of B. rapa by using codomi-
nant BAC-derived SSR markers and align additional seed
BACs in the B. rapa genome for the BrGSP. In the version
II CKDH reference genetic map, only 188 seed BACs anch-
ored to 191 SSR marker loci were mapped. Further mapping
of BAC-anchored SSRs could not be performed owing to
the lack of polymorphism between the parental inbred lines
(Chiifu and Kenshin). Many gaps (5–10 cM) were found in
few linkage groups. By the present study, we have added 95
additional PCR-based gene-specific IP markers that were
mapped to the 10 A genome-specific linkage groups of
B. juncea (Panjabi et al. 2008) to the version II CKDH
reference genetic map of Kim et al. (2009). Further, we
constructed a CRF2 map based on genetically diverse Chi-
nese cabbage inbred line Chiifu and RCBr. We found addi-
tional polymorphic BAC-derived SSR markers between
these lines, allowing us to map 155 new codominant SSR
markers derived from 102 seed BACs and 61 new gene-
specific IP markers to the B. rapa genome compared with
the CKDH map.

We also developed an integrated high-density B. rapa ge-
netic map by combining the two individual maps. In the in-
tegrated map, we mapped and aligned 102 new B. rapa seed
BACs in addition to the 146 gene-specific IP markers,

Fig. 1. Comparative map between the A genome chromosomes of Brassica rapa (Integ/A1–Integ/A10) and B. juncea (J1–J10). Cumulative
recombination distances are shown to the left and marker loci to the right of the linkage groups. The colored bars to the left of the B. rapa
linkage groups (Integ/A1–Integ/A10) represents crucifer genome blocks (proposed by Schranz et al. 2006) synteny to Arabidopsis chromo-
somes (chromosome 1, light blue; chromosome 2, yellow; chromosome 3, dark blue; chromosome 4, green; and chromosome 5, red). The
crucifer blocks identified in B. juncea A genome chromosomes by Panjabi et al. (2008), but not in the integrated B. rapa linkage groups are
indicated by colored bars left of the B. juncea linkage groups (J1–J10). SSR markers and IP markers containing representative blocks are
indicated by bold strokes. Single and double asterisk (*, **) indicates marker loci derived from multicopy Arabidopsis thaliana genes (Pan-
jabi et al. 2008; http://www.arabidopsis.org/) and SSR loci that were not anchored to BACs, respectively. Common markers are linked by
lines indicating colinearity between the species. The single letter marker assay type designators were used for different types of markers
i.e.,: a, AFLP; e, ESTP; f, RFLP; m, SSR; p, CAPS; r, RAPD; t, STS; and At, IP markers. (Figure 1 continues on pages 944 and 945.)
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Fig. 1 (continued).
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Fig. 1 (concluded).
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which helped not only to increase the marker density by fill-
ing large gaps in both the individual maps, but also to en-
large the genome coverage of B. rapa, although some large
intervals still exist (in A2, A4, A6, A9, and A10) (Fig. 1).
The number of BACs per linkage group in the integrated
map ranged from 14 in A10 to 50 in A9. The work of Mun
et al. (2008), who constructed the first BAC-based physical
map of B. rapa, serves as the point for bidirectional chromo-
somal extension in genome sequencing. Our high-density in-
tegrated map would supplement the correct alignment of
seed BACs in the 10 chromosomes of B. rapa. In addition,
the sequenced BAC clones anchored on the integrated ge-
netic map could serve as the basis for integration with the
physical map of B. rapa.

The overall order and positions of the markers remained
the same in the CKDH, CRF2, and integrated maps despite
minor local inversions within a 5 cM distance in many link-
age groups; few markers showed longer distance inversions
(in A2, A3, A4, and A9). Such inversions have been fre-
quently observed during map integration in Arabidopsis
(Hauge et al. 1993), loblolly pine (Sewell et al. 1999),
B. olearcea (Sebastian et al. 2000), lettuce (Jeuken et al.
2001), rape seed (Lombard and Delourme 2001), sugi
(Tani et al. 2003), soybean (Hwang et al. 2009), rye (Gus-
tafson et al. 2009), sorghum (Mace et al. 2009), and pep-
per (Lee et al. 2009). The reasons for inversions during
map integration include small discrepancies in marker or-
der due to mapping imprecision in small mapping popula-
tions (Lombard and Delourme 2001), closely spaced
markers in one population (Mace et al. 2009), distorted
segregation of markers, use of different mapping software
(Wu et al. 2008), and real inversions. The first three rea-
sons might explain the inversions in this study, because
we found a high degree of colinearity in marker order
with the homologous A-genome linkage groups of B. jun-
cea despite inversions among the CKDH, CRF2, and inte-
grated maps.

The increased number of PCR-based IP markers in our
map allowed us to compare the homologous A genome link-
age groups between the B. rapa genome and the B. juncea
genome which showed conservation of order and position
of most markers, except for the markers showing inversion.
This finding suggests that although B. juncea and B. rapa
evolved independently, their A-genome chromosomes are
still conserved at the macro level. Previous mapping studies
also reported conservation of the A-genome linkage groups
between B. juncea and B. rapa; and B. napus and B. rapa,
respectively (Axelsson et al. 2000; Suwabe et al. 2008).
Many studies have also shown conservation of chromosomes
between Brassica species and with A. thaliana at the micro
or macro level (O’Neill and Bancroft 2000; Rana et al.
2004; Parkin et al. 2005; Panjabi et al. 2008; Kim et al.
2009). By comparing the linkage groups of B. rapa and
B. juncea, we confirmed previously reported crucifer ge-
nomic blocks (Parkin et al. 2005; Schranz et al. 2006; Pan-
jabi et al. 2008; Kim et al. 2009) in our map. Panjabi et
al. (2008) used IP markers to identify and establish interre-
lationships between the A, B, and C genomes of Brassica
species, and identified the 24 crucifer building blocks (A–X)
reported by Schranz et al. (2006) through comparative
mapping of A. thaliana with the three genomes of Brassica

species. With our high-density B. rapa integrated map, we
could identify genomic blocks more accurately in all the
10 linkage groups: 25 previously unidentified blocks were
identified in nine linkage groups of B. rapa. All the ge-
nomic blocks in A8 and A10 have been identified. How-
ever, 14 other genomic blocks in eight linkage groups of
B. rapa compared with B. napus (Parkin et al. 2005) and
B. juncea (Panjabi et al. 2008) still need to be identified
(Fig. S1). We believe that the addition of IP markers in
these regions would help to identify the unidentified blocks
in the B. rapa genome.

Ramchiary et al. (2007) mapped many yield-related QTL
in linkage groups J10 and J7 of B. juncea using AFLP and
RFLP markers. Their map was later completely updated
with PCR-based IP markers by Panjabi et al. (2008). Com-
parative mapping between the BAC-anchored high-density
B. rapa map in the present study and the B. juncea map of
Panjabi et al. (2008) would help to apply the BrGSP se-
quence information for efficient breeding of B. juncea. In
addition, the transfer of information between the B. rapa
and B. juncea genomes and the demarcation of Arabidopsis
chromosomal blocks in the B. rapa genome would facilitate
the identification and isolation of candidate genes contribu-
ting to traits of agronomic value in B. juncea and other
Brassica crops.
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