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Abstract Understanding the population structure and
linkage disequilibrium (LD) is a prerequisite for associa-
tion mapping of complex traits in a target population. In
this study, we assessed the genetic diversity, population
structure and the extent of LD in a panel of 192 inbred lines
of Brassica napus from all over the world using 451 single-
locus microsatellite markers. The inbred lines could be
divided into P1 and P2 groups by a model-based population
structure analysis. Out of the 142 inbred lines in the P1
group, 126 lines were from China and Japan, and the
remaining 16 lines were from FEurope, Canada and
Australia. In the P2 group, 33 out of the 50 lines were from
Europe, Canada, and Australia, and the remaining 17 lines
were from China. Structure analysis further divided each
group into two subgroups. AMOVA, pairwise Fgr and
neutrality analyses confirmed the differentiation between
groups and subgroups. More than 80 % of the pairwise
kinship estimates between inbred lines were <0.05, indi-
cating that relative kinship is weak in our panel. Only 6 %
linked marker pairs showed LD, suggesting the low level of
LD in this association panel. The LD decayed within
0.5-1 cM at the genome level, and varied considerably
across each group and subgroup, due to the population size,
genetic background and genetic drift. The characterization
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of the population structure and LD patterns would be useful
for performing association studies for complex agronomic
traits in rapeseed.

Introduction

Most agronomic traits in crops are controlled by complex
quantitative trait loci (QTLs) and their genetic bases are
usually dissected using QTL mapping. In rapeseed (Bras-
sica napus L.), studies identified QTLs for many quanti-
tative traits such as oil content (Delourme et al. 2006),
yield and yield components (Radoev et al. 2008), as well as
flowering time (Long et al. 2007). In all these studies, the
QTL mapping had been performed in segregating popula-
tions derived from biparental crosses. Although this
approach had been proved to be efficient in detecting
QTLs, it is difficult to identify closely linked markers for
marker-assisted selection due to limited recombination
events in only one cross. In addition, the ability to detect
QTL in biparental populations is limited by the frequency
of polymorphic loci between the two parents and the ability
of the marker system to detect these loci.

Association analysis is an alternative for QTL mapping
by using collections of varieties and breeding lines (Flint-
Garcia et al. 2003). Distinct from the conventional QTL
mapping, association mapping is based on linkage dis-
equilibrium (LD) and utilizes the higher number of his-
torical recombination events in natural population, thus a
higher resolution of QTL mapping can be achieved than
using the biparental segregating populations (Ersoz et al.
2007). Association mapping has been demonstrated to be a
powerful tool for not only mapping QTLs in plants (Ersoz
et al. 2007), but also identifying causal polymorphism
within a gene that is responsible for the phenotypic
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variations (Yan et al. 2010). In addition, association map-
ping takes shorter research time, and investigates a greater
number of alleles when compared with linkage analysis
(Flint-Garcia et al. 2003).

The principle of association mapping is to detect correla-
tions between phenotypes and linked markers on the basis of
LD (Ersoz et al. 2007). Therefore, it is important to charac-
terize LD levels and patterns in a population analyzed and to
infer evolutionary forces including genetic drift, population
structure, population admixture, levels of inbreeding, and
selection that contribute to the emergence and maintenance of
LD. Patterns of LD have been characterized in several crop
species. The distance of LD varies significantly between
outcrossing and inbreeding plants (Flint-Garcia et al. 2003).
LD decays rapidly within 1-5 kb in maize diverse inbred
lines (Yan et al. 2009), 1.1 kb in cultivated sunflower (Liu
and Burke 2006), 300 bp in wild grapevine (Lijavetzky et al.
2007), whereas LD decays slowly within 250 kb in Arabid-
opsis (Nordborg et al. 2002), 100-200 kb in rice diverse lines
(McNally et al. 2009; Huang et al. 2010) and 250 kb in cul-
tivated soybean (Lam et al. 2010).

Oilseed rape is an important source of edible oil and
protein-rich meal worldwide. Due to the complexity of its
genome structure and the lack of high-quality molecular
markers, understanding of the population structure and LD in
rapeseed (Brassica napus L.) is limited so far and lagged
behind the other crop species. Recently, several studies had
been carried out in rapeseed. LD decays within 1-2 cM in 85
European rapeseed genotypes with canola quality (Ecke
et al. 2010; Honsdorf et al. 2010), and more than 30 cM in
both the resynthesized and traditional B. napus populations
of 103 and 69 lines, respectively (Zou et al. 2010). The ori-
gins of the rapeseed cultivars and inbred lines used in these
studies were limited and restricted to the European countries.
Therefore, further characterization of the population struc-
ture and LD levels in a panel of genetically diverse genotypes
collected from all over the world will be a benefit for asso-
ciation mapping of complex traits in rapeseed.

In this study, we genotyped a panel of 192 rapeseed
inbred lines from all over the world using 451 single-locus
SSR markers. The objectives of our research were to (1)
assess the genetic diversity of our association mapping
panel; (2) investigate the population structure among the
inbred lines; (3) detect the patterns of LD in this panel.

Materials and methods
Sampling of inbred lines
A collection of 307 rapeseed (Brassica napus L.) inbred

lines from the world major rapeseed growing countries
were planted in the experimental field at Huazhong
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Agricultural University, Wuhan, China, in 2007 to evaluate
their adaptability to local climate. Varieties with extremely
early or late flowering and low seed setting were excluded
from further analysis. The remaining lines were assayed
using 13 unlinked microsatellite or simple sequence repeat
(SSR) markers for discarding genetically similar genotypes.
Finally, a panel of 192 inbred lines was selected, which
included 139 lines from China, 24 lines from Europe, 17
lines from Canada, 8 lines from Australia, and 4 lines from
Japan, for association mapping. These inbred lines have
been self-pollinated for over five generations in Wuhan to
decrease the residual heterozygosity in all accessions.

“Zhongyou 821 (ZYS821)” and “No. 2127-17”, two
parental lines that had been used to develop a double
haploid (DH) population (BnaZNDH) for construction of a
high-density genetic map (Cheng et al. 2009; Li et al. 2010;
Xu et al. 2010), were also included in our panel. The
detailed information of the 192 accessions was listed in
Supplemental Table 1.

SSR genotyping

Genomic DNA was extracted from leaf tissues collected
from a single plant of each accession. SSR markers from
different resources were used for genotyping. Markers pre-
fixed with Ra, Ol, Na, Ni, BN, MR, BRMS, and FITO were
obtained at http://www .brassica.info/resource/markers.php,
markers prefixed with BRAS and CB were obtained from
literature (Radoev et al. 2008), markers prefixed with sN, sR,
and sO were developed by Agriculture and Agri-Food
Canada (http://brassica.agr.gc.ca/index_e.shtml). Markers
prefixed with BnGMS, BnEMS, BrGMS, and BoGMS were
developed by our laboratory (Cheng et al. 2009; Fan et al.
2010; Xu et al. 2010; Li et al. 2010).

Brassica napus (2n = 38, AACC) is an allotetraploid,
arising from natural hybridization of the diploid species,
B. rapa (2n = 20, AA) and B. oleracea (2n = 18, CC) (U
1935), probably during human cultivation (i.e., <10,000
years ago). Comparative studies revealed that the majority
of the Arabidopsis genome could be aligned to six seg-
ments of the B. napus genome, indicative of triplication in
the genomes of both progenitor species (Parkin et al. 2002).
Due to the homeologous nature of the B. napus genome,
SSR markers usually detect multiple loci, which make it
difficult to assign alleles to specific loci. In this study, SSR
markers were chosen only if they segregated in a single-
locus model (Chen et al. 2008) to reduce ambiguous
genotyping. Markers with more than 10 % missing data
were not used for further analysis. PCR reaction followed
the protocol described by Cheng et al. (2009) and the PCR
products were visualized on 6 % polyacrylamide gel. For
each SSR locus, alleles were scored in ascending order
according to the amplified fragment size.
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The positions of 191 SSR markers on the chromosomes
were determined based on the genetic maps derived from
the BnaZNDH population (Cheng et al. 2009; Li et al.
2010; Xu et al. 2010; Wang et al. 2011). For markers that
were not on the genetic map, their chromosome informa-
tion was inferred from their sequences assigned to the
B. rapa physical map (http://www.brassica.info/resource/
sequencing/status.php; Xu et al. 2010).

Statistical analysis
Genetic diversity

The number of alleles, gene diversity, and polymorphism
information content (PIC) were estimated using the Pow-
erMarker version 3.51 (Liu and Muse 2005). Large samples
are expected to have more alleles than small samples. To
compare the allele diversity in large samples with that in
small samples, allele richness was estimated using the rare-
fraction method in the HP-RARE package (Kalinowski
2005). The differences of gene diversity, PIC, and allele
richness across loci were assessed using the Wilcoxon’s
paired test implemented in SAS 8.02 (SAS Institute 1999).

Population structure and differentiation analyses

The model-based program STRUCTURE v2.2 (Pritchard
et al. 2000) was used to infer population structure and to
assign inbred lines to groups or subgroups using 451 SSR
markers. Iterations were done for 10,000 times using a
burn-in length of 10,000 MCMC (Markov Chain Monte
Carlo) with the admixture and related frequency model.
Five independent simulations were performed for each
k (the number of populations), ranging from 1 to 10. The
optimal k value was determined by the posterior probability
[LnP(D)] and an ad hoc statistic Ak based on the rate of
change in LnP(D) between successive k (Evanno et al.
2005). Inbred lines were assigned to corresponding groups
based on their maximum membership probabilities, as done
by Remington et al. (2001). The inferred groups were
further subdivided into subgroups using a similar meth-
odology. Because the pedigree information of many inbred
lines was unknown, the classification of the lines was lar-
gely based on the STRUCTURE results.

Principal coordinate analysis (PCA) implemented in
SAS 8.02 (SAS Institute 1999) and the unrooted neighbor-
joining (N-J) tree based on the Nei’s distance using MEGA
4.0 (Tamura et al. 2007) were employed to depict genetic
relationship between the 192 rapeseed inbred lines. Using
inferred groups and subgroups, the hierarchical analysis of
population differentiation was conducted using analysis of
molecular variance (AMOVA) implemented in Arlequin
V3.1 (Excoffier et al. 2005), with 1,000 permutations and

sum of squared size differences as molecular distance.
Genetic differentiation between pairs of groups or sub-
groups was calculated with pairwise Fgt, a measure of
heterozygosity within subpopulations relative to the total
population (Weir and Cockerham 1984).

Neutrality test

The Ewens-Watterson’s neutrality test (Ewens 1972;
Watterson 1978) was performed in each group and sub-
group using the Manly’s algorithm (1985) implemented in
the software PopGene version 1.31 (Yeh et al. 1999) to
investigate the selective neutrality across loci. This is to
test whether the observed homozygosity, calculated as the
sum of squared allele frequency, is significantly higher or
lower than the expected homozygosity by simulation under
neutrality expectations and could suggest whether selection
is in operation on a particular locus across populations
(Ewens 1972; Watterson 1978).

Relative kinship

The relative kinship estimates identity by descent (IBD) by
adjusting the probability of identity by state between two
individuals with the average probability of identity by state
between random individuals (Hardy and Vekemans 2002).
The kinship matrix comparing all pairs of the 192 inbred
lines was calculated on the basis of 451 SSRs using the
software package SPAGeDi (Hardy and Vekemans 2002).
All negative kinship values between individuals were set to
zero (Yu et al. 2006).

Linkage disequilibrium

LD was estimated as the correlation coefficient 7 between
all pairs of SSRs using the package TASSEL version 2.1
(Bradbury et al. 2007). Only those SSRs with known chro-
mosome information that published in previous studies were
used for LD estimation (Cheng et al. 2009; Li et al. 2010; Xu
et al. 2010; Wang et al. 2011). Rare alleles with allele fre-
quency of <0.05 were treated as missing data (Wen et al.
2009). SSR markers on the same chromosome were con-
sidered as linked markers, and SSR markers from different
chromosomes as unlinked markers. The LD was estimated
for global, linked and unlined markers, respectively. The
99th percentile of 7 distribution for unlinked markers was
considered as the background level of LD, which determined
whether LD is due to physical linkage (Mather et al. 2007).

The decay of LD with genetic distance was estimated as
previously described (Mather et al. 2007). We combined
SSR pairs into distance intervals, rather than considered
them individually, to reduce the influence of outliers and to
obtain a better visual description of the LD decay with
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distance. The genetic intervals of 0-0.5, 0.5-1, 1-2, 2-5,
5-10, 10-50, 50-100, and 100200 cM were used in this
study. The r* value for marker distance of 0 cM was
assumed to be 1 as previously described (Yan et al. 2009),
then a curve was drawn to describe the trend of LD decay
using the nonlinear regression model.

Re-sampling strategy was performed to evaluate the
impact of sample size on LD. Ten independent samples of
20, 40, 80, and 160 inbred lines were randomly selected
from the total panel, respectively. For each sample size, LD
was estimated using average r* across 10 random samples
with global, unlinked, and linked markers, respectively.

Variance components of LD

The OHTA’s (1982) variance components of LD were
analyzed across chromosomes using LinkDos (Black and
Krafsur 1985) to better understand the patterns of LD in
our panel. The total variance of LD was partitioned into
variances within (Dj and D7%;) and between groups
(D%; and Dri). The variance components followed the
equation: D3y + Drig = D¥. When Di <D}, and Dr3;
< D7, genetic drift plays a predominant role in shaping
observed patterns of LD. Otherwise, epistatic selection
plays a predominant role in determining the patterns of LD.

Results

Population structure and relative kinship in the panel
of 192 inbred lines

The population structure in the panel of 192 inbred lines
was analyzed using 451 single-locus SSR markers and a

Fig. 1 Population structure of
192 rapeseed inbred lines based
on 451 SSR markers. When

k (the number of
subpopulations) is at 2, the 192
inbred lines were classified into
two groups, P1 and P2. And
when k = 2, the P1 group were
further divided into two
subgroups, G1 and G2, and the
P2 group were divided into two
subgroups, G3 and G4

model-based software STRUCTURE (Fig. 1). The struc-
ture analysis was performed with the setting of possible
clusters (k) ranging from 1 to 10 with five replications for
each k. The LnP(D) value increased continuously with the
increase of k from 1 to 10, and the most apparent change of
LnP(D) appeared when k increased from 1 to 2. In addition,
a sharp peak of Ak appeared at k = 2 (Supplemental
Fig. 1). Accordingly, the total panel could be divided into
two main groups, designated as P1 and P2, respectively.
The P1 group contained 142 inbred lines. Out of which,
126 lines were from China and Japan, and the remaining 16
lines were from Europe, Canada, and Australia. The P2
group contained 50 lines, 33 of which were from Europe,
Canada, and Australia, and the remaining 17 lines were
from China. The P1 and P2 groups were further subdivided
into G1 and G2, and G3 and G4 subgroups, respectively, as
suggested by the results of STRUCTURE analysis (Sup-
plemental Table 1). The G1 subgroup contained 83 lines,
59 of which were inbred lines derived from a rapeseed
recurrent selection population set up in Huazhong Agri-
cultural University (HZAU) with 300 founder lines, and the
remaining 24 lines were from Southeast and Southwest
China, Europe, Canada, and Australia. The G2 subgroup
contained 59 lines, 30 of which were cultivars from
breeding institutions in Southeast and Southwest China,
and the remaining 29 lines were from Yangtze Valley of
China, Europe, Canada, and Australia. The G3 subgroup
contained 42 lines, 32 of which were varieties from Eur-
ope, Canada, and Australia, and the remaining 10 lines
were from China. The G4 subgroup contained 8 lines, 7 of
which were inbred lines resynthesized recently or bred
from wide hybridizations, and the remaining 1 line was
from Canada. PCA and tree-based analyses gave very
similar results as the STRUCTURE analysis (Supplemental
Figs. 2, 3).
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Based on the 451 informative SSR markers, the average
relative kinship between any two inbred lines was 0.0292.
About 58 % kinship estimates between inbred lines were
equal to 0, and 21 % kinship estimates ranged from O to
0.05 (Fig. 2). These results indicated that most lines in the
panel have no or very weak kinship, which might be
attributed to the broad range collection of genotypes and
the exclusion of similar genotypes before analysis.

Population differentiation

AMOVA was performed and pairwise Fsp was calculated
to investigate population differentiation. AMOVA results
revealed that 3.91 % (P < 0.01) of the total molecular
variation in the panel was attributed to genetic differenti-
ation between groups, 8.21 % (P < 0.01) was attributed to
differentiation among subgroups (Table 1). Pairwise Fgt of
the two inferred groups was 0.09 (P < 0.001), suggesting
that P1 is significantly divergent from P2. The levels of

0.6

Frequency
o
N

o
(V)

0 005 01 015 02 025 03 0.34 04 045 0.5
Relative kinship

Fig. 2 Distribution of pairwise relative kinship estimates between
inbred lines. Only kinship values ranged from 0 to 0.5 were shown

Table 1 Analysis of molecular variance among inferred groups and
subgroups

Source of variation  df Var component (%)  Variation (%)

Among groups® 1 3.88 3.91%*
Among subgroups® 2 8.14 8.21%*
Among individuals 188  75.27 75.93%%
Within individuals 192 11.84 11.95%*
Total 383 99.13

** P < 0.01, for 1,000 permutations

* Groups were defined by STRUCTURE package when k= 2,
including P1, P2

b Subgroups were separately defined within P1, P2, respectively
¢ Stands for the degree of freedom

4 Stands for the percentage of molecular variation among groups,
subgroups and individuals and within individuals

differentiation among subgroups were variable with Fgr
ranging from 0.07 (G1 with G2, P < 0.001) to 0.22 (G2
with G4, P < 0.001) (Supplemental Table 2). A similar
pattern of differentiation among subgroups was also
revealed using the Nei’s minimum distance. The correla-
tion coefficient between Fg and Nei’s distance was 0.988
(P < 0.01; Supplemental Table 2).

Genetic diversity within groups and subgroups

The genetic diversity in the total panel, each inferred group
and subgroup was assessed using allele number, allelic
richness, gene diversity and PIC. In the total panel, the 451
single-locus SSR markers detected a total of 1,535 alleles,
with 3.4 alleles per locus. The gene diversity, PIC, and
allele richness were 0.43 (0.0364-0.8237), 0.37 (0.0357—-
0.8043), and 2.45 (1.20-5.89), respectively (Table 2). The
P1 and P2 groups contained 1,472 and 1,349 alleles, with
3.3 and 3.0 alleles per locus, respectively. The number of
alleles in P2 is similar to that in P1, although the population
size of P2 was only one-third of P1. Additionally, P1 and
P2 had a similar level of gene diversity (z = —0.9881,
P = 0.1616), PIC (z = —0.6355, P = 0.2626) and allele
richness (z = 0.3203, P = 0.3744). Within P1, G1, and G2
have a similar level of PIC (z = —0.914, P = 0.1804) and
allele richness (z = 0.206, P = 0.4184). Within P2, G3,
and G4 exhibited a similar level of allele richness (z =
—0.947, P = 0.1718), but G4 showed a higher level of
gene diversity (z = 3.0641, P = 0.0011) and PIC (z =
2.1368, P = 0.0163) than G3 (Table 2).

Neutrality within groups and subgroups

Although microsatellite loci are mostly neutral in the
genome, they have been also reported to reflect selective
effects (Vigouroux et al. 2002b; Zhang et al. 2009). Ewens-
Watterson’s neutrality tests were performed across SSR
loci (Table 3) to detect whether there is selective pressure
within each group and subgroup. A portion of 5.99 and
843 % SSR loci deviated from the neutral model
(P < 0.05) within P1 and P2, respectively, and 7.10, 8.65,
10.86, and 26.16 % deviated from the neutral model
(P < 0.05) within G1, G2, G3, and G4, respectively.
Among all the non-neutral loci, only 5 loci were shared
between P1 and P2, a major part of the non-neutral loci
were group-specific (21 specific to P1 and 32 specific to
P2). Similar pattern was also observed in subgroups within
each group. Within P1, 80.64 and 84.21 % of the non-
neutral loci were specific to Gl and G2, respectively.
Within P2, 81.25 and 92.31 % of the non-neutral loci were
specific to G3 and G4, respectively, which might be
attributed to adaptation-based selection.
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Table 2 Diversity in the inferred groups and subgroups

Items Total P1? P2
Total GI° G2 Total G3 G4

Sample size 192 142 83 59 50 42 8
Alleles 1,535 1,472 1,348 1,369 1,349 1,256 936
Alleles/locus 3.4 3.29 3.04 3.11 3 2.88 2.37
Allelic richness 2.45 2.38 2.33 2.32 2.4 2.27 2.17
Gene diversity 0.43 0.41 0.41 0.39 0.42 0.4 0.45
PIC 0.37 0.36 0.35 0.34 0.36 0.34 0.37

% Groups P1 and P2 were classified based on the results of STRUCTURE analysis of the 192 B. napus lines
® The P1 group were further partitioned into G1 and G2 subgroups, and the P2 group into G3 and G4 subgroups

Table 3 Summary of non-neutral loci within group and subgroup

No. of No. of shared
non-neutral non-neutral
loci (%) loci

P1? 26 (5.99) 5¢

P2 37 (8.43)

G1° 31 (7.10) 6¢

G2 38 (8.65)

G3 48 (10.86) 9¢

G4 117 (26.16)

* Groups P1 and P2 were classified based on the results of
STRUCTURE analysis of the 192 B. napus lines

° The P1 group were further partitioned into G1 and G2 subgroups,
and the P2 group into G3 and G4 subgroups

¢ Number of non-neutral loci shared between P1 and P2
4 Number of non-neutral loci shared between G1 and G2
¢ Number of non-neutral loci shared between G3 and G4

Linkage disequilibrium

LD was investigated among SSRs in the total panel and in
each group and subgroup. A total of 293 markers with
known chromosome information were used for LD analy-
sis. Out of 293 markers, 191 markers showed map position
information. In the panel, the average r* of global markers
was 0.0117, and only 6 % of the global marker pairs
exhibited significant LD (P < 0.001), indicating that the
LD level is very low in the panel of inbred lines (Table 4).
Moreover, 17 % of the linked marker pairs and 5 % of the
unlinked marker pairs showed significant LD (P < 0.001),
and the average r* of linked and unlinked markers were
0.0247 and 0.0107, respectively, demonstrating that phys-
ical linkage is predominant in determining LD compared
with random forces (Flint-Garcia et al. 2003). The average
#* of global markers ranged from 0.0112 to 0.0328 in
groups and 0.0173 to 0.0311 in subgroups (The G4 sub-
group is omitted from the analysis of LD because the
sample size is too small), respectively, suggesting that the
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extent of LD was elevated when the panel was partitioned
into groups and subgroups (Table 4). In all groups and
subgroups, both average r* and proportion of significant
LD for linked markers were still higher than those for
unlinked markers, which reinforced the view that physical
linkage strongly influences LD in this panel of inbred lines.

The r* estimates were pooled across the 19 chromo-
somes, and the average > of each genetic interval was
plotted against genetic distance to estimate the decay of
LD. The nonlinear regression curve exhibited a clear decay
of LD with increase in genetic distance (Fig. 3). In this
study, the 99th percentile of /* distribution for unlinked
markers determined the background level of LD (r* <
0.067). LD decayed to the background level within
0.5-1 cM at the genome level (Fig. 3). A much slower
decay of LD was observed within groups and subgroups
(Supplemental Fig. 4), which might be attributed to the
limited population size and narrow genetic background that
inhibit LD decay (Ersoz et al. 2007).

Re-sampling was performed in the total panel of inbred
lines to evaluate the impact of sample size on LD. The
re-sampling analysis revealed that the average r* of the
global, linked, and unlinked markers decreased with the
increase of sample size (Fig. 4a), indicating that LD is
influenced by sample size. As mentioned above, the LD in
P1 was lower than that in P2 (Table 4; Supplemental
Fig. 4). To eliminate the influence of sample size on LD
level, 50 inbred lines were re-sampled from P1 to match
the sample size in P2. The average r* of 10 random samples
of P1 was still lower than that of P2 across all genetic
intervals except for the 0-0.5 cM interval (Fig. 4b), indi-
cating that LD variation is related to genetic background in
this panel of inbred lines.

The OHTA'’s variance components of LD were analyzed
across chromosomes to examine whether genetic drift or
epistatic selection plays a predominant role in determining
LD. The variances of LD between groups are greater than
that within groups across 19 chromosomes, i.e., D3 >
DIZS7 D/%S > Dl§T (Supplemental Table 3). The variation of
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Table 4 LD in the entire panel, groups and subgroups

Groups® Global® Unlinked! Linked®
P Significant LD (%)* P Significant LD (%)* r Significant LD (%)*

P1 overall® 0.0112 2.08 0.0105 1.66 0.0201 7.50

GI° 0.0173 1.36 0.0165 1.04 0.0275 5.40

G2 0.0215 0.75 0.0208 0.50 0.0310 391
P2 overall 0.0328 2.83 0.0318 242 0.0459 8.16

G3 0.0311 0.62 0.0305 0.50 0.0386 2.14
Total 0.0117 6.43 0.0107 5.58 0.0247 17.31

% Groups P1 and P2 were classified based on the results of STRUCTURE analysis of the 192 B. napus lines
° The P1 group were further partitioned into G1 and G2 subgroups, and the P2 group into G3 and G4 subgroups. But the G4 subgroup was not

included in the analysis due to its small population size

¢ The whole set of marker pairs, including linked and unlinked markers pairs

9 Pairs of markers from different chromosomes

¢ Pairs of markers on the same chromosome

" Significant threshold is set to P < 0.001, which determine whether pairwise LD estimate is significant statistically

1
0.8
0.6
o
-
0.4 1
0.2 {
.
o . o
0 T T T T T T T
0 0.5 1 2 5 10 50 100 200

Genetic distance (cM)

Fig. 3 LD decays (+*) in the association panel consisting 192 inbred
lines. The #* value for marker distance of 0 cM is defined as 1. The
dots are mean r* values for marker intervals of 0, 0-0.5, 0.5-1, 1-2,
2-5, 5-10, 10-50, 50-100, and 100-200 cM, respectively. The curve
was drawn across the dots using the nonlinear regression model

LD across chromosomes explained by genetic drift ranged
from 62.39 % for chromosome C1 to 92.71 % for chro-
mosome C3. This result implied that genetic drift plays a
significant role in determining variation of LD in this panel
of inbred lines.

Discussion
Genetic diversity in the rapeseed panel

Since SSR primers usually amplify several alleles from
multiple homoeologous loci in B. napus, multiple-locus
SSR markers are usually highly polymorphic. However, it
is difficult to assign the multiple alleles to individual loci in
B. napus (Hasan et al. 2008). In this study, 451 single-locus
SSR markers randomly distributed in the B. napus genome
were selected to evaluate the genetic diversity in the panel
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Fig. 4 Estimates of LD (%) in populations re-sampled from the total
panel and from the P1 group. a LDs (%) for global, linked and
unlinked markers were estimated in 10 independent samples with 20,
40, 80, and 160 lines re-sampled from the total panel. b LDs (r2) for
genetic intervals of 0-0.5, 0.5-1, 1-2, 2-5, 5-10, 10-50, 50-100, and
100-200 cM were estimated in 10 random subpopulations with 50
inbred lines re-sampled from the P1 group and compared with that in
the P2 group. The bar indicates standard deviation

of 192 inbred lines. A total of 1,535 alleles, with an
average of 3.4 alleles per locus, were detected in the
rapeseed panel. The number of alleles per locus is slightly
lower than that detected in 96 European rapeseed geno-
types (Hasan et al. 2006), but higher than that in 72
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rapeseed accessions (Chen et al. 2008). The difference of
allelic richness between our panel and other germplasm
collections may be caused by the differences of germplasm
materials analyzed (Fukunaga et al. 2005) and only the
single-locus SSR markers used (Vigouroux et al. 2002a).
The utilization of the single-locus SSR markers for geno-
typing reduced the complexity of genotype scoring and
analysis, however, the employment of only single-locus
SSR markers may underestimate the genetic diversity of
the panel.

Population structure and differentiation
in the association panel

A collection of natural varieties usually generates high
false positive rate in association mapping, therefore
understanding of population structure of analyzed popula-
tion is critically important for association mapping (Flint-
Garcia et al. 2003). In this study, the 192 lines were clearly
classified into two groups (P1 and P2). Inbred lines in P1
were mostly from China, and lines in P2 mostly from
Europe, Canada, and Australia, which is consistent with the
geographical distribution. Nevertheless, it was observed
that a few lines in each group that are not in accordance
with their geographical origins, which is consistent with the
results in previous studies that demonstrated separation
between Chinese and European or Australian cultivars
assessed by agronomically important traits (Hu et al. 2007)
or molecular markers (Chen et al. 2008, 2010). Previous
studies have shown that Australian and European types
clustered with some Chinese accessions (Cowling 2007),
but also that certain Chinese accessions form a stand-alone
group (Chen et al. 2008, 2010). Present results contrast
with these findings, as Australian and European types were
found in all groups and subgroups with Chinese types.
B. napus is originated and originally cultivated in Europe
(Liu 1984), and then spread to Australia, Canada and
Japan. It was first introduced to China in the 1930-1940
directly from Europe or indirectly from Japan (Liu 1985).
After introduced into China, B. napus cultivars have been
crossed intensively to the Chinese B. rapa, the traditional
Chinese oilseed crop that has been cultivated for more than
6,000 years for vegetables and edible oil, to introgress
genes for adaption to local environments. At the end of
1970, a set of B. napus cultivars with low levels of either
erucic acid or glucosinates were introduced from Europe,
Canada, and Australia. Recently, the exchanges of germ-
plasm between China and Europe, Australia and Canada
are more frequent than ever before and used for intercross
breeding and recurrent selection in these countries (Cowl-
ing 2007; Chen et al. 2008), which resulted in the intro-
gression of exotic genomic fragments of varieties between
these countries.
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Population structure is an indicator of genetic differen-
tiation among groups and subgroups. Several analyses were
performed for evaluation of population differentiation to
elucidate the population genetic basis of population struc-
ture in our association panel. The AMOVA results revealed
that the genetic differentiation among groups and sub-
groups is significant, which is consistent with the results of
pairwise Fgr, suggesting the existence of population dif-
ferentiation in this panel of 192 lines (Table 1; Supple-
mental Table 2). The PCA and N-J tree analyses provided a
better visual description of genetic differentiation among
subgroups (Supplemental Figs. 2, 3). Variable numbers of
non-neutral loci were identified in each group and sub-
group, reflecting that selection played an important role in
shaping the population differentiation (Zhang et al. 2009).
In addition, the majority of non-neutral loci were specific
to group or subgroup, which further confirmed the exis-
tence of population differentiation in the panel.

Patterns of linkage disequilibrium in the rapeseed panel

LD reflects the evolutionary history of genome in a species
(Ersoz et al. 2007). In this study, the 192 inbred lines
collected from all over the world were used to estimate the
extent of LD. The average r* in our association panel is
0.0117, which is lower than that detected in 85 European
winter-type rapeseed accessions with canola quality (the
average r* = 0.027) (Ecke et al. 2010). The LD decayed
within 0.5-1 cM at the whole genome level (r2 < 0.067) in
our panel, and 1-2 ¢cM at /* < 0.4 in the population of
European winter-type rapeseed accessions (Ecke et al.
2010). If the threshold of LD decay is set to > < 0.4 in this
study, the distance of LD decay should be much shorter
than 1-2 cM as described by Ecke et al. (2010) (Fig. 3).
Lower * and faster decay of LD in our panel are expected
because the inbred lines have a diverse genetic background
(Flint-Garcia et al. 2003; Supplemental Table 1; Table 2).

Physical linkage that determines LD between molecular
marker and causative polymorphisms is the genetic basis
for association mapping of genes or QTLs underlying traits
of interest (Flint-Garcia et al. 2003). In this study, the
extent of LD of linked markers is significantly higher than
that of unlinked markers (Table 4), indicating that this
rapeseed panel is suitable for association analysis and has
the potential to identify QTL in a narrow interval equiva-
lent to the distance of LD decay of 0.5-1 cM. This reso-
lution is apparently higher than the conventional linkage
mapping based on a biparental segregating population with
the similar size. Based on the distance of LD decay in the
population of European winter-type rapeseed accessions, it
is estimated that 9,600 markers are required for genome
wide association study (GWAS) with LD extending to
1-2 cM (Ecke et al. 2010). In our association panel, the LD
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decayed faster than that in the population of European
winter-type rapeseed accessions, suggesting that more
markers are probably needed for GWAS of complex traits.
Therefore, the utilization of high-throughput genotyping by
sequencing technology is necessary. To our present
knowledge, no reference genome sequence of B. napus is
available, however, genotyping of the association panel
with such a large number of markers is still a very difficult
task. On the other hand, due to the polyploidy nature of
B. napus genome (Parkin et al. 2002) and the triplication of
its two progenitor’s genomes of B. rapa and B. oleracea,
bioinformatic analysis of the short reads generated with the
next-generation sequencing technologies is also a big
challenge in B. napus. However, Trick et al. (2009)
recently developed a methodology and computational tools
to exploit SNPs from short RNA reads generated using the
Solexa sequencing system. By using a publicly available
set of approximately 94,000 Brassica unigenes as a refer-
ence sequence, they discovered 23,330-41,593 putative
single nucleotide polymorphisms (SNPs) between two
cultivars, depending on the read depth stringency applied,
suggesting that the discovery of SNPs in polyploidy
B. napus is also feasible.

Various levels of LD in groups and subgroups were
observed, indicating that population structure has signifi-
cant impact on LD (Table 4; Supplemental Fig. 4). In the
association panel, the impact of population structure on LD
is at least partially attributed to the effect of population size
(Fig. 4a). Resampling analysis indicated that P2 had higher
level of LD than P1, although it had a much smaller sample
size (Fig. 4b), suggesting that genetic background (allelic
diversity and specific non-neutral loci, see in Tables 2, 3)
also affects the level of LD as reflected by the impact of
population structure on LD. The analysis of variance
component of LD revealed that genetic drift predominantly
causes LD variation between groups. Altogether, these
results suggested that population size, genetic background
and genetic drift together shaped the pattern of LD in this
panel of inbred lines (Myles et al. 2009). However, due to
the lack of more single-locus SSR markers, the LD patterns
on different linkage groups were not evaluated in our study.
Therefore, genotyping the association panel with high-
throughput SNP markers should depict an LD map with a
higher resolution, which will enhance our understanding of
the population structure, LD decay and LD distribution.
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