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RESEARCH

Winter oilseed rape (Brassica napus) has a lower har-
vest index (HI) than other crops, such as wheat (Triticum 

aestivum) (Diepenbrock et al., 1999; Dreccer et al., 2000). The 
vegetative biomass that is not harvested costs plants assimilates, 
and it can lead to high N remaining in the soil after harvest. 
Besides other agronomic benefits, a reduction of vegetative bio-
mass without reducing the vitality of a plant could increase seed 
yield and/or reduce the demand for N fertilizer. In wheat and in 
rice (Oryza sativa), a reduction of vegetative biomass combined 
with an increase in seed yield and HI was achieved by the intro-
gression of dwarf mutations in genes controlling the signaling 
pathway or biosynthesis of gibberellic acid (‘Green Revolution’; 
Hedden, 2003). These dwarf types developed in the mid-twenti-
eth century are the prototypes of today’s wheat and rice cultivars.

In oilseed rape, several dwarfing genes have been described. 
Muangprom et al. (2006) introgressed a dwarf gene from a B. 
rapa line (Zanewich et al., 1991) into B. napus. The dwarf gene 
was described as an allele of the Brassica BrGAI gene, which is a 
homolog of the rga gene in Arabidopsis thaliana, rht in wheat, and d8 
in maize (Zea mays) (Muangprom et al., 2006). Foisset et al. (1995) 
selected a dwarf mutant where the growth type is controlled addi-
tively by the bzh gene, which was mapped onto the distal end of B. 
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ABSTRACT
In cereals like wheat (Triticum aestivum L.) or 
rice (Oryza sativa L.), a short-straw ideotype is 
characteristic for all modern cultivars, mainly due 
to the use of genes affecting the dwarf genotype. 
In oilseed rape (Brassica napus L.), several dwarf 
mutants are known but so far not widely used. 
An interesting approach is the production of 
semi-dwarf hybrids from dwarf and normal-type 
parents, which might have an increased harvest 
index (HI) and a higher grain yield, especially when 
nitrogen (N) availability is restricted. To this point, 
no systematic comparison using a large number 
of semi-dwarf and normal-type hybrids has been 
published. A double haploid (DH) population 
was developed that was segregating for the bzh 
dwarf locus with 54 dwarf and 54 normal-type 
lines. By crossing with a normal-type tester, 108 
testcrosses were produced with 54 hybrids each 
of semi-dwarf and normal types. These were 
evaluated under high and zero N fertilization in 
five and seven environments, respectively, for 
yield and agronomic parameters. Quantitative trait 
loci (QTL) were estimated for yield-relevant traits. 
Semi-dwarf hybrids had a significantly higher 
yield compared with normal types in N-deficient 
conditions (2.24 and 2.05 Mg ha-1). At an optimal 
N supply, no significant difference between 
growth types was found for seed yield. Oil content 
was slightly lower in semi-dwarfs under both N 
treatments, whereas this was compensated by oil 
yield. All major QTL for plant height, straw yield, HI, 
and seed yield co-segregated with the bzh dwarf 
locus on linkage group A06, indicating that the 
dwarf gene is not only reducing plant height but 
also causing increased HI and higher yield under 
N limitation for semi-dwarf hybrids. We conclude 
that semi-dwarf hybrids are of high interest for the 
N-balanced oilseed rape production, especially 
when N is scarce.
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napus linkage group (LG) DY6 (Foisset et al., 1996). The 
first semi-dwarf hybrid cultivar (‘Lutin’, a cross between 
a bzh dwarf line and a normal-type line) was released in 
1999 to the French market (Noel, 1999). Despite better 
lodging resistance and advantages in harvest ability of 
semi-dwarf hybrids, this growth type did not gain a high 
market share in France and Western Europe; however, it 
is recommended in Eastern European countries because of 
improved winter hardiness (Pinochet and Renard, 2012). 
Wang et al. (2004) described yet another dwarf mutation, 
ndf-1, as single gene with a mainly additive effect, which is 
described as allelic to bzh. Li et al. (2011) showed that ndf-1 
was a gibberellin-insensitive dwarf type. Another gibber-
ellin-insensitive dwarf mutation, bnaC.dwf, was described 
by Zeng et al. (2011), where the recessive gene was located 
on B. napus LG N18.

It could be assumed that semi-dwarf oilseed rape cul-
tivars would reduce N leaching and N loss after harvest, 
due to a higher HI and accordingly less biomass remaining 
in the field. Sieling and Kage (2008) tested three normal-
type oilseed rape cultivars and two semi-dwarf hybrids 
under different N regimes and found semi-dwarfs to yield 
lower compared with normal types at high N fertiliza-
tion (160 and 240 kg N ha-1, respectively). They reported 
that the tested semi-dwarf cultivar was not reducing the 
risk of N leaching. Similar results were obtained by Koes-
lin-Findeklee et al. (2014), who tested 15 line and hybrid 
cultivars and three semi-dwarf cultivars in field trials for 
their suitability to reduce N surpluses after harvest. How-
ever, in both studies the normal-type and semi-dwarf 
cultivars had different genetic backgrounds.

Intensive winter oilseed rape cultivation depends on 
a high N fertilizer input, leading after harvest to a high 
N balance surplus, which can result in N leaching into 
ground and surface waters (Rathke et al., 2006; Sieling 
and Kage, 2008). High N fertilization and N entry into 
the environment are unwanted with respect to economic 
and environmental impacts. This was addressed in two 
recent European Union regulations. The nitrates direc-
tive (91/676/EEC) restricts the N balance surplus of a crop 
rotation (Council of the European Union, 1991), whereas a 
second directive (2009/28/EEC, a promotion of the use of 
energy from renewable sources; European Parliament and 
Council of the European Union, 2009) limits greenhouse 
gas emissions in biofuel production, including the energy-
intensive production of mineral N fertilizer. The vast 
majority of greenhouse gas emissions from biofuels based 
on oilseed rape oil are caused by cultivation and processing 
of oilseed rape. More than 82% of greenhouse gas emissions 
in the cultivation of winter oilseed rape are caused by N 
fertilization (42%) and N2O emissions in the field (40.8%) 
(Schiemenz and Gurgel, 2013). Oilseed rape cultivars with 
a high N efficiency and lower N fertilization rates without 
reductions in seed yield are therefore of high interest.

We analyzed seed yield, straw yield, HI, and agro-
nomic parameters in 108 hybrids derived from a doubled 
haploid (DH) population and segregating into bzh semi-
dwarf types and normal types. Analyzing unselected DH 
lines unlinks the dwarf trait from the segregating genetic 
background and shows the full potential of variation in 
contrast to selected cultivars with completely different 
genetic backgrounds. The 108 hybrids were evaluated at 
high and low N supply in five and seven environments, 
respectively, in the 2010–2011 to 2013–2014 seasons. A 
QTL mapping approach was used to analyze the effect of 
the growth type on QTL with effects on seed yield and 
other agronomic parameters.

The objectives of our study were to (i) analyze the 
effect of the dwarf gene bzh on seed yield, straw yield, and 
other agronomic parameters, (ii) compare the agronomic 
performance of semi-dwarf and normal-type hybrids at 
different N fertilization regimes, and (iii) investigate by 
QTL analysis whether the dwarf gene is the cause for dif-
ferences in agronomic performance between semi-dwarf 
and normal-type hybrids.

MATERIALS AND METHODS

Plant Material
A DH population with 242 lines was derived from the cross 
Alesi-bzh × H30. Alesi-bzh is a dwarf isogenic line derived 
from the canola quality German winter oilseed cultivar ‘Alesi’ 
backcrossed (BC4) from the bzh dwarf mutant (Foisset et al., 
1995). H30 is a normal-type, resynthesized rapeseed line with 
high erucic acid content, originating from a cross of B. rapa ssp. 
chinensis with B. napus ssp. napus var. pabularia, with moderate 
winter hardiness (Girke et al., 2011). The DH lines segregated 
into dwarf and normal types. All DH lines were crossed with 
a normal-type, highly homozygous and male-sterile tester 
line with canola seed oil quality. The hybrids segregated into 
semi-dwarf (bzh/Bzh) and normal type (Bzh/Bzh). Based on 
the availability of seed and the content of erucic acid, 54 semi-
dwarf and normal-type test hybrids each were chosen for field 
evaluation. Within each growth type group, the hybrids seg-
regated for erucic acid content in the seed oil with 50% high 
erucic acid and 50% zero erucic acid.

Field Trials and Measurements
Field experiments were performed during four seasons (2010–
2011, 2011–2012, 2012–2013, and 2013–2014) at two locations 
in Central Germany, Einbeck and Göttingen, on brunic aerosol 
and alluvial meadow soils, respectively (Table 1). Each season–
location combination was considered an environment, hereafter 
referred to by location and year.

In each trial, 108 hybrids (54 normal type, 54 semi-
dwarf ) were grown in blocks with two replications. Within 
each block, growth types were interlaced by alternately grow-
ing one strip of semi-dwarfs and one strip of normal-types. 
The plot sizes were 18 m2 in Einbeck and 11.25 m2 in Göttin-
gen with plant densities of 50 and 90 plants m-2, respectively. 
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(Utz, 2001). Genetic correlations were tested against the 
standard error following methods of Utz (2001). Genetic corre-
lations were considered significant when they were larger than 
one- and two-fold their standard error, indicated with + and 
++, respectively.

To include the effect of different environments (year–loca-
tion combinations) into the ANOVA, the following model for 
a split-plot design was used: 

Yijkl = µ + ei + tk + bij + etik + eijk + gkl + egikl + eijkl

in which Yijkl was the observation of a genotype l within the 
growth type k in block j within environment i. Interaction 
effects between growth type and environment were denoted by 
etik, and interactions between environment and genotype were 
called egikl. Whole-plot error was denoted by eijk, and the sub-
plot error was denoted by eijkl. The factors environment, block, 
and genotype were considered random.

To test the effects of N levels, the following model for a 
split-split-plot design was used:

Yijklo = µ + ei + no + bijo + enio + eijo + tk + etik + tnko + 
etniko + eijko + gkl + egilk + gnklo + egniklo + eijklo

in which Yijklo was the observation of a genotype l within growth 
type k in block j within N level at environment i. The interaction 
effects were between environment and N level enio, environment 
and growth type etik, environment and genotype egikl, growth 
type and N level tnko, and genotype by N level gnklo. Three-way 
interactions were environment ´ genotype ´ N level egniklo and 
environment ´ growth type ´ N level etniko. Whole-plot error 
was denoted by eijo, sub-plot error was denoted by eijko, and sub-
sub-plot error was denoted by eijklo. The factors environment, 
block, and genotype were considered random.

Linkage Map and QTL Mapping
The linkage map was constructed using MAPMAKER/EXP 
3.0 (Lander et al., 1987) and marker information of 100 DH 
lines. A total of 426 markers (381 single nucleotide polymor-
phisms [SNPs], including the bzh locus-specific marker; 45 
simple sequence repeats [SSRs]) were assigned to 22 linkage 
groups with a total map length of 1301 cM (Kosambi). The map 
was aligned with common marker loci of published genetic 
maps based on positions of SSR (Piquemal et al., 2005; Radoev 
et al., 2008) and SNP markers (KWS Saat SE;  unpublished 
data). The linkage groups of the map were named accord-
ing to the consensus nomenclature proposed by the Steering 
Committee of the Multinational Brassica Genome Project 

Experiments were designed as split-split-plots with N level as 
a main plot factor, growth type as a sub-plot factor, and geno-
type within growth-type as a sub-sub-plot factor. Genotypes 
within growth types were sorted in a lattice design, with the 
exception of the 2010–2011 season, where a randomized block 
design was used. Weed, disease, and pest control, fertilization 
(with exception of N), and all agronomic treatments followed 
the recommendations for winter oilseed rape production in 
Germany. The experiments were conducted with two levels of 
N fertilization: zero N supply (N0) and optimal N supply (N1). 
At each location, the soil mineral N was determined in the 
spring at the beginning of plant growth (Table 1). Soil samples 
were taken from a depth of 0 to 90 cm, and soil mineral N was 
analyzed following the method of VDLUFA (1991). For the 
N0 treatment, no N fertilizer was applied. For the N1 treat-
ment, 177 kg N ha-1 were applied in all N1 trials. About one 
half of the N was applied as ammonium sulfate fertilizer plus 
calcium ammonium nitrate fertilizer in the spring at the begin-
ning of plant growth (growth stage BBCH 30; Lancashire et al., 
1991), and the other half was given at the beginning of shoot 
development (BBCH 32, by calcium ammonium nitrate fertil-
izer). All plots were harvested at maturity (BBCH 89) with a 
plot combine harvester (Hege 160, Hans-Ulrich Hege GmbH 
& Co., Waldenburg-Hohebuch, Germany), and seed yield and 
straw yield were determined. Therefore, plots were cut at soil 
level, and straw was collected and weighed in a canvas tarp 
attached to the back of the harvester. A straw subsample includ-
ing stems and pods was dried at 60°C for 48 h in a drying oven 
to determine straw dry matter content. Oil content, protein 
content, and moisture content of seeds were determined with a 
near infrared reflectance spectroscopy (NIRS) monochromator 
model 6500 (NIRSystems, Inc., Silversprings, MD) using cali-
brations (raps2011.eqa, raps2012.eqa, raps2013.eqa, raps2014.
eqa) provided by VDLUFA Qualitätssicherung NIRS GmbH 
(Am Versuchsfeld 13, D-34128 Kassel, Germany). Beginning 
of flowering was defined as the number of days from Janu-
ary 1st and was recorded at BBCH 61, when 10% of the plants 
flowered. Plant height (in centimeters) was measured at grain 
maturity (BBCH 89). Not all trials could be harvested (Table 1) 
due to local constraints, such as a hailstorm at Einbeck in 2011–
2012, where only straw yield was determined.

Statistical Analysis
Analysis of variance (ANOVA), broad sense heritability (h2), 
Spearman’s rank correlation coefficients, and genetic correla-
tions were calculated using PLABSTAT software (version 3B) 

Table 1. Overview of trials in locations Einbeck and Göttingen at low and at high nitrogen (N) supply.

Season Location Low N High N Seed yield Straw yield Sowing date Nmin† Preceeding crop

2010–2011 Einbeck x‡ – x – 4 Sept. 2010 35 Winter wheat

2010–2011 Göttingen x – x x 25 Aug. 2010 27 Winter barley

2011–2012 Einbeck x x – x 1 Sept. 2011 27 Winter wheat

2011–2012 Göttingen x x x x 22 Aug. 2011 27 Winter barley

2012–2013 Einbeck x x x x 22 Aug. 2012 na§ Winter wheat

2012–2013 Göttingen x x x x 30 Aug. 2012 24 Winter barley

2013–2014 Göttingen x x x – 26 Aug. 2013 63 Winter barley

† Soil mineral N (kg N ha  −1) measured in the spring.

‡ ‘x’ = trial present; ‘–’ = no trial.

§ na = not analyzed.
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(http://www.brassica.info/resource/maps/lg-assignments.php) 
as A01 to A10 and C01 to C09.

The complete map is described in Miersch (2014). For 
the QTL mapping, a subset of 339 highly informative markers 
was selected from the full map, with distances between adja-
cent markers of ~5 to 10 cM. QTL detection was performed 
with WinQTL Cartographer software, version 2.5 (Wang et 
al., 2006). QTL were detected by composite interval map-
ping (CIM), as described by Zeng (1994), with the following 
parameters: Window size of 10 cM, five markers selected in 
forward and backward regression, and CIM by 1-cM intervals. 
The experiment-wise significance thresholds for QTL detec-
tion were calculated by permutation analysis (500 times) for 
each trait separately. Such QTL were designated as significant if 
the LOD score exceeded a significance threshold representing a 
5% probability of detecting a false positive QTL (type I error). 
Since the N stress level varied between environments and since 
the ANOVA across environments revealed strong genotype × 
environment interactions for most traits (Table 2), QTL analy-
ses were calculated for each environment.

RESULTS

Seed and Straw Yield across Growth Types 
and N Levels
Significant variation for seed yield was revealed for 
environment, N level, genotype, and interactions of 
environment with N level, growth type, and genotype 
(Table 2). Environment and N level were by far the larg-
est sources of variation. The effect of the growth type was 
very small and not significant.

At low N supply, seed yield of semi-dwarf hybrids 
was about 0.19 Mg ha-1 higher than that of normal types 
(Table 3). The difference in seed yield between growth 
types varied between single environments, resulting 
in a significant growth type × environment interaction 

(Table 4). Genotypes within growth types differed signifi-
cantly for seed yield (Table 4; Fig. 1).

At high N supply, seed yield of semi-dwarfs was non-
significant and 0.1 Mg ha-1 higher than that of normal 
types (Tables 3 and 4). Among single environments, the 
performance of growth types was inconsistent with respect 
to seed yield (Table 3), with environment being the biggest 
source of variation at the high N level (Table 4). Geno-
types within growth types showed a significant variation 
for seed yield (Table 4; Fig. 1), as was already observed at 
low N supply.

For straw yield, the largest sources of variation were 
environment and N level. The effect of the growth type 
was higher than for seed yield, with about 33% of the 
size of the effect of the N level (Table 2). Straw yield of 
semi-dwarf hybrids was significantly reduced by about 
0.5 Mg ha-1 compared with normal types at low N supply. 
The combination of higher seed yield and less straw 
resulted in a significantly higher HI of semi-dwarf hybrids 
(0.41) compared with normal types (0.34) (Table 3). At 
high N fertilization, semi-dwarf hybrids formed signifi-
cantly less straw (0.78 Mg ha-1) than normal-type hybrids 
and revealed a higher HI (Tables 3 and 4).

In general, it was observed that N fertilization 
increased seed and straw yield significantly but with vary-
ing effects in single environments (Table 3). With respect 
to straw yield, growth types responded differently to the 
level of N fertilization. Normal types produced relatively 
more straw in response to higher N supply (14.5%) than 
did semi-dwarf types (11.2%), but the interaction signifi-
cance of growth type and N level for straw yield was not 
high (P = 0.10; Table 2).

Table 2. Components of variance (Var. comp.) and respective F-tests from the analysis of variance combined for low and high 
levels of nitrogen supply. A total of 108 hybrids (54 semi-dwarf and 54 normal type) were tested at different environments 
(Einbeck in 2011–2012 and 2012–2013; Göttingen in 2011–2012, 2012–2013, and 2013–2014).  Negative estimates for variance 
components are reported as ‘0’.

Beginning of 
flowering Plant height Seed yield Straw yield Harvest index Oil yield Oil content

Source df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp.
Environment (E) 4 154.07** 3 428.52** 3 0.52** 3 78.78** 2 0.005** 3 0.12** 4 0.25**
Nitrogen level (N) 1 0.23* 1 7.26 1 0.30† 1 46.93* 1 0.0003 1 0.04 1 2.22*

Growth type (T) 1 0.17 1 522.90** 1 0.003 1 15.33* 1 0.002* 1 0 1 0.26**

Genotype (G) 106 6.00** 106 3.70** 106 0.01** 106 3.90** 106 0.0003** 106 0.003** 106 0.69**

N × E 4 28.06** 3 18.00** 3 0.15** 3 6.46 2 0.001** 3 0.04** 4 1.09**

T × E 4 27.05** 3 39.13** 3 0.01** 3 5.37** 2 0.0001** 3 0.003** 4 0.02*

T × N 1 10.19 1 7.49 1 0 1 0.88† 1 0 1 0.12 1 0.05

G × N 106 0.38 106 0.25 106 0.0004 106 0.57† 106 0 106 0.02 106 0

G × E 424 1.31** 318 5.60** 318 0.02** 318 2.48** 212 0.0002 318 0.03** 424 0.11**
h2 0.48 0.62 0.52 0.73 0.74 0.60 0.90

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

† Significant at the 0.10 probability level.
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N supply (Table 2). Within the same N level, growth 
types showed no significant difference in beginning of 
flowering (Tables 3 and 4). Growth types and genotypes 
within growth types differed significantly in plant height 

Agronomic Traits Affected by Growth Type 
and N Level
The greatest source of variation for the flowering time 
was the environment. Furthermore, the beginning of 
flowering showed significant variation for genotype and 

Table 3. Agronomic performance of 54 semi-dwarf and 54 normal-type hybrids tested with low and high nitrogen (N) supply 
at seven environments: years 2010–2011, 2011–2012, 2012–2013, and 2013–2014 at the two locations Einbeck and Göttingen.

Trait
2010–2011 2011–2012 2012–2013 2013–2014

Total meanEinbeck Göttingen Einbeck Göttingen Einbeck Göttingen Göttingen
Low nitrogen supply

Beginning of flowering, d

Semi-dwarf 110 110 104*‡ 115 121 125† 95 111

Normal type 110 110 104 114 121 124 95 111

Plant height, cm

Semi-dwarf 100** 92** 72** 70** 110** 93* – 89**

Normal type 126 119 108 90 143 122 – 117

Seed yield, Mg ha-1

Semi-dwarf 1.80 1.70* – 1.28** 2.24 3.39** 3.09 2.24*

Normal type 1.70 1.29 – 1.05 2.25 3.07 3.14 2.05

Straw yield, Mg ha-1

Semi-dwarf – 3.49** 1.77 1.98** 3.61** 3.20† – 2.81*

Normal type – 4.01 1.89 2.29 4.64 3.64 – 3.29

Harvest index

Semi-dwarf – 0.33** – 0.39** 0.38** 0.52† – 0.41**

Normal type – 0.25 – 0.32 0.33 0.46 – 0.34

Oil yield, Mg ha-1

Semi-dwarf 0.88† 0.84** – 0.63** 1.10 1.71** 1.50 1.11**

Normal type 0.76 0.64 – 0.51 1.12 1.55 1.56 1.03

Oil content, %

Semi-dwarf 51.63 49.15 47.85 49.43 49.22 50.35 48.64 49.47†

Normal type 52.26 49.49 48.21 49.24 49.55 50.66 49.81 49.95

High nitrogen supply
Beginning of flowering, d

Semi-dwarf – – 104 115 122 125** 96 113

Normal type – – 104 115 122 126 96 112

Plant height, cm

Semi-dwarf – – 78** 67* 115** 92** – 88**

Normal type – – 129 91 147 128 – 124

Seed yield, Mg ha-1

Semi-dwarf – – – 2.97** 2.75** 3.76 3.75 3.31

Normal type – – – 2.64 2.88 3.78 3.56 3.21

Straw yield, Mg ha-1

Semi-dwarf – – 3.01** 3.21** 4.46** 3.46** – 3.54*

Normal type – – 3.34 3.94 5.40 4.12 – 4.22

Harvest index

Semi-dwarf – – – 0.48** 0.38** 0.52 – 0.46

Normal type – – – 0.40 0.34 0.48 – 0.41

Oil yield, Mg ha-1

Semi-dwarf – – – 1.38** 1.29† 1.76** 1.69 1.53

Normal type – – – 1.26 1.37 1.80 1.64 1.52

Oil content, %

Semi-dwarf – – 47.55** 46.67** 46.81** 46.92 45.15 46.62**

Normal type – – 48.98 47.91 47.62 47.56 46.06 47.63

* Significant at the 0.05 probability level.

**Significant at the 0.01 probability level.

† Significant at the 0.10 probability level.

‡ Significance is reported between growth types.
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(Tables  3 and 4), but plant height was not significantly 
affected by the N supply (Table 2).

Oil content and oil yield were significantly affected 
by genotype and environment and their interaction 
(Table 2), whereas N level and growth type affected only 
oil content significantly. For oil content, N level was the 
greatest source of variation, being about 10-fold larger 

than the effect of the environment. The effect of the 
growth type on oil content was much higher than that on 
oil yield (Table 2). Oil content was for both growth types 
significantly higher at low compared with high N supply 
(Table  2; Table 3). Among growth types, normal-type 
hybrids had significantly higher oil content than semi-
dwarf hybrids at both N levels (Table 3).

Table 4. Components of variance (Var. comp.) and respective F-tests from the analysis of variance for agronomic traits of 108 
hybrids (54 semi-dwarf and 54 normal type) tested at low and at high nitrogen supply at different environments (Einbeck in 
2010–2011, 2011–2012, and 2012–2013; Göttingen in 2010-2011, 2011–2012, 2012–2013, and 2013–2014).  Negative estimates for 
variance components are reported as ‘0’.

Beginning of 
flowering Plant height Seed yield Straw yield Harvest index Oil yield Oil content

Source df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp. df
Var. 

comp.
Low nitrogen supply

Environment (E) 6 103.14** 5 274.85** 5 0.754** 4 0.923* 3 0.0070** 5 0.188** 6 1.43**

Growth type (T) 1 0 1 402.74** 1 0.016* 1 0.106* 1 0.0020** 1 0.003† 1 0.09†

Genotype (G) 106 0.25** 106 4.20** 106 0.009** 106 0.007 106 0.0002** 106 0.003** 106 0.87**

T × E 6 0.09** 5 16.07** 5 0.016** 4 0.054** 3 0.0001 5 0.005** 6 0.07*

G × E 636 0.26** 528 7.41** 528 0.009** 424 0.059** 317 0.0003** 528 0.002** 636 0.18**

h2 0.82 0.54 0.60 0.17 0.46 0.64 0.90

High nitrogen supply
Environment (E) 4 154.75** 3 456.81** 3 0.274** 3 0.574** 2 0.0680** 3 0.054** 4 0.88**

Growth type (T) 1 0 1 622.62** 1 0 1 0.222* 1 0 1 0 1 0.49**

Genotype (G) 106 0.22** 106 3.74** 106 0.012** 106 0.060** 106 0.0031** 106 0.004** 106 0.51**

T × E 4 0.12** 3 59.63** 3 0.015* 3 0.039** 2 0.0041† 3 0.003† 4 0.04*

G × E 424 0.38** 318 5.29** 318 0.032** 318 0.055** 212 0.0052** 318 0.007** 424 0.23**

h2 0.69 0.54 0.39 0.66 0.40 0.47 0.80

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

† Significant at the 0.10 probability level.

Fig. 1. Variation in seed yield of 54 semi-hybrids and 54 normal-type hybrids evaluated at low nitrogen (N) supply (2010 –2011, Einbeck and 
Göttingen; 2011–2012, Göttingen; 2012–2013, Einbeck and Göttingen; 2013–2014, Göttingen) and high N supply (2011–2012, Göttingen; 
2012–2013, Einbeck and Göttingen; 2013–2014, Göttingen).
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For oil yield, however, the reduction in oil content of 
semi-dwarfs under low N supply was compensated for by 
higher seed yield. Because of this, the oil yield of semi-
dwarf hybrids was significantly higher compared with 
normal types at low N and about equal at high N fertil-
ization (Table 3).

Genetic and Phenotypic Correlations 
between Traits for Growth Type and N Levels
Genetic correlations were partially higher than pheno-
typic correlations because phenotypic correlations are 
biased by the experimental error (Table 5). This is of 
importance for traits with high experimental errors, such 
as straw yield. The correlation between straw yield and 
plant height can be assumed to be high. However, the 
phenotypic correlation was small, with r = 0.54 and 0.34 
at low and high N fertilizations, respectively, in compari-
son to the genetic correlations, which were higher with 
r = 0.95 and 0.64, respectively. The difference between 
phenotypic and genetic correlations could be explained 
by a high experimental error at straw harvest, which is 
removed in the calculation of the genetic correlation, but 
not in the estimation of the phenotypic correlation. The 
genetic correlation of oil content and seed yield was high, 
with r = 0.63 at low N supply in comparison to high N 
supply (r = 0.11). At high N supply, seed yield and straw 
yield showed a strong and negative genetic correlation 

(r = –0.36), whereas at zero N fertilization, this correla-
tion was positive, with r = 0.34.

QTL Analysis
The effect of the dwarf bzh locus is reflected in the co-
localization of the plant height-related QTL in the distal 
region of LG A06 (Table 6). The major QTL for plant 
height was estimated to be constitutive at low and high 
N supply within the region of the bzh locus. The QTL 
on LG A06 explained 79 to 93% of the phenotypic varia-
tion. The allele with a high and positive effect on plant 
height was originating from parent H30, which corrobo-
rates the fact that the dwarf locus was derived from parent 
Alesi-bzh. Another QTL on LG C03 was detected in two 
environments (Table 6). Here, the effect was much smaller 
(1–2% of the phenotypic variation) compared with the 
QTL on LG A06, and the allele reducing plant height was 
inherited from parent H30.

The QTL for straw yield co-localized with the bzh 
locus, and it was detected in all environments, with 
exception of location Einbeck in 2011–2012, where no 
significant QTL was estimated for straw yield. The allele 
increasing the straw yield was inherited from parent H30, 
aside from location Göttingen in 2010–2011, where a 
small but negative effect was found.

For HI as a ratio of seed yield to total aboveground 
biomass, the QTL on LG A06 was detected in all 

Table 5. Spearman’s Rank phenotypic and genetic correlations of yield and agronomic traits at high and low nitrogen supply. 
A total of 108 hybrids (54 semi-dwarf and 54 normal type) were tested at locations Einbeck (2012–2013) and Göttingen (2011–
2012, 2012–2013).

Trait
Beginning of 

flowering Plant height Seed yield Straw yield Harvest index Oil yield Oil content
Low nitrogen supply 

G
en

et
ic

 c
o

rr
el

at
io

n
s

Beginning of flowering – 0.14 0.08 0.08 -0.05 0.07 -0.02

P
heno

typ
ic co

rrelatio
n

s

Plant height 0.27 – 0.14 0.54** –0.41** 0.11 –0.06

Seed yield 0.36† 0.34 – 0.04 0.41** 0.96** 0.22*

Straw yield –0.02 0.95‡ 0.03 – –0.88** 0.02 –0.06

Harvest index 0.09 –0.82‡ 0.34† –0.96‡ – 0.42** 0.16

Oil yield 0.27† 0.20 0.97‡ –0.05 0.35‡ – 0.49**

Oil content 0.01 0.03 0.63‡ –0.07 0.27† 0.81‡ –

High nitrogen supply

G
en

et
ic

 c
o

rr
el

at
io

n
s

Beginning of flowering – 0.20* –0.03 0.31** –0.26** –0.10 –0.17 P
heno

typ
ic co

rrelatio
n

s

Plant height 0.43† – 0 0.34** –0.27** –0.04 –0.10

Seed yield –0.08 –0.14 – 0.03 0.58** 0.92** 0.04

Straw yield 0.68‡ 0.64‡ –0.36† – –0.73** –0.03 –0.14

Harvest index –0.46‡ –0.54‡ 0.85‡ –0.81‡ – 0.58** 0.14

Oil yield –0.18 –0.21 0.89‡ –0.38† 0.80‡ – 0.41**

Oil content –0.20† –0.18† 0.11 –0.18† 0.19† 0.58‡ –

* Significant at the 0.05 probability level (phenotypic correlation).

** Significant at the 0.01 probability level (phenotypic correlation).

† r > standard error (genetic correlation).

‡ r > 2 × standard error (genetic correlation).
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Table 6. bzh-locus and QTL for seed yield and agronomic traits estimated for 100 hybrids derived from DH population Alesi × 
H30 crosses with a male-sterile tester. Hybrids were grown at low and high nitrogen (N) supply at locations Einbeck (Ei) and 
Göttingen (Go) in the seasons 2010–2011 through 2013–2014.

QTL name† Linkage group Confidence interval Position Maximum LOD Effect‡ R2§
––––––––––––– cM –––––––––––––

bzh-locus A06 3.0

Low nitrogen supply
BFL-N0-A01-Ei2013 A01 19.4–36.1 32.5 4.3 0.35 0.14

BFL-N0-A03-Ei2013 A03 62.3–74.4 68.8 3.2 0.28 0.09

BFL-N0-A06-Go2013 A06 1.4–5.2 3.0 39.2 0.53 0.78

BFL-N0-A07-Go2011 A07 65.0–69.3 68.3 4.1 -0.25 0.10

BFL-N0-C06-Ei2013 C06 54.0–72.7 64.9 3.2 -0.29 0.10

BFL-N0-C07-Ei2012 C07 0.0–7.0 1.0 5.4 -0.56 0.18

PH-N0-A03-Ei2012 A03 93.2–114.6 102.5 3.4 1.99 0.01

PH-N0-A06-Ei2011 A06 0.0–2.6 1.0 54.0 10.30 0.79

PH-N0-A06-Ei2012 A06 1.4–5.2 3.0 65.4 18.75 0.90

PH-N0-A06-Go2012 A06 1.9–5.2 3.0 72.0 9.93 0.93

PH-N0-A06-Ei2013 A06 3.5–9.0 5.0 48.2 16.66 0.87

PH-N0-A06-Go2013 A06 1.4–5.2 3.0 87.0 14.90 0.93

PH-N0-C03-Ei2012 C03 41.0–62.4 51.3 3.6 -1.91 0.01

PH-N0-C03-Ei2013 C03 59.4–78.1 71.1 3.0 -2.63 0.02

SeedY-N0-A06-Ei2011 A06 2.6–36.3 20.0 3.4 -0.57 0.09

SeedY-N0-A06-Go2011 A06 0.0–2.1 1.0 26.1 -2.39 0.54

SeedY-N0-A06-Go2012 A06 1.3–10.1 3.0 19.8 -1.20 0.48

SeedY-N0-A06-Go2013 A06 1.0–12.2 3.0 11.2 -1.57 0.33

SeedY-N0-C07-Ei2011 C07 40.2–51.0 47.1 2.9 0.51 0.08

StrY-N0-A06-Go2011 A06 0.0–2.3 0.0 4.2 -0.02 0.12

StrY-N0-A06-Go2012 A06 0.0–12.2 0.0 9.4 1.57 0.26

StrY-N0-A06-Ei2013 A06 2.8–14.6 7.0 18.5 0.51 0.53

StrY-N0-A06-Go2013 A06 0.0–2.9 0.0 11.3 2.76 0.36

HI-N0-A06-Go2012 A06 3.0–8.1 4.0 25.5 -0.04 0.53

HI-N0-A06-Ei2013 A06 3.0–16.0 8.0 15.7 -0.03 0.46

HI-N0-A06-Go2013 A06 0.7–3.8 2.0 21.4 -0.03 0.52

HI-N0-A07-Ei2013 A07 46.2–56.3 50.7 4.5 -0.02 0.09

HI-N0-A07-Go2013 A07 55.7–65.3 55.8 3.5 -0.01 0.06

Oil-N0-A05-Ei2012 A05 0.0–7.0 3.7 3.6 0.44 0.13

Oil-N0-A06-Ei2011 A06 0.0–2.5 1.0 5.8 0.32 0.06

Oil-N0-A06-Go2011 A06 0.0–36.3 3.0 3.5 0.26 0.05

Oil-N0-A08-Ei2011 A08 0.0–4.2 0.0 29.8 0.97 0.52

Oil-N0-A08-Go2011 A08 0.0–4.2 2.0 20.6 0.74 0.43

Oil-N0-A08-Go2012 A08 1.8–6.6 4.0 22.4 0.85 0.55

Oil-N0-A08-Ei2013 A08 2.9–7.8 4.8 15.5 0.99 0.44

Oil-N0-A08-Go2013 A08 3.1–8.3 4.8 26.1 0.96 0.57

OilY-N0-C01-Ei2013 C01 21.4–30.0 25.9 3.9 0.04 0.14

OilY-N0-A03-Go2013 A03 33.9–48.1 43.6 3.2 -0.05 0.11

High nitrogen supply
BFL-N1-A01-Ei2013 A01 44.8–56.0 50.4 3.2 0.28 0.11

BFL-N1-A06-Go2013 A06 11.2–19.9 15.0 39.0 0.51 0.81

BFL-N1-C01-Ei2012 C01 37.2–50.8 42.8 3.5 0.48 0.11

BFL-N1-C06-Ei2012 C06 58.1–67.0 61.3 3.9 -0.49 0.12

BFL-N1-C07-Ei2012 C07 0.0–11.6 4.0 3.1 -0.48 0.11

BLF-N1-C07-Go2012 C07 38.3–43.7 40.7 3.2 -0.18 0.10

PH-N1-A06-Ei2012 A06 1.4–5.2 3.0 73.6 25.37 0.94

PH-N1-A06-Go2012 A06 1.0–5.3 3.0 87.2 12.06 0.94

PH-N1-A06-Ei2013 A06 1.4–5.2 3.0 55.5 16.06 0.89

PH-N1-A06-Go2013 A06 1.4–5.2 3.0 102.6 18.39 0.95

PH-N1-C03-Ei2012 C03 52.5–78.1 71.1 3.5 -2.15 0.01

Table continued.
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environments and was constitutive at low and high N 
supply, with the exception of location Göttingen in 2010–
2011. The allele increasing the HI was derived from parent 
Alesi-bzh. On LG A07, an additional QTL with a small 
effect was detected at low N supply at locations Einbeck 
and Göttingen in 2012–2013.

A seed yield-related QTL in the genomic region of 
the bzh locus was detected at low N supply in four out 
of six environments, explaining 9 to 54% of the pheno-
typic variation, and at high N supply in two out of four 
environments, with 14% and 42%, respectively. The allele 
increasing seed yield was inherited from parent Alesi-bzh, 
with the exception of location Einbeck in 2012–2013, 
where a very small positive effect of parent H30 was 
detected. Another QTL for seed yield was found only at 
location Einbeck, in 2010–2011. It was localized on LG 
C07, and here the allele from parent H30 increasing seed 
yield explained 8% of the phenotypic variation.

A QTL related to oil content within the genomic 
region of the bzh locus was found in two out of seven 
environments at low N supply, where they explained 5 
and 6% of the phenotypic variation, and in four out of five 
environments with N fertilization, where the phenotypic 
variation explained was higher (7–37%). A second QTL 
for oil content was localized on the distal end of LG A08; 
it explained 30 to 57% of the phenotypic variation. The 
allele that was increasing the oil content for both QTL 
was derived from parent H30.

For flowering time, the QTL analysis did not provide 
consistent results, since QTL were detected in one or two 
environments only. With respect to the dwarf locus, only 

in location Göttingen, 2012–2013, was a QTL detected 
within the genomic region of the bzh locus. This QTL 
explained a high proportion (78%) of the phenotypic vari-
ation of the beginning of flowering.

DISCUSSION

Effect of Growth Type on Seed Yield
Semi-dwarf hybrids yielded as high as normal types under 
optimal fertilization in the present study, which is contrary 
to findings of Koeslin-Findeklee et al. (2014) and Sieling 
and Kage (2008). The latter observed a lower seed yield 
and HI of semi-dwarf cultivar ‘Belcanto’ compared with 
three winter oilseed rape cultivars. Koeslin-Findeklee 
et al. (2014) found that dwarf types yielded significantly 
higher than lines and significantly lower than normal-type 
hybrids. The present study differs by two major points: by 
the high number of genotypes tested and by their genetic 
relationship. In contrast to the cultivars tested by Koeslin-
Findeklee et al. (2014) and Sieling and Kage (2008), we 
tested a higher number of hybrids, all descending from 
the DH population Alesi-bzh × H30. This experimental 
design allowed for dissecting the effect of the dwarf gene 
from the segregating genetic background.

With respect to the analysis of genetic effects, it can be 
assumed that the power of detection in a non-preselected 
DH population with 108 individuals or their respec-
tive testing hybrids segregating for the monogenic trait 
of interest is higher than that in a test set of four or 18 
cultivars, respectively (Sieling and Kage, 2008; Koeslin-
Findeklee et al., 2014). In this study, the bzh locus was 

QTL name† Linkage group Confidence interval Position Maximum LOD Effect‡ R2§
––––––––––––– cM –––––––––––––

SeedY-N1-A06-Go2012 A06 0.2–3.0 3.0 15.1 -1.82 0.42

SeedY-N1-A06-Ei2013 A06 0.0–30.2 12.0 3.0 0.08 0.14

StrY-N1-A06-Ei2012 A06 1.3–13.3 4.0 11.1 1.71 0.34

StrY-N1-A06-Go2012 A06 0.2–3.0 2.0 17.5 3.91 0.50

StrY-N1-A06-Ei2013 A06 0.9–12.4 6.0 21.0 0.61 0.65

StrY-N1-A06-Go2013 A06 0.0–2.5 2.0 11.8 0.36 0.32

HI-N1-A06-Go2012 A06 0.8–6.0 2.0 24.2 -0.04 0.60

HI-N1-A06-Ei2013 A06 0.0–10.2 3.0 9.8 -0.02 0.30

HI-N1-A06-Go2013 A06 0.0–2.5 2.0 11.6 -0.02 0.33

Oil-N1-A06-Ei2012 A06 0.0–3.0 2.0 20.0 0.71 0.37

Oil-N1-A06-Go2012 A06 0.9–10.1 4.0 16.5 0.70 0.31

Oil-N1-A06-Ei2013 A06 0.0–13.8 1.0 4.4 0.40 0.16

Oil-N1-A06-Go2013 A06 0.0–14.9 1.0 4.2 0.33 0.07

Oil-N1-A08-Ei2012 A08 1.4–17.0 4.0 17.4 0.65 0.30

Oil-N1-A08-Go2012 A08 7.4–10.8 7.8 21.7 0.82 0.43

Oil-N1-A08-Go2013 A08 3.0–7.2 4.8 21.2 0.88 0.51

OilY-N1-A01-Go2014 A01 0.0–7.7 0.0 3.3 -0.07 0.12

† Abbreviations in QTL names: BFL, beginning of flowering; PH, plant height; SeedY, seed yield; StrY,  straw yield; HI, harvest index; Oil, oil content; OilY, oil yield; N0, zero N 
fertilization; N1, high N fertilization. Years address the harvest year. QTL within the genomic region of the bzh locus are underlined and in italics. 

‡ Effect of substituting the allele of parent Alesi-bzh by the allele of parent H30. 

§ Proportion of phenotypic variance explained by the QTL.

Table 6. Continued.
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analyzed in a single DH population. Further analyses in 
genetically different populations would be needed to esti-
mate the importance of the genetic background.

However, if semi-dwarf hybrids yield equally to nor-
mal-type hybrids, the question remains why semi-dwarf 
cultivars do not have a higher market share? One disad-
vantage for the semi-dwarf growth type could be that the 
breeding effort for semi-dwarf hybrids is probably much 
lower than that in breeding programs for normal-type 
hybrids, therefore not yet leading to comparable results in 
commercial hybrids.

Effect of N Supply on Seed Yield and 
Agronomic Parameters
Normal-type hybrids responded to high N availability 
with a much stronger formation of straw than did semi-
dwarf hybrids (Table 3). Due to higher or similar seed 
yields and less straw yield, the HI of semi-dwarf hybrids 
was significantly improved at both N levels compared 
with normal hybrids, whereas the improved HI of semi-
dwarfs was mostly based on a reduction in straw yield. 
The reduction of vegetative biomass (straw) did not reduce 
seed yield at high N supply, and it brought benefits like a 
swifter harvest and improved lodging resistance. Shorter 
genotypes are discussed to be more resistant to lodging. 
Wang et al. (2004) argued that the differing branching 
structure of semi-dwarfs, with branches starting at lower 
stem sections, led to a more even weight distribution 
throughout the plant. In this study, lodging was not scored 
in all environments, but, as an example, semi-dwarfs at 
location Einbeck in 2012–2013 revealed a higher resis-
tance to lodging compared with normal types at high N 
fertilization (data not shown).

Earlier studies suggested that a shorter plant ideotype 
was higher-N efficient, but equal in seed yield (Nyikako et 
al., 2014). In the present study, semi-dwarf hybrids outper-
formed normal types under N constraints, which is contrary 
to the observations of Sieling and Kage (2008). Koeslin-
Findeklee et al. (2014) found the mean seed yield of three 
dwarf genotypes at zero N was equal to line cultivars but 
significantly lower than that of normal-type hybrids.

In our study, normal-type hybrids responded to N 
deficiency by a stronger reduction in seed yield than did 
semi-dwarf types (Table 3). However, there was no sig-
nificant interaction effect between growth type and N 
level (Table 2), which could be explained by the ANOVA 
design, where the growth type × N level interaction has 
only one degree of freedom, which would demand for 
strong effects to exceed the significance threshold. The 
genotype × N level interaction was also small and nonsig-
nificant (Table 2). The correlation for seed yield between 
low and high N supply was, however, not high (r = 0.60; 
Fig. 2), and the highest yielding hybrids within the two 
growth types ranked differently for seed yield under low 

and high N supply (within semi-dwarf and normal types, 
with r = 0.60 and r = 0.44, respectively; Fig. 2). Simi-
lar results were observed by Nyikako et al. (2014) when 
testing a segregating DH population at two N levels 
(r = 0.6), except they detected a significant genotype × N 
level interaction. Higher correlations for seed yield under 
low and high N fertilization were presented in studies 
evaluating broader genetic variation, such as by testing 
resynthesized lines and hybrid cultivars (r = 0.96; Kessel 
et al., 2012), hybrids, line cultivars and breeding lines 
(r = 0.88; Koeslin-Findeklee et al., 2014), or high-yielding 
cultivars (r = 0.92; Berry et al., 2010). However, segregat-
ing DH populations, as tested in the present study, gave 
a better idea of the broad genetic variation in a breed-
ing program. When aiming to select genotypes adapted 
to low N supply, cultivar development should be based 
on yield experiments under low N supply. The defini-
tion of ‘low N’ is still under discussion, also because the 
plants’ reaction to zero N (equaling soil mineral N) and to 
a minimum level of N fertilization (more relevant in low-
input agriculture) might be different.

The oil content of normal-type hybrids was signifi-
cantly higher at both N levels compared with semi-dwarf 
hybrids (Table 3). At high N supply, the difference was 
~1% in oil content. The reason for variation in oil con-
tent between growth types at low and high N supply is 
unknown. Oil yield as a product of seed yield and oil con-
tent were about equal for both growth types at high N 
supply and significantly higher for semi-dwarf hybrids at 
low N supply.

Fig. 2. Mean seed yield of 54 semi-hybrids and 54 normal-type 
hybrids evaluated at low and high nitrogen fertilization levels in five 
environments (Einbeck in 2011–2012 and 2012–2013; Göttingen in 
2011–2012, 2012–2013, and 2013–2014).



crop science, vol. 56, july–august 2016  www.crops.org 1583

QTL Mapping
The mapping population Alesi-bzh × H30 was small 
(100 DH lines) with respect to mapping accuracy. An 
indicator of the QTL detection quality in the mapping 
population was the significance of minor QTL that were 
not related to the dwarf gene but still detected in different 
environments, such as for seed oil content on LG A08 and 
for plant height on LG C03 (Table 6).

All marker analyses were performed with DH lines of 
DH population Alesi-bzh × H30, whereas all phenotypic 
data were obtained from hybrids derived from crosses of 
these DH lines with a male-sterile tester. These hybrids 
carry one allele of the DH line and one unknown of the 
male-sterile tester. Consequently, genetic effects of QTL 
detected in the hybrids are always confounded by interac-
tions with tester alleles. If the tester would carry an allele 
that is completely dominant over the allele of the DH 
lines, no QTL would be detected (Schön et al., 1994). 
Test cross hybrid mapping is better known for crops like 
maize, but it was also successfully applied in oilseed rape 
(Radoev et al., 2008).

Effect of the bzh Dwarf Locus on Plant 
Height, Seed Yield, and Agronomic 
Parameters
By using an allele-specific SNP marker, the bzh dwarf 
locus was mapped to the distal part of LG A06 (Table 6), 
which was in accordance with Foisset et al. (1996), who 
had mapped the bzh locus onto LG DY06, which cor-
responds to LG A06. Plant height was mainly affected by 
the dwarf locus; however, a second QTL for plant height 
on LG C03 was localized within a genomic region (Table 
6), where Quijada et al. (2006) had also described a QTL 
for plant height. This finding is in accordance with the 
observation of significant variation for plant size within 
the growth types at both N levels (Table 4).

Most of the QTL detected in this study that explained 
a high proportion of phenotypic variation were mapped 
to the genomic region of the bzh dwarf gene (Table 6). 
The co-localization of the bzh dwarf allele with QTL for 
plant height, straw yield, and HI at both N levels was not 
unexpected. With respect to seed yield, the positive effect 
of the Alesi-bzh allele is in accordance with the results of 
the ANOVA (Table 4) and the mean seed yield results of 
the field experiments (Table 3), where the effect of the 
dwarf gene is positive and higher at low N supply than 
at high N supply. This positive effect of the dwarf locus 
on seed yield is not in accordance with earlier findings 
of Sieling and Kage (2008) and Koeslin-Findeklee et al. 
(2014). It could be assumed that the major change in plant 
architecture, which is resulting in a reduction in straw 
yield, would consequently lead to a shift of sources, such 
as nutrients and assimilates, from the straw as a sink to the 
direction of the seeds as a sink, leading to better nutrient 

and assimilate use efficiencies. Furthermore, it could be 
speculated whether there is a linkage drag of the Alesi-bzh 
cultivar allele in contrast to the ‘non-domesticated’ allele 
of H30, since the resynthesized line was not preselected 
for seed yield. Finally, the positive effect of the Alesi-bzh 
allele on seed yield could also be explained by pleiotropic 
effects in our genetic backgrounds. The dwarf gene bzh is 
part of the signaling pathway of the plant hormone gib-
berellic acid (Li et al., 2011), which is known to affect 
stem and root extension, leaf expansion, and floral induc-
tion, among others (Sun and Gubler, 2004). It could also 
be discussed if there is a more basic explanation for the 
positive effect of the Alesi-bzh dwarf gene on seed yield. 
Since this effect is higher when N is limited, N uptake and 
N utilization could differ in semi-dwarf and normal-type 
hybrids, resulting in variation in seed yield. This aspect 
will be discussed in a following publication.

In contrast to the QTL for seed yield, the QTL allele 
of parent Alesi-bzh on LG A06 affected the oil content 
negatively (Table 6), which was also shown by the sig-
nificant reduction in oil content in semi-dwarf hybrids 
compared with normal-type hybrids (Table 3). The Alesi-
bzh allele reduced the oil content at both N levels but 
with a larger effect at high N supply (Table 6). The second 
major QTL affecting oil was detected on LG A08 within 
the genomic region of fatty acid elongase (FAE1), which 
was described by Ecke et al. (1996) to co-localize with 
a QTL for oil content. The FAE1 enzyme is found in 
high erucic acid oilseed rape, but not in modern rapeseed 
(canola) cultivars with low glucosinolate and zero erucic 
acid content. Since H30 is a resynthesized line with high 
erucic acid and Alesi-bzh has a low erucic acid content, 
the resulting DH population segregates for erucic acid 
content. The coincidence of the FAE1 locus and QTL for 
oil content had been found earlier (Ecke et al., 1996; Qiu 
et al., 2006), whereas the physiological background for the 
resulting increase in oil content is still open to discussion.

CONCLUSIONS
The bzh semi-dwarf hybrids yielded significantly higher 
than normal type hybrids in N-deficient conditions. At 
optimal N supply, the difference between both growth 
types in seed yield was not statistically significant despite 
the fact the semi-dwarfs were outperforming normal 
types in four out of five environments. Oil content was 
slightly lower in semi-dwarfs under both N treatments, 
whereas oil yield was significantly higher in semi-dwarfs 
compared with normal types at zero N fertilization and 
equal at optimal N supply. We conclude therefore that bzh 
semi-dwarf hybrids should be of high interest, especially 
when N is limited.



1584 www.crops.org crop science, vol. 56, july–august 2016

Acknowledgments
The authors gratefully acknowledge funding from the Euro-
pean Community financial participation under the Seventh 
Framework Program for Research, Technological Develop-
ment and Demonstration Activities, for the Integrated Project 
NUE-CROPS-FP7-CP-IP 222645. The views expressed in 
this publication are the sole responsibility of the author and 
do not necessarily reflect the views of the European Com-
mission. Neither the European Commission nor any person 
acting on behalf of the Commission is responsible for the use 
which might be made of the information contained herein. The 
authors thank Wolfgang Ecke for critical and valuable com-
ments on the QTL analysis part of the manuscript.

References
Berry, P.M., J. Spink, M.J. Foulkes, and P.J. White. 2010. The 

physiological basis of genotypic differences in nitrogen use 
efficiency in oilseed rape (Brassica napus L.). Field Crops Res. 
119:365–373. doi:10.1016/j.fcr.2010.08.004

Council of the European Union. 1991. Council directive 91/676/
EEC of 12 Dec. 1991 concerning the protection of waters 
against pollution caused by nitrates from agricultural sources. 
Council of the European Union, Brussels, Belgium. http://
eur-lex.europa.eu/legal-content/EN/TXT/?qid=14474035
62884&uri=CELEX:31991L0676  (accessed 13 Nov. 2015).

Diepenbrock, W., G. Fischbeck, K.-U. Heyland, and N. Knauer. 
1999. Spezieller Pflanzenbau. (In German.) Ulmer Verlag, 
Stuttgart, Germany.

Dreccer, M.F., A.H.C.M. Schapendonk, G.A. Slafer, and R. 
Rabbinge. 2000. Comparative response of wheat and oil-
seed rape to nitrogen supply: Absorption and utilization 
efficiency of radiation and nitrogen during the reproduc-
tive stages determining yield. Plant Soil 220:189–205. 
doi:10.1023/A:1004757124939

Ecke, W., M. Uzunova, and K. Weißleder. 1996. Mapping the 
genome of rapeseed (Brassica napus L.). II. Localization of 
genes controlling erucic acid systhesis and seed oil content. 
Theor. Appl. Genet. 91:972–997.

European Parliament and Council of the European Union. 2009. 
Directive 2009/28/EC of the European Parliament and 
the Council of 23 Apr. 2009 on the promotion of the use 
of energy from renewable sources and amending and subse-
quently repealing Directives 2001/77/EC and 2003/30/EC. 
Council of the European Union, Brussels, Belgium. http://
eur-lex.europa.eu/legal-content/EN/TXT/?qid=14474030
40834&uri=CELEX:32009L0028  (accessed 13 Nov. 2015).

Foisset, N., R. Delourme, P. Barret, N. Hubert, B.S. Landry, 
and M. Renard. 1996. Molecular mapping analysis in Bras-
sica napus using isozyme, RAPD and RFLP markers on a 
doubled haploid progeny. Theor. Appl. Genet. 93:1017–1025. 
doi:10.1007/BF00230119

Foisset, N., R. Delourme, P. Barret, and M. Renard. 1995. 
Molecular tagging of the dwarf BREIZH (Bzh) gene in Bras-
sica napus. Theor. Appl. Genet. 91:756–761. doi:10.1007/
BF00220955

Girke, A., A. Schierholt, and H.C. Becker. 2011. Extending the 
rapeseed genepool with resynthesized Brassica napus L. I. 
Genetic diversity. Genet. Resour. Crop Evol. 59:1441–1447. 
doi:10.1007/s10722-011-9772-8

Hedden, P. 2003. The genes of the Green Revolution. Trends 
Genet. 19:5–9. doi:10.1016/S0168-9525(02)00009-4

Kessel, B., A. Schierholt, and H.C. Becker. 2012. Nitrogen use 
efficiency in a genetically diverse set of winter oilseed rape 
(Brassica napus L.). Crop Sci. 52:2546–2554. doi:10.2135/crop-
sci2012.02.0134

Koeslin-Findeklee, F., A. Meyer, A. Girke, K. Beckmann, and 
W.J. Horst. 2014. The superior nitrogen efficiency of win-
ter oilseed rape (Brassica napus L.) hybrids is not related to 
delayed nitrogen starvation-induced leaf senescence. Plant 
Soil 384:347–362. doi:10.1007/s11104-014-2212-8

Lancashire, P.D., H. Bleiholder, P. Langelüddecke, R. Strauss, T. 
van den Bloom, E. Weber, and A. Witzen-Berger. 1991. A 
uniform decimal code for growth stages of crops and weeds. 
Ann. Appl. Biol. 119:561–601. doi:10.1111/j.1744-7348.1991.
tb04895.x

Lander, E.S., P. Green, J. Abrahamson, A. Barlow, M.J. Daly, S.E. 
Lincoln, and L. Newburg. 1987. MAPMAKER: An interac-
tive computer package for constructing primary genetic link-
age maps of experimental and natural populations. Genomics 
1:174–181. doi:10.1016/0888-7543(87)90010-3

Li, H., Y. Wang, X. Li, Y. Gao, Z. Wang, Y. Zhao, and M. Wang. 
2011. A GA insensitive dwarf mutant of Brassica napus L. cor-
related with mutation in pyrimidine box in the promoter of 
GID1. Mol. Biol. Rep. 38:191–197. doi:10.1007/s11033-010-
0094-2

Miersch, S. 2014. Nitrogen efficiency in semi-dwarf and normal 
hybrids of oilseed rape. Ph.D. Diss. Georg-August-Univer-
sität Göttingen, Göttingen, Germany.

Muangprom, A., I. Mauriera, and T.C. Osborn. 2006. Transfer of 
a dwarf gene from Brassica rapa to oilseed B. napus, effects on 
agronomic traits, and development of a ‘perfect’ marker for 
selection. Mol. Breed. 17:101–110. doi:10.1007/s11032-005-
3734-9

Noel, J.-M. 1999. Lutin ouvre la voie des colzas de petite taille. (In 
French.) La France Agricole. 8 Oct. 1999. p. 65.

Nyikako, J., A. Schierholt, B. Kessel, and H.C. Becker. 2014. 
Genetic variation in nitrogen uptake and utilization effi-
ciency in a segregating DH population of winter oilseed rape. 
Euphytica 199:3–11. doi:10.1007/s10681-014-1201-6

Pinochet, X., and M. Renard. 2012. Progres genetique en colza et 
perspectives. (In French.) OCL: Oilseeds and fats, Crops and 
Lipids 19:147–154. doi:10.1051/ocl.2012.0456

Piquemal, J., E. Cinquin, F. Couton, C. Rondeau, E. Seignoret, D. 
Perret, M.-J. Villeger, P. Vincourt, P. Blanchard, et al. 2005. 
Construction of an oilseed rape (Brassica napus L.) genetic 
map with SSR markers. Theor. Appl. Genet. 111:1514–1523. 
doi:10.1007/s00122-005-0080-6

Qiu, D., C. Morgan, J. Shi, Y. Long, J. Liu, R. Li, X. Zhuang, 
Y. Wang, X. Tan, E. Dietrich, T. Weihmann, C. Everett, 
S. Vanstraelen, P. Beckett, F. Fraser, M. Trick, S. Barnes, J. 
Wilmer, R. Schmidt, J. Li, D. Li, J. Meng, and I. Bancroft. 
2006. A comparative linkage map of oilseed rape and its use 
for QTL analysis of seed oil and erucic acid content. Theor. 
Appl. Genet. 114:67–80. doi:10.1007/s00122-006-0411-2

Quijada, P.A., J.A. Udall, B. Lambert, and T.C. Osborn. 2006. 
Quantitative trait analysis of seed yield and other complex traits 
in hybrid spring rapeseed (Brassica napus L.): 1. Identification 
of genomic regions from winter germplasm. Theor. Appl. 
Genet. 113:549–561. doi:10.1007/s00122-006-0323-1

Radoev, M., H.C. Becker, and W. Ecke. 2008. Genetic analysis of 
heterosis for yield and yield components in rapeseed (Brassica 
napus L.) by quantitative trait locus mapping. Genetics 
179:1547–1558. doi:10.1534/genetics.108.089680



crop science, vol. 56, july–august 2016  www.crops.org 1585

Rathke, G.-W., T. Behrens, and W. Diepenbrock. 2006. Integrated 
nitrogen management strategies to improve seed yield, oil 
content and nitrogen efficiency of winter oilseed rape (Brassica 
napus L.): A review. Agric. Ecosyst. Environ. 117:80–108. 
doi:10.1016/j.agee.2006.04.006

Schiemenz, K., and A. Gurgel. 2013. Anbauversuche zur 
Senkung der THG-Emissionen in landwirtschaftlichen 
Produktionsverfahren. (In German.) http://www.duesse.de/
znr/pdfs/2013/2013-11-28-biokraftstoffe-03.pdf (verified 18 
Apr. 2016).

Schön, C.C., A.E. Melchinger, J. Boppenmaier, E. Brunklaus-
Jung, R.G. Herrmann, and J.F. Seitzer. 1994. RFLP 
mapping in maize; quantitative trait loci affecting test-cross 
performance of elite European flint lines. Crop Sci. 34:378–
389. doi:10.2135/cropsci1994.0011183X003400020014x

Sieling, K., and H. Kage. 2008. The potential of semi-dwarf 
oilseed rape genotypes to reduce the risk of N leaching. J. 
Agric. Sci. 146:77–84. doi:10.1017/S0021859607007472

Sun, T.-P., and F. Gubler. 2004. Molecular mechanism of 
gibberellin signaling in plants. Annu. Rev. Plant Biol. 55:197–
223. doi:10.1146/annurev.arplant.55.031903.141753

Utz, H. 2001. Plabstat- ein Computerprogramm zur statistischen 
Analyse von pflanzenzüchterischen Experimenten. Institut für 
Pflanzenzüchtung, Saatgutforschung und Populationsgenetik 
der Universität Hohenheim, Stuttgart, Germany.

VDLUFA. 1991. VDLUFA Methodenhandbuch Band 1. Die 
Untersuchung von Böden. 4th edition, VDLUFA-Verlag, 
Darmstadt, Germany.

Wang, M., Y. Zhao, F. Chen, and X. Yin. 2004. Inheritance 
and potentials of a mutated dwarfing gene ndf1 in Brassica 
napus. Plant Breed. 123:449–453. doi:10.1111/j.1439-
0523.2004.01014.x

Wang, S., C. Basten, P. Gaffney, and Z. Zeng. 2006. Windows 
QTL Cartographer 2.5 user manual. North Carolina State 
Univ. Bioinformatics Research Center, Raleigh, NC.

Zanewich, K.P., S.B. Rood, C.E. Southworth, and P.H. Williams. 
1991. Dwarf mutants of Brassica: Responses to applied 
gibberellins and gibberellin content. J. Plant Growth Regul. 
10:121–127. doi:10.1007/BF02279323

Zeng, X., L. Zhu, Y. Chen, L. Qi, Y. Pu, J. Wen, B. Yi, J. Shen, 
C. Ma, J. Tu, and T. Fu. 2011. Identification, fine mapping 
and characterisation of a dwarf mutant (bnaC.dwf ) in Brassica 
napus. Theor. Appl. Genet. 122:421–428. doi:10.1007/s00122-
010-1457-8

Zeng, Z.-B. 1994. Precision mapping of quantitative trait loci. 
Genetics 136:1457–1468.


