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Abstract
Key message  A reduction in acid detergent lignin content in oilseed rape resulted in an increase in seed oil and 
protein content.
Abstract  Worldwide increasing demand for vegetable oil and protein requires continuous breeding efforts to enhance the 
yield of oil and protein crop species. The oil-extracted meal of oilseed rape is currently mainly used for feeding livestock, 
but efforts are undertaken to use the oilseed rape protein in food production. One limiting factor is the high lignin content 
of black-seeded oilseed rape that negatively affects digestibility and sensory quality of food products compared to soybean. 
Breeding attempts to develop yellow seeded oilseed rape with reduced lignin content have not yet resulted in competitive 
cultivars. The objective of this work was to investigate the inheritance of seed quality in a DH population derived from the 
cross of the high oil lines SGDH14 and cv. Express. The DH population of 139 lines was tested in field experiments in 14 
environments in north-west Europe. Seeds harvested from open pollinated plants were used for extensive seed quality analy-
sis. A molecular marker map based on the Illumina Infinium 60 K Brassica SNP chip was used to map QTL. Amongst others, 
one major QTL for acid detergent lignin content, explaining 81% of the phenotypic variance, was identified on chromosome 
C05. Lines with reduced lignin content nevertheless did not show a yellowish appearance, but showed a reduced seed hull 
content. The position of the QTL co-located with QTL for oil and protein content of the defatted meal with opposite additive 
effects, suggesting that the reduction in lignin content resulted in an increase in oil and protein content.

Introduction

Major breeding aims in oilseed rape (Brassica napus L.) are 
to continuously increase the seed oil content and to enhance 
protein content of the defatted meal. The meal is used as a 
by-product after oil extraction in feed mixtures and has the 
potential to be used as a source of vegetable protein in food 
production (Fleddermann et al. 2013; Wanasundara et al. 
2016). However, compared to soybean, the protein content 

of the oilseed rape meal is lower and its quality is ham-
pered by higher fibre contents (Nesi et al. 2008). Particularly, 
the lignin content of the seed hulls of black-seeded oilseed 
rape limits digestibility of the meal and may affect taste 
and appearance of food products. According to the system 
of Van Soest et al. (1991), fibre consists of NDF (neutral 
detergent fibre), ADF (acid detergent fibre) and ADL (acid 
detergent lignin). The NDF fraction consists predominantly 
of hemicellulose, cellulose and lignin, while the ADF frac-
tion comprises cellulose and lignin. ADL represents the non-
digestible lignin fraction. It has been tempted for a long time 
to develop yellow seeded cultivars with lower lignin content 
(Simbaya et al. 1995; Rahman and McVetty 2011), but those 
cultivars have not yet been shown to gain significant market 
shares. The reason for this remains unclear, because some 
publications claimed higher protein and/or oil content of yel-
low seeded genotypes compared to black ones (Badani et al. 
2006; Yan et al. 2009; Rahman and McVetty 2011). Breed-
ing progress in the past has been limited by the lack of large 
numbers of sequence informative molecular markers that 

Communicated by Isobel AP Parkin.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0012​2-018-3167-6) contains 
supplementary material, which is available to authorized users.

 *	 Christian Möllers 
	 cmoelle2@gwdg.de

1	 Department of Crop Sciences, Georg-August-Universität 
Göttingen, Von‑Siebold‑Str. 8, 37075 Göttingen, Germany

http://orcid.org/0000-0003-2148-0886
http://crossmark.crossref.org/dialog/?doi=10.1007/s00122-018-3167-6&domain=pdf
https://doi.org/10.1007/s00122-018-3167-6


2478	 Theoretical and Applied Genetics (2018) 131:2477–2492

1 3

allow cost efficient and high throughput analysis of geno-
types. In this respect, the availability of SNP markers and 
their chip-based analysis represented a quantum jump for-
ward (Clarke et al. 2016). Early work performed with RFLP 
markers gave insight into the complex genetic control of oil 
content (Ecke et al. 1995). Although only a limited number 
of RFLP markers were available, three QTL controlling seed 
oil content were detected. Two of these QTL were found to 
be closely associated with qualitative variation in erucic acid 
content. This work also clarified the positive effect of the 
erucic acid alleles on oil content. The increase in molecular 
weight through the cytoplasmic elongation of oleoyl-CoA 
over eicosenoyl-CoA to erucoyl-CoA explains the concomi-
tant increase in oil content. In subsequent work increasing 
numbers of QTL for oil and protein content were reported 
for different populations (Zhao et al. 2005; Delourme et al. 
2006; Qiu et al. 2006; Yan et al. 2009; Jiang et al. 2014; 
Teh and Möllers 2015). Conditional mapping allowed the 
detection of QTL for oil content independent from pleio-
tropic effects of other genes, e.g. those for erucic acid and 
seed protein content (Zhu 1995; Zhao et al. 2006). Using a 
refined version of their earlier map, Zhao et al. (2012) were 
able to map candidate genes for seed oil biosynthesis and 
compare their QTL positions with those of other published 
maps (Burns et al. 2003; Delourme et al. 2006; Qiu et al. 
2006; Chen et al. 2010).

Another limitation for increasing seed oil content is the 
restricted genetic variation within the relatively young spe-
cies B. napus compared to other crops (Sun et al. 2017). 
Since Chinese oilseed rape has been bred for high oil content 
independently from European oilseed rape, this may repre-
sent a useful genetic resource for further improvements. In 
previous work, the old German cultivar Sollux was crossed 
to the Chinese cultivar Gaoyou (Zhao et al. 2005), both hav-
ing high oil contents. A doubled haploid (DH) population 
was developed from this cross and tested in field experi-
ments. From this population, line SGDH14 was identified as 
having the highest oil content under north-western European 
growing conditions and a combination of all QTL alleles 
increasing oil content from both parental lines (Zhao et al. 
2005). The objective of this work was to further investigate 
the inheritance of seed oil content and other seed quality 
traits in a new DH population derived from the cross of 
SGDH14 and the inbred line 617 of the German cultivar 
Express. Sequence informative SNP markers of the Illumina 
Infinium 60 K Brassica chip were used for genotyping the 
population to allow for identification of candidate genes for 
oil content using the B. napus genome sequence (Chalhoub 
et al. 2014; Sun et al. 2017).

Materials and methods

Plant material

The plant material consisted of 139 DH lines developed 
from F1 plants of the cross SGDH14 × Express617 by 
microspore culture (Georg-August-Universität Göttingen, 
Department of Crop Sciences, Division of Plant Breeding, 
Göttingen, Germany), further referred to as SGEDH popu-
lation. SGDH14 is a DH line derived from the cross Sol-
lux × Gaoyou (SG) analysed by Zhao et al. (2005). Sollux is 
an old German cultivar, whereas Gaoyou is an old Chinese 
cultivar. Both lines are characterized by high erucic acid 
and high glucosinolate content (‘++’-quality) as well as 
high seed oil content. SGDH14 was chosen as parental line 
since it showed highest oil content at the German locations 
tested, and characterization by molecular markers revealed 
SGDH14 to combine all favourable QTL alleles for oil con-
tent from Sollux and Gaoyou (Zhao et al. 2005). Marker 
genotype distribution of SGDH14 was generally balanced, 
showing 52.4% Sollux and 47.6% Gaoyou alleles in a set 
of 473 markers (Prof. Jianyi Zhao, Zhejiang Academy 
of Agricultural Sciences, Hangzhou, PR China, personal 
communication). Like its parental lines, SGDH14 has high 
erucic acid and high glucosinolate content. Express617 is 
an inbred line of the German winter oilseed rape cultivar 
Express. It was chosen as parental line due to its low erucic 
acid and low glucosinolate content (canola-/‘00’-quality) 
and high oil content. For comparison of the results the fol-
lowing line cultivars were also included in the experiments: 
NK Beauty, Krypton, Billy, Komando, Oase, Adriana, and 
Favorite.

Field experiments

The plant material was tested in the three consecutive grow-
ing seasons 2009/2010, 2010/2011 and 2011/2012 in four 
to five different environments (n = 14) located in north-west 
Germany and south Sweden. Field experiments were con-
ducted as group-wise randomized block design in small 
plots without replications. The three different groups within 
the experiment represented genotypes with low (L; < 10%), 
medium (M; 10–35%) and high (H; > 35%) erucic acid 
content. For each genotype seed samples were harvested at 
maturity from the main raceme of ten open pollinated plants. 
Seeds were bulked, and seed quality traits were analysed 
by near-infrared reflectance spectroscopy (NIRS) and gas 
chromatography (GC).



2479Theoretical and Applied Genetics (2018) 131:2477–2492	

1 3

Analysis of seed quality traits

Near‑infrared reflectance spectroscopy

If not otherwise stated NIRS spectra from seed samples 
from 14 environments were analysed. To determine seed 
quality traits, about 3  g of bulked seeds was scanned 
between 400 and 2498 nm by a NIRS monochromator 
(FOSS NIR Systems model 6500, NIRSystems, Inc., Sil-
ver Springs, MD, USA). Absorbance values log at 2 nm 
intervals were recorded to create a NIR spectrum for each 
sample. With WinISI II software (version 1.50) oil, pro-
tein, glucosinolate and moisture contents were determined 
using the calibration raps2012.eqa provided by VDLUFA 
Qualitätssicherung NIRS GmbH (Teichstr. 35, 34130 Kas-
sel, Germany, http://h1976​726.strat​oserv​er.net/cms/). Oil 
(Oil) and protein (Protein) contents were determined in per 
cent at 91% seed dry matter. Glucosinolate content (GSL) 
was measured in µmol/g at 91% seed dry matter. Protein 
content in the defatted meal (Prot.idM) was calculated by 
using NIRS predicted seed oil and seed protein content 
(both at 91% dry matter) as: % protein in the defatted meal 
(PidM) = [% protein/(100 − % oil)] × 100. Neutral deter-
gent fibre (NDFm), acid detergent fibre (ADFm) and acid 
detergent lignin (ADLm) in the defatted meal were deter-
mined by using a calibration developed by Dimov et al. 
(2012). The calibration was extended by adding 60 selected 
samples from SGDH14 × Express617 and in validation the 
standard error of prediction corrected for the bias (SEP(C)) 
of the extended calibration was 2.92%, 1.58% and 1.21% 
for NDFm, ADFm and ADLm content of the defatted meal. 
The hemicellulose (HCm) content was determined by sub-
tracting ADFm from NDFm, and cellulose (Cm) content 
was determined by subtracting ADLm from ADFm con-
tent. Fibre content was predicted by using NIRS spectra 
derived from six environments.

Gas chromatography (GC)

Fatty acid profile analysis was performed by gas chroma-
tography according to the method as described by Rücker 
and Röbbelen (1996) with minor modifications. Fatty acid 
methyl ester in isooctane was injected into a gas chromato-
graph (Trace GC ultra, Thermo Electron corporation) with 
a 25 m × 0.25 mm I.D. FFAP column (Macherey and Nagel, 
0.25 µm film thickness, 210 °C, split injection 1:70, carrier 
gas: 150 kPa H2, injection/detector: temperature 230 °C). 
Palmitic (16:0), palmitoleic (16:1), hexadecadienoic (16:2), 
stearic (18:0), oleic (18:1), linoleic (18:2), linolenic (18:3), 
arachidic (20:0), eicosenoic (20:1), behenic (22:0) and 
erucic (22:1) acid were determined by the GC chromatogram 
of each sample. Fatty acids were expressed as per cent of the 
sum of all fatty acids.

Thousand kernel weight and seed hull proportion

Thousand kernel weight (TKW) was obtained from weight 
conversion of 500 seed. Seeds were counted using a Con-
tador seed counter (Pfeuffer GmbH, D-97318 Kitzingen, 
http://www.pfeuf​fer.com). Seed samples from six environ-
ments were used to determine the seed hull proportion (in 
%). Hundred seeds (approx. 500 mg) per sample were dried 
at 105 °C for 8 h and then imbibed in water for 15–20 h. 
Afterwards seed hulls were carefully separated from 
embryos by using a dissecting needle. Both fractions were 
dried at 105 °C overnight, and dry weights were determined 
(Dimov et al. 2012).

Correction of oil and protein content considering 
erucic acid content

SGEDH population segregated for erucic acid content and 
erucic acid and oil content showed a strong positive correla-
tion. Thus, to be able to compare the oil content of genotypes 
with varying erucic acid contents, oil contents were cor-
rected by eliminating the effect of erucic acid on oil content 
in three different ways. (1) For the correction of oil con-
tent by regression information (RC), the linear regression 
between GC erucic acid content and NIRS oil content from 
trait means over 14 locations was calculated. The slope of 
this regression was used to calculate the regression corrected 
oil content the following way: NIRS oil content − (slope 
of linear regression between GC erucic acid content and 
NIRS oil content × GC erucic acid content). (2) Correction 
by molecular weight (MW): De novo fatty acid biosynthesis 
until oleoyl-CoA takes place in the chloroplasts. However, 
oleoyl-CoA elongation to erucoyl-CoA via eicosenoyl-CoA 
and triacylglycerol (TAG) assembly takes place in the cyto-
plasm. If one molecule oleoyl-CoA is elongated to eicose-
noyl-CoA and subsequently to erucoyl-CoA, this leads to an 
increase of molecular weight of 10 and 19%, respectively. 
Therefore, if the number of fatty acid molecules produced 
by the de novo fatty acid biosynthesis remains the same, 
an increase in erucic acid content in the seed oil should 
result in a proportional increase in seed oil content. Fol-
lowing this theoretical assumption the molecular weight of 
eicosenoic acid and erucic acid can be reduced on the basis 
of oleic acid by 9 and 16.6% to eliminate their effects on 
oil content. Hence, the molecular correction of oil content 
was calculated from trait means over 14 locations as: NIRS 
oil content − [0.09 × (GC eicosenoic acid content × NIRS 
oil content/100) + 0.166 × (GC erucic acid content × NIRS 
oil content/100)]. (3) Correction by conditioning (CN): The 
mixed model approach for the conditional analysis of quan-
titative traits described by Zhu (1995) was applied to cal-
culate oil content independent of erucic acid contents. The 
SGEDH population showed also strong positive correlation 
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between erucic acid and protein content in defatted meal. 
To investigate protein content in defatted meal independ-
ent of the effect caused by erucic acid, correction based on 
the regression of protein content in defatted meal was con-
ducted. For the correction of protein content in defatted meal 
by regression information, the linear regression between GC 
erucic acid content and protein content in defatted meal was 
calculated. The slope of this regression was used to calculate 
the regression corrected protein content in defatted meal the 
following way: Protein content in defatted meal − (slope of 
linear regression between GC erucic acid content and protein 
content in defatted meal × GC erucic acid content).

Statistical analysis

PLABSTAT software version 3A (Utz 2011) was used to 
perform analysis of variance (ANOVA) applying the fol-
lowing general model:

where Yij is the trait value of genotype i in environment j, 
µ is the general mean, gi is the effect of ith genotype, ej 
is the effect of jth environment, and geij is the interaction 
between ith genotype and jth environment. Genotypes were 
considered fixed in the analysis, whereas environments were 
treated as random variables. The data were tested for outli-
ers by a modification of the Anscombe and Tukey method 
(1963) based on the detection of extreme residuals. After 
examining the list of detected outliers, the measured val-
ues of the outliers with highest standardized residual were 
checked for errors and the ANOVA was repeated consider-
ing missing values for extreme outliers. The adjusted results 
were used in the subsequent analyses.

Heritability (h2) was calculated as: h2 = �
2

g
∕(�2

g
+ �

2

ge
∕E) 

where �2

g
 and �2

ge
 are variance components for g and e. E 

refers to number of environments. PLABSTAT was also 
used to test for normality of the distribution and to calcu-
late Spearman’s rank correlation coefficients between trait’s 
mean values of the genotypes across the environments. The 
partial correlation coefficient (rs_partial) between a trait X and 
Y both correlated with a trait Z was calculated using the 
equation of De La Fuente et al. (2004):

DNA extraction and SNP markers

The original DH population consisted of 148 genotypes 
which were used for DNA extraction and construction of a 
linkage map. For DNA extraction 90–110 mg of leaf mate-
rial was collected from 3 to 4 weeks old plantlets grown 
in the greenhouse. After weighing, leaf tissue was directly 

Yij = � + gi + ej + geij
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frozen in liquid nitrogen and stored at − 20 °C until further 
processing. Genomic DNA was extracted using innuPREP 
Plant DNA Kit (Analytik Jena, Germany) following the 
manufactures user manual. DNA concentration was meas-
ured with a Bio-Rad Versa Fluor™ Fluorometer (http://
www.bio-rad.com/en-us/produ​ct/versa​fluor​-fluor​omete​r) 
using Bio-Rad Fluorescent DNA Quantification Kit (Bio-
Rad Laboratories CA, USA). The Illumina Infinium Brassica 
60 K SNP array (Illumina, Inc., http://www.illum​ina.com) 
with a total number of 58,464 markers was used to genotype 
the SGEDH population and its parental lines at TraitGenet-
ics GmbH, Gatersleben, Germany (http://www.trait​genet​
ics.com). The assay data were analysed with Illumina’s 
GenomeStudio® Software v2011 (Illumina, Inc.) applying 
proprietary cluster files.

Linkage map construction

In total 15,474 SNP markers of the 58,464 markers on the 
chip (26.5%) were polymorphic in the SGEDH population. 
Heterozygous genotype calls were manually set to missing 
values. Markers with more than 10% missing calls were 
deleted. A SNP linkage map was constructed with JoinMap® 
4.1, Kyazma® (Stam 1993; Van Ooijen 2011) applying the 
Kosambi map function. Three subsets of about 5000 mark-
ers each were analysed to identify and to delete co-segre-
gating markers. After combining the remaining markers a 
map consisting of 4779 SNP markers was obtained. This 
map was further reduced by deleting markers with a dis-
tance < 0.5 cM. The final SNP-map used for QTL mapping 
consisted of 19 chromosomes with 1764 markers and a 
size of 2687 cM. There were only two larger gaps on A03 
(26.5 cM) and A08 (22.3 cM). The mean marker distance 
was 1.5 cM. The assignment of the SNP markers to the dif-
ferent chromosomes was done according to Clarke et al. 
(2016) and a consensus map provided by Jörg Plieske (Trait-
Genetics GmbH, Gatersleben, Germany). The final map is 
shown in Online Resource 1.

QTL mapping and identification of candidate genes

Mean data for seed quality traits from the all environments 
were used for QTL mapping. QTL computation was con-
ducted by QTL Network software version 2.1 (Yang et al. 
2008) using a systematic mapping strategy to search for QTL 
with epistatic effects in a mixed linear model introduced by 
Yang et al. (2007). At first a one-dimensional genome scan is 
performed by a composite interval mapping (CIM) approach 
to identify putative QTL with the help of selected candi-
date marker intervals as cofactors. In a second step epistatic 
effects for QTL with additive main effects are detected. F test 
based on Henderson method III is performed to adjust for the 
critical threshold value to control the experiment-wise false 
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positive rate. A permutation testing with 1000 permutations 
was employed to determine an empirical threshold value of 
the F statistic. QTL names were defined as an abbreviation 
explaining the trait and a continuous “QTL-number”. QTL 
explaining ≥ 25% of the phenotypic variance was considered 
as major QTL. To determine the physical position of major 
QTL and to identify candidate genes, sequences of flanking 
SNP markers were used to BLAST them against Brassica 
Databases. SNP marker sequences were provided by Isobel 
Parkin (AAFC, Saskatoon, Canada). SNP sequences were 
aligned against the Darmor-bzh B. napus reference genome 
v4.1 (http://www.genos​cope.cns.fr/brass​icana​pus/, Chalhoub 
et al. 2014) and against the ZS11 reference sequence (https​
://www.ncbi.nlm.nih.gov/assem​bly/GCF_00068​6985.2/, Sun 
et al. 2017). Most likely positions were selected from the 
BLAST hits considering best matching and highest possible 
E-value as well as genetic map data information. A. thali-
ana candidate gene sequences were identified using the Ara-
port11 annotation (Cheng et al. 2017). The assignment of the 
oilseed rape genes to the Arabidopsis genes using the protein 
sequences is described in Pucker et al. (2017). Identification 
of Reciprocal Best BLAST Hits (RBHs) between two sets 
of sequences (protein/DNAReciprocal) was performed as 
described in Pucker et al. (2016).

Results

Phenotypic analysis

Significant effects for the genotype and the environment 
were detected for all traits in the SGEDH population. Since 
the population was segregating for canola quality, large var-
iance components were found for glucosinolate and fatty 
acid contents (Table 1). Because the field experiments were 
performed without replicates, the genotype × environment 
interactions included the residual error. Data obtained from 
the large number of environments led to high heritability 
estimates for all traits, ranging from 0.81 for protein content 
to 1.00 for the fatty acids 20:1 and 22:1. In the DH popula-
tion, the oil and protein content ranged from 42.5 to 50.8% 
and from 16.2 to 19.5%, respectively (Table 2). The protein 
content in the defatted meal ranged from 30.2 to 36.9% and 
the sum of oil and protein content varied between 60.8 and 
68.3%. Transgressive segregation was observed for most of 
the traits in the DH population.

Frequency distribution of oil content did not show a 
significant deviation from a normal distribution (data not 
shown). The oil content showed a mean value of 46.3% and 
a standard deviation of 1.8%. Plotting oil content against 
erucic acid content showed segregation of the DH popu-
lation for erucic acid content into three groups (Fig. 1a). 
One group of 45 genotypes with 0–2.6% erucic acid showed 

oil contents of 42.5–45.2%, a second group including 61 
genotypes with an erucic acid content of 16.1–34.8% had oil 
contents between 45.3 and 47.7% and in a third group of 33 
genotypes with 39.3–50.8% erucic acid content, oil content 
ranged from 45.7 to 50.8%. The observed distribution did 
not significantly deviate from the expected 1:2:1 segrega-
tion (Chi2 = 4.2, p = 0.05) Furthermore, a clear positive cor-
relation between oil and erucic acid content was detected. 
In order to eliminate the effect of the erucic acid genes, a 
correction was performed by regression (Fig. 1b), by condi-
tional mapping and by considering the increased molecular 
weight of the erucic acid molecule. All three methods led 
to almost identical results (data not shown). Therefore, only 
the frequency distribution for the correction based on regres-
sion is shown in Fig. 2. Corrected oil contents showed a 
mean value of 44.5%, a standard deviation of 1.1% and the 
correlation coefficient was reduced to rS = − 0.01. Through 
the regression correction, the erucic acid-free oil content of 
SGDH14 was calculated to be 45.1%.

Contrary to common knowledge, no correlation was 
detected between seed oil and protein content (Table 3). 
More carefully looking into the data revealed that a nega-
tive correlation of − 0.52** was found for the erucic acid-
free genotypes (n = 45; data not shown). Oil content of 
the complete population was instead positively correlated 

Table 1   Components of variance and heritabilities for contents of 
seed oil (%), protein (%), protein in defatted meal (PidM in %), glu-
cosinolates (GSL in μmol/g), fatty acids (%) and for thousand kernel 
weight (TKW in g) in the SGEDH population

�
2

g
 = genetic variance; �2

e
 = environmental variance; �2

ge
 = variance of 

genotype × environment interaction; DF degrees of freedom
**Significance at p < 1%

Trait Variance components

�
2

g
�
2

e
�
2

ge
h2

DF 138 13 1703

Oil 3.18** 6.59** 2.10 0.96
Protein 0.33** 3.76** 1.13 0.81
PidM 2.52** 4.63** 1.84 0.95
Oil + protein 3.61** 0.83** 0.67 0.99
GSL 164.62** 66.25** 60.74 0.97
20:1 50.54** 0.3** 2.39 1.00
22:1 304.01** 2.66** 12.71 1.00
20:1 + 22:1 481.75** 2.60** 14.77 1.00
NDFm 1.34** 2.28** 1.79 0.82
ADFm 3.39** 1.83** 0.93 0.96
ADLm 4.51** 0.78** 0.77 0.97
Cm 0.21** 0.25** 0.15 0.89
HCm 0.73** 0.85** 0.84 0.84
Hull 1.60** 0.16** 1.12 0.81
TKW 0.10** 0.23** 0.22 0.87

http://www.genoscope.cns.fr/brassicanapus/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000686985.2/
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with protein content in defatted meal (rS = 0.68**), which 
itself was also positively correlated with erucic acid con-
tent (rS = 0.82**). Calculation of partial correlations for 
these three traits showed no direct effect of oil content on 
protein content in defatted meal (if 22:1 is kept constant, 
than rs_partial = 0.02), but indicated a pleiotropic effect of the 
erucic acid genes on the protein content in defatted meal 
(Fig. 3a). The calculation of the regression corrected protein 
content of the defatted meal resulted in no correlation to the 
erucic acid content (rS = 0.11; Fig. 3b).

Interestingly, the DH population showed a bimodal 
segregation for acid detergent lignin (ADLm) content 
(Fig. 4; Chi2 = 0.35). A bimodal segregation was also found 
for ADFm content (data not shown). NDFm, ADFm and 
ADLm contents were all closely positively correlated with 
each other and they were negatively correlated with cel-
lulose (Cm) and hemicellulose (HCm) content (Table 3). 
Obviously, a reduction in lignin content caused a decrease 
in NDFm, ADFm and ADLm content. At an unchanged 
cellulose and hemicellulose content this led to increasing 
negative correlations between the three fibre fractions and 
hemicellulose and cellulose content. Following correction 
of the effect of the erucic acid alleles on oil and protein 
content, the negative correlations between ADLm content 
increased from − 0.19* to − 0.36** for oil and from − 0.20* 
to − 0.36** for protein content in defatted meal. Equally, the 
negative correlation between ADLm content and the sum 
of oil and protein in defatted meal increased from − 0.22 to 
− 0.53** (Table 3 and Fig. 5). And the correlations between 
hemicellulose and cellulose to the sum of corrected oil and 
protein contents were positive. Correlations with thousand 

kernel weight (TKW) were mostly loose and not signifi-
cant. However, correlations between seed hull content and 
oil, protein content in the defatted meal, the sum of both, 
TKW, hemicellulose (HCm), and cellulose (Cm) content 
were negative, but they were positive for NDF, ADF, and 
ADL content. Glucosinolate content was with a negative 
sign only significantly correlated to NDF, ADF, ADL, and 
cellulose content. 

The two groups of genotypes with low and high ADLm 
content were separated at 9.5% (Fig. 4), and they were com-
pared for different traits. Results confirmed that the group of 
low ADLm genotypes had a 4.1% significantly lower ADLm 
content (Table 4). In line with this result, a significant reduc-
tion of seed hull content was also detected. Except for pro-
tein content all other traits were significantly improved in the 
group of low ADLm genotypes. The effect of the low ADLm 
trait was more enhanced on the corrected oil content (+ 1.0% 
for oilc) than on the corrected protein content in the defatted 
meal (+ 0.7% for PidMc). Following correction of the effect 
caused by erucic acid content, SGEDH13 was identified as 
the genotype with the highest oil content (46.7%) and the 
highest content of oil and protein in defatted meal (79.2%). 
Compared to a number of standard cultivars that were tested 
together with the DH population in the field experiments, 
SGEDH13 had about 2% higher contents of oil and of the 
sum of oil and protein content in defatted meal (Table 5).

QTL mapping

Four QTL for oil content were mapped on the linkage 
groups A08, C03, C05 and C07 (Table 6). Individual QTL 

Table 2   Minimum, maximum 
and mean values for contents 
of seed oil (%), protein (%), 
protein in defatted meal (PidM 
in %), glucosinolates (GSL 
in μmol/g), glucosinolates in 
defatted meal (GSLidM in 
μmol/g), fatty acids (%) and for 
thousand kernel weight (TKW 
in g) in the SGEDH population

LSD 5% = least significant difference at p < 5%
**Significance at p < 1%

Traits Min Max Mean F value LSD 5% Parents

SGDH14 Express617

Oil 42.5 50.8 46.3 22.2** 1.1 48.7 45.1
Protein 16.6 19.5 17.9 5.2** 0.8 18.1 17.8
PidM 30.3 36.9 33.3 20.2** 1.0 35.1 32.4
Oil + protein 60.8 68.3 64.2 76.4** 0.6 66.8 62.9
GSL 18.2 74.6 51.2 38.9** 5.8 65.8 25.9
20:1 1.2 22.3 10.7 297.6** 1.2 11.7 1.8
22:1 − 0.1 51.0 21.6 335.9** 2.6 43.3 1.0
20:1 + 22:1 1.3 58.7 32.3 457.6** 2.9 55.1 2.8
NDFm 30.2 37.2 33.6 5.5** 1.5 35.4 36.1
ADFm 17.2 25.1 20.4 22.8** 1.1 20.2 23.4
ADLm 6.1 14.0 9.4 36.1** 1.0 8.3 12.0
Cm 9.9 12.5 11.1 9.3** 0.4 11.9 11.8
HCm 11.0 15.1 13.2 6.2** 1.0 15.2 12.4
Hull 11.3 17.7 14.8 5.3** 1.7 12.1 16.3
TKW 4.1 6.0 5.1 7.4** 0.4 5.3 5.4
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explained between 3.8 and 46.4% of the phenotypic variance 
and collectively accounted for 78.5% of the total phenotypic 
variance. Except QTL Oil-4 on linkage group C07 all QTL 
showed positive additive effects, indicating that the alleles 
increasing oil content were derived from SGDH14. QTL 
Oil-1 located on linkage group A08 had the largest pheno-
typic effect and accounted for 46.4% of the phenotypic vari-
ance, followed by QTL-2 on linkage group C03. Epistatic 
main effects were detected between QTL Oil-1 and Oil-2. 
Positions of QTL Oil-1 and Oil-2 were almost identical with 
the positions for the QTL 20:1 + 22:1, indicating that the 
increase in oil content was due to the effect of the two erucic 
acid genes of SGDH14 on A08 and C03. Noteworthy, a QTL 
for 20:1 was mapped only on C03 and QTL for 22:1 mapped 
at an almost identical position on C03 and at two slightly dif-
ferent positions on A08. QTL Oil-3 on C05 and QTL Oil-4 
on C07 explained 19% and 3.8% of the phenotypic variance. 
All three methods applied for the correction of the erucic 
acid effect resulted in almost identical results (Table 6). As 
expected, the QTL Oil-1 and Oil-2 on A08 and C03 disap-
peared following correction. QTL Oil-4 on C07 disappeared 
as well and two new QTLs on A10 (RCOil-1, MWOil-1 and 
CNOil-1) and C04 (RCOil-2, MWOil-2 and CNOil-2) were 
detected. The QTL on C04 had a positive sign, indicating 
that the allele increasing the oil content was derived from 
SGDH14. Through the correction of the erucic acid effect 
on oil content, the proportion of the explained phenotypic 
variance for QTL Oil-3 on C05 increased from 19 to 36.2%.

For the seed protein content (Pro-) four QTL were 
detected that explained 43% of the phenotypic variance 
(Table 7). Three of the four QTL alleles increasing protein 
content were derived from SGDH14, whereas QTL allele 
Pro-3 was derived from Express617. Using the protein con-
tent data on basis of defatted meal (PidM-) led to the detec-
tion of 8 QTL that together explained 80% of the observed 
phenotypic variance. The largest QTL PidM-2 on A08 
mapped close to QTL Pro-2 and at the identical position as 
QTL 20:1 + 22:1. Compared to QTL Pro-2, the proportion 
of the explained phenotypic variance for PidM-2 increased 
from 9.9 to 47.1%. All three QTL had a positive sign of 
the additive effect, underpinning the increasing effect of the 
SGDH14 allele. A second QTL PidM-4 on C03 mapped 
close to the QTL 20:1 + 22:1 on C03, suggesting that the 
erucic alleles at A08 and C03 are causative for increase of 
the protein content in the defatted meal. Following correc-
tion of the erucic acid alleles on protein content in defat-
ted meal (PidMC-), only three QTL were left over. QTL 
PidMC-1 on A09 mapped at a similar position as QTL PidM-
3. PidMC-2 on C05 mapped nearby PidM-6. Assuming that 
both QTL are identical, the proportion of the explained vari-
ance increased from 2.7% for PidM-6 to 11.1% for PidMC-2. 
QTL PidMC-2 mapped also close to QTL Oil + Pro-3, Oil-3 
and RCOil-3, suggesting that this QTL allele did not only 

Fig. 1   Regression between erucic acid content and oil content (Oilc) 
without (a) and with correction based on the regression method (b) of 
the DH population SGDH14 × Express617

Fig. 2   Frequency distribution of oil content (Oilc) after correction for 
the effect of erucic acid content based on the regression method of 
the DH population SGDH14 × Express617
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increase protein content of the defatted meal but also oil 
content of the seed. For the sum of corrected oil and pro-
tein content in the defatted meal (RCOil + PidMc), only one 
QTL was detected on C05 at 30.2 cM. Compared to QTL 
Oil + Pro-3 the fraction of the explained phenotypic variance 
increased from 16.3 to 43.2%. QTL for glucosinolate content 
mapped on five linkage groups and together explained 76.5% 
of the observed variance. Neither, the major QTL GSL-5 on 
C09 nor one of the others did co-locate with any of the QTL 
for the other traits.

For fibre content of the defatted meal, three co-locating 
QTL for NDFm, ADFm and ADLm were detected on C05 

Fig. 3   Regression between erucic acid content and protein content in 
defatted meal (PidM) without (a) and with correction based on the 
regression method (b) of the DH population SGDH14 × Express617

Fig. 4   Frequency distribution of the acid detergent lignin 
(ADLm) content in the defatted meal of the DH population 
SGDH14 × Express617

Fig. 5   Regression between the acid detergent lignin content in defat-
ted meal (ADLm) and the sum of oil and protein content in defatted 
meal (Oilc + PidMc) after correction based on the regression method 
of the DH population SGDH14 × Express617

Table 4   Group mean values and differences between the groups with 
low and high ADLm content (separated at 9.5% ADLm content) for a 
number of traits (%)

*, **Significantly different at p < 0.05 and p < 0.01 (Newman–Keuls 
test)

Trait Low ADL group
n = 73

High ADL 
group
n = 66

Difference

ADLm 7.4 11.5 − 4.1**
Oil 47.0 45.6 1.4**
Oilc 44.9 43.9 1.0**
Protein 18.0 17.9 0.1ns
PidM 33.8 32.8 1.0**
PidMc 32.1 31.4 0.7**
OilPidM 80.8 78.3 2.5**
OilcPidMc 77.0 75.3 1.7**
OilPro 65.0 63.5 1.5**
TKW 5.15 5.01 0.1*
Hull 13.7 15.9 − 2.2**
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at 34.4 cM which explained between 46.3 and 80.7% of 
the phenotypic variance (Table 8, Fig. 6). The size of the 
additive effect of the QTL and their proportion of explained 
phenotypic variance increased from NDFm over ADFm to 
ADLm, pointing at a reduction of lignin content as possible 
cause for decreasing NDFm, ADFm and ADLm contents. 
Two QTL for seed hull content were mapped on chromo-
somes A08 and C05. The major QTL at C05 mapped closed 
to the QTL for NDFm, ADFm and ADLm. The additive 
effects of the QTL for the three fibre components and seed 
hull content had a negative sign, showing that the allele 
decreasing the fibre content was derived from SGDH14. 
Furthermore, the additive effects of QTL for Hemicellu-
lose (HCm) and Cellulose (Cm) were positive. The position 
of these QTL was similar to the QTL positions for Oil-3, 
RCOil-3, PidMC-2, and Oil + Pro-3, but the co-locating 
QTL for oil and protein content on C05 had a positive addi-
tive effect, suggesting that reduction of the lignin content 
concomitantly led to an increase in oil, protein, cellulose 
and hemicellulose content. 

Identification of candidate genes

In order to check the accuracy of QTL mapping results, the 
genetic positions of the erucic acid loci were compared with 
their physical positions. On A08 and C03 the genetic position 
of the two erucic acid loci were determined by the flanking 
SNP markers. Using the sequence of the fae1 gene of A08 
(HM362915.1), the fae1 sequence was found 184,699 bp 
upstream of the flanking marker Bn-A08-p12699181. Using 
the fae1 sequence of C03 (GU325719.1), the fae1 sequence 
was found 235,424 bp downstream of the flanking marker 
Bn-scaff_15794_3-p147011. Hence, the fae1 genes were 
detected close to the SNP markers flanking the QTL for 

20:1 + 22:1 on both chromosomes. The two SNP markers 
Bn-scaff_17441_1-p950045 and Bn-scaff_17441_3-p28950 
flanking the QTL for ADFm, ADLm and HCm content on 
C05 were located at a distance of 0.76 cM from each other. 
The positions of the two markers in the Brassica Darmor-
bzh genome were 40,064,397 bp (Start) and 40,322,708 bp 
(End). The physical distance between the two markers was 
258,311 bp, which corresponds to 340,000 bp per cM. The 
physical region between 39,000,000 and 41,000,000 of the 
Darmor-bzh (Online Resource 2) and the ZS11 sequence 
(Online Resource 3) was inspected for putative candidate 
genes known to be involved in the phenylpropanoid and 
lignin biosynthesis. The region between the two flanking 
markers and the adjoining markers 1 cM up- and down-
stream of the Darmor-bzh sequence were more carefully 
scrutinized. In the 3 cM region (39,713,411–40,616,480 bp; 
903,069 bp) around the QTL peak six putative candidate 
genes were identified that may explain the low ADLm 
phenotype (Fig. 6). Those comprised three MATE efflux 
family proteins (BnaC05g44030D, BnaC05g43790D, 
BnaC05g43800D),  two myb domain prote ins 
(BnaC05g44010D, BnaC05g43530D) and one phenylalanine 
ammonia-lyase gene (PAL; BnaC05g42780D). Outside this 
3 cM region no putative candidate gene was identified that 
could explain the observed phenotype (c.f. Online Resource 
2). In the ZS11 sequence (Online Resource 3) only the SNP 
marker sequence of Bn-scaff_17441_3-p28950 on C05 was 
detected at 40,983,516 bp. Searching the region down- and 
upstream for candidate genes resulted in the detection of 
five Myb or Myb-like domain proteins (BnC05g0729210, 
BnC05g0728520, BnC05g0728330, BnC05g0728150, 
BnC05g0727930) and two multi-antimicrobial extrusion 
proteins (BnC05g0729230, BnC05g0728950).

Discussion

The expression of the erucic acid alleles in oilseed rape has 
been found to affect other seed quality traits like oil, sinapic 
acid ester and phytosterol content (Ecke et al. 1995; Amar 
et al. 2008). Conditional QTL mapping has been applied in 
oilseed rape to identify QTL for oil content which is inde-
pendent from QTL for protein content (Zhu 1995; Zhao 
et al. 2006). In the present work conditional mapping has 
been applied to correct for effects of erucic acid alleles on 
oil content. In addition to the conditional mapping method, 
a correction based on the regression between erucic acid 
content and oil content and on considering the increase 
in molecular weight of erucoyl-CoA compared to oleoyl-
CoA has been applied. The disadvantage of the conditional 
method is that it calculates oil content to an average erucic 
acid content of all genotypes, which is problematic if oil 
contents need to be compared with other erucic acid-free 

Table 5   Oil content, protein content in the defatted meal and the sum 
of both for DH line SGEDH13 in comparison to a number of standard 
line cultivars that were tested in field experiments in the same envi-
ronments

a Corrected for the effect of erucic acid genes on oil and protein con-
tent in defatted meal

Genotype Oil PidM Oil + PidM

SGEDH13 corr. valuesa 46.7 32.5 79.2
SGDH14 corr. valuesa 45.1 31.9 77.0
Express 617 45.1 32.4 77.4
NKBeauty 46.4 31.1 77.5
Krypton 45.1 31.1 76.2
Billy 45.7 32.0 77.7
Komando 45.7 30.4 76.1
Oase 46.8 30.3 77.1
Adriana 46.3 30.2 76.5
Favorite 43.8 32.4 76.2
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Canola-type genotypes. All three correction methods applied 
in the present work led to identical results in QTL map-
ping (Table 6). The correction by considering the molecular 
weight confirms the earlier hypothesis that the increase in oil 
content is caused only by cytoplasmic chain length exten-
sion. The regression-based method was furthermore applied 

to correct for the effect of the erucic acid alleles on protein 
content in defatted meal, which was identified in the popu-
lation. Other populations need to be analysed to confirm 
the effect of the erucic acid alleles on seed protein content. 
Unexpected and in contrast to general findings, there was no 
negative correlation between oil and protein content in the 

Table 6   QTL for oil content without and with correction for the effect of the erucic acid alleles

a Additive effect; positive additive effect indicating that the alleles increasing the trait were derived from SGDH14
b Percentage of phenotypic variance explained by each QTL
c Variance of additive effects/phenotypic variance − total contribution of additive effect QTL in %
d Variance of epistatic effects/phenotypic variance in %
e Variance of genetic main effects/phenotypic variance in %

QTL Chr. Marker Position (cM) Confidence 
interval (cM)

Aa R2b V(A)/V(P)c V(I)/V(P)d V(G)/V(P)e

Oil-1 A08 Bn-A08-p12638473
Bn-A08-p12699181

28.4 27.7–31.8 1.05 46.4

Oil-2 C03 Bn-scaff_15794_3-p147011
Bn-scaff_15794_1-p312298

224.8 223.4–226.1 0.71 29.2 78.5 0.67 79.1

Oil-3 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

29.2 26.2–32.2 0.64 19.0

Oil-4 C07 Bn-scaff_16069_1-p3780494
Bn-scaff_16069_1-p3617647

29.1 21.7–41.0 − 0.31 3.8

RCOil-1 A10 Bn-A10-p15254551
Bn-A10-p15265102

17.0 10.5–27.8 − 0.33 13.3

RCOil-2 C04 Bn-scaff_24979_1-p172251
Bn-scaff_16804_2-p255570

99.0 88.8–104.0 0.28 5.9 52.9 – 52.9

RCOil-3 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

30.2 27.6–33.2 0.63 36.2

MWOil-1 A10 Bn-A10-p15254551
Bn-A10-p15265102

17.0 9.5–24.4 − 0.29 11.7

MWOil-3 C04 Bn-scaff_24979_1-p172251
Bn-scaff_16804_2-p255570

99.0 84.0–106.6 0.24 4.9 50.6 – 50.6

MWOil-4 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

31.2 27.6–34.2 0.59 36.2

CNOil-1 A10 Bn-A10-p15254551
Bn-A10-p15265102

17.0 10.5–27.8 − 0.33 13.3

CNOil-2 C04 Bn-scaff_24979_1-p172251
Bn-scaff_16804_2-p255570

99.0 88.8–104.0 0.28 6.2 53.0 – 53.0

CNOil-3 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

30.2 27.6–33.2 0.63 36.2

20:1 C03 Bn-scaff_15794_1-p157188
Bn-A08-p13207923

226.1 223.4–230.1 3.17 20.0 20.0 – 20.0

22:1 A08 Bn-A08-p10824964
Bn-A08-p11304602

23.0 20.0–24.3 7.29 54.1

A08 Bn-scaff_18559_1-p248231
Bn-A08-p13932634

39.9 38.6–41.3 5.40 53.9 86.1 – 86.1

C03 Bn-scaff_17821_1-p138457
Bn-scaff_17119_1-p349683

232.2 231.5–232.9 8.55 36.4

C04 Bn-scaff_16876_1-p87406
Bn-scaff_22668_1-p95

80.1 65.9–85.0 − 2.28 8.7

20:1 + 22:1 A08 Bn-A08-p12699181
Bn-scaff_17119_1-p115218

31.1 27.7–31.8 14.40 52.0 81.3 8.8 90.1

C03 Bn-scaff_15794_3-p147011
Bn-scaff_15794_1-p312298

224.8 223.4–229.1 10.91 43.1
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Table 7   QTL for protein content, protein content in the defatted meal, for the sum of oil and protein content without and with correction for the 
effect of the erucic acid alleles, and for glucosinolate (GSL) content

a Additive effect; positive additive effect indicating that the alleles increasing the trait were derived from SGDH14
b Percentage of phenotypic variance explained by each QTL
c Variance of additive effects/phenotypic variance − total contribution of additive effect QTL in %
d Variance of epistatic effects/phenotypic variance in %
e Variance of genetic main effects/phenotypic variance in %

QTL Chr. Marker Position (cM) Confidence 
interval (cM)

Aa R2b V(A)/V(P)c V(I)/V(P)d V(G)/V(P)e

Pro-1 A07 Bn-A07-p1800556
Bn-A10-p11609327

10.2 5.7–17.6 0.30 16.9

Pro-2 A08 Bn-A08-p10215623
Bn-A08-p10824964

21.6 8.7–24.3 0.15 9.9 43.0 2.18 45.1

Pro-3 A09 Bn-A09-p4447029
Bn-A09-p4288843

117.0 111.1–124.2 − 0.21 6.4

Pro-4 A10 Bn-A10-p15760933
Bn-A10-p15741819

20.4 14.2–26.8 0.22 14.8

PidM-1 A07 Bn-A07-p1800556
Bn-A10-p11609327

10.2 4.7–19.6 0.43 10.1

PidM-2 A08 Bn-A08-p12699181
Bn-scaff_17119_1-p115218

31.1 27.7–31.8 0.93 47.1

PidM-3 A09 Bn-A09-p6021939
Bn-A09-p6616405

101.5 94.1–109.7 − 0.32 7.1

PidM-4 C03 Bn-scaff_16394_2-p1374316
Bn-scaff_16394_2-p1264969

201.8 194.3–211.9 0.57 17.5 80.2 1.46 81.6

PidM-5 C04 Bn-scaff_19208_1-p524272
Bn-scaff_19043_1-p440830

87.5 70.7–90.9 − 0.34 8.7

PidM-6 C05 Bn-scaff_18826_1-p633463
Bn-scaff_16770_1-p319849

59.8 53.8–69.7 0.20 2.7

PidM-7 C06 Bn-scaff_17799_1-p2278557
Bn-scaff_17799_1-p1999577

115.1 103.2–124.6 − 0.27 3.2

PidM-8 C08 Bn-scaff_16197_1-p1306426
Bn-scaff_16197_1-p1348777

45.4 40.6–47.4 − 0.30 2.9

PidMC-1 A09 Bn-A09-p7047022
Bn-A09-p7331063

108.3 93.1–124.2 − 0.27 8.8

PidMC-2 C05 Bn-scaff_17441_3-p28950
Bn-scaff_21369_1-p406725

42.1 28.2–52.4 0.32 11.1 27.3 2.25 29.5

PidMC-3 C06 Bn-scaff_16064_1-p7157
Bn-scaff_15743_1-p599416

80.2 69.1–86.5 − 0.25 9.2

Oil + Pro-1 A08 Bn-A08-p12699181
Bn-scaff_17119_1-p115218

31.1 27.7–31.8 1.21 55.5

Oil + Pro-2 C03 Bn-scaff_17042_1-p319410
Bn-scaff_17042_1-p511184

219.7 216.6–220.0 0.74 29.1 83.0 0.83 83.9

Oil + Pro-3 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

30.2 27.6–33.2 0.62 16.3

Oil + Pro-4 C07 Bn-scaff_16069_1-p4813750
Bn-scaff_16069_1-p4666209

23.8 21.7–40.0 − 0.28 1.56

RCOil + PidMC C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

30.2 27.6–33.2 0.98 43.2

GSL-1 A09 Bn-A09-p3257371
Bn-A09-p1603989

128.0 121.2–132.7 4.46 17.8

GSL-2 C02 Bn-scaff_16139_1-p655249
Bn-scaff_16139_1-p921558

139.2 124.3–141.9 2.56 2.8 76.5 5.46 81.9

GSL-3 C05 Bn-scaff_20125_1-p150744
Bn-scaff_25690_1-p287

79.5 74.8–86.7 2.13 5.5

GSL-4 C07 Bn-scaff_15705_3-p129321
Bn-scaff_15705_1-p2626544

47.5 41.0–60.4 3.00 3.2

GSL-5 C09 Bn-scaff_16721_1-p360689
Bn-scaff_17190_1-p1116406

4.5 2.1–6.5 9.60 54.5
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DH population. This may have been caused by the erucic 
acid alleles segregating in the population, since in the subset 
of erucic acid-free genotypes of the population the usual 
negative correlation was found.

An improvement of the meal quality of oilseed rape is not 
yet a relevant breeding goal, because the financial return for 
the farmers depends primarily on the oil yield per hectare. 
Therefore, improvement of the meal quality is only meaning-
ful, if the oil yield is simultaneously enhanced. Theoretically, 
a reduction of seed fibre content in oilseed rape could result in 
an enhanced oil and protein content of the seed. Fibre consists 
of hemicellulose, cellulose and lignin. Of those three, geneti-
cally reducing lignin content is considered to be more impor-
tant, because it affects digestibility of the meal (Jung et al. 
1997). Most of the published work deals about genotypes with 
reduced lignin content, which usually is associated with the 
appearance of yellow or at least brown yellowish seed phe-
notypes. Although a large number of major QTL for reduced 
lignin content have been mapped on different chromosomes 
(Rahman and McVetty 2011; Wang et al. 2015, 2017 and 
references therein), no improved cultivar with reduced fibre 
content has been successfully established in the market. The 
reasons for this remain unclear. It has been discussed that 
yellow seeded genotypes may suffer from lower germination 

and vigour and increased pre-harvest germination. Seed coat 
compounds may protect the embryo against damage by biotic 
and abiotic stress factors (Boerjan et al. 2003) and may influ-
ence seed dormancy and seed longevity (Nagel et al. 2011; 
Schatzki et al. 2013). Considering the large number of known 
genes that may affect the phenylpropanoid and lignin bio-
synthetic pathway (Taylor-Teeples et al. 2015), it appears 
plausible to assume that pleiotropic effects of QTL alleles 
for reduced lignin content on seed oil and protein content 
may depend on the type of gene affected as well as on the 
locus in the allopolyploid oilseed rape genome. Beside the 
structural genes, a large number of transcription factors have 
been identified that can up- or down-regulate the lignin bio-
synthetic pathway (for a review see Liu et al. 2015). Despite 
the large number of major QTL affecting seed lignin con-
tent in oilseed rape, there are few reports about QTL mapped 
to chromosome C05. In a genome wide association study 
Wang et al. (2015) identified a number of SNP markers in 
the region 35,235,636–40,371,177 bp that were associated 
with seed ADL content. Candidate gene BnaC05g43530D 
(BnaC.MYB83) was found to be most highly associ-
ated with a SNP marker at position 40,322,746 bp (Wang 
et  al. 2015). Wang et  al. (2017) identified SNP marker 

Table 8   QTL for NDFm, ADFm, ADLm, seed hull, hemicellulose (HCm) and cellulose (Cm) content

a Additive effect; positive additive effect indicating that the alleles increasing the trait were derived from SGDH14
b Percentage of phenotypic variance explained by each QTL
c Variance of additive effects/phenotypic variance − total contribution of additive effect QTL in %
d Variance of epistatic effects/phenotypic variance in %
e Variance of genetic main effects/phenotypic variance in %

QTL Chr. Marker Position (cM) Confidence 
interval (cM)

Aa R2b V(A)/V(P)c V(I)/V(P)d V(G)/V(P)e

NDFm-1 C05 Bn-scaff_17441_1-p950045
Bn-scaff_17441_3-p28950

34.4 31.2–39.1 − 0.89 46.3 46.3 – 46.3

ADFm-1 C05 Bn-scaff_17441_1-p950045
Bn-scaff_17441_3-p28950

34.4 32.2–36.1 − 1.66 74.2 76.6 – 76.6

ADFm-2 C07 Bn-scaff_21268_1-p106470
Bn-scaff_18202_1-p311678

100.9 96.9–114.5 − 0.31 2.3

ADLm-1 C05 Bn-scaff_17441_1-p950045
Bn-scaff_17441_3-p28950

34.4 32.2–36.1 − 1.97 80.7 80.7 – 80.7

HCm-1 C05 Bn-scaff_17441_1-p950045
Bn-scaff_17441_3-p28950

34.4 33.2–35.1 0.76 65.5 65.5 – 65.5

Cm-1 C02 Bn-scaff_17721_1-p60404
Bn-scaff_16139_1-p1393867

126.1 113.0–135.7 − 0.12 6.6 51.0 – 51.0

Cm-2 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

31.2 22.5–37.1 0.31 40.2

Cm-3 C09 Bn-scaff_22500_1-p71844
Bn-scaff_17487_1-p527387

11.2 2.1–27.1 − 0.11 7.0

Hull-1 A08 Bn-A08-p11304602
Bn-A08-p11310535

25.3 13.6–38.6 − 0.32 10.8 59.7 1.3 61.0

Hull-2 C05 Bn-A05-p22111286
Bn-scaff_17441_1-p950045

32.2 21.5–38.1 − 1.01 55.2
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Bn-scaff_18181_1-p1267885 to be associated with seed coat 
colour on C05 in the region 41,022,878 bp.

In the present study, the SNP markers flanking the major 
ADLm-1 QTL were located on C05 at 34.4 cM with a physi-
cal position from 40,064,397 to 40,322,708 bp. The confi-
dence interval for the QTL was 32.2–36.1 cM. To narrow 
down the region, the accuracy of the QTL mapping was 
analysed using the two fae1 loci at A08 and C03. Results 
showed that these QTL were detected within 1 cM of the 
QTL peak. This is consistent with earlier observations that 
in many cases genes producing a major QTL have been 
identified in a region less than 1 cM around the QTL peak 
(Price 2006). Taking this into account, the region scanned 
for the presence of candidate genes was delimited to 3 cM 
(39,713,411–40,616,480 bp) around the QTL peak. For 
most of the candidate genes listed by Wang et al. (2015; 
c.f. Online Resource 2) a direct relationship to lignin bio-
synthesis could not be seen. However, most likely candi-
date genes for the observed seed phenotype in the present 
study are BnaC05g42780D (phenylalanine ammonia-lyase 
4), BnaC05g43790D and BnaC05g43800D (both MATE 
efflux proteins; Fig. 6). BnaC05g43530D (myb domain 
protein 3r-3 has been cited by Wang et al. 2015 as candidate 
gene, however, to date there is no proof that R1R2R3-MYB 

genes are involved in regulation of the phenylpropanoid or 
lignin biosynthetic pathway (Liu et al. 2015). Additional 
candidate genes are BnaC05g44010D (myb domain protein 
83; see AtMYB83 in Liu et al. (2015)) and BnaC05g44030D 
(MATE efflux family protein). Phenylalanine ammonia-lyase 
is the central structural enzyme of the general phenylpro-
panoid pathway (Liu et al. 2015). A mutation in this gene 
should affect not only the lignin content but also the biosyn-
thesis of flavonoids and phenolic acids. MYB proteins are 
transcription factors that have been identified as key regula-
tors of the phenylpropanoid biosynthetic pathway (Liu et al. 
2015). MATEs are multidrug and toxic compound extru-
sion transporter proteins involved in seed coat pigmenta-
tion (Chai et al. 2009). In Arabidopsis, the TRANSPARENT 
TESTA 12 (AtTT12) encodes a MATE secondary transporter 
that is specifically expressed in the developing seed coat. 
Functional AtTT12 leads to an accumulation of proanthocya-
nidine pigments in seed coat cells (Chai et al. 2009). Proan-
thocyanidins (PAs) belong to the flavonoids and are related 
to lignins by sharing the precursor 4-coumaroyl CoA in the 
phenylpropanoid pathway. Marles and Gruber (2004) noted 
that lignin is deposited normally within the cell wall, while 
proanthocyanidins are accumulated in the vacuoles. Co-loca-
tion of QTL for fibre components and seed hull as found in 
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the present study allows inferring that low ADL content is 
associated with reduced seed coat thickness (Wittkop et al. 
2012). Further studies are necessary to evaluate whether the 
major QTL for low ADLm content has pleiotropic effect on 
seed germination, vigour, longevity, pre-harvest germination 
as well as lodging and disease resistance and seed yield. 
It is presently not known whether the QTL is caused by a 
complete or partial knock-out of the responsible candidate 
gene and whether the gene is expressed only or predomi-
nantly in the seed coat. Despite the significant reduction in 
ADLm content, the seeds of SGDH14 did not show a brown 
or yellowish appearance (Online Resource 4) which suggests 
only a limited effect on the proanthocyanidine content of 
the seeds. Obviously, there is a stronger effect on the seed 
hull content (c.f. Table 4). Additional research including the 
analysis of segregating bulks for the major QTL on C05 by 
genotyping by sequencing, RNAseq and genome editing is 
necessary to identify the immediate cause of the observed 
phenotype.

In comparison to a range of standard line cultivars, 
SGEDH13 showed 2% higher oil content and a 2% higher 
content of the sum of oil and protein in defatted meal 
(Table 5). Since oil content is negatively correlated with 
protein content, it was not surprising that there were a num-
ber of line cultivars with a higher seed protein content com-
pared to SGEDH13. Following correction of the effect of 
the erucic acid alleles on oil content, the two positive QTL 
alleles on C04 and C05 for oil content were derived from 
SGDH14 and the positive allele on A10 was derived from 
Express. The number of detected QTL for oil content is rela-
tively small and can be explained by the limited population 
size of only 139 DH lines. Very similar results were obtained 
using the same data and performing composite interval map-
ping (CIM) with WinQTL Cartographer software version 2.5 
(WinQTLCart 2.5; Wang et al. 2012) as in the present study 
(N. Behnke, in preparation). This confirms earlier results 
by Ravi et al. (2011) who used in his studies both programs 
in parallel. SGEDH13 appears to be a valuable DH line in 
further studies aimed at increasing oil and protein content 
and decreasing fibre content in oilseed rape.
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