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improvement. We assessed genome-wide genetic changes, 
including population structure, genetic relatedness, the 
extent of linkage disequilibrium, nucleotide diversity and 
genetic differentiation based on FST outlier detection, for a 
panel of 472 Brassica napus inbred accessions using a 60 k 
Brassica Infinium® SNP array. We found genetic diver-
sity varied in different sub-groups. Moreover, the genetic 
diversity increased from 1950 to 1980 and then remained 
at a similar level in China and Europe. We also found 
~6–10 % genomic regions revealed high FST values. Some 
QTLs previously associated with important agronomic 
traits overlapped with these regions. Overall, the B. napus 
C genome was found to have more high FST signals than 
the A genome, and we concluded that the C genome may 
contribute more valuable alleles to generate elite traits. 
The results of this study indicate that considerable genome 
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variation had been incorporated within rapeseed breeding 
programs over past decades. These results also contribute 
to understanding the impact of rapeseed improvement on 
available genome variation and the potential for dissecting 
complex agronomic traits.

Introduction

Oilseed rape (canola, rapeseed; Brassica napus L., 
2n = 4 × = 38, AACC genomes) is one of the most impor-
tant oilseed crops worldwide. Because of high oil and pro-
tein content in its seed, rapeseed is widely grown in China, 
Canada, Europe and Australia, with increasing interest in S. 
America. Rapeseed was grown on 34.3 million ha and pro-
duced 64.8 million tons of seed worldwide in 2012 (FAO 
2013;  http://faostat.fao.org/), it was equal to supply of ~20 
million tons plant oil a year. Compared with crops such as 
wheat, soybean and rice which have a long history of evo-
lution and domestication, rapeseed is a recent domesticated 
species. It possibly arose as a result of natural hybridization 
and genome doubling between the diploid species Brassica 
rapa (2n =  2 × =  20, genome AA) and Brassica olera-
cea (2n = 2 × = 18, genome CC) along the Mediterranean 
coastline in Southern Europe at 10,000  years ago (Song 
and Osborn 1992; UN 1935). However, there is evidence 
of polyphyletic origins, including in domestication where 
the widely grown B. rapa and B. oleracea vegetables were 
cultivated side by side in countries such as Italy (Allender 
and King 2010). With industrial development of human 
being, rapeseed was possibly selected as a crop around 
300–400  years ago (Morrell et  al. 2011). Rapeseed was 
widely grown in late nineteenth century in northern Europe 
and valued for high levels of erucic acid required for lubri-
cation of steam engines. Due to the high storage protein in 
seed, rapeseed was also grown to feed animals, and then 
improved as an oil crop at the beginning of 1950s.

Although rapeseed has only been subject to a short evo-
lutionary history and period of selection in domestication, 
there have been substantial changes in phenotypic proper-
ties, especially during the past few decades as a result of 
extensive breeding efforts. Over the past 60 years rapeseed 
has undergone extensive improvement, affecting a wide 
range of agronomic traits. The most significant achieve-
ment has been a remarkable growth in yield, with seed 
oil content considerably increased (Abbadi and Leck-
band 2011). These gains have contributed to higher effi-
ciency of land use, with larger numbers of farmers will-
ing to grow the crop (Abbadi and Leckband 2011). Since 
the crop has primarily been cultivated for edible oil, seed 
quality has been improved to make it nutritionally accept-
able for human and livestock consumption. The major 
advance has been in generation of canola quality seed, with 

‘double-low’ erucic acid and glucosinolate characteristics 
and high oleic acid content (Abbadi and Leckband 2011; 
Shahidi 1990; Stefansson and Hougen 1964). To meet the 
demands of modern agriculture, additional traits, such as 
canopy architecture, tolerance to biotic and abiotic stresses, 
and adaptation of flowering and phenology to different 
latitudes, have all been improved to some extent (Lefeb-
vre 1989; Rygulla et al. 2007; Wang et al. 2005), although 
there remains considerable scope for improvement of har-
vest index. The extensive phenotypic variation present in 
B. napus suggests the existence of a considerable geno-
typic variation in this crop species. This raises a number of 
questions such as how, when and where did these genetic 
changes occur; which genetic factors or genomic regions 
control these improved traits. Moreover, since the require-
ment of more intensive agriculture in future, thus, is there 
sufficient allelic variation available for future rapeseed 
breeding? Uncovering the underlying pattern of genetic 
changes during rapeseed breeding over past decades would 
answer these questions and provide knowledge to guide 
future rapeseed improvement.

To unravel the genetic basis of crop trait variation, a 
number of traditional genome-wide phenotype-to-geno-
type approaches have been employed including linkage-
based QTL mapping and linkage-disequilibrium (LD) 
association mapping (Duran et  al. 2010; Georges 1997; 
Guo et  al. 2013; Lu et  al. 2011; McCouch and Doerge 
1995; Vaz Patto et  al. 2003; Waugh et  al. 2010). How-
ever, these approaches are limited to phenotypes that are 
readily measured, and may fail to detect a large portion 
of the genetic changes associated with plant domestica-
tion and improvement (Suzuki 2010). Selection of favora-
ble alleles during domestication and breeding is usually 
associated with dramatic changes in genetic diversity for 
a subset of target genes or genomic regions, as a result 
of linkage drag (Suzuki 2010). This has led tothe devel-
opment of new genome-wide approaches that reveal the 
pattern of genetic changes, and enable detection and 
dissection of regions contributing to complex trait vari-
ation without the need for prior trait evaluation. These 
approaches include genome-wide scans of nucleotide 
diversity, patterns of LD decay, and outlier genomic selec-
tion regions based on genetic differentiation between 
different populations (Motsinger et  al. 2006). A number 
of studies have successfully investigated genome-wide 
genetic change during breeding and domestication based 
on these approaches (Jiao et al. 2012; Lai et al. 2010; Lam 
et  al. 2010; McNally et  al. 2009; Morrell et  al. 2011). 
These approaches have also successfully been used to 
identify candidate genes or genomic regions controlling 
elite traits. For example, tracking footprints of artificial 
selection in the dog genome demonstrated that regula-
tory variation in HAS2 is associated with skin wrinkling 
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of shar-Peis (Waugh et al. 2010). In maize, thousands of 
genomic regions have been shown to be associated with 
artificial selection targets during modern breeding and 
domestication (Jiao et  al. 2012; Lai et  al. 2010), with 
genes in such regions most probably representing the key 
factors controlling traits improved in recent decades (Jiao 
et al. 2012). Similar studies have also been carried out in 
wheat, soybean, rice and tomato (Cavanagh et  al. 2013; 
Lam et al. 2010; McNally et al. 2009; Sim et al. 2012).

To understand genetic changes since the recent domes-
tication and breeding selection of rapeseed and to provide 
a context for future breeding, we assessed genome-wide 
genetic changes in a large panel of B. napus cultivars and 
landrace accessions using a 60 k Brassica Infinium® SNP 
array recently developed by the Brassica Illumina SNP 
consortium. Most of these accessions represent inbred lines 
of rapeseed cultivars produced from the 1950s to the 2010s. 
Our detailed genome-wide analysis reveals that modern 
breeding effort in rapeseed has played an important role in 
enlarging the genetic diversity of the crop, and refining elite 
traits by targeting selected genomic regions. The results of 
this study contribute to understanding the impact of rape-
seed improvement on genome variation and the potential 
for dissecting complex agronomic traits.

Materials and methods

Plant materials

A panel of 472 worldwide accessions was assembled, 
including inbred lines of commercial cultivars and lan-
draces produced from 1950s to 2010s. Meta data describ-
ing the breeding period, region and growth type were care-
fully collated and curated based on provenance, recorded 
pedigree, breeding record and previous field performance 
(Table S1). DNA was isolated from young leaves of ~10 
plants (pooled) for each of the 472 accessions, following a 
traditional large scale CTAB method (Richards et al. 2001).

Genotyping, quality control and SNP location

SNP genotypes were derived as part of a recently com-
pleted study (Li et  al. 2014). Briefly, the Brassica 60K 
Illumina® Infinium SNP array was used to obtain geno-
typic data using 200 ng sheared DNA from each accession 
according to the manufacture’s protocol described at (http:// 
www.illumina.com/technology/infinium_hd_assay.ilmn). 
SNP data were clustered and called automatically using the 
Illumina BeadStudio genotyping software. SNPs that did 
not show clearly defined clusters representing any of the 
three possible genotypes (AA, AB and BB) in the whole 
panel were excluded.

To control the quality of data used for subsequent analy-
sis, a series of criteria were established for filtering SNP 
markers. First, SNP markers that had more than 20 % miss-
ing genotypes within each group (e.g. accessions in the 
Europe group), or that had more than 10 % missing gen-
otypes across the whole panel, were discarded from the 
analysis. Second, to avoid paralogues or homeologues con-
fusing the genotype analysis, four DH (doubled haploid) 
lines were used as controls. SNP markers that appeared 
heterozygous within any of these four DH lines were 
excluded from our analysis. Finally, SNPs that were nearly 
monomorphic across all accessions (minor allele frequency 
<0.05; MAF) were discarded from our dataset.

To position the 50,000 SNPs in the context of the 19 B. 
napus chromosomes, we used the B. napus ‘pseudomol-
ecules’ constructed by integrating high density genetic 
maps and scaffolds for B. rapa and B. oleracea (Harper 
et al. 2012). Probe sequences of these SNPs were used to 
query these scaffolds arranged on 19 ‘pseudomolecules’ 
corresponding to each of the B. napus chromosomes using 
blastn (from ftp://ftp.ncbi.nlm.nih.gov/blast/). A custom 
perl script was used to parse the blast output, and extract 
the most significant genome hits for each SNP. The chro-
mosomal locations for each probe were then obtained based 
on their corresponding match positions. SNPs mapping to 
unanchored scaffolds were excluded from further analysis.

Statistical analysis

The software package STRUCTURE v2.3.4 implemented 
with a model-based clustering algorithm (Pritchard et  al. 
2000) was used to predict the population structure for our 
472 accessions. SNPs with minor allele frequency (MAF) 
larger than 0.1 and with distance to adjacent SNPs larger 
than the mean distance of all 25,183 SNPs were selected 
for population structure analysis. The K number was set up 
from 1 to 10 with the length of burin period and the num-
ber of MCMC (Markov Chain Monte Carlo) replications 
after burin both to 100,000 under the ‘admixturemodel’. 
Five independent runs were performed for each K num-
ber. The most likely number of sub-populations was deter-
mined with ∆k method described by Evanno et al. (2005). 
All the SNPs were used to estimate the genetic related-
ness between individuals by principal component analysis 
(PCA) using the GCTA tool (Yang et al. 2011) and identity 
by state (IBS) using the plink software (Purcell et al. 2007). 
Linkage disequilibrium was calculated using SNPs with 
MAF larger than 0.05 with software TASSEL4.0 (Bradbury 
et al. 2007).

The statistic π was employed to calculate genome-
specific nucleotide diversity (Nei and Miller 1990) for 
SNPs located on chromosomes A01 to A10 (A genome) 
or C01 to C09 (C genome). To identify putative loci 

http://www.illumina.com/technology/infinium_hd_assay.ilmn
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ftp://ftp.ncbi.nlm.nih.gov/blast/


1820	 Theor Appl Genet (2014) 127:1817–1829

1 3

under artificial selection among different sub-populations, 
an FST outlier detection method was employed. Estima-
tion of SNP and population-specific FST was based on 
the pure drift model (Nicholson et  al. 2002), follow-
ing the procedure described by Porto-Neto et  al. (2013). 
The sub-populations were classified according to breed-
ing region, growth type and breeding period (Table S1). 
To avoid abnormal data affecting the final result, outlier 
regions were detected based on a sliding-window FST 
analysis. Briefly, SNP-specific FST values were calculated 
within each sub-group, followed by the average FST in a 
0.5 Mb window with a 50 kb sliding bin for each of the 
19 chromosomes. The mean FST was set as zero when the 
0.5  Mb windows contained <3 SNP markers and these 
windows were excluded in further analysis. Subsequently, 
genomic regions of particularly high FST (above the first 
percentile in the sub-population) were regarded as the tar-
gets of artificial selection during breeding in the relevant 
sub-population.

Results

Summary of plant materials

A panel of 472 accessions from a worldwide core collec-
tion of B. napus inbred lines produced in the past 60 years 

was used to represent rapeseed cultivars produced from 
different regions, growth types and periods. Breeding 
regions were classified as from Australia (20; incl. New 
Zealand), China (232), Europe (160), North America (26; 
Canada and USA) and Northeast Asia (31; Japan, Korea) 
(Table 1). Three accessions from India and Pakistan were 
excluded from this classification. We classified accessions 
as spring (111), semi-winter (199) and winter (162) types 
based on their vernalization requirement for induction of 
flowering. We were also able to classify the accessions 
from China and Europe into five and four groups accord-
ing to their breeding periods based on year of cultivar 
release (Table 1).

SNP characteristics, quality and their locations

The Brassica 60K Illumina® Infinium SNP array was used 
for genotyping. Following quality control, 25,183 SNP 
markers were used for subsequent analysis. We found 
that chromosome C03 had the greatest number (2,247) of 
SNPs; whereas, A02 ranked as the lowest (688). Since an 
even distribution of SNP markers was critical to our sub-
sequent analysis, we calculated the mean density of SNPs 
for each of the 19 B. napus chromosomes, which ranged 
from 1 SNP 17.50 kb−1 on chromosome A10 to 69.42 kb−1 
on chromosome C09, with an average density across the 
whole B. napus genome of 1 SNP 29.20 kb−1.

Table 1   General characteristics 
of the 472 accessions studied

Grouping by geography

Australia China Europe North America Northeast Asia

 Count 20 232 160 26 31

 π (×10−3) 8.3 ± 2.7 6.9 ± 2.5 8.0 ± 2.2 7.5 ± 2.5 7.2 ± 2.8

 FST 0.0554 ± 0.0741 0.0288 ± 0.0343 0.0306 ± 0.0392 0.0316 ± 0.0445 0.0384 ± 0.0514

Grouping by growth types

Spring Semi-winter Winter

 Count 111 199 162

 π (×10−3) 8.0 ± 2.3 6.6 ± 2.6 7.8 ± 2.3

 FST 0.0899 ± 0.0887 0.0298 ± 0.0456 0.0612 ± 0.0662

Grouping by breeding periods in China

1950–1970 1971–1980 1981–1990 1991–2000 2001–2011

 π (×10−3) 5.8 ± 3.0 6.7 ± 2.6 7.0 ± 2.7 6.9 ± 2.8 7.1 ± 2.8

 FST 0.0465 ± 0.0590 0.0157 ± 0.0234 0.0192 ± 0.0298 0.0224 ± 0.0328 0.0720 ± 0.1209

Grouping by breeding periods in Europe

1950–1970 1971–1980 1981–1990 1991–2000

 Count 10 108 24 18

 π (×10−3) 5.2 ± 3.9 8.1 ± 2.2 7.9 ± 2.5 8.4 ± 2.7

 FST 0.1565 ± 0.1456 0.0477 ± 0.0619 0.0276 ± 0.0393 0.0806 ± 0.0988
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Genetic relatedness, population structure and linkage 
disequilibrium for the core collected rapeseed population

To investigate relatedness of the 472 rapeseed accessions, 
IBS was calculated using all 25,183 SNP markers with the 
software of plink (Purcell et  al. 2007). Totally, these 472 
accessions produced 111,156 pairs of comparisons. Six 
pairs represented 12 unique accessions showed IBS score 
larger than 0.95. This indicated individuals in these six 
pairs should be regarded as identical plant materials. Since 

there were only six overlapped accessions and they distrib-
uted evenly in different sub-groups when we classified the 
472 core collections with different criterions, thus these 
accessions were not excluded in subsequent analyses. Of 
these 111,156 pairs of comparisons, 591, 20,344, 63,446, 
25,278, 1,480 and 17 pairs showed IBS score ranged from 
0.4 to 0.5, 0.5 to 0.6, 0.6 to 0.7, 0.7 to 0.8, 0.8 to 0.9 and 
0.9 to 1, respectively (Fig. 1). The average IBS score was 
0.6563 ± 0.0640. Both of distribution and average number 
of IBS score suggested close genetic relatedness among all 
of the 472 accessions.

Totally, 7,406 SNPs were selected for population struc-
ture analysis using STRUCTURE software (Pritchard et al. 
2000). Based on the ∆k method (Fig.  2a), the 472 acces-
sions could be divided into two sub-populations (Fig. 2b). 
The principle component analysis based on all SNPs 
showed that the first 20 eigenvalues could explain a total of 
37.6 % genetic variance and the first two principle compo-
nents could explain 9.8 and 5.3 % genetic variance, respec-
tively. Comparison with the classification of these 472 
accessions using the first two principle components and 
using growth type or geographic distribution, there was no 
very clear correspondence between different classifications 
(Fig. 3). However, some weak correlations between differ-
ent classifications could be observed. Figure  3a showed 
part of semi-winter rapeseed distributed between winter 

Fig. 1   Distribution of IBS scores for the rapeseed core collection

Fig. 2   Analysis of the popula-
tion structure of the rapeseed 
core collection by STRUC-
TURE. a �k based on the rate 
of change of LnP(D) between 
successive K. b Population 
structure based on K = 2. Each 
individual is represented by a 
vertical bar. Q1 and Q2 are the 
values of composition belong-
ing to the two sub-populations 
for a given accession

Fig. 3   Principle component 
analysis for the rapeseed core 
collection. First three principal 
components are shown. Each 
individual is represented by one 
dot and the color label corre-
sponding to their classification: 
a different growth type and b 
different geographic distribution 
(color figure online)
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and spring types; similarly, Fig.  3b showed the first two 
principle components could slightly classify rapeseed from 
China and Europe. The same results were also observed 
when compared the classification of these 472 accessions 
using model-based sub-populations and using growth type, 
geographic distribution or different released periods (data 
not shown). All these results suggested that population 
structure did not strongly contribute to the genetic differ-
entiation between the growth type and different geographic 
distribution in our core rapeseed population.

To investigate the extent of linkage disequilibrium, 
the r2 was used to calculate LD in this study. Figure  4 
showed the genome-wide LD decay for all the 472 rape-
seed accessions. Overall, the average distance over which 
LD decayed to half of its maximum value in rapeseed was 
~21 kb. In addition, when the mean distance between SNP 
markers is about 0.5 Mb, r2 nearly decays to 0.2; when the 
distance is about 1.5 Mb, r2 nearly decays to 0.1. Figures 
S1–S3 showed all r2 versus distance for all 19 chromo-
somes. Obviously, the LD decay across these 19 chromo-
somes showed very different. C07 showed almost no LD 
decay, which is probably due to inaccurate SNP mapping. 
Except for chromosome C07, A10 showed the fast and 
C08 showed the lowest LD decay. With a regression anal-
ysis to modulate the relationship between r2 and the dis-
tance, r2 decayed to 0.2 when the distance was 50 kb and 
to 0.1 when the distance was 480 kb on chromosome A10; 
whereas, r2 decayed to 0.2 when the distance was 2.48 Mb 
and to 0.1 when the distance was 2.49  Mb on chromo-
some C08 (Table S2). Moreover, the LD decay between the 
whole A and C genome in rapeseed also showed very dif-
ferent (t test, p value <0.01). r2 decayed to 0.2 when the 
average distance for A genome was 210 kb and to 0.1 when 
the average distance was 980  kb; whereas, r2 decayed to 

0.2 when the average distance for C genome was 810  kb 
and to 0.1 when the distance was 1.61 Mb (Table S2).

Modern breeding has affected rapeseed nucleotide diversity

To identify evidence for recent selection of specific 
genomic regions or alleles particularly associated with 
modern breeding efforts, we carefully interrogated the pat-
terns of nucleotide diversity amongst our representative set 
of 472 rapeseed accessions. Based on the calculated nucle-
otide diversity for each of the sub-groups based on breed-
ing region, growth type and breeding period, it was appar-
ent that accessions from China had the lowest nucleotide 
diversity, with π equal to 6.9 × 10−3 (Table 1). In contrast, 
accessions from Australia showed the highest diversity 
with π equal to 8.3 × 10−3. Similarly, semi-winter rapeseed 
had nucleotide diversity of 6.6 × 10−3, compared to higher 
levels in spring (8.0 × 10−3) and winter (7.8 × 10−3) types.

To test whether the genepool available for rapeseed 
breeding has varied along time, we also calculated the 
nucleotide diversity for accessions generated during differ-
ent periods within the same region. Since there were insuf-
ficient accessions sampled from Australia, North America 
and Northeast Asia, we only performed this analysis for 
China and Europe. It is clear that the nucleotide diversity 
increased significantly in both China and Europe during 
the periods 1950–1970 and 1971–1980 (Table  1; Fig.  5). 
In China, the mean nucleotide diversity between 1971 and 
2011 was relatively stable at around 7.0 × 10−3, compared 
with 8.0 × 10−3 in Europe. These are significantly higher 
than the earlier period from 1950 to 1970 (p value <0.01), 
with 5.8 × 10−3 in China and 5.2 × 10−3 in Europe. The 
differences in the increase of nucleotide diversity between 
1950 and 1980 in China (~14 %) and Europe ~55 % (Table 

Fig. 4   Genome-wide LD decay 
for all the 472 accessions
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S3) have not been maintained in the subsequent periods. 
To investigate this further, we interrogated each of the 
constituent genomes, and found that in China, both A and 
C genomes contributed nearly equally (15.4  % for A and 
16.5  %for C; Table S3), whilst in Europe the C genome 
contributed much more (87.6 %) than for A (27.2 %) (Table 
S3).

Evidence for putative artificial selection in the rapeseed 
genome arising from modern breeding

Crop cultivars are required to adapt to specific growth con-
ditions and meet changing human requirements in differ-
ent periods of plant domestication and crop improvement. 
This results in some sub-populations having increased vari-
ation or frequency of elite alleles within specific genomic 
regions, whilst some of these alleles may be absent from 
other sub-populations. This preference for specific loci and 
alleles in a particular sub-population may be the result of 
selection.

Recently, several statistics have been used to identify 
signals for this type of selection, including Tajima’s D 
test, the long-range haplotype (LRH) test and genetic dif-
ferentiation (FST fixation index) between sub-populations 
(Suzuki 2010). Of these, FST is not strongly affected by 
ascertainment bias and so is better suited for analyzing data 
generated using SNP chips (Albrechtsen et al. 2010). We, 

therefore, carried out a genome-wide scan for signatures 
of selection in our set of 472 B. napus accession by esti-
mating Wright’s FST with a sliding window method. A low 
FST (close to 0) usually indicates balancing selection, high 
levels of gene flow between populations or a low level of 
diversity across populations, whilst high FST may arise by 
genetic drift or artificial selection (Suzuki 2010). Sliding 
windows of low SNP density were designated as FST equal 
to 0, and so we only used the 1st percentile of the empiri-
cal distribution of high FST-windows for detecting putative 
artificial selection in this study.

When classified by breeding region the mean sub-pop-
ulation specific FST ranged from 0.029 (China) to 0.055 
(Australia) (Table 1), indicating lowest genetic differentia-
tion in accessions from China, consistent with its lowest 
nucleotide diversity. This also indicated a more restricted 
genetic relationship amongst rapeseed accessions in China 
compared with other regions. When classified by growth 
type, the mean sub-population specific FST for spring 
(0.090), semi-winter (0.030) and winter (0.061) types 
(Table  1) was consistent with the pattern of nucleotide 
diversity. Thus, semi-winter types had the lowest π and FST 
value, whereas spring types had the highest π and FST.

A considerably larger range of variation in FST was 
apparent when accessions from China and Europe were 
classified by breeding periods. Amongst lines produced 
in China from 1950 to 2011, we found higher FST in the 

Fig. 5   Boxplot for nucleotide diversity at different breeding periods 
in China and Europe. Letters of P1 to P5 below the plots correspond 
to these five periods, 1950–1970, 1971–1980, 1981–1990, 1991–2000 
and 2001–2011, respectively. The plots on the top panels show the 

nucleotide diversity for Chinese cultivars, the plots on the bottom 
panels show the same statistics for European accessions. a, d Whole 
rapeseed genome; b, e A genome; c, f C genome
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sub-populations of 2001–2011 (FST  =  0.072) and 1950–
1970 (0.047), whereas the other three sub-populations 
had a low FST of ~0.02. A similar pattern was apparent in 
Europe with highest FST from 1991–2000 (FST  =  0.081) 
and 1950–1970 (0.156). More recently, rapeseed breeding 
has also extended the range of artificial selection, during 
1991–2000 in Europe, and in the past decade in China. In 
contrast, the more uniform and reduced FST associated with 
different growth type classifications may indicate fewer 
loci and alleles under recurrent selection in relation to the 
flowering time trait.

To track the footprint of selected chromosomal regions 
during rapeseed modern breeding, we calculated the 
smoothed FST for each sub-population. As the distance 
between SNP markers approached 0.5  Mb, the aver-
age r2 was 0.2. Since this level of linkage disequilibrium 
(LD) usually indicates limited linkage between markers, 
we selected a 0.5 Mb sliding window to smooth FST. The 
regions subjected to putative artificial selection for all cat-
egories are shown in Fig.  6 and Figures S4–S7, with the 
corresponding detailed information in Tables S4–S6. 
Seventy-six chromosomal regions had high FST in at least 
one sub-population (1st percentile high FST-window) for 
breeding regions, with fewer amongst growth types (51 
regions), and breeding period in China (68) and Europe 

(59) (Table  2). The sum of these high FST chromosomal 
regions correspond to 73.95 Mb (breeding region), 42.4 Mb 
(growth types), 69.75 (China) and 61.3  Mb (Europe) 
(Table 2). This reveals these regions span 6–10 % of the B. 
napus genome and may be enriched for targets of putative 
selection. Looking further into these regions, we found that 
the A genome had considerably high FST signals than the 
C genome in all four categories of the collection (t test, p 
value <0.01), which suggests that the C genome may con-
tribute more valuable alleles to generate elite traits.

Since a large number of genomic regions showed high 
FST, this motivated us to identify which loci and alleles 
were located on these selected regions. To simplify our data 
analysis, we only investigated high FST regions shared by 
more than two groups, the groups being defined as breed-
ing regions, periods or growth habits. Three genomic 
regions met these criteria (Table  3). A08:7.20–10.20  mbp 
and C02:47.20–50.90 clearly show high FST in three and 
four of the five sub-populations which were classified 
according to breeding periods in China. C06:35.95–38.80 
showed high FST in spring and winter sub-populations clas-
sified according to growth type.

Comparing with previous and ongoing studies of linkage 
and linkage-disequilibrium QTL mapping for agronomic 
traits in rapeseed, we found there were important QTL or 

Fig. 6   Genomic regions showed high FST values on all 19 rapeseed 
chromosomes. From the bottom to up, these yellow boxes indicate 
chromosome 1–19 in order. These four colors, red, green, brown and 
purple, indicate genomic regions with outlier FST based on calcula-
tion of genetic differentiation among sub-populations on different 

methods for classification the 472 accessions. The four categories 
for classification the 472 accessions are listed in the top-right of this 
figure. Genomic regions with overlying colors indicate overlapped 
selection signals from different categories (color figure online)

Table 2   Summary of genomic 
regions under putative selection 
based on different classification

Total A genome C genome

Size (Mb) Count Size (Mb) Count Size (Mb) Count

Breeding regions 73.95 76 16.80 18 57.15 58

Growth types 42.40 51 13.90 15 28.50 36

China periods 69.75 68 17.95 15 51.80 53

Europe periods 61.30 59 12.05 14 49.25 45
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candidate genes in all of these three high FST regions. First, 
a major QTL for erucic acid and oil content in seeds embed-
ded within the region of A08:7.20–10.20 (Cao et  al. 2010; 
Wang et al. 2008, 2010). BnaA.FAE1 is the candidate gene 
for this QTL and is located just 120  kb far from the peak 
position of FST values according to in silico mapping of 
homologues from Arabidopsis thaliana onto the B. napus 
‘pseudomolecules’ (BnaA.FAE1 locates on A08:9.28 and the 
peak position is 9.40). Second, according to GWAS analy-
sis in rapeseed for glucosinolate content in seed performed 
by Harper et al. (2012), loci controlling this trait overlapped 
with the region C02:47.20–50.90. BnaC.HAG1 is the candi-
date gene for this QTL, it locates on C02:49.62 and the peak 
FST position is 49.35. Third, we previously found a major 
flowering time QTL located within the region C06:35.8–
38.80 (Wang et al. 2009). The location of the candidate gene 
BnaC.FT for this flowering time QTL was nearly in perfect 
overlap with the peak position of high FST (BnaC.FT locates 
on C06:36.74 and the peak FST position is 36.75).

Based on our analysis of allele frequencies in these three 
regions, it was apparent that their distributions among sub-
populations also support the hypothesis of strong selec-
tion. Major allele frequencies in A08:7.20–10.20 revealed 
that SNPs in sub-populations 1950–1970, and 2001–2011 
are almost fixed (Fig.  7a). Similarly, SNPs in sub-popu-
lations 1950–1970, 1971–1980 and 2001–2011 are also 
nearly fixed in the region C02:47.20–50.90 (Fig. 7b). Care-
ful inspection of major allele frequencies in the region 
C06:25.8–28.8 indicates that SNPs in the three sub-pop-
ulations are not only close to fixation, but also showed a 
nearly identical distribution of major allele frequency to 1 
in part of this region simultaneously (Fig. 7c). In the region 
C06:35.8 to C06:37.3 the winter and semi-winter sub-pop-
ulations showed 91.7  % SNPs with major allele frequen-
cies nearly equal to 1 simultaneously. Whereas between 
C06:37.3 to C06:38.8 the spring and semi-winter sub-pop-
ulations showed 80.6 % SNPs with major allele frequencies 
nearly equal to 1.

Table 3   Annotation of genomic regions showed high FST values among multiple sub-populations

Chr. Start End SNP No. Peak position FST Grouping Sub-pop. Annotation

A08 7.20 10.20 49 9.4 0.3755 Breeding periods in China 1950–1970 QTL for eucic acid and oil 
content in rapeseed seed with 
candidate gene BnaA.FAE1.

1971–980

2001–2011

C02 47.20 50.90 96 49.35 0.2413 Breeding periods in China 1950–1970 QTL for glucosinolate content  
in rapeseed seed with  
candidate gene BnaC.HAG.

1971–1980

1991–2000

2001–2011

C06 35.95 38.80 69 36.75 0.3259 Growth Types Spring Flowering time QTL with  
candidate gene BnaC.FT.Winter

Fig. 7   Variation of major allele frequencies within regions on rape-
seed genome showing high FST values. a Major allele frequencies 
(AF) at region A08:7.20–10.20 within the five sub-populations in 
China (these five sub-populations are corresponding to accessions 
produced at periods 1950–1970, 1971–1980, 1981–1990, 1991–2000 
and 2001–2011); b major AF at region C02:47.20–50.90 within the 

five sub-populations in China; c major AF at region C06:35.95–38.80 
within the three growth types in China. Black triangles in a–c indi-
cate the positions of genes BnaA.FAE1, BnaC.HAG1 and BnaC.FT, 
respectively; red triangles in a–c indicates peak positions for putative 
selection signals (genomic positions with the highest mean FST values 
in the showed regions) (color figure online)
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Discussion

Until recently the original breeding selection was usually 
performed without reference to knowledge of the under-
lying genomic information, but primarily relied on trait 
performance. These insights into the underlying genomic 
contributions to selective breeding in the context of agro-
nomic traits will help to extend our understanding of crop 
improvement and so guide future breeding efforts (Morrell 
et al. 2011). In this study, our genome-wide analysis 25,000 
valid SNP markers revealed that 6–10  % of genomic 
regions investigated (covering ~40–80  Mb) present high 
FST values. These regions represent a list of candidate 
regions that may have been under strong selection and may 
be worth further study. Knowing the genomic content of 
regions with high FST will prove useful to understand the 
target of selection and mechanisms at play. This informa-
tion also provides us with a new approach to dissect com-
plex traits for rapeseed improvement (Morrell et al. 2011).

Genetic diversity is an important parameter for evalu-
ating the ability to identify and sustain generation of new 
elite cultivars in crop improvement. Low genetic diversity 
in a given eco-geographical area or special growth type 
indicates a reduced allelic gene pool available for selec-
tion, and thus a bottleneck for crop breeding. In this study, 
we found that rapeseed in China had the lowest nucleotide 
diversity based on geographic classification of the 472 
accessions (Table 1). As most of the semi-winter rapeseed 
types were from China, this sub-population also showed 
the lowest nucleotide diversity based on growth type clas-
sification (Table  1). This result was partially in accord-
ance with a previous report that assessed genetic diversity 
for a panel of 509 accessions with genotypic data from 
89 genome-specific SSR primer combinations (Bus et  al. 
2011). Since rapeseed germplasm in China was isolated 
from Europe and the rest of the world (Chen et al. 2008), 
rapeseed population in China or the group of semi-winter 
type showing lower genetic diversity may be as a result of 
genetic isolation or bottlenecks.

During crop improvement, a subset of genomic regions, 
loci or alleles are more likely to be selected as a common 
genetic resource for many cultivars dependent on region, 
growth type or the period in which they were developed. 
The selection for adaptation to similar growth environments 
may also lead to a reduction of genetic diversity or ‘allelic 
canalisation’ in modern crops. The phenomenon has been 
reported for a number of crops, including wheat and soy-
bean (Fu and Somers 2009; Hyten et  al. 2006). However, 
in the case of the amphidiploid B. napus, there is also the 
opportunity to harness allelic diversity from the two con-
stituent genomes of B. rapa (A) and B. oleracea (C), and 
so to determine whether canalisation or gene pool enrich-
ment has occurred in B. napus. In modern plant breeding, 

reduction of genetic diversity due to a reduced gene pool is 
a very common phenomenon. Moreover, previous studies 
showed bottlenecks and linkage drag in genomic regions 
corresponding to loci selected during breeding of modern 
rapeseed varieties incorporating low oil erucic acid content 
and low seed glucosinolate content (Becker et  al. 1995; 
Cao et  al. 2010; Hasan et  al. 2008). These bottlenecks 
caused by linkage drag also contribute to reduced genetic 
diversity since the alleles in question only arose from sin-
gle or few sources (e.g. low erucic acid from cv. Liho, and 
low glucosinolate from cv. Brownowski) and genomic 
regions inherited from these ancestors can still be identi-
fied in the genomes of rapeseed cultivars (Bancroft et  al. 
2011). However, we found the genetic diversity increased 
from 1950 to 1980 and then has been maintained at a simi-
lar level since 1981 in both China and Europe (Table  1; 
Fig.  5). This is partly in contrast to the conclusions from 
the lower resolution study of Bus et al. (2011) who identi-
fied lower genetic diversity within winter rapeseed inbreds 
of more recent release than for inbreds released in previous 
decades. By carefully comparing these two results, we find 
that this apparent contradiction may arise from two factors. 
First, different plant materials were used in these two stud-
ies. Our core collected panel mainly included oil-type rape-
seed; whereas a number of forage rapeseed were involved 
in Bus et al. (2011). Second, different genotyping methods 
were used in these two studies. SNP array was employed 
in this study; whereas SSR markers were mainly used in 
Bus et al. (2011). These different methods for genotyping 
would produce ascertainment bias. In addition, discrimina-
tion between different rapeseed sub-groups by population 
structure in some previous studies was clear (e.g. Bus et al. 
2011); whereas there was only weak correlations between 
classifications by population structure and sub-groups in 
our study. This difference may also attribute to these two 
factors.

Since the specificity of plants in U’ triangle, the 
genomes of three ancestral species of Brassica (B. rapa, 
B. oleracea and B. nigra) combined to create three of the 
common modern vegetables and oilseed crop species (B. 
napus, B. juncea and B. carinata) (UN 1935), these pat-
terns of initial increases in genetic diversity followed by 
relative stability should be placed in the context of relation-
ships among species in U’s triangle, particularly through 
introduction of genetic variation from the A and C genome 
diploid species B. rapa and B. oleracea. Delourme et  al.  
(2006) concluded that a number of resistance genes/loci 
had been introduced from B. rapa to the A genome of B. 
napus. In China genomic components from B. rapa and B. 
oleracea were also introduced into B. napus rapeseed lines 
to widen the genetic diversity, and following stabilization 
have been used as breeding parents (Li et  al. 2007; Mei 
et  al. 2011; Qian et  al. 2006). We also detected different 
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levels of increased genetic diversity in China and Europe, 
with the latter having lower genetic diversity between 1950 
and 1970, with an increase between 1971 and 1980 (Table 
S2). This phenomenon may result from particular circum-
stances. First, in Europe there may have been introduction 
of more exotic germplasm base from other species in U’s 
triangle than in China during the period 1971–1980. Sec-
ond, most of the accessions in our representative collection 
were oilseed rape cultivars (mainly used for producing oil); 
with very few fodder types from Europe. Moreover, there 
was no fodder rapeseed present in China during this period. 
The introduction of genetic variation (e.g. for resistance to 
stem canker/blackleg) from fodder rapeseed would have 
made a more significant contribution to extending genetic 
diversity in Europe than in China during this period. With 
a more detailed analysis of the sources of the increased 
genetic diversity, we found a similar increase in percentage 
nucleotide diversity from 1950 to 1980 in China for the A 
and C genomes (15.41 and 17.41 %). In contrast, there was 
a more than three times increase for C than A genome in 
Europe (83.64 and 26.41 %). We might be able to attribute 
these differences to the extensive growth of B. oleracea in 
Europe and its genetic components were introduced to C 
genome with a higher possibility in this area.

LD can reflect the fundamental genetic force of recom-
bination, as well as demographic factors, such as popula-
tion history, artificial selection and inbreeding (Kim et  al. 
2007). In this study, we calculated the extent of LD for core 
rapeseed collection. We observed significant LD (r2 > 0.2) 
between markers separated by up to 500 kb. This value is 
smaller than the results obtained by Ecke et al.  (2010), who 
found levels of significant LD over 2 cM, a genetic distance 
that was equivalent to 1 Mb on the physical map. In their 
report, 2 cM in genetic distance was equal to 1 Mb in physic 
genome distance. Moreover, compared with other plants, 
rapeseed showed a moderate extent of LD decay with an 
average distance of 21 kb over which LD decayed to half of 
its maximum value; whereas the average distances for cul-
tivated soybean, wild soybean, maize, wild and cultivated 
rice and A. thaliana were at ~150, ~75, <1, <1 and ~3–4 kb 
(Gore et  al. 2009; Kim et  al. 2007; Lam et  al. 2010; Zhu 
et  al. 2007), respectively. This extent of LD decay would 
provide a moderate resolution for further genome-wide 
identification of signature of artificial selection in rapeseed.

Our results also highlighted several genomic regions 
with high FST. These regions constitute a list of candidate 
regions of artificial selection which can be of high inter-
est for future breeding programs. Since dramatic changes 
in allele frequency may arise by chance, especially during 
bottleneck events, further studies are needed to refine the 
exact proportion and location of the genome that has been 
under artificial selection. Interestingly, both sub-genomes 
do not show the same genetic signal: the C genome shows 

more loci with high FST than the A genome (p value 
<0.01). In addition, the LD decay is lower in the C than 
in the A genome (Table S2 to S8). Taken together these 
results support the hypothesis of a higher selection on the 
C genome. The reason why the rapeseed C genome may 
harbor genomic regions more attractive to breeders is not 
immediately apparent. The higher nucleotide diversity (π)  
in the C genome suggests that the C genome may be a 
repository for a wider range of loci or alleles contribut-
ing to important agronomic traits, such as yield, oil con-
tent and biotic and abiotic stress tolerance. This may also 
be inferred from evidence presented in some recent stud-
ies. For example, BnaC.IGMT5.a on chromosome C06 was 
identified as a candidate gene of the major QTL for resist-
ance to sclerotinia stem rot (Wu et al. 2013). Many QTLs 
for yield-related traits were detected on the C genome 
through genome-wide association mapping with 192 inbred 
lines and linkage mapping with a reconstructed F2 popula-
tion (Cai et al. 2014; Shi et al. 2009).The functional promi-
nence of one genome may also be in part due to epigenetic 
imprinting effects, although an early study found domi-
nance of A genomic rRNA genes over the C genome (Chen 
and Pikaard 1997).

In summary, we have carried out a comprehensive analy-
sis of genetic changes and identified several underlying 
trends associated with genomic regions subject to selec-
tion and the overall range of genetic diversity incorporated 
in modern rapeseed breeding programs. First, we found a 
lower level of genetic diversity in Chinese germplasm com-
pared to European samples, indicating that more extensive 
genetic variability should be introduced in the Chinese one. 
Second, in contrast to a previous study (Bus et  al. 2011), 
we found that genetic diversity for rapeseed has not under-
gone significant reduction in recent years compared with 
cultivars produced in previous decades. Third, our results 
suggest that the C genome may have been under more 
extensive selection. Finally, we identify possible targets 
of selection across the genome, providing several interest-
ing candidate regions for follow-up works. We believe the 
approach and conclusions from this study provide valuable 
information to guide ongoing rapeseed breeding.
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