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Abstract

Background: B. napus (oilseed) is an important source of edible vegetable oil, and its nutritional and economic
value is determined by its fatty acid composition and content.

Results: Using the Brassica 60 K SNP array, we performed a genome-wide association study of fatty acid
composition in a population of 520 genetically diverse oilseed accessions. Using the PCA + K model in TASSEL 5.2.1,
we identified 62 genomic regions that were significantly associated with the composition of seven fatty acids, and
five consensus regions that mapped to the A2, A8, A9, C1, and C3 chromosomes, respectively, of the Brassica napus
Darmor-bzh genome. We then identified 24 orthologs of the functional candidate genes involved in fatty acid
biosynthesis, excluding BnaA.FAE1 and BnaC.FAE1 on the A8 and C3 homologous genome blocks, which are known
to have critical roles in the fatty acid biosynthesis pathway, and potential orthologs of these genes (e.g., LACS9,
KCR1, FAB1, LPAT4, KCS17, CER4, TT16, and ACBP5).

Conclusions: Our results demonstrate the power of association mapping in identifying genes of interest in B.
napus and provide insight into the genetic basis of fatty acid biosynthesis in B. napus. Furthermore, our findings
may facilitate marker-based breeding efforts aimed at improving fatty acid composition and quality in B. napus.

Keywords: Association mapping, Brassica napus L, Candidate gene, Fatty acid components, Single Nucleotide
Polymorphism (SNP)

Background
Oilseed rape (Brassica napus L., genome AACC, 2n = 38)
is the most important source of edible vegetable oil and
protein-rich meal in the Chinese diet and the second most
important oilseed crop in the world after soybean [1].
Moreover, the fatty acid composition of Brassica oil
determines its physical, chemical, and nutritional qualities
[2, 3]. Rapeseed oil has a lower saturated fatty acid content
than most other vegetable oils, consisting of about 60%
oleic acid [C18:1], 4% palmitic acid [C16:0], and 2% stearic

acid [C18:0], and its fatty acid composition is considered
by many nutritionists to be ideal for human nutrition and
superior to that of many other plant oils [4]. However,
Brassica species oils also contain high levels of erucic acid
and glucosinolate, which are toxic, so double-zero rape-
seed breeding is the most important breeding objective in
rapeseed. Therefore, there is much interest in improving
the fatty acid profile of B. napus.
In plants, fatty acids have essential roles in maintaining

membrane function and cell growth and development,
and oilseed species such as B. napus synthesize storage
oils (TAGs, triacylglycerols) from fatty acids. Previous
research showed that the de novo synthesis of fatty acids
primarily occurred in the plastids of plants [5, 6]. In
rapeseed, however, numerous important quality traits are
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typical quantitative traits with complex underlying genetic
mechanisms. In the past decade, quantitative trait locus
(QTL) mapping has yielded a vast amount of information
on complex traits of rapeseed, such as oil content [7–13]
and fatty acid composition [2–4, 14, 15], and the under-
lying QTLs were mapped to all 19 linkage groups of B.
napus. Nevertheless, few of the detected QTLs have been
successfully used in rapeseed breeding programs [10].
Recently, association mapping, also known as linkage

disequilibrium (LD) mapping, which is a population-based
survey technique used to identify trait-marker relation-
ships based on LD in plants [16–18], significantly in-
creased the precision of the estimated QTL localization
[19]. Moreover, association mapping has been extensively
used to dissect agronomic trait-marker relationships in
plants, including Arabidopsis thaliana, Oryza sativa (rice),
Zea mays (maize), and B. napus [17, 18, 20–24]. B. napus,
an allopolyploid species, has a complex genome structure,
with high levels of similarity with the A- and C-
subgenomes and both homologous and non-homologous
exchange between the A- and C-subgenomes [25, 26],
rendering high-throughput discovery of high-quality mo-
lecular markers for genome-wide association studies
(GWAS) challenging. Association mapping via genome-
wide approaches has been performed using the Brassica
60 K SNP BeadChip Array in B. napus [27–31]. Addition-
ally, these association studies make much broader use of
available germplasms, thereby ensuring a more compre-
hensive and precise mapping of QTLs in B. napus.
In this study, a large panel of 520 rapeseed accessions

were genotyped using the Brassica 60 K Infinium® SNP
array [32]. The plant materials were collected from
major rapeseed breeding institutes in China and overseas
(German, Sweden, Denmark, Canada, and United States).
Then we analyzed variations of the fatty acid composition
in a diverse set of B. napus accessions and performed a
GWAS for fatty acid composition, uncovering large
numbers of loci that had not been reported previously.
We further validated the highly promising candidate loci
based on new molecular markers in an independent bi-
parental breeding population. These findings will enhance
our understanding of the processes of fatty acid metabol-
ism in B. napus..

Methods
Plant materials and DNA preparation
In total, 520 genotypes of rapeseed cultivars and breed-
ing materials, including a range of morphological types
and derived from various geographical origins, were
collected from the major breeding institutes across
China. 497 accessions (113, 255, 88 and 41 are widely
distributed on the upper, middle and lower of Yangtze,
and the northern growing areas, respectively) are se-
lected in China, and 23 accessions are introduced from

different countries (Additional file 1: Table S1). Accord-
ing to the information from providers and observations
during the experimental period, the accessions grow
normally under the winter-growth conditions of the
major rapeseed regions in Beibei, Chongqing, China, in
the growing seasons of 2012–2013 and 2013–2014 (desig-
nated 2013Cq and 2014Cq, respectively). A randomized
complete block design was used with three replications in
the field experiments. For each accession, 10–12 plants
were grown per row. The field management essentially
followed standard agronomic procedures. At maturity,
self-pollinated seeds from each accession were harvested
for seed quality trait analysis.
Total gDNA was extracted from bulked young leaf

tissue of each accession using a standard CTAB extraction
protocol [33] with some modifications. DNA samples
were quantified by visual comparison to λ DNA standards
on ethidium bromide-stained agarose gels, and the con-
centration and purity were calculated using a GeneSpecl
spectrophotometer at 260 and 280 nm. Qualified DNA
samples were then used for SNP analysis.

Fatty acid extraction and GC analysis
Bulked seed samples (200 mg) were analyzed for their
fatty acid composition by gas liquid chromatography
according to a published method [34], and analyzed on a
Perkin Elmer Gas Chromatograph Model GC-2010
(Shimazu, JAP) equipped with a fused silica capillary
column DB-WAX (30 m × 0.246 mm× 0.25 um) film
thickness. The oven, injector, and detector temperature
were 185 °C, 250 °C, and 250 °C, respectively. The
carrier gas was nitrogen, hydrogen and air, at a speed of
60 ml/min, 40 ml/min, and 400 ml/min, respectively.
Two microlitres of sample was injected at a split rate of
1:70. The value of each fatty acid was expressed as a
percentage of the total amount of fatty acids identified.
Phenotypic analysis, including the mean, standard

deviation, correlation coefficient, and minimum and
maximum values of per fatty acid from 520 accession
were calculated and analyzed using SPSS15.0. The mean
values of the target traits from each accession grown in
two environments were used for association analysis.
Variations in fatty acid at each sample was analyzed by
analysis of variance (ANOVA).

SNP genotyping and physical position analysis
Genotyping for association mapping was performed
using the Brassica 60 K Illumina® Infinium SNP array
[32] according to the manufacturer’s protocol (https://
www.illumina.com/techniques/microarrays.html) in the
National Key Laboratory of Crop Genetic Improvement,
National Subcenter of Rapeseed Improvement in Wu-
han, Huazhong Agricultural University, 430070 Wuhan,
China. Illumina BeadStudio genotyping software was
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used for SNP data clustering and calling according to a
previously described protocol [31]. SNPs with a call fre-
quency of <0.9 and a minor allele frequency (MAF) of
≤0.05 were excluded in this research. The remaining
SNPs were scrutinized visually and those SNPs that were
resolved as three clearly separated clusters (AA, AB, and
BB) in the tested B. napus material were used for further
research. In addition, to identify the physical position of
SNP markers, the source sequences for designing SNP
probes of the Brassica 60 K SNP arrays were used to
perform a BlastN search against the B. napus ‘Darmor-
bzh’ reference genome (version 4.1, http://www.genosco-
pe.cns.fr/brassicanapus/data/) [26]. Only the top BLAST
hits (E values of < “1.0 E−10”) were considered to be mapped
in the genome, while BLAST matches to multiple loci with
the same top identity were not considered to be mapped
[31, 35].

Population structure, genetic relatedness, and relative
kinship analysis
After filtering the inefficient SNPs, a subset of 11,368
SNPs (MAF > 0.05) evenly distributed (1 SNP for every
50 kb) across the entire genome were used for popula-
tion structure and genetic relatedness analysis. The
population structure of 520 accessions was evaluated by
the Bayesian model-based clustering method performed
in STRUCTURE 2.1 [36]. The parameters used for asso-
ciation mapping were previously described [35, 37].
Briefly, the number of subgroups (K) was set from 1 to
10. Five runs for each K were performed by admixture
and correlated allele frequencies model with a burn-in
length and the iteration number of the Markov Chain
Monte Carlo (MCMC) repetitions was set to 100,000
[38]. The optimum number of subgroups (K) was se-
lected based on the log probability of the data [LnP(D)]
using STRUCTURE 2.1 output and an ad hoc statistic
ΔK method proposed by Evanno et al. [39]. The highest
value of ΔK for the 520 B. napus accessions was K = 2
(Fig. 2a). The genetic diversity of 520 accessions was es-
timated based on all of the SNPs from the Brassica 60 K
Illumina® Infinium SNP array, the neighbor-joining (NJ)
phylogenetic tree among individuals was constructed
based on Nei’s genetic distance [40], and principal com-
ponent analysis (PCA) was performed using the GCTA
tool [41]. The relative kinship coefficients (K-matrix)
among 520 accessions were estimated using the software
package SPAGeDi [42], and negative values were set to
zero, according to previous research [43].

Haplotype block construction and linkage disequilibrium
The haploid of each chromosome was determined using
haploview software [44]. The parameters were set as pre-
viously described, with a Hardy Weinberg P value cutoff
of 0.001, an MAF of 0.05, and a maximum Mendel error

rate of 1. Haplotype blocks were generated using the
four gamete rule with default parameters. Linkage dis-
equilibrium (LD) was calculated using TASSEL 5.2.1
(http://www.maizegenetics.net/), based on the squared
allele frequency correlations (r2) between all pairs of
SNP markers. Only SNPs with an allele frequency of 5%
or greater were included in the association analysis.
Then the polymorphism information content (PIC) of
the SNP markers was estimated using PowerMarker
version 3.25 [45].

Genome-wide association study (GWAS) and candidate
gene annotation
Six models were evaluated in the trait-SNP association
analysis, including the naïve, Q, K, PCA, K +Q, and K +
PCA model, respectively. To detect association signals,
the naïve, Q, K, and PCA model were performed, using
the general linear model (GLM) method, and the K + Q
and K + PCA models were performed with a mixed lin-
ear model (MLM) method in TASSEL 5.2.1 software, re-
spectively. The MLM analysis was optimized using
compression and performed in TASSEL 5.2.1. The sig-
nificance of the association between SNPs and traits was
assessed based on the threshold P < P = 1/N (where N is
the total number of SNPs in this study). Quantile-
quantile (QQ) plots were shown with –log10(P) of each
SNP and expected P value, and Manhattan plots were
displayed using TASSEL 5.2.1. False discovery rates
(FDRs) were generated as previously described methods
[35]. We then summarized all marker-trait associations
for each trait, we supposed that these markers (within
200 kb) could be identified the same putative QTLs [46].
The significant association regions were anchored to the

the B. napus ‘Darmor-bzh’ reference genome (version
4.1, http://www.genoscope.cns.fr/brassicanapus/data/) [26],
which were assigned by the peak SNP markers and haplo-
type block analysis. Subsequently, the significant association
region within two adjacent markers where a QTL was de-
tected or the 200-kb flanking region of the peak markers
linked with a QTL was scanned for selecting the putative
genes according to the B. napus reference genome (http://
www.genoscope.cns.fr/brassicanapus/data/) [26]. Then the
predicted gene and its orthologous sequences were anno-
tated by BLAST analysis against the A. thaliana database
(http://www.arabidopsis.org/index.jsp).

Results
Phenotypic variation of fatty acid content
Descriptive statistics of fatty acid contents, including
palmitic acid [C16:0], stearic acid [C18:0], oleic acid
[C18:1], linoleic acid [C18:2], linolenic acid [C18:3], eico-
senoic acid [C20:1], and erucic acid [C22:1] for 520
accessions, are summarized in Table 1. Continuous and
wide phenotypic variations were observed in fatty acid
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content among the accessions in 2013Cq and 2014Cq
(Fig. 1 and Table 1). The contents of palmitic acid,
stearic acid, linoleic acid, linolenic acid, and eicosenoic
acid was normally distributed, but the contents of oleic
acid and erucic acid had multimodal distributions in
these accessions (Fig. 1). The content of seven fatty acids
displayed great variation in the 520 accessions grown in
different environments (Table 1). The palmitic acid
[C16:0] content ranged from 2.47 to 5.91% in 2013Cq
and 2.47 to 7.27% in 2014Cq, with an average of 4.09
and 4.13%, respectively. Stearic acid [C18:0] content
ranged from 0.70 to 3.98% in 2013Cq and 0.42 to 3.47%
in 2014Cq, with an average of 1.84 and 1.45%, respect-
ively. Moreover, oleic acid [C18:1] content, which is usu-
ally used as a standard to assess the feeding value of
oilseeds, ranged from 10.72 to 76.03% in 2013Cq and
9.56 to 76.47% in 2014Cq, with an average of 56.28 and
52.85%, respectively. In addition, considerable quantita-
tive variation was found for the contents of linoleic acid
[C18:2], linolenic acid [C18:3], eicosenoic acid [C20:1],
and erucic acid [C22:1], ranging from 8.38 to 34.88%,
2.15 to 15.44%, 1.31 to 21.37%, and 0.00 to 53.45% in
2013Cq, and 9.56 to 34.07%, 1.21 to 16.56%, 0.88 to
18.89%, and 0.00 to 59.18% in 2014Cq, respectively
(Table 1). Moreover, the largest CV (coefficient of vari-
ation) was found between the oleic acid and erucic acid in
different environments (Table 1), indicating extensive
variation in the panel of accessions. In addition, Pearson’s
correlation coefficient of fatty acid content in accessions
grown in 2013Cq and 2014Cq ranged from 0.1428 to
0.836 (Additional file 2: Figure S1). The ANOVA showed
that genotype and environment have significant effects on
the fatty acid contents of B. napus (P <0.01) (Table 1).

SNP screening and LD analysis
The genotypes of 520 accessions were analyzed using
the Brassica 60 K SNP array, which included 52,157
SNPs. A total of 2,934 SNPs were excluded, because they
were not mapped to the reference genome [26]. Then,
17,754 SNPs with a call frequency of <90% or a MAF of
<0.05 were removed and the remaining 31,468 SNPs
were used to assess population structure, relative kinship
LD, and association analysis. The 31,468 SNPs were
distributed on 19 chromosomes, ranging from 886 SNPs
on C9 to 2,886 SNPs on C4, and the mean density of
SNPs ranged from 1 SNP/11.55 kb (A10) to 1 SNP/
54.74 kb (C9), indicating that SNPs were not evenly
distributed across the entire genome (Table 2). However,
all PIC (Polymorphism Information Content) values of
SNPs were uniform in each linkage group, varying from
0.279 (C9) to 0.312 (C2).
In addition, the LD decay rate was measured as the

chromosomal distance at which the average pairwise correl-
ation coefficient (r2) dropped to half of its maximum value,
and the LD decay of the genomes and subgenomes of 520
accessions are displayed (Additional file 2: Figure S2). The
average distance at which r2 decreased to half of its max-
imum value was 0.05-0.10 Mb for the A subgenome and
1.25-1.50 Mb for the C subgenome (Table 2). Further, LD
decay varied greatly among the 19 chromosomes.

Population structure and relative kinship
We next inferred the population structure and genetic re-
latedness of the 520 accessions using the model-based
program STRUCTURE v2.2 [36], with a subset of SNPs
(11,368 SNPs; 1 SNP/50 kb) evenly distributed throughout
the genome. The results showed that the most significant

Table 1 The descriptive statistics of phenotypic variations and analysis of variance (ANOVA) of fatty acid in the association panel

Traits Environments Mean ± SE (%) Range (%) CV (%) Skewness Kurtosis Genotype Environment

Palmitic acid 2013Cq 4.09 ± 0.026 2.47-5.91 0.35 0.06 0.17 6.48** 3.86**

2014Cq 4.13 ± 0.034 2.47-7.27 0.51 0.46 1.35

Stearic acid 2013Cq 1.84 ± 0.022 0.70-3.98 0.25 0.41 0.34 5.64** 496.08**

2014Cq 1.45 ± 0.020 0.42-3.47 0.17 0.90 2.57

Oleic acid 2013Cq 56.28 ± 0.83 10.72-76.03 361.33 −1.31 0.10 20.45** 31.90**

2014Cq 52.85 ± 0.93 9.56-76.47 381.47 −1.08 −0.42

Linoleic acid 2013Cq 18.20 ± 0.16 8.38-34.88 12.74 0.52 1.02 5.32** 30.14**

2014Cq 18.90 ± 0.20 9.56-34.07 18.41 0.31 −0.05

Linolenic acid 2013Cq 7.62 ± 0.064 2.15-15.44 2.11 0.38 1.85 2.91** 209.50**

2014Cq 8.87 ± 0.097 1.21-16.56 4.09 0.19 1.28

Eicosenoic acid 2013Cq 10.21 ± 0.35 1.31-21.37 17.61 0.10 −0.21 6.02** 7.69**

2014Cq 10.53 ± 0.33 0.88-18.89 12.39 0.02 0.17

Erucic acid 2013Cq 32.34 ± 1.44 0.00-54.45 301.81 −0.47 −1.28 6.44** 31.55**

2014Cq 37.34 ± 1.32 0.00-59.18 203.61 −0.82 −0.40

SE standard error, CV coefficient of variation; **, P < 0.01
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change of log likelihood value [LnP(D)] occurred when K
increased from 1 to 2 (Fig. 2a), and the highest ΔK showed
a sharp peak at K = 2 (Fig. 2b). The 520 accessions were
classified into two sub-populations (P1 and P2) with Q
matrix values of ≥0.7 (Fig 2b), and a mixed sub-population
with a Q matrix value of <0.7. P1 was composed of 325

accessions, 4 of which were from overseas, and the
remaining accessions were selected by different breeding
institutes of China; P2 contained 52 accessions, 35 of which
were spring rapeseed, and 15 of which were from Canada,
Denmark, German, and Sweden; and 143 lines were classi-
fied as a mixed sub-population of P1 and P2 (Q matrix

Fig. 1 The frequency distribution for fatty acid composition of 520 rapeseed accessions in 2013Cq and 2014Cq. Percentage indicates the
proportion of the total dry weight of the seed represented by the fatty acid of interest. Cq indicates the growing region, Chongqing, China
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values of <0.7), most of which were semi-winter rapeseed
(Additional file 1: Table S1, Additional file 2: Figure S3).
The Fst value between the P1 and P2 subpopulations, which
exhibited much variation among the accessions, was 0.36,
and PCA revealed that the first two principal components
could explain 31 and 25% of the genetic variance (Fig. 2d).
In addition, the average relative kinship value was

0.0869 between any two accessions. Further, approxi-
mately 51.0% of the kinship coefficients were equal to 0,
and 23.9% of the kinship coefficients ranged from 0 to 0.2
(Fig. 2e). These results showed that most accessions in-
cluded in this study have no or weak kinship.

Association analysis
To effectively and rapidly identify the association signals,
11,368 SNPs that were evenly distributed throughout the
B. napus genome were used for the association analysis.
To control for false positives, we first used six separate
models (naïve, Q, K, PCA, K +Q, and K + PCA) to per-
form association mapping of fatty acids in the 2013Cq
and 2014Cq accessions. The QQ plot showed that the K
+ PCA model had the lowest number of false positives
and was most suitable for association mapping in this
research (Additional file 2: Figure S4 and S5). Hence, we
used the K+ PCA model, with a P-value of <8.8 × 10−5,

to identify association signals. The results of the associ-
ation analysis for the seven fatty acids combined over
two environments are given in Table 3 and Fig. 3, and
are summarized below.

Palmitic acid [C16:0]
In 2013Cq and 2014Cq, 35 and 31 significant association
signals for palmitic acid were identified by the K+ PCA
model, explaining 4.43 to 11.52% and 4.70 to 9.41% of the
phenotypic variance, respectively. Importantly, two signifi-
cant regions mapped to the A8 and C3 chromosomes,
covering 3.68 and 7.47 Mb in pseudo-molecules of the B.
napus ‘Darmor-Bzh’ reference genome (Table 3, Fig. 3a, b).
However, significant signals were also detected in the differ-
ent environments. For instance, significant regions mapped
to A9 and A10 in 2013Cq, but to A2, A5, A6, C1, and C9 in
2014Cq, explaining 4.68 to 4.52% and 4.52 to 4.68% of the
phenotypic variance, respectively (Table 3), indicating that
palmitic acid was a classical quantitative trait, controlled by
minor genes and affected by environmental factors.

Stearic acid [C18:0]
Using the PCA + K model method, a total of 7 and 7
significant association signals for stearic acid were

Table 2 Summary of SNPs used in this study

Chromosome No. of SNPs Genome size (Mb) Density of SNPs (1 kb/SNP) PIC LD decay to half (Mb)

A1 1543 23.24 15.06 0.294 0.05–0.10

A2 1274 24.79 19.46 0.293 0.05–0.10

A3 2200 29.73 13.52 0.292 0.05–0.10

A4 1455 19.14 13.15 0.283 0.05–0.10

A5 1601 23.02 14.38 0.291 0.05–0.10

A6 1501 24.39 16.25 0.295 0.05–0.10

A7 1888 24.01 12.71 0.292 0.05–0.10

A8 1101 18.93 17.14 0.282 0.05–0.10

A9 1595 33.84 21.22 0.310 0.05–0.10

A10 1505 17.38 11.55 0.295 0.05–0.10

Mean A genome 1566 23.85 15.44 0.293 0.05–0.10

C1 2279 38.77 17.01 0.277 0.75–1.00

C2 2114 46.19 21.85 0.312 0.75–1.00

C3 2563 60.56 23.63 0.293 0.05–0.10

C4 2886 48.89 16.94 0.302 0. 05–0.75

C5 890 43.08 48.4 0.291 0.05–0.10

C6 1191 37.19 31.23 0.295 0.05–0.10

C7 1545 44.48 28.79 0.284 0.10–0.25

C8 1451 38.30 26.42 0.290 0.05–0.10

C9 886 48.50 54.74 0.279 0.10–0.25

Mean C genome 1756 45.11 29.89 0.292 1.25–1.50

PIC polymorphism information content
LD: decay means the physical distance on the genome when the value of r2 is half of its maximum value
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identified in 2013Cq and 2014Cq, respectively, which
were located at A5, A8, A10, and C4 in 2013Cq, and
A1, A8, A10 C3, and C5 in 2014Cq (Table 3, Fig. 3c, d).
The GWAS peaks barely contributed to 3.90 to 4.77%
of the phenotypic variance in 2013 Cq and 4.34 to
6.57% of the phenotypic variance in 2014Cq (Table 3).

Oleic acid [C18:1]
A total of 136 and 124 SNPs, distributed on A6, A8,
A9, C1, C3, C4, C8, and C9 in 2013Cq and 2014Cq,
were associated with oleic acid, and 8 SNPs located

on C2 were only detected in 2013Cq (Table 3). More-
over, each of the significantly associated SNPs con-
tributed to 2.47% to 14.48% of the phenotypic
variance in 2013 Cq and to 2.91 to 11.26% of the
phenotypic variance in 2014Cq, respectively (Table 3).
In the two environments, however, most of the SNPs
were located at four significant regions (A8, A9, C1,
and C3), covering 5.94, 1.57, 6.50, and 7.40 Mb in the
corresponding pseudo-molecules of the B. napus
‘Darmor-Bzh’ reference genome, respectively (Table 3,
Fig. 3e, f ).

Fig. 2 Analysis of the population structure and relative kinships of the 520 rapeseed accessions. a Estimated LnP(D) of possible clusters (K) from 1
to 10. b ΔK based on rate of change of LnP (D) between successive K values. c Model-based Bayesian clustering performed using STRUCTURE 2.1
for K = 2 subpopulations. Each individual is indicated by a vertical bar, partitioned into colored segments with the length of each segment
representing the proportion of the individual’s genome. Green indicates subpopulation P1 genotypes and red represents subpopulation
P2 genotypes. d The sub-populations in a population of 520 B. napus accessions, suggested by principal coordinate analysis (PCA). e Distribution of
relative kinship coefficients across the 520 accessions. Only kinship coefficients ranging from 0 to 0.5 are shown
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Table 3 Summary of genome-wide significant association signals for fatty acid composition in B. napus

Trait Environment Chr. Interval (Mb) No. of SNPs -log (P-value) R2 (%)

Palmitic acid 2014Cq A2 0.37 2 4.61–5.09 4.58–5.71

2014Cq A5 1 4.37 4.93

2014Cq A6 1 4.50 5.07

2013Cq A8 3.68 26 4.18–11.92 4.43–11.53

2014Cq 10 4.15–8.52 4.71–9.41

2013Cq A9 1 4.43 4.68

2013Cq A10 1 4.26 4.52

2014Cq C1 1 4.41 4.98

2013Cq C3 7.47 7 4.30–10.44 4.55–10.78

2014Cq 5 4.22–6.86 4.78–6.90

2014Cq C9 1 5.56 6.21

Stearic acid 2014Cq A1 1 4.18 4.35

2013Cq A5 1 4.71 4.54

2013Cq A8 4.38 2 4.60–4.90 3.91–4.77

2014Cq 2 4.93–5.47 5.73–5.86

2013Cq A10 3.96 2 4.10–4.40 3.98–4.25

2014Cq 1 4.55 5.38

2014Cq C3 0.09 2 5.44–5.61 6.38–6.58

2013Cq C4 0.02 2 4.14–4.51 4.02–4.56

2014Cq C5 1 4.39 4.57

Oleic acid 2013Cq A6 12.64 1 5.56 3.32

2014Cq 2 4.41–4.54 2.85–3.15

2013Cq A8 5.94 33 4.40–23.48 2.66–14.48

2014Cq 28 4.33–14.87 3.09–10.46

2013Cq A9 1.57 7 4.73–7.79 2.85–4.62

2014Cq 5 4.11–6.75 2.94–4.73

2013Cq C1 6.5 48 4.05–5.81 2.47–3.47

2014Cq 52 4.06–6.08 2.91–4.27

2013Cq C2 17.62 8 4.18–5.31 2.54–3.19

2013Cq C3 7.40 35 4.15–24.03 2.52–14.23

2014Cq 32 4.07–16.79 2.92–11.26

2013Cq C4 1 5.33 2.85

2014Cq 1 6.63 4.20

2013Cq C8 22.18 2 4.29–6.73 2.60–4.00

2014Cq 2 4.50–7.25 3.21–5.07

2013Cq C9 34.81 1 4.35 2.31

2014Cq 2 4.42–4.72 2.96–3.15

Linoleic acid 2013Cq A2 4.60 4 4.66–6.15 5.38–7.01

2014Cq 1 4.07 4.53

2013Cq A3 1 4.21 4.89

2013Cq A6 0.47 2 4.11–6.21 4.78–7.07

2014Cq 1 4.29 4.77

2013Cq A8 9.49 36 4.05–12.11 4.72–13.74

2014Cq 14 4.41–9.77 4.89–10.58
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Table 3 Summary of genome-wide significant association signals for fatty acid composition in B. napus (Continued)

2013Cq A9 1 4.09 4.16

2014Cq 1 4.14 4.61

2013Cq C2 15.39 2 4.91–4.95 5.65–5.70

2014Cq 2 4.10–4.20 4.56–4.67

2013Cq C3 0.73 4 5.49–10.20 6.29–11.54

2014Cq 3 6.10–8.86 6.00–8.83

2013Cq C5 1 4.39 5.09

2013Cq C7 1 4.67 5.39

2013Cq C8 1 4.93 5.67

2014Cq 1 4.22 4.69

Linolenic acid 2014Cq A1 1 4.18 5.36

2013Cq A2 14.46 13 4.41–8.16 5.27–9.54

2014Cq 13 4.20–7.54 5.39–9.45

2013Cq A5 1 4.78 5.69

2014Cq A6 1 4.54 5.80

2013Cq A8 1 5.16 6.12

2013Cq A9 1 6.02 7.10

2014Cq 1 5.23 6.64

2013Cq C2 21.61 3 4.87–8.13 5.79–9.51

2014Cq 3 4.23–5.59 5.42–7.07

2013Cq C4 1 5.72 6.75

2014Cq 1 5.02 6.38

2014Cq C8 1 4.11 3.79

Eicosenoic acid 2013Cq A1 11.82 2 4.19–4.83 3.90–4.46

2013Cq A4 0.63 2 4.09–4.30 3.82–3.99

2014Cq 2 4.40–4.61 4.39–4.58

2013Cq A6 1 5.31 4.88

2013Cq A7 1 4.80 4.43

2013Cq A8 8.79 29 5.24–16.86 4.82–15.52

2014Cq 29 4.12–11.73 4.12–11.44

2013Cq A9 1.70 9 5.18–9.52 4.76–8.63

2014Cq 5 4.21–5.73 4.20–5.64

2013Cq C1 6.49 22 4.12–6.92 3.84–6.30

2014Cq 7 4.15–5.22 4.15–5.16

2013Cq C3 22.87 19 4.05–18.31 3.78–16.10

2014Cq 12 4.27–14.09 4.27–13.01

2013Cq C4 24.92 8 4.06–5.73 3.78–5.25

2014Cq 5 4.34–4.47 3.91–4.42

2013Cq C7 20.84 1 5.85 4.80

2014Cq 2 4.20–4.31 4.20–4.30

2013Cq C8 1 6.34 5.78

2014Cq 1 5.46 5.38

2013Cq C9 44.36 5 4.20–6.47 3.35–5.90

2014Cq 1 5.01 4.96

Erucic acid 2013Cq A8 5.93 10 4.06–6.53 6.28–10.97
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Linoleic acid [C18:2]
In 2013Cq, a total of 53 SNPs were associated with lino-
leic acid and located on ten different chromosomes (A2,
A3, A6, A8, A9, C2, C3, C5, C7, and C8), and accounted
for 4.16 to 13.74% of the phenotypic variance; but in
2014 Cq, 24 significant SNPs were identified and
mapped on eight chromosomes (A2, A6, A8, A9, A10,
C2, C3, and C8), and explained 4.53 - 10.58% of the
phenotypic variance. Importantly, two associated regions
located at 9.49 and 0.73 Mb of A8 and C3 were detected
in 2013Cq and 2014Cq, respectively (Table 3, Fig. 3g, h).

Linolenic acid [C18:3]
For linolenic acid, a total of 20 and 21 significant signals
were identified and distributed on chromosome A1, A2,
A5, A6, A8, A9, C2, C4, and C8, and each of these
significantly associated SNPs explained 5.27 to 9.53%
and 3.79 to 9.45% of the phenotypic variance in 2013Cq
and 2014Cq, respectively (Table 3, Fig. 3i, j). However,
one significantly associated region in A2 was identified
that spanned 14.5 Mb in the B. napus ‘Darmor-Bzh’
reference genome.

Eicosenoic acid [C20:1]
In 2013Cq and 2014 Cq, 100 and 64 significant SNPs for
eicosenoic acid were identified mainly on twelve differ-
ent chromosomes, and each of these contributed to 3.34
to 16.10% and 3.91 to 13.10% of the phenotypic variance,
respectively (Table 3, Fig. 3k, l). Moreover, four common
regions were detected at 8.79 Mb of A8, 1.70 Mb of A9,
6.49 Mb of C1, and 22.87 Mb of C3, respectively
(Table 3, Fig. 3k, l). Two peak SNPs were located on
chromosomes A8 and C3 that explained 15.52 and
16.10% of the phenotypic variance in 2013Cq, and 11.44
and 13.10% of the phenotypic variance in 2014 Cq
(Table 3), revealing that some important adaptation-
related genes may control eicosenoic acid production
near the association signal.

Erucic acid [C22:1]
In 2013Cq and 2014 Cq, 24 and 40 identified significant
SNPs were observed for erucic acid and distributed on
chromosomes A8, A9, A10, C3, C8, and C9, and each of

these explained 2.79 to 10.97% and 2.79 to 13.29% of the
phenotypic variance, respectively (Table 3, Fig. 3m, n).
Two common significant regions were located at 5.93
and 5.21 Mb of chromosomes A8 and C3 in 2013Cq
and 2014 Cq (Table 3; Fig. 3m, n). Hence, these re-
gions could be used to compare the GWAS results
obtained in this research with the findings of pub-
lished works [15, 31, 47].
In total, we detected 62 association regions were

significantly associated with fatty acid that distributed
on 18 chromosomes of B. napus in 2013Cq and 2014Cq,
respectively (Additional file 1: Table S2). Each of these
could be explained 2.31 to 14.48% of the phenotypic
variance, respectively (Table 3). In the present study, we
identified five common significantly associated regions
for fatty acid content in 2013Cq and 2014Cq, distributed
on chromosomes A2, A8, A9, C1, and C3, respectively
(Table 3, Fig. 3), Moreover, the chromosomal regions
were delineated by haplotype blocks with trait-associated
SNPs, which included 3, 1, 4, 3, and 3 haplotype blocks,
respectively (Fig. 4). Importantly, two significantly asso-
ciated regions located on chromosomes A8 and C3 were
consistent with previous mapping results for fatty acid
analysis [15, 31, 47]. These findings will provide insight
into the candidate genes for genetic basis of fatty acid
biosynthesis in B. napus.

Genes underlying GWAS peaks
Based on the physical position of trait-associated SNPs in
B. napus reference genome [26], sequences of identical
chromosome regions were extracted and investigated the
candidate genes for fatty acid composition. The results
showed that significant SNPs on chromosome A8 were
located in a haplotype block of 437 kb, from 10.1 Mb to
10.5 Mb, and covered three key genes, KCS18 (FAE1,
BnaA08g11130D), KCS17 (BnaA08g11140D), and CER4
(BnaA08g11440D). Furthermore, three haplotype blocks
were identified at 10.0 Mb of chromosome C3, and three
key genes, KCS18 (FAE1, BnaC03g65980D), KCS17
(BnaC03g66040D), CER4 (BnaC03g66380D), were also
confirmed at a haplotype block of 500 kb from 55.6 Mb to
56.2 Mb (Fig. 4, Table 4). The key genes BnaA.FAE1
(BnaA08g11130D) and BnaC.FAE1 (BnaC03g65980D) had

Table 3 Summary of genome-wide significant association signals for fatty acid composition in B. napus (Continued)

2014Cq 22 4.93–17.20 3.78–13.29

2014Cq A9 1 5.57 4.25

2014Cq A10 1 5.21 3.98

2013Cq C3 5.21 12 4.42–10.83 2.79–8.74

2014Cq 13 4.12–17.03 2.79–12.46

2014Cq C8 1 5.21 3.98

2014Cq C9 2.18 2 4.86–4.89 3.32–3.73
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Fig. 3 Manhattan plots of marker-trait association analysis using the PCA+ K model for the fatty acid composition of 520 accessions in 2013Cq and 2014Cq.
a and b palmitic acid; c and d stearic acid; e and f oleic acid; g and h linoleic acid; i and j linolenic acid; k and l eicosenoic acid; and (m and n) erucic acid.
Cq indicates the growing region, Chongqing, China. The dashed horizontal line represents the Bonferroni-adjusted significance threshold (P< 8.8 × 10−5)
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also been reported to be associated with erucic acid
content [31, 48, 49], indicating that our association
genetics approach was successful. Moreover, B. napus
BnaA08g11140D and BnaC03g66040D are orthologous
to A. thaliana KCS17 [50], and B. napus BnaA08g11440D
and BnaC03g66380D are orthologous to A. thaliana CER4
encoding an Alcohol-Forming Fatty Acyl-Coenzyme A Re-
ductase involved in the synthesis of very-long-chain fatty
acids [51]. In addition, other ten independent association
haplotype blocks were aligned to the A2, A9 and C1 chro-
mosomes, which covered about 5.4 Mb length of chromo-
some A2, 2.5 Mb length of chromosome A9, and 5.3 Mb
length of chromosome C1, respectively (Fig. 4, Table 3,
Additional file 1: Table S2). On chromosome A2, four can-
didate genes were annotated within association haplotype

blocks, which were orthologous to A. thaliana long‐chain
acyl‐CoA synthetase 9 (LACS9), β-ketoacyl-CoA reductase
(KCR1), fatty acid biosynthesis 1 (FAB1), and lysophospha-
tidyl acyltransferase 4 (LPAT4) (Table 4). The significant
associations regions on chromosome A9 harbored three
ortholog of the A. thaliana gene TRANSPARENT TESTA
16 (TT16), holocarboxylase synthase 1 (HCS1), and acyl-
CoA oxidase 2 (ACX2), respectively (Table 4). However,
Bntt16 had been reported that could enhance the oil
production and influence the fatty acid composition of B.
napus [52]. Another significant association peak for fatty
acid was localized on chromosome C1 (Table 3, Additional
file 1: Table S2). This region includes six candidate genes
(Table 4, Fig. 4) that were annotated in the B. napus
‘Darmor-bzh’ reference genome [26]. BnaC01g24110D,

Fig. 4 Putative functional candidate genes involved in fatty acid composition within haplotype blocks of significantly associated regions of B.
napus chromosomes. The degree of significant association indicates by R2 value with different shades. The significant haplotype blocks are
denoted by black triangles
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BnaC01g26460D, and BnaC01g26550D are ortholog of A.
thaliana gene implicated in fatty acid biosynthesis, acyl-
activating enzyme 17 (AAE17), fatty acid biosynthesis 1
(FAB1), and acyl-CoA binding protein 5 (ACBP5), re-
spectively (Table 4, Fig. 4). In B. napus, these candidate
genes have not been characterized previously in linkage
analyses, all except BnaA.FAE1 (BnaA08g11130D) and
BnaC. FAE1 (BnaC03g65980D), which may be import-
ant QTLs associated with fatty acid composition.
Hence, further studies should be verified by further
analysis in the future.

Discussion
Selecting high quality rapeseed, with increased oil con-
tent and improved edible oils with a modified fatty acid
composition, is an important breeding goal for rapeseed.
Moreover, palmitic, stearic, oleic, linoleic, linolenic, eico-
senoic, and erucic acids are important fatty acids in B.
napus, which determines the flavor and nutritional qual-
ity of B. napus. Of which erucic acid [C21:1] is hardly
decomposed and absorbed by human body, hence the
lower erucic adid is the important goal in rapeseed
production. Because the fatty acid compositions are

Table 4 Summary of candidate genes associated with fatty acid biosynthesis in significant association regions

Chromosome Gene ID of B. napus Physical position (Mb) AGI No. Description

A2 BnaA02g13270D 7.29 AT1G77590 long chain acyl-CoA synthetase 9 (LACS9)

BnaA02g13310D 7.31 AT1G67730 beta-ketoacyl reductase 1 (KCR1)

BnaA02g17050D 10.25 AT1G74960 fatty acid biosynthesis 1 (FAB1)

BnaA02g17090D 10.26 AT1G75020 lysophosphatidyl acyltransferase 4 (LPAT4)

BnaA02g17170D 10.29 AT1G75020 lysophosphatidyl acyltransferase 4 (LPAT4)

A8 BnaA08g09510D 9.09 AT4G20840 FAD-binding Berberine family protein

BnaA08g11130D 10.19 AT4G34520 3-ketoacyl-CoA synthase 18 (KCS18)

BnaA08g11140D 10.19 AT4G34510 3-ketoacyl-CoA synthase 17 (KCS17)

BnaA08g11440D 10.39 AT4G33790 ECERIFERUM 4 (CER4)

BnaA08g11650D 10.51 AT4G34030 3-methylcrotonyl-CoA carboxylase (MCCB)

BnaA08g11810D 10.60 AT4G33355 Bifunctional inhibitor/lipid-transfer protein/seed
storage 2S albumin superfamily protein

BnaA08g12370D 11.04 AT4G31750 HOPW1-1-interacting 2 (WIN2)

A9 BnaA09g05410D 2.64 AT5G23260 TRANSPARENT TESTA16 (TT16)

BnaA09g06170D 3.03 AT2G25710 holocarboxylase synthase 1 (HCS1)

BnaA09g07080D 3.46 AT5G65110 acyl-CoA oxidase 2 (ACX2)

C1 BnaC01g24110D 18.59 AT5G23050 acyl-activating enzyme 17 (AAE17)

BnaC01g25570D 21.58 AT3G48080 alpha/beta-Hydrolases superfamily protein

BnaC01g25590D 21.62 AT3G48080 alpha/beta-Hydrolases superfamily protein

BnaC01g25950D 22.29 AT3G49200 O-acyltransferase (WSD1-like) family protein

BnaC01g25960D 22.31 AT3G49210 O-acyltransferase (WSD1-like) family protein

BnaC01g26460D 23.35 AT1G74960 fatty acid biosynthesis 1 (FAB1)

BnaC01g26550D 23.45 AT5G27630 acyl-CoA binding protein 5 (ACBP5)

BnaC01g26600D 23.60 AT3G50270 HXXXD-type acyl-transferase family protein

C3 BnaC03g62710D 51.93 AT4G18550 alpha/beta-Hydrolases superfamily protein

BnaC03g63920D 53.41 AT4G20840 FAD-binding Berberine family protein

BnaC03g63930D 53.42 AT4G20860 FAD-binding Berberine family protein

BnaC03g64130D 53.56 AT4G21534 Diacylglycerol kinase family protein

BnaC03g65080D 54.57 AT4G22666 Bifunctional inhibitor/lipid-transfer protein/seed
storage 2S albumin superfamily protein

BnaC03g65980D 55.68 AT4G34520 3-ketoacyl-CoA synthase 18 (KCS18)

BnaC03g66040D 55.81 AT4G34510 3-ketoacyl-CoA synthase 17 (KCS17)

BnaC03g66380D 56.21 AT4G33790 ECERIFERUM 4 (CER4)

BnaC03g67410D 57.10 AT4G31750 HOPW1-1-interacting 2 (WIN2)
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typical quantitative trait controlled by polygenic inherit-
ance and also by interaction of the genotype and en-
vironment [3, 4, 7]. In this study, we found that the
accessions exhibited a largely normal distribution for
fatty acid compositions (Fig. 1), indicating that they
might be associated with their complexity genetic net-
works in B. napus. So far, numerous of QTLs for fatty
acid composition were found to be distributed on most
of the chromosomes of B. napus [3, 4, 10, 14, 15, 53,
54], but the fatty acid underlie polygenic control that
can only be elucidated by quantitative genetics ap-
proaches. Based on the marker density, experimental
population size and statistical methods, GWAS could be
efficiently resolved the associated allelic with the par-
ticular trait, which had been widely applied in B. napus
[22, 24, 55, 56]. With advances in genome sequencing
and computational technologies, high-throughput SNP
genotyping platforms (Brassica 60 K SNP array, in-
cluding 52,157 SNPs) have been developed [32], and can
be widely used for high-resolution GWAS in B. napus
[15, 28, 31, 35, 57]. Additionally, association mapping
relies on the decay of LD initially present in a popula-
tion, at a rate determined by the physical distance
between loci and the number of generations since LD
arose [58]. In this study, we evaluated genome- and
subgenome-wide LD in 520 accessions, and found
that LDs (r2) decayed to half of its maximum value
within 0.05-0.10 Mb at the A subgenome and 1.25-
1.50 Mb at the C subgenome, respectively (Table 2,
Additional file 2: Figure S2), in accordance with the
fact that interspecific hybridization resulted in wide-
spread genetic recombination in the A subgenome be-
tween B. napus and B. rapa [59, 60]. Although our
research showed that the LD decays in B. napus are
higher than the decays of 250 kb in A. thaliana [61],
and the decays of 100 kb-1 Mb in rice [62], which
are lower than that in B. napus [57]. Moreover, a
high resolution can be obtained due to the low level
of LD in association mapping [47].
In addition, the efficiencies of association analysis is

determined by population size and maker density [63].
So the Brassica 60 K SNP array was performed for the
genotype of 520 rapeseed accessions. In the present
study, 520 accessions were classified into two sub-
populations, but it is difficult to completely classify
accessions into an association panel according to their
origins and self-type (Fig. 2c, d, Additional file 1: Table
S1 and Additional file 2: Figure S3), indicating that they
have undergone inter-specific crosses and hybridization
to adapt to the local environments and improve the
quality in different countries [47, 60, 64]. Significant
natural phenotypic variation in fatty acid composition
was observed in 520 rapeseed germplasms, indicating
that the fatty acid contents were influenced by genotype

and environment factors in B. napus [65] (Table 1,
Additional file 2: Figure S1). Moreover, most accessions
have no or weak kinship in this panel, with an average
relative kinship value of 0.0869 (Fig. 2e), suggesting that
this panel with 520 accessions is suitable for association
analysis. False-positive associations are indispensable
when different models are used to detect genotype-
phenotype associations in plant GWAS [31, 47, 66, 67].
Therefore, we compared six models for their ability to
reduce the number of false positives in association
mapping of this panel (Additional file 2: Figure S4), and
found that the observed P-values fit best to the expected
P-values using the K + PCA model (Additional file 2:
Figure S5), suggesting that the K + PCA model was most
efficient at controlling for false-positives, in accordance
with previous reports [43, 47, 68, 69].
As an excellent model for association analysis, rape-

seed developed extensive architectural variation across
its native range and diverse germplasm collections
through artificial selection. In the present study, we
identified 673 significant SNPs associated with fatty acid
composition (palmitic, stearic, oleic, linoleic, linolenic,
eicosenoic, and erucic acids) using the K + PCA model.
Some of these SNPs were simultaneously detected in
both 2013Cq and 2014Cq, whereas others were detected
only in one of these (Additional file 1: Table S2). Ideally,
published genome information of B. napus ‘Darmor-Bzh’
should be combined with the relative physical positions
of SNPs on pseudo-molecules of rapeseed for association
mapping [26]. Accordingly, 62 significant association
regions for fatty acid compositions were localized in 18
chromosomes of B. napus in 2013Cq and 2014Cq
(Table 3, Additional file 1: Table S2). Among them, five
common significantly associated regions were identified
on chromosomes A2, A8, A9, C1, and C3, respectively
(Fig. 4). Further, identical chromosome regions on A8
and C3 were repeatedly detected in previously research
and included two homoeologues genes (namely BnaA.-
FAE1 and BnaC.FAE1), which had been responsible for
controlling erucic acid content [31, 48, 49], indicating
that our results are credible in this study. In additon,
two homologous genes KCS17 (BnaA08g11140D and
BnaC03g66040D) and CER4 (BnaA08g11440D and
BnaC03g66380D) were predicted in common regions of
chromosomes A8 and C3, respectively (Table 4, Fig. 4).
These genes are involved in the biosynthesis of saturated
fatty acids [70], and encode an alcohol-forming fatty
acyl-coenzyme A reductase (FAR), respectively [51]. In
an association block on chromosome A2, four genes
were ascribed to fatty acid within the asscociated regions
(Table 4). For example, the A. thaliana gene LACS9
could catalyzes the formation of acyl-CoA from fatty
acids, ATP, and CoA, which is involved in Arabidopsis
seed oil biosynthesis [71], KCR1 is a functional KCR
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isoform involved in a multiprotein membrane-bound
fatty acid elongation system [72], FAB1 could be in-
volved in the elongation of C16:0-ACP to C18:0-ACP,
which is the key step for fatty acid synthesis [73], and
LPAT4 is the member of LPAT gene family, which is
an essential candidate for oil composition and in-
crease the seed oil [74]. Moreover, the another ortho-
logous gene FAB1 (BnaC01g26460D) was also
identified in the block on chromosome C1 (Table 4).
On the other hand, three candidate genes, transparent
testa 16 (tt16), holocarboxylase synthetase 1 (HCS1),
and acyl-CoA oxidase 2 (ACX2) were localized in
chromosome A9 blocks, which had been confirmed to
be associated with the fatty acid biosynthesis (Table 4)
[52, 75–77]. Moreover, previous results showed that
Bntt16 promotes oil production and influences the
fatty acid composition of B. napus [52], and ACX2
encodes an enzyme that catalyzes the first step of
peroxisomal fatty acid β-oxidation and is optimally
active on long-chain saturated and unsaturated acyl-
CoAs [77]. Furthermore, six genes associated with
lipid biosynthesis and metabolism were detected in
C1 blocks, including genes encoding acyl-activating
enzyme 17 (AAE17), fatty acid biosynthesis 1 (FAB1),
and acyl-CoA binding protein 5 (ACBP5) [78, 79].
Although we were able to identify key genes involved
in fatty acid biosynthesis through trait-marker associa-
tions in our panel of 520 oilseed accessions, the gen-
etic mechanisms that control fatty acid composition
remain unclear. Therefore, further studies are neces-
sary to reveal the DNA variation of these candidate
genes in B. napus.
Taken together, these findings provided important

insights into the understanding of the important genes
affecting the fatty acid metabolism in B. napus.

Conclusion
We identified SNP-trait associations through association
mapping in B. napus. In total, 62 significant association
regions, distributed throughout the genome, were de-
tected for fatty acid composition using the PCA + K
model. Importantly, five common significantly associated
regions, located on chromosomes A2, A8, A9, C1, and
C3, respectively, were identified. In addition, 24 ortho-
logs of the functional candidate genes involved in fatty
acid composition were identified based on the B. napus
Darmor-bzh reference genome sequences. Our results
provide a basis for deciphering the mechanism under-
lying the determination of fatty acid composition in B.
napus. Moreover, the SNP markers identified here dem-
onstrate that marker-assisted selection is a powerful
strategy for identifying genes of interest in B. napus and
can be used in breeding programs aimed at optimizing
fatty acid profiles in oilseed.
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Additional file 1: Table S1. List of oilseed accessions used in the present
study. Table S2. Summary physical position of genome-wide significant
association SNPs for fatty acid composition in B. napus. (ZIP 1606 kb)

Additional file 2: Figure S1. Comparison of fatty acid content of
accessions grown in two environments. The two environments are
plotted against each other, with their Pearson’s coefficients indicated.
Figure S2. Genome- and subgenome-wide linkage disequilibrium (LD)
decay for all 520 accessions. The LD decay from the A subgenome is
indicated by a black line; the LD decay from the C subgenome is
indicated by a red line; and the LD decay from the A + C genomes is
indicated by a green line. r2 indicates the squared allele frequency
correlations between all pairs of SNP markers. Figure S3. Diagram
derived from the program Structure 2.1 showing the distribution of 520
rapeseed genotypes into two subpopulations (K = 2). Green indicates
subpopulation P1 genotypes and red representa subpopulation P2. The
x-axis indicates the Q matrix values, whereas the y-axis indicates the
accession code. Figure S4. Quantile–quantile plots of estimated -log (p)
from association analysis using six models for seven traits in 2013Cq and
2014Cq. (A and B) palmitic acid; (C and D) stearic acid; (E and F) oleic
acid; (G and H) linoleic acid; (I and J) linolenic acid; (K and L) eicosenoic
acid; and (M and N) erucic acid content. Cq indicates the growing region,
Chongqing, China. The horizontal gray line represents the genome-wide
significance threshold (−log10 (p) = 4.1). Figure S5. Quantile–quantile
plots of estimated -log (p) from the association analysis using the PCA + K
model for fatty acid composition in 2013Cq and 2014Cq. Cq refers to the
growing region, Chongqing, China. (ZIP 1566 kb)
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