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Abstract: Foliar fertilization is a potential tool to increase the use-efficiency of nitrogen (N) fertilizers.
However, whilst leaf scorching has frequently been reported, the underlying physiological processes
are not clear. In the present work, we investigate the intensity of leaf scorching as affected by
the balance between ammonium assimilation and accumulation. Leaves were sprayed with urea—
ammonium nitrate (UAN) solution without surfactant or applied liquid droplets of urea in different
N concentrations with surfactant. UAN solutions without surfactant containing >10% N caused leaf
scorching already after 24 h and the severity increased with the N concentration. The same pattern
was observed 3 days after the application of urea solutions containing >4% N together with surfactant.
The scorching was accompanied by a massive increase in foliar and apoplastic ammonium (NH4 ")
concentration. Moreover, the activity of glutamine synthetase (GS), most pronouncedly that of the
chloroplastic isoform (GS2), decreased a few hours after the application of high N-concentrations.
Along with this, the concentration of glutamate—the substrate for GS—decreased. We conclude that
leaf scorching is promoted by NH;* accumulation due to a limitation in N assimilation capacity.

Keywords: nitrogen fertilizer management; ammonium concentration; glutamine synthetase; amino acid

1. Introduction

Wheat is the most widely grown crop in the world, covering approximately 219 million
hectares of harvested area in 2020 and yielding approximately 761 million tons of grain [1].
Wheat grains are rich in carbohydrates and have a high protein content which is used for
the production of flour, pasta, bread, and other bakery products [2,3]. Cereals such as rice,
maize, and wheat are of vital importance to the human diet, constituting a main source of
protein and fiber in developing countries. On a global scale, cereal crops provide 48% of the
total calories and 20% of the energy intake of the population [4,5]. Many factors influence
the content of protein in grain and nitrogen (N) availability is one of the most important
alongside genetic and environmental conditions [6,7].

In addition to global food security, wheat is also important for the production of
biofuels. First-generation biofuel is produced on the basis of starchy grains which has led
to controversial land use (food vs. fuels) and started a discussion over what the main use
of wheat grains should be [8-10]. This discussion prompted the development of second-
generation biofuels which are produced from lignocellulosic biomass, making wheat straw
yields important in addition to grain yields [11]. To achieve this dual-purpose (food and
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fuels), plant breeders have designed new wheat ideotypes with high potential yields of
both grain and straw [6,12].

Nitrogen is an essential element for plant growth and is the primary driver of crop
yields. Nitrogen plays a central role in photosynthesis during plant development and
subsequently becomes important for grain establishment [2,13]. Studies have shown
that N-fertilizer applied during generative growth stages primarily boosts grain yields,
while post-anthesis N-dressings improve the grain protein content (GPC) [14-18]. The
use-efficiency of nitrogen fertilizers (fertilizer-NUE) during the first growing season after
application to the soil is considered to be low (30-40%). A major part of the applied fertilizer
is incorporated into the soil organic matter from where it may subsequently mineralize and
increase N losses to the environment [2,19,20]. Nitrogen losses can cause several damages
to the environment, e.g., the eutrophication caused by nitrate leaching and increased global
warming due to the emission of N,O [21,22].

One approach to improve the fertilizer-NUE is foliar fertilization, where liquid N-
fertilizer is sprayed directly onto the leaves, thereby bypassing the soil from which N is
easily leached or volatilized [23]. Foliar N-fertilization (FNf) also offers greater possibilities
to match plant demand and N supply during the growing season, which might further
improve the fertilizer-NUE [24,25]. Foliar fertilization with various N sources may, however,
cause leaf scorching [22,23,26-29]. Very limited information is available on how different
N-forms affect leaf scorching and the physiological processes underlying the scorching. In
this context, the objective of the present work was to investigate the effects of the increasing
application to wheat leaves of two N sources, namely urea and urea—ammonium nitrate,
on leaf scorching and foliar N assimilation.

2. Materials and Methods
2.1. Plant Growth Conditions

Two experiments were carried out in a greenhouse with a controlled environment at
275 pmol m~2 s~ ! light intensity, within a temperature range of 19/15 °C (day/night), a
photoperiod of 4/20 h (day/night), and relative air humidity of ~65%. Two spring wheat
cultivars were used in the experiments; cv Amaretto in the first experiment, and cv Harenda
in the second experiment.

All seeds were sown in 2 L pots (experimental units) filled with substrate (Pindstrup,
substrate n° 2) and a pH range of 5.6-6.4 and nutrient contents (g m~3) of 70 NO3 ~-N,
50 NH4*-N, 89 P, 200 K, 14 Mg, 0.4 B, 2 Mo, 1.7 Cu, 2.9 Mn, 0.9 Zn, and 8 Fe. Each
experimental unit contained 2 plants with 4 tillers each, which were 5 weeks old when the
N-fertilizer applications were initiated.

2.2. Treatments and Foliar N-Fertilization (FNf)

The experiments were carried out in a completely randomized design with 3 and
4 replicates, respectively, in the first and second experiment. In the first experiment, urea—
ammonium nitrate (UAN) was used as the N source and the treatments consisted of four
UAN solutions with different N concentrations of 0, 5, 10, 20, and 40% of N, corresponding
to 0,2.7,5.5,11, and 22 mg of N per plant, respectively. In the second experiment, urea
with surfactant (0.05% tween 20) was used as the N source and the treatments consisted of
0 (only 0.05% tween 20 aqueous solution), 2, 4, 6, and 9% of N, corresponding to 0.18, 0.36,
0.56, and 0.84 mg of N per leaf.

The application method differed between the experiments. In the first experiment,
UAN solutions were sprayed onto the adaxial side of the leaves. The volume applied was
40 mL m~2 (simulating a field application with 400 L ha~! with a plant density of 230 m~2).
The leakage of the nitrogen solution into the soil during the application of the solution
was prevented by carefully covering the entire soil surface with plastic film. In the second
experiment, in order to apply an exact and repeatable volume onto each leaf, all solutions
were applied by volume repeater pipette and tween 20 (0.05%) was added to all solutions to
increase the droplet adherence, including all control treatments which consisted of Milli-Q
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water with tween 20. Three droplets (3 uL in each droplet) were pipetted onto the middle
section of the adaxial surface of the youngest fully expanded leaf (YFEL), as indicated in
Figure S1.

2.3. Evaluation Time and Leaf Sampling

The YFEL and the second youngest leaf were harvested at 1, 3, 6, 12, and 24 h after
foliar N-fertilization (HAFNY{) in the first experiment, aiming to investigate short-term leaf
scorching. In the second experiment, photos of the YFEL were taken every day after the
application of urea droplets. Seven days after foliar N-fertilization (DAFNf), when leaf
scorching was no longer increasing, the YFEL was collected and part of the leaf blade above
the middle section where the N droplets were applied was sampled for further analysis.
After sampling, the leaves were washed in Milli-Q water and wiped dry, then weighed,
put in polyethylene vials, and finally frozen in liquid N for later analysis. Prior to starting
the analysis, the frozen leaf tissue was ground in liquid Ny in the vials (homogenized
leaf sample).

2.4. Ammonium Analysis

One quarter of a gram of homogenized leaf sample was extracted in 2.5 mL of 10 mM
formic acid, according to the method adapted from [30]. The homogenate was centrifuged
at 13,400 g for 21 min at 2 °C. To remove the small particles, 1 mL supernatant was filtered
through a 0.45 pm nylon filter (O-Max® RR Syringe filters; filter diameter 13 mm) previously
washed with formic acid. The filtered supernatant was stored in the freezer at —20 °C until
the analysis. Ammonium was measured based on the method described by [30] using flow
injection analysis system (FIA) with online gas dialysis (Tecator FIA Star 5000; Hogands,
Sweden) following ISO 11732:2005 E [31]. Due to the high ammonium concentration, the
filtered supernatants were diluted in Milli-Q water (1:10 v/v, supernatant: water). Four
hundred microliters of diluted supernatants were injected into the system and mixed with
an alkaline solution (10 g NaOH, 15 g EDTA disodium salt, 6.2 g H3BO3 in 500 mL MilliQ
water). The formed ammonia diffused across a semi-permeable PTFE membrane and
became trapped in an indicator solution (10 mL indicator stock solution to 500 mL Milli-Q
water). The resulting color change was measured by a UV-spectrophotometer (absorbance
at 590 nm).

Apoplastic ammonium concentration was also determined in the first experiment
following the method described by [32]. We then weighed 4 cm? of YFEL segment which
was followed by infiltration with 350 mOsmol isotonic sorbitol (0.28 M). The YFEL seg-
ments were centrifuged at 2000x g for 15 min at 10 °C. Ammonium was measured as
described above.

2.5. Total Glutamine Synthetase and Specific GS1 and GS2 Activity

We extracted 0.1 g of homogenized leaf sample in 1 mL of buffer containing 5 mM
glutamate, 1 mM EDTA, 10 mM MgSQOy, 100 mM triethanol-amine, 10% (v/v) ethylene
glycol, 6 mM DL-dithiothreitol, and 10 uM leupeptin at pH 7.6. The homogenates were
centrifuged at 21,000 x g for 30 min at 4 °C and the supernatant was analyzed based on
the method described by [33]. One hundred microliters of supernatant was incubated with
380 uL assay mix (20 mM MgSOy, 100 mM triethanol-amine, 80 mM glutamate, 4 mM
EDTA, and 6 mM hydroxylammonium chloride at pH 7.6) for 10 min at 30 °C. The reaction
was started by adding 20 uL of 0.2 M ATP and, after 10 min, it was stopped by the addition
of 500 pL stop solution (0.1 M ferric chloride, 1 M HC], and 0.24 M TCA). Blank controls
were obtained by omitting the addition of ATP. The solutions were centrifuged at 10,000x g
for 5 min and the L-glutamic acid y-monohydroxamate (LGA) was spectrophotometrically
quantified at 505 nm absorbance (Eon, BioTek microplate reader, Winooski, VI, USA).
Synthetic LGA was also used to prepare the calibration standards.

In the first experiment, the specific G51 and GS2 activities were also evaluated after
separation by fast protein liquid chromatography (FPLC). We injected 250 p.L of the super-



Agronomy 2022, 12, 1405

40f19

natant containing crude protein extract into a Mono Q anion-exchange column (5/50 GL;
GE Healthcare, Brondbyvester, Denmark) connected to the FPLC system (AKTA, GE Health-
care, Brondbyvester, Denmark). The entire FPLC system was kept in a cold room at 4 °C.
The column was pre-equilibrated with equilibration buffer (25 mM Tris-HC, 10 mM MgCl,,
1 mM DTT and 5% (v/v) glycerol at pH 7.0) before loading. Proteins were separated on the
column using two linear gradients from 0.168 to 0.246 M NaCl and 0.246 to 0.390 M NaCl
at a flow rate of 0.3 mL min~!. Thirty fractions of 300 uL were collected per analytical run.
The first six fractions after equilibration contained no GS proteins and were not included in
the results. GS activity was assayed by the transferase reaction, which measures the ability
of GS to replace the g-amino group of glutamine (Gln) with hydroxylamine in the presence
of ADP and Na-arsenate [34]. We mixed 100 uL of the collected fractions with 100 uL
transferase reaction buffer (80 mM Tris-HCl, pH 6.4, 64 mM Gln, 16 mM hydroxylamine,
2.24 mM MnCl15,, 0.24 mM ADP, and 25 mM sodium arsenate dibasic) which was then incu-
bated at 30 °C for 60 min. Blank controls were obtained by omitting the addition of ADP
and Na-arsenate dibasic to the transferase reaction buffer. The stop solution (0.12 M FeCl3,
36.4 mM TCA, and 2 M HCl) was added and the LGA product was spectrophotometrically
quantified at 540 nm (FLUOstar Galaxy, BMG Labtech, Cary, NC, USA). Synthetic LGA
was also used to prepare calibration standards.

2.6. Urease Activity

Urease activity was analyzed in the leaf samples of the second experiment. The
extraction was based on the method described by [35]. We incubated 0.2 g of homoge-
nized leaf sample with 8 mL buffer (216 mM urea, 5% (v/v) n-propanol, 0.2 M NaH,POy,
0.5 M Nap;HPOy) at 30 °C for 3 h, shaking every 3 min. To remove small particles, 1 mL
of the supernatant was filtered through a 0.45 um nylon filter (Q-Max® RR Syringe filters;
filter diameter = 13 mm). We mixed 0.5 mL of the filtered supernatants with 2.5 mL of
the first reagent (0.1 M phenol, 170 uM sodium nitroprusside) and 2.5 mL of the second
reagent (125 mM NaOH, 150 mM Na,HPO4 x 12H,0, 3% (v/v) NaOCl), carefully shaking
the samples after the addition of each reagent [36]. The tubes were thereafter capped and
the supernatant solutions incubated at 37 °C for 35 min. The absorbance of the solutions
was spectrophotometrically measured at 625 nm (Eon, BioTek microplate reader, Winooski,
VT, USA) and quantified based on a standard curve obtained by using NH4Cl (Merck,
Seborg, Denmark).

2.7. Total-N and Amino Acid Concentrations

Leaf samples were freeze-dried for 48 h followed by grounding in the ball mill. For
total-N, 40 mg of homogenized dried leaf sample was weighed in a tin capsule, adding the
same amount of tungsten. Afterward, the total-N concentration was determined by Dumas
combustion (Vario Macro elemental analyzer, Hanu, Germany) [37].

Free amino acids were determined in the first experiment, while total amino acids
were determined in the second experiment. Free amino acid concentrations were quantified
in 0.25 g of homogenized leaf sample extracted in 2.5 mL of 10 mM formic acid [30]. Amino
acids were separated with an HPLC system (Nova-Pak C18 bonded silica guard column and
AccQ-Tag column, both from Waters A/S., Taastrup, Denmark) after derivatization with
6-aminoquinolyl-N-hydroxysuccinimidyl-carbamate according to [38]. Total concentrations
of amino acids were quantified in 0.2 mg of homogenized dried leaf sample, weighed
into a 10 mL headspace vial, with the addition of 3 mL of hydrolysis mixture (6 M HCl
with 0.1% phenol). The vials were capped with a crimp lid and sealed. Afterwards, the
vials were placed in a preheated oven at 110 °C for 24 h. After cooling, samples were
neutralized with 3 mL of 6 M NaOH, capped with rubber lids, and shaken. One microliter
of hydrolyzed solution was filtered through a 0.45 um nylon filter (Q-Max® RR Syringe
filters; filter diameter 13 mm). Five microliters of hydrolyzed and filtered solution was
used to determine and quantify the amino acid by chromatography system (UPLC), as
described by [39].
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2.8. Gas Exchange Parameters

Gas exchange parameters were evaluated by measurements of the middle section
of the YFEL not affected by leaf scorching. A CIRAS-3 portable photosynthesis system
(PP Systems, Amsbury, MA, USA) was used for the measurements that were carried out
between 9:00 and 15:00 h. The measured parameters were: internal CO, concentration
in the stomatal cavity (Ci); stomatal conductance (gs); vapor pressure deficit (VPD); net
photosynthesis rate (A); transpiration rate (E); and instantaneous water use efficiency (WUE;
net photosynthesis A divided by transpiration E). The leaf chamber CO, concentration
(400 pmol mol 1), relative air humidity (65%), and leaf temperature (22 °C) were set and
maintained using an automatic control device on the CIRAS-3. Red-blue light (90%: 10%;
light intensity of 300 pmol m~2 s~1) was provided by the LED light unit in CIRAS-3. Data
were recorded after equilibration to a steady state.

2.9. Statistical Analysis

The data from the first experiment were analyzed as a two-factor completely random-
ized design (N treatments and evaluation time) with three biological replicates, and the data
from the second experiment were analyzed as a one-way completely randomized design
with four biological replicates. The mean values were analyzed by the F test (p < 0.05), and
significant differences among the means were compared by Tukey’s post hoc test (p < 0.05),
using the package agricolae [40]. Data variability was indicated with standard error. Charts
were made using Microsoft Excel (Microsoft, Redmond, WA, USA). Pearson correlation
analysis was also performed in both experiments, using the package corrplot [41] and
canonical discriminant analysis was performed in the second experiment using the package
candisc [42]. All statistical analyses were performed using the R software version 4.1.0 [43].

3. Results
3.1. Leaf Scorching Characterization

To understand the physiological processes underlying leaf scorching in wheat,
two experiments were carried out in a greenhouse with controlled climate.

In the first experiment, plants sprayed with 5 or 10% of N as UAN solution without
surfactant showed no visual signs of scorching at the tip of the leaves, and looked very
similar to the control plants (Figure 1). However, UAN solutions containing 20 or 40% of N
gave rise to leaf scorching that extended from the tip of the leaf and covered approximately
20% of the leaf blade 24 HAFNf (Figure 1).

0% 10%  20% 40% 10% of N 20% of N

Figure 1. Scorching at the tip of the youngest fully expanded leaf of spring wheat (cv. Amaretto)
plants 24 h after spraying UAN solution with different N concentrations (0, 10, 20, and 40% of N)
without surfactant.
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In the second experiment, three droplets of urea in concentrations of 0, 2, 4, 6, or
9% of N with surfactant was pipetted onto the middle section of the adaxial surface of the
YFEL (Figure S1B). In the leaves treated with 4, 6, and 9% of N as urea solution, scorching
underneath the droplets was observed already 1 DAFNf (Figure 2A). The scorching intensity
was N concentration-dependent, and clearly more severe in the 9% N treatment compared
to the 4% N treatment (Figure 2A). In the 9% N treatment, incipient scorching (dark green)
was also observed at the tip of the leaf (Figure 2B). At 3 DAFN( (Figure S2), scorching
caused by the urea solutions was very clearly observed underneath the droplets as well
as at the tip of the leaves in the 4, 6, and 9% N treatments. Scorching at the tip of the leaf
in the 9% N treatment was still more severe than that in the 6% N treatment, while in the
4% N treatment, scorching was only observed at the leaf margins. For the urea solution
with 2% of N, no scorching was observed, neither underneath the droplets nor at the tip of
the leaf, which looked similar to the control plants. At 5 DAFNf (Figure 3), the scorching
in the 6 and 9% N treatments at the tip of the leaf increased compared to the scorching
at 3 DAFNf. There was also an increase in the scorching area from the 4% N treatment
(5 DAENY{), compared to 3 DAFNf, now being not only localized at the leaf margins, but
also appearing in the central parts of the tip.

Figure 2. Nitrogen toxicity occurring 1 day after the application of urea solution with surfactant onto
the YFEL of wheat (cv. Harenda). Three droplets of 3 pL urea solution with a concentration of 0, 2, 4,
6 or 9% N were pipetted onto the middle section of the adaxial surface of the YFEL. (A) Scorching
underneath the droplets; and (B) scorching at the tip of the leaf.
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0%N

Figure 3. Nitrogen toxicity occurring 5 days after the application of urea solution with surfactant
onto the YFEL of wheat (cv. Harenda). Three droplets of 3 puL urea solution with a concentration of 0,
2,4, 6 or 9% N were pipetted onto the middle section of the adaxial surface of the YFEL. (A) Scorching
underneath the droplets; and (B) scorching at the tip of the leaf.

3.2. Absorption and Assimilation of Foliar Applied Nitrogen
3.2.1. Short-Term Foliar N-Fertilization Responses (First Experiment)

UAN solutions with a high N concentration (20 or 40%) sprayed without surfactant
resulted in a quick N absorption, increasing the total-N concentration in the leaves already
at 1 HAFNT{ (Figure 4). Thereafter, the total-N concentration remained steady in the leaves
sprayed with 20% of N UAN solution, while the 40% N treatment achieved the highest
value at 12 HAFNf (85.1 mg g~ 1). The 5 and 10% N treatments did not increase the total-N
concentration in the leaves during 24 h (on average, 50.9 and 54.8 mg g~ !, respectively),
similar to the total-N concentration in the control treatment (on average 52.9 mg g~ !)
(Figure 4).

Measurements of leaf NH,* showed the highest concentration in the 40% N treatment
(Figure 5A). In this treatment, the NH,;* concentration reached the peak value at 12 HAFN{,
followed by a 20% decrease towards 24 HAFNf. The 20% N treatment resulted in the second
highest NH4* concentration in the leaves, peaking at 3 HAFNf and thereafter decreasing.
As was the case for the total-N concentration, the 5 and 10% N treatments did not cause any
significant increase in NH4* concentration. The apoplastic NH4* concentration reached a
high value >1 mM in the 20% and 40% N treatments (Figure S3).

Ammonium assimilation in plants is catalyzed by the GS enzyme, incorporating
NH4" into glutamine (Gln). Unexpectedly, the GS activity dropped in plants sprayed
with 20 and 40% N treatments already at 1 HAFNf (Figure 5B), but remained similar to the
control treatment in the 5 and 10% N treatments (Figure 5B). The GS activity remained
low in the 20 and 40% N treatments during the experimental period. In order to decipher
the decline in GS activity, the individual activities of the GS isoenzyme GS1 (localized in
the cytosol) and GS2 (localized in the chloroplast) were also evaluated at 6 HAFNf in the
control and 40% N treatment. These measurements revealed that the foliar N-fertilization
promoted a large (61%) decline in GS2 activity, while GS1 activity was reduced by 29.5%
(Figure 6).
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Figure 4. Total-N concentration of the youngest and second youngest fully expanded leaves of wheat
(cv. Amaretto) at 0, 1, 3, 6, 12, and 24 h after the application of UAN solutions with increasing N
concentration, namely 0, 5, 10, 20, and 40% N. Data are the means of three independent biological
replicates + standard error. Small letters indicate the difference between N treatments at each
application time, and capital letters indicate the difference between application times for each N
treatment according to Tukey’s post hoc test (p < 0.05).

In order for the GS isoforms to continuously function in the leaves, an adequate supply
of substrate is needed. The main substrates for GS are NH;* and the amino acid glutamate
(Glu). Since the GS activity reached a low value in the 40% N treatment at 6 HAFNf, the
quantification of free amino acids was performed. These measurements showed that the
total free amino acid concentration increased in the leaves fertilized with UAN solution
(Figure 7A). The highest value was obtained in the 10% N treatment (2.4 and 5.1 times
higher than the mean value of 20 and 40% N treatment and the control, respectively). The
free Glu concentration followed the same distribution pattern as the total concentrations
of free amino acids, but did not differ between N treatments, while the GIn concentration
increased in the 10 and 20% N treatments, enhancing the ratio of Gln:Glu in the pool of
free amino acids (Figure 7A). In the 40% N treatment, the total concentration of free amino
acids was dominated by an increase in the asparagine (Asn) concentration. Expressed
on a relative basis to the total concentration of amino acids, Glu decreased with the N
concentration in the applied UAN solution, while Gln increased in the 20 and 40% N
treatments and Asn increased in the 40% N treatment (Figure 7B).

Pearson correlation was performed at 6 HAFNf{, when total-N, NH4*, and amino
acids concentration, as well as GS activity, were evaluated in the youngest and second
youngest fully expanded leaves. The leaf NH4" concentration was positively correlated
with Asn (R? = 0.95) and total-N (R? = 0.95) but correlated negatively with the GS activity
(R? = —0.86) (Figure 8). GS activity was negatively correlated with Asn (R? = —0.84) and
total-N (R? = —0.87).

Before the sampling of the wheat leaves, net photosynthesis, transpiration rate, and
stomatal conductance were also measured in the youngest and second youngest fully
expanded leaves of plants in the control and 20% N treatments. The latter N treatment was
chosen because it was the lowest N concentration of the UAN solution which caused leaf
scorching (Figure 1). Net photosynthesis (Figure 9) as well as the stomatal conductance
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Figure 5. Ammonium concentration (NH4") (A) and glutamine synthetase (GS) activity (B) of the
youngest and second youngest fully expanded leaves of wheat (cv. Amaretto) at0, 1,3, 6,12, and 24 h
after application of UAN solutions with increasing N concentrations, namely 0, 5, 10, 20, and 40% N.
Data are the means of three independent biological replicates + standard error. Small letters indicate
a difference between N treatments at each application time, and capital letters indicate a difference in
the application times for each N treatment, according to Tukey’s post hoc test (p < 0.05).
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expanded leaves of spring wheat (cv. Amaretto) foliar fertilized with 0% N or 40% N UAN solution
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Figure 7. Absolute (A) and relative (B) concentrations of free amino acids in the youngest and
second youngest fully expanded leaves of spring wheat (cv. Amaretto) foliar fertilized with UAN in
different N concentrations (0, 10, and 20% of N) at 6 HAFN{. Data are the means of three independent
biological replicates & standard error; letters indicate a difference between the N treatments according
to Tukey’s post hoc test (p < 0.05). “Other AAs” are the sum of the percentage of arginine, serine,
threonine, valine, isoleucine, leucine, and phenylalanine.
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Figure 9. Photosynthesis rate of the youngest and second youngest fully expanded leaves of spring
wheat (cv. Amaretto) after foliar fertilization with UAN solution (0% or 20% of N in solution) at 0, 3,
6,12, and 24 HAFN{. Data are the means of three independent biological replicates + standard error;
small letters indicate difference between N treatments at each evaluation time, and capital letters
indicate difference between the evaluation times in each N treatment according to Tukey’s post hoc
test (p < 0.05).

3.2.2. Long-Term Foliar N-Fertilization Responses (Second Experiment)

Steady-state leaf N assimilation after foliar N-fertilization with urea was studied by
the analysis of the middle section of the YFEL above the part of the leaf blade where the N
droplets were applied. The samples were collected 7 DAFNf when there was no longer an
increase in leaf scorching at the tip of the leaf.

Total-N and amino acid concentrations in the YFEL were highest in the control
plants, while leaves fertilized with different urea-N concentrations on average had 27 and
26% lower total-N and amino acid concentration, respectively, irrespectively of the applied
N concentration (Table 1). The same pattern was observed for the glutamate + glutamine
(GIx) concentration, where the highest value was measured in the control plants, decreasing
by 26% on average in the plants fertilized with urea (Table 1). However, the percentage of
Glx in the total amino acid pool did not differ among treatments, constituting on average
11% (Figure S5). On the other hand, the NH4" concentration in the YFEL increased with the
N concentration in the applied urea solution with the highest NH4* concentration occurring
in the 9% N treatment (Table 1). The decrease in total-N and amino acid concentration and
the increase in NH* concentration in the upper part of the leaves where urea was applied
shows that the resulting scorching triggered significant N remobilization.

The activity of urease was not affected by the N concentration in the applied urea
solution (Table 1). However, there was a difference between the N treatments in GS activity
(Table 1).

Discriminant and Pearson correlation analysis were also used to evaluate the plant
response to foliar N-fertilization in the second experiment. The leaf NH;" concentration
was positively correlated (R? = 0.72) with the N concentration in the urea solution, while
the total leaf N concentration correlated negatively (R?> = —0.51) (Table 2). The same pattern
was evident in the multivariate analysis, in which the canonical discriminant variable
(CDV) (Canl + Can2) explained 89.1% of the results (Figure S6). According to the CDV,
the leaf NH4* concentration was the most important parameter. The CDV indicated that
increasing N concentration in the urea solution promoted an increase in GS activity as well
as in NH4 " concentration, while causing a decrease in the other evaluated leaf parameters
(Figure S6). In the second experiment, no difference was observed between N treatments in
the gas exchange parameters (Table S1).
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Table 1. Total-N, amino acid, NH4*, and glutamate + glutamine (Glx) concentration as well as urease,
and glutamine synthetase (GS) activity in the YFEL of spring wheat (cv. Harenda) foliar fertilized
with different urea-N concentrations at 7 DAFNT{.

N Concentration Total-N Amino Acid GS Activity
(%) (mg g~ DW) (mg g~ DW) (umol LGA g=1 FW min—1)
0% 35.7 a 188.7 a 1.16 a
2% 26.8 b 138.6 ab 0.83 b
4% 28.3 ab 157.2 ab 0.98 ab
6% 21.5 b 115.9 b 1.04 ab
9% 27.4 b 144.0 ab 1.18 a
Mean 27.9 148.9 1.04
N Concentration NH4* GIx Concentration Urease Activity
(%) (ug g1 FW) (mg g~ 1 DW) (umol NH;* g 1FW h™1)
0% 5.0 cd 20.6 a 1083.6 a
2% 3.2 d 15.3 ab 894.6 a
4% 9.8 ab 17.1 ab 998.5 a
6% 7.4 bc 12.7 b 886.1 a
9% 11.6 a 16.1 ab 909.8 a
Mean 74 16.4 954.5

Data are the means of four independent biological replicates; letters indicate difference between N treatments
according to Tukey’s post hoc test (p < 0.05).

Table 2. Pearson correlation and pairwise correlation t-test (p-values) of the N-concentration in the
applied urea solution with surfactant and the N parameters evaluated in the YFEL of spring wheat
(cv. Harenda) at 7 DAFNH.

Pearson Cor./ N Concentration Urease GS Glx . .
p-Value % Activity Activity NH,* Total-N Concentration Amino Acid

N concentration, % - —0.43 0.24 0.72 *** —0.51* —0.39 —0.42
Urease activity 0.06 - 048 * —0.23 0.63 ** 0.63 ** 0.65 **
GS activity 0.31 0.03 - 0.31 0.24 0.27 0.27
NH,* 0.00 0.33 0.19 - —0.27 —0.21 —0.21

Total-N 0.02 0.00 0.30 0.26 - 0.95 *** 0.96 ***

GIx concentration 0.09 0.00 0.25 0.38 0.00 - 0.99 ***

0.06 0.00 0.24 0.37 0.00 0.00 -

Values marked in blue represent a negative correlation between the analyzed parameters and those in green
represent the positive correlation. Correlation significance: *** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05.

4. Discussion
4.1. Leaf Scorching Is Promoted by NHy* Accumulation

N-fertilizer is usually applied as a soil dressing to wheat crops. The NUE of soil-
applied N-fertilizer is generally low (~30-40%) in the first year after application due
to soil immobilization, leaching, and gaseous emissions [44]. Foliar N-fertilization has
the potential to improve fertilizer-NUE. However, leaf scorching may occur after foliar
N-fertilization [23,45,46], as was also observed and characterized in the present work
(Figures 1 and 3). The scorching appeared as chlorosis of the leaf tip, where NH;* accu-
mulation is driven by the transpiration stream [47]. Leaf tissue scorching has in previous
studies been attributed to weather conditions, N concentration in the applied solution
(osmotic effect), and N uptake rate [48-50], but the metabolic processes accompanying
leaf scorching in wheat were not revealed [51]. In our study, we demonstrated that high
NH,* concentration in the leaf tip may promote the deterioration of the chloroplasts
(Figures 1 and 3) [52,53], decreasing the GS2 activity (Figure 6) and the rate of photosyn-
thesis (Figure 9).

Urea has been used as an N source for foliar N-fertilization due to its quick absorption,
resulting in high recoveries of the applied N-fertilizer within a few hours, as demonstrated
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in apple [54], grass [55,56], sugarcane [57], tea [58], tomato [49], and wheat [59]. Being a
small and neutral molecule with high solubility, urea rapidly penetrates the leaf cuticle by
lipophilic [45,60] and stomatal pathways, the latter facilitated by aquaporins [61-64]. Inside
the leaf, urea hydrolysis is catalyzed by urease, an enzyme that is constitutively present
in the plant tissue [65]. A very small part of the foliar-applied urea may be hydrolyzed to
ammonia and carbon dioxide by urease on the leaf surface [56,59,63]. This reaction can be
attenuated by the addition of a urease inhibitor to the applied solution but may increase
the concentration of urea in the leaf and enhance the scorching of the leaf tip [48]. Other
N sources such as sodium nitrate, ammonium sulfate and urea—ammonium nitrate may
cause more severe leaf scorching than urea [49,50], suggesting that ammonium toxicity is
promoted by the lack of balance between N uptake and assimilation [51,66,67].

Ammonium toxicity has previously been reported in plants growing in soil or solution
with high NHs* concentration [67-69]. However, the processes underlying NH4 ™" toxicity
after foliar N-fertilization are still not fully elucidated. Ammonium in non-senescing leaves
is predominantly assimilated via the chloroplastic glutamine synthetase (GS)/glutamine-
2-oxoglutarate aminotransferase (GOGAT) cycle, converting NH4* into GIn which sub-
sequently delivers N to other compounds, e.g., amino acids and proteins [70,71]. The
GS is represented by two isoforms, distinguished by their location; GS1 is located in the
cytosol, while GS2 is located in the chloroplasts [33]. For the continuous functionality
of this enzyme complex, Glu is required in addition to NH;* and acts as a biochemical
regulator of GS2 [72].

We quantified the NH4* concentration in the youngest fully expanded leaf (Figure 5
and Table 1) and observed a close relationship between leaf scorching and elevated NH,*
concentration (Figures 5 and S5). Surprisingly, elevated NH4* concentration was in the
short-term accompanied by a decline in chloroplastic GS2 activity (Figure 6). This may be
due to the acidic stress caused by an abundance of protons released during NH4* assimila-
tion in the chloroplasts [52,68,73,74]. In our short-term evaluation (first experiment), foliar
N-fertilization not only increased the free NH,* in the leaves but also decreased the propor-
tion of Glu in the total pool of free amino acids (Figure 7). Thus, along with acidification, a
temporary depletion of free Glu may occur, increasing the ratio of Gln:Glu (Figure 7) [73],
further inhibiting GS activity. A continued increase in the NH4" concentration in the leaf
intensified the NH4 ™ toxicity, as shown in the 40% N treatment (Figure 1). Stress induced by
NH,4" accumulation activates the asparagine synthetase pathway [75-78]. The stimulated
synthesis of Asn (Figure 7) increases the N transport to the other plant tissues, reflecting
that Asn together with Gln are major forms of N translocated in phloem [75,79]. Observed
over a longer time span, GS activity may recover (Table 1).

The long-term response experiment (second experiment) showed only very small
differences in the N assimilation and no differences in gas exchange parameters between
N treatments. However, an increase in the leaf senescence rate mediated by N treatment
was observed (Figure 3). This indicates that the high NH4" concentration in leaves caused
premature senescence, increasing nitrogen remobilization (Table 1; [80,81]). An elevated
concentration of ethylene and reactive oxygen species may contribute to the NH4 " -induced
senescence [66,82-84]. During abiotic stress, plants activate the defense machinery to
survive allowing the maintenance of physiological activities [85-87], as also shown by
our data on photosynthesis (Table S1) and nitrogen assimilation capacity, where the GS
activity recovered 7 DAFNf (Table 1) after the initial decline during the first hours after
foliar fertilization (Figure 5). Conversely, an abundant supply of N via the roots may delay
leaf senescence and maintain photosynthesis and plant growth [88,89]. Thus, there seems
to be a limit for how much N can be applied to the leaves, irrespective of the N source,
without causing NH* toxicity.

4.2. Future Remarks

The results of the present study show that foliar N-fertilization caused leaf tip scorch-
ing due to the accumulation of NH4". This accumulation of NH4* was coupled with the
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decreasing activity of both the chloroplastic (GS2) and cytosolic (GS1) isoforms of glutamine
synthetase, most pronouncedly that of GS2. The decline in GS2 may partly reflect a dis-
ruption of chloroplast integrity caused by the acidification triggered by NH4 " assimilation.
Thus, to improve fertilizer-NUE and reduce the risks of leaf scorching associated with foliar
N-fertilization, GS1 will be important in order to mitigate NHs* accumulation in the leaf
tip [71]. GS1 activity in green leaves is lower than that of GS2 [90], but the upregulation
of GS1 may nevertheless be important for mitigating NH,* toxicity as demonstrated in
Arabidopsis [73,91].The accumulation of NH4* along with the decline in GS activity and in
the proportion of Glu in the pool of free amino acids (Figure 7) suggest that the maintenance
of amino acid homeostasis might be a problem. In this context, silicon (Si) fertilization can
bring benefits by increasing the redistribution of amino acids, e.g., GIn [92,93]. Foliar Si fer-
tilization before foliar N-fertilization might accordingly mitigate NH,* toxicity as already
demonstrated in tomato and eucalyptus plants [94,95]. The co-supply of Glu and/or carbo-
hydrates (e.g., sucrose) and/or modifications of the N assimilation pathway [76,84,96-99]
might also decrease NH;* accumulation reducing leaf scorching.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy12061405/s1, Figure S1. A. Spring wheat plant before foliar nitrogen fertilization
(5-week-old) in the second experiment; B. The microliters of urea solution with surfactant droplets
applied onto the middle section of the adaxial surface of the youngest fully expanded leaf (YFEL);
Figure S2. Nitrogen toxicity occurring 3 days after application of urea solution with surfactant onto
the YFEL of wheat (cv. Harenda). Three droplets of each 3 uL urea solution with concentration of 0,
2,4, 6, or 9% N was pipetted onto the middle section of the adaxial surface of the YFEL: A. Scorching
underneath the droplets; B. Scorching at tip of the leaf; Figure S3. Apoplastic ammonium concentra-
tion (NH4*) of the youngest and second youngest fully expanded leaves of wheat (cv. Amaretto) at 0,
1,3, 6,12, and 24 h after the application of UAN solutions with increasing N concentration, namely
0, 5, 10, 20, and 40% N. Figure S4. Transpiration rate and stomatal conductance of the youngest
and second youngest fully expanded leaves of spring wheat (cv. Amaretto) after foliar fertilization
with UAN solution (20% of N in solution) and in control plants (without foliar N-fertilization) at
0,3, 6,12, and 24 h after foliar N-fertilization. Data are the means of three independent biological
replicates £ standard error; small letters indicate difference between N treatments in each evaluation
time, and capital letters indicate the difference between evaluation times in each N treatment, accord-
ing to Tukey’s post hoc test (p < 0.05); Figure S5. The percentage of amino acids in total amino acid
quantified in the YFEL of spring wheat (cv. Harenda) at 7 days after the application of urea solution
with surfactant onto the YFEL. Data are the means of four independent biological replicates. “GIx”
is the sum of glutamine and glutamate. “Others” are the sum of histidine, hydroxyproline, proline,
serine, threonine, and tyrosine; Figure S6. Canonical discriminant analysis of N parameters analyzed
in the YFEL of spring wheat (cv. Harenda) foliar fertilized with urea with surfactant in different N
concentrations at 7 days after foliar N-fertilization; Table S1. Gas exchange parameters (Ci—internal
CO, concentration in stomatal chamber; gs—stomatal conductance; VPD—vapor pressure deficit;
A—photosynthesis rate; E—transpiration rate; and WUE—water use efficiency) of the YFEL of spring
wheat (cv. Harenda) at 7 DAFNf.
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