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ABSTRACT

Brassica carinata, an allotetraploid with B and C genomes, has a number of traits that would be valuable
to introgress into B. napus. Interspecific hybrids were created between B. carinata (BBCC) and B. napus
(AACC), using an advanced backcross approach to identify and introgress traits of agronomic interest
from the B. carinata genome and to study the genetic changes that occur during the introgression process.
We mapped the B and C genomes of B. carinata with SSR markers and observed their introgression into B.
napus through a number of backcross generations, focusing on a BCg and BCsS; sibling family. There was
close colinearity between the C genomes of B. carinata and B. napus and we provide evidence that B.
carinata C chromosomes pair and recombine normally with those of B. napus, suggesting that similar to
other Brassica allotetraploids no major chromosomal rearrangements have taken place since the
formation of B. carinata. There was no evidence of introgression of the B chromosomes into the A or C
chromosomes of B. napus; instead they were inherited as whole linkage groups with the occasional loss of
terminal segments and several of the B-genome chromosomes were retained across generations. Several
BCsS; families were analyzed using SSR markers, genomic in situ hybridization (GISH) assays, and
chromosome counts to study the inheritance of the B-genome chromosome(s) and their association with
morphological traits. Our work provides an analysis of the behavior of chromosomes in an interspecific

cross and reinforces the challenges of introgressing novel traits into crop plants.

NE of the limitations of modern crop breeding is

the reduction in available genetic variability in
cultivars for most crop species, resulting from succes-
sive generations of artificial selection. Wild relatives, on
the other hand, maintain a wide range of allelic
diversity for important traits such as disease resistance
and enhanced stress tolerance. The “advanced back-
cross” approach allows the transfer of genes controlling
useful agronomic traits that are not present in the
crops’ natural background, while identifying the
genomic regions and potentially the genes controlling
specific traits (TANKSLEY and NELsoN 1996). To adapt
this approach effectively from intra- to interspecific
crosses, detailed knowledge of the genetic character-
istics of crop plants and their wild relatives is important
in predicting the consequences of backcrossing. In-
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terspecific crosses have been widely used to attempt to
introgress desired traits into specific genetic back-
grounds and increase genetic diversity, but are often
unsuccessful. Factors such as limited chromosome
homology and low rates of recombination can make
it difficult to introgress the target trait and the resultant
linkage drag can lead to the simultaneous introduc-
tion of undesirable phenotypes (BROwN et al. 2003;
DESLOIRE et al. 2003).

The genus Brassica, because of extensive genetic
mapping and close homology to Arabidopsis, has a
number of tools available to assess interspecific hybrids
and to detect the transfer of traits between different
species. The morphology of leaves, flowers, and pods
has been successfully used to distinguish the species of
the Brassicaceae (Gomez-Campo 1980), but may be
ambiguous for determining true hybrids, which, de-
pending on the trait, are often more similar to one of
the parents than to the predicted intermediate pheno-
type. Cytogenetic methods, such as chromosome band-
ing in wheat (GiLL and KIMBER 1977) and fluorescent in
situhybridization (WANG et al. 2006), can also be used to
visualize the genomic constitution of hybrids and the
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meiotic behavior of the chromosomes (ArTIiA and
ROBBELEN 1986; HENEEN and JORGENSEN 2001). These
methods have also been used to identify genomic
regions in common between closely related species
and to detect introgressed segments from wild relatives
(CHEVRE ef al. 2004). Introgressed segments can also be
accurately assayed using molecular markers. Currently,
a large number of markers are available for the Brassica
genomes (A, B, and C) that have been used in recent
years to tag simple Mendelian traits and to map
quantitative trait loci (MAHMOOD ¢! al. 2007) and can
be used to detect interspecific hybrids and genetic
introgression.

PANJABI et al. (2008) used intron polymorphism (IP)
markers to identify a high degree of colinearity between
the A and B genomes of Brassica juncea with the A
genome of B. napus and the B genome of B. nigra,
respectively, which suggested low levels of chromosomal
change after polyploidization. Cytological observations
in digenomic triploids (BBC and CCB) generated from
interspecific hybridization between B. carinata and B.
nigra and between B. carinata and B. oleracea indicated
that the Brassica B genome chromosomes may not form
homeologous pairs with chromosomes of the A and C
genomes in interspecific crosses (MENG et al. 1998).
Likewise on the basis of molecular cytogenetic evidence,
the structure of the genome affects the frequency of
homologous and homeologous pairing during meiosis,
where there were more A-C genome associations ob-
served than A-B or B-C in an interspecific cross of B.
napus and B. carinata (MASON et al. 2010a). On the basis
of these data and early mapping studies (LAGERCRANTZ
and LypiaTe 1996), it was recognized that the B
genome has significantly diverged from the A and C
genomes and was not considered homeologous to any
A/C genome chromosomes (WARWICK ef al. 1992;
AXELSSON et al. 2000). However, despite the lack of
pairing observed, more recent mapping studies have
shown that the B genome shares a surprising number
of homologous regions with the A and C genomes
(LAGERCRANTZ and LYDIATE 1996; PANJABI et al. 2008).
Comparative mapping of different Brassicaceae line-
ages indicates the presence of 24 conserved genome
blocks in B. napus (PARKIN et al. 2005; SCHRANZ et al.
2006). PANjJABI ¢t al. (2008) showed intact ancestral block
arrangements during evolution, as well as significant
homology between three linkage groups of the B genome
(B4, B5, and B6) and the A genome (A4, A5, and A6).

One of the goals of Brassica oilseed research pro-
grams is the stable introgression of novel traits from wild
or closely related species into cultivated canola plants
through interspecific crosses (Ky et al. 2000). The
Brassica species containing the B genome, B. nigra, B.
carinata, and B. juncea, possess valuable agronomic traits
including blackleg resistance (caused by Leptosphaeria
maculans), heat and drought tolerance (Kumar et al.
1984), aluminum tolerance (HUANG ef al. 2002), and

tolerance to salinity (MALIK 1990). Several groups have
tried to introgress blackleg resistance and silique shatter
resistance from the B genomes of B. juncea and B. nigra
into B. napus species; however, these traits have not been
successfully transferred into commercial germplasm (Roy
1984; PrakASH and CHOPRA 1988; GERDEMANNKNORCK
et al. 1995; CHEVRE el al. 1997; DixeELius and WAHLBERG
1999; RouSSEL et al. 1999).

More recently, the introgression of B-genome mate-
rial into the A/C genome was traced using florescent in
situ hybridization (FISH) of B-genome-specific repeti-
tive DNA (ScHELrHOUT et al. 2006). The Brassica B
genome appeared to be excluded in favor of homolo-
gous and homeologous pairing of A and C genomes in
interspecific crosses among Brassica species (MENG et al.
1998); however, in these crosses of B. rapaand B. carinata,
several of the B chromosomes were also maintained for
several generations.

In this article, we describe the development of an
interspecific hybrid population between B. carinata and
B. napuswith the purpose of using an advanced backcross
approach to (1) introgress traits into advanced germ-
plasm, (2) provide information on the inheritance of
different chromosomes from a close relative, and (3)
map agronomically interesting traits. We demonstrate
the production of lines carrying B-genome chromosome
segments and track these segments using molecular
markers and cytogenetic techniques at each stage of
backcrossing. At a more fundamental level, we hypothe-
sized that specific B-genome chromosomes could be
maintained and tracked through a backcrossing pro-
gram. We were particularly interested in whether B-
genome material could be introgressed by pairing of
homeologous chromosomes. These interspecific hybrid
lines provide material for an analysis of the structure of
the C genome of B. carinata and represent both founda-
tional germplasm and a tool for the comprehensive
analysis of the B genome.

MATERIALS AND METHODS

Development of the plant material: B. napus PSA12 is an
artificially resynthesized B. napus, which was chosen on the
basis of the observation that this genotype exhibits reduced
pairing control and therefore might undergo nonhomolo-
gous pairing more frequently than established commercial
cultivars (D. LYDIATE, personal communication). BCA-070 is
recorded as an Ethiopian B. carinata line, which was derived
from an accession that we accessed from the Australian
Temperate Field Crops Collection at Horham, Victoria,
Australia. This line possessed several desirable agronomic
and disease resistance traits (PURWANTARA et al. 1998) and was
kindly donated by Phil Salisbury (University of Melbourne,
Australia). One inbred BCA-070 plant was crossed to a single B.
napus PSA12 individual through bud pollination and 10 F;
hybrid plants were generated through tissue culture from
immature ovules, which were excised from 3-week-old siliques
and sterilized in 10% bleach for 1 min. The ovules were then
cultured on modified Murashige and Skoog (MS) media
containing 300 mg/liter casein hydrolysate, 2.5 g/liter gelrite,
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(5 plants) KCN 10-2-11
BC; (88 plants)

|

BC;S,-Introgressed Families

F1GURE 1.—Pedigree and crosses used in the development
of the BCg lines and the BCsS; families used in this study. No
selection was performed in any generation, except the F,
plants, which were chosen in part by seed set. At the BCs gen-
eration 88 individuals were selected for SSR genotyping, and
17 individuals were then selected to generate the BCsS; intro-
gressed families (IFs). These IFs were phenotyped for mor-
phological traits where six families were chosen for SSR
genotyping as well as FISH confirmation.

and 50 g/liter sucrose. Ovules were transferred to fresh
modified-MS media as needed. Surviving ovules were cultured
until germination or callus formation and were subsequently
transferred to 100 ml of modified-MS medium containing
0.15 mg/ml solution of naphthaleneacetic acid (NAA). Well-
rooted plantlets were then transferred to soil-less media (280
MetroMix; Sungro, Vancouver, BC, Canada).

Assingle female F; plant (KCN-10) was selected and crossed
with the original PSA12 clone to generate 40 BC; plants, 6 of
which were genotyped in detail (Figure 1). These BC; plants
were grown to provide leaf material for genomic DNA
extraction and selfed to produce seed (BC;S;) and a single
BC; plant (KCN-10-2) was crossed to the PSA12 clone to
generate BCy seed. Five of the BCy plants were genotyped in
detail. One BCy plant (KCN-10-2-11) was then chosen to
generate a large BC3 mapping population. The resultant BCs
plants were selfed to generate the BCsS; population. Seven-
teen BCsS; families, derived from BCs plants containing B
genome chromosomes (determined by microsatellite markers),
were phenotyped and designated as introgressed families (IF).
Of these, 5 IFs were genotyped with SSR markers and used in
genomic in situ hybridization (GISH) assays (Figure 1). Eleven
plants of each of the 17 BC5S; families and their parents were
planted in Metro Mix 290 (Grace Horticultural Products, Ajax,
ON, Canada) and grown in a growth cabinet set at 21°/18°
(day/night) with a 16-hr photoperiod. Fertilization was done
every second week with 200 parts per million liquid solution of
Peres 20-20-20 (N-P-K) (Plant Products, Brampton, ON,
Canada) to fill up the pots with liquid, which was allowed to
drain. Plants were grown in two replicates and evaluated for
morphological traits as described below (Figure 2). Each
replicate included 11 individuals from the 17 families.

Genomic DNA extractions, Southern hybridization, and
microsatellite analysis: Genomic DNA extractions and South-
ern hybridizations, confirming the hybrid genotype of KCN-

FIGURE 2.—Segregation of the morphological traits in the
BCg backcross populations: (A) flower color, (B) leaf shape,
(C) leaf color, and (D and E) stem color.

10, were carried out as described in SHARPE et al. (1995).
Microsatellite primer pairs, derived from B. nigra, B. juncea, B.
rapa, and B. napus, with defined loci in the Brassica A, C, and B
genomes were developed by Agriculture and Agri-Food
Canada (AAFC), Saskatoon Research Station (http:/www.agr.
gc.ca). From these, a subset of markers that identified poly-
morphic loci in the Brassica C and B genomes was used to
characterize KCN-10 and the different backcross generations.
Amplification and resolution of microsatellite alleles by PCR
and capillary electrophoresis were performed as described in
NAVABI ¢t al. (2010).

Allele identification: The assignment of the Brassica Band C
genomic markers to specific linkage groups was achieved by
aligning the new linkage map with published maps through
common markers (PARKIN et al. 2005; SUN et al. 2007; PANJABI
et al. 2008). The universally agreed nomenclature system as
introduced at www.brassica.info is adopted. Using the AAFC
reference maps (based on two B. napus and one B. juncea
reference mapping populations) (PARKIN et al. 1995; SHARPE
et al. 1995; LAGERCRANTZ and LYDIATE 1996; AXELSSON et al.
2000), markers were selected that mapped at regular intervals
along each B and C genome chromosome and that ideally
amplified only one or two loci. The SSR markers were
evaluated to compare allele sizes in the parents of KCN-10
and in the experimental population to those characterized in
the AAFC reference populations and appropriate representa-
tive B. nigra (BB), B. oleracea (CC), and B. rapa (AA) lines. This
allowed the assignment of markers to previously mapped loci
(on the basis of identical allele size) and confirmed the
genome origin for those not previously mapped.

Analysis of specific linkage groups in BC3S; IF lines: Leaf
tissue samples were collected from 11 plants from each of 17
BCsS; families at the four- to five-leaf stage, and DNA was
extracted using Sigma’s GenElute Plant Genomic DNA Mini-
prep Kit (Sigma, St. Louis).

Six BC3S; families (IFs) were selected on the basis of SSR
analysis and analyzed for the segregation of different mor-
phological traits as described above. From a total of 1242 B-
genome microsatellites, 103 markers for the linkage groups
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B3, B5, B6, and B8 were selected due to the presence of these
four B-genome chromosomes in the parental BCs plants in the
six BC3S; families. The molecular marker analysis was con-
ducted as described in NAVABI et al. (2010).

Linkage analysis: Microsatellite markers that amplified one
or more polymorphic loci were scored to generate scoring
matrices. The assignment of loci to linkage groups was
accomplished using both comparative mapping and linkage
analysis. For the comparative mapping, marker loci were
assigned to a specific linkage group, on the basis of the
published maps as described above. For the initial linkage
association, a minimum LOD score of 4.0 and a maximum
distance of 50.0 cM were used. A LOD score of 3.0 was used to
bridge any larger gaps. Recombination frequencies were
converted to Kosambi centimorgan map distances (KosAMBI
1944). Following initial assignments, the linkage analysis was
completed using a LOD score of 3.0 with the “ripple” and
“automap” mapping functions of the MapDisto 1.2.0.3 soft-
ware package (LORIEUX ef al. 2000). Segregation distortion for
the mapping populations was verified with chi-square tests
contrasting expected 1:1 allele segregation with the values
observed. Graphical genotypes were constructed by assuming
that if two adjacent markers were from the same parent, then
the intervening block was also from that parent (TANKSLEY
et al. 1989). Conversely, if adjacent markers differed in parental
origin, then the intervening block was assumed to contain a
crossover event. The graphical genotype was then constructed
to minimize the total number of crossover events required to
explain a given genotype. The probability of undetected
multiple crossovers between two markers would be low for
early generation hybrids and for small marker distance
intervals (RIESEBERG et al. 2003).

GISH assay on BC3S; IF lines: To confirm the presence of
B-genome chromosomes, flower buds from the six selected IFs
used for marker analysis were used for GISH/FISH analysis
using Brassica genomic DNA and a 45S DNA probe. Immature
flower buds collected from two to three plants of each family
were used for mitotic and meiotic chromosome spreads. Slides
were prepared following tissue maceration with pectolyase and
cellulase (KaTo et al. 2004; LAMB and BIRCHLER 2006). B. nigra
and B. oleracea genomic DNA and repeated sequences were
labeled fluorescently (Navasl et al. 2010). A 45S DNA clone
was also used as a probe to detect nuclear organizing regions
(NORs). Fluorescent in situ hybridization was performed
following the method of Kato et al (2004) with slight
modifications, as described in NAVABI et al. (2010).

Statistical analysis of morphological traits on BC3S; IF
lines: Morphological traits were measured using predefined
descriptors for Brassica (IBPGR 1990) with minor modifica-
tions (supporting information, File S1). Morphological data
collected from two trials were used to perform the statistical
analysis. A marker regression approach (Kearsey and HyNE
1994) was used to test for an association of the B-genome
chromosome(s) with each trait. Analysis of variance was
performed using the PROC MIXED command of SAS soft-
ware, followed by “LSmean” and “boxplot” statements to
calculate the statistics of the population (SAS INsTITUTE 1989)
and distribution of each trait (Figure 3). The null hypothesis
was that the presence of the B genome had no effect on the
trait under evaluation (Table S1). In the simplest linear model
of regression, the phenotypic value of individual j(Z) is a
function of mean value (p), effects (4,) of different chromo-
somes (x;) on the phenotype, and residual error (¢)
following the model Z; = pn+ » bix; + ¢, When two or more
markers are considered, the effect (b;) corresponds to the
multilocus marker genotype; the evidence of a linked QTL is
provided by a significant R? which is the fraction of
phenotypic variance accounted for by the marker genotype

(LyncH and WaLsH 1998). In addition, the segregation of
the B-genome chromosomes for fit to a 3:1 ratio was tested by
the x*test, using the formula x* = > (0; — E;)*/E;.

0;is the observed number of the chromosome of either the
B+ or the B— class in each family and E; is the expected value
under a segregation ratio of 3:1, assuming that the chromo-
somes are segregating in a Mendelian manner.

RESULTS

Generation of B-genome interspecific lines: The
interspecific cross between B. napus (PSA12) and B.
carinata (BCA-070) required embryo rescue to generate
F; hybrids. Ten F; plants were confirmed to be hybrid via
RFLP hybridization using four probes (SHARPE el al.
1995; Steap 2009), and the F; hybrid KCN-10 was
crossed with PSAI2 to generate the subsequent back-
cross populations. A single F; plant (KCN-10) was
selected randomly from 10 fertile F; plants and used
to generate a BC; population of 6 plants. KCN-10-2 was
then selected randomly from these 6 plants and used to
generate a BCy population of 5 plants, from which KCN-
10-2-11 was chosen. KCN-10-2-11 was then used as the
parent of the BCs mapping population of 88 plants
(Figure 1).

Introgression of the C genome of B. carinata with the
B. napus C genome: The marker scoring data for the
original F; through to the BCs family are presented in
Table S2. A number of SSR markers amplified loci from
genomes they were not originally derived from. Of 170
B. napusspecific SSR markers 20% (34) also amplified loci
in the B genome of B. nigraand B. carinata. Only 2 markers
(1.4%) amplified loci in the C genome from a set of 138 B.
Juncea B-genome-specific markers.

The B. napus C genome has been identified and
mapped in a number of Brassica populations by several
groups and has been determined to comprise nine
linkage groups: N11-N19 (SLocum et al. 1990; PARK
et al. 1995; SHARPE et al. 1995; PIQUEMAL et al. 2005; SUN
et al. 2007). Using the approaches described above, we
identified the nine C-genome chromosomes of B. carinata.
However, due to the backcrossing approach used, the
B. carinata C genome represented only a small percent-
age of the overall C genome in the BCs hybrid plants.
C-genome-specific microsatellite markers amplified the
same or similar loci in B. carinata and B. napus as shown
by similar sized alleles, the lack of segregation distor-
tion between the alleles (Table 1), and the pairing and
recombination observed for each backcross genera-
tion. Most of the alleles from the B. carinata C genome
were not inherited in the BCs population (due to
backcrossing to B. napus); however, the KCN-10 BC,
and BC, families were evaluated to track the B. carinata
allele loss from the F; generation through to the BCs
generation (Table 2). Figure 4A illustrates two of the
C-genome linkage groups (N11 and N13), where recom-
bination continued to occur in each backcross genera-
tion, resulting in the loss of the B. carinata C-genome
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alleles as outlined in Table 2. Assuming normal pairing
and segregation, the B. carinata C alleles were preferen-
tially lost in the BC; generation, with on average 38% of
the loci retaining an allelic copy from the B. carinata C
genome, while in the subsequent backcross generation
only 20.5% of loci maintained B. carinata C-genome alleles.

Mapping of the B-genome linkage groups in the
backcross populations: The B-genome linkage groups
of the KCN-10 mapping population were identified by
aligning putative linkage groups with the AAFC refer-
ence maps via common marker alleles (PARKIN and
LyDIATE 1997; AXELSSON et al. 2000). Table 3 and Figure
4B illustrate the B-genome content of the KCN-10
population during each successive generation of back-
crossing, by analyzing a subset of lines from the BC; and
BCy populations. In contrast to the normal recombina-
tion behavior between the C genomes of B. napus and
B. carinata, the chromosomes from the B genome were
either missing or present largely as complete chromo-
somes, although there were a number of cases where
small terminal deletions had occurred. Linkage groups
B2 and B3 from the B genome were, at least partially,

retained in most of the BC; population while the
remaining B linkage groups were maintained in at least
one of the BC; individuals (Table 3). At the BCy stage B5
had been almost completelylostin all of the lines. There
was one interesting region of B5 (identified by the
markers sB2334x and SB31111Bx) that could be tracked
through to the BCg generation. It appeared that this
segment of B5 may have been translocated to either N1
or N11, due to cosegregation of these markers with a
marker that can be mapped to either of these two
homeologous linkage groups. The mapping parent for
the third backcross, KCN-10-2-11, carried loci from only
four B-genome linkage groups (B3, B6, B7, and BS8), in
addition to the two markers from B5. A selection of
markers specific to Bl, B2, and B4 were assayed to
confirm that the remaining B-genome linkage groups
were absent from the BCy and BCg lines (Table S2).
Inheritance of B-genome linkage groups in the
BCs3S; families: Most of the B-genome chromosomes
in BC3S; plants tended to be inherited as intact linkage
groups; however, loss of terminal segments or trans-
locations was detected in several cases (Figure 4C). For
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TABLE 1

Allele segregation x*values for the B and C genomes in the BC3 mapping population

LG Marker x? 1:1 P S LG Marker x? 1:1 P S
B3 s]1322x 23.84 0 Hoketokok | B7 sB1871x 33.05 0 Fokgkk |
B3 sB3910A 9.67 0.00188 ek | B7 sJ]39119ia 26.45 0 Rtk |
B3 sJ1071B 0.02 0.87879 NS B7 sB1538BB 34.77 0 Hkkkk |
B3 sB2668 7.25 0.0071 w3 | B7 sJ13133a 30.6 0 Rtk |
B3 sB0862a 9.89 0.00166 w3 | B7 sJ1536a 36.47 0 Rtk |
B3 sB02124B 14.63 0.00013 wedk | B7 sB0570a 38.22 0 HdERE |
B3 sB1752x 11.31 0.00077 ek | B7 s]4633a 39.12 0 etk |
B3 sB2771a 8.38 0.0038 wek | B8 sB4727Fa 51.86 0 Hkkokk |
B3 sJ0266¢ 12.49 0.00041 Hedk | B8 sBO860Aa 30.73 0 Hakack |
B5 sB2334x 0.11 0.74488 NS B8 sB1728a 34.71 0 Rtk |
B5 sB31111Bx 0.45 0.50233 NS B8 sJ2013B 27.84 0 FdwAE |
B6 sB1839x 7.53 0.00607 ek | B8 s]3327Rx 31.44 0 Rtk |
B6 sB1755B 8.58 0.00341 wk | B8 sJ0143c 31.25 0 HdgE |
B6 sB1956a 8.24 0.00409 wak | B8 sJ0397Ra 30.73 0 FdkEE |
B6 sB4727FB 88 0 HdkE | B8 sB2596a 30.73 0 Hkkkk |
B6 sB1772ia 11.2 0.00082 wEE | N17 sORC76 0.05 NS

B6 sB0273B 0.49 0.4855 NS N17 sN12508i 0.1 NS

B6 sJ1505a 3.56 0.05935 NS N17 sS1949 1.64 NS

B6 sJ0502a 5.73 0.0167 *| N11 sn1838 3.68 NS

B6 sB254b5a 27.94 0 iokaoiall) NI11 sn11910 1.39 NS

B6 sJ46102y 41.02 0 Fakkok | NI11 sN9431 2.23 NS

N13 sn0744 3.68 NS

Normal segregation for the C-genome loci on N chromosomes and tendency for distortion against B. carinata alleles in the B
genome are shown. LG indicates the linkage group to which core markers were assigned in the KCN-10 mapping population. Chi-
square values (x*) used a 1:1 expected allele ratio. NS, not significant; * to ***** significant (P < 0.05) to highly significant (P <
0.0001). Arrows indicate distortion in favor () of a lower frequency of the B. carinata alleles.

example, the family IF-42 carried only the terminal
segment of B7, while it was present as a whole chromo-
some in IF-29, IF-103, and IF-115 (Figure 4C). Similarly,
the terminal segment of B3 was present in IF-103, while
B3 was mostly conserved in IF-29 and IF-42 (Figure 4C).
B8 was found to exist as a whole chromosome in IF-174;
no deletions of this chromosome appeared to have
occurred in this family (Figure 4C).

In the BCsS; families where B-genome chromo-
some(s) were detected, the BCs female plant would
have been carrying one copy of these chromosomes.
Assuming Mendelian segregation in these BCs plants, it
is expected that the chromosomes would segregate in

the BC3S; plants in a 1:2:1 ratio. On the basis of the SSR
marker data it was not possible to differentiate between
the BC3S; plants carrying one or two copies of a given B-
genome chromosome; therefore a 3:1 segregation ratio
for the presence or absence of the B-genome chromo-
some was tested in the BCsS; families. The transmis-
sion rate of B-genome chromosomes from the BCs to
the BC3S; generation was found to vary depending on
the chromosome. For example, 8 of the 11 plants of the
family IF-30 inherited B6, and 6 of the 11 plants of the
family IF-29 inherited the chromosome B8. We observed
that B3 and B6 segregated in a Mendelian fashion,
whereas B7 and B8 are clearly selected against.

TABLE 2

Loss of B. carinata C alleles in the KCN-10 mapping populations: the percentage of loci on each linkage group having one
C-genome allele from the B. carinata parent, at each backcross generation

Generation (% expected) N11 NI2 NI13 NI4 NI15 N16 NI17 NI8 NI19 Mean

KCN-10-F;, 1 individual, no. of markers used 15 8 15 14 5 4 11 8 7 10.3
KCN-10-BC;, 6 individuals, % loci with B. carinata alleles (50%) 28 27 43 40 40 375 51 35 42 38

KCN-10-BCo, 5 individuals, % loci with B. carinata alleles (256%) 16 5 24 18 40 20 25 20 22 20.5
KCN-10-BCs, 88 individuals, no. of alleles present 4 0 2 1 0 1 3 2 2 2.3

The percentages of lines that had inherited B. carinata C alleles in the BCy, BCy, and BCg generations of the KCN-10 population
are shown. Percentages are calculated on the basis of the number of loci where B. carinata C-genome alleles were detected for each
C-genome linkage group, present at each generation, F; plants behaved normally, and the polymorphic SSR markers had one B.
napus and one B. carinata allele.
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Cytological tracking of the B-genome chromosomes:
Using in situ hybridization, we determined which BCg
plants containing the different B-genome chromosomes
were chromosomal addition lines (Figure 5). Genomic
DNA from B. nigra was used to detect the B-genome
chromosome content in the BCsS; families (Figure 5).
On the basis of the molecular marker data, it was
possible to predict the number of B-genome chromo-
somes introgressed into the BC3S,; segregating families.
The GISH technique allowed visualization of the B
chromosomes in these materials. On the basis of the
presence of B-genome-specific alleles detected using
molecular markers, it was determined that the BCsS;
family IF-29, as well as its corresponding BCs parent,
carried the chromosomes B3, B7, and B8. GISH analysis
of three plants from this family showed one or two
signals from B-genome chromosomes (Figure 5, A-C),
with chromosome counts of 2n =37 + 1B, 2n= 38 + 2B,
or 2n =38 + 1B (Table 3). The line IF-29-2 was found to

carry 37 AC chromosomes (2n = 37 + 1B), apparently
due to the loss of an A- or C-genome chromosome and
substitution with a B-genome chromosome, while the
other lines tested appeared to be addition lines. In the
case of the IF-30, signals from B6 were expected to be
observed. Although GISH analysis supported this in one
of the three plants tested (2n = 38 + 1B) (Figure 5D),
the other two plants had 27 = 40 chromosomes with no
B genome signals observed. These data suggested that
these plants have gained an A- and/or C-genome
chromosome due to abnormal chromosome segrega-
tion (Table 3 and Figure 5, D and F). The family IF-42
segregated for both B3 and B7 (Table 4). One of two
plants from this family produced three signals specific
to B-genome chromosomes (2n = 39 + 3B; Figure 5G).
On the basis of SSR marker data for this line, either B3
or B7 has fragmented and been introgressed fully in
the AACC genomic background (Figure 5G). The
other plant from this family (IF-42-2) carried 2n = 36
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chromosomes and produced only faint signals from
small segments of the B genome (Figure 5H and Table
4). These signals appear to result from the translocation
of a small segment of the B7 onto the terminal segment
of either an A or a C chromosome (Figure 5H and Table
4). The two plants of IF-103 carried B7, and a single B-
genome signal was observed. These plants had 37 AC-
genome chromosomes, suggesting the loss of an A or a
C-genome chromosome pair and the gain of one B-
genome chromosome (Figure 5I and Table 4). In the
case of the family IF-115, two B-genome chromosomes,
B3 and B7, were expected to be observed. The GISH
assay identified two signals in one of the three plants
tested, presumably from two B-genome chromosomes,
and that plant had a chromosome count of 2n = 38 + 2B
(Figure 5]). The second plant carried 37 chromosomes

7. K. Navabi et al.
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(Figure 5K) with a single signal from either B3 or B7.
The third plant of this family had 2n = 36 chromosomes
with no observable B genome, indicating the loss of two
AC chromosomes (Table 4). On the basis of molecular
marker data, it was expected that the chromosome B8
would be present in plants of IF-174. However, no B-
genome chromosome signal was detected in any of the
three plants studied (Figure 5, M—O). These plants
had chromosome numbers of 2n = 36, 37, and 38
(Table 4), indicating that two of these plants had lost
AC chromosomes.

Distribution of morphological traits in backcross
populations: Morphological traits specific to the B. carinata
parent were observed to segregate in all backcross gen-
erations (Figure 2). Significant differences (P <0.01),
revealed by the ANOVA test, occurred between the
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introgressed families (IFs) for the following traits: coty-
ledon retention, leaf incision, blade blistering, days to
flowering, stem color, stem length, number of branches,
silique length, silique width, days to maturity, and stem
color (Table S1). For days to flowering (DTF), the family
IF-72 with no B-genome chromosome content had the
carliest flowering, with a mean value of 28.9 DTF; while
the family IF-29, segregating for three B-genome chro-
mosomes, had the greatest number of DTF with a mean
of 41.1. For days to maturity, the family IF-1, in which no
B-genome chromosome could be detected, was the latest
to mature with a mean value of 79.4 days to maturity;
while the family IF-30, carrying B6, was the earliest
maturing line, requiring an average 65.0 days (Table SI).
For stem color, the family IF-1, with no B-genome chro-
mosomes, had the greenest color whereas the families IF-
29 and IF-30 had the highest qualitative value of 3.3
with green—purple stem color (Table S1). The family IF-
81, carrying B3, was the tallest, with a mean height of
82.2 cm, while the family IF-72 had the lowest height
(58.8 cm) among the introgressed families (Table S1).
The distributions of the BC3S; plants in each of the 17
families for different morphological traits are presented
as boxplots in Figure 3. These boxplots compare the
distribution between several sets of data and show the
mean, median, maximum, and minimum values in each
IF line. For qualitative traits such as leaf division and

BC3 Parent

BC3 Parent

seed color, there was little diversity within the families
(data not presented).

Among the two ripening-related traits, the number of
days to flowering showed much less variability, with 50%
of the data points within the families being closer to the
median, compared to days to maturity, where signifi-
cantly greater variation was observed (Figure 3). Simi-
larly silique width generally showed less variability
within the families compared to silique length (Figure
3). The families 1F-29 and IF-30 had a much darker
purple stem color, while IF-115 and IF-7 were signifi-
cantly differentin the number of primary branches (data
not shown).

The alien B-genome chromosome (s) in the AC-genome
background were found to have significant effects on
cotyledon retention, leaf margin, leaf incision, days to
flowering, stem color, flower color, stem length, beak
length, and days to maturity. The R? values, although
small due to the limitations of this study, showing the
amount of variation explained by these B-genome
chromosomes are presented in Table 5.

The B-genome chromosome B3 was found to have a
significant effect on leaf margin, explaining 16% of the
phenotypic variation. This linkage group (L.G) also had
a minor but significant effect on stem color and stem
length, explaining 5% of the total phenotypic variation
for these traits (Table 5). The chromosome B6 ex-


http://www.genetics.org/cgi/data/genetics.110.124925/DC1/3
http://www.genetics.org/cgi/data/genetics.110.124925/DC1/3
http://www.genetics.org/cgi/data/genetics.110.124925/DC1/3
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TABLE 3
B-genome content of the KCN-10 BC; and BC, families

Individual Bl, % B2, % B3, % B4, % B5, % B6, % B7, % B8, %
KCN-10 100 100 100 100 100 100 100 100
BC,

KCN-10-1 0 94 100 0 100 81 62 100
KCN-10-2 100 100 93 88 36 100 100 100
KCN-10-3 20 78 100 75 21 100 100 100
KCN-10-4 0 44 100 0 28 27 0 0
KCN-10-5 100 94 100 88 100 100 100 100
KCN-10-6 0 0 0 0 0 0 0 0
BCy
KCN-10-2-4 0 85 81 71 15 88 0 0
KCN-10-2-8 0 0 88 0 0 0 100 100
KCN-10-2-11 0 0 73 0 20 100 100 100
KCN-10-2-13 100 85 88 0 16 100 13 100
KCN-10-2-14 85 0 0 0 8 100 20 0

Individuals comprising the KCN-10 sibling families are aligned on the vertical axis, and the B-genome chro-
mosomes are aligned along the top. The percentages of markers present on each LG are calculated on the basis

of the portion of markers that showed amplification.

plained 22% of the total phenotypic variation for cotyle-
don retention and had a minor but significant effect on
stem color and flower color, explaining 6 and 8% of the
phenotypic variation, respectively (Table 5). While B7
explained 23% of the variation for leaf margin, this
chromosome also had significant effect on leaf in-
cision, flower color, and beak length, explaining 8, 6,
and 5% of the variation, respectively (Table 5). The
only chromosome having a significant effect on days to
flowering was B8, which explained 8% of the total
phenotypic variation. This chromosome also ex-
plained 6 and 8% of the variation for flower color
and days to maturity, respectively (Table 5).

DISCUSSION

An understanding of the effect of whole chromosome,
chromosome segment, and gene introgression has been
essential to the analysis of key agronomic traits. The
Mi gene that was introgressed from Lycopersicon
peruvianuminto L. esculentumis the key gene providing
nematode resistance in tomato and its value has been
estimated at $3 billion US per year (MILLIGAN el al.
1998; Rosst et al. 1998; SEAH et al. 2004). In the genus
Brassica, the Rforestorer gene from radish (Raphanus
sativus) has proven to be the key restorer gene used
in the commercial production of hybrid canola (B.
napus) (BROWN et al. 2003). Although there has been
great interest in introgressing genes of agronomic
traits from the B genome, there has not been a
systematic analysis of B-genome introgression into B.
napus until now. This has been largely due to lack of
tools available to study the chromosome composition

of interspecific crosses. In addition, there has been a
limit to the extent that B-genome chromosomes will
pair with their A- and C-genome homeologous counter-
parts, leading to a total loss of chromosomes or in-
trogression of entire chromosomes.

This study is part of our efforts to construct B-genome
addition lines, to facilitate the use of Brassica species
as a model system for studying allopolyploidy, and to
introgress traits from distant relatives into crops. Anal-
ysis of the BCsS; segregating families with a combina-
tion of molecular markers and GISH assays provided an
opportunity to study the inheritance of the alien B-
genome chromosomes. We observed that B-genome
linkage groups were largely maintained and inherited as
intact segments in the BCs plants and BCsS; families
(Figures 4 and 5 and Table 4). There was limited
evidence for intergenomic recombination between the
B-genome chromosomes and the A- or C-genome
chromosomes (Figure 4, A-C). Different B-genome
chromosomes were detected in the BC3S; families that
appeared to be associated with significant differences
for a number of morphological and agronomic traits.
High levels of segregation distortion for the B-genome
chromosomes were observed in this study at the BCs
level. This is due to the aneuploid nature of the BCs
plants, which can be explained by the interspecific
origin of the material and the fact that homeologous
chromosomes from the B and A genomes do not pair
very frequently (PARKIN and LypIiaTe 1997; Ky et al
2000; Lorieux et al. 2000; MAsoON et al. 2010a). This was
previously reported in interspecific Brassica hybrids that
contained distantly related genomes (CHEVRE el al.
1998, 2007).
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IF-29-2: 2n=37+ 1B IF-29-5: 2n= 38+ 1B

IF-30-5: 2n=40 + 0B

FIGURE 5.—(A-Q) Chromosome painting
at late prophase II with 60X magnification,
using the GISH technique. B. nigra genomic

[F-42-1: 2n= 39 + 3B [F-45.2: 2536 + 0B 103 25 36 1R DNA is flu.orescent.ly labeled in red, B. olera-
cea genomic DNA is labeled green, and the
45S DNA is labeled white. Arrows show chro-
mosomal fragments. Bars: 10 pwm.

IF-30-2: 2n=38+ IB

IF-115-2: 36+1B IF-115-3: 2n=36 +0B
IF-174-5: 2n=38+0B chromosome) IF-174-1: 2n=37+0B chromosome)
B. napus (AACC)2n=38 B. carinata (BBCC) 2n=34
Certain B-genome linkage groups appeared to segre- 16 of the lines analyzed by GISH had even chromosome
gate normally in the BCsS; families, which suggests that numbers, a slight bias toward maintaining a balanced
they must be forming pairing structures during meiosis, nucleus, which can be explained by diploid-like meiotic

presumably through homeologous interactions. Ten of behavior in allopolyploid species, which is genetically
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TABLE 4

Summary of GISH assay for individual plants of the five
selected BC3S; families

Expected B No. of red Total chromosome

BCsS; plant chromosome  signals count
IF—29-2 B3/B7/B8 1 38
IF—29-3 B3/B7/B8 2 40
IF-29-5 B3/B7/B8 1 39
IF—30-2 B6 1 39
IF—-30-3 B6 0 40
IF—-30-5 B6 0 40
IF—42-1 B3/tip of B7 3 42
IF—42-2 B3/tip of B7 Fragments 36
IF-103-1 B7 1 37
IF-103-2  B7 1 37
IF—115-1 B3/B7 2 40
IF-115-2  B7 1 37
IF-115-3  B7 0 36
IF—174-1 B8 0 37
IF-174-3 B8 0 36
IF-174-5 B8 0 38
Westar None 0 38
Carinata All 8 34

Expected B-genome chromosome on the basis of SSR
marker analysis, total chromosome number, and observed
number of B. nigra genomic signals are presented.

controlled (CirUENTES et al. 2010). It has been shown in
resynthesized B. napus that the first meiosis promotes a
lot of meiotic driven genetic changes and genome
rearrangements, which are transmitted to the progeny
(Szapkowskr et al. 2010). The progeny are then
naturally selected in favor of the establishment and
maintenance of fertile natural allopolyploids to elimi-
nate further aberrant meiotic behavior that would
reduce fertility (GAETA and PIres 2010). However,
meiosis in interspecific hybrids of B. napus X B. carinata
is disturbed and results in homologous and homeolo-

gous chromosome exchange, as revealed in microspore-
derived plants derived from unreduced gametes from
the hybrids (NELSON et al. 2009).

Recently, FISH based on a repetitive DNA marker
from the B genome was used to show B-genome
introgressions in backcross progeny of B. napus X B.
Juncea (SCHELFHOUT et al. 2006). However, the absence
of locus-specific molecular markers prevented the
identification of B-genome linkage groups that were
retained. In the current study, although the GISH assay
allowed the B-genome chromosomes to be distin-
guished from those of the A and C genome, it could
not differentiate the linkage groups or detect trans-
locations. Conversely, although SSRs have been used to
determine allele copy number (MASON et al. 2010b),
they do not normally provide information on the exact
copy number of chromosomes or indicate whether they
are addition or substitution lines. However, a combina-
tion of these two approaches allows both linkage group
differentiation and chromosomal copy number to be
determined. It is not possible to identify specific B-
genome linkage groups using GISH with B. nigra ge-
nomic DNA, since the probe paints the centromeric area
of any B-genome chromosome (NavasI et al. 2010). To
distinguish and visualize different B-genome chromo-
somes, one needs to use probes of BAC clones specific
for a particular B-genome chromosome (HASTEROK ¢t al.
2005; HowELL et al. 2008; X10NG et al. 2010).

Due to the nature of the cross, we could recognize
lines with B chromosomal segments and those without
any. In some cases, lines without B chromosomes had
either lost or gained an A or a C chromosome, which
might not be surprising, considering the use of a newly
resynthesized B. napus line, the number of backcross
generations, and the fact that the A and C chromosomes
can pair readily (ATTIA ef al. 1987; PARKIN and LYDIATE
1997). Future studies are needed to identify which
chromosomes pair in these backcrosses, similar to the

TABLE 5

Effect of the B-genome chromosomes on different morphological traits

Trait

LG Value CR MLD ILD DTF STC

FC STL NB SW BL DTM SC

B3 P NS * NS NS *
R? 0.04 0.16 0.01 0 0.05
B6 P wE NS NS NS *
R? 0.22 0 0.02 0.03 0.06
B7 P NS * * NS NS
R? 0.03 0.23 0.08 0 0.03
B8 P NS — NS * NS
R? 0 0 0.02 0.07 0.01

NS * NS NS NS NS —
0 0.05 0 0 0.03 0.02 0
* NS NS NS NS NS NS

0.08 0.01 0 0.01 0.01 0.01 0
* NS NS NS * NS NS

0.06 0.02 0.02 0.02 0.05 0.02 0.03
* NS NS NS NS * —

0.06 0 0.03 0.02 0.03 0.05 0

R? values explain the amount of phenotypic variation due to the B-genome chromosome. CR, cotyledon retention; MLD, mar-
gin leaf division; ILD, incision of leaf division; DTF, days to flowering; STC, stem color; FC, flower color; STL, stem length; NB,
number of primary branches; SW, silique width; BL, beak length; DTM, days to maturity; SC, seed color. *significant at p < 0.01;

*¥significant at p < 0.05.
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approach taken by HoweLL et al. (2008) to detect the
A7/C6 translocation in B. napus var. “Westar.” Hence
for future work, we would fully characterize the Aand C
component of the Brassica genome in these B-genome
addition, substitution, and introgression lines.

Using the allele size amplified by the primers for a
specific SSR marker and the available reference maps,
we were able to associate almost all of the SSR markers
used in this study to specific A-, B-, or C-genome LGs.
While the BC; and BCy families showed some evidence
of preferential retention of B-genome chromosomes,
the BC3 B-genome chromosomes were inherited with an
average frequency of 27%. This observation was re-
flected in the allelic segregation distortion observed for
the KCN-10 mapping population. The loci associated
with the B genome in the mapping population were
inherited at frequencies that were significantly different
from normal Mendelian segregation with the B-genome
alleles being preferentially lost during the BCs meioses.
We also observed that there are differences in the
frequency with which certain chromosomes were re-
tained; for instance, B3 and B6 are present in a higher
percentage of lines than Bl and B4 (Table 3).

Recombination frequency of B-genome chromosomes:
Recombination between B-genome chromosomes and
chromosomes from the A or C genomes was not observed,
with the exception of the terminal tip of B5. Rather,
B-genome loci were generally inherited as coincident
blocks. Figure 4B illustrates the initial maintenance of
whole B-genome chromosomes and the progressive
loss of terminal segments through the three generations
of backcrossing. In some instances such as for B3 in IF-29
and IF-42 (Figure 4C), the small retained segment of
the chromosome may have translocated onto another
LG; however, identifying which LG will require more
extensive studies. We reported a similar pattern of chro-
mosome inheritance in our previous work in a smaller
population (NAVABI et al. 2010).

In contrast, the B. carinata C genome was inherited in
small dispersed fragments, as would be expected via
homologous recombination. The observation of nor-
mal homologous pairing between the C genome of B.
carinala and effectively the C genome of B. napus
indicates that the C genome of B. carinata has un-
dergone limited or no major chromosomal rearrange-
ment since the fusion of the B and C genomes. We
observed selection against the B. carinata C-genome
chromosomes during backcrossing to B. napus (Table
2); the C-genome alleles were underrepresented, rela-
tive to the C-genome alleles from the recurrent B. napus
parent at the BCy and BCs generations. As studied
before, this can be highly influenced by the genotype of
either parent of the hybrid (MasoN et al. 2010a,b).
Homeologous pairing between the three genomes of
Brassica in interspecific crosses is complexly influenced
by genome structure and allelic composition (MASON
et al. 2010a).

Applications and future insights: The steps involved
in QTL mapping include identifying the significant
QTL, positioning them in the genome, and exploring
the effect of different QTL combinations (DARvVASI
1998). However, mapping of quantitative traits in
populations derived from interspecific crosses can be
very complex, due to segregation distortion (LORIEUX
et al. 2000). Although interval mapping could not be
applied to this data set, as recombination between the B-
and AC-genome chromosomes was highly restricted, we
used a marker regression method for QTL mapping
that detects the association of the trait value and the
genotype for a single locus (in this case a full chromo-
some). From a plant breeding perspective, the material
generated and characterized in this study is an excellent
source of diverse genotypes, which possess valuable
traits such as early flowering, early maturity, and number
of seeds persilique, plus other traits. Although it should
be noted that this material also carries some negative
traits such as high glucosinolate content in the seed
(data not shown). Such linkage drag, if associated with a
desired trait, will need to be addressed in future re-
search using this germplasm. Recurrent crossing with
selection for the desired trait(s) often leads to breaking
of the large chromosomal segments and can be used to
generate desirable lines.

In summary, the current genetic material allowed us
to track the B-genome contentin a collection of B. napus
introgression lines. Perhaps not surprisingly, the C
genome of B. carinata was able to recombine normally
with the C genome of B. napus. However, the B-genome
linkage groups were, in almost all cases, inherited as
single chromosomes. The one exception was a small
terminal region of B5, which we believe may have been
translocated onto one of the A- or C-genome linkage
groups. The material generated in this program repre-
sents a large publicly available resource of interspecific
germplasm with known B/C-genome content and we
are currently focusing on specific lines with known B-
genome content, with a view to introgressing specific
regions of the different chromosomes.
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FILE S1

Data recording

At the three-leaf stage:

Cotyledon retention (CR). A score of 3 indicates that the seedling dropped the cotyledon early, a score of 5
was assigned when the senesced cotyledon was not dropped, and a score of 7 indicates that the cotyledon was

green and attached.

Incision or leaf division (ILD) was scored 1 when the leat had no division, 3 when the leaf divided moderately,

and 5 when the leaf was deeply divided.

Margin leaf division (MLD) was scored 0 when the margin had no divisions, 1 when the divisions were round,

and 2 when divisions were sharp.

At flowering:

Number of days to flowering (DTT) was measured when the main branch bloomed.
Flower color (FC) was scored 1 as yellow, 2 as yellowish-white, and 3 as white.

Stem color (STC) scored 1 when green, 3 when purplish-green, and 7 when it was purple.
Stem length (STL) was measured when plant started to flower.

Number of primary branches (NB) was measured at the flowering stage.

At ripening:

Silique length (SL), silique width (SW), and beak length (BL) were measured at full maturity stage.

Number of days to maturity (DTM) was measured when three quarters of the plant was dried; and counted as

number of days from flowering to maturity.

Seed color (SC) was scored 1 when yellow to brown, 3 when brown, 5 when dark brown to black, 7 when

black.

Number of seeds per silique (NSS) was measured at the maturity stage
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TABLE S1
Analysis of variance and least square mean values for different morphological traits in the BC3S1Introgressed Families (IF). The B-genome
chromosome content of these families is also given.

B chromosome content ~ CR!  MLD?  1mD® DTF' ste® Fc® st/ NB® st?  sw!® B!l prv!'? sl wss!t
Family ok ns ok ok ok ns ok ok * ok ns ok ok ns
Test Aok Aok Aok Aok Aok Aok Aok Aok Aok
Family*test Aok Aok Aok ok Aok Aok ns ns Aok
IF-1 None 5.5 0.9 2.2 32.7 1.5 1.4 67.5 4.6 24.8 0.4 10.6 79.4 6.5 2.7
1F-7 None 5.0 1.0 2.2 38.2 2.3 1.4 63.6 5.5 17.4 0.3 7.8 72.4 6.0 1.1
1F-61 None 4.8 1.2 2.4 33.3 2.8 1.2 79.7 4.8 19.9 0.3 8.8 71.6 6.6 0.4
1F-72 None 3.4 1.3 2.2 28.9 2.3 1.0 58.8 3.5 23.3 0.3 8.0 67.8 4.9 1.7
1F-80 None 6.0 1.1 2.2 39.6 2.6 1.2 78.5 3.6 24.5 0.4 10.2 71.6 6.7 1.0
IF-13 J13 5.2 0.9 2.2 40.0 1.9 1.7 65.5 4.5 17.4 0.3 9.1 72.5 5.0 1.6
1F-42 J13 4.3 0.9 2.3 32.4 2.4 1.5 64.6 4.6 16.6 0.3 8.4 69.3 5.8 1.0
1F-81 J13 5.9 1.3 2.1 33.9 3.0 1.2 82.2 4.1 21.6 0.3 8.4 73.0 7.0 0.5
1F-30 J16 5.8 1.3 2.4 31.6 3.3 1.8 80.0 4.3 23.4 0.4 12.8 65.0 6.8 1.2
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1F-38 J16 4.1 0.8 2.1 35.8 2.5 1.4 71.1 4.4 20.9 0.4 10.5 67.7 5.8 0.6
1F-52 J16 4.5 1.3 2.3 35.1 2.2 1.3 71.0 4.6 21.4 0.3 8.2 69.8 6.1 1.4
1F-20 J16 4.5 1.3 2.1 36.9 2.4 1.4 67.5 4.3 21.4 0.4 9.9 73.8 7.1 0.1
1F-103 J17 5.0 1.0 2.1 355 2.6 1.2 66.1 4.0 20.1 0.3 10.3 72.7 5.9 1.3
IF-115 J17 3.8 0.8 2.1 30.8 2.0 1.7 69.8 5.8 18.3 0.3 7.4 70.1 6.8 1.3
1F-174 J18 4.5 0.8 2.2 37.4 2.2 1.7 67.8 4.8 21.9 0.4 10.2 70.5 6.3 1.5
IF-15 J13/J18 4.4 0.7 2.0 35.4 2.0 1.3 72.0 4.1 17.7 0.5 9.1 73.5 7.1 0.0
1F-29 J13/J17/J18 4.3 1.3 2.3 41.1 3.3 1.2 78.7 4.0 18.6 0.3 10.2 74.8 6.4 0.4
MBX None 7.0 . 1.7 35.3 1.0 2.3 87.2 4.5 3.6 0.4 1.1 83.4 . 6.4
B. napus

0O-70 All 3.0 . 1.0 45.0 7.0 1.0 1266 8.6 3.3 0.7 0.4 78 . 13.6
B. carinata

! cotyledon retention (CR), margin leaf division (MLD), 3 incision of leaf division (ILD), + days to flowering (DTT), > stem color (STC), 6 flower color (FC), / stem length (STL),
8 number of primary branches (NB), 9 silique length (SL), 10 silique width (SW), 1 beak length (BL), 12 days to maturity (DTM), 13 seed color (SC), and 14 number of seeds per

silique (NSS).
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TABLE S2

Scoring data from all the informative markers on B and C genome linkage groups

Table S2 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.124925/DCI.
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