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In contrast to allogamous crops, hybrid wheat has only recently been fostered by

breeding companies in Europe. Hybrid cultivars are often associated with higher stress

resistance, e.g. under drought conditions, but little is known about the nitrogen (N) use

efficiency of modern hybrid wheat cultivars. Therefore, four high-yielding European hybrid

and nine line winter wheat (Triticum aestivum L.) cultivars were grown under three N

regimes in a high-yielding German environment and compared over 3 years at anthesis

and maturity for 53 direct and indirect traits of yield formation and N allocation. Dry matter

and N uptake were determined on the plant and plant organ levels. Commercial heterosis,

expressing the performance of hybrid in comparison to line cultivars, was positive for

about one-third of the 53 direct and indirect N and carbon traits. On average, hybrid

cultivars yielded more grain (+5.5%), mainly due to a higher harvest index (+3.5%)

together with higher post-anthesis assimilation andmore grains per spike. However, grain

N content was lower for hybrids (−8.5%), so their grain N uptake was not higher. This

went along with comparable trait values for N translocation and the temporal N uptake

of the different plant organs. Current wheat hybrids seem to be more efficient in overall

N use because they are better at converting (higher N utilization efficiency) comparable

amounts of N uptake (N uptake efficiency) into grain biomass. The results suggest that

given increased seed costs for hybrids, the yield advantage of hybrid cultivars over

locally adapted line cultivars will have to be further increased for establishing hybrids

in low-stress, high-yielding environments.

Keywords: commercial heterosis, nitrogen allocation and partitioning, nitrogen translocation, phenotyping, yield

formation

INTRODUCTION

In spite of ongoing breeding progress (Mackay et al., 2011; Laidig et al., 2014), yield gains in winter
wheat (Triticum aestivum L.) have slowed down during the last years (Fischer et al., 2014). This
effect was associated with a shift in the acreage percentage (Laidig et al., 2014), input extensification
in some Western countries (Lassaletta et al., 2014), but increasingly also with climatic changes
(Lobell et al., 2011). This development goes along with higher yield fluctuations (Peltonen-Sainio
et al., 2010). At the same time, farmers are facing more and more constraints in the allowed
fertilization rates, especially for nitrogen and phosphorus due to stricter environmental legislation
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FIGURE 2 | Grain yield and DM traits by cultivar groups, N-levels and years: Estimated marginal mean values with 95% confidence intervals. N-level 1, 2, and 3 refer

to 100, 160, and 220 kg ha−1, respectively, “Ant.” to anthesis and “Mat.” to maturity.

Temporal Dynamics of Nitrogen Uptake
Nitrogen translocation (NT) into the grain can be represented
by multiplying Nup at anthesis by N translocation efficiency
(NTEff). In contrast to DM translocation efficiency, NTEff varied
little between cultivar groups, decreased over the years from
on average 0.85 to 0.75 and responded to N fertilization in a
comparable way as the N-harvest index (Figure 4). Thus, N
translocation (on average −4.0% for hybrids compared to lines)
was mainly a function of the total Nup until anthesis. Slightly
lower N translocation values for hybrids mainly originated
from lower anthesis Nup at the highest N-level. On the

organ level, while spike and stem N translocation efficiency
were mostly comparable, leaf N translocation efficiency of
hybrids was generally higher in 2014 and 2015 but lower
in 2016.

In 2015, the dynamics of total Nup during the grain
filling phase (Figure 3) were more linear compared to total
DM accumulation, with still further increases in Nup after
dough ripeness in spite of stagnating total DM. Starting from
slightly lower anthesis Nup, hybrids tended to take up more
N post anthesis, after dough ripeness. N translocation was
more apparent during the early grain filling phase compared to
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FIGURE 3 | Temporal development of dry matter (DM; top) formation and N uptake (Nup; bottom) during the grain filling phase in 2015, displayed by growing degree

days (GDD; 5◦C threshold): Mean across two N-levels ± SE. Values are shown for anthesis (circles), milk ripeness (triangles), dough ripeness (crosses), and maturity (x).

DM translocation as visible from the steeper decrease from all
vegetative organs, irrespective of cultivar groups.

Commercial Heterosis
Relative commercial heterosis (CH) was calculated for 53
considered DM- and N-related traits within each year∗N-
level combination (Figure 5). In all years, CH, irrespective
of considered traits, decreased with higher N fertilization
(Supplementary Figure 1). Only in 2016, the effect was not
significant due to two strong positive outliers (post-anthesis
assimilation and post-anthesis Nup) in N3. However, positive
median CH values across traits were only found in 2015 in N2
and in 2016 in N1.

The traits were ranked by commercial heterosis within the
8 year∗N-level combinations (Figure 5). Most noticeable, post-
anthesis assimilation (PAA), grain number per spike (GNS),
and post-anthesis Nup (PANup) reached the highest CH values,
but CH for PANup differed substantially between years and N-
levels. CH ranged from about 0 to +10 % for grain nitrogen
use efficiency (NUE Mat. grain), identical as for grain DM
at maturity, total nitrogen utilization efficiency, and harvest
index (HI). The lowest CH was observed for the contribution
of pre-anthesis assimilation to grain filling (CPreAA) and DM
translocation, with values down to−20% for both traits followed
by leaf DM at maturity, chaff Nup at maturity and grain N
content at maturity.

DISCUSSION

Heterosis for Grain Yield Formation
Effects of the years and different nitrogen fertilization influenced
the observed dry matter and nitrogen traits of hybrid and
line cultivars. The average grain DM of 7.6 t ha−1 across years
and treatments corresponds to regional yield levels. The N
fertilization effect for grain DM was highest in 2014, due to

the low soil N supply together with the overall most favorable
growing conditions and the highest fungicide intensity among
the 3 years. Moreover, the first and second N applications in
2014 were 2 to 3 weeks earlier than in 2015 and 2016. This
effect is likely to have increased the N effect on grain DM
(Bodson et al., 2001; Efretuei et al., 2016) but reduced the grain
N content to much lower values than in the following years
through a dilution effect (Stewart and Dwyer, 1990; Oury and
Godin, 2007). In contrast, in spite of similar grain DM in N2
in all years, it increased less for N3 in 2015 and 2016 than in
2014, possibly due to the drought/heat effect in 2015 and the
high pathogen pressure in 2016. The flat N response curve for
grain DM in 2016, originating from a much higher level in N1
than in 2014, relates, to the higher soil N supply. Still, total DM
values in 2016 exceeded those of 2014 by on average 2.3 and
2.5 t ha−1 at maturity and at anthesis, respectively, suggesting
very favorable growing conditions during the vegetative phase.
During grain filling, however, the dense canopy, together with
frequent precipitation events led to visible leaf diseases, which
were not sufficiently prevented through fungicides.Moreover, the
preceding crop winter wheat caused fusariosis and stem diseases,
and it is likely that pathogens were enhanced under higher N-
levels (Bancal et al., 2007; Fagard et al., 2014). As a consequence
of this putatively detrimental effect, grain yield almost stagnated
for most line cultivars but still increased for the hybrids by on
average 0.5 t ha−1, possibly suggesting a better tolerance of the
hybrids to biotic stress.

The average commercial heterosis for grain DM of 5.5%
in this study was lower than in many previous studies.
Similar commercial heterosis was already reported two decades
ago (Bodson et al., 1997). However, it varied strongly in
other publications and was often higher when evaluated on
the parental performance (Longin et al., 2013) or in stress-
prone environments. Lower heterosis may be found under
favorable growing conditions (Morgan et al., 1989; Bodson
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FIGURE 4 | Components of nitrogen uptake (Nup) and N use efficiency by cultivar groups, N-levels and years: Estimated marginal mean values with 95% confidence

intervals. N-levels 1, 2, and 3 refer to 100, 160, and 220 kg ha−1, respectively, “Ant.” to anthesis and “Mat.” to maturity.
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FIGURE 5 | Commercial heterosis [%] by traits based on estimated marginal means within year*N-level combinations (n = 8), sorted descending. Heterosis estimates

are colored by years. Negative and positive values indicate on average lower and higher trait values for hybrids than for lines, respectively. Dashed lines indicate values

of 0, ± 5 and ± 10%, respectively.

et al., 2001; Kindred and Gooding, 2005; Noorka et al., 2013)
whereas heterosis beyond 10% was mostly reported from
drought-influenced environments. However, more recent hybrid
genotypes indicated higher heterosis under German conditions
as well (Thorwarth et al., 2018). Our results only partly support
the higher heterosis reported under low compared to high N
conditions (Le Gouis et al., 2002). The slightly higher commercial

heterosis (CH), both for grain and total DM and for the harvest
index in the lower N-levels in 2014 and 2015, may indicate some
advantage of the hybrids for DM production and partitioning in
nutrient-limited environments, which, however, vanished in N3.
Unlike for the N-limited cases, higher CH for grain DM in N3 in
2016 was not due to an increased CH for total DM but to a more
stable harvest index.
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The hybrids’ higher post-anthesis assimilation is in agreement
with previous findings (Oury et al., 1993), indicating similar
translocation but accelerated and partly prolonged grain
filling. Interestingly, the hybrids’ higher capacity for post-
anthesis assimilation was not associated with higher leaf DM
or Nup.

Oury et al. (1993) found positive grain yield heterosis due
to heterosis in total biomass at a comparable harvest index,
while other studies reported positive grain yield heterosis
due to a combined effect of both harvest index and total
biomass, but dominated by increased biomass (Morgan et al.,
1989; Le Gouis et al., 2002; Kindred and Gooding, 2005). In
contrast, our results indicate a dominant effect of a higher
harvest index. Increasing grain yield through increasing the
harvest index may be a strategy for stress resistance (Fischer
and Maurer, 1978). The low use of pre-anthesis assimilation
for grain filling of the hybrids may indicate persisting sink
limitation in the face of higher assimilation post anthesis
(Reynolds et al., 2005). However, the difference method applied
for estimating the contribution of pre- and post-assimilation
and N uptake is a coarse “black box” approach, neglecting
the internal fluxes between organs, including roots, respiratory
losses, and leaf fall, and may, therefore, overestimate the
contribution of the translocation processes (Slafer and Savin,
1994). The temporal development during the grain filling phase
was only monitored in 2015, the year when post-anthesis
assimilation was most similar for both groups. Consequently,
no clear differences in the temporal DM formation were
identified this year, which is contrary to previous findings
(Oury et al., 1993).

Hybrids reached high grain yield from differently weighted
yield components with on average slightly fewer spikes per m2

and lower TKW. Grain number per spike was strongly increased,
confirming previous studies (Mahajan et al., 1999; Kindred and
Gooding, 2005).

The advantage in grain DM originated only partly from a
better conversion of absorbed N into total DM (N utilization
efficiency) but mostly from a better partitioning into the grain
(harvest index), whereas the N uptake efficiency was similar for
both groups.

Nitrogen Allocation
In contrast to the line cultivars, none of the hybrids was grouped
as high baking quality and thus the constantly lower grain
N content is not surprising and indicates that current hybrid
cultivars are not consistently able to increase the grain protein
deviation (Oury and Godin, 2007; Thorwarth et al., 2018).
However, hybrids appear not to have a lower baking quality per
se (Mahajan et al., 1999; Thorwarth et al., 2018).

The relative N fertilization effect for grain N content was
comparable for both cultivar groups. Decreasing the N surplus
is a major target in current plant breeding. Strong Nup together
with strong partitioning into the harvested product (N harvest
index) are desirable (Garnett et al., 2015; Cormier et al., 2016).
Moreover, early Nup may be more reliable and increases the
conversion efficiency into biomass. The results confirm the well-
known decrease of N uptake efficiency with higher fertilization

intensity (Latshaw et al., 2016; Lammerts van Bueren and Struik,
2017) but management and year effects were considerable.

Unlike grain DM, neither total nor grain Nup were higher
for the hybrids, rejecting the hypothesis of higher N uptake
efficiency, both for grain and total Nup. At the same time, unlike
for the DM harvest index, the group differences in N harvest
index were negligible. Previously, little mid-parent (Kindred and
Gooding, 2004) or commercial (Bodson et al., 1997) heterosis for
total Nup was reported, but grain Nup was increased through a
higher N harvest index (Kindred and Gooding, 2004). However,
recently, the best experimental hybrids indicated potential for
increasing the grain Nup (Thorwarth et al., 2018).

The later application of the second and third dressings in
2015 strongly increased PANup in 2015. Overall, the higher
post-anthesis assimilation of the hybrids was much less reflected
in increased PANup than previously reported for hybrids in
comparison to their parents (Oury et al., 1995). Moreover, the
temporal dynamics during grain filling in 2015 did not indicate a
fundamental difference between the cultivar groups. In addition,
an advantage of the hybrids for total or organ-specific pre-
anthesis Nup was not found, thus not supporting different
splitting of the nitrogen dressings for hybrids as previously
suggested (Bodson et al., 2001).

The year 2016 was characterized by considerably lower
depletion of the vegetative nitrogen uptake, resulting in low
values of N harvest index and N translocation efficiency,
especially with increased fertilization. Visible leaf and
culm diseases are likely to have affected the remobilization
and transportation of nitrogen into the grain. Reversely,
especially residual leaf N content at maturity (not shown)
was 2-3 times higher than in 2014. Thus, adapted fungicide
treatments appear important for maintaining overall Nup,
N translocation and N harvest index (Ruske et al., 2003),
irrespective of cultivar groups as suggested by similar NTEff
values.

Commercial Heterosis by [Test Conditions]
The results indicate positive CH for only a few plant traits.
Across all traits, a tendency to higher CH under N limited
conditions could be found, but this only relates to better N
utilization efficiency and advantages in DM partitioning, not
to better N acquisition of the hybrids. Though commonly
hypothesized, heterosis was not always higher under stress
conditions (Jordaan, 1996; Kindred and Gooding, 2005; Noorka
et al., 2013).

CONCLUSIONS

This study compared the groups of high-yielding commercial
line and hybrid winter wheat cultivars under contrasting N
fertilization in Western Europe. We found positive commercial
heterosis for grain yield (+5.5 %), but the tested hybrids
reached a lower grain N content (−8.5%). Thus, no advantage
was found in N acquisition, not even for lower N levels and
not for N partitioning. Still, hybrids showed an increased N
utilization efficiency and mostly excelled through their higher
grain harvest index and their high grain number per spike,
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which may be a greater advantage under drought conditions.
The estimated heterosis does not exceed findings from older
studies, indicating that the progress in line breeding during the
last two decades was able to keep up with the attempts made
for boosting hybrid cultivars. Given the variation and degree in
yield heterosis, it currently appears to be too low to compensate
for high seed costs under comparable conditions. However,
the hybrids’ competitive advantage will also depend on the
distribution of available reference line cultivars, the agronomic
management with respect to seeding density, target grain
quality and its payment, or fertilization strategies. Therefore,
comparing the cultivar groups in further environments including
more genotypes will be necessary. Moreover, hybrid breeding
benefits from increased investments in recent years and is
likely to show higher effects in less favorable wheat growing
regions.
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