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Abstract Yield is one of the most important traits for
rapeseed (Brassica napus L.) breeding, but its genetic basis
remains largely ambiguous. Association mapping has pro-
vided a robust approach to understand the genetic basis of
complex agronomic traits in crops. In this study, a panel of
192 inbred lines of B. napus from all over the world was gen-
otyped using 451 single-locus microsatellite markers and 740
amplified fragment length polymorphism markers. Six yield-
related traits of these inbred lines were investigated in three
consecutive years with three replications, and genome-wide
association studies were conducted for these six traits. Using
the model controlling both population structure and relative
kinship (Q + K), a total of 43 associations (P < 0.001) were
detected using the means of the six yield-related traits across
3 years, with two to fourteen markers associated with individ-
ual traits. Among these, 18 markers were repeatedly detected
in at least 2 years, and 12 markers were located within or
close to QTLs identified in previous studies. Six markers
commonly associated with correlated traits. Conditional asso-
ciation analysis indicated that five of the associations between
markers and correlated traits are caused by one QTL with
pleiotropic effects, and the remaining association is caused by
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linked but independent QTLs. The combination of favorable
alleles of multiple associated markers significantly enhances
trait performance, illustrating a great potential of utilization
of the associations in rapeseed breeding programs.

Introduction

Rapeseed (Brassica napus L.) is a widely cultivated oil crop
in the world. Rapeseed oil is not only used as edible oil,
but also as industrial materials for lubricants and biodiesel.
Yield has long been one of the most important traits in rape-
seed breeding. Yield of a rapeseed cultivar is directly deter-
mined by three component traits: siliques per plant, seeds per
silique and seed weight (Ozer et al. 1999). It is also indirectly
influenced by many yield-related traits such as plant height
and first branch height (Quijada et al. 2006; Shi et al. 2009).
Plant height has been proved to be an important yield-related
trait in several crops (Salas Fernandez et al. 2009). In rice
and wheat, the semi-dwarf varieties significantly increased
yield through improving resistance to lodging and increas-
ing harvest index (Pinstrup-Andersen and Hazell 1985). In
rapeseed, many yield-related QTLs had been identified to be
clustered with yield QTLs (Chen et al. 2007; Shi et al. 2009).
Thus, understanding the genetic basis of yield-related traits
will enable us to improve yield in B. napus.

Yield-related traits are usually controlled by multiple
loci. In B. napus, QTL analyses were done to dissect the
genetic bases of yield-related traits in segregating popula-
tions derived from biparental crosses. Hundreds of QTLs
and epistatic interactions were detected across the whole
genome of B. napus in different genetic backgrounds, and
many of them had pleiotropic effects on different traits
(Basunanda et al. 2010; Radoev et al. 2008; Shi et al.
2011; Udall et al. 2006; Zhang et al. 2011). These studies
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demonstrated that genetic mapping of quantitative traits
using genetic linkage map is an efficient approach to iden-
tify QTL underlying these agronomically important traits.
Association mapping with its high resolution is an alter-
native to the traditional QTL mapping to study the genetic
architecture of complex traits. It is performed in natural
populations with diverse genetic backgrounds, which can
mitigate the inherent limitations such as time consuming
and low resolution when using biparental populations for
QTL identification, and can be applied directly to breeding
programs (Jannink et al. 2010). In addition, association map-
ping has an ability to discover multiple alleles at the genetic
loci in germplasm, thus enables the mining of elite alleles for
breeding (Li et al. 2011b; Jia et al. 2012). Association stud-
ies had been successfully carried out in B. napus. Based on
Arabidopsis orthologs of candidate genes for glucosinolate
biosynthesis, 51 gene-linked SSR alleles have been detected
to be associated with seed glucosinolate content in two sets
of B. napus germplasm with 94 and 46 genotypes, respec-
tively (Hasan et al. 2008). Genome-wide association analy-
ses (GWAS) detected both previously identified QTLs and
novel QTLs for oil content in the resynthesized and tradi-
tional B. napus populations of 103 and 69 lines, respectively
(Zou et al. 2010), and for 14 agronomic traits in 84 European
rapeseed genotypes of canola quality (Honsdorf et al. 2010).
Raman et al. (2011) identified 150 associations with shatter
resistance using 1513 unmapped DrAT, SSRs and two candi-
date genes in 192 genotypes of B. napus, B. rapa, B. juncea
and B. carinata. Several additive QTLs for six agronomic
traits and one epistatic QTL for flowering time were detected
using two different biometrical approaches in multiple segre-
gating populations (Wurschum et al. 2012). Associative tran-
scriptomics identified genomic deletions that underlie two
quantitative trait loci for glucosinolate content of seeds in
tetraploid crop B. napus, which was especially applied to the
crops with complex genomes (Harper et al. 2012). So far, the
genetic basis of yield-related traits in rapeseed has not been
systematically studied in the natural association population.
In this study, we genotyped a panel of 192 lines using
451 SSR and 740 AFLP markers and surveyed six yield-
related traits in three consecutive years. The objectives of
this study were to (1) analyze the influences of population
structure on phenotypes; (2) reveal the genetic basis of
yield-related traits in B. napus; and (3) evaluate the marker-
based allelic effects for application in breeding programs.

Materials and methods
Plant materials

A panel of 192 B. napus cultivars and inbred lines from all
over the world was used for association mapping in this
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study. The detail information including their origins was
published previously as electronic supplementary materials
(Xiao et al. 2012). These lines had been genotyped using
451 single-locus microsatellite markers and evaluated for
population structure and linkage disequilibrium. Structure
analysis and principal component analysis (PCA) classified
the 192 rapeseed lines into two groups, P1 and P2, which
are essentially consistent with the geographical origins of
the rapeseed lines (Xiao et al. 2012). The relative kinship
was weak in the panel, with more than 80 % pairwise rela-
tionship estimates between lines less than 0.05. The level of
linkage disequilibrium in the rapeseed panel was low, with
the distance of LD decay within 0.5-1 cm at the genome
level (Xiao et al. 2012).

Field trials and trait measurement

The 192 lines were planted in the experimental field at
Huazhong Agricultural University, Wuhan, China, in
the winters of 2008, 2009 and 2010, and harvested in the
springs of 2009, 2010 and 2011. The field experiments in
the three consecutive years were treated as three independ-
ent environments. Field trials followed a completely rand-
omized block design with three replicates each year. Each
plot contained two rows, with 12 plants in each row and
20 cm between plants within each row and 30 cm between
rows. Field management followed the standard agricultural
practice. At mature stage, 10, 6 and 6 normally developed
plants from the middle of the plots were harvested for
trait investigation in the springs of 2009, 2010 and 2011,
respectively.

Six yield-related traits, plant height (PH), first branch
height (FBH), inflorescence length (IL), silique length
(SL), seeds per silique (SPS) and seed weight (SW) were
investigated. FBH was measured as the height from the
base of the stem to the first primary branch. IL was meas-
ured as the length from the uppermost branch to the tip
of the main inflorescence. PH was measured as the height
from the base of the stem to the tip of the main inflores-
cence. SL was measured as the mean silique length of ten
siliques sampled from the middle of the inflorescence. SPS
was measured as the mean seed number of ten siliques
sampled from the middle of the main inflorescence. SW
was measured as the weight of 1,000 well-developed seeds.

Genotyping with microsatellite and AFLP markers

Genomic DNA was extracted from leaf tissues collected
from a single plant of each inbred line. The 192 lines were
previously genotyped using 451 single-locus microsatel-
lite markers (Xiao et al. 2012), and were further genotyped
using AFLP markers in this study. Genomic DNA of each
line was digested with EcoRI and Msel, and the procedure
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of AFLP analysis followed the method of Vos et al. (1995).
The PCR products were visualized on 6 % polyacryla-
mide gels. Each polymorphic fragment was scored as ‘1’
or ‘0’ according to the presence or absence of amplified
fragment. The polymorphic AFLP loci were named based
on the primer combination followed by an Arabic num-
ber in ascending order according to the AFLP fragment
size. Heterozygous genotypes and rare alleles with minor
allele frequency (MAF) <0.05 were treated as missing data
to increase the power of association analysis (Hirschhorn
and Daly 2005). The markers with more than 15 % missing
data were excluded, which resulted in a total of 369 SSR
and 740 AFLP markers for further analyses.

Sequencing and chromosome assignment of associated
markers

AFLP was performed according to Vos et al. (1995) and sepa-
rated on 6 % denaturing polyacrylamide gels. The pieces of
gel containing the target fragments corresponding to the asso-
ciated markers were excised from the dried gel and incubated
at 4 °C overnight in 50 w1 ddH,0, then incubated at 100 °C
for 10 min before PCR amplification. After centrifugation,
6 nl was taken for PCR with the pre-amplification prim-
ers (10 wM) in a final volume of 20-pl reaction containing
2 x PCR buffer, 4 mM Mg**, 0.3 mM dNTP, 0.5 units of Taq
DNA polymerase. PCR reaction was performed followed as
the selective amplification procedure of AFLP fingerprinting.
A 5 pl re-amplified product was separated on a 1.5 % agarose
gel to confirm the PCR products. PCR products were directly
sequenced with the BigDye Terminator Cycle Sequencing
v3.1 (Applied Biosystems, Foster City, CA, USA).

All associated loci that have not been assigned to the
BnaZNDH linkage maps (Cheng et al. 2009; Li et al. 2011a;
Wang et al. 2011; Xu et al. 2010) were searched against the
BRAD database (http://brassicadb.org/brad/) and the Bol-
base database (http://www.ocri-genomics.org/bolbase/),
and assigned to specific chromosomes with an e value <le—
10. If multiple positions were aligned, only the position
with the best hit was selected for chromosome assignment.

Statistical analysis

Statistical analyses for all traits were carried out using the
SAS software (The SAS Institute 1999). The effects of gen-
otype, environment, and genotype by environment interac-
tion (G x E) on phenotypic variation were evaluated using
PROC GLM. Broad-sense heritability based on family

2 _ 2 2 2 2
mean was calculated as H* = g/ ((Sg +8g./n+ Se/nr),

where 8§ is the genetic variance, 8;6 is the variance due to
G x E interaction, 53 is the residual error, n is the number
of environments and r is the number of replicates within

environment. The estimates of 8;, 8;6 and 85 were obtained
from an analysis of variance (ANOVA) by considering
environment as a random effect. The distributions of the six
traits were tested for normality using the Shapiro—Wilk test
at a significance level of P < 0.05. Phenotypic correlations
(r,) and genetic correlations (r,) between all traits were
calculated using PROC CORR and PROC MIXED, respec-
tively. The effect of population structure on each trait was
evaluated using PROC GLM.

Association analysis

The existence of population structure and relative kinship
in natural populations always result in a high level of spuri-
ous positives in association mapping (Yu et al. 2006). The
population structure (Q), principal component analysis
(PCA) and relative kinship (K) in the panel of 192 rapeseed
lines have been evaluated previously (Xiao et al. 2012), and
their effects on associations were evaluated with six statis-
tical models: (1) the GLM model; (2) the Q model; (3) the
PCA model; (4) the K model; (5) the Q + K model consid-
ering both Q and K; (6) the PCA + K model considering
both PCA and K. The GLM, Q and PCA models were per-
formed using the GLM procedure, while the K, Q 4+ K and
PCA + K models were performed using the MLM proce-
dure in TASSEL V2.1 (Bradbury et al. 2007). The quantile—
quantile plots of estimated —log10(P) were displayed using
the observed P values from marker—trait associations and
the expected P values from the assumption that no associa-
tion exists between markers and trait. The model having the
observed P values to be closest to the expected P values
was chosen as the optimal model to control the confound-
ing of population structure.

Using the optimal statistical model, association anal-
yses were carried out with the 369 SSR and 740 AFLP
markers for all traits using the mean values across the
3 years and within each year. The significance of each
marker was tested by setting the false discovery rate
(FDR) at 0.2, as described previously in rapeseed (Hon-
sdorf et al. 2010), to reduce the probability of false posi-
tives caused by multiple testing (Benjamini and Hoch-
berg 1995). Given the distribution of empirical P values
of 1,109 markers, the FDR of 0.2 corresponded to the P
value of 0.001, which was employed as threshold of sig-
nificance of tested markers in the association analysis. For
markers associated with two traits, a conditional asso-
ciation analysis was conducted as previously described
(Soranzo et al. 2009) to reveal if the associations were
caused by a QTL with pleiotropic effects on the two traits
or by two linked but independent QTLs. Linkage disequi-
librium (LD) between associated markers was calculated
to evaluate whether these markers inherited independently
(Hasan et al. 2008).
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Table 1 Descriptive statistics, broad-sense heritability and percentage of phenotypic variance explained by population structure for six yield-

related traits

Traits Mean + SD Range P G E GxE H? (%)° + SE Rﬁo » (%)°
First branch height (cm) 4371 £ 12.15 10.09-82.49 0.8643 ok o ok 88.69 & 1.45 6.04
Inflorescence length (cm) 54.96 + 7.62 24.94-86.33 0.0017 o o o 86.62 &+ 1.72 1.71
Plant height (cm) 145.59 + 14.89 99.72-180.08 0.0098 ok ok ok 87.56 + 1.60 14.13
Silique length (cm) 5.62+£0.78 3.84-9.39 0.0001 o ok o 93.47 4+ 0.84 7.49
Seeds per silique 20.15 £ 3.26 10.35-27.66 0.009 *x wx w* 86.31 £ 1.75 4.85
Seed weight (g) 3.51 £0.59 2.20-5.49 0.0043 o ok o 91.02 + 1.14 3.51

** Significant at P < 0.01 for the effect of genotype (G), environment (E) and genotype by environment interaction (G x E) on phenotypic vari-

ance estimated by two-way ANOVA
4 Stands for P values of the Shapiro-Wilk test

® Family mean-based broad-sense heritability

¢ Percentage of phenotypic variance explained by population structure based on means of the six traits across 3 years

Results
Phenotypic analysis of six yield-related traits

The 192 lines were planted in three consecutive years
from 2009 to 2011 and six yield-related traits were inves-
tigated. Extensive phenotypic variations were observed for
all these traits in the 192 rapeseed inbred lines (Table 1).
First branch height (FBH) had 8.18 folds of varia-
tion, ranging from 10.09 to 82.49 cm with an average of
43.71 £ 12.15 cm. Plant height (PH) showed 1.81 folds of
changes, ranging from 99.72 to 180.08 cm with an aver-
age of 145.59 £+ 14.89 cm. Shapiro—Wilk normality test
indicated that first branch height was normally distributed
(P = 0.86), and the other five traits did not fit a normal dis-
tribution (P < 0.01) (Fig. 1; Table 1).

Analysis of variance indicated that genotype (G), envi-
ronment (E) and genotype by environment interaction
(G x E) have significant effects on all these traits (P < 0.01;
Table 1). Broad-sense heritability (H?) was calculated for
the six traits (Table 1). All traits had an H? higher than
85 %, suggesting that all these traits are stably inherited.
Phenotypic and genetic correlations were analyzed among
the six traits. Most of these traits showed significant cor-
relations with other traits (P < 0.01; Table 2). Highly sig-
nificant positive correlations were observed between PH
and the other five traits, with phenotypic correlation coeffi-
cients (r,) ranging from 0.23 to 0.74 and genetic correlation
coefficients (r,) ranging from 0.24 to 0.86, suggesting that
plant height is an important factor influencing the develop-
ment of other yield-related traits. SPS showed a positive
correlation with SL (r, = 0.47 and r, = 0.39), but showed a
negative correlation with SW (r,=—0.29 and r, = —0.30),
suggesting that longer silique will provide more space to
develop more seeds, but more seeds per silique affect the
development of seed size (Zhang et al. 2011).
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Effects of population structure on phenotypes

The 192 rapeseed inbred lines were previously evalu-
ated for population structure and classified into two sepa-
rate groups, P1 and P2, which essentially corresponded
to their geographic origins of inbred lines (Xiao et al.
2012). ANOVA results indicated that population structure
explained 14.13, 6.04, 7.49, 4.85 and 3.51 % phenotypic
variation of PH, FBH, SL, SPS and SW, respectively, but
had basically no effect on IL (Table 1). Phenotypic vari-
ations of P1 and P2 were compared to further assess the
effect of population structure on trait performance (Fig. 2).
P1 contained more lines with higher phenotypic values than
P2 for all traits, and P1 also had significantly higher mean
values than P2 for all traits (P < 0.01).

Model comparison on controlling false associations

Association analyses for the six yield-related traits were
performed to evaluate the effects of population struc-
ture (Q), principal component analysis (PCA) and famil-
ial relationship (K) for controlling false associations. For
all six traits, the observed P values from the GLM model
greatly deviated from the expected P values assuming that
no association exists, followed by the Q and PCA models.
The P values from the K, PCA + K and Q + K models
were similar and close to the expected P values (Fig. 3).
Whereas, the effects of the Q and PCA models on control-
ling false associations were similar, and varied from trait
to trait (Fig. 3). The Q and PCA models which reduced
the number of significant markers for PH by 14.34 and
14.25 % from the GLM model, respectively. But only
reduced the number of markers by 0.99 and 0.81 % for IL,
respectively (P < 0.01; Table S1). Using the Q 4 K model,
only 1.17, 1.26, 1.44, 1.44, 1.26 and 1.80 % markers were
significantly associated with FBH, IL, PH, SL, SPS and
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Fig. 1 Distributions of six yield-related traits with the means across 3 years

Table 2 Phenotypic and genetic correlations among six yield-related traits

Plant height First branch height Inflorescence length Silique length Seeds per silique Seed weight

Plant height 0.86 0.33 0.44 0.24 0.32
First branch height 0.74%* 0.07 0.44 0.39 0.05
Inflorescence length 0.37%* —0.06 0.01 —0.16 0.54
Silique length 0.47%* 0.34%* 0.16 0.39 0.4
Seeds per silique 0.33%%* 0.28** 0.01 0.47%% —-0.3
Seed weight 0.23%* 0.09 0.35%* 0.3%* —0.29%*

The values below and above the diagonal represent phenotypic correlation coefficients based on the means across 3 years, and genetic correla-
tion coefficients based on the trait values in 3 years, respectively

** Significant at P < 0.01

SW, respectively, and the PCA + K model only detected  the observed P values of the Q + K model were more
1.08, 0.54, 1.26, 1.26, 1.17 and 1.35 % markers signifi- closer to the expected P values than the PCA + K model,
cantly associated with FBH, IL, PH, SL, SPS and SW, indicating that the Q + K model could effectively control
respectively (P < 0.01; Table S1). Although the PCA + K false positive associations and avoid false negative associ-
model detected less associations than the Q 4+ K model,  ations. Thus, the Q + K model was chosen for association
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analyses between the SSR and AFLP markers and the six
yield-related traits.

Association mapping of six yield-related traits

Trait-marker associations were performed using the Q + K
model. A total of 43 and 71 associations (P < 0.001) were
detected for the six yield-related traits using the means
across 3 years (Table 3) and within individual years (Table
S2), respectively. Five markers were detected to be sig-
nificantly associated with the mean values of FBH across
3 years. Of which, EA02MC04_7 and EA14MCO08_1
were repeatedly detected in all 3 years, and EA14MC02_7
and EAOIMCI11_5 were repeatedly detected in 2 years
(Table 3). EA14MCOS8_1 had the largest effect on FBH
(R? = 7.94 %), with a phenotypic difference of 13.89 cm
between alleles. Among these, EA02MC04_7 fell in the
confidence interval of a FBH QTL hpb13b identified pre-
viously (Chen et al. 2007). Fourteen markers were sig-
nificantly associated with the mean values of PH across
3 years. Among which, two markers (EA02MC04_7 and
EA13MCO08_2) were repeatedly detected in all 3 years,
and seven markers (EA14MCO08_1, EA09MCI11_5,
BnEMSS56, BoGMS2306, EAO3MC04_10, EA04MC14_7
and EAOSMC14_9) were repeatedly detected in 2 years
(Table 3). BrGMS2998 had the largest effect (R* = 7.33 %)
with a plant height difference of 23.68 cm between alleles.
Among the 14 associated markers, four (EA13MCO08_2,
BnEMS56, BoGMS2306 and EA0O3MCO04_10) were co-
localized with QTLs detected in previous studies (Chen
et al. 2007; Shi et al. 2009). For SL, six significant mark-
ers were detected with the trait means across 3 years.
Two markers, EAOSMCO08_1 and BrGMS1039, which
were coincided with a major QTL (cgSLA9) for SL iden-
tified using recombinant inbred lines (Yang et al. 2012),
were repeatedly detected in 3 years. Another two markers,
BnEMS31 and BrGMS1040, were repeatedly detected in
2 years (Table 3). For SW, nine associated markers were
detected with the mean values across 3 years. Among
which, two markers (BoGMS2772 and BrGMS2199)
were repeatedly detected in 3 years, and three markers
(EAO5SMCO08_1, BrGMS1409 and EAO3MCO04_12) were
repeatedly detected in 2 years (Table 3). BrGMS2199 had
the largest effect (R*> = 8.03 %) with seed weight differ-
ence of 0.87 g between alleles. Four associations with SW
are consistent with previous QTLs (Basunanda et al. 2010;
Fan et al. 2010; Radoev et al. 2008; Shi et al. 2009). Two
and seven markers were significantly associated with the
mean values of IL and SPS across 3 years, respectively.
But none was repeatedly detected for IL and SPS in two
or three years (Table 3). Together, 18 markers were repeat-
edly detected with one of the six yield-related traits in at
least 2 years. LD analyses showed that /2 values of most

pairs of the 18 markers were <0.15, except for the pairs of
BrGMS1039, BrGMS1040 and EAOSMCO08_1 (Figure S1),
suggesting that the majority of associated loci were not in
high linkage disequilibrium with each other (Hasan et al.
2008), which make it feasible to combine the elite alleles
from different loci into a single variety.

Five common markers (EA02MC04_7, EA14MCO08_1,
EAOIMCI11_5, EA14MC02_7 and EAO03MC04_10)
were associated with both FBH and PH, and one marker,
EAO5SMCO08_1, was associated with both SL and SW in 2
or 3 years (Table 3). To examine the independency of asso-
ciations between associated loci and correlated traits, we
conducted a conditional association analysis. Because FBH
was correlated with PH, and SL was correlated with SW,
conditional association analyses were performed using the
Q + K model by setting one of the correlated traits as a
covariate. The results of conditional association analyses
indicated that the associations between EA02MC04 7,
EAQIMCI11_5, EA14MCO02_7 or EAO3MCO04_10 and both
FBH and PH, and between EAOSMCO08_1 and SL and SW
were probably caused by one QTL with pleiotropic effects,
while the associations between EA14MCO08_1 and PH and
FBH might be caused by linked but independent QTLs
(Table 4).

The 192 inbred lines were grouped according to com-
bined genotypes at two associated loci to analyze their
combined effects on yield-related traits (Table S3).
EA02MC04_7 (A locus) and EA14MCO08_1 (B locus) were
associated with FBH and each detected two alleles, A; and
A, for EAO2MCO04_7, and B, and B, for EA14MC08_1,
respectively. The alleles at two loci formed four com-
bined genotypes, A;B;, A;B,, A;B, and A,B,. A;B,; had
the highest FBH (62.86 £ 13.07 cm, n = 8), followed by
AyB, (51.33 £13.61 cm, n =17), A|B, (46.52 = 10.72 cm,
n = 23) and AB, (41.53 £ 11.14 cm, n = 141). The
alleles at BoGMS2772 (A locus) and BrGMS2199 (B
locus) formed six combined genotypes for SW, A B,
AB,, AB;, A,B,, A,B, and A,B;. A;B; had the high-
est SW (487 £ 058 g, n = 5), followed by A,B;
(4.00£0.73g,n=9),A;B, (3.66 £0.52¢g,n=17),AB,
(3.61 £0.29 g, n = 3), A,B, 341 £ 0.53 g, n = 7) and
A,B, (3.37 £ 0.54 g, n = 140) (Table S3).

Discussion

The 192 lines have been divided into two groups previously,
P1 and P2, which are consistent with their geographic ori-
gins of the inbred lines. Most lines in P1 were semi-winter
type from China, and most lines in P2 were spring and win-
ter types from Europe and Canada (Xiao et al. 2012). In
this study, the P1 group contained more lines with high val-
ues of yield-related traits than the P2 group (Fig. 2), which
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Table 4 Conditional

- Traits Covariate Loci —Logl10(P)
association analyses for first
branch height, plant height, Unconditioned Conditioned
silique length and seeds weight
First branch height Plant height EA02MC04_7 5.49 0.70
EA14MCO08_1 4.79 2.11
EAQ0IMCI11_5 4.36 0.89
EA14MC02_7 3.63 1.51
EA03MC04_10 5.26 0.10
Seed weight Silique length EAO5MCO08_1 3.36 1.92

is accordance with the ANOVA results (Table 1), indicat-
ing that population structure had significant impacts on
phenotypic variation for all the traits, which is similar to
the findings observed in B. rapa (Del Carpio et al. 2011)
and maize (Yang et al. 2010). Associations between the six
traits and population structure may be caused not only by
the genetic differentiation between P1 and P2 with regard
to genetic diversity, Fst and LD level (Xiao et al. 2012), but
also by the adaptation of inbred lines to distinct environ-
ments. Winter-type oilseed rape (OSR) is more adaptable
to winter hardiness and requires strong vernalization to
flower. Winter-type OSR generally had a prostrate growth
at the vegetative stage and late transition from vegetative to
reproductive development in the semi-winter growing envi-
ronment of Wuhan, which results in a lower FBH and PH
compared to semi-winter and spring-type OSR.

The genetic bases of yield-related traits have been thor-
oughly dissected in many crops by QTL mapping (Macca-
ferri et al. 2008; Xing and Zhang. 2010), and several QTLs
with major effects had been identified using the strategy
of map-based cloning (Jiao et al. 2010; Li et al. 2011c¢). In
this study, the genetic bases of six yield-related traits were
analyzed using association mapping and a total of 43 asso-
ciations were detected using the means of six yield-related
traits across 3 years. Of these, 18 markers were repeatedly
detected in 2 or 3 years (P < 0.001; Table 3), suggesting
that the QTLs associated with these markers were insensi-
tive to the growing environments (Wen et al. 2009; Zori¢
et al. 2012). While the other associations were environ-
ment-specific, indicating that phenotypic plasticity plays an
important role in plant agronomic diversity (Ungerer et al.
2003). Based on alignment of the associated markers and
common markers to genomic sequences, 12 associations
were identified to be co-localized with QTLs identified in
previously studies (Table 3). However, due to lack of com-
mon markers between the genetic maps, the other marker-
trait associations could not align to previous QTLs. Thus,
the loci that were repeatedly detected in 2 or 3 years or
consistent with QTLs identified in previous studies would
be very useful for marker-assisted selection of the yield-
related traits (Table 3). Fine mapping of such chromo-
somal regions would help to determine the candidate genes

@ Springer

responsible for natural variation of these yield-related
traits.

Yield and yield-related traits are mainly inherited in an
additive manner (Xing and Zhang 2010; He et al. 2010),
which makes breeding for these traits more straightforward.
Although the associated markers individually explained a
small portion of phenotypic variance in this study (<10 %;
Table 3), the combination of the favorable alleles from
a few significant loci had the potential of exhibiting much
larger effects (Jia et al. 2012; Li et al. 2013). In our study,
EAO02MCO04_7 and EA13MCO08_2 explained 6.67 and
5.70 % of phenotypic variance of PH, respectively, while
they jointly explained 20.92 % of phenotypic variance. The
plants with A;B; genotype (n = 9, 120.90 £ 16.30 cm)
were much shorter than those with the other three genotypes
(145.15 £ 13.46, 150.65 &+ 14.44 and 154.89 £ 12.98 cm,
respectively) (Table S3). Additionally, two inbred lines
[Bugle (TT) and Karod (TT)] contained nine favorable
alleles at the nine associated markers had the lowest stature
(99.72 and 102.92 cm, respectively), while the line (H-5)
contained only two favorable alleles had the highest stature
(180.08 cm). Three lines (Guizhouqgianxuan6, 324, Guizhou-
gianxuan) having five favorable SW alleles at the five asso-
ciated markers had the highest seed weight (5.09, 5.26 and
5.49 g, respectively), while the lines (Bvonowshi-DH and
Bolko) containing no favorable alleles had the lowest seed
weight (2.20 and 2.24 g, respectively). These results sug-
gested that the pyramiding of favorable alleles with minor
effects is an effective way to enhance trait performance of
rapeseed variety for yield-related traits, which depict us the
perspective of application in molecular breeding.
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