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Abstract
Key message QTL mapping for fiber-related traits and elucidation of a stable and novel QTL affecting seed lignin 
content, cellulose content and seed oil content.
Abstract Dissection of the genetic networks for fiber biosynthesis is important for improving the seed oil content and meal 
value of Brassica napus. In this study, the genetic basis of seed fiber biosynthesis in B. napus was investigated via quantita-
tive trait locus (QTL) analysis using a doubled haploid population derived from ‘KenC-8’ crossed with ‘N53-2.’ Seed lignin 
content (LC), cellulose content (CC) and hemicellulose content (HC) were significantly negatively correlated with seed oil 
content (OC). Co-localization QTLs among LC, CC, HC and OC on A09 were found with contributions ranging from 9.87 
to 48.50%. Seven co-localization QTLs involved in the fiber component and OC were further verified by bulked segregant 
analysis (BSA). The unique QTL uqA9-12 might be a real and new QTL that was commonly identified by QTL mapping and 
BSA and simultaneously affected LC, CC and OC with opposite additive effects. A potential regulatory network controlling 
seed fiber biosynthesis was constructed to dissect the complex mechanism of seed fiber and oil accumulation, and numerous 
candidate genes were identified in the fiber-related QTL regions. These results provided an enrichment of QTLs and poten-
tial candidates for fiber biosynthesis, as well as useful new information for understanding the complex genetic mechanism 
underlying rapeseed seed fiber accumulation.

Introduction

Brassica napus (AACC, 2n = 38) is widely cultivated glob-
ally for the production of vegetable oil and biodiesel, and it 
provides a high-quality meal for animal feed after oil extrac-
tion (Liu et al. 2012). The development of B. napus varie-
ties with high seed oil content, and meal quality is one of 
the most important tasks for rapeseed breeding. Seed fiber 
components, including lignin, cellulose and hemicellulose, 
have a negative effect on the seed oil content and meal value 
of B. napus (Liu et al. 2012; Wang et al. 2015a). Lignin is a 
major antinutritional fiber component that leads to a reduc-
tion of seed meal value, and the synthesis of cellulose and 
hemicellulose can redirect photosynthetic assimilates from 
sugar biosynthesis into seed oil biosynthesis and result in a 
reduction of oil content (Liang et al. 2002; Liu et al. 2013; 
Wang et al. 2015a). Understanding the genetic mechanism 
of seed fiber traits in B. napus is pivotal for improving the 
seed oil content and meal value of B. napus.

Fibers have complex quantitative traits that are con-
trolled by a number of genes and are highly influenced by 

Communicated by Heiko C. Becker.

Liyun Miao and Hongbo Chao have contributed equally to this 
work.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s0012 2-019-03313 -4) contains 
supplementary material, which is available to authorized users.

 * Maoteng Li 
 limaoteng426@mail.hust.edu.cn

1 Department of Biotechnology, College of Life Science 
and Technology, Huazhong University of Science 
and Technology, Wuhan 430074, China

2 College of Basic Medical Sciences, Shanxi University 
of Chinese Medicine, Jinzhong 030619, China

3 Hybrid Rapeseed Research Center of Shaanxi Province, 
Shaanxi Rapeseed Branch of National Centre for Oil Crops 
Genetic Improvement, Yangling 712100, China

4 College of Life Science, Shandong Normal University, 
Jinan 250000, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-019-03313-4&domain=pdf
https://doi.org/10.1007/s00122-019-03313-4


1762 Theoretical and Applied Genetics (2019) 132:1761–1775

1 3

environmental conditions (Badani et al. 2006; Liu et al. 
2012, 2013; Stein et al. 2013). Quantitative trait loci (QTLs) 
influencing the fiber content are detected using different pop-
ulations (Badani et al. 2006; Fu et al. 2007; Snowdon et al. 
2010; Wang et al. 2013), especially yellow-seeded B. napus, 
which is generally considered to contain larger amounts of 
oil and protein (Fu et al. 2007; Wittkop et al. 2009), a thinner 
seed coat (Wittkop et al. 2009) and lower content of lignin, 
cellulose and hemicellulose (Simbaya et al. 1995) compared 
with black-seeded B. napus.

Seed fiber components are highly correlated with seed 
phenolic compounds and seed color (Badani et al. 2006; 
Fu et al. 2007; Snowdon et al. 2010; Wang et al. 2013). 
Seed phenolic compounds represent important antinutritive 
fiber components, the intermediate and final metabolites of 
the phenylpropanoid and flavonoid pathways and affect oil 
quality, meal value and seed color of B. napus (Liu et al. 
2012; Qu et al. 2013; Snowdon et al. 2010). Low fiber con-
tent, particularly the content of acid detergent lignin (ADL), 
was significantly correlated with seed color (Liu et al. 2012, 
2013; Snowdon et al. 2010) because lignin and pigment syn-
thesis had common precursors (Badani et al. 2006). Liu et al. 
(2012) identified markers with tight linkage to a major QTL 
for seed ADL content in a recombinant inbred line (RIL) 
population from a cross between yellow-seeded GH06 and 
black-seeded P174, and a single, dominant and major locus 
for the reduction of ADL was detected. Liu et al. (2013) 
detected 11 QTLs for fiber traits and seed color, including a 
major QTL for seed color and ADL on A09, a minor QTL 
for ADL on C05, and five QTLs for cellulose variation and 
three QTLs for hemicellulose variation, in a late-generation 
RIL population. Snowdon et al. (2010) demonstrated that 
the broad-sense heritability for three detergent fiber compo-
nents, especially ADL, was higher than for seed color, sug-
gesting that seed fiber content is a more applicable selection 
marker in breeding than seed color. Some candidate genes in 
B. napus were found to be involved in seed fiber biosynthe-
sis (Liu et al. 2012; Snowdon et al. 2010; Stein et al. 2013; 
Wang et al. 2015a) and the accumulation of seed pigments 
(Liu et al. 2013; Stein et al. 2013). Additionally, to improve 
the precision of QTL localization, bulk segregant analysis 
(BSA) combined with next-genomic sequencing technolo-
gies was used to rapidly locate QTLs and identify candidate 
genes (Chao et al. 2017; Zou et al. 2016). For example, Chao 
et al. (2017) performed precise QTL mapping of the seed 
oil and seed protein content of B. napus based on a high-
density genetic linkage map and rapid detection of associ-
ated genomic regions using BSA. Although numerous QTLs 
and candidate genes for fiber traits had been discovered in 
B. napus, QTLs with a prominent effect on fiber content and 
candidate genes related to these QTLs have not been fully 
elucidated. Moreover, the mechanism of metabolism in seed 
fibers and the interaction of genes involved in fiber synthesis 

have not yet been clarified based on the co-localization of 
mapped candidate genes with QTLs in B. napus.

In our previous study, the KN doubled haploid (DH) 
population with a wide range of variations in fatty acid con-
centration was derived from a cross between black-seeded 
‘KenC-8’ and yellow-seeded ‘N53-2’ (Wang et al. 2013). 
This population also showed high phenotypic variation for 
fiber traits. In this study, using the KN DH population, the 
QTLs for seed fiber traits (lignin content, LC; cellulose 
content, CC; hemicellulose content, HC) associated with 
the seed oil content (OC) in multiple environments were 
detected and further verified through BSA, and a regulatory 
network for fiber biosynthesis was also proposed.

Materials and methods

Plant materials

A total of 300 lines in the KN DH population derived from 
female ‘N53-2’ and male ‘KenC-8’ (Wang et al. 2013; Chao 
et al. 2017) were used to analyze the phenotype and to detect 
QTLs for fiber traits in this study. ‘KenC-8’ is the paren-
tal line of the variety ‘Zayou59’ released in 1996 in China, 
which was selected from a multiway hybridization combina-
tion: ‘1721-1B’ ‘start’ × ‘955’ ‘ChunShan2B’ (Wang et al. 
2013). ‘KenC-8’ is a spring B. napus with low oil (approxi-
mately 40%), low erucic acid and high glucosinolate content. 
‘N53-2’ is a DH line developed from the Canadian canola 
cultivar ‘Midas’ and a Chinese inbred line ‘SE8’ (Wang 
et al. 2013). ‘N53-2’ is a winter-type B. napus with high 
oil (> 50%), high erucic acid and low glucosinolate content.

Field experiments

The KN DH lines and their parents were planted in two 
independent environments in China, including a semi-win-
ter-type rapeseed planting area, Wuhan in Hubei Province 
(coded WH, E113.68°, N30.58°), for two successive years 
(October–May of 2012–2013 and 2013–2014), and a win-
ter-type rapeseed planting area, Dali in Shaanxi Province 
(coded DL, E109.93°, N34.80°), for four successive years 
(September–June of 2009–2010, 2010–2011, 2011–2012, 
2012–2013 and 2013–2014). The location was treated as a 
macroenvironment, and the year-location combination was 
treated as a microenvironment. For example, WH indicated 
that the experiment was planted in a semi-winter ecologi-
cal condition, and 12WH indicated that the experiment was 
performed in 2012 in Wuhan of Hubei province. The field 
experiments were performed in a completely randomized 
block design with three replications in DL and two replica-
tions in WH. Each line was grown in two rows per plot in 
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both locations, every row contained approximately 12 plants, 
and the distance between rows and between plants was 0.4 
and 0.2 m, respectively. Open pollinated seeds were col-
lected from five randomly chosen plants in each line at matu-
rity for analysis. The climatic conditions during the growing 
season for experiments have been reported by Wang et al. 
(2015b).

Measurements of fiber components and trait 
analysis

Seed fiber components were measured by near-infrared 
reflectance spectroscopy (NIRS) using an NIR System 6500 
with WinISI II software (FOSS GmbH, Rellingen, Germany) 
according to previous reports (Liu et al. 2013; Wang et al. 
2015a). Phenotype values for acid detergent lignin (ADL; 
% seed dry weight), acid detergent fiber (ADF; % seed 
dry weight) and neutral detergent fiber (NDF; % seed dry 
weight) were speculated from NIRS spectra using NIRS cali-
brations for these traits as described by Wang et al. (2015). 
In the external validation, the R-squared value (RSQ) for 
NDF, ADF and ADL was 0.847, 0.938 and 0.979, the 
standard error of prediction (SEP) was 0.624, 0.479 and 
0.172, and the standard error of prediction corrected for 
bias (SEP(c)) was 0.687, 0.467 and 0.172, respectively. LC 
was represented by the ADL content. CC was determined 
by subtracting ADL from ADF, and HC was determined by 
subtracting ADF from NDF. The data for OC in the KN DH 
population were based on our previous report (Chao et al. 
2017). All phenotype data were averaged over three techni-
cal replicates.

QTL analysis and meta‑analysis for fiber traits 
and clarification of unique QTLs by BSA

A high-density genetic linkage map of the KN popula-
tion has been constructed based on phenotyping using the 
Brassica 60 K SNP Array (developed by the international 
Brassica SNP consortium in cooperation with Illumina 
Inc. San Diego, CA, USA) together with simple sequence 
repeat (SSR) and sequence tagged site (STS) markers, the 
total length of which reached 3072.7 cM, with an average 
distance of only 0.96 cM between adjacent markers (Chao 
et al. 2017). QTL analysis for LC, CC and HC was per-
formed by composite interval mapping (CIM) using the QTL 
Cartographer 2.5 software (Wang et al. 2012). The walking 
speed was set to 2 cM and a window size of 10 cM with five 
background cofactors. The LOD threshold was determined 
by the 1000-permutation test based on a 5% error rate, and 
an LOD of 3.4 was used to identify the existence of QTLs 
in each environment. These QTLs were termed ‘identified 
QTLs.’ The method for QTL nomenclature was performed 
according to Wang et al. (2013).

Then, the identified QTLs that were repeatedly detected 
in different trials and with overlapping confidence inter-
vals (CIs) were integrated into a consensus QTL by meta-
analysis using BioMercator 4.2 software with default 
parameters (Arcade et al. 2004). They were then named 
with the initial letters ‘cq,’ for instance, cqLC-A9-1. Con-
sensus QTLs occurring in at least one microenvironment 
with phenotypic variation (PV) > 20%, or in at least two 
microenvironments with PV > 10%, were considered major 
QTLs (Shi et al. 2009). The consensus QTLs with overlap-
ping CIs for different traits were then further integrated 
into one unique QTL and designated with the initial let-
ters ‘uq’ (for example, uq-A5-1). If a consensus QTL had 
no overlapping CI with others, it was also regarded as a 
unique QTL.

Bulked segregant analysis (BSA) based on high-through-
put sequencing for OC in the KN DH population has been 
reported by Chao et al. (2017). Two extreme pools for OC 
corresponded to the two opposite extreme pools of LC, 
CC and HC. Thus, BSA for OC was used to investigate the 
genetic correlation of fiber components and OC herein. 
Because reads were mapped to the reference genome ‘Dar-
mor-bzh’ (http://www.genos cope.cns.fr/brass icana pus/data/) 
to calculate the SNP index in the BSA analysis, the closely 
linked SNP markers of unique QTLs were aligned to the 
reference genome ‘Darmor-bzh’ through BLASTn to iden-
tify whether the QTLs were consistent with the significantly 
associated genomic region (AGR) detected by BSA.

Alignment of QTLs for fibers and OC to the ‘ZS11’ 
reference genome

Since the ‘ZS11’ reference genome was more compre-
hensive than the ‘Darmor-bzh’ genome (Sun et al. 2017), 
OC-QTLs and fiber-related QTLs from previous reports 
(Snowdon et al. 2010; Stein et al. 2013; Liu et al. 2012, 
2013; Delourme et al. 2006; Chen et al. 2013; Jiang et al. 
2014; Wang et al. 2015a; Cheng et al. 2016) and this present 
research were aligned herein into the physical map of the 
‘ZS11’ reference genome (https ://www.ncbi.nlm.nih.gov/
assem bly/GCF_00068 6985.2/). The closely linked mark-
ers were obtained from the linkage map, and the primer 
sequences of those markers were acquired from related pub-
lished papers. The genomic position of the closely linked 
markers was identified using e-PCR (Rotmistrovsky et al. 
2004), and then, the QTLs were projected onto the physical 
map of the ‘ZS11’ reference genome (https ://www.ncbi.nlm.
nih.gov/assem bly/GCF_00068 6985.2/) for comparison. This 
procedure was performed as described by Raboanatahiry 
et al. (2017). Finally, if one or more QTLs were identified 
on a chromosome in this study but not in previous reports, 
these were considered novel QTLs.

http://www.genoscope.cns.fr/brassicanapus/data/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000686985.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000686985.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000686985.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000686985.2/
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Identification of fiber‑related candidate genes 
and potential regulatory networks

The genetic linkage map can be aligned to the ‘ZS11’ ref-
erence genome by BLAST, as described by Alschul et al. 
(1997) and Chao et al. (2017). Based on the collinearity 
relationship between the genetic linkage map and the ‘ZS11’ 
reference genome, genes within QTL regions, which had 
SNP or InDel variation in introns, exons or within 1 kb 
up- and down-stream between two parents according to the 
genome resequencing of the two parents from BSA (Chao 
et al. 2017), were regarded as potential candidate genes.

The orthologous of potential candidate genes in QTL 
regions and their annotations were obtained by BLASTn 
based on the A. thaliana database (http://www.arabi dopsi 
s.org/). The same method was used for the whole genome 
search of fiber-related orthologs in B. napus. Candidate 
genes were clustered and analyzed using Mapman software 
(Thimm et al. 2004) according to their orthologs and anno-
tation. The interaction networks were analyzed and con-
structed using String software (http://strin g-db.org/) and 
visualized by Cytoscape_V3.6.0 (Shannon et al. 2003). The 
degree and betweenness centrality were calculated by net-
work analyzer and mapped as the node size and node color, 
respectively. All interactions, clusters and analysis were 
based on A. thaliana orthologs.

qRT‑PCR validation of fiber‑related candidate genes

The siliques at 5, 15, 25 days after flowering and the seeds 
at 35, 45 days after flowering from the parent materials 
were, respectively, collected for total RNA extraction with 
 TRIzol® reagent (Thermo Fisher Scientific). One microgram 
of total RNA was reverse-transcribed using SuperScript III 
Reverse Transcriptase (Invitrogen) and oligo (dT)18 accord-
ing to the manufacturer’s protocol. qRT-PCR validation 
for 6 potential fiber-related candidate genes from different 
associate loci and a reference B. napus ACT 7 gene were 
performed with the SYBR premix EX TaqTM kit (TaKaRa, 
Japan) using an ABI 7500 Real-Time PCR System (ABI). 
For each reaction, three technical replicates were assessed. 
The primers of candidate genes and the ACT 7 gene are 
listed in Online Resource 1.

Results

Variation and correlation analysis of fiber 
components

Three fiber traits of the KN DH population in seven environ-
ments were measured (Online Resource 2). The LC (6.95%) 
and CC (6.17%) of ‘KenC-8’ were more than ‘N53-2’ (LC 

and CC was 3.05% and 4.76%, respectively), whereas no 
significant difference in HC was observed. Moreover, three 
fiber traits and OC showed a wide range of phenotypic vari-
ation and strong transgressive segregations in the KN DH 
population, and their mean values were close to the mid-
parent values (Fig. 1). LC showed a partial normal distribu-
tion in the population, and CC and HC exhibited a normal 
distribution. The distribution patterns of LC, CC and HC 
indicated that they were genetically stable but also affected 
by the environment. The correlation among the three fiber 
components and OC was calculated (Table 1), revealing that 
LC was significantly positively correlated with CC (coef-
ficient of 0.621) and CC was significantly positively cor-
related with HC (0.419), but LC was moderately negatively 
correlated with HC (− 0.156). Moreover, LC, CC and HC all 
showed a negative correlation with OC (− 0.512 to − 0.156), 
suggesting that seed OC might be increased by reducing the 
three fiber components in B. napus.

QTL mapping for LC, CC and HC

A total of 85 identified QTLs for LC, CC and HC were 
obtained in 17 linkage groups (except for A01 and C07) 
(Fig. 2), and a single QTL could explain the phenotypic vari-
ation (PV) from 2.57 to 54.76% (Online Resource 3). All 
85 identified QTLs were then integrated into 60 consensus 
QTLs by meta-analysis (Table 2; Online Resource 3), and 
52 environment-specific QTLs were further detected. Some 
environment-stable QTLs were identified, of which, 6, 3, 1 
and 2 consensus QTLs were identified in two, three, four and 
six microenvironments, respectively.

For LC, 29 identified QTLs were detected on eight 
chromosomes, had an additive effect of − 1.18 to 0.27 and 
explained 2.57–54.77% of PV (Table 2; Online Resource 3). 
The 29 identified QTLs were integrated into 16 consensus 
QTLs, and 3 and 2 consensus QTLs were detected in two 
and six microenvironments, respectively. Three major QTLs 
(cqLC-A9-1, cqLC-A9-3 and cqLC-C5-1) were repeatedly 
detected in at least two trials and displayed a large effect 
(PV > 10%). cqLC-A9-1 and cqLC-C5-1 were stably detected 
in six microenvironments, and cqLC-A9-1 explained the 
highest PV (48.50%). Additionally, 6 and 5 consensus QTLs 
were detected as semi-winter and winter environment-spe-
cific QTLs, respectively, among which cqLC-A9-2 with a 
PV of 40.97% was a major and winter environment-specific 
QTL.

For CC, 35 identified QTLs with an additive effect rang-
ing from − 0.41 to 0.22 were detected across nine chromo-
somes and explained 4.24–23.85% of PV (Table 2; Online 
Resource 3). The 35 identified QTLs were integrated into 
23 consensus QTLs, and 3, 3 and 1 consensus QTLs were 
detected in two, three and four microenvironments, respec-
tively. Three QTLs (cqCC-A9-1, cqCC-A9-2, cqCC-A9-5) 

http://www.arabidopsis.org/
http://www.arabidopsis.org/
http://string-db.org/
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were repeatedly detected in at least three trials and showed 
a large effect (PV > 10%), and cqCC-A9-2 was stably 
detected in four microenvironments and had the highest 
PV of 23.85%. A total of 7 and 13 consensus QTLs were 

detected as semi-winter and winter environment-specific 
QTLs, respectively.

For HC, 21 identified QTLs with an additive effect rang-
ing from − 0.41 to 0.47 were detected on seven chromo-
somes and explained 5.68–13.10% of PV, which were all 
environment-specific QTLs, including 12 semi-winter envi-
ronment-specific QTLs and 9 winter environment-specific 
QTLs (Table 2; Online Resource 3).

Co‑localization of fiber components and OC

The genetic relationship between three fiber components 
and OC of B. napus could be confirmed by the mapping 
of colocated loci. A trait-by-trait meta-analysis revealed 
that 94 consensus QTLs for the four traits were integrated 

Fig. 1  Phenotypic variation of seed fiber components and oil content in the KN DH population. The units of the x-axis are the phenotypic val-
ues, and the units of the y-axis are the number of lines

Table 1  Pearson correlation coefficients among seed fiber compo-
nents and oil in the KN DH population

*P < 0.05; **P < 0.01

Traits Lignin Cellulose Hemicellulose Oil

Lignin 1
Cellulose 0.621** 1
Hemicellulose − 0.156* 0.419** 1
Oil − 0.442** − 0.512** − 0.156* 1
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into 77 unique QTLs (Online Resource 4). Among them, 
13 unique co-localized QTLs had pleiotropic effects and 
controlled at least two traits (Table 3). These co-localized 
QTLs were generally classified into two kinds: unique 
QTLs integrated from QTLs with the same additive effect 
direction, and unique QTLs with opposite additive effect 
directions. For instance, uq.C5-9 and uq.C5-10 obtained 
from QTLs controlling LC and CC showed the same 
additive effect, in accordance with the significant posi-
tive correlations between LC and CC. However, uq.A9-11 
showed an opposite additive effect, and the additive effect 
of cqCC-A9-4 (− 0.19) was negative, while cqOC-A9-4 

(0.73) was positive, which might explain the negative phe-
notype correlation between CC and OC. Interestingly, uq.
A9-9 integrated from QTLs controlling LC, CC, HC and 
OC exhibited not only the same but also opposite addi-
tive effect directions (Fig. 3a; Table 3; Online Resource 
4). The additive effect of cqLC-A9-1 (− 1.16) and cqCC-
A9-2 (-0.32), cqOC-A9-3 (0.89) and cqHC-A9-6 (0.36) 
was the same, while the additive effects of cqLC-A9-1 and 
cqOC-A9-3, cqCC-A9-2 and cqOC-A9-3, cqLC-A9-1 and 
cqHC-A9-6, cqCC-A9-2 and cqHC-A9-6 were all opposite, 
suggesting a complexity of the competitive mechanism of 
these four traits.

Fig. 2  Genetic linkage map and locations of QTLs for fiber traits 
and oil content in the KN map. The QTLs distributed in 19 linkage 
groups in different natural environments are indicated by different 
backgrounds on the cycle (backgrounds of light green, the winter 
macroenvironment; backgrounds of pink, the semi-winter macroen-

vironment). Different environments and years are indicated by 
‘years’ + ‘location.’ Blue bar, LC (lignin content); green bar, CC (cel-
lulose content); red bar, HC (hemicellulose content); purple, OC (oil 
content). The gray traits indicate that QTLs detected in different traits 
are co-localized
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Table 2  Consensus QTLs for seed fiber components in the KN population

QTLa Chrb LODc PV (%)d Positione CI.f Add.g Environmenth

cqLC-A2-1 A2 4.32 5.40 16.11 14.4− 20.2 − 0.47 09DL
cqLC-A2-2 A2 4.47 3.34 40.11 39.5− 40.1 − 0.26 13WH
cqLC-A2-3 A2 5.31 3.61 41.41 41.1− 43 − 0.30 12DL
cqLC-A2-4 A2 4.26–5.52 3.90–4.53 50.01 48.34–51.67 − 0.33 ~ − 0.29 12DL/13WH
cqLC-A3-1 A3 3.88 2.90 26.21 25.5–28.3 0.25 13WH
cqLC-A3-2 A3 4.36 3.28 31.61 30.9–32.4 0.27 13WH
cqLC-A3-3 A3 4.05 3.01 37.01 35.6–37.6 0.26 13WH
cqLC-A6-1 A6 3.42 2.71 12.71 11.2–15.4 0.23 12WH
cqLC-A7-1 A7 4.29 2.89 15.51 15–15.9 − 0.27 12DL
cqLC-A9-1 A9 21.89–45.16 33.64–54.76 142.11 141.75–142.46 − 1.51 ~ − 1.04 09DL/11DL/12DL/12WH/13DL/13WH
cqLC-A9-2 A9 29.04 40.97 147.21 146.9–147.4 − 1.02 12DL
cqLC-A9-3 A9 17.54–23.38 30.75–32.60 151.97 151.71–152.24 − 1.09 ~ − 0.82 13DL/13WH
cqLC-A10-1 A10 3.52 6.66 47.61 44.6–49.5 − 0.53 10DL
cqLC-C5-1 C5 4.06–13.66 5.08–11.27 138.34 136.7–139.99 − 0.55 ~ − 0.38 12WH/13WH/09DL/11DL/12DL/13DL
cqLC-C5-2 C5 3.63–8.00 4.50–8.33 146.36 142.37–150.36 − 0.44 ~ − 0.43 11DL/13DL
cqLC-C9-1 C9 3.86 2.57 23.21 21.9–24.9 0.27 12DL
cqCC-A4-1 A4 3.45 5.54 48.61 46.9–49.3 0.19 09DL
cqCC-A5-1 A5 3.45 5.37 55.51 53.1–56.5 − 0.16 11DL
cqCC-A8-1 A8 4.26–4.92 5.20–8.01 16.11 14.71–17.5 − 0.20 ~ − 0.19 11DL/12DL/13WH
cqCC-A8-2 A8 4.60–5.59 5.50–8.90 21.9 20.22–23.58 − 0.21 ~ − 0.20 11DL/13WH
cqCC-A9-1 A9 4.88–11.63 7.47–16.10 134.51 133.77–135.24 − 0.34 ~ − 0.21 12DL/13DL/13WH
cqCC-A9-2 A9 4.42–15.02 6.10–23.85 142.19 141.6–142.78 − 0.41 ~ − 0.21 09DL/13DL/13WH/12DL
cqCC-A9-3 A9 5.36 8.60 146.91 146.4–147.2 − 0.19 12WH
cqCC-A9-4 A9 3.68 6.10 149.81 149–150.7 − 0.19 09DL
cqCC-A9-5 A9 7.31–8.20 11.00–15.32 151.84 151.56–152.12 − 0.31 ~ − 0.25 13DL/13WH/12DL
cqCC-A9-6 A9 6.93 11.01 156.91 156.4–158.9 − 0.21 12WH
cqCC-A10-1 A10 3.77 6.03 43.41 42.3–44.6 0.19 11DL
cqCC-A10-2 A10 5.06 8.03 49.41 47–50.6 0.21 11DL
cqCC-A10-3 A10 3.73 6.11 62.41 58.4–63.9 0.18 11DL
cqCC-C1-1 C1 3.53 5.37 89.41 86.2–90.1 0.15 12WH
cqCC-C3-1 C3 4.33 6.03 183.51 182.9–184.1 − 0.19 12DL
cqCC-C3-2 C3 4.57 7.07 184.41 184.1–184.7 − 0.22 13DL
cqCC-C3-3 C3 3.40–3.66 5.46–5.85 193.77 190.08–197.46 − 0.20 ~ − 0.18 13DL/12DL
cqCC-C5-1 C5 3.83 5.88 94.21 88.4–99.5 − 0.19 13DL
cqCC-C5-2 C5 4.96–12.23 7.80–15.98 138.5 136.01–141 − 0.36 ~ − 0.20 12WH/13WH
cqCC-C5-3 C5 4.09 9.25 151.91 143.3–160.6 − 0.20 12WH
cqCC-C6-1 C6 3.52 4.24 73.31 72.8–73.6 0.20 13WH
cqCC-C6-2 C6 4.06 5.59 75.11 74.5–78.1 0.18 12DL
cqCC-C6-3 C6 4.14 7.92 81.81 80.3–82.5 0.22 12DL
cqHC-A6-1 A6 3.67 5.97 3.21 2–4.5 0.26 12WH
cqHC-A6-2 A6 3.99 6.53 17.41 16–18.2 0.33 11DL
cqHC-A6-3 A6 4.13 6.75 27.51 24.7–31.3 0.34 11DL
cqHC-A7-1 A7 4.85 13.10 3.41 0.8–5.4 0.47 13DL
cqHC-A9-1 A9 4.55 7.48 85.61 77.9–89.4 − 0.30 13WH
cqHC-A9-2 A9 3.72 5.68 93.91 93.2–97.5 − 0.26 13WH
cqHC-A9-3 A9 6.78 10.85 129.61 128.9–130.5 0.38 13WH
cqHC-A9-4 A9 8.10 12.83 135.61 134.9–136.2 0.40 13WH
cqHC-A9-5 A9 3.57 5.88 137.51 136.4–139.2 0.34 11DL
cqHC-A9-6 A9 6.13 9.87 140.61 139.9–142.6 0.36 13WH
cqHC-A9-7 A9 4.45 7.27 146.91 142.9–147.2 0.39 11DL
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Two extreme pools for OC from the KN DH population 
also corresponded to the two opposite extremes of LC, CC 
and HC in the bulked segregant construction for BSA analy-
sis (Fig. 3c). In this study, of eight unique QTLs involved 
in OC, seven were detected in the BSA analysis (Online 
Resource 5). An uq.A9-9 simultaneously controlling OC, 
LC, CC and HC was linked to Bn-A09-p32954471, which 
was aligned in the significantly associated region AGR_A9-8 
(Fig. 3b), while uq.A9-11 (controlling OC and CC) and uq.
A9-12 (controlling OC, LC and CC) were detected in posi-
tions inside AGR_A9-12 based on the linked SNP markers 
Bn-A09-p35389045 and Bn-A09-p35661872 (Fig. 3b). It is 
noteworthy that all seven unique QTLs that were commonly 
detected by QTL mapping and BSA affected OC and CC 

with opposite additive effects, indicating a comprehensive 
genetic basis for the synthesis and metabolism of OC and 
CC. In addition, uq.A9-9 and uq.A9-12 were integrated from 
two major QTLs of LC with the highest PV (cqLC-A9-1, 
48.50% of PV and cqLC-A9-3, 31.68%), which demonstrated 
that the extreme phenotype pool for OC corresponded to the 
opposite trend for LC.

To analyze whether the fiber-related QTLs in the pre-
sent research were novel, these QTLs and other reported 
QTLs from six populations were projected on the physical 
map of the ‘ZS11’ reference genome to identify overlapping 
regions (Online Resource 6). Six of eight major fiber-related 
QTLs were overlapped with previously reported QTLs, 
including cqLC-A9-1, cqLC-A9-2, cqCC-A9-1, cqCC-A9-2, 

LC lignin content, CC cellulose content, HC hemicellulose content
a QTL name, the two letters following the ‘cq’ indicate different traits; bchromosome; cLOD score for consensus QTLs; dphenotype variation of 
QTLs;epeak position; fconfidence interval; gadditive effects; henvironments of detected consensus QTLs

Table 2  (continued)

QTLa Chrb LODc PV (%)d Positione CI.f Add.g Environmenth

cqHC-C2-1 C2 4.22 6.52 98.11 95.4–99 0.30 13WH
cqHC-C2-2 C2 4.91 7.53 103.21 100–107.6 0.32 13WH
cqHC-C4-1 C4 4.14 6.75 7.11 5.2-9.6 − 0.41 11DL
cqHC-C4-2 C4 3.59 6.18 125.91 125.4–132.9 0.33 12DL
cqHC-C4-3 C4 3.48 6.00 135.71 132.9–141.7 0.32 12DL
cqHC-C6-1 C6 3.96 6.67 52.91 51.9–54.2 − 0.29 12WH
cqHC-C6-2 C6 4.76 7.99 60.81 60.6–61.6 − 0.36 12WH
cqHC-C6-3 C6 3.60 6.66 78.11 76.7–79.8 0.33 09DL
cqHC-C8-1 C8 4.74 7.85 97.01 94.4–98.1 − 0.30 12WH
cqHC-C8-2 C8 4.24 7.08 103.21 101.5–104.8 − 0.28 12WH

Table 3  List of 13 pleiotropic unique QTL for seed fiber components and oil content in the KN population

LC lignin content, CC cellulose content, HC hemicellulose content, OC Oil content
a QTL name, the two letters following the ‘uq’ indicate different traits; bchromosome; cpeak position; dthe closely linked marker; econfidence 
interval

Namea Chrb Trait Positionc Markersd CI.e

uq.A8-3 A8 CC/OC 21.55 Bn-A08-p10215623, Bn-A08-p10593605 20.61–22.49
uq.A9-9 A9 LC/CC/HC/OC 142 Bn-A09-p32954471, Bn-A09-p32945202 141.72–142.27
uq.A9-10 A9 LC/CC/HC 147.12 Bn-A09-p34018790, Bn-A09-p34437367 146.91–147.33
uq.A9-11 A9 CC/OC 149.81 BnGMS340, Bn-A09-p35389045 149.43–150.18
uq.A9-12 A9 LC/CC/OC 151.91 Bn-A09-p35661872, Bn-A09-p35278018 151.74–152.08
uq.A10-2 A10 LC/CC 48.77 Bn-A10-p14354612, Bn-A10-p14780715 47.32–50.22
uq.C3-3 C3 CC/OC 183.51 Bs_16888_1-p1222121, Bs_15794_3-p89999 183.28–183.73
uq.C3-6 C3 CC/OC 193.26 Bn-A08-p13019549, Bs_17592_1-p386456 190.59–195.92
uq.C5-6 C5 CC/OC 93.47 Bs_17441_1-p336913, SA89 92.33–94.61
uq.C5-9 C5 LC/CC 138.38 Bs_17441_1-p950341 137.01–139.76
uq.C5-10 C5 LC/CC 147.33 Bn-A05-p23512396 143.7–150.96
uq.C6-3 C6 HC/OC 61.26 Bs_16547_1-p111855, Na10C06 61.11–61.41
uq.C6-8 C6 CC/HC 76.83 CNU053, Bn-A01-p13622238 75.65–78
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cqLC-C5-1 and cqCC-C5-2. Among them, cqLC-C5-1 and 
cqCC-C5-2 were co-localized with qADLC05 reported by 
Liu et al. (2013) and the significant SNPs rs37338, rs37369 

and rs37408 reported by Wang et al. (2015a, b). Through 
integration analysis with previously reported OC-QTLs, a 
QTL hotspot related to OC and fiber content was found in 

Fig. 3  Co-localization of fiber components and oil content on A09. 
a. Unique QTLs with the same and opposite additive effects on A09. 
The identified QTLs for fiber traits and OC in different experiments 
are shown by curves above the line of the linkage group. The short-
term localization above the horizontal axis represents QTLs detected 
at the corresponding position. Additive effects are shown by curves 
of the same color below the line of the linkage group. b. The unique 
QTLs uq.A9-9 and uq.A9-12 corresponding to AGRs detected by 
BSA for OC. The Δ (SNP index) plot with statistically significantly 
associated regions (two green significant threshold lines, P < 0.01 
and P < 0.05) is drawn at the bottom. In the two coordinate axis, the 

X-axis represents the position of linkage group A9 and chromosome 
A09, and the Y-axis represents the LOD value and Δ (SNP index), 
respectively. uq.A9-9 and uq.A9-12 are linked by black lines with 
their corresponding AGRs. The linked SNPs and their positions in 
the reference genome ‘Darmor-bzh’ drawn in the middle. c. OC, LC, 
CC and HC of two extreme pools for OC-BSA analysis. H and L on 
the abscissa represent high oil and low oil pools, respectively. Boxes 
represent the variation in the phenotype average of the 24 individuals 
used to construct the two extreme pools (24 individuals each pool) in 
seven environments
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the region ranging from 37 to 45 Mb in A09 (Fig. 4). The 
uq.A9-9, integrated from cqLC-A9-1, cqCC-A9-2, cqHC-
A9-6 and cqOC-A9-3, was identical to the significant SNP 
rs21223 associated with seed ADL content (Wang et al. 
2015a). However, uq.A9-12, integrated from the three major 
QTLs cqLC-A9-3, cqCC-A9-5 and cqOC-A9-5, showed no 
overlap with other reports and might be a potential novel 
QTL.

Identification of fiber‑related candidate 
genes and potential regulatory networks

Based on the collinearity relationship between the genetic 
linkage map and the B. napus ‘ZS11’ reference genome, 
80 potential candidate genes in B. napus were identified to 
correspond to 74 homologous A. thaliana genes involved 
in the fiber biosynthesis (Online Resource 7). Some note-
worthy potential fiber-related candidates were identified in 
overlapping regions of LC-, CC-, HC- and OC-QTLs. For 
instance, BnA09g0383130 corresponding to AtMYB52, a 
transcription factor that regulates the biosynthesis of lignin, 

xylem, and cellulose (Dubos et al. 2010), was located in 
the overlapping CI region of three major QTLs (cqLC-A9-1, 
cqCC-A9-2, cqOC-A9-3). BnA09g0382840 corresponding 
to AtMYB51, a transcription factor involved in indole glu-
cosinolate biosynthesis (Gigolashvili et al. 2007), was also 
located in the overlapping region of cqLC-A9-1, cqCC-A9-2 
and cqOC-A9-3. BnC05g0730820, which is homologous to 
DHQD (3-dehydroquinate dehydratase), an enzyme involved 
in phenylalanine biosynthesis, was mapped to the overlap-
ping region of two major QTLs cqLC-C5-1 and cqCC-C5-2.

To investigate the genetic basis of fiber accumulation 
in B. napus seeds, a potential metabolic pathway was con-
structed with phosphoenolpyruvate and β-d-fructose-6P 
as the junction based on potential candidates underlying 
LC-, CC- and HC-QTLs (Fig. 5; Online Resource 7a). The 
pathway was involved in glycolysis/gluconeogenesis, starch 
and source metabolism, phenylpropanoid biosynthesis, and 
lignin synthesis. GAPC1 (glyceraldehyde-3-phosphate dehy-
drogenase) was one key enzyme in the glycolytic pathway 
(Rius et al. 2008) and involved in membrane lipid-based 
signaling, energy metabolism and growth control in the 
plant response to ROS (Guo et al. 2012). BnC08g0881270 

Fig. 4  Locations of QTLs for OC and fiber that have been previ-
ously reported and detected in this study on the ‘ZS11’ reference 
genome. The A09 chromosome, markers linked to fiber-related 
QTL and their genome location in the reference genome are drawn 
on the left. Different colors of QTLs correspond to OC and fiber. 
The color code for the QTLs is shown on the top right of the figure. 
The QTL name is suffixed according to the population in which it 
is detected: YB (‘Express 617’ × ‘1012-98,’ Snowdon et  al. 2010), 
GP (‘GH06’ × ‘P174,’ Liu et  al. 2012 and 2013), YE2 and ExpV8 

(‘Express 617’ × ‘1012-98’ and ‘Express 617’ × ‘V8,’ Stein et  al. 
2013), RNSL (‘Rapid’ × ‘NSL96/25,’ Delourme et  al. 2006), SG 
(‘Sollux’ × ‘Gaoyou,’ Chen et al. 2013), TN (‘Tapidor’ × ‘Ningyou7,’ 
Jiang et  al. 2014), M201 × M202 (Cheng et  al. 2016), and GWAS 
represent significant SNP signals from the GWA mapping using B. 
napus germplasm resources (Wang et  al. 2015a). The two dashed 
lines represent the positions of two unique QTLs, uq.A9-9 and uq.A9-
12 
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corresponding to GAPC1 was identified in the region of 
cqHC-C8-2. COMT1 (caffeic acid-O-methyltransferase) 
was a key enzyme involved in the synthesis of the flavonol-
ignin unit derived from tricin (Fornalé et al. 2016), and 
BnA03g0105070 corresponding to COMT1 located in the 
region of cqLC-A3-3. AtCSLC08 (cellulose synthase-like 
C8) was a cellulose synthase-like (CSL) protein that func-
tions in the biosynthesis of noncellulosic polysaccharides 
such as xylans, xyloglucans, galactans and mannans (Rich-
mond and Somerville 2000), and BnA09g0379870, which 
is homologous to AtCSLC08, was mapped to the overlap-
ping region of cqCC-A9-1 and cqHC-A9-4 and might be an 
important candidate gene for cellulose and hemicellulose 
biosynthesis.

To further dissect the accumulation mechanism of lignin, 
cellulose, hemicellulose and oil in seeds, an interaction net-
work of the potential candidate genes in QTL regions of LC, 
CC, HC and their co-localized OC-QTLs was constructed 
based on A. thaliana orthologs (Fig. 6; Online Resource 7b). 
The whole network, including 32 enzymes and 16 transcrip-
tion factors, was incorporated into 48 nodes and 95 edges. 
A number of important genes and regulatory factors in the 
accumulation of lignin, cellulose, hemicellulose and oil in 
seeds were observed, such as GAPC1, DHQD, PFK, HCT, 
MYB51 and WRKY33 (Fig. 6). GAPC1 might directly inter-
act with PFK7 and then SPS1F and SUS1 functioning in 
the ‘starch and sucrose metabolism’ pathway to flow into 
cellulose/hemicellulose biosynthesis. GAPC1 might also 
interact with DHQD or PFK7 to DHQD to function in the 

‘phenylalanine biosynthesis’ pathway involving a methyl 
donor. AT5G55070 in the methyl donor might be linked to 
ACX2, LACS6, FATB and GPAT5 to flow into fatty acid 
synthesis and oil body formation. MYB51, which influ-
enced the connection of the network, interacted with two 
transcription factors MYB97 and WRKY33 to regulate phe-
nylpropanoid biosynthesis, and MYB51 also interacted with 
CESA3 to participate in cellulose biosynthesis. Moreover, 
four transcription factors, MYB83, MYB85, MYB58 and 
MYB46, which function as regulators of phenylpropanoid 
metabolism in plants (Liu et al. 2015), were also associated 
with HCT and CCR2 to participate in the regulation of lignin 
biosynthesis.

Furthermore, 6 candidate genes were selected for qRT-
PCR validation (Fig. 7). Characterization of the expression 
of these candidate genes was basically in agreement with 
LC and CC of the two parents, e.g., the expression levels 
of BnC08g0881270 and BnC01g0466620 in black-seeded 
‘KenC-8’ with high LC and CC were upregulated in com-
parison with yellow-seeded ‘N53-2’ with low LC and CC.

Discussion

Seed fiber components cause a considerable reduction of 
the seed oil content and meal value of B. napus, and thus 
a reduction of seed fiber compounds, including lignin, cel-
lulose and hemicellulose, which can improve the oil content 
and meal value (Liang et al. 2002; Liu et al. 2013). Thus, 

Fig. 5  Potential regulatory pathways controlling seed fiber synthesis 
in B. napus. The pathway is constructed based on potential candidate 
genes within QTL regions of LC, CC and HC. The red, green and 

blue characters indicate A. thaliana orthologs of underlying LC-, CC- 
and HC-QTL regions, respectively. The broken arrows indicate multi-
ple steps between the two compounds



1772 Theoretical and Applied Genetics (2019) 132:1761–1775

1 3

they are new targets for B. napus with high oil content and 
meal quality (Wang et al. 2015a). The dissection of QTLs 
with significant effects on seed fiber components enabled the 
identification of positional and functional candidate genes 
for these traits in B. napus.

In our KN DH population derived from ‘N53-2’ and 
‘KenC-8,’ LC, CC and HC showed high phenotypic varia-
tion, and CC and HC were negatively correlated with OC, 
which was identical to the previous report that seed CC and 
HC have negative correlations with OC in the yellow-seeded 
GH06 × black-seeded P174 RIL population (Liu et al. 2013). 
It is noteworthy that LC in the present study showed a high 
negative correlation with the level of OC. In addition, the 
co-localized QTLs identified for CC and OC showed greater 
consistency with the significantly associated loci from BSA 

based on OC, but with negative effects. These results sug-
gested that these traits shared some underlying genetic bases, 
providing a clue for increasing OC by reducing two fiber 
components.

Most of the major QTLs with a large effect on seed fiber 
content and seed color have been mapped to A09 of B. napus 
in different genetic backgrounds (Badani et al. 2006; Fu 
et al. 2007; Liu et al. 2012, 2013; Stein et al. 2013; Snow-
don et al. 2010). Snowdon et al. (2010) mapped a major 
QTL influencing seed color, fiber content and phenolic com-
pounds on A09 in biparental populations from two different 
yellow-seeded × black-seeded B. napus crosses. Liu et al. 
(2012) detected a major QTL for seed ADL on A09 in a 
yellow-seeded GH06 × black-seeded P174 RIL population. 
Stein et al. (2013) dissected a major QTL influencing seed 

Fig. 6  Interaction network of potential candidate genes for fiber traits 
and oil content. Network visualization of the interaction of the 52 
candidate genes and regulatory factors constructed using String soft-

ware and observed using Cytoscape_V3.6.0 software. Genes are pre-
sented as nodes, and gene interactions are presented as edges
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ADL, ADF, NDF and seed color on A09 in a black-seeded 
‘Express 617’ × yellow-seeded ‘1012–98’ DH population. 
In addition to A09, QTLs for seed fiber traits have also been 
reported on other chromosomes. Wang et al. (2015) detected 
three significant association signals for seed ADL not only 
on A09 but also on A05 and C05. Behnke et al. (2018) 
identified a major QTL on C05 that resulted in a significant 
reduction of ADL content and increase in seed oil and pro-
tein content in B. napus.

In the present results from the KN DH population, single 
QTL mapping of each fiber component showed that QTLs 
on A09 were highly correlated to seed fiber traits. QTLs 
uqA9-9 and uqA9-10 could explain the PV of individual 
fiber content ranging from 7.27% to 48.50%, integrated 
from two major QTLs cqLC-A9-1 and cqLC-A9-2, respec-
tively (Online Resource 4), consistent with previous studies 
(Online Resource 6) (Liu et al. 2012, 2013; Snowdon et al. 
2010; Stein et al. 2013; Wang et al. 2015a). The uqA9-9 
could control as many as four traits, including the QTLs 
for fiber components (cqLC-A9-1, cqCC-A9-2 and cqHC-
A9-6) and the QTL (cqOC-A9-3) for oil content (Chao et al. 
2017). In addition, uq.A9-9 was found to overlap with the 
significant SNP rs21223 associated with seed ADL content 
(Wang et al. 2015a). Thus, as a stable QTL, uq.A9-9 is val-
uable for further molecular-assisted breeding. The unique 
QTL uq.A9-12, integrated from two major QTLs cqLC-A9-3 
and cqCC-A9-5 (Online Resource 4), could explain the PV 
of individual fiber content ranging from 12.59% to 31.68% 

and was a novel QTL and not reported in previous studies 
(Fig. 4). In the present study, uq.A9-12 was identified by 
both linkage-based QTL mapping and the BSA method for 
simultaneously controlling LC, CC and OC but with oppo-
site additive effect (Fig. 3b and Online Resource 5), which 
indicated that it increased OC while reducing fiber content. 
As potential novel and major locus for OC and fiber content 
simultaneously, uq.A9-12 was more valuable for MAS and 
further map-based cloning. Additionally, uq.C5-9, integrated 
from cqLC-C5-1 and cqCC-C5-2, was identical to qADLC05 
reported by Liu et al. (2013), the significant SNPs rs37338, 
rs37369 and rs37408 reported by Wang et al. (2015), and 
one major QTL for ADLm reported by Behnke et al. (2018); 
however, uq.C5-9 had no influence on seed oil content.

A number of potential genes involved in seed fiber 
biosynthesis in B. napus have been reported. Wang et al. 
(2015) identified 123 seed filtered candidate genes, 68% 
of which were associated with seed coat development and 
fiber biosynthesis and 17% to the phenylpropanoid path-
way of flavonoid biosynthetic processes and anthocyanin 
accumulation. Some candidate genes for major QTLs with 
effects on seed fiber content and color have been located 
on A09 in B. napus (Liu et al. 2012, 2013; Snowdon et al. 
2010; Stein et al. 2013). Two candidate genes encoding 
cinnamoyl-CoA reductase 1 (CCR1) and cinnamyl alco-
hol dehydrogenase (CAD2/CAD3) have been detected on 
A09 for a major QTL for low seed ADL in B. napus, and 
the Bna.CCR1 homolog might interact with neighboring 

Fig. 7  qRT-PCR analysis of fiber synthesis-related candidate genes 
in the two parents. The x-axis indicates five different developmental 
stages of seed, and the y-axis indicates the mRNA expression level of 
each candidate gene. Green and purple represent ‘N53-2’ and ‘KenC-
8,’ respectively. The 5 DAF, 15 DAF, 25 DAF, 35 DAF and 45 DAF 

indicate that the materials were collected at 5, 15, 25, 35 and 45 days 
after flowering, respectively. The expression of the gene for ‘N53-2’ 
at 5 days after flowering was used as the reference, and the expression 
of each gene was calculated based on three biological replicates. The 
bar represents the standard deviation calculated by the ΔΔCt method
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homologues of a CAD family member to regulate seed 
phenylpropanoid biosynthesis (Liu et  al. 2012; Stein 
et al. 2013; Wang et al. 2015a). Additionally, Wang et al. 
(2015) identified four key genes (BnaA.SEC8, BnaA.PAL4, 
BnaA.CESA3, BnaA.GPAT5) that are associated with the 
phenylpropanoid-lignin pathways and seed coat develop-
ment in the R-QTL containing rs11682 and rs11683 on 
A05. Snowdon et al. (2010) found two potential candidate 
genes corresponding to At3g17390 encoding an S-adeno-
syl-l-methionine synthetase 3 (SAMS3) and At3g17310 
encoding a similar domain-rearranged methyltransferase 
(DRM) involved in lignin biosynthesis.

In the present study, a total of 74 A. thaliana orthologs 
of candidate genes underlying fiber components QTL were 
used to construct a potential regulatory network control-
ling seed fiber synthesis, and a number of important genes 
and regulatory factors were involved, such as CCR2, HCT, 
MYB51 and WRKY33 (Fig. 5, 6). Among these candidate 
genes, MYB51 (BnA09g0382840) located in the overlap-
ping regions of cqLC-A9-1, cqCC-A9-2 and cqOC-A9-3 
was focused on. MYB51 strongly regulated CESA3 in the 
interaction network of the candidate genes, and CESA3 
with CESA1 and CESA6 are considered the core com-
ponents of the primary wall cellulose synthesis com-
plex (Desprez et al. 2007; Persson et al. 2007). MYB51 
strongly interacted with WRKY33 to regulate MYB77 and 
then with F3H to participate in flavonoid biosynthesis and 
lignin biosynthesis. These findings suggested that MYB51 
might play a potential role in seed cellulose, lignin and 
flavonoid biosynthesis in B. napus.

Additionally, 25 and 27 fiber-related QTLs were iden-
tified as semi-winter and winter environment-specific 
QTLs, respectively, with cqLC-A9-2 as a representative 
major and winter environment-specific QTL. Some fiber-
related genes were detected within environment-specific 
QTL regions. For example, the gene BnA09g0389350 
corresponding to MYB61, an activator regulating mon-
olignol biosynthesis (Newman et al. 2004), was located 
in the winter environment-specific QTL cqLC-A9-2. The 
gene BnC05g0727720 corresponding to CESA3, one of 
the core components of the cellulose synthase complex, 
was located in the semi-winter environment-specific QTL 
cqCC-C5-2. These environment-specific QTLs and fiber-
related genes within these specific QTLs will be benefi-
cial for breeding new varieties of rapeseed with broad 
adaptability.
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