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Abstract: The Brassica B-genome species possess many valuable agronomic and disease resistance traits. To transfer traits
from the B genome of B. carinata into B. napus, an interspecific cross between B. napus and B. carinata was performed
and a doubled haploid (DH) population was generated from the BC2S3 generation. Successful production of interspecific
DH lines as identified using B-genome microsatellite markers is reported. Five percent of DH lines carry either intact B-
genome chromosomes or chromosomes that have deletions. All of the DH lines have linkage group J13/B7 in common.
This was further confirmed using B. nigra genomic DNA in a fluorescent in situ hybridization assay where the B-genome
chromosomes were visualized and distinguished from the A- and C-genome chromosomes. The 60 DH lines were also
evaluated for morphological traits in the field for two seasons and were tested for resistance to blackleg, caused by Leptos-
phaeria maculans, under greenhouse conditions. Variation in the DH population followed a normal distribution for several
agronomic traits and response to blackleg. The lines with B-genome chromosomes were significantly different (p < 0.01)
from the lines without B-genome chromosomes for both morphological and seed quality traits such as days to flowering,
days to maturity, and erucic acid content.

Key words: Brassica napus, Brassica carinata, B genome, introgression, SSR markers, cytogenetics, GISH, agronomic
traits.

Résumé : Les espèces à génome B au sein du genre Brassica possèdent plusieurs caractéristiques agronomiques et résis-
tances à des maladies utiles. Pour transférer ces caractéristiques du génome B du B. carinata à celui du B. napus, un croi-
sement interspécifique entre le B. napus et le B. carinata a été réalisé et une population d’haploı̈des doublés (HD) a été
générée à partir de la génération BC2S3. Le succès dans la production de lignées HD interspécifiques a été vérifié en em-
ployant des microsatellites spécifiques du génome B. Cinq pourcent des lignées HD portaient soit des chromosomes intacts
du génome B ou des chromosomes ayant des délétions. Toutes les lignées HD avaient en commun J13/B7. Ceci a été
confirmé en employant l’ADN génomique du B. nigra lors d’une hybridation in situ en fluorescence où les chromosomes
du génome B ont été visualisés et distingués de ceux des génomes A et C. Ces 60 lignées HD ont également été évaluées
pour leurs caractéristiques morphologiques au champ pendant deux saisons de même qu’en serre pour leur résistance à la
jambe noire, causée par Leptosphaeria maculans. La variation au sein de la population de lignées HD présentait une distri-
bution normale pour plusieurs des caractéristiques agronomiques et la résistance à la jambe noire. Les lignées avec des
chromosomes du génome B étaient significativement différentes (p < 0,01) des lignées sans chromosome du génome B
tant pour les caractères morphologiques (floraison, maturité) que les propriétés des graines (contenu en acide érucique).

Mots-clés : Brassica napus, Brassica carinata, génome B, introgression, marqueurs SSR, cytogénétique, GISH, caractères
agronomiques.
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Introduction
One of the goals of Brassica oilseed research programs is

the stable introgression of novel traits from wild or closely
related species into cultivated canola plants (Brassica napus)
through inter- and intraspecific crosses (Ky et al. 2000). The
Brassica species containing the B genome (B. nigra, B. car-
inata, and B. juncea) possess many valuable agronomic
traits including blackleg resistance (Schelfhout et al. 2006),
aluminium tolerance (Huang et al. 2002), salinity tolerance
(Malik 1990), and heat and drought tolerance (Kumar et al.
1984). Transfer of blackleg resistance and silique shatter re-
sistance from the B genome of B. juncea to B. napus has
been attempted, but these traits have not been successfully
introduced into commercial germplasm (Chèvre et al. 1997;
Dixelius and Wahlberg 1999; Gerdemann-Knörck et al. 1995;
Prakash and Chopra 1988; Roussel et al. 1999; Roy 1984).

Blackleg is a fungal disease (caused by Leptosphaeria
maculans) that attacks the leaves and stems of many Bras-
sica species (Ferreira et al. 1995). Major genes and several
minor genes are involved in B. napus seedling and adult
plant resistance to blackleg (Ballinger and Salisbury 1996;
Bansal et al. 1994; McNabb et al. 1993; Pang and Halloran
1996; Stringam et al. 1995). These include Rlm1, Rlm3,
Rlm4, Rlm7, and Rlm9, all mapped to linkage group A7 of
the A genome (Ansan-Melayah et al. 1998; Balesdent et al.
2001, 2002; Delourme et al. 2004), and Rlm2 on A10
(Ansan-Melayah et al. 1998; Delourme et al. 2004, 2006).
These resistance genes were mapped in B. napus, while an
additional resistance gene, Rlm8, was described from
B. rapa but has yet to be mapped (Balesdent et al. 2002).
The majority of B-genome-containing Brassica species also
carry blackleg resistance genes, such as Rlm5 and Rlm6,
originally identified in B. juncea, one of which maps to link-
age group J13/B7 (Balesdent et al. 2002; Christianson et al.
2006; Rimmer and Vandenberg 1992), and Rlm10 from the
B genome of B. nigra (Chevre et al. 1996). Efforts to trans-
fer resistance genes derived from the B. juncea B genome to
B. napus by incorporating large introgressions (Barret et al.
1998; Chèvre et al. 1997; Saal et al. 2004) have failed, pre-
sumably because of the low levels of homoeology between
B-genome and A- or C-genome chromosomes (Leflon et al.
2007).

In this study we successfully introgressed specific B-
genome chromosomes (linkage groups) from B. carinata
into B. napus germplasm using an advanced backcross ap-
proach (Tanksley and Nelson 1996). More specifically, an
interspecific cross between B. napus and B. carinata was
used to generate a doubled haploid (DH) mapping popula-
tion from BC2S3 lines, i.e., lines developed through two
backcross generations with B. napus and three rounds of
self-pollination. This resulted in the production of interspe-
cific DH lines that carry stable B-genome chromosomal seg-
ments. We also analyzed these B-genome linkage groups
using previously mapped microsatellite markers and inte-
grated the data with molecular cytogenetics to study the na-
ture of the chromosomal segments in this population. It was
observed that the B-genome segments are primarily inher-
ited as intact chromosomes. Further, the genetic association
of these chromosomes with several agronomic traits is re-
ported.

Materials and methods

Plant material
An accession of Brassica carinata (acc. 17-009) from the

canola breeding program at the University of Alberta which
carries resistance to multiple fungal diseases (V.K. Bansal et
al., unpublished data) was used to make a series of crosses
with Brassica napus ‘Westar’. The pedigree of the interspe-
cific cross is shown in Fig. 1. In each generation, selection
was applied for blackleg resistance and B. napus morphol-
ogy and optimal seed set. DH lines were developed through
bulk microspore cultures performed on three or four BC2S3
plants, all of which had been selected as being tolerant to
blackleg. The evaluation of blackleg resistance was per-
formed using a cotyledon-based test, as described by Bansal
et al. (1999). Over 600 DH lines were produced from this
bulk and 60 DH lines were selected randomly for use in
this study.

Phenotyping
Sixty DH lines and the parental lines were grown in

Metro Mix 290 (Grace Horticultural Products, Ajax, On-
tario, Canada) in the greenhouse at 21 8C (day) and 18 8C
(night) with a 16 h photoperiod. Plants were fertilized every
2 weeks with 200 ppm Peres 20–20–20 (N–P–K) complete
fertilizer with micronutrients (Plant Products, Brampton, On-
tario). Fresh leaf tissue was collected from seedlings at the
4–5-leaf stage for DNA extraction using a GenElute Plant
Genomic DNA Miniprep Kit (Sigma).

The DH lines, parental lines, and four controls (B. cari-
nata lines 070 and 065 and B. napus genotypes PSA12 and
‘Topas’) were evaluated in field plot trials at the University
of Alberta Edmonton Research Station in 2006 and 2007.
An 8 � 8 unbalanced square lattice design with two replica-
tions was used. Each plot consisted of four rows 2 m long
with 20 cm row spacing. The morphological characteristics
leaf shape, number of lobes, days to flowering, days to ma-
turity, pod attitude, pedicel length, silique length, beak
length, and number of seeds per pod were recorded follow-
ing the Brassica descriptors according to the International
Board for Plant Genetic Resources (IBPGR 1990). Oil con-
tent was determined on the seed harvested from each plot in
each year, following the protocol of Daun et al. (1989). The
seeds of one of the DH lines, designated DH39, did not ger-
minate in any of the replications, so data for many traits are
absent from this line.

Blackleg cultures of isolate V77 (pathogenicity group
2; kindly provided by Dr. Steven Strelkov, University of
Alberta) were grown on V8 agar plates at room temper-
ature under a 12 h photoperiod. After 2 weeks a suspen-
sion of pycnidiospores was prepared and adjusted to 1 �
106 spores/mL and stored at –80 8C until use. Inoculation
was performed on all 60 lines, in two replications with
four plants in each replicate test, on needle-wounded
stems before flowering according to Bansal et al. (1994).
Three weeks after inoculation (after pruning the first new
leaves to keep the cotyledons alive), the adult plants
were scored for the length of internal and external le-
sions, which were measured with respect to total plant
height.
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Statistical analysis
Data from each season were subjected to analysis of var-

iance following the linear model Zijkl = m + bi + Ij(bi) + Tk +
eijkl, where for each trait Zijkl is the phenotypic value of each
DH line in each replication, m is the grand mean, Ij is the
effect of incomplete block nested in block (bi), Tk is the ef-
fect of treatment, and eijkl stands for the experimental error.

A mixed model analysis (Littell et al. 1996) was per-
formed using PROC MIXED in SAS (SAS Institute Inc.
1989) in which genotype was considered a fixed effect and
block and incomplete block (block) were considered random

effects. Based on marker data, the DH lines were divided
into two groups: the first group consisted of three lines car-
rying B-genome chromosomes, hereafter referred to as
‘‘B+’’, and the second group consisted of three lines with
no B-genome content, hereafter referred to as ‘‘B–’’. Single
degree of freedom contrasts were performed using the ESTI-
MATE statement in PROC MIXED to make comparisons
between these two groups. A two-tailed t test was performed
to compare individual lines having different chromosomal
contents. A combined analysis of variance was also per-
formed using PROC MIXED, in which genotype was con-
sidered fixed while the year, block, incomplete block
(block), and all corresponding interactions were considered
random. The combined analysis was also followed by single
degree of freedom contrasts and the t tests were done as de-
scribed for single-year analyses.

Genotyping
From a total of 1242 B-genome microsatellite (SSR)

markers developed at Agriculture and Agri-Food Canada
(AAFC), Saskatoon Research Station, 220 were selected
based on their location on the B-genome linkage groups (as
determined using an AAFC mapping population derived
from B. juncea) and their ability to amplify strong bands in
the AAFC B. juncea reference mapping population. The
benefit of these markers is that they have been used for
mapping in other populations and therefore provided the op-
portunity to cross-reference our data with other map data. Of
these markers, 48 are publicly available, and the locations
and B. carinata allele sizes are reported in Table S1.3 Ini-
tially, all 60 DH lines and the parental lines were genotyped
with these 48 markers in a nested PCR (Schuelke 2000).
The PCR mix contained 2 pmol of forward primer, 8 pmol
each of reverse and labeled M13 primer (5’-TGTAAAAC-
GACGGCCAGT-3’ with FAM, HEX, or TET), 1 U of Taq
polymerase, 0.2 mmol/L dNTPs, 10 ng of template DNA,
1.6 mmol/L MgCl2, and 1.5 mL of 10� buffer in a total vol-
ume of 15 mL. The PCR consisted of 5 min of initial dena-
turation at 94 8C; 30 cycles of 94 8C (30 s), 57 8C (45 s),
and 72 8C (45 s); 8 cycles of 94 8C (30 s), 55 8C (45 s),
and 72 8C (45 s); and a final extension step of 10 min at
72 8C. Subsequently PCR products were diluted 10 times in
formamide solution, resolved on an ABI 3730 DNA Ana-
lyzer along with GeneScan 500 TAMRA size standard (Ap-
plied Biosystems), and sized using GeneMapper software
(Applied Biosystems).

The remaining 172 SSR primers (kindly provided by
AAFC) were used for fine mapping of the six selected DH
lines; unlike the publicly available primers, they were al-
ready fluorescently labeled. PCR assay preparation for these
primers involved adding 0.5 mL each of forward and reverse
primer (5 mmol/L) to 5.0 mL of AmpliTaq Master Mix (Ap-
plied Biosystems). Forty nanograms of genomic DNA was
used in a total volume of 10 mL for a 384-well plate. The
PCR conditions were as follows: 95 8C (10 min), followed
by 8 cycles of 94 8C (15 s), 50 8C (15 s), and 72 8C (30 s);
27 cycles of 89 8C (15 s), 50 8C (15 s), and 72 8C (30 s);
and a final extension at 72 8C for 10 min. Pooled PCR prod-
ucts, labeled with three different fluorescent dyes, were di-

Fig. 1. Pedigree and crosses used in the development of the DH
lines used in this study. Selection was performed in each generation
for disease resistance and B. napus morphological phenotypes.

3 Supplementary data for this article (Tables S1–S3) are available on the journal Web site (http://genome.nrc.ca).
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luted 10 times in 0.1% Tween 20, resolved on a MegaBACE
1000 DNA Analysis System (GE Healthcare) with ET ROX
550 size standard (Applied Biosystems), and analyzed using
Fragment Profiler (MegaBACE) software.

To identify B-genome alleles, a panel of four B. napus
lines (Westar, Delta, Topas, PSA12) and three B. carinata
lines (17-009, 070, and 065) was used. A second panel of
four parental and 60 DH lines was used to detect those DH
lines carrying B-genome chromosome segments (data not
shown). Based on the preliminary marker data, 6 of the 60
DH lines were selected for fine mapping, 3 that carried
whole B-genome chromosomes or segments of the chromo-
somes and 3 that lacked any B-genome content.

GISH analysis
Three positive lines having at least one B-genome chro-

mosome (DH45, DH51, and DH39) and three negative lines
(DH21, DH31, and DH107) were selected for genomic in
situ hybridization (GISH). Immature flower buds were col-
lected from plants for mitotic and meiotic chromosome
spreads. Flower buds were treated with nitrous oxide for
1 h followed by ice-cold 90% acetic acid for 10 min to fix
chromosomes and stored in 70% ethanol at –20 8C until use.
Slides were prepared following the enzyme maceration
method of Kato et al. (2004). Brassica nigra and B. olera-
cea genomic DNA and repeated sequences were labeled
with fluorescein-12-dUTP, Cy3-dCTP, Cy5-dUTP, or both
fluorescein-12-dUTP and Cy3-dCTP (Perkin Elmer Life Sci-
ences, Boston, Massachusetts) using a nick translation pro-
cedure (Kato et al. 2004). We also used 45S rDNA as a
probe to detect nucleolar organizing regions. Fluorescent in
situ hybridization was performed following the method of
Kato et al. (2004) with slight modifications as described by
Lamb and Birchler (2006). After hybridization and washes,
a drop of Vectashield mounting medium containing 100%
DAPI (4’,6-diamidino-2-phenylindole; Vector Laboratories
Inc., Burlingame, California) was applied and the cells were
covered with a 24 mm � 50 mm cover glass. Visualization
was performed using an Olympus BX61 fluorescence micro-
scope with a 60� plan apo oil immersion lens, and digital
images were captured using the Olympus Microsuite 5 soft-
ware package. Images were cropped and sized, and contrast

was optimized using only functions affecting the whole im-
age, with Adobe Photoshop 9.0.2 (Adobe Systems Inc.).

Results

An interspecific cross of Brassica carinata and Brassica
napus was performed with the initial intention of introgress-
ing B-genome-derived blackleg resistance into a B. napus
background (Fig. 1). Sixty DH lines and 48 publicly avail-
able SSR markers were used for the initial phenotyping and
genotyping. Six of these DH lines and an additional 172
proprietory SSR markers were selected for detailed genotyp-
ing.

Genotypic analysis of the selected DH lines
Out of 220 microsatellite markers, 32 failed to amplify

and 4 were not polymorphic between the parents. Of the
184 informative markers, 85 also amplified an allele in the
B. napus controls, in some cases producing a stronger signal
than in the B-genome-containing lines. We were able to as-
sign these alleles to the A or C genome by comparison with
the B. rapa and B. oleracea progenitors but could not map
them, owing to the nature of the backcross.

We found three DH lines carrying one or more B-genome
linkage groups and in most cases these appeared to occur as
independent B-chromosome segments (Table 1, Table S2,
Fig. 2).3 After a number of backcrosses, there was preferen-
tial maintenance of five specific B chromosomes: J12/B8,
J13/B7, J14/B6, J17/B1, and J18/B3. The ‘‘J’’ and ‘‘B’’ des-
ignations refer to the linkage maps of Ramichiary et al.
(2007) and Panjabi et al. (2008), respectively. DH39 carried
J12/B8, J13/B7, J14/B6, and J18/B3 (but with deleted termi-
nal and internal segments) and also carried segments of J17/
B1 (not shown in Fig. 2). DH45 carried the majority of J13/
B7 as well as segments of J14/B6 and J18/B3. DH51 carried
J13/B7 but was missing the terminal end of the chromosome
(Table 1, Table S2, Fig. 2). J13/B7 was the only chromo-
some maintained in all three lines, J18/B3 and J14/B6 were
maintained in two lines, and segments of J12/B8 and J17/B1
were maintained in one line. Figure 2 illustrates the linkage
groups and demonstrates that in these lines, the B-genome
linkage groups tend to lose the terminal segments, presum-

Table 1. B-genome chromosome (linkage group, LG) content and cytological evaluation of the parental and doubled
haploid (DH) lines.

Linkage group Westar 17-009 O70 DH21
DH31,
DH107 DH39 DH45 DH51

No. of markers
evaluated per LG

J11/B5 – + + – – – – – 13
J12/B8 – + + – – 74% – – 26
J13/B7 – + + – – + 71% 71% 27
J14/B6 – + + – – + 17% – 16
J15/B2 – + + – – – – – 25
J16/B4 – + + – – – – – 20
J17/B1 – + + – – + – – 14
J18/B3 – + + – – + 65% – 15
No. of

chromosomes
38 36 36 37 38 na 38 38 .

Note: ‘‘+’’ indicates that all of the markers along the linkage group amplified in the line, indicating the presence of the complete
linkage group; ‘‘–’’ indicates the absence of the linkage group in the line. For linkage groups that are not entirely present in the DH
lines (either the tip or the middle of the chromosome is lost), the percentage of the LG present (in cM) is shown.
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ably through deletions. Interestingly, the breakpoint on J13/
B7 in both DH45 and DH51 appears to be conserved, while
two of the markers on J13 do not amplify in DH39, suggest-
ing that there may be an internal deletion in J13/B7.

GISH analysis
Figure 3 shows the images from the GISH assay. Brassica

carinata displayed 8 pairs of chromosomes that were
painted Cy3 fluorescent (red) (Fig. 3a), while B. napus

Fig. 2. Representation of the B-genome linkage groups maintained in the DH lines. Location of the markers on the four B-genome linkage
groups is based on the AAFC reference maps (I. Parkin, personal communication). Hatched areas indicate potential areas of crossing-over.
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(2n = 38, Fig. 3b) showed 19 pairs of Cy5 fluorescent
(green) signals. This indicated that genomic DNA from
B. nigra is capable of specifically detecting B-genome chro-
mosomes in the allopolyploid species, while genomic DNA
from B. oleracea can paint both A- and C-genome chromo-
somes without distinction (Figs. 3a, 3b). We counted 17
pairs of chromosomes in the B. carinata (2n = 34) parent, 8
of which emitted a Cy3 fluorescent (red) signal characteris-
tic of the B-genome chromosomes (Fig. 3a). These signals
were very strong around the centromere but difficult to visu-
alize on the arms, which prevented us from detecting trans-
locations (Fig. 3). For DH51 and DH45, we counted 38

chromosomes; 2 of them had strong Cy3 fluorescent (red)
signals, indicating they were B-genome chromosomes.
Therefore, as expected from the marker data indicating the
presence of J13/B7 in these lines, we propose that these
lines contain a pair of J13/B7 chromosomes (2n = 36+II
(J13/B7)) substituting for the original A or C chromosomes
(Figs. 3c, 3d). Based on our original marker data, DH39 ap-
peared to carry four B-genome chromosomes (J12/B8, J13/
B7, J14/B6, J18/B3). However, selfed seed from the DH39
plants used for marker analysis did not germinate, nor did
any of the seed from DH39’s sibling plants; therefore, we
could not include this line in our GISH assay. Among the

Fig. 3. Fluorescent in situ hybridization of chromosomes of (a) parent B. carinata, (b) parent B. napus, and (c–f) doubled haploid progeny
lines. In all images, chromosomes are stained with DAPI (blue) and probed with B. nigra genomic DNA (B genome) fluorescently labeled
with Cy3 (red) and B. oleracea genomic DNA (C genome) fluorescently labeled with Cy5 (green). (a) Brassica carinata, parental line with
34 chromosomes: 8 pairs of red BB centromere signals and 9 pairs of green CC signals; the 4 bright red signals are rDNA loci. In b–f,
centromere repeat 1 is white and centromere repeat 2 is Cy5 fluorescent (green). (b) Brassica napus, parental line with 38 chromosomes; no
prominent red BB signals aside from background hybridization to repetitive regions. (c) DH51, 38 chromosomes: 2 red B. nigra chromo-
somes and 36 B. napus chromosomes (consistent with marker data for presence of J13). (d) DH45, 38 chromosomes: 2 red B. nigra chro-
mosomes and 36 B. napus chromosomes (consistent with marker data for presence of J13, but segments of J14 and J18 detected by markers
cannot be confirmed). (e) DH17, 38 B. napus chromosomes; no red signal, indicating no B-genome introgression (consistent with marker
data). (f) DH21, aneuploid with 37 B. napus chromosomes; no red signal, indicating no B-genome introgression. Bars = 10 mm.

624 Genome Vol. 53, 2010

Published by NRC Research Press

G
en

om
e 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

A
gr

ic
ul

tu
re

 a
nd

 A
gr

i-
fo

od
 C

an
ad

a 
on

 0
2/

28
/2

0
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.nrcresearchpress.com/action/showImage?doi=10.1139/G10-039&iName=master.img-002.jpg&w=312&h=412


DH lines with no B-genome chromosomes, DH17 carries 19
pairs of chromosomes (2n = 38) with no Cy3 fluorescent
(red) signals (Fig. 3e), while DH21, with 37 chromosomes
(2n = 38–I), has one missing chromosome (Fig. 3f).

Phenotypic evaluation of DH lines
Variation within the 60 DH lines followed a normal distri-

bution for blackleg lesion length and for the following agro-
nomic traits: silique length, pedicle length, days to
flowering, days to maturity, number of seeds per silique,
and beak length (Table 2). However, while the distribution
of phenotypic traits followed a normal distribution, there
was also significant transgressive segregation for all these
traits (data not shown).

There are significant differences (p < 0.01) in the DH
population for blackleg lesion length, both internal and ex-
ternal (Table 3). The B. napus cultivar Westar is susceptible
to blackleg and showed a significant difference from the
B. carinata parent 17-009 (p < 0.01). However, most of the
DH lines used in this study were not significantly different
from Westar, except for DH39, which was similar to its
B. carinata parent. Both DH45 and DH21 were not signifi-
cantly different from Westar for any of the blackleg resist-
ance traits that we measured. The only DH line that
displayed any resistance was DH51, which displayed moder-
ate resistance for internal lesion length with a value of 5.5 ±
1.71 cm (Table 3).

The DH population was evaluated for agronomic and seed
quality traits in two seasons of field trials and data are pre-
sented in Table 2 and Table S3.3 Significant differences
were observed between the parental lines and the DH lines
for all the investigated traits (Tables 2 and S3). The two pa-
rents, Westar and B. carinata (17-009), were different for all
traits (p < 0.01) except pedicel length, leaf margin, and myr-
istic acid (C14:0) content. In the two seasons of measure-
ments, year did not have a significant effect on any of the
morphological or agronomic traits (Tables 2 and S3).

The effect of B-genome linkage groups on traits
The two groups of DH lines, those with (‘‘B+’’) and with-

out (‘‘B–’’) B-genome chromosomes, were statistically dif-
ferent for the following traits: leaf margin, days to
flowering, beak length, number of seeds per silique, C14:0
(myristic acid), C18:0 (stearic acid), C18:1 (oleic acid),
C18:2 (linoleic acid), C20:0 (arachidic acid), C20:1 (gado-
leic acid), C20:2 (eicosadienic acid), C22:0 (behenic acid),
C22:1 (erucic acid), C24:0 (lignoceric acid), C24:1 (nerv-
onic acid), and saturated fatty acids. These F values changed
slightly when the ‘‘B–’’ group was compared with lines of
the ‘‘B+’’ group individually (Tables 2 and S3). More spe-
cifically, it was found that DH45 differed from the ‘‘B–’’
group for days to flowering (p < 0.01; Table 3); this line
was not significantly different from its B. carinata parent
but was different from its B. napus parent (p < 0.05) for

Table 2. Comparison and statistical analysis of the parental and DH lines in two field trial seasons for key agronomic traits.

Trait

Leaf
margin

Days to
flowering

Days to
maturity

Pod
attitude

Silique
length (mm)

Beak length
(mm)

No. of seeds/
silique

Least square means (standard error) for parental and DH lines
Population mean 2.8 (0.02) 40 (0.5) 97.(1.1) 3.0 (0.05) 51.5 (0.36) 5.3 (0.10) 22 (0.29)
Mean of DH lines 2.8 (0.02) 39 (0.5) 96.(1.1) 3.0 (0.05) 52.0 (0.34) 5.3 (0.10) 22 (0.28)
17-009 2.2 (0.18) 52 (5.9) 114.(15.4) 1.0 (0.48) 42.1 (2.35) 3.8 (0.85) 13 (1.7)
Westar 2.4 (0.18) 43 (5.9) 98.(15.4) 4.5 (0.48) 53.2 (2.35) 7.0 (0.85) 19 (1.7)
DH45 1.7 (0.18) 48 (5.9) 99.(15.4) 2.5 (0.48) 47.9 (2.35) 8.7 (0.85) 23 (1.7)
DH51 1.9 (0.18) 40 (5.9) 99.(15.4) 3.0 (0.48) 43.8 (2.35) 7.8 (0.85) 17 (1.7)
B– 2.9 (0.08) 38 (1.6) 96.(4.9) 3.3 (0.22) 52.1 (1.46) 5.1 (0.31) 23 (0.98)

Single degree of freedom contrasts between lines with and without B-genome content
B+ vs. B– ** ** ns ns ns ** **
B– vs. DH39 ns ** ns ns ns ns **
B– vs. DH45 ** ** ns ns ns ** ns
B– vs. DH51 ** ns ns ns ** ** **
DH45 vs. DH51 ns ** ns ns ns ns *

Two-tailed t test comparison for individual lines
17-009 vs. Westar ns ** ** ** ** ** **
17-009 vs. DH39 * ns ns * ** ns ns
17-009 vs. DH45 ns ns * * ns ** **
17-009 vs. DH51 ns ** * ** ns ** ns
Westar vs. DH39 ns * ns ns ns ns **
Westar vs. DH45 ** ns ns ** ns * ns
Westar vs. DH51 ns ns ns * ** ns ns
Year ns ns ns ns ns ns .
Line ** ** ** * ** ** **
Line � year * * ** ** ** ns .

Note: ‘‘B+’’ is a group of three DH lines that carry at least one B-genome linkage group. ‘‘B–’’ is a group of three DH lines that fine
mapping proved to be without any B-genome content. *, significant at p < 0.01; **, significant at p < 0.05; ns, not significant.
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this trait. DH51 was significantly different from the ‘‘B–’’
group for number of seeds per silique and not different
from its B. carinata parent but had lower seed set (17 ± 1.7
seeds) than the other DH lines. For all measured traits ex-
cept days to flowering and number of seeds per silique,
DH45 and DH51 were not significantly different from each
other but were different from the ‘‘B–’’ group (p < 0.01).

Discussion
This is the first study that integrates molecular mapping

with molecular cytogenetics to analyze the inheritance of B-
genome chromosomes and traits in a B. napus background.
We were able to generate a molecular karyotype of the B-
genome linkage groups in each of six DH lines, using a set
of 184 informative markers (approximately 23 markers per
linkage group). To the best of our knowledge, this is the
first successful development of doubled haploid lines from
an interspecific Brassica cross including the B genome and
the first detailed identification and characterization of B-
genome-containing substitution lines. Brassica carinata has
not been used to date in an interspecific cross for the pur-
pose of transferring blackleg resistance, despite the fact that
this species has been shown to have very high levels of field
resistance in Australia (Marcroft et al. 2002). All the black-
leg resistance genes that have been mapped to date are lo-
cated on linkage group N7 of the A genome. Therefore, by
using B. carinata rather than B. juncea, we believed that we
could eliminate the concern about two potential resistance
sources, one from the B genome and one from N7.

During the generations of backcrossing and selfing used
in developing this material (Fig. 1), one of the selection cri-
teria was a resistant response to the blackleg fungus Leptos-
phaeria maculans. Chèvre et al. (2007) argued that selection
pressure can significantly affect the presence of additional
chromosomes in hybrid plants. In our study we observed
the presence of the J13/B7 chromosome in all the DH lines
carrying B-genome linkage groups. Christianson et al.
(2006) reported a blackleg resistance gene to be located on
J13/B7 of B. juncea. Additonally, the ‘‘E block’’ of Arabi-
dopsis chromosome 1, which aligns with J13/B7 (Panjabi et
al. 2008), also aligns with the segment of N7 of B. napus
where other blackleg resistance genes have been mapped
(Ferreira et al. 1995; Mayerhofer et al. 2005). Therefore, we

were optimistic that these lines would contain some degree
of resistance to blackleg. However, in the present study, no
significant correlation between the presence of J13/B7 or
any of the other B chromosomes and resistance to blackleg
was found. This could be due to the sample size of the lines
that were found to carry B-genome segments, which might
have been limited by the number of markers used at the first
genotypic screening (48 markers on eight linkage groups),
causing smaller chromosomal segments to be ignored. An-
other possibility is that it may be due to the presence of
multiple sources of resistance for this disease (Delourme et
al. 2006; Ferreira et al. 1995; Pilet et al. 1998, 2001). While
most resistance genes were found to be located on the A ge-
nome, new C-genome sources of resistance also have been
identified by Ananga et al. (2006) and Sebastian et al.
(2000).

The microsatellite markers for this study were specifically
chosen to amplify B-genome alleles; however, 46% of these
primers also generated PCR products in the A genome and
to a lesser degree in the C genome, based on a comparison
of the alleles derived from the A and C genomes in refer-
ence genotypes. This is not surprising, since Panjabi et al.
(2008) showed that three of the B chromosomes (B4, B5,
B6) have regions of homology with three of the A-genome
linkage groups (A4, A5, A6, respectively) and that there are
additional blocks in the A and B genomes of B. napus and
B. juncea that align with identical regions of the Arabidopsis
genome.

While it is now clear that the B genome shares some re-
gions of homology with the A and C genomes (Lagercrantz
and Lydiate 1996; Panjabi et al. 2008), the Brassica B-
genome chromosomes do not pair with chromosomes of the
A and C genomes in interspecific crosses (Meng et al.
1998). The B genome has significantly diverged from the A
and C genomes (Axelsson et al. 2000; Warwick et al. 1992),
as evident from cytological observations of preferential pair-
ing between homologous chromosomes in digenomic trip-
loids (BBC and CCB) generated from interspecific
hybridization between B. carinata and B. nigra and B. cari-
nata and B. oleracea (Attia et al. 1987). It has been esti-
mated that the B. nigra (B) and B. rapa/oleracea (A/C)
(Warwick et al. 1992) lineages separated from each other
about 7.9 million years ago, followed by the splitting of the
B. rapa and B. oleracea lineages (A and C) approximately

Table 3. Analysis of blackleg resistance in the DH population and a subset of DH lines.

Internal blackleg
lesion length (cm)

Relative internal
lesion length (cm)

External lesion
length (cm)

Relative external
lesion length (cm)

Max. 21 0.27 16.16 0.29
Min. 1.5 0.02 0.5 0.008
Mean 7.14 0.11 5.2 0.08
F value ** ** * **
B. napus ‘Westar’ 9.5a 0.15a 7a 0.11a
B. carinata 17-009 3.75b 0.05b 2.6b 0.033b
DH39 3.7b (1.56) 0.04b (0.03) 2.6b (2.11) 0.03b (0.02)
DH45 9.5a (1.56) 0.16a (0.03) 7.0a (2.11) 0.11a (0.03)
DH51 5.5c (1.71) 0.20a (0.03) 6.7a (2.59) 0.20a (0.03)
DH21 10.1a (1.56) 0.17a (0.03) 7.8a (2.11) 0.13a (0.03)

Note: *, significant at p < 0.01; **, significant at p < 0.05. Within a column, values followed by different letters are signifi-
cantly different based on a Tukey test.
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1 million years ago (Lagercrantz 1998). Comparative map-
ping studies indicate that the A and C genomes have under-
gone chromosomal rearrangements such as inversions and
translocations, presumably due to homoeologous recombina-
tion (Parkin and Lydiate 1997; Parkin et al. 1995, 2002,
2005; Sharpe et al. 1995).

There are considerable difficulties in mapping introgres-
sions in the Brassica genomes because of the occurrence of
sequence repetition, chromosomal rearrangements, and in-
sertion–deletions, which can result in altered chromosomal
structure and gene complement as well as abnormal recom-
bination frequencies (Mayerhofer et al. 2005; Parkin et al.
2005). In our study we were able to overcome these prob-
lems to some extent by using the AAFC reference maps
and knowing the size and location of each allele on the B-
genome linkage maps. We used a GISH assay with B. nigra
genomic DNA to allow us to visualize and distinguish the
B-genome chromosomes from the A- and C-genome chro-
mosomes (Ge and Li 2007; Hasterok et al. 2005; Maluszyn-
ska and Hasterok 2005; Snowdon et al. 1997). This allowed
us to track the B-genome chromosomes and to determine the
number of chromosomes in the DH lines. We were able to
show that the DH lines carrying the B-genome chromo-
somes contained them as a pair, which is not surprising,
given the doubled haploid nature of the lines. This indicates
that these lines were aneuploid before they went through the
process of becoming doubled haploid lines. However, the
GISH technique did not allow us to visualize the chromo-
some arms because of preferential painting of the centro-
meres. Therefore, cytological confirmation of segments that
are translocated would require chromosome-specific DNA
probes, which are currently not available. The presence of
multiple B-genome linkage groups (five of eight chromo-
somes) in DH39 is one possible reason why we never suc-
ceeded in germinating seeds from this line after doubling of
the haploid. The cytology study also provided us with infor-
mation on the chromosome number in each DH line. In most
cases the number of chromosomes in the negative controls
(DH lines without B-genome chromosomes) was the same
as in their B. napus parent (2n = 38); the exception was
DH21, which was randomly selected to be a negative con-
trol and had lost a single A or C chromosome. In multiple
spreads and chromosome counts, this line was always ob-
served to have 37 chromosomes (2n = 38–I). In this study,
we were able to identify three DH lines that contained B-
genome chromosomes from a population of 60 lines (5%).
Five of the B chromosomes (J12/B8, J13/B7, J14/B6, J17/
B1, J18/B3) were maintained in the BC2S3 plants. The low
frequency of lines carrying B-genome linkage groups is not
surprising given that in each generation there was selection
for B. napus–type plants and possibly natural selection
against gametes carrying a B-genome linkage group.

Our field data indicated consistent differences in a num-
ber of agronomic traits between the lines containing B-
genome linkage groups and those lacking them. For exam-
ple, lines DH45 and DH51 were significantly different from
the ‘‘B–’’ group in days to flowering and number of seeds
per silique. The DH population shows a significant trans-
gressive segregation for the following traits: days to flower-
ing, number of seeds per silique, oleic acid (C18:1) content,
and gadoleic acid (C20:1) content (Tables 2 and S3). Since

the DH population can potentially carry C-genome chromo-
some segments from the B. carinata parent, the variation
cannot be attributed exclusively to the presence of the B ge-
nome. Resolving this would require a more detailed investi-
gation of the chromosome architecture of the lines.

In summary, we have demonstrated that B-genome chro-
mosomes can be transferred into B. napus using a backcross-
ing program and that ‘‘stable’’ addition lines carrying two
copies of the specific B-genome chromosome can be pro-
duced and maintained. However, there are still significant
challenges to developing genotypes with introgressed B-
genome material. This is because the B-genome chromo-
somes appear to be inherited as either whole chromosomes
or chromosomes with terminal deletions.
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nard, M., and Chèvre, A.M. 1998. Selection of stable Brassica
napus-Brassica juncea recombinant lines resistant to blackleg
(Leptosphaeria maculans). 2. A ‘to and fro’ strategy to localise
and characterise interspecific introgressions on the B. napus gen-
ome. Theor. Appl. Genet. 96(8): 1097–1103. doi:10.1007/
s001220050844.

Chevre, A.M., Eber, F., This, P., Barret, P., Tanguy, X., Brun, H.,
et al. 1996. Characterization of Brassica nigra chromosomes
and of blackleg resistance in B. napus–B nigra addition lines.
Plant Breed. 115(2): 113–118. doi:10.1111/j.1439-0523.1996.
tb00884.x.
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