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Abstract

Oilseed rape is one of the most important dicotyledonous field crops in the world, where it plays a key role in pro-
ductive cereal crop rotations. However, its production requires high nitrogen fertilization and its nitrogen footprint
exceeds that of most other globally important crops. Hence, increased nitrogen use efficiency (NUE) in this crop is
of high priority for sustainable agriculture. We report a comprehensive study of macrophysiological characteristics
associated with breeding progress, conducted under contrasting nitrogen fertilization levels in a large panel of elite
oilseed rape varieties representing breeding progress over the past 20 years. The results indicate that increased plant
biomass at flowering, along with increases in primary yield components, have increased NUE in modern varieties.
Nitrogen uptake efficiency has improved through breeding, particularly at high nitrogen. Despite low heritability, the
number of seeds per silique is associated positively with increased yield in modern varieties. Seed weight remains
unaffected by breeding progress; however, recent selection for high seed oil content and for high seed yields appears
to have promoted a negative correlation (r=-0.39 at high and r=-0.49 at low nitrogen) between seed weight and seed
oil concentration. Overall, our results reveal valuable breeding targets to improve NUE in oilseed rape.
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Introduction

Agricultural production must increase global crop yields dra-
matically in order to match growing demand from a predicted
world population of ~9 billion people by 2050 (Tilman ef al.,
2002). Since arable land is limited, yield improvements per unit
area are of utmost importance. In most regions, this is asso-
ciated with fertilization with nitrogen (N), the quantitatively
most important nutrient required for crop growth. However,
negative environmental impacts of N fertilization, such as
pollution of waterways through nitrate leaching and runoft

(Barton and Colmer, 2006), greenhouse gas emissions (Walter
et al., 2015), and potential reduction of biodiversity (Suding
et al., 2005; Clark and Tilman, 2008), necessitate adjustments in
agricultural farming practice to reduce environmental damage
(Rockstrom et al., 2009; Steffen et al., 2015). Solving the con-
flict between the need for yield increases, without compromis-
ing crop product quality or ecosystem health through excessive
N losses, necessitates tremendous enhancement of nitrogen use
eficiency (NUE) in major crops.

Abbreviations: doy, day of the year; MR, main raceme; Nup, nitrogen uptake; NUtE, nitrogen utilization efficiency; NUE, nitrogen use efficiency; OP varieties, open
pollinated varieties; SB, side branch; TSW, thousand seed weight; YC, yield component.
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Oilseed rape (Brassica napus L.) is the most heavily produced
oil crop in northern Europe, Canada, China, and Australia. All
major ecogeographical forms of oilseed rape (winter, spring,and
semi-winter types) require high N fertilization at the beginning
of vegetation, but the crop frequently suffers from an N bal-
ance surplus at maturity (Authammer et al., 1994; Rathke et al.,
2006; Sieling and Kage, 2006; Bouchet et al., 2016). Recent
studies have revealed considerable scope for improvement in
NUE of oilseed rape (Weiser et al., 2017). This can be par-
tially achieved by approaches that simultaneously consider crop
management (Hegewald et al., 2016, 2017; Kirkegaard et al.,
2016), more accurate prediction of N requirement (Barlog and
Grzebisz, 20044, b; Henke et al., 2007), timing of N fertiliza-
tion (Berry and Spink, 2009; Gombert ef al., 2010), and more
contemporary, precise application of N fertilizer. On the other
hand, appropriate use of genetic variation to increase yield has
been recognized as a major driver of sustainable production. In
particular, hybrid varieties are thought to be beneficial for an
efficient use of N (Gehringer ef al., 2007; Kessel ef al., 2012;
Wang et al., 2016; Stahl et al., 2017).To date, however, detailed
data on the causative physiological parameters explaining the
superior performance of modern hybrid varieties remain
scarce; however, such information is of tremendous relevance
for decisions in future breeding.

In general, NUE can be split into two major trait complexes,
nitrogen uptake efficiency (NupE) and nitrogen utilization effi-
ciency (NutE; Moll et al., 1982; Good ef al.,2004). Earlier stud-
ies revealed that genotypic variation in NUE in winter oilseed
rape is associated with NupE particularly during generative
developmental stages (Berry et al. 2010). Furthermore, efficient
genotypes were found to show a stay-green phenotype, pro-
longing the duration of photosynthesis and thus supporting
ongoing N uptake even during the generative developmental
phase (Schulte aut’m Erley ef al., 2007, 2011). Furthermore,
a link was discovered between genetic differences in root
growth characteristics and N uptake beyond the start of flow-
ering (Kamh et al.,2005; Ulas ef al., 2012). Subsequent grafting
experiments revealed that the underlying signals were derived
from leaves rather than roots (Koeslin-Findeklee et al., 2015).

During seed maturation, N translocation to generative
organs becomes a crucial factor (Masclaux-Daubresse et al.,
2008). In comparison with wheat or maize, for example, N
remobilization is considerably more relevant in oilseed rape
(Malagoli et al., 2005; Gombert et al., 2010), where most of
the N stored in the seeds originates from remobilized N (Hirel
et al. 2007). However, in regard to N remobilization, oilseed
rape is limited by an asynchrony of N availability of source
tissues and demand of sink tissues (reviewed in Bouchet et al.,
2016).Thus, remobilization is an important aspect of enhanced
NUE in oilseed rape (Ulas et al. 2013; Koeslin-Findeklee and
Horst, 2016). Berry et al. (2010) and Kessel et al. (2012) found
that under high N conditions, variation in NUE is mainly
caused by variation in NutE, while, at low N, differences in
NupE gains importance. Koeslin-Findeklee ef al. (2014) sug-
gest that the superior performance of hybrids is associated with
both better NupE and NutE, but not late senescence.

For seed yield—and consequently NUE—plant architecture
and yield components (YCs) are further important aspects to

consider (Diepenbrock, 2000). Combinations of Y Cs with dif-
ferent genetic determinants may lead to high-yielding varie-
ties (Cai et al. 2016). Indeed, older investigations found that
the number of siliques per plant responded most strongly to
N supply and was causative for higher yields, whereas neither
the number of seeds per silique nor the thousand seed weight
(TSW) showed a similar response (Hocking et al., 1997). Asare
and Scarisbrick (1995) also related elevated seed yield to a
higher number of siliques on the terminal raceme and a higher
TSW, but not to the number of seeds per silique. It is known
that a higher plant density leads to a lower seed yield per plant
but higher TSW (Leach ef al. 1999), whereas more recently
it was demonstrated that plasticity of TSW can compensate
deficiencies in other YCs (Labra ef al., 2017). However, to our
knowledge, no study to date has investigated the extent to
which Y Cs differ between hybrid varieties and open pollinated
(OP) varieties.

Here we investigate macrophysiological traits in relation
to breeding progress within the last two decades in a panel
of 30 elite varieties which had major commercial relevance
in Europe between 1989 and 2014, in a comprehensive
analysis spanning three locations, two experimental years,
three replicates, and two divergent N fertilization levels. We
pay particular attention to inadvertent selection of relevant
growth parameters as a result of yield selection. The findings
help identify potential key traits that should be addressed in
breeding programs to boost further NUE improvement in
N-demanding crops.

Materials and methods

Genetic material

This study comprised 30 European winter oilseed rape varieties, regis-
tered between 1989 and 2014, including 20 hybrid varieties and 10 OP
varieties. All of the tested varieties possess double-low (00) seed quality
(low erucic acid, low glucosinolate) and were among the most widely
grown varieties in their period of registration. Varieties were classified as
old or modern according to the year of release (see Supplementary Table
S1 at JXB online).

Plant cultivation

Field experiments were conducted as described in Stahl et al. (2017)
at three locations in Germany (Asendorf, ASE; Rauischholzhausen,
RHH; and Moosburg, MOS) over two cultivation years (2014-2015
and 2015-2016 cropping seasons). Soil conditions, N availability at the
beginning of the fertilization experiments, and net plot sizes are given in
Supplementary Table S2. Sowing density was 50 seeds m ™ for all varieties
at all locations, adjusted for individual germination rates of the different
varieties. Experiments consisted of two contrasting N fertilization levels
(120 kg N ha™" versus 220 kg N ha™). In the first experimental year in
both N treatments 120 kg N ha™ (including N,,;, measured at the end
of winter) were applied in the first fertilizer application. Only in the high
N treatment was an additional 100 kg N ha™" applied ~1 month later. In
the second experimental year, the low N treatment received 65 kg N ha™
with the first fertilizer application, while the high N treatment received
120 kg N ha '. The second N fertilizer application consisted of 55 kg N
ha™" in the low N and 100 kg N ha™ in the high N treatment. N fertilizer
was not applied before winter in any of the experiments. Experiments
were laid out a split plot design for the N level. Within each N level, plots
were arranged as an O-lattice with four replicates and eight sub-blocks
each. Sulfur (S) fertilization was consistent across both N fertilization
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levels, either by using ammonium sulfate saltpeter in the same amount
across both N levels or by using a separate S-containing fertilizer. The
amount of N in ammonium sulfate saltpeter was included in the total
N fertilizer budget. Later, N differentiation between N treatments was
done by S-free fertilizer. The first three replicates were used for yield and
seed quality determination as well as phenotyping for flowering time and
plant length. The fourth replicate was used for sampling of plants from
the center of the plot for determination ofY Cs, thus allowing destructive
sampling without influencing the yield results from the first three rep-
licates. Oilseed rape development is characterized by an early N uptake
which reaches its peak at flowering. Thereatter, due to the switch from
the vegetative to the generative growth stages, oilseed rape loses N by
insufficient reallocation of N from senescing leaves. Therefore, in both
years at field sites MOS and RHH, the entire experiment, including both
N levels and replications, was mirrored in two identical copies each (with
independent randomization). This allowed a destructive harvest of total
plant biomass at the flowering peak of the main racemes (MRs; BBCH
67—69) to enable determination of Nup at both locations. Traits associ-
ated with sample collection at flowering at those two locations were clas-
sified as category I traits, whereas traits determined at all three locations
were classified as category II traits (Supplementary Table S3).

Determination of nitrogen uptake at flowering (category | traits)

Category [ traits were measured at the flowering peak of MRs (BBCH
67—69). From three replicated plots per genotype, five (six for RHH2015)
adjacent plants were collected from the same row in the middle of a
plot to exclude effects from neighboring plots. Each individual plant was
separated into (i) leaves, (i) stems, and (iii) flowers (including the first
developing siliques). Tissues were dried between 70 °C and 80 °C for
72 h and ground to a fine powder after determination of the dry mass.
After collection of the five single plants, the entire plant biomass from
the core of each plot (RHH, 10.5 m?%;MOS, 10.2 mz) was harvested with
a plot forage harvester to determine the entire plant fresh mass. An ali-
quot of this biomass was used for dry matter concentration determination
immediately after harvest. Plant dry mass was calculated by multiplying
plant fresh mass by dry matter concentration. All tissues samples were
analyzed in triplicate for their N and C concentration according to the
Dumas combustion method (Dumas, 1826; Buckee, 1994) using a Vario
cube EL elementar analyzer (Elementar Analysesysteme GmbH, Hanau,
Germany). In order to calculate the N concentration of individual plant
partitions, N and C concentrations were multiplied by the corresponding
dry mass, summarized at the whole-plant level. Nup was calculated by
multiplying the amount of N at the individual aboveground plant level by
the ratio of dry mass per hectare over the individual plant dry mass. Root
N was neglected for Nup in this study.

Determination of category Il traits

Flowering time was manually determined as day of the year (doy). Plant
length was measured on fully developed plants after the end of flowering
in both N treatments. Towards the end of seed filling (~2 weeks before
threshing), plants were collected at locations ASE, MOS, and RHH for
determination of primary YCs. Three adjacent plants from a middle row
of one plot per N treatment were collected and separated into MR and
side branches (SBs). On each of these plants (#>1000), the numbers of
siliques per MR and SBs, respectively, were counted manually (cumula-
tive counts for all SBs).Yield of the MR and the cumulative yield of SBs
were measured by weighing dry samples from each plant individually.
Thousand seed weight (TSW) was determined based on counting and
weighing 100 seeds twice from a representative 100 g aliquot from each
of three replicated plots at both N fertilization levels at each location.
TSW, seed yield of individual plants, and number of siliques were used to
calculate the average number of seeds per silique on the MR and the SBs,
separately. Determination of seed yield and seed quality traits was per-
formed as described previously (Stahl et al., 2017). NutE was determined
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by dividing the seed yield by the Nup. NUE was defined as the seed yield
per unit of fertilized N.

Data analysis

Adjusted means of category I traits were calculated in a two-step approach.
First, adjusted means of phenotypic data were calculated for individual N
tertilization level and environment, separately, according to the general
mixed linear model described in Equation 1.

Py, = n o+ g+ R, + (RB)I,, + e (1)

where Py, is the observed phenotype of the ith variety, the nth replicate,
and the Ith sub-block, p is the general mean of the experiment, g; is the
ith fixed effect of variety, and R, is the random effect of the nth replicate.
(RB),, is the random effect of the Ith sub-block within the nth replicate.
e, 1s the error term. The fixed effect is indicated by a bold lower case
letter.

For category II traits, arithmetic means and SDs were calculated.
Individual values lying outside the range of 2.5 SD from the arithmetic
mean were excluded from further analysis. The total numbers of analyzed
plants are documented in Supplementary Table S4. Adjusted means for
individual environments were calculated based on Equation 2.

Pjin = pt + gi +n; + (gn),j + (NR)M + €jin ()

where P;;, is the observed phenotype of the ith variety, in the jth main
block, and the nth replicate, p is the general mean of the experiment, g;
is the ith fixed effect of variety, and n; the fixed effect of the jth N fer-
tilization level, (gn); is the interaction of the ith genotype with the jth
N fertilization level, and (NR);, is the random effect of the nth replicate
within the jth main block. e;;, is the error term. Fixed effects are indicated
by bold lower case letters.

Secondly, the model described in Equation 3 was used to calculate
means across all environments based on adjusted means of individual
environments. The same model was also used for ANOVA.

p[ﬂem = + 8i + nj + (gn);7 + Yk + (YL)km + Cijlen (3)

where Py, is the observed phenotype of the ith variety, in the jth N fer-
tilization level, at the kth year and the mth location, p is the general mean
of the experiment, g; is the ith fixed effect of variety, n; is the fixed effect
of the jth N fertilization level, gn, is the interaction of the ith genotype
with the jth N fertilization level,Y}, is the random effect of the kth year,
(YL)y,, is the effect of the mth location in the kth year,and ey, is the error
term. Fixed effects are indicated by the bold lower case letters.

Broad sense heritability was estimated as described in Equation 4, fol-
lowing the concept of equation 19 in Piepho and Mdhring (2007).

2

(o)
W=——%— 4
0%+ SE2 ®

where 03 is the genetic variance derived from a full random model
(Equation 5), SE? is the squared standard error of the difference between
the means (derived from Equation 6).

fi+ Gi+ N+ (GN); + Yi + L, + (YL),, + (GYL)
+ (YLNR),,., + (YLNRB)

P"jkl’”” = ikm

jkmn jklmn + Cijlelmn (5)

where Py, is the observed phenotype of the ith variety, in the jth N
fertilization level, in the kth year, at the mth location, in the nth replica-
tion, and in the /th sub-block, p is the general mean of the experiment,
G; is the ith fixed effect of variety, N; is the fixed effect of the jth N
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fertilization level, (GIN);; is the interaction of the ith genotype with the jth
N fertilization level,Y, is the effect of the kth year, L, is the effect of the
mth location, (YL),,, is the interaction effect of the mth location within
the kth year, (GYL),,, is the interaction of the ith genotype with the mth
location and the kth year, (YLNR)y,,, is the effect of the nth replication,
within the jth N fertilization level, within the mth location, within the
kth year, (YLNRB);y,, is the effect of the Ith sub-block within the nth
replication, within the jth N fertilization level, within the mth location,
within the kth year, and e, is the error term.

p+gi+n+ye+1, + (yl)km
+ (GN),'}‘ + (GYL)ikm + Cijem (6)

Pr‘jhm =

where Py, is the phenotype of the ith variety, in the jth N fertilization
level, in the kth year, at the mth location, p is the general mean of the
experiment, g; is the ith fixed effect of variety, and n; the fixed effect of
the jth N fertilization level,Y}, is the fix effect of the kth year, 1, is the
fix effect of the mth location, (yl),, is the interaction of the mth loca-
tion within the kth year, (GN); is the random interaction term of the
ith genotype with the jth N fertilization level, (GYL),, is the random
interaction term of the ith genotype with the mth location and the kth
year, and ey, is the error term. Fixed effects are indicated by bold lower
case letters.

All statistical analyses were carried out with the software R (R Core
Team, 2013) using the packages ImerTest (Kuznetsova et al.,2016),lsmeans
(Lenth, 2016), and Ime4 (Bates ef al., 2015a, b). Pearson product moment
correlation was based on all tested varieties (n=30). To test whether dif-
ferences in Nup influence NutE and thus change NUE, the contribution
of direct and indirect effects of Nup to overall NUE were analyzed in a
path analysis using the R package ‘lavaan’ (Rosseel, 2012). The indirect
effects of the path coefficients of Nup on NutE and NutE on NUE
were considered together with the direct effect of Nup on NUE. Values
of Nup, NutE, and NUE were standardized by z-transformation before
path analysis.

Results
Nitrogen uptake until flowering

Plant biomass production was determined at the flower-
ing peak of MRs (BBCH 67-69). Adjusted genotypic values
across two locations (MOS and RHH) in 2 years (2015 and
2016) indicate significant phenotypic variation of 1130 g m™
fresh mass and 165 g m™ dry mass at low N. At high N, the
corresponding variation was 1102 g m™ for fresh mass and
155 g m 2 for dry mass. The arithmetic means across all geno-
types for fresh mass were 4641 g m™ at low N and 5261 g m™
at high N, compared with 733 g m™ at low N and 742 g m™
at high N for dry mass. Fresh mass showed a highly signifi-
cant difference between low N and high N (P-value <0.001),
whereas no significant differences were observed between low
N and high N for dry mass (Table 1).

Although the leaf C concentration was not significantly dif-
ferent between low N and high N (42.73% versus 42.83%),
significant variation caused by the genotype for leaf concen-
tration of both N and C was determined within both N ferti-
lization levels. Variation for N in leaves ranged from 3.40% to
4.01% at low N (P-value <0.001) and from 4.04% to 4.91%
at high N (P-value <0.001). As a consequence, the arithme-
tic mean of C/N ratios of leaves was also shifted towards a
higher value at low N (12.44 at low N and 9.73 at high N). N

concentration as well as the stem C/N ratio of leaves showed
highly significant differences (P-value <0.001) between N
fertilization levels. While N concentration and the C/N ratio
in stems also showed significant differences (P-value <0.001)
between N fertilization levels and between genotypes, the N
concentration of siliques differed only between N fertilization
levels but not between genotypes (Table 1).

Multiplication of plant dry mass measured on the plot level
by N concentrations revealed the Nup until BBCH 69 for
individual genotypes. Nup values varied from 17.47 g N m™
to21.19 g N m ™2, with an arithmetic mean of 19.62 gN mat
low N. At high N, Nup ranged from 15.39 g N m~2 to 24.42 g
N m?, with an arithmetic mean of 20.27 g N m ™. As indicated
in Fig. 1, hybrid varieties take up more N until flowering on
average than genotypes belonging to OP varieties, especially at
high N. At both N fertilization levels, old OP varieties showed
the lowest Nup.

NutE was calculated according to Moll ef al. (1982) as the
ratio of seed yield divided by Nup. At low N, the NutE ranged
from 24.94 to 29.62 with an arithmetic mean of 27.44. At high
N, the NUtE ranged from 14.49 to 26.18 with an arithme-
tic mean of 19.89. For vegetative traits, we found significant
varietyXN fertilization level interaction only for the N con-
centration in stems (P-value 0.001) and C concentration in
leaves and stems (P-value 0.1, Table 1).

The highest heritability was determined for C and N (both:
h?=0.62) concentration in leaves, plant fresh mass (h*=0.64)
and dry mass (h°=0.55), followed by the C/N ratio in leaves
(*=0.50) as well as the relative proportion of stem mass to the
entire plant biomass (4*=0.40, Table 2).

Flowering time

Start of flowering, measured in doy, ranged at low N from
108 to 116 doy with a mean of 112. End of flowering varied
between 139 and 144 doy, with an average of 142.The start and
end of flowering were highly affected by the genotype and N
fertilization level (Table 3). As indicated in Fig. 2, new hybrid
varieties and old OP varieties tended towards an earlier onset
of flowering. However, new OP varieties tested in this study
generally finished flowering earlier than members of the other
groups and therefore had a shorter flowering duration.

Plant length

Plant length, significantly affected by variety and N fertilization
level, varied at low N between 135 cm and 167 cm with an
arithmetic mean of 148 cm. At high N, it varied from 134 cm
to 176 cm with an arithmetic mean of 155 cm. As indicated in
Fig. 3, hybrid varieties tended to achieve a higher plant can-
opy than OP varieties, with the difference being particularly
noticeable between older hybrids and older OP varieties.

Seed yield and primary yield components

Seed yield (measured on the plot level) was highly signifi-
cantly affected by the variety and N fertilization but not by
the interaction between these two factors. Seed yield varied
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Fig. 1. Average adjusted means of nitrogen uptake until flowering for individual variety groups across four environments at (A) high and (B) low nitrogen
fertilization. Data were calculated by multiplying the plant dry mass per plot area by the average nitrogen concentration of tested plants. (This figure is

available in color at JXB online.)

from 3.96 t ha™' to 5.18 t ha™' at low N and from 4.00 t
ha™! to 5.27 t ha™" at high N (Table 3). At both fertilization
levels, modern hybrid varieties outperformed the other vari-
ety groups on average. Old OP varieties showed the lowest
seed yield by far of all variety groups (Fig. 4). Measurement of
Y Cs was done shortly before machine harvest of the plots. All
traits measured on the MR showed highly significant geno-
type effects. ANOVA for primary YC determination revealed
that seed yield of individual plant segments (MR and SRs),
number of SBs per plant, and TSW do not differ between
the two N fertilization levels. Only the number of siliques
(P-value <0.1) and the number of seeds per silique showed
significant differences between high N and low N on both
the MR (P-value <0.001)and SBs (P-value <0.1,Table 3). On
the MR, an average of 14.63 and 13.26 seeds per silique were
determined at low and high N, respectively. On the SBs, the
average number of seeds per silique was 10.63 at low N and
9.95 at high N. Interestingly, this corresponds to an average
of 1.37 more seeds per silique at low N compared with high
N for the MR (Table 3). For both the MR and SBs, both the
number of siliques (MR, r=0.66, P-value <0.001; SBs, r=0.65,
P-value <0.001 for low N;and MR, r=0.77, P-value <0.001;
SBs, r=0.55, P-value 0.001 at high N) and the number of seeds
per silique (MR, r=0.67, P-value <0.001; SBs, =0.39, P-value
0.034 for low N; and MR, r=0.79, P-value <0.001; SBs,
1=0.66, P-value <0.001 for high N) were positively correlated
with seed yield of individual plant segments, confirming that
these two traits both contribute to higher yields. Furthermore,
the ANOVA revealed no significant GXN interactions in this
study (Table 3). Separation of all tested varieties into groups
indicated that modern varieties, regardless of whether they are
hybrid or OP wvarieties, outperform older varieties in terms of’
their average number of seeds per silique on the MR, at both
N levels. The same was true for the SB under the low N treat-
ment. At high N, the new OP and old hybrid varieties showed
the highest average values (Fig. 5).

‘While TSW was not significantly influenced by the N ferti-
lization level (at both N fertilization levels: 4.61 g), the varietal
effect on TSW was highly significant. At low N, it ranged from
4.02 g to 5.08 g and at high N from 4.02 g to 5.24 g (Table 3;
Supplementary Fig. S1).

The number of siliques on the main raceme showed a range
0f 28.94 at low N and 29.42 at high N. Comparisons between
OP and hybrid varieties revealed that hybrids tend to bear more
siliques on the MR (Fig. 6) but not on the SBs. There, under
high N, older varieties showed a higher number of siliques per
MR than modern varieties, whereas no significant difference
was seen in number of siliques per SB (Supplementary Fig. S3).
The number of SBs per plant was significantly influenced by
the genotype, ranging from 5.89 to 9.54 (mean 7.71) at low
N and from 6.11 to 9.27 (mean 7.67) at high N. New hybrid
varieties had fewer branches on average at both N fertilization
levels (Fig. 7).

Vegetative traits had low heritability values. In contrast, cat-
egory II traits were higher (Tables 2, 4). The highest heritabil-
ity was determined for TSW and seed oil concentration (both
17=0.93), and start of flowering (h’=0.91) and seed protein
concentration (h*=0.90). Notably, heritabilities for primary
YCs on the SBs are characterized by a lower heritability than
on the MR (Table 4).

Trait inter-relationships

To examine the link between observed phenotypic variation
attributable to the varieties, with regard to growth parameters
and traits relevant for seed yield at low N, pairwise correlations
were calculated based on adjusted means (Fig. 8; Supplementary
Fig. 4). As expected, fresh plant biomass at lowering under low
N correlated significantly (1=0.69, P-value <0.001) with dry
mass, with start (r=0.71, P-value <0.001) and end of flowering
(r=0.57, P-value 0.001), and with plant length (+=0.44; P-value
0.014); however, fresh plant biomass correlated negatively with
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Fig. 2. Average adjusted means of number of days of the year (doy) until (A, B) the start and (C, D) the end of flowering for individual variety groups
determined over six environments at (A, C) high and (B, D) low nitrogen fertilization. (This figure is available in color at JXB online.)
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Fig. 3. Average adjusted means of plant lengths for individual variety groups determined over six environments at (A) high and (B) low nitrogen

fertilization. (This figure is available in color at JXB online.)

duration of flowering (1= —0.51, P-value 0.004). Although
fresh mass was not correlated with seed yield, dry mass showed
a significant relationship to seed yield (r=0.48, P-value 0.010).
Plant length was positively correlated with seed yield at low N
(r=0.38, P-value 0.038) but not at high N.

The N concentrations in leaves, stems, and siliques were all
positively correlated with each other, meaning that genotypes
superior in N concentration in one plant partition are also
superior in N concentration of both other plant partitions.

However, whereas the N concentration in leaves at flowering
was positively correlated with seed oil concentration (r=0.36,
P-value 0.050), this was not the case for N concentration in
stems and siliques. Instead these two traits showed negative
correlations with seed yield (r= —0.44, P-value 0.015 for stems
and r= —0.40, P-value 0.028 for siliques).

The number of SBs correlated with the cumulative number
of siliques on the SBs (r=0.72, P-value <0.001) at low N and
(1=0.64, P-value <0.001) at high N. The number of SBs showed
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a stronger positive correlation with seed yield on the SBs at low N
(1=0.75, P-value <0.001) than at high N (+=0.35, P-value 0.059).

Only at high N was a correlation observed between the seed
yield measured in plots and the number of seeds per silique on the
MR (r=0.38, P-value 0.037) and SBs (+=0.41, P-value 0.025). In
contrast, no significant correlation was found between the num-
ber of siliques on the side branches and the seed yield of plots
under high N. At low N, correlations between number of seeds
per silique and plot seed yield were 1=0.29 (P-value 0.114) for
the MR and 1=0.24 (P-value 0.197) for SBs at low N. Although
these correlations were not significant, they were greater than the
correlations of any other YC to seed yield.

The number of seeds per silique on the main raceme was
positively correlated with seed oil concentration at low N
(r=0.42, P-value 0.022) but not at high N (+=0.15, P-value
0.436). The number of seeds per silique and the number of
siliques showed positive relationships to seed yield of particu-
lar plant segments at both N levels on both the MR and SBs.
Correlation between start and end of flowering were r=0.70
(P-value <0.001) at low N and of r=0.55 (P-value 0.002) at
high N, indicating that the genotypes differ in flowering dura-
tion (Figs 2, 8). End of flowering correlated negatively with
number of seeds per silique on SBs at both N levels (low N, r=
—0.39), P-value 0.036; high N, r= —0.32, P-value 0.084). This
relationship was not found for start of flowering.

At both N fertilization levels, no significant correlation was
detected between TSW and seed yield; however, TSW was
significantly negatively correlated with seed oil concentration
(low N, r= —0.49, P-value 0.006; high N, r= —0.39, P-value
0.035) and end of flowering (low N, r= —0.43., P-value 0.018.
high N, r= —0.44, P-value 0.014). Furthermore, exclusively for
high N, the number of siliques on the main raceme showed a
negative relationship to TSW (r= —0.41, P-value 0.024).

At low N, plant dry mass at flowering correlated with the
number of seeds per silique (+=0.32, P-value 0.08 on the MR
and r=0.33, P-value 0.076 on the SBs), while the number of
seeds per silique also correlated positively with the propor-
tion of the stems (+=0.51, P-value 0.004 for the MR; r=0.61,

P-value <0.001 for the SBs) and negatively with the proportion
of silique dry mass at flowering (r= —0.49, P-value 0.006 on the
MR; = —0.60, P-value <0.001 on the SBs). At the same time,
the start and duration of flowering were not associated with the
number of seeds per silique. End of flowering correlated only
with the number of seeds on the SBs (= —0.39, P-value 0.036).

Interestingly, Nup was only correlated with NUE (1=0.47,
P-value 0.009) and with year of registration (r=0.46; P-value
0.010) under high N but not under low N. Under low N, a
much stronger correlation of NutE with NUE (1=0.54, P-value
0.002) than of Nup with NUE (1=0.21; P-value 0.249) under-
lined the greater relevance of NutE for NUE improvement. In
path analysis, a negative regression between Nup and NutE (1=
—0.52 for both N levels) was detected, while both Nup (+=0.68
at low N and r=0.60 at high N) and NutE (+=0.90 at low N
and r=0.25 at high N) showed a positive effect on NUE.

Finally, canopy dry mass at flowering and NutE were both
positively correlated with year of registration at low N (+=0.39,
P-value 0.033 and r=0.41, P-value 0.026, respectively). At high
N, only dry mass (r=0.48, P-value 0.007) correlated significantly
with year of registration, whereas NutE did not. On the other
hand, the correlation of seed yield and consequently NUE with
the year of registration (1=0.83, P-value <0.001 at low N and
1=0.90, P-value <0.001 at high N) was considerably stronger
than those with any other investigated trait.

Discussion

Attempts to increase oil and protein yields, while simultaneously
reducing environmental damage due to high N fertilization, are
urgently required to sustainably achieve food and feed demand of
the growing world population. Increasing NUE in oilseed rape, one
of the world’s most important dicotyledonous oil and protein crops
which does not naturally fix N, therefore has considerable global
agro-ecological importance. There is strong evidence in the litera-
ture for substantial historical breeding progress enhancing oilseed
rape yields under divergent N fertilization levels (Gehringer ef al.,
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Fig. 6. Average adjusted means of number of siliques on the main raceme for individual variety groups determined over six environments at (A) high and

(B) low nitrogen fertilization. (This figure is available in color at JXB online.)

2007; Kessel et al.,2012; Stahl ef al., 2017). Those gains have resulted
in increases of overall yields in major oilseed rape cultivation regions
(Kirkegaard et al., 2016), even though these advantages are not
always reflected in specific environments (Peltonen-Sainio et dl.,
2007a). In the context of these findings, the present study aims to
provide a detailed dissection of growth parameters associated with
breeding progress within the last two decades, a period in which
global cultivation of oilseed rape expanded vastly across the globe.

Relevance of Nup and NutE for overall NUE

Harvest of plant biomass at flowering, measurement of flowering
time, and determination of N concentration enabled us to distin-
guish between Nup and NutE. Previous studies pointed out that
NutE rather than NupE is the predominant factor influencing NUE
under high N. Under low N, however, NupE gains in importance

for achieving a high NUE (Berry et al., 2010; reviewed in van
Lammerts Bueren and Struik, 2017). In this study, we also found
evidence from Pearson product moment and path analysis that at
low N NutE is much more important than Nup (=0.90 versus
1=0.68 in path analysis). However, care must be taken when com-
paring results across different studies. In the present study, low N is
not a zero-N treatment but rather a reduced N input which does
not necessarily represent an extreme constraint on seed yield (Stahl
et al.,2017). Therefore, the data in our study might be more compa-
rable with reduced (but still high-level) N input levels in many other
studies rather than with extremely low N treatments. In contrast,
Nup in our high N treatment correlated much more strongly with
NUE than at low N. Notably; in line with Gehringer et al. (2007)
and Wang et al. (2016), we also observed a higher Nup and biomass
accumulation due to a vigorous vegetative growth of hybrid varieties.
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nitrogen fertilization. (This figure is available in color at JXB online.)

Hybrids outperformed OP; however; this was not as prominent at
low N (Fig. 1).

In general, the respective positive correlations between plant
dry mass at flowering and Nup with the year of registration indi-
cate that direct or indirect selection for pre-flowering traits can
partially explain breeding progress for seed yield within the last
two decades. In addition, we found that larger genotypes of this
study, especially among the hybrids (Fig. 3), are advantageous for
seed yield but not for NutE exclusively at low N. This finding
is in line with results from He ef al. (2017). In agreement with
other studies (Zhao et al., 2006; Koeslin-Findeklee et al., 2014;
Stahl et al., 2016, 2017; He et al., 2017), we found the NutE is
negatively correlated with the seed N concentration. This can be
explained by a negative correlation between seed oil and pro-
tein concentration, along with strong selection during the past
two decades towards genotypes with a high oil concentration.
Nevertheless, NutE showed a strong association with seed yield.

Breeding progress associated with changes in primary
yield components

Final seed yield is the product of the primary YCs including the
number of plants per area, number of siliques per plant, number
of seeds per silique, and seed size (e.g. TSW). In light of the fact
that N remobilization is rather sink limited under high N input
cultivation (Gombert et al., 2010; Ulas et al., 2013), development
of YC in relation to N source appears to have a critical relevance.
Since improvement of seed yield per se is much more important
for N yield than seed protein concentration (Stahl ef al., 2017),
improvement of YC is important to enhance the N offtake from
the field, thus lowering the IN balance surplus. However, descrip-
tion of yield structure in terms of YC is notoriously difficult in
indeterminate dicot crops such as oilseed rape, and the reliability
of the description critically depends on whether the data are col-
lected on single plants or at the entire plot level (Diepenbrock,
2000). Despite high residual errors, in our investigations, we con-
sistently observed three findings at both N fertilization levels
which therefore seem to represent constitutive effects irrespective
of GXN interactions.

First, an increase in SB number led to a higher number of
siliques on the SBs and, as a consequence, to a higher seed yield
contributed by the SBs. Secondly, a clear advantage of hybrid
varieties was found to be their elevated number of siliques. There
is strong evidence (see results under “Trait inter-relationships’)
that higher numbers of siliques on the MR and SBs result in
a higher yield from each segment at both N fertilization levels.
Furthermore, since modern high-yielding varieties show a lower
SB number (Fig. 7), we conclude that most of the modern varie-
ties outperform old OP varieties with higher density of siliques
per individual SB (Supplementary Fig. S2). It can be speculated
that the superiority of hybrids in terms of the MR rather than
the SBs might be due to a higher interaction with neighbor-
ing plants. In contrast to the MR, the SBs are more affected
by concurrent effects of other branches from the same plant as
well as from neighboring plants (Richards and Thurling, 1979;
Diepenbrock, 2000). Hence, the higher interactions with envi-
ronmental factors potentially hide the genetic effect. Further
enlargement of the experiment to include more genotypes per
group might help to uncover genetic effects. In contrast, the MR
is probably less influenced by neighbor effects due to its upright
position. These assumptions are supported by contrasting herit-
ability of the same traits between the MR and SBs (Table 4).

Thirdly, varieties released more recently tended to have more
seeds per silique. Heritabilities of #*=0.47 for seeds per silique
on the MR and /#*=0.38 on the SBs suggest a breeding-driven
modification during the last two decades. This finding is true
for both SBs and the MR. Differences in flowering time of
the MR and SBs, caused by a delayed flowering of SBs, poten-
tially reduce assimilate transport to siliques on the SBs, is most
likely to be the reason for a lower number of seeds per silique
on the SBs. However, strong correlation of 1=0.76 at low N
and r=0.55 at high N between the MR and SBs suggests that
the number of seeds per silique shows a similar varietal effect.
However, it remains unclear if the higher number of seeds per
silique is achieved by efficient N remobilization or by post-
anthesis nutrient uptake. In cereals, an increase in seed yield
was also associated with the number of kernels per plant rather
than with seed size, and the plasticity of the former depends
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Fig. 8. Intertrait correlations among most relevant traits at (A) high and (B) low nitrogen fertilization. Direction and strength of Pearson’s coefficient of
correlation are depicted by the shape and depth of shading of the ellipses. Non-significant correlations are shown as white boxes. (This figure is available

in color at JXB online.)
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much more strongly on environmental influence than on TSW
(Sadras, 2007; Peltonen-Sainio et al., 2007b; Sadras and Slafer,
2012). Zhang et al., (2012) found in rapeseed that the effective
number of siliques per plant and the TSW are closely associated
with seed yield.

Stagnation of breeding progress in thousand
seed weight and its trade-off to increased seed oil
concentration

In contrast to other Y Cs, no significant trend could be detected
for TSW in relation to the year of registration or the type of

variety (hybrid versus OP; Supplementary Fig. S1). Earlier
studies also implied a lower relevance of TSW for seed yield
compared with the effect of the number of seeds per silique
and the number of siliques per plant (Scarisbrick ef al., 1981;
Diepenbrock, 2000; Berry and Spink, 2009; Chen et al., 2014;
Labra et al., 2017). We also found no decrease of TSW associ-
ated with increasing N fertilization, although such an effect
had been observed in a single environment in an older study
on spring-type oilseed rape (Hocking et al., 1997).

These results suggest that TSW is not significantly influ-
enced by selection, allowing two possible conclusions: (i) vari-
ation in TSW does not contribute to yield improvement and is
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therefore not influenced by breeding programs focusing solely
on vyield selection per se; or (ii) enhanced TSW might be ben-
eficial for seed yield increase but the effects are masked by
other factors influencing seed yield, preventing breeders from
actively considering TSW in selection decisions.

The latter explanation may also help to clarify the com-
pletely unexpected negative correlation between seed oil
concentration and TSW. Usually one would expect a positive
correlation between TSW and seed oil concentration, as big-
ger seeds should have a relatively lower proportion of seed hull
fraction (fiber) and consequently higher proportions of protein
and oil. Indeed, older studies found TSW to be important for
plant productivity (Clarke and Simpson, 1978; Butruille ef al.,
1999; Shi et al., 2009), and TSW was found to be positively
associated with oil concentration both in Brassica juncea (Singh
et al., 1996) and in B. napus diversity sets (r=0.55; Korber et al.,
2016). However, the present studies clearly demonstrate that
selection during the past 20 years has completely reversed this
relationship. Economic interest in seed oil led breeders towards
selection for increased oil concentration (Stahl et al., 2017),
whereas TSW remained masked by the seed yield per se. The
negative correlation between these two traits is pronounced at
low N fertilization levels (Fig. 9), but is considerably weaker
at high N (the level where selections decisions were made in
most breeding programs during the past decades); this is the
most probable explanation for why this negative relationship
has—to our knowledge—not previously been recognized.

For a potential explanation of this phenomenon one should
consider that primary YCs and oil concentration can be altered
by the source—sink relationship at different developmental stages.
‘While resources at pre-flowering influence the number of siliques
and the number of potential seeds per silique, seed size develops
after lowering and fatty acid biosynthesis also takes place ~15-35
d after flowering, and thus both are dependent on assimilate avail-
ability at this stage (Tzen et al., 1993). TSW is known to be able
to compensate in cases where other primary YCs are underde-
veloped as a consequence of earlier assimilate constraints (Labra
et al., 2017). Thus, after the flowering period, a trade-oft in sink
capacity can occur. Since oil is a very light but energy-dense sub-
stance, genotypes high in seed oil concentration can consequently
devote less excess energy to the remaining seed components than
genotypes which have a comparable flux of assimilates but less
energy investment into seed oil. Furthermore, it is known that
the end of flowering can directly influence both oil concentra-
tion and TSW (Hua et al., 2012). Indeed, we observed a negative
correlation between the end of flowering and TSW (= —0.43
at low N and r= —0.45 at high N). In contrast, a corresponding
relationship was not found between the end of flowering and
seed oil concentration.

Consideration of primary yield components and leaf N
concentration in future breeding programs

For estimation of breeding progress, heritability is an impor-
tant parameter to calculate the response to selection. In our
study, we found that the number of siliques on the MR
(P=0.81) and TSW (h*=0.93) had a higher heritability than
seed yield on the MR (#?=0.71) and SBs (h*=0.42), suggesting
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that selection on single YCs might lead to a higher selection
response. This is in agreement with findings from genetic
studies where heritabilites for single traits (number of siliques
per plant, #*=0.69; number of seeds per silique, /*=0.87; and
TSW, h*=0.93) were higher than the heritability of seed yield
(P=0.64), and quantitative trait loci (QTLs) for single traits are
more stable across environments than QTLs for seed yield (Cai
et al., 2016). Although it has been suggested that low herit-
ability of silique number per plant represses selection response
for this trait (Richards and Thurling 1979), our data demon-
strate that hybrid varieties in fact have a considerable advan-
tage in this trait. In contrast to the number of siliques, the
number of seeds per silique or likewise the silique length have
been proposed as parameters for indirect selection to improve
yield (Chay and Thurling, 1989). Correspondingly, our results
clearly demonstrate that, irrespective of the variety type (OP
or hybrid), the number of seeds per silique has increased sig-
nificantly throughout the last two decades of breeding history
(Fig. 5), even though the heritability for this trait is low (Table
4). The fact that seed yield measured by threshing of whole
plots leads to a higher heritability than those of individual YCs
is most probably influenced by sample size in terms of sampled
plants. Determination of seed yield on a plot scale (includ-
ing hundreds of plants) is more precise than estimation based
on three single plants, even when the chosen plants are rep-
resentative for the plot. On the other hand, selection based
on consideration of individual YCs is probably hampered by a
lack of suitable methods to phenotype complex plant architec-
ture traits during high throughput. Overcoming these hurdles
is of utmost importance to better understand the role of plant
architecture in yield performance and better incorporate avail-
able genetic variation.

Our results also demonstrated an association of leaf N status
at flowering with seed oil concentration at maturity, especially
under low N fertilization. Since N is an essential nutrient with
an overwhelming importance in the photosynthesis apparatus,
one can argue that higher leaf N leads to a higher photosyn-
thetic activity, which in turn enhances the quantity of assimi-
lates allocated to the final sink, contributing to oil biosynthesis.
In one recent study it was found that an increased storage N
pool in the plant biomass results in leaf expansion and a higher
photosynthetic capacity (Liu et al., 2018). Together with other
studies describing the relationship between photosynthetic
capacity and leaf N content (Rotundo and Cipriotti, 2017),
these observations support our hypothesis of an increasing
assimilate source at a high N status. Leaf N status is a widely
used and easy to measure indicator of plant N status. For both
the leaf N concentration at flowering and the seed oil concen-
tration, we found highly significant genotype effects. This is of
considerable interest for future studies. Since the C and N con-
centrations of leaves show the highest heritability of the veg-
etative plant traits, one would expect a certain scope for further
breeding gains. Also, further studies are required to check the
within-species genetic variation in light-saturated photosyn-
thesis in relationship to leaf N per unit leaf area.



1984 | Stahl et al.

Conclusion

Higher plant biomass until flowering and increase of number
of seeds per plant were identified as the major contributors
for higher seed yield, and thus enhanced NUE in oilseed
rape, one of the world’s most important non-N-fixing, doc-
otyledonous crops. Higher Nup associated with higher num-
bers of siliques per plant can be achieved by breeding hybrid
varieties. Furthermore, productivity of individual siliques has
been achieved by enhancement of the number of seeds per
silique. We argue that additional consideration of TSW in
selection decisions might help to increase seed yield further,
in particular under low N supply. Given the broad genetic
variation available for TSW, along with the fact that it has
the highest heritability among all yield components in our
and other studies (Radoev et al., 2008), including TSW in
selection decisions would probably increase the response to
selection and/or might help avoid negative co-selection. In a
recent study it was discussed that an increase in TSW without
negative effects on oil concentration is feasible (Labra et al.,
2017). Future studies should clarify whether considering
TSW in selection decisions can also increase the productivity
of individual siliques. In this regard, increased understanding
of compensatory effects between primary YCs is essential to
better understand and change determinations for architecture.
For elucidation of plant N response across the entire vegeta-
tion, destructive measurements are not appropriate. Instead
non-destructive high-throughput techniques, for example by
unmanned aerial vehicles, can be a feasible option.Those data,
coupled with elucidation of genome diversity (Voss-Fels and
Snowdon, 2016), coupled with identification and application
of haplotypes (Qian er al., 2017), facilitate a better under-
standing of genetic determinants of leaf N concentration and
plant architectural traits under low N input in oilseed rape.
Coupled with algorithms that enable genome-based predic-
tions of complex trait expression (Wiirschum et al., 2014; Jan
et al.,2016; Werner et al., 2018) in conjunction with growth
models (Technow et al., 2015), there is considerable scope for
further breeding progress towards higher yielding and thus
more efficient dicotyledonous crop varieties.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Average adjusted means of thousand seed weight
(TSW) for individual variety groups determined over six envi-
ronments at (A) high and (B) low nitrogen fertilization.

Fig. S2. Average adjusted means for density of siliques on
side branches for individual variety groups determined over
six environments at (A) high and (B) low nitrogen fertilization.

Fig. S3. Average adjusted means of number of siliques per
branche for side branches at (A) high and (B) low nitrogen
fertilization.

Fig. S4. Inter-trait correlations among all investigated traits
at (A) low and (B) high nitrogen fertilization.

Table S1. Groups of investigated varieties according to year
of registration and type of variety.

Table S2. Environment specific soil conditions (Stahl ef al.,
2017).

Table S3. List of investigated traits, their abbreviation, and
overview of environments in which the data were collected.

Table S4. Number of investigated varieties and total number
of analyzed plants for yield components after elimination of
outliers (£2.5 SD from the overall mean).
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