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A B S T R A C T

Wheat is the second biggest staple crop worldwide and is mainly consumed in the form of baked goods, requiring
a specific flour quality. Grain protein concentration (GPC) is an underpinning parameter for baking quality and
therefore strongly influences the value of wheat. It is a common strategy to increase GPC by combining high
protein varieties with the application of a late dose of nitrogen. However, the late use of N fertilisers can cause
environmental problems, such as nitrate leaching and gaseous losses. Furthermore, recent studies show, that
there is only a weak relationship between GPC and bread volume. The aim of this study was to re-evaluate the
merits of a late N application by investigating the effects of a late foliar N application, not only on GPC, but also
on the gluten protein composition and on bread volume.

In this study, an increasing GPC did not necessarily lead to improved baking quality. Baking performance
rather depended on the grain protein composition. Only at a low N fertiliser level (100 kg N ha−1), the foliar N
application decreased the HMW-GS/LMW-GS ratio and increased the gliadin/HMW-GS ratio, which led to an
improved bread volume. These results imply that a late foliar N application can be used to effectively improve
baking quality when the total N uptake was low due to low fertilisation or unfavourable weather conditions. The
results also show that quality cannot be evaluated by measuring GPC alone but also needs information of storage
protein composition as well as bread volume.

1. Introduction

With a worldwide production of 749 million tonnes in 2016, wheat
(Triticum aestivum L.) is the second biggest staple crop worldwide. After
rice, it is the most important food for humans, and by providing 16 g
protein capita−1 day−1 (world average), it is the main source of protein
in human nutrition (http://www.fao.org/faostat/en/#compare).
Wheat products are mainly baked goods, such as bread, buns, pizza or
pastries, and a high baking quality of wheat flour is required. Grain
protein concentration (GPC) is an essential parameter for baking quality
predictions and therefore often determines the price for wheat grain. In
the UK, wheat cultivars are classified into quality groups (NABIM
(National Association of British and Irish Millers) groups 1–4) using
GPC as one of the main parameters. As wheat quality characteristics are
defined by genotype, environment and their interaction, it is a well-

known strategy for farmers to increase GPC by combining high protein
varieties with the application of a late dose of nitrogen fertiliser.
However, recent studies show that there is only a weak relationship
between GPC and bread volume, which is a direct measure of baking
quality (Kazman and Innemann, 2010; Thanhaeuser et al., 2014).
Especially for high protein wheat cultivars with GPCs greater than 12%,
only a poor correlation was observed (Gabriel et al., 2017). At present,
no better (quickly detectable) parameter other than GPC has been
found. The ideal approach would be to combine GPC measurements
with the examination of the composition of grain proteins as well as
baking performance of the flours to evaluate the end-use quality of
wheat grains.

The late use of N fertilisers can cause environmental problems, such
as nitrate leaching into the groundwater and gaseous losses in the form
of nitrous oxide, which contribute to global warming (Senbayram et al.,
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2009). For farmers, these problems represent a monetary risk, parti-
cular in the case of unfavourable weather conditions which may limit
the uptake of the supplied nitrogen and hence, the required GPC might
not be reached. In this case, a large amount of N remains in the soil and
increases the environmental risks mentioned above. In this study, the
method of foliar N application was chosen as an alternative as it holds
advantages over the soil application of N fertilisers. Effects of N ferti-
liser management on GPC, grain protein composition and baking
quality have been investigated previously (Pechanek et al., 1997;
Wieser and Seilmeier, 1998; Wan et al., 2014; Schulz et al., 2015; Xue
et al., 2016a,b), but the observed changes in protein composition due to
different N fertilisation managements and their influence on baking
quality are inconsistent. Furthermore, the influence of a foliar N ap-
plication was considered in none of these studies. Woolfolk et al.
(2002); Bly and Woodard (2003) and Tea et al. (2004) studied the in-
fluence of a foliar N application on various quality parameters, but not
on bread volume. For example Wieser and Kieffer (2001) found a strong
influence of the gliadin/glutenin ratio on rheological properties and
bread volume, but this could not be confirmed by Pechanek et al.
(1997). Another example is the influence of N fertilisation on the
quantity of HMW-GS, which was reported to be positive (Wieser and
Seilmeier, 1998) and negative (Pechanek et al., 1997). As the re-
lationship of protein composition and baking quality remains unclear,
further investigations are needed.

In this context, the aim of this study was to re-evaluate the merits of
a late N application by investigating not only the effects of a late foliar
N application on GPC, but also on the composition of grain proteins and
on the bread volume, in three wheat cultivars, under two N fertiliser
regimes.

2. Material and methods

2.1. Plant cultivation

Two bread-making wheat cultivars (Skyfall and Soissons) and one
feed wheat cultivar (Conqueror) were grown in a randomised field
experiment, with three replicate blocks at Rothamsted Research
(Harpenden, UK) in 2016 and 2017, as part of the Defra-sponsored
Wheat Genetic Improvement (WGIN) trials (Barraclough et al., 2010).
Nitrogen was applied at two levels, 100 kg N ha−1 (N100) and 200 kg N
ha−1 (N200) and an additional late foliar application of urea (40 kg N
ha−1) at anthesis (growth stage (GS) 69) was performed on one half of
each plot, resulting in the following four treatments: 100 kg N ha−1;
100 kg N ha−1 + foliar N; 200 kg N ha−1; 200 kg N ha−1 + foliar N.
Nitrogen was applied as ammonium nitrate at two time points for N100
(50-50-0) and at three time points for N200 (50-100-50) during vege-
tative plant growth (respectively, approximately GS 24, 31 and 32). In
2016, ears were tagged at anthesis and caryopses were harvested from
the middle of the ear at 10, 14, 21, 28 and 35 days post-anthesis (DPA)
and immediately frozen in liquid nitrogen for protein extraction. Cross
sections of the caryopses were taken and fixed (4% paraformaldehyde
+ 2.5% glutaraldehyde in 0.1 M Sorensen’s phosphate buffer, pH 7.4)
at each time-point for microscopic analysis. After anthesis, weekly
measurements with the HandySpec® Systems (Tec5 AG, Germany) and
SPAD meter (SPAD-502, Konica Minolta Sensing Europe B.V.) were
carried out to monitor senescence. Plant protection was carried out
according to local farming practice. Weather data for the two years of
field experiments were obtained from the Rothamsted meteorological
station (http://resources.rothamsted.ac.uk/environmental-change-
network/rothamsted-weather-charts).

2.2. Yield, N, GPC and N-harvest index

Plants were harvested from a sample area (0.5 m²) in each plot at
anthesis and at maturity. Mature plants were threshed and grain and
straw fresh and dry weight were recorded as well as thousand-grain-

weight (TGW) and Hagberg Falling number (FN). Yields are expressed
as 85% dry matter (DM). The weight of flour used for Hagberg Falling
Number measurement was adjusted according to the moisture content
of the flour. Grain and straw samples were ground with an Ultra
Centrifugal Mill (ZM 200, Retsch) and a Hammer Mill (Christy & Norris
8” Lab Mill, Christy Turner Ltd) for further analysis. The nitrogen
content of grain and straw samples was measured by the Dumas method
using a LECO CN628 Combustion Analyser (LECO Corporation, St
Joseph, Michigan, USA) and is expressed in percent of dry matter. Grain
protein concentration was calculated by multiplying the N concentra-
tion by the factor 5.7. Elemental analyses of grain and straw samples
were carried out using ICP-MS (inductively coupled mass spectro-
metry). Nitrogen harvest index (N-HI) was calculated according to the
following equation:

=NHI Grain N content
Shoot N content

[%] * 100

2.3. Micro baking test

The moisture content of flour samples was calculated from the
weights of a given amount of flour before and after drying for 2 h at
110 °C. Afterwards, 10 g of wholemeal flour (14.0% moisture) were
mixed with 0.2 g NaCl and then used to determine optimal water uptake
and optimal dough kneading time by means of a farinograph
(Farinograph-E, Brabender GmbH & Co. KG, Duisburg, Germany). An
optimal dough development was defined at a dough consistency of 550
Brabender Units (530–570 BU) (Kieffer et al., 1998). For the microscale
baking test, 10 g of flour (14.0% moisture) were combined with 0.7 g
fresh yeast and 0.1 g shortening. 1 mL NaCl/sucrose-solution (1% NaCl,
2% sucrose), 0.3 mL 0.004M L(+)-ascorbic acid solution and the de-
termined amount of water were added and the dough was kneaded for
the optimal time required to reach 550 BU. After kneading, the dough
was left to rest at 30 °C and 90% relative humidity for 20min. The
dough was reshaped and rounded before secondary proofing for 40min.
Finally, the dough was baked for 10min at 180 °C increasing to 250 °C
on an automated proofing baking line. The bread loaves were weighed
after cooling and bread volume was measured by surface scanning,
using a Volscan Profiler 300 (Stable Micro Systems Ltd, Godalming,
UK).

2.4. Protein extraction and SDS-PAGE

Grain samples taken at five time-points after anthesis (10, 14, 21,
28, 35 DPA) were ground using a freezer mill (Freezer Mill 6870, Spex
Sample Prep). Aliquots of each sample were freeze-dried for at least
36 h. Total gluten protein fraction was extracted from 10mg flour using
50% propan-1-ol + 2% dithiothreitol (DTT) at 50 °C, the extraction
being repeated and the supernatants combined. After freeze-drying, the
protein was dissolved in lysis buffer (8M urea, 2M thiourea, 4%
CHAPS, 30mM DTT, 20mM Tris base). The 2-D Quant Kit (GE
Healthcare) was used to quantify the extracted protein. The sample
amount containing 10 μg protein was combined with loading buffer
(50mM Tris−HCl (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromophenol
blue, 200mM DTT) and loaded on 7 cm precast gels (4–15% Mini-
PROTEAN TGX Precast Protein Gels, Biorad, Munich, Germany) for 1D
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis). Precision Plus Protein™ Standard (Biorad) was applied to each gel
as protein ladder. Running conditions were 40 V for 30min, then 80 V
for 120min. After completion of the run, gels were fixed in a fixing
solution (40% ethanol, 50% H2O and 10% acetic acid) for one hour.
Afterwards, gels were stained with staining solution (1 Coomassie tablet
(GE Healthcare, Freiburg, Germany) in 1.6 L 10% acetic acid) for one
hour and later, destained in 10% acetic acid overnight. Gels were then
scanned using an Epson Perfection V700 scanner. Gel image analyses
were carried out using the GelAnalyzer 2010a software
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(gelanalyzer.com). The protein bands were classified into three groups
according to He et al. (2013) and Wan et al. (2014). The first group
corresponded to the HMW-GS, the second group to the ω-gliadins and
the third group combined a mixture of LMW-GS, and α-/γ-gliadins.

2.5. Protein extraction and SE-HPLC

For SE-HPLC (size-exclusion high performance liquid chromato-
graphy) analysis, 16.5 mg wholegrain flour were suspended in 1.5mL of
5% SDS in sodium dihydrogen phosphate (pH 6.9) and then stirred for
5min. Samples were then sonicated for 40 s, followed by centrifugation
(30min at 10,000g) to obtain the proteins in the supernatant.
Separation was achieved in 30min by loading 20 μL of sample into an
eluent (50% (v/v) acetonitrile and water, containing 1mL L−1 tri-
fluoroacetic acid (TFA)) at a flow rate of 0.2mL min−1 using a
Shimadzu Prominence HPLC and a Phenomenex BioSep™ SEC s4000
column. Proteins were detected by UV absorbance at 210 nm. The SE-
HPLC chromatograms were divided into five sections of decreasing
molecular size according to (He et al., 2013): large glutenin polymers
(F1), small glutenin polymers (F2), ω-gliadins (F3), α-/γ-gliadins (F4)
and non-gluten proteins (F5).

2.6. Statistical analysis

The GenStat (17th edition, VSN International Ltd., Hemel
Hempstead, UK) software was used for statistical analyses. Data were
analysed by ANOVA, with the design structure of the experiment
(randomised plots) being taken into account. Comparisons of relevant
means were made using the least-significant difference at the 5% level
(p= 0.05). For the statistical analysis of the gel electrophoresis data, in
addition to the field structure, the structure of the laboratory analysis
(technical replicates) was included. For statistical analysis, the protein
composition data from SDS-PAGE were converted to square root scale
to assure variance homogeneity. Regression analysis was used to eval-
uate the relationships between grain protein concentration, gluten
protein or the amount of gliadins and bread volume.

3. Results

3.1. Grain yield and GPC

Three varieties were grown in a randomised field experiment at
Rothamsted, UK at two fertilisation levels of nitrogen (100 kg N ha−1

and 200 kg N ha−1). An additional dose of foliar N was applied at an-
thesis to one half of each plot. The three tested wheat varieties belong
to different quality groups. Skyfall is a high yielding bread wheat with
consistent quality in NABIM (National Association of British and Irish
Millers) group 1. Soissons is an early maturing variety from NABIM
group 2. Conqueror is a hard-milling feed wheat and belongs to NABIM
group 4. Grain yield was enhanced by a higher N fertiliser level in both
years except for Soissons in 2017 (Fig. 1A). On average, the higher N
fertiliser level resulted in an additional grain yield of 2.9 and 1.2 t ha−1

in 2016 and 2017, respectively. An increased grain yield due to foliar N
application at anthesis was only observed for Skyfall at N100 and for
Soissons at N200. In 2016 at the 100 kg N ha−1 level, the grain yield of
the feed wheat cultivar Conqueror was significantly (p < 0.05) higher
than that of the bread making cultivar Soissons, but there were no
cultivar differences observed at the 200 kg N ha−1 level. In 2017,
Soissons had a lower grain yield than Conqueror and Skyfall at both N
fertilisation levels. GPC (calculated as grain N concentration × 5.7) was
increased by a higher N fertiliser level as well as foliar N application at
anthesis (Fig. 1B). Without foliar N application at anthesis, the average
grain protein concentration was 8.9%, which was raised to 10.3% by
foliar N application. There were significant (p < 0.05) differences in
GPC between cultivars. The lowest grain protein concentration was
observed for Conqueror with 8.7%, which was expected as Conqueror is

a feed wheat. Contrary to the NABIM classification, GPC of Soissons
(10.6%) exceeded that of Skyfall (9.6%). However, considering the
average GPC, both varieties did not reach the standard specification for
bread-making of at least 12%. This minimum GPC for bread-making
wheat was only achieved by Soissons in 2017 at the high N level (N200)
combined with the foliar N application. GPCs for all varieties and N
fertiliser levels were lower in 2016 than in 2017.

GPCs achieved at N200 + foliar N ranged from 9.8% (Conqueror) to
11.9% (Soissons) in year 2016 and from 11.2% (Conqueror) to 13.5%
(Soissons) in year 2017. The minimum protein concentration of 12%,
required for bread-making in the U.K. (Godfrey et al., 2010; He et al.,
2013) was only reached by the two bread-making wheat varieties tested
in one of the two years.

3.2. Plant N uptake and nitrogen harvest index

Plant N uptake was calculated from N concentration and biomass
data at anthesis and maturity; the results are presented in Fig. 1C. At
anthesis plant N uptake was equal for all three varieties with higher N
uptake at the higher N fertiliser level. For N100, plants absorbed 94 kg
N ha−1 on average until anthesis and 151 kg N ha−1 on average for
N200. When no foliar N was applied, the average additional N uptake
post anthesis was 16.7 and 42.5 kg ha−1 for N100 and N200, respec-
tively. When foliar N was applied, the additional N uptake post anthesis
increased to 48.6 kg ha−1 at N100 and to 76.3 kg ha−1 at N200. An
additional foliar N application at anthesis increased N uptake at ma-
turity by 33 kg ha−1. This is consistent with the foliar-applied 40 kg
ha−1 N at anthesis. The higher N fertiliser regimen resulted in sig-
nificantly (p < 0.05) higher plant N uptake at maturity in all three
cultivars.

The N-HI (nitrogen harvest index) was enhanced by a foliar N ap-
plication at anthesis only in 2016. With an average of 80.1%, the N-HI
in 2016 was lower than in 2017 (83.9%) as is shown in Fig. 1D. Sta-
tistical analysis showed a three-way interaction of the factors year,
cultivar and N level on the N-HI. Part of this interaction is a decrease of
the N-HI due to a higher N fertilisation level, but this effect only ap-
peared in the cultivar Soissons and only in year 2016. In that year,
Soissons had a higher N-HI than Skyfall and Conqueror at N100, but at
N200 the N-HI for Soissons was the lowest. In 2017, the lowest N-HI
was observed for Conqueror (82.1%). There was no difference between
Skyfall and Soissons at N100, but at N200 the N-HI of Soissons (85.6%)
was higher than that of Skyfall (84.5%).

3.3. Weather conditions during grain development

Weather conditions after anthesis in 2017 differed from those in
2016. Weather data for the variety Soissons and the varieties Skyfall
and Conqueror are presented separately (Figs. 2 and 3 ) because in year
2016 Soissons’ development was approximately one week earlier than
the development of Skyfall and Conqueror. In a period from 15 to 23
DPA for Soissons and from 17 to 22 DPA for Skyfall and Conqueror,
daily average temperatures were higher in 2017 than in 2016 (Fig. 2A).
This led to higher accumulated degree days in 2017 from 17 DPA on-
wards for Skyfall and Conqueror, for Soissons the accumulated degree
days in 2017 lay above those in 2016 for the whole period that was
monitored (Fig. 2B). The accumulated rainfall and duration of sunshine
during grain development are displayed in Fig. 3. Both parameters
show considerable differences between the two years of the experiment.
In 2017, the total rainfall with 39mm in a period from anthesis until 35
DPA was less than in 2016 (97mm for Soissons and 118mm for Skyfall
and Conqueror). The duration of sunshine in the same period was 273 h
for Soissons and 287 h for Skyfall and Conqueror in 2017, while in 2016
it was only 171 h (Soissons) and 220 h (Skyfall and Conqueror). For
Soissons in 2017 there was 58mm less rainfall and 102 more hours of
sunshine during grain development compared to 2016. For Skyfall and
Conqueror, there was 79mm less rainfall and an additional 67 h of
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sunshine in 2017 in comparison with 2016.

3.4. Thousand-grain-weight and Hagberg falling number

Grain size was measured as thousand-grain-weight (TGW). The
TGW was increased by the foliar N application at anthesis at both N
fertiliser levels (N100 and N200) as is shown in Fig. 4A. When more N
was supplied (N200 vs. N100) TGW was decreased, though this effect
was only present when foliar N was applied at anthesis. The highest
TGW was realised with 45.7 g at N100 when foliar N at anthesis was
applied. When comparing cultivars, an increased N fertiliser level re-
duced grain size for Conqueror and Soissons but not for Skyfall. At both
N fertiliser levels, Soissons had the smallest grains with an average

TGW of 37.72 g. TGW for Conqueror and Skyfall did not differ at N100,
but at N200 Skyfall with a TGW of 46.37 g, had bigger grains than
Conqueror (43.47 g). As TGW varied between varieties but yield was
similar, it may be concluded that those varieties with smaller grains
(lower TGW), such as Soissons, produced more kernels to compensate
for the smaller size of grains.

Hagberg falling number (HFN) is a measure of the starch quality of
flour produced from wheat grain. A falling number of less than 220 s is
recognised as low, whereas a falling number greater than 300 s is high.
The HFN was improved by 23.5% due to the foliar N application at
anthesis when N supply was low (N100) but at high N supply (N200)
there was no effect of foliar N on HFN observed (Fig. 4B). A higher N
fertiliser level only improved HFN when no foliar N was applied at

Fig. 1. Grain yield (A), GPC (B), plant N uptake (C) and N harvest index (D) of the cultivars Conqueror (CN), Soissons (SS) and Skyfall (SY) at the two N fertilisation
levels 100 kg N ha−1 (N100) and 200 kg N ha−1 (N200), with and without foliar N application at anthesis, in years 2016 and 2017. Error bars represent standard
deviations of replicates.

Fig. 2. Daily average temperature (A and B) and accumulated degree days (C and D) during grain development (1–35 days post anthesis (DPA)) of the cultivars
Conqueror, Soissons and Skyfall in the years 2016 and 2017.
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anthesis. There was a strong gradient within the three tested varieties,
with flour from Skyfall having the highest HFN (350.7 s), followed by
flours from Soissons (318.1 s) and Conqueror (221.4 s).

3.5. Bread volume

Bread volume was investigated by micro baking tests and results are
summarised in Fig. 5. The volume of breads baked from the flour of the
variety Soissons, with 30.14mL (mean over all N levels), was sig-
nificantly higher than those of Skyfall and Conqueror (24.28 and

Fig. 3. Accumulated rainfall (A and B) and sunshine (C and D) during grain development (1–35 days post anthesis (DPA)) for the cultivars Conqueror, Soissons and
Skyfall, in the years 2016 and 2017.

Fig. 4. Thousand grain weight (A) and Hagberg falling number (B) of the cultivars Conqueror (CN), Soissons (SS) and Skyfall (SY), at the two N fertilisation levels
100 kg N ha−1 (N100) and 200 kg N ha−1 (N200), with and without foliar N application at anthesis. Error bars represent standard deviations of replicates.
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23.36mL, respectively). A foliar N application at anthesis improved
bread volume only at the low N fertilisation level (N100). In general,
bread volumes were higher at the high N fertilisation level (N200). The
average bread volume at N100 with an additional dose of N applied via
the leaves at anthesis (25.78mL) was comparable with the average
bread volume at N200 without a foliar N application at anthesis
(27.41 mL).

3.6. Protein composition, measured by SDS-PAGE

Extracted grain proteins were separated by size on the basis of their
mobility using SDS-PAGE to analyse the gluten subunits. The protein
bands were classified into three groups. The first group corresponded to
the HMW-GS, the second group to the ω-gliadins and the third group
combined a mixture of LMW-GS, and α-/β-/γ-gliadins. The SDS-PAGE
results are shown in Fig. 6A.

Considering the general increase in GPC with higher N fertiliser
level and foliar N application at anthesis, the alterations in the com-
position of the storage protein fractions given as percentage from total
extracted protein is of particular interest. The LMW-GS and α-/β-/γ-
gliadins were the major group of gluten proteins with an average of
90.7%. The HMW-GS made up for 6.5% whereas the ω-gliadins ac-
counted for 2.8%. The percentage of ω-gliadins was not changed by
foliar N application at anthesis. The percentage of HMW-GS was in-
creased by foliar N application while the percentage of LMW-GS and
α-/β-/γ-gliadins was decreased. The gluten protein composition was
also influenced by variety. Soissons showed higher percentages of
HMW-GS and ω-gliadins than Skyfall and Conqueror. The percentage of
LMW-GS and α-/β-/γ-gliadins was lowest in Soissons (82.6%) and
highest in Conqueror (96.6%).

3.7. Protein polymer composition, analysed by SE-HPLC

Storage proteins were analysed by size using SE-HPLC technique to
analyse polymers. The results from this analysis are presented in
Fig. 6B. The SE-HPLC chromatograms were divided into five sections,
representing different storage protein fractions: large glutenin polymers
(high molecular weight glutenin subunits (HMW-GS)) (F1), small glu-
tenin polymers (low molecular weight glutenin subunits (LMW-GS))
(F2), ω-gliadins (F3), α-/γ-gliadins (F4) and non-gluten proteins (F5).
(F1+ F2+F3+F4+F5) represents the total protein amount, whereas
(F1+ F2+F3+F4) represents the amount of gluten protein.

While the total amounts of HMW-GS, LMW-GS, ω-gliadins and α-/γ-
gliadins were increased by a foliar N application at anthesis at both, low
and high N fertilisation level, the amount of the non-gluten proteins
was increased solely at the low N fertiliser regimen (Fig. 6B). Only the
LMW-GS and α-/γ-gliadins were enhanced by a higher N fertilisation

level. For all storage protein groups, there was a gradient between the
three tested cultivars, with Conqueror showing the least amounts of
each protein group, followed by Skyfall and then Soissons with the
highest amounts. The HMW-GS are the only exception from this pat-
tern, with Skyfall and Soissons showing similar amounts, both higher
than Conqueror.

Ratios between certain storage protein fractions, such as HMW-GS/
LMW-GS ratio, gliadin/glutenin ratio and gliadin/HMW-GS ratio
((F3+ F4)/F1), are said to indicate for the baking quality (Godfrey
et al., 2010; Millar, 2003). The ratio of HMW-GS to LMW-GS is given by
F1/F2, the gliadin/glutenin ratio is calculated by (F3+F4)/(F1+F2)
and the ratio of gliadin to HMW-GS is represented by (F3+ F4)/F1.
Both, HMW-GS/LMW-GS ratio and gliadin/HMW-GS ratio were
changed due to the foliar N application at anthesis, but only at the low
N fertilisation level (Fig. 7). The HMW-GS/LMW-GS ratio was de-
creased, whereas the gliadin/HMW-GS ratio was increased by the foliar
N application. At the low N fertiliser level (N100), the amount of
gliadins was increased by 33% as a result of foliar N application at
anthesis, whereas the amount of HMW-GS was increased by 19%. As the
increase in gliadins was stronger than that of HMW-GS, the ratio of
gliadins to HMW-GS was enhanced by foliar N application at anthesis
under a low N fertiliser regimen (Fig. 7B). The gliadin/glutenin ratio
remained unaffected.

3.8. Relationships between some protein-related parameters and bread
volume

Regression analyses were carried out to evaluate the relationships of
all gluten protein fractions and subunits measured by SE-HPLC, results
obtained from farinograph measurements, and in addition GPC, with
bread volume. The correlations of the most promising three parameters
(GPC, total amount of gliadins and total amount of gluten protein) are
presented in Fig. 8. The best correlation was found between bread vo-
lume and the amount of gliadins in the flour with a correlation coeffi-
cient of 0.718. When regression analyses were performed for the vari-
eties separately, the correlations were weakest for Soissons and
strongest for Conqueror.

4. Discussion

4.1. Plant N uptake effects on grain yield and GPC

As nitrogen is an essential component of grain proteins, plant N
uptake is crucial for grain yield production as well as storage protein
accumulation during grain development. When more N (N100 vs.
N200) was supplied, plants assimilated more N until anthesis. This
plant N uptake until anthesis results in both a higher grain yield and a

Fig. 5. Bread volume in the cultivars Conqueror, Soissons and Skyfall as affected by the two N fertilisation levels 100 kg N ha−1 (N100) and 200 kg N ha−1 (N200),
with and without foliar N application at anthesis. Error bars represent standard deviations of replicates.
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greater GPC. The increased plant N uptake at maturity due to a foliar N
application at anthesis influenced grain yield only for Skyfall at N100
and for Soissons at N200, but led to an increased GPC in all three tested
varieties at both N fertiliser levels (Fig. 1). Therefore, it can be assumed
that the additional N, taken up after foliar N application at anthesis,
was used primarily for grain protein synthesis. This finding goes along
with results from Kichey et al. (2007) and Taulemesse et al. (2016),
showing that major proportions of N absorbed during the post-anthesis
period are translocated to the grain. Also, Martre et al. (2006) showed
that especially under low N supply, the N accumulation in the wheat
grain is sink-regulated. Plant N uptake is an important measure, but
under high N fertiliser regimes, grain N concentration usually reaches a
maximum and then remains stable, whereas the N concentration in the
straw fraction continues to rise (Barneix, 2007; Kong et al., 2016; Pask
et al., 2012; Triboi and Triboi-Blondel, 2002). In this case, the N harvest
index would be reduced. In this experiment, the higher N level only
decreased N-HI in Soissons in one of the two years. For the cultivars
Skyfall and Conqueror there was no such effect observed. These find-
ings demonstrate that even a dose of 200 kg N ha−1 can still be used
effectively by wheat plants by translocating the absorbed N to the
grains. The changes in GPC under different N fertiliser treatments also
support this statement because GPC was enhanced by both a higher N
fertiliser level and a foliar N application at anthesis.

4.2. Influences of the weather conditions during grain development on yield
and protein concentration

Weather conditions strongly affect grain yield as well as grain
quality of wheat (Johansson and Svensson, 1998; Schulz et al., 2015).
The higher grain yield in 2016 can be explained by the lower tem-
perature during grain development, which slows down the process of

senescence and therefore extends the phase of grain filling. Johansson
and Svensson (1998) observed a positive correlation between the hours
of sunshine in May and June and the GPC as well as a negative corre-
lation between the amount of rainfall in June and the GPC. These
findings are supported by the results of our experiment which show less
GPC in consequence of fewer hours of sunshine and more rainfall
during grain development (Figs. 1 and 3).

4.3. Thousand grain weight and Hagberg falling number as influenced by N
fertiliser management

Grain yield is composed of parameters, such as seed rate, shoots per
plant and grain size. TGW was increased by foliar N application at
anthesis but there was no effect of foliar N application on grain yield
(Figs. 4 and 1). It can be concluded that due to the foliar N application
the wheat plants produced fewer but larger grains. Demotes-Mainard
et al. (1999) found that the number of grains is usually determined
before anthesis, which contradicts the conclusion indicated above.
During sampling in the field, there were more sterile florets observed in
plots which had received a foliar N application. This could be the
reason for the impact of foliar N application on TGW even if the number
of florets (potential grains) has been determined earlier. The foliar N
application at anthesis only improved HFN at the low N fertilisation
level (N100). This finding is consistent with the statement of Gooding
and Davies (1992) that foliar application of urea can reduce α-amylase
activity and therefore improve HFN.

4.4. Grain protein composition as influenced by N fertiliser management

The composition of grain protein determines the end-use quality of
wheat flours and was analysed in samples from year 2016.

Fig. 6. Proportions of protein fractions at maturity, measured
by SDS-PAGE (A) and composition of protein polymers ana-
lysed by SE-HPLC (B) (displayed as area underneath the
chromatogram), as affected by the two N fertilisation levels
100 kg N ha−1 (N100) and 200 kg N ha−1 (N200), with and
without foliar N application at anthesis in the cultivars
Conqueror, Soissons and Skyfall. F1: large glutenin polymers
(containing HMW-GS), F2: small glutenin polymers (con-
taining LMW-GS), F3: fraction enriched in ω-gliadins, F4:
fraction enriched in α-/γ-gliadins and F5: containing non-
gluten proteins.
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The results of SDS-PAGE show an increased amount of HMW-GS due
to the foliar N application at anthesis in two of the three tested varieties
(Skyfall and Soissons). The amounts of LMW-GS and α-/β-/γ-gliadins
were also positively affected by the foliar N application (Fig. 6A). The
ω-gliadins were the only group that remained unaffected by the ap-
plication of foliar N. Daniel and Triboi (2000) and Hurkman et al.
(2013) also report an increase of HMW-GS in response to N fertilisation
but they found that ω-gliadins increase as well and amounts of LMW-GS
decrease.

Considering the results from the SE-HPLC analysis, it is noteworthy
that even though the N fertiliser level increased GPC, the effect on the
composition of grain proteins was rather small. The N fertiliser level
only affected the amounts of the fractions F2 (LMW-GS) and F4 (α-/γ-
gliadins) but these changes caused a significant (p < 0.05) influence of
N fertiliser level on both total gliadins and total glutenins (Fig. 6B). This
confirms the results from Xue et al., 2016b; and Fuertes-Mendizábal
et al., 2010, who also reported extended amounts of gliadins and

glutenins due to a higher N fertilisation rate. The amounts of gliadins
and glutenins were also influenced by an additional foliar N application
at anthesis. Since both protein fractions were enlarged by 21% as a
result of a foliar N application, the ratio of gliadins to glutenins re-
mained unchanged (Fig. 7C). Triboï et al. (2000) also observed equal
increases of gliadins and glutenins in response to N supply and there-
fore, no changes in their ratio. On the basis of protein composition
modelling, Martre et al. (2006) suggest a transcriptional regulation of
the accumulation of protein fractions.

4.5. Concentration and composition of grain protein and their connection to
bread volume

Grain N concentration was enhanced by N level as well as foliar N
application (Fig. 1B). As the bread volume only increased due to a foliar
N application at a low N fertilisation rate (N100), it can be concluded
that an increasing grain protein concentration does not necessarily lead

Fig. 7. HMW-GS/LMW-GS ratio (A), gliadin/HMW-GS ratio (B) and gliadin/glutenin ratio (C) at the two N fertilisation levels 100 kg N ha−1 (N100) and 200 kg N
ha−1 (N200), with and without foliar N application at anthesis. Error bars represent standard deviations of replicates. Asterisks mark significant effects of a foliar N
application (p < 0.05).
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to an improved baking quality. Baking performance rather depends on
the composition of grain proteins. According to Triboi et al. (2003), the
storage protein composition strongly depends on the quantity of N in
the grain, which is in contrast to the present findings, as increased GPCs
due to a foliar N application at a high N fertilisation level (N200) did
not lead to a further improvement of baking quality. Millar (2003)
states that bread-making varieties generally tend to have higher HMW-
GS/LMW-GS and lower gliadin/HMW-GS values. However, the results
of our experiment show the opposite effect. At a low N fertiliser level
(N100), the foliar N application at anthesis decreased the HMW-GS/
LMW-GS ratio and increased the gliadin/HMW-GS ratio. These altera-
tions led to an improved bread volume. Interestingly, the foliar N effect
on the ratios of HMW-GS/LMW-GS and gliadin/HMW-GS only occurred
when N fertiliser supply was low (N100). There was no such effect
observed at high N fertilisation level. The changes in bread volume
follow the same pattern: bread volume was increased by foliar N ap-
plication at low N fertiliser level (N100) but not when N supply was
high (N200). The increased GPC due to foliar N application at the high
N fertilisation level did not lead to further improvements in bread vo-
lume.

Surprisingly, the baking performance of the bread-making variety
Skyfall was comparable to that of the feed wheat variety Conqueror. A
possible explanation for the poor bread volume of Skyfall could lie in
the flour type used for the micro-scale baking test. As wholemeal flour
was used for the baking tests and Skyfall is a variety designed for the
British market, where there is mainly bread consumed which is pro-
duced from white flour, this might have particularly affected the results
of Skyfall. It can be speculated that Skyfall is unsuitable for being
processed in the form of wholemeal flour but might show a good baking
performance when used in form of white flour.

The parameter which could explain variance in bread volume in our
experiment best was the total amount of gliadins measured by SE-HPLC
(r2= 0.718). Grain protein concentration only accounted for 60% of
the variance in bread volume when all three varieties were considered.
When regression analysis was performed separately for the varieties,
the correlation was weakest for Soissons (r2= 0.575) which had the
highest GPC and strongest for Conqueror (r2= 0.747) which had the
lowest GPC. This finding confirms the weaker relationship between
GPC and bread volume in high protein varieties discovered by Gabriel

et al. (2017). This demonstrates that the evaluation of bread making
quality of wheat flour should not depend on GPC alone but needs
consideration of storage protein composition as well.

5. Conclusion

In this study, an increasing GPC did not necessarily generate an
improved baking quality, as the increased GPC due to foliar N appli-
cation at the high N fertilisation level did not lead to further im-
provements in bread volume. Baking performance rather depends on
the composition of grain proteins. At a low N fertiliser level (N100), the
foliar N application at anthesis decreased the HMW-GS/LMW-GS ratio
and increased the gliadin/HMW-GS ratio, which led to an improved
bread volume. No such effects were observed at high N fertilisation
level (N200). In this study, the parameter which could explain variance
in bread volume best was the total amount of gliadins.

These results imply that a late foliar application of nitrogen can be
used to effectively improve baking quality in case the total N uptake
was low due to unfavourable weather conditions during growing season
until anthesis. The findings also show that this effect cannot be ob-
served by measuring GPC alone but also needs a combined inquiry of
storage protein composition as well as bread volume. For the future, a
quickly detectable parameter for precise bread making quality predic-
tions still needs to be developed. One possibility is that this parameter
should be based on the total amount of gliadins.

Declaration of interest

None.

Acknowledgements

Anne Rossmann gratefully acknowledges the financial support
provided by Konrad-Adenauer-Stiftung e. V. Rothamsted Research re-
ceives strategic funding from the Biotechnological and Biological
Sciences Research Council (BBSRC) as part of the 20:20 Wheat (BBS/E/
C/00005202) and Designing Future Wheat projects (BB/P016855/1),
and by the Defra sponsored Wheat Genetic Improvement Network
project. George Savill is a PhD student with the University of Reading,

Fig. 8. Correlations between bread volume and protein concentration (A and D), bread volume and the amount of gliadins measured by SE-HPLC (B and E), and
bread volume and the amount of gluten protein measured by SE-HPLC (C and F) for all three varieties (A, B and C) and for each of the three varieties (Conqueror
(CN), Soissons (SS) and Skyfall (SY)) (D, E and F).

A. Rossmann, et al. European Journal of Agronomy 109 (2019) 125909

9



and is funded by the BBSRC, Lawes Trust, and the University of
Reading. The authors wish to thank Peter Shewry for critical comments
on the manuscript, Zhiqiang Shi and Abrar Hussain for their helpful
advice on the use of the SE-HPLC, and Katharina Schiesser (Leibniz-
LSB@TUM) for excellent technical assistance with the micro baking
tests.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.eja.2019.04.004.

References

Barneix, A.J., 2007. Physiology and biochemistry of source-regulated protein accumula-
tion in the wheat grain. J. Plant Physiol. 164, 581–590. https://doi.org/10.1016/j.
jplph.2006.03.009.

Barraclough, P.B., Howarth, J.R., Jones, J., Lopez-Bellido, R., Parmar, S., Shepherd, C.E.,
Hawkesford, M.J., 2010. Nitrogen efficiency of wheat: genotypic and environmental
variation and prospects for improvement. Eur. J. Agron. 33, 1–11. https://doi.org/
10.1016/j.eja.2010.01.005.

Bly, A.G., Woodard, H.J., 2003. Foliar nitrogen application timing influence on grain
yield and protein concentration of hard red winter and spring wheat. Agron. J. 95,
335–338.

Daniel, C., Triboi, E., 2000. Effects of temperature and nitrogen nutrition on the grain
composition of winter wheat: effects on gliadin content and composition. J. Cereal
Sci. 32, 45–56. https://doi.org/10.1006/jcrs.2000.0313.

Demotes-Mainard, S., Jeuffroy, M.H., Robin, S., 1999. Spike dry matter and nitrogen
accumulation before anthesis in wheat as affected by nitrogen fertilizer: relationship
to kernels per spike. F. Crop. Res. 64, 249–259. https://doi.org/10.1016/S0378-
4290(99)00046-5.

Fuertes-Mendizábal, T., Aizpurua, A., González-Moro, M.B., Estavillo, J.M., 2010.
Improving wheat breadmaking quality by splitting the N fertilizer rate. Eur. J. Agron.
33, 52–61. https://doi.org/10.1016/j.eja.2010.03.001.

Gabriel, D., Pfitzner, C., Haase, N., Hüsken, A., Prüfer, H., Greef, J.-M., Rühl, G., 2017.
New strategies for a reliable assessment of baking quality of wheat – rethinking the
current indicator protein content. J. Cereal Sci. 77, 126–134. https://doi.org/10.
1016/j.jcs.2017.08.002.

Godfrey, D., Hawkesford, M.J., Powers, S.J., Millar, S., Shewry, P.R., 2010. Effects of crop
nutrition on wheat grain composition and end use quality. J. Agric. Food Chem. 58,
3012–3021. https://doi.org/10.1021/jf9040645.

Gooding, M.J., Davies, W.P., 1992. Foliar urea fertilization of cereals: a review. Fertil.
Res. 32, 209–222. https://doi.org/10.1007/BF01048783.

He, J., Penson, S., Powers, S.J., Hawes, C., Shewry, P.R., Tosi, P., 2013. Spatial patterns of
gluten protein and polymer distribution in wheat grain. J. Agric. Food Chem. 61,
6207–6215. https://doi.org/10.1021/jf401623d.

Hurkman, W.J., Tanaka, C.K., Vensel, W.H., Thilmony, R., Altenbach, S.B., 2013.
Comparative proteomic analysis of the effect of temperature and fertilizer on gliadin
and glutenin accumulation in the developing endosperm and flour from Triticum
aestivum L. cv. Butte 86. Proteome Sci. 11, 1–15. https://doi.org/10.1186/1477-
5956-11-8.

Johansson, E., Svensson, G., 1998. Variation in bread‐making quality: effects of weather
parameters on protein concentration and quality in some Swedish wheat cultivars
grown during the period 1975–1996. J. Sci. Food Agric. 78, 109–118. https://doi.
org/10.1002/(SICI)1097-0010(199809)78:1<109::AID-JSFA92>3.0.CO;2-0.

Kazman, E., Innemann, A., 2010. Wie sieht eine Weizensorte in 5-10 Jahren aus? Wie
stellt sich die Pflanzenzüchtung auf kommende Veränderungen ein? How will a
wheat variety look in 5 to 10 years? How will wheat breeding cope with future
challenges? 60. Tagung Der Vereinigung Der Pflanzenzüchter Und Saatgutkaufleute

Österreichs 2009. pp. 5–10.
Kieffer, R., Wieser, H., Henderson, M.H., Graveland, A., 1998. Correlations of the

breadmaking performance of wheat flour with rheological measurements on a micro-
scale. J. Cereal Sci. 27, 53–60.

Kong, L., Xie, Y., Hu, L., Feng, B., Li, S., 2016. Remobilization of vegetative nitrogen to
developing grain in wheat (Triticum aestivum L.). F. Crop. Res. 196, 134–144.
https://doi.org/10.1016/j.fcr.2016.06.015.

Martre, P., Jamieson, P.D., Semenov, M.A., Zyskowski, R.F., Porter, J.R., 2006. Modelling
protein content and composition in relation to crop nitrogen dynamics for wheat. Eur.
J. Agron. 25, 138–154. https://doi.org/10.1016/j.eja.2006.04.007.

Millar, S.J., 2003. The Development of Near Infrared (NIR) Spectroscopy Calibrations for
the Prediction of Wheat and Flour Quality. Proj. Rep. 310. HGCA.

Pask, A.J.D., Sylvester-Bradley, R., Jamieson, P.D., Foulkes, M.J., 2012. Quantifying how
winter wheat crops accumulate and use nitrogen reserves during growth. F. Crop.
Res. 126, 104–118. https://doi.org/10.1016/j.fcr.2011.09.021.

Pechanek, U., Karger, A., Gröger, S., Charvat, B., Schöggl, G., Lelley, T., 1997. Effect of
nitrogen fertilization on quantity of flour protein components, dough properties, and
breadmaking quality of wheat. Cereal Chem. 74, 800–805. https://doi.org/10.1094/
CCHEM.1997.74.6.800.

Schulz, R., Makary, T., Hubert, S., Hartung, K., Gruber, S., Donath, S., Döhler, J., Weiß,
K., Ehrhart, E., Claupein, W., Piepho, H.-P., Pekrun, C., Müller, T., 2015. Is it ne-
cessary to split nitrogen fertilization for winter wheat? On-farm research on Luvisols
in South-West Germany. J. Agric. Sci. 153, 575–587. https://doi.org/10.1017/
S0021859614000288.

Senbayram, M., Ruirui, C., Mühling, K.H., Dittert, K., 2009. Contribution of nitrification
and denitrification to nitrous oxide emissions from soils after application of biogas
waste and other fertilizers. Rapid Commun. Mass Spectrom. 23, 2489–2498. https://
doi.org/10.1002/rcm.4067.

Tea, I., Genter, T., Naulet, N., Boyer, V., Lummerzheim, M., Kleiber, D., 2004. Effect of
foliar sulfur and nitrogen fertilization on wheat storage protein composition and
dough mixing properties. Cereal Chem. 81, 759–766.

Thanhaeuser, S.M., Wieser, H., Koehler, P., 2014. Correlation of quality parameters with
the baking performance of wheat flours. Cereal Chem. 91, 333–341. https://doi.org/
10.1094/CCHEM-09-13-0194-CESI.

Triboi, E., Triboi-Blondel, A.M., 2002. Productivity and grain or seed composition: a new
approach to an old problem - invited paper. Eur. J. Agron. 16, 163–186. https://doi.
org/10.1016/S1161-0301(01)00146-0.

Triboï, E., Abad, A.K.J., Michelena, A., Lloveras, J., Ollier, J.L., Daniel, C., 2000.
Environmental effects on the quality of two wheat genotypes: 1. Quantitative and
qualitative variation of storage proteins. Eur. J. Agron. 13, 47–64. https://doi.org/
10.1016/S1161-0301(00)00059-9.

Triboi, E., Martre, P., Triboi-Blondel, A.-M., 2003. Environmentally-induced changes in
protein composition in developing grains of wheat are related to changes in total
protein content. J. Exp. Bot. 54, 1731–1742. https://doi.org/10.1093/jxb/erg183.

Wan, Y., Gritsch, C.S., Hawkesford, M.J., Shewry, P.R., 2014. Effects of nitrogen nutrition
on the synthesis and deposition of the ω-gliadins of wheat. Ann. Bot. 113, 607–615.
https://doi.org/10.1093/aob/mct291.

Wieser, H., Kieffer, R., 2001. Correlations of the amount of gluten protein types to the
technological properties of wheat flours determined on a micro-scale. J. Cereal Sci.
34, 19–27 https://doi.org/10.1006.

Wieser, H., Seilmeier, W., 1998. The influence of nitrogen fertilisation on quantities and
proportions of different protein types in wheat flour. J. Sci. Food Agric. 76, 49–55.

Woolfolk, C.W., Raun, W.R., Johnson, G.V., Thomason, W.E., Mullen, R.W., Wynn, K.J.,
Freeman, K.W., 2002. Influence of late-season foliar nitrogen applications on yield
and grain nitrogen in winter wheat. Agron. J. 94, 429–434.

Xue, C., Schulte auf’m Erley, G., Rücker, S., Koehler, P., Obenauf, U., Mühling, K.H.,
2016a. Late nitrogen application increased protein concentration but not baking
quality of wheat. J. Plant Nutr. Soil Sci. 1–11. https://doi.org/10.1002/jpln.
201500569.

Xue, C., Schulte auf’ m Erley, G., Rossmann, A., Schuster, R., Koehler, P., Mühling, K.-H.,
2016b. Split nitrogen application improves wheat baking quality by influencing
protein composition rather than concentration. Front. Plant Sci. 7, 1–11. https://doi.
org/10.3389/fpls.2016.00738.

A. Rossmann, et al. European Journal of Agronomy 109 (2019) 125909

10

https://doi.org/10.1016/j.eja.2019.04.004
https://doi.org/10.1016/j.jplph.2006.03.009
https://doi.org/10.1016/j.jplph.2006.03.009
https://doi.org/10.1016/j.eja.2010.01.005
https://doi.org/10.1016/j.eja.2010.01.005
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0015
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0015
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0015
https://doi.org/10.1006/jcrs.2000.0313
https://doi.org/10.1016/S0378-4290(99)00046-5
https://doi.org/10.1016/S0378-4290(99)00046-5
https://doi.org/10.1016/j.eja.2010.03.001
https://doi.org/10.1016/j.jcs.2017.08.002
https://doi.org/10.1016/j.jcs.2017.08.002
https://doi.org/10.1021/jf9040645
https://doi.org/10.1007/BF01048783
https://doi.org/10.1021/jf401623d
https://doi.org/10.1186/1477-5956-11-8
https://doi.org/10.1186/1477-5956-11-8
https://doi.org/10.1002/(SICI)1097-0010(199809)78:1<109::AID-JSFA92>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0010(199809)78:1<109::AID-JSFA92>3.0.CO;2-0
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0065
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0065
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0065
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0065
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0065
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0070
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0070
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0070
https://doi.org/10.1016/j.fcr.2016.06.015
https://doi.org/10.1016/j.eja.2006.04.007
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0085
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0085
https://doi.org/10.1016/j.fcr.2011.09.021
https://doi.org/10.1094/CCHEM.1997.74.6.800
https://doi.org/10.1094/CCHEM.1997.74.6.800
https://doi.org/10.1017/S0021859614000288
https://doi.org/10.1017/S0021859614000288
https://doi.org/10.1002/rcm.4067
https://doi.org/10.1002/rcm.4067
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0110
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0110
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0110
https://doi.org/10.1094/CCHEM-09-13-0194-CESI
https://doi.org/10.1094/CCHEM-09-13-0194-CESI
https://doi.org/10.1016/S1161-0301(01)00146-0
https://doi.org/10.1016/S1161-0301(01)00146-0
https://doi.org/10.1016/S1161-0301(00)00059-9
https://doi.org/10.1016/S1161-0301(00)00059-9
https://doi.org/10.1093/jxb/erg183
https://doi.org/10.1093/aob/mct291
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0140
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0140
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0140
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0145
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0145
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0150
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0150
http://refhub.elsevier.com/S1161-0301(18)30336-8/sbref0150
https://doi.org/10.1002/jpln.201500569
https://doi.org/10.1002/jpln.201500569
https://doi.org/10.3389/fpls.2016.00738
https://doi.org/10.3389/fpls.2016.00738

