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Abstract Rapeseed (Brassica napus L.) is the leading
European oilseed crop serving as source for edible oil and
renewable energy. The objectives of our study were to
(i) examine the population structure of a large and diverse
set of B. napus inbred lines, (ii) investigate patterns of
genetic diversity within and among different germplasm
types, (iii) compare the two genomes of B. napus with
regard to genetic diversity, and (iv) assess the extent of
linkage disequilibrium (LD) between simple sequence
repeat (SSR) markers. Our study was based on 509
B. napus inbred lines genotyped with 89 genome-specific SSR
primer combinations. Both a principal coordinate analysis
and software STRUCTURE revealed that winter types,
spring types, and swedes were assigned to three major
clusters. The genetic diversity of winter oilseed rape was
lower than the diversity found in other germplasm types.
Within winter oilseed rape types, a decay of genetic
diversity with more recent release dates and reduced levels
of erucic acid and glucosinolates was observed. The per-
centage of linked SSR loci pairs in significant (+* >
Q95 unlinked loci pairs) LD was 6.29% for the entire germplasm
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set. Furthermore, LD decayed rapidly with distance, which
will allow a relatively high mapping resolution in genome-
wide association studies using our germplasm set, but, on
the other hand, will require a high number of markers.

Introduction

Rapeseed (Brassica napus L.) is the leading European
oilseed crop serving as source for edible oil and renewable
energy. The species includes the subspecies B. napus ssp.
napus, which comprises oilseed, fodder, and vegetable
types and B. napus ssp. napobrassica, referred to as ruta-
baga or swede (Snowdon et al. 2007), which is utilized as
root vegetable.

Crop breeding requires efficient germplasm organiza-
tion, and this in turn is facilitated by knowledge of the
population structure of the crop species under study. Pop-
ulation structure information can be gained not only from
phenotypic or pedigree records, but also from variation at
the DNA level (Varshney et al. 2005). Molecular markers
such as restriction fragment length polymorphisms (RFLP),
amplified fragment length polymorphisms (AFLP), random
amplified polymorphic DNA (RAPD), and single sequence
repeats (SSR) can be used for this purpose. Diers and
Osborn (1994) fingerprinted 83 rapeseed inbreds, origi-
nating from Europe, Asia, America, and Australia, of
winter, spring, as well as swede types using RFLP markers
and observed distinct clusters for the former two. Chen
et al. (2008) characterized patterns of allelic diversity in 72
B. napus genotypes from Australia and China, with con-
trols from India, Europe and Canada, based on 55 SSRs.
They identified distinct clusters for Chinese genotypes,
Indian genotypes, as well as a set of genotypes with mixed
origins, where the latter group shared many alleles with
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Australian genotypes. Hasan et al. (2008) examined the
genetic structure among 94 B. napus gene bank accessions
of winter and spring oilseed, fodder and vegetable types,
originating from all continents except Africa. The most
stable number of clusters was three, and each of them was
dominated by (i) spring oilseed rape (OSR), (ii) fodder and
vegetable, as well as (iii) winter OSR types. Nevertheless,
no earlier study examined the population structure of a
large, genetically diverse B. napus germplasm set repre-
senting species-wide as well as world-wide variation.

B. napus most likely originated from a few interspecific
hybridizations between turnip rape (Brassica rapa L.) and
cabbage (Brassica oleracea L.) that occurred spontane-
ously during medieval times (Ifiiguez Luy and Federico
2011). This led to a relatively low genetic diversity in the
species. The narrow genetic base together with the occur-
rence of two bottlenecks during breeding of modern oilseed
rape, the selection for low erucic acid and low glucosino-
late (GSL) content, led to a low genetic diversity in modern
elite varieties (Becker et al. 1995). The drawback of a low
genetic diversity is often a strong susceptibility to biotic
and abiotic stresses (Kebede et al. 2010) as well as a
reduced response to selection (cf. Falconer and Mackay
1996). To overcome such disadvantages, diverse germ-
plasm has to be introgressed into elite germplasm
(Haussmann et al. 2004). This, however, is facilitated by
understanding the pattern of genetic diversity in the crop
species under consideration. Hasan et al. (2006) found a
high level of genetic diversity in vegetable types and low
diversity in spring OSR and fodder types in a study of 96
genotypes with 30 SSR primer combinations.

As B. napus lacks wild relatives to its modern cultivars,
its original parental diploid genomes, which hybridized
spontaneously, are unknown (Ifiiguez Luy and Federico
2011). It is therefore impossible to determine, based on the
hybridization event between the founder genotypes, which
parental species contributed more to the overall diversity or
hints at more domestication events. However, diversity
studies based on A and C genome-specific markers would
provide information on which genome has a narrower
diversity. Subsequently, genetic variation could be intro-
duced into this specific genome using interspecific crosses
(Chen and Heneen 1989).

The use of markers, which are linked to traits of interest,
during the breeding process has the potential to increase the
gain from selection (Collard et al. 2005). A promising
method to identify such markers is association analysis
(Thornsberry et al. 2001; Breseghello and Sorrells 2006;
Stich et al. 2008). This, however, neccessitates the
knowledge of extent and distribution of linkage disequi-
librium (LD) of the germplasm set under consideration.
Ecke et al. (2010) examined the extent and distribution of
LD in a set of 85 winter rapeseed lines with 845 AFLP
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markers. This study found a low level of LD with a mean
r* of 0.020 for unlinked and 0.122 for linked markers. LD
decayed rapidly with distance between linked markers with
the high levels of LD extending over about 2 cM. Apart
from this study, little is known about the extent of LD
in rapeseed and its causes, and no LD studies have
been performed on a large and genetically diverse set of
B. napus.

The objectives of our study were to (i) examine the
population structure of a large and diverse set of B. napus
inbred lines, (ii) investigate patterns of genetic diversity
within and among different germplasm types, (iii) compare
the two genomes of B. napus with regard to genetic
diversity, and (iv) assess the extent of LD between SSR
markers.

Materials and methods
Plant material and molecular markers

A set of 509 rapeseed inbred lines, assembled to maximize
variation, was used in this study. Based on available
information from gene banks, plant breeders, and our own
observations the accessions were assigned to eight different
germplasm types, namely winter oilseed rape (OSR) (183),
winter fodder (22), swede (73), semi-winter OSR (7),
spring OSR (204), spring fodder (4), vegetable (10), and so
far unspecified rapeseed genotypes (6). From the whole set,
314 genotypes originated from Western Europe, 43 from
Eastern Europe, 32 from Asia, 5 from Africa, 20 from
Australia, 70 from North America, and 25 genotypes were
of unknown origin (Supplementary Material S1).

A subset of 136 winter OSR genotypes was divided into
three subgroups according to their seed quality with regard
to levels of erucic acid and GSL, namely ++ (17), 04+/4-0
(11), and 00 (108). Furthermore, 95 winter OSR genotypes
were divided into the following four subgroups according
to the time period of release: 1954-1979 (11), 1980-1989
(15), 1990-1999 (28), 2000-2007 (41) (Supplementary
Material S1).

All 509 inbred lines were fingerprinted with SSR
markers amplified by 89 primer combinations for loci
evenly distributed across the B. napus genome, of which 31
SSRs were proprietary (primer combinations can be
obtained via a material transfer agreement from Agricul-
ture and Agri-Food Canada) and 58 SSRs were public
(Supplementary Material S2). According to information
from multiple segregating populations, 43 of the 89 primer
combinations amplified specific polymorphic loci in the
B. napus A genome and 44 amplified specific polymorphic
loci in the B. napus C genome. Chromosome positions of
two SSRs were unknown.
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The examined germplasm was provided from seed
banks as inbred material, however, one additional genera-
tion of selfing was carried out. Furthermore, to ensure
homozygosity, phenotypes were checked for homogeneity.
DNA was isolated from young leaves using a modified
CTAB extraction protocol (Saghai-Maroof et al. 1984).
SSR genotyping was performed using capillary electro-
phoresis of fluorescently labeled PCR products at the Max
Planck Genome Centre Cologne following standard pro-
tocols. Only homozygous marker-genotype combinations
were used in the statistical analysis described below.

Statistical analyses

Gene diversity D (Weir 1996), range and mean of the
number of alleles per locus (Nb), and the number of
germplasm type-specific alleles (Nbt) were calculated. An
Fst analysis according to Wright (1965) was performed.
Pairwise modified Roger’s distance (MRD) estimates
between germplasm types were calculated according to
Wright (1978). Standard errors of the MRD estimates were
obtained through a bootstrap procedure with resampling
across markers and genotypes. Associations among geno-
types were revealed with principal coordinate analysis
(PCoA) (Gower 1966) based on MRD estimates between
pairs of inbred lines. All aforementioned analyses were
performed for the entire germplasm set as well as for
various subsets. In addition, calculation of D and PCoA
analysis were performed for all markers as well as sepa-
rately for the markers representing the A and C genomes,
respectively.

A model-based cluster analysis MCLUST was carried
out to assign genotypes to clusters. This was done based on
the first 30 principal coordinates, using the best model with
(a) the number of clusters as estimated by MCLUST, and
(b) the number of clusters as chosen according to the
results of the PCoA. For the genetic diversity measures, the
following resampling procedure was performed to correct
for the different sizes of the examined germplasm groups
(Stich et al. 2005): a subset of Ng genotypes was randomly
selected from the original germplasm group and all genetic
diversity measures were calculated. The procedure was
repeated 1000 times and the results were averaged.
Because of the small sample sizes of the germplasm types
spring fodder (N =4) and unspecified inbred lines
(N = 6), the size of the subset of genotypes was chosen to
be Ng = 7, and the resampling procedure was not per-
formed for the aforementioned two germplasm types. The
same analyses were performed with Ng = 73 for germ-
plasm types and Ng = 119 for MCLUST clusters.

The model-based approach implemented in software
package STRUCTURE 2.2 (Pritchard et al. 2000) was used
to subdivide the rapeseed germplasm examined in our

study into different subgroups. Because the estimated ‘log
probability of data’ (LnP(D)) from STRUCTURE overes-
timates the number of subgroups when examining inbred
lines (Pritchard and Wen 2004), we used the ad hoc mea-
sure AK (Evanno et al. 2005) to estimate the number of
subgroups. In our study, the membership of each genotype
was tested for the range of genetic clusters from K = 1 to
K = 15 with the admixture model, without prior informa-
tion on their origins. Each run consisted of a burn-in period
of 100,000 steps followed by 100,000 Monte Carlo Markov
Chain replicates as suggested by Pritchard and Wen (2004),
assuming that allele frequencies are uncorrelated across
clusters. The run of the estimated numbers of subgroups
showing the maximum likelihood was used to assign
inbreds to that subgroup for which they showed the highest
membership probability.

The LD measure 7 (Hill and Robertson 1968; square of
the correlation of the allele frequencies) was calculated for
linked and unlinked loci pairs, where linked loci were
defined as loci being located on the same chromosome and
unlinked loci were defined as loci being located on dif-
ferent chromosomes. The percentage of linked loci in
significant LD was determined with two different signifi-
cance thresholds, namely the 95% quantile of the r value
among unlinked loci pairs, and 0.1 as the minimal 7> value
to detect associations explaining 10% of the phenotypic
variance in populations with at least 300 entries (Ersoz
et al. 2007). The overall decay of LD was evaluated by
nonlinear regression of +* according to Heuertz et al.
(2006). In addition, the effective population size N,
(Wright 1931) was calculated. The previously described
resampling strategy was also used to obtain comparable
estimates for LD, since the power to detect LD depends on
the number of examined genotypes (Stich et al. 2005). The
procedure was repeated 50 times and the results were
averaged. All statistical analyses were performed with
statistical software R (R Development Core Team 2011).

Results

The gene diversity D was 0.50 for the entire germplasm set
(Table 1). D estimates ranged from 0.35 (semi-winter) to
0.51 (unspecified) for germplasm types and from 0.38
(MCLUST 1) to 0.50 (MCLUST 3) for MCLUST clusters
of the three-cluster model. For the separate genomes,
D was 0.58 for the A genome and 0.43 for the C genome.
The mean Nb was 7.42. For the individual germplasm
types and MCLUST clusters of the three-cluster model, the
mean Nb ranged from 2.12 (spring fodder) to 5.76 (spring
OSR) and from 5.07 (MCLUST 2) to 6.30 (MCLUST 3),
respectively. Nbt varied from 1 (winter fodder, semi-winter
OSR, and spring fodder) to 65 (spring OSR) for the
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Table 1 Number of genotypes (N), gene diversity (D), range and
mean of the number of alleles per locus (Nb), number of type-specific
(Nbt) alleles, fixation index Fgr, and the ratio between the D values of

the A and C genomes for 509 B. napus genotypes assessed with 89
simple sequence repeat (SSR) markers

Classification N D Nb Nbt Fsr Dy genome D¢ genome D4 genome!
SSR n = 43 SSR n = 44 D¢ genome
Range Mean
Germplasm type
Winter oilseed rape (OSR) 183 0.38 1-13 5.20 28 0.087 0.43 0.34 1.26
Winter OSR sampling 73 0.38 1-10 4.16 12 0.057
Winter OSR sampling 7 0.34 1-5 2.29 1 0.010
Winter fodder 22 0.43 1-9 3.61 0.006 0.47 0.38 1.24
Winter fodder sampling 7 0.38 1-6 2.55 0 0.003
Swede 73 0.43 1-12 4.78 37 0.054 0.54 0.33 1.64
Swede sampling 7 0.36 1-6 2.40 7 0.009
Semi-winter OSR 7 0.35 1-6 2.30 0.006 0.42 0.30 1.40
Spring OSR 204 0.44 2-15 5.76 65 0.095 0.52 0.37 1.41
Spring OSR sampling 73 0.44 1-12 4.58 34 0.064
Spring OSR sampling 7 0.38 1-6 248 5 0.012
Spring fodder 4 0.36 14 2.12 1 0.002 0.40 0.35 1.14
Vegetable 10 0.44 1-8 2.99 0.003 0.50 0.40 1.25
Vegetable sampling 7 0.42 1-6 2.65 0.003
Unspecified 6 0.51 1-6 2.88 10 0.002 0.57 0.45 1.26
Three-cluster model MCLUST
MCLUST 1 207 0.38 1-14 5.26 38 0.109 0.42 0.34 1.23
MCLUST 1 sampling 119 0.38 1-11 4.63 26 0.091
MCLUST 2 183 0.41 1-13 5.07 36 0.105 0.48 0.35 1.37
MCLUST 2 sampling 119 0.41 1-12 4.64 28 0.090
MCLUST 3 119 0.50 2-16 6.30 102 0.054 0.62 0.40 1.56
Entire set 509 0.50 2-18 7.42 0.58 0.43 1.35

For details see “Materials and methods”

germplasm types and from 36 (MCLUST 2) to 102
(MCLUST 3) for the MCLUST clusters of the three-cluster
model. The overall Fgt was 0.176 for the entire germplasm
set when considering the germplasm types and ranged from
0.002 (spring fodder, unspecified) to 0.095 (spring OSR)
for individual germplasm types. The overall Fy for for the
entire germplasm set with regard to MCLUST clusters of
the three-cluster model was 0.171 and ranged from 0.054
(MCLUST 3) to 0.109 (MCLUST 1) for individual
MCLUST clusters (Table 1). The measures for genetic
diversity calculated for the subgroups based on seed quality
and release period resulted in a tendency for a higher
genetic diversity with older genotypes (Table 2).

In the PCoA based on MRD estimates between all pairs
of B. napus inbreds and 89 SSRs, the first two principal
coordinates explained 15.5 and 8.5% of the molecular
variance (Fig. 1). With respect to these two principal
coordinates, winter types, spring types, and swedes were
assigned to three major clusters. The average MRD esti-
mates between pairs of inbreds from different germplasm
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types ranged from 0.16 (winter OSR vs. winter fodder) to
0.48 (winter OSR vs. semi-winter OSR) for the A genome
(Table 3) and from 0.19 (winter fodder vs. winter OSR) to
0.39 (spring fodder vs. swede) for the C genome.

The first 30 principal coordinates, which were used for
the model-based cluster analysis, explained 58.99% of the
molecular variance. MCLUST assigned all genotypes to
eight MCLUST clusters (Fig. 1). Although the number of
estimated MCLUST clusters was identical to the number of
germplasm types, the two classifications matched poorly
(Table 4). The three-cluster model, however, resulted in a
good accordance with the results of the PCoA (Fig. 1). The
PCoA analyses based on the genome-specific markers
revealed similar structures for the A and C genomes
(Fig. 2). Different germplasm types clustered comparably
to those detected in the PCoA with all 89 SSRs (Fig. 1).
The correlation between pairwise MRD estimates of the A
and C genomes was 0.59.

The percentage of linked SSR loci pairs in significant
(> Qo5 unlinked loci pairs) LD was 6.29% for the entire
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Table 2 Number of genotypes (N), gene diversity (D), range and
mean of the number of alleles per locus (Nb), number of type-specific
(Nbt) alleles, and fixation index Fgr for 136 genotypes divided into

three seed quality subgroups, and 95 winter oilseed rape genotypes
divided into four release period subgroups, respectively

Classification N D Nb Nbt Fsr
Range Mean
Seed quality subgroups
++ 17 0.37 1-8 3.06 41 0.019
++ sampling 11 0.36 1-7 2.57 0.010
0+/40 11 0.37 1-7 2.71 10 0.009
00 108 0.35 1-8 3.78 79 0.019
00 sampling 11 0.32 1-5 2.35 0.024
All 136 0.36 1-10 4.38 0.029
Release period subgroups
1954-1979 11 0.41 1-7 2.98 29 0.019
1980-1989 15 0.37 1-7 2.89 21 0.012
1980-1989 sampling 11 0.36 1-7 2.68 0.012
1990-1999 28 0.33 1-7 2.75 9 0.008
1990-1999 sampling 11 0.32 1-5 2.30 0.010
2000-2007 41 0.33 1-7 2.92 17 0.014
2000-2007 sampling 11 0.31 1-5 225 0.015
All 95 0.36 1-9 3.96 0.041

-+ high level of erucic acid and seed glucosinolate, 0+/4-0 low level of erucic acid and high level of seed glucosinolate/high level of erucic acid
and low level of seed glucosinolate, 00 low level of erucic acid and seed glucosinolate

germplasm set (Table 5), and ranged from 1.00 to 12.64%
for the germplasm types which comprised at least seven
genotypes. The percentage of linked loci pairs with
r* > 0.1 was 5.14% for the entire set and covered a range
from 1.18 to 81.62% for germplasm types. With regard to
the entire set, the mean > was 0.023 for linked loci and
0.019 for unlinked loci. For germplasm types consisting of
seven or more genotypes, the mean #* ranged from 0.014 to
0.141 for linked loci pairs and from 0.009 to 0.154 for
unlinked loci pairs. In the entire germplasm set, > decayed
with genetic distance (Fig. 3).

Discussion
Population structure of the rapeseed germplasm set

The overall fixation index Fgr, which serves as an overall
measure of population differentiation, was 0.176, indicat-
ing a moderate differentiation between germplasm types of
our study. Cruz et al. (2007) found a ®,,;, which is analo-
gous to Fst (Rudh et al. 2007), of 0.11 in a set of 50 winter
and spring rapeseed accessions from North America,
Europe, Asia, and New Zealand. The stronger differentiation
we found in our set might be explained by the inclusion of
swede types in our study. However, Lombard et al. (2000)
found with ®,, = 0.329 a much greater differentiation in a

set of 83 mostly European rapeseed cultivars, of which 68
were winter and 15 were spring cultivars. This observation
could be due to the relatively small number of spring
genotypes in their study, which were possibly strongly
differentiated from the winter types.

Comparable studies on maize elite breeding material
resulted in a similar (0.16) overall Fgr value among het-
erotic pools (Van Inghelandt et al. 2010). However, rape-
seed breeding mainly uses material of only one germplasm
type. Therefore, our results suggest that rapeseed breeding
material shows a considerably lower differentiation than
that of maize.

Population structure in the germplasm set was examined
with PCoA (Fig. 1) and software STRUCTURE 2.2
(Pritchard et al. 2000) (data not shown). Both methods indi-
cated that the inbreds of our rapeseed germplasm set can be
assigned to three clusters. Furthermore, the results of these
two methods as well as the MCLUST analysis with three
clusters indicated that one of the clusters was mainly made
up of winter types, whereas the other two were made up of
spring types as well as swede types, respectively (Fig. 1;
Table 4). Our finding of distinct clustering of winter and
spring types has been described previously by Diers and
Osborn (1994) as well as by Hasan et al. (2006). The high
genetic distance between spring and winter types can be
explained not only by the breeding history but also by the
adaptation of breeding material to distinct environments.
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Fig. 1 Principal coordinate analysis of 509 B. napus genotypes based
on modified Roger’s distance calculated from 89 simple sequence
repeat marker loci. PC 1 and PC 2 are the first and second principal
coordinates, respectively. The proportion of variance explained by the
principal coordinates is given in parentheses. Genotypes were
assigned to subgroups identified by three- (a) and eight-cluster
(b) models of MCLUST. Colors represent the germplasm types and
symbols represent MCLUST clusters

Spring types have a low winter hardiness and do not
require vernalisation to flower. Therefore, they are gener-
ally grown in regions with a short summer growing season,
like Canada or Scandinavia, or where the winter is not
sufficiently cold to induce flowering (e.g. Australia). On
the other hand, winter and semi-winter oilseed rape culti-
vars are adapted to the temperate climate in Western
Europe and Asia, respectively, where they are preferred to
spring types due to their considerably higher yield potential
(Kimber and McGregor 1995; Friedt and Snowdon 2009).

So far, the structuration of a large number of swede
types in a germplasm set has not been studied. We
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observed a clear separation of swede types from the other
two identified clusters (Fig. 1). This indicates that swedes
most likely derived from different interspecific hybridisa-
tion events than those which led to today’s winter OSR and
spring OSR.

Three of the four spring fodder genotypes examined in
our study clustered together with the spring OSR inbreds
(Fig. 1). However, the spring fodder inbred ‘Tira’ clustered
with the winter fodder types. The same observation was
made by Hasan et al. (2006), who classified this genotype
as a winter form even though it is listed as spring fodder
type. Furthermore, the average MRD estimate was partic-
ularly small between winter OSR and winter fodder types
(Table 3). These findings can be explained by the fact that
OSR as well as fodder types were derived from the cor-
responding winter or spring gene pool and differ only with
respect to their growth type but not with respect to their
ancestry. Similarly, we observed a low MRD between
vegetables and winter fodder types, suggesting that these
forms also share a common ancestry.

The MRD estimates between semi-winter OSR from
China and the other germplasm types were especially high
for the markers from the A genome. This is probably due to
the breeding history of the inbreds of this germplasm type.
Chinese semi-winter OSR genotypes were created by int-
rogressing Chinese B. rapa into B. napus germplasm,
which has been brought to China in the 1930-1940s. Since
then, it has genetically diversified from OSR originating
from regions other than Asia (Qian et al. 2006).

Within winter OSR, we did not observe further distinct
subgroups. This finding is in accordance with the results of
Ecke et al. (2010). Our observation could be explained by
the fact that until recently, rapeseed has been bred by line-
breeding and population breeding. In such breeding pro-
grams, population structure tends to be disregarded when
choosing the parents of a cross. However, over the past few
years hybrid breeding has received considerable attention
in winter, spring, and semi-winter types alike, so that dif-
ferentiated subpopulations will be developed in the various
gene pools through recurrent, reciprocal selection, as has
been the case for maize (Duvick et al. 2004) and sugar beet
(Li et al. 2010).

Genetic diversity of the rapeseed germplasm set

In addition to population structure, information about the
distribution of genetic diversity is important for practical
breeding as well as genetic resource management. Across
the 509 rapeseed inbreds, we observed a total gene diver-
sity D of 0.50, a range of Nb of 2-18 and a mean Nb of
7.42 (Table 1). Hasan et al. (2006) found a smaller Nb for
a set of 96 rapeseed inbreds of diverse germplasm types
and origins. This finding is partly due to the lower number
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Table 3 Pairwise modified Roger’s distance estimates (& standard error) calculated from simple sequence repeat (SSR) markers of the A
genome (n = 43 SSRs, above diagonal) and the C genome (n = 44 SSRs, below diagonal)

Winter Winter Swede Semi-winter ~ Spring Spring Vegetable Unspecified

OSR* fodder OSR OSR fodder
Winter OSR 0.16 £ 0.02 040 +0.04 048 +£0.04 0394003 041 +0.07 0.28+£0.05 0.32=£0.06
Winter fodder 0.19 &+ 0.03 037 £0.03 047 £0.04 037 £0.03 040+ 0.07 0.24+0.04 0.31=£0.05
Swede 038 £ 0.04 0.34 £ 0.04 0.46 £ 0.04 043 £0.03 046 £0.06 033 +0.04 0.38+£0.04
Semi-winter OSR  0.35 & 0.04 0.31 £0.04 0.30 £ 0.04 041 £0.04 045+£0.06 044 +£0.04 039+ 0.05
Spring OSR 035+ 0.04 0.29+0.03 034=£0.04 030=£0.04 028 £ 0.06 0.35+0.05 0.33 £0.06
Spring fodder 036 =005 031+£0.06 039+£005 032%006 0.22=+£0.05 0.37 £0.07 0.37 £ 0.07
Vegetable 026 2005 025+£0.04 033£004 029+005 028+£0.04 0.34=£0.05 0.30 & 0.06
Unspecified 030+ 006 025+0.06 032+£006 030+006 028=+0.06 031+£0.06 0.28+£0.06

* OSR: oilseed rape

Table 4 Assignment of the 509 B. napus genotypes of the eight germplasm types to clusters identified by three- and eight-cluster models of

MCLUST
Winter OSR*  Winter fodder ~ Swede  Semi-winter OSR  Spring OSR  Spring fodder ~ Vegetable = Unspecified
Three-cluster model
MCLUST 1 176 16 4 0 4 1 4 2
MCLUST 2 1 0 178 2 1 1
MCLUST 3 6 6 69 7 22 1 5 3
Eight-cluster model
MCLUST 1 17 1 0 0 0 0 0 0
MCLUST 2 130 5 4 0 3 0 2 1
MCLUST 3 32 16 2 1 12 2 7 2
MCLUST 4 2 0 2 6 10 0 0 1
MCLUST 5 0 0 0 0 145 1 0 1
MCLUST 6 1 0 60 0 0 0 0 0
MCLUST 7 1 0 5 0 1 0 0 1
MCLUST 8 0 0 0 0 33 1 1 0

# OSR: oilseed rape

of inbreds examined by Hasan et al. (2006) compared to
our study. However, when adjusting the size of our
germplasm set to that of Hasan et al. (2006) by resampling
simulations (data not shown), we observed with a mean
Nb = 5.42 still more alleles per locus than Hasan et al.
(2006). This finding can be explained by the composition
of our germplasm set which is of more diverse origins and
the fact that more germplasm types were covered in our
study when compared with the material of Hasan et al.
(2006). This observation, in turn, suggests that our germ-
plasm set might be a valuable resource for pre-breeding
and association mapping.

We observed a lower genetic diversity for winter OSR
inbreds of more recent release than for inbreds which were
released some decades ago (Table 2). Furthermore, we
observed a lower genetic diversity for 00 seed quality
winter OSR varieties than for the other seed quality

subgroups (Table 2). These findings illustrate the effect of
genetic bottlenecks on the genetic variability found in
modern winter OSR inbred lines. The absence of erucic
acid and low levels of GSL were introduced to modern
OSR varieties from the spring cultivars ‘Liho’ and ‘Bronowski’,
respectively (Friedt and Snowdon 2009). Spring OSR
experienced similar bottlenecks as winter OSR. Therefore,
it is an important goal of today’s rapeseed breeding to
increase the genetic variability of modern winter and spring
OSR germplasm.

With D = 0.44, we found a higher gene diversity for
spring OSR compared to D = 0.38 for winter OSR
(Table 1). This observation is in accordance with our
finding of a larger effective population size for the former
than the latter (Table 5). These results suggest that winter
OSR types experienced a stronger bottleneck than spring
OSR. Our observation was unexpected and in contrast to
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Fig. 2 Principal coordinate analysis of 509 B. napus genotypes based
on modified Roger’s distance calculated from 43 simple sequence
repeat (SSR) marker loci mapping to the A genome (a) and 44 SSR
marker loci mapping to the C genome (b) of B. napus. PC 1 and PC 2
are the first and second principal coordinates, respectively. The
proportion of variance explained by the principal coordinates is given
in parentheses. Colors represent the germplasm types

the results of Hasan et al. (2006), who found a higher
allelic diversity for winter OSR than for spring fodder/OSR
types. This finding is most likely due to the fact that the
spring OSR sample size in our study was with N = 204
much higher than that of Hasan et al. (2006) (N = 21).
This in turn increases the power for detecting allelic
diversity. This result suggests, together with the observa-
tion of a high Nbt value for spring OSR, that genetic
diversity of winter OSR could be increased by introgress-
ing spring OSR germplasm. However, this has to be
accompanied by phenotypic selection on winter hardiness
and vernalization requirements.

@ Springer

The high D value of 0.44 (Table 1) found for vegetable
types is in accordance with the results of Hasan et al.
(2006). We further observed that swede types showed a
high gene diversity, which confirms that this type is not
only phenologically extremely diverse (Hasan et al. 2006),
but also on the genetic level. The high gene diversity of
germplasm types which today are of relatively low eco-
nomic importance, namely vegetable, fodder, and swede
types (Table 1), might reflect a part of the domestication
process, as these germplasm types did not fully undergo the
major genetic bottlenecks which occurred during OSR
breeding (Ramanatha Rao and Hodgkin 2002). These
points suggest, together with the observation that the swede
germplasm formed a distinct subgroup from spring OSR
and winter OSR, the idea of utilizing swede germplasm as
a resource for diversity in corresponding breeding pro-
grams. However, the risk of transmission of unsuitable
agronomic characters of swedes must be taken into con-
sideration. Repeated backcrossing in order to remove
unwanted alleles will be required (Basunanda et al. 2007).
On the other hand, swedes may also possess interesting
variation for tolerance to abiotic stresses, particularly
drought.

The availability of genome-specific primer combina-
tions makes it possible to dissect the genetic diversity not
only on a genome-wide scale, but also separately for the A
and C genomes. This allows the detection of genome-
specific patterns of diversity, which in turn would allow to
make inferences on possible sources of genetic diversity
for breeding purposes. The ratio of DA genome/Dc genome
observed was higher than 1 for the entire germplasm set as
well as all germplasm types (Table 1). This observation
could be explained by a higher contribution from B. rapa
than from B. oleracea genotypes to the B. napus diversity.
Our finding suggests that the introduction of known genetic
variability from B. oleracea, as described by Rahman et al.
(2011), might be a strategy to broaden the genetic diversity
specifically of the C genome.

The high ratio of D between the A and C genomes found
for semi-winter OSR (Table 1) might be explained by
the aforementioned introgression of Chinese B. rapa in
B. napus in order to improve the adaptation of the latter to the
local environment (Qian et al. 2006). The same explana-
tion might be true for the high ratio of D between the A and
C genomes observed for swede and spring OSR. On the
other hand, this latter finding might reflect major individual
domestication events of the respective germplasm types on
the C genome. These events might have ocurred during
selection for swollen hypocotyls in the case of swedes
(Ramsay et al. 2001) and for low erucic acid and low GSL
content in spring OSR (Becker et al. 1995). However,
elucidation of these observations requires further research.
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Table 5 Linkage disequilibrium in the B. napus germplasm set, where N is the number of genotypes, 72 is the mean square of the correlation of
the allele frequencies, and Qos untinked loci pairs 1 the 95% quantile of the 7 values among unlinked loci pairs. NV, is the effective population size

Classification N 72 Q05 unlinked loci pairs % linked loci pairs % linked loci N,
> Q95 unlinked loci pairs Pairs r2 > 0.1
Linked  Unlinked
loci loci
Germplasm type
Winter oilseed rape (OSR) 183  0.014 0.009 0.027 12.43 1.18 505
Winter OSR sampling 73 0.023 0.017 0.053 10.90 3.65 441
Winter fodder 22 0.043 0.043 0.127 7.69 10.90 not estimable
Swede 73 0.039 0.037 0.134 5.92 10.65 253
Semi-winter OSR 7 0.141 0.154 0.467 1.00 53.00 238
Spring OSR 204 0.015 0.010 0.030 12.64 1.72 707
Spring OSR sampling 73 0.025 0.019 0.054 10.35 3.24 951
Spring fodder 4 0318 0.312 1.000 0.00 78.31 13
Vegetable 10 0.128 0.123 0.333 4.65 49.61 74
Unspecified 6 0.255 0.245 0.600 5.15 81.62 17
Three-cluster model MCLUST
MCLUST 1 207  0.011 0.006 0.020 13.10 1.19 554
MCLUST 1 sampling 119  0.015 0.010 0.030 11.72 1.37 664
MCLUST 2 183  0.013 0.008 0.027 7.78 1.20 1058
MCLUST 2 sampling 119  0.015 0.011 0.034 8.62 1.65 1880
MCLUST 3 119  0.026 0.022 0.065 8.00 4.57 424
Entire set 509 0.023 0.019 0.072 6.29 5.14 285
Fig. 3 Plot of the squared allele o
frequency correlations (2, dots) =
versus genetic map distance S
(cM) between linked simple
sequence repeat marker loci in e
the entire germplasm set. The S
solid line represents the
nonlinear regression trend line -
of 7 versus genetic map 2
distance, whereas the dashed
line shows the o
Q95 unlinked loci pairs threshold. = E i
The inset gives an enhanced ° o o
view of the > decay over small o
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(=]
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Extent of linkage disequilibrium and prospects

for association studies

The resolution of genome-wide association studies
(GWAS) depends on the extent and structure of LD

detected in the germplasm under

150

consideration. With

regard to germplasm types, the percentage of linked loci
pairs with 2 > 0.1 covered a very large range from 1.18 to
81.62% (Table 5). The high percentage of linked loci pairs
in LD with * > 0.1, which occurred for germplasm types
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with small sample sizes, is caused by an overestimation of
#* values. This is in line with the findings of Zapata et al.
(2001), who described the effect of sample size on D'. On
the other hand, we observed a decrease in the percentage of
linked loci pairs with 7 > 005 unlinked loci pairs  With
decreasing sample size. This is because the inflation
of * values between linked loci pairs is leveled by relating
it to the 7* values between unlinked loci. In this case, a
small sample size reduces the power to observe LD and
leads to a reduced percentage of linked loci pairs with
> 095 unlinked loci pairs- 1hese findings illustrate the
importance of performing resampling simulations when
comparing LD in germplasm sets of differing sizes, inde-
pendent of the chosen significance threshold.

The mean r* for winter OSR types resampled to N = 85
was 0.015 for unlinked loci pairs (data not shown) and
therewith in adherence to the finding of Ecke et al. (2010)
(0.020). Nevertheless, the mean 7 value for linked loci
pairs was with 0.021 only slightly higher than that between
unlinked loci pairs and considerably lower than the value
of 0.122 reported by Ecke et al. (2010). This finding can be
explained by the average marker density, which was
remarkably lower in our study compared to that of Ecke
et al. (2010) and too low for GWAS.

The expected * declined to the significance threshold
within about 1 cM in the entire germplasm set (Fig. 3).
This value is in good accordance with the distance deter-
mined by Ecke et al. (2010), who found high levels of LD
extending over about 2 cM. The rapid decay of LD with
distance will allow a relatively high mapping resolution in
GWAS using our germplasm set. Assuming a genome size
of at least 2,000 cM, and aiming at a coverage of at least 1
marker per cM, more than 2,000 evenly distributed markers
will be required. However, for detecting markers which
explain only a low proportion of the phenotypic variation,
7 values of at least 0.8 are necessary (Ersoz et al. 2007).
Consequently, considerably more than 2,000 markers will
be required for GWAS.

Summary

A large B. napus genetic diversity set representing a large
range of geographical and morphological diversity showed
genetic differentiation into three distinct clusters broadly
representing winter, spring, and swede types. The genetic
diversity of winter OSR was lower than the diversity found
in other germplasm types, and within winter OSR types, a
decay of genetic diversity with more recent release dates
and reduced levels of erucic acid and GSL was observed.
The extent of LD found in our study suggests that GWAS
using this germplasm set will have a high mapping reso-
lution, but, on the other hand, will require a high number of
markers.
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