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Abstract

This study evaluated the response of two winter wheat lines: hypoallergenic wasko.gl−
and control line wasko.gl+ to nitrogen (N) and sulfur (S) fertilization under field con-
ditions in southern Poland during 2019–2021. A split-split-plot design with six N doses
(0–120 kg ha−1) and three S doses (0, 20, 40 kg ha−1) was applied to assess grain yield, nitro-
gen agronomic efficiency (NAE), vegetation indices (LAI, NDVI), and grain protein content.
Grain yields ranged from 3.92 to 6.08 Mg ha−1, with the hypoallergenic line producing
on average 16.6% more than the control one. Nitrogen fertilization significantly increased
yields up to 80–100 kg N ha−1, while sulfur application showed no consistent yield effect.
The highest NAE was achieved at 80 kg N ha−1, reaching 13.7 kg grain kg−1 N for hypoaller-
genic and 19.6 kg grain kg−1 N for the control wheat line. Remote sensing indices correlated
with fertilization intensity; LAI and NDVI increased up to 80–100 kg N ha−1, with opti-
mal values differing between lines, confirming distinct nitrogen-use efficiencies. Grain
protein content increased systematically with higher N inputs, exceeding 145.6 g kg−1 DM
at 120 kg N ha−1; sulfur fertilization modified protein levels, with the optimal dose being
20 kg S ha−1 for the hypoallergenic line and 40 kg S ha−1 for the allergenic line. Results
demonstrate that nitrogen supply strongly influences yield and quality traits, whereas
sulfur plays a secondary role, particularly in modifying protein content in grains. Dif-
ferences in genotype responses to fertilization emphasize the importance of taking an
individualized approach to nitrogen and sulfur fertilization strategies, which are tailored
to specific lines of wheat. This optimizes fertilization, yield, and quality, while maintaining
environmental sustainability.

Keywords: hypoallergenic wheat; grain yield; nitrogen agronomic efficiency; vegetation indices;
protein contents in grain

1. Introduction
Wheat (Triticum L.) was one of the first plants to be domesticated and has been a staple

food for major civilizations in Europe, West Asia, and North Africa for many thousands
of years [1]. Wheat yield has continued to increase over the last several decades, making
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wheat the most widely produced species and the most important food source for people
worldwide. By 2020, it was the most widely grown commodity crop in the world, covering
220 million hectares (Mha). In order to alleviate global hunger, it is estimated that global
wheat production will need to increase to 840 million tonnes by 2050 [2–4]. Scientific
research clearly shows that wheat provides more protein and calories to the diet than
any other agricultural food [5,6]. Wheat flour is a raw material primarily in the baking
industry, and its use depends on the composition of proteins, which form gluten fractions
that influence baking properties [7]. Gluten is composed of two groups of proteins, gliadins
and glutenins, which constitute over 80% of its mass [8]. The chemical properties of gluten
influence its rheological properties, primarily elasticity and extensibility [9]. Prolamin
proteins are considered food allergens and can adversely affect human health [10,11].
Allergies, including food allergies, are a serious problem for many people around the
world. It is well known that the prevalence of allergic conditions would follow economic
development and urbanization in many countries or regions [12]. Lack of sustainable
development may stimulate the development of allergic diseases. Literature data do not
confirm that old wheat varieties contain less gluten. The main aim of cultivating old
wheat varieties is to preserve genetic diversity, enhance sustainability in agriculture, and
potentially improve the nutritional and functional properties of wheat-based products.
These older varieties often exhibit greater resilience to environmental stressors, including
climate change [13].

With human health in mind, research has been undertaken to reduce the allergenic
properties of crop proteins. This goal can be achieved through technological modification
of the raw material or the production of new plant genotypes with reduced allergenic
properties, often using genetic engineering as a tool in genetic breeding work [14,15]. Re-
search by Waga and Skoczowski [16] allowed the development of hybrid winter wheat lines
(wasko.gl−) with a reduced number of allergenic gliadin proteins from the ω group and
low-molecular-weight glutenins (so-called D-type LMW glutenin). As a result, wheat geno-
types were obtained for the production of hypoallergenic food, with different functional
properties and agrotechnical requirements compared to commercial cultivars [16,17].

Wheat yield efficiency depends on natural (climatic and soil conditions) and anthro-
pogenic factors (variety selection and agrotechnical practices, including mineral fertiliza-
tion) [1]. Mineral fertilizers, especially nitrogen fertilizers, play an important role in sup-
plementing plant nutrient deficiencies, increasing quantity and quality of the yield [18,19].
They improve crop productivity [20]. Improper management of nitrogen fertilization can
lead to losses of this nutrient due to leaching, atmospheric volatilization, or denitrification.
Optimizing the use of nitrogen fertilizers is important because it ensures the economic sta-
bility of cropping systems and adequate plant production, while simultaneously reducing
environmental risks caused by nitrogen inputs [20,21]. Not only nitrogen but also other
macro- and micronutrients are essential for efficient nitrogen utilization [22]. Currently,
the content of available sulfur in the soil is low; hence, in recent years, much attention has
been paid to fertilizing not only brassica plants but also cereals with this element [21,23].
The effect of nitrogen (N) and sulfur (S) fertilizers on crop production has been widely
studied, and these nutrients are usually considered key factors in cereal production. Plants
well nourished with sulfur demonstrate greater nitrogen utilization efficiency. In plants
well supplied with sulfur, approximately 80% of nitrogen and sulfur build the structure
of true proteins. The increased accumulation of these compounds reduces the content of
nitrates, amides, free amino acids, and low-molecular-weight protein nitrogen compounds,
among other things. Providing plants with optimal amounts of sulfur leads to increased
photosynthetic efficiency, carbohydrate, fat, and protein production, and plant immunity
and, consequently, to increased yield and quality [24]. Nitrogen fertilization increases grain
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protein content, while sulfur fertilization affects grain protein composition [25,26]. Litke
et al. [27] showed that wheat grain yield average increased significantly until the nitrogen
fertilizer rate of 180 kg ha−1, whereas crude protein and gluten content in grain increased
on average until a nitrogen fertilizer rate of 210 kg ha−1.

In sustainable agriculture, the aim is to limit the use of chemical inputs, which, if
not utilized by plants, can threaten individual components of the natural environment.
Remote sensing indicators can be used to monitor the natural environment and assess plant
health. Vegetation indicators, such as LAI, correlate with biomass and plant physiological
parameters [28]. The most commonly used vegetation index is the Normalized Difference
Vegetation Index (NDVI), commonly known as the greenness index. Research has demon-
strated a strong correlation between the LAI and vegetation indices [29,30]. The LAI value
depends on the plant development stage and the agrotechnical practices used, particularly
nitrogen and sulfur fertilization, which increases nitrogen use efficiency. Monitoring the
values of these indices depending on the level of nitrogen and sulfur fertilization allows
for determining plant fertilization needs and can be used in yield forecasting. The existing
literature has described, to a limited extent, studies aimed at verifying the effect of nitrogen
and sulfur fertilization on plant productivity and nutrient use efficiency in a hypoallergenic
winter wheat line using physiological indicators (NDVI or LAI). Therefore, the research
is highly original from a scientific point of view and has practical implications, as it veri-
fies the usefulness of physiological indicators for assessing the productivity and nitrogen
agronomic efficiency of a new wheat line.

The aim of this study was to determine the efficiency of two winter wheat lines
fertilized with nitrogen and sulfur. Based on the results of a two-year field experiment, the
following parameters were calculated: grain yield of winter wheat, nitrogen agronomic
efficiency (NAE), vegetation indices (LAI and NDVI), and content of protein in grain.

We hypothesized that a winter wheat line containing a complete set of allergenic
proteins and a line completely devoid of these proteins show (1) a similar response to a
specific technological variant of cultivation and (2) similar values of vegetation indices.

2. Materials and Methods
2.1. Plant Material

In this study, two winter wheat (Triticum aestivum L.) lines were investigated. They
originated from a cross between T. aestivum L. and T. spelta L., followed by backcrossing
with T. aestivum L. to obtain sufficient uniformity [16]. One of the lines exhibits hypoaller-
genic properties due to the absence of omega-gliadin fractions in gluten (wasko.gl−, V1),
while the other retains these proteins (wasko.gl+, V2) and thus serves as a comparative
genotype [16,17].

2.2. Scheme of Experiment

This study was carried out in the field experiment located at the experimental station
of the University of Agriculture in Krakow-Prusy, Poland (50◦07′28′ ′ N, 20◦05′34′ ′ E).
The experiment was established on luvic chernozem with silt texture according to World
Base for Soil Resource (WRB) [31]. The soil had a pH value measured in solution of
1 mol dm−3 KCL of 6.2 (digital pH meter) in accordance with ISO 10390 [32], an organic
C content of 11.4 g kg−1 DM, a total N content of 1.26 g kg−1 DM, and a maximum
water capacity of 26%. The content of sulfate sulfur was low (3.50 mg kg−1 DM) as well
as of available phosphorus (68 mg kg−1 DM) and potassium (125 mg kg−1 DM). Soil
phosphorus and potassium were determined using the Egner–Riehm method [33]. The
sulfur content was quantitatively measured through inductively coupled plasma optical
emission spectrometry (ICP-OES) using an Optima 7300 DV instrument (Perkin-Elmer,
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Waltham, MA, USA). The concentration of total nitrogen and organic carbon in the soil
were determined, respectively, using the Kjeldahl method according to ISO 11261 [34] and
the Thiurin method [35].

The experimental site was primarily used to produce annual crops.
Experiment was conducted during two vegetation seasons, 2019/2020 and 2020/2021.

The experimental scheme was the same in both growing seasons and is presented in Table 1.
The field experiment was conducted in the split-split-plot design with three factors and
in three replications. Three factors were taken under consideration: I factor—two winter
wheat lines as V1 (wasko.gl−, without allergic protein) and V2 (wasko.gl+, with allergic
protein), II factor—three dose of sulfur: 0, 20, and 40 kg S ha−1, and III factor—six doses
of nitrogen fertilization: 0, 40, 60, 80, 100, and 120 kg N ha−1. The size of small plots was
11.2 m2. The experiment included 108 objects.

Table 1. Doses and forms of fertilizers used in the field experiment.

PK and S Fertilization

Factor

Phosphorus Potassium Sulfur

P triple superphosphate
(17% P) K potassium salt

(50% K)
potassium sulphate

(42% K) S potassium sulphate
(18% S)

[kg ha−1]

S1 46 263 91 184 0 0 0
S2 46 263 91 91 111 20 111
S3 46 263 91 0 222 40 222

Nitrogen fertilization

Factor
N

Nitrogen dose Ammonium nitrate (34% N)

starting vegetation shooting fertilizer starting vegetation shooting

[kg ha−1]

N0 0 0 0 0 0 0
N1 40 40 0 118 118 0
N2 60 30 30 176 88 88
N3 80 40 40 236 118 118
N4 100 50 50 294 147 147
N5 120 60 60 352 176 176

The previous crop for wheat was winter rape. The phosphorus and potassium fer-
tilizers were sown before sowing wheat. Doses and forms of fertilizers used in the field
experiment are shown in Table 1.

Both lines of winter wheat were sown on 4-10-2019 year. and 7-10-2020 year. in the
amount of 350 grains per 1 m2. The row spacing was 0.14 m and the depth was 0.03 m.
Weeds were controlled in autumn with diflufenican (100 g ha−1), chlorotoluron (625 g ha1),
and pendimetalin (750 g ha−1) in BBCH stages 12–14. In BBCH stage 31, trinexapac-ethyl
was applied at 100 g ha−1 to regulate plant growth. Insecticide was applied twice in BBCH
30 (10 g ha−1 deltamethrin) and 51–52 BBCH (5 g ha−1 lambda-cyhalotryne). Fungicides
were applied twice: (i) 100 g ha−1 azoksystrobine (BBCH 35-37); (ii) 326 g ha−1 tiofanat
metyl + 105 g ha−1 tetraconazol (BBCH 61-67).

Winter wheat was harvested at the full grain maturity stage.

2.3. Climatic Conditions

Weather conditions during the growing season of two winter wheat lines are shown in
Figure 1. Winter wheat is a cereal with relatively high water requirements, meaning that it
responds to low rainfall with a decrease in yield. Water demand is highest from the tillering
stage to the end of the stem elongation stage. On the other hand, excessive water intake
during the grain formation and maturation stages can reduce plant resistance to fungal
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diseases and lead to a decline in grain quality. The optimal temperature for wheat growth
and development is 12–15 ◦C. During tillering, temperatures of 8–12 ◦C are preferred and,
during the stem elongation and earing phase, 17–18 ◦C.

Figure 1. Weather conditions (precipitation and temperature) for particular months of two seasons of
winter wheat growth.

During the 2019/2020 growing season, rainfall in April was significantly lower than
in the multi-year period, while, in May and June, it was slightly higher. In July and August,
rainfall was lower than in the multi-year period, creating favorable conditions for grain
ripening. The average monthly air temperature in autumn was lower than in the multi-year
period and comparable in the spring and summer. In the 2020/2021 season, precipitation
from April to August exceeded the multi-year average, particularly in June, July, and
August, which was unfavorable. Average monthly temperatures were comparable to the
multi-year period, with only June and July being higher. In both growing seasons, winter
air temperatures did not threaten plant survival.

2.4. Wheat Grain Chemical Analyses

The protein content in seed yield was determined by near-infrared spectroscopy
(NIRS). This physical method involves the analysis of the spectrum (electromagnetic radia-
tion) in the near-infrared wavelength range (780 to 2500 nm). The principle of the NIRS
method is based on the absorption properties of chemical components in the near-infrared
(700–2500 nm range). The amount of NIR radiation absorbed is determined by the proper-
ties and number of bonds present in the tested material. Therefore, near-infrared spectra
contain detailed information about the chemical composition of the tested substances.
The use of a database of spectra present in given chemical compounds and multivariate
calibrations allows for the identification of chemical compounds in the tested sample [36].

2.5. Vegetation Indices

The GreenSeeker Handheld Optical Sensor Unit (NTech Industries, Inc., Ukiah, CA,
USA) was used to assess NDVI index, whereas the Sunscan System (Delta-T) was used to
measure leaf area index (LAI). Both indices were calculated according to Klimek-Kopyra
et al. [37] methodology.
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2.6. Calculations

The curves of winter wheat response to N fertilization were determined based on the
second-degree polynomial equation (the x-axis shows N doses and the y-axis shows the
yield of winter wheat grain NDVI and LAI) [38]:

y = a + bx + cx2 (1)

The highest point on the graph of quadratic function shows the optimal N dose and
maximum yield of winter wheat grain for that dose. The optimal N dose (Nop) was
calculated as:

Nop = −b/2c (2)

and maximum yield (Ymax) as:

Ymax = (a − b2)/4c (3)

The nitrogen agronomic efficiency (NAE) for nitrogen fertilization was estimated
according to Equation (4) [39]:

NAE = (YD − Y0)/D (4)

where

YD—yield at nitrogen fertilization dose;
Y0—yield at unfertilized plots;
D—N application rate.

2.7. Statistical Analyses

The collected data were analyzed using Excel and Statistica software. The Statistics
(version 13) software (IBM Corporation, Armonk, NY, USA) was used to conduct the
ANOVA. Tukey’s test was used to verify the level of significance at p ≤ 0.05. The production
functions for the grain yield were determined using the 2nd-degree polynomials, based
on the values received for the interaction of genotype × fertilization with N or S and
years × fertilization and lines × fertilization for NDVI and LAI. These were determined
separately for both winter lines.

3. Results
3.1. Wheat Grain Yield

This paper presents an analysis of the average yield of two winter wheat lines (with and
without allergenic properties) from both years of the experiment against the background of
differentiated nitrogen and sulfur fertilization (Table 2).

Wheat grain yield ranged from 4.68 to 6.08 Mg ha−1 for the non-allergenic line (V1)
and from 3.86 to 5.49 Mg ha−1 for the allergenic line (V2). The highest grain yield for
the V1 line was observed as a result of nitrogen fertilization at a rate of 100 kg N ha−1

and sulfur fertilization at a rate of 20 kg S ha−1. Fertilization at a level of 80 kg N ha−1

without sulfur had the greatest effect on grain yield for the V2 wheat line. Significant
differences in wheat grain yield were observed between the wheat lines. The grain yield of
the V1 line was significantly higher. The average grain yield of the non-allergenic wheat
line (5.27 Mg ha−1) was 16.6% higher than the average grain yield of the V2 wheat line
(4.52 Mg ha−1) (Tables 2 and 3).
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Table 2. Mean squares from analysis of variance of split-split-plot design for two lines of winter
wheat evaluated under three S and six N levels across 2020 and 2021 seasons.

Source of Variation
(S.O.V.)

Grain Yield and Protein NDVI and LAI

d.f. Grain Yield Mg ha−1 Protein
g kg−1 d.f. NDVI LAI

m2 m−2

Years (Y) 1 0.057 295.344 1 0.150 2.695
Lines (A) 1 9.931 ** 0.617 1 0.027 0.491
Y × A 1 0.000 0.063 1 0.014 0.254
Error 4 0.214 0.266 3 0.003 0.062
Sulphur (B) 2 0.221 0.178 2 0.000 * 0.008 *
A × B 2 0.151 0.200 2 0.001 ** 0.017 **
Y × B 2 0.000 0.010 2 0.000 0.001
Y × A × B 2 0.000 0.199 2 0.001 ** 0.017 **
Error 16 0.362 0.502 12 0.000 0.002
Nitrogen (C) 5 1.364 ** 3.437 ** 5 0.011 ** 0.192 **
A × C 5 0.123 0.044 5 0.000 * 0.008 *
B × C 10 0.146 0.158 10 0.000 * 0.008 *
A × B × C 10 0.252 * 0.161 10 0.000 0.002
Y × C 5 0.000 0.196 5 0.000 0.007
Y × A × C 5 0.000 0.029 5 0.001 ** 0.018 **
Y × B × C 10 0.000 0.123 10 0.000 * 0.009 *
Y × A × B × C 10 0.000 0.100 10 0.000 0.002
Error 120 0.113 0.109 90 0.000 0.004

** significant at p ≤ 0.01, * at p ≤ 0.05.

Table 3. Average two-year winter wheat grain yield depending on nitrogen and sulfur fertilization
(Mg ha−1).

Line/Nitrogen
(kg N ha−1)

Sulfur (kg ha−1) Average
for Nitrogen0 20 40

0 4.68 ± 0.15 NS * 5.08 ± 0.13 NS 4.74 ± 0.21 NS 4.83 ± 0.10 NS

40 4.89 ± 0.05 NS 4.79 ± 0.32 NS 5.10 ± 0.26 NS 4.93 ± 0.13 NS

60 5.36 ± 0.20 NS 5.72 ± 0.25 NS 5.30 ± 0.27 NS 5.46 ± 0.14 NS

80 5.33 ± 0.31 NS 5.36 ± 0.44 NS 5.84 ± 0.28 NS 5.51 ± 0.20 NS

100 5.74 ± 0.27 NS 6.08 ± 0.19 NS 5.07 ± 0.27 NS 5.63 ± 0.17 NS

120 4.78 ± 0.33 NS 5.39 ± 0.30 NS 5.58 ± 0.23 NS 5.25 ± 0.18 NS

V1 (mean) 5.13 ± 0.11 NS 5.40 ± 0.13 NS 5.27 ± 0.11 NS 5.27 ± 0.07 a

0 3.92 ± 0.37 NS 4.30 ± 0.10 NS 3.86 ± 0.11 NS 4.03 ± 0.13 NS

40 4.20 ± 0.12 NS 4.23 ± 0.34 NS 3.90 ± 0.07 NS 4.11 ± 0.12 NS

60 4.81 ± 0.09 NS 4.77 ± 0.03 NS 4.79 ± 0.25 NS 4.79 ± 0.08 NS

80 5.49 ± 0.41 NS 4.70 ± 0.16 NS 4.72 ± 0.17 NS 4.97 ± 0.17 NS

100 4.04 ± 0.34 NS 4.92 ± 0.05 NS 4.67 ± 0.10 NS 4.54 ± 0.14 NS

120 4.89 ± 0.12 NS 4.74 ± 0.09 NS 4.43 ± 0.50 NS 4.69 ± 0.17 NS

V2 (mean) 4.56 ± 0.14 NS 4.61 ± 0.08 NS 4.40 ± 0.11 NS 4.52 ± 0.07 b

Mean for nitrogen fertilization

0 4.30 ± 0.22 NS 4.69 ± 0.14 NS 4.30 ± 0.17 NS 4.43 ± 0.11 c

40 4.55 ± 0.12 NS 4.51 ± 0.24 NS 4.50 ± 0.22 NS 4.52 ± 0.11 bc

60 5.08 ± 0.13 NS 5.25 ± 0.19 NS 5.05 ± 0.19 NS 5.13 ± 0.10 ab

80 5.41 ± 0.25 NS 5.03 ± 0.24 NS 5.28 ± 0.23 NS 5.24 ± 0.14 a

100 4.89 ± 0.33 NS 5.50 ± 0.20 NS 4.87 ± 0.15 NS 5.09 ± 0.14 ab

120 4.84 ± 0.17 NS 5.07 ± 0.18 NS 5.01 ± 0.31 NS 4.97 ± 0.13 ab

Average for sulfur 4.84 ± 0.09 NS 5.01 ± 0.09 NS 4.83 ± 0.09 NS 4.89

* average ± standard error, NS—nonsignificant at p ≤ 0.05, means in the same column followed by the same letter
not statistically different at 0.05 level of probability.
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Both wheat lines responded similarly to nitrogen fertilization in terms of grain yield.
This factor significantly influenced grain yield. Sulfur fertilization did not significantly
affect grain yield.

The difference in grain yield between the control treatment (N0) and the treatment
fertilized with 40 kg N ha−1 was statistically insignificant and amounted to only 2.0%
of the yield increase. Therefore, grain yields of wheat fertilized with 40 kg N ha−1 were
used for further analysis. A nitrogen dose of 60 kg N ha−1 increased grain yield by
15.8% compared to the control treatment, while, at 80 kg N ha−1, this increase was 18.3%.
Subsequent nitrogen doses were less effective, causing grain yield increases of 14.9% and
12.2%, respectively.

Based on the regression curves, it was found that the most favorable, from the point
of view of the average wheat grain yield for the lines, was the sulfur dose of 20 kg S ha−1

applied against the background of nitrogen fertilization at a dose of 90 kg N ha−1. The
potentially highest fertilization efficiency and maximum yield of 5.27 Mg ha−1 (R2 = 72)
were obtained. No sulfur application or a dose of 40 kg S ha did not demonstrate such a
favorable effect on wheat yield (Figure 2).

Figure 2. Relationships between grain yield and nitrogen fertilization (sulfur dose: S1 = 0, S2 = 20, and
S3 = 40 kg per ha; V1—line wasko.gl−; V2—line wasko.gl+; Nop—optimal N dose; Ymax—maximum
yield of winter wheat grain for that optimal dose; F—calculated F value; p—probability; vertical lines
indicate a 95% confidence interval).

3.2. Nitrogen Agronomic Efficiency

The average nitrogen agronomic efficiency was the highest at a nitrogen dose of
60 kg ha−1 and, depending on the line, amounted to 10.5 (V1) and 12.8 (V2) kg of grain per
1 kg of nitrogen, respectively. Sulfur and nitrogen doses varied the value of this indicator.
The highest values were 13.7 kg of grain for the V1 line and 19.6 kg of grain for the V2 line
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(Table 4). The calculated optimal doses for these varieties were 89.7 and 87.5 kg N ha−1,
respectively, with predicted yields of 5.67 and 4.85 t ha−1 (Figure 2). A negative value for
nitrogen agronomic efficiency indicates that the fertilizer application resulted in a lower
yield compared to the control plot.

Table 4. Nitrogen agronomic efficiency (NAE).

Nitrogen Sulfur (kg ha−1)
Average

(kg ha−1) 0 20 40

Line V1

40 5.4 −7.3 8.8 2.3
60 11.3 10.7 9.4 10.5
80 8.1 3.5 13.7 8.4
100 10.6 10.0 3.3 8.0
120 0.8 2.6 7.0 3.5

Line V2

40 7.0 −1.7 0.9 2.1
60 14.9 7.9 15.5 12.8
80 19.6 5.1 10.8 11.8
100 1.2 6.3 8.1 5.2
120 8.1 3.7 4.8 5.5

3.3. Results of Vegetation Indices

The LAI in the second decade of April, i.e., in the BBCH 28-29 phase for the wheat lines
discussed here, was 1.86 and 1.70 m2 m−2 for lines V1 and V2, respectively (Table 5). These
values did not differ significantly, but sulfur and nitrogen fertilization significantly affected
this trait. Among the sulfur-fertilized treatments, the 20 kg S ha−1 dose increased the LAI
by 1.14% and the 40 kg S ha−1 dose by 2.27%, compared to the control dose (0 kg S ha−1).
The difference between the 0 and 40 kg S ha−1 doses was statistically significant. Increasing
nitrogen doses, ranging from 0 to 80 kg N ha−1, increased the LAI from 1.54 to 1.88 m2 of
leaves per m2 of soil at the 80 kg N ha−1 dose. No increase in LAI was observed at higher
doses. Significant interaction between wheat lines and sulfur and nitrogen fertilization was
demonstrated. The V2 line responded with a systematic increase in leaf area to increasing
sulfur doses, which was not observed in the V1 line (Table 5). The studied wheat lines did
not respond uniformly to the optimal nitrogen dose of 80 kg N ha−1.

Table 5. LAI value (second decade of April) of two lines of winter wheat depending on nitrogen and
sulfur fertilization (two-year average value).

Line
Nitrogen Dose

(kg ha−1)
Sulfur Dose (kg ha−1) Average

for Nitrogen0 20 40

V1

0 1.62 ± 0.25 NS * 1.63 ± 0.18 NS 1.60 ± 0.35 NS 1.62 ± 0.12 e

40 1.77 ± 0.33 NS 1.82 ± 0.30 NS 1.77 ± 0.40 NS 1.79 ± 0.16 cd

60 1.85 ± 0.31 NS 1.96 ± 0.22 NS 1.88 ± 0.29 NS 1.90 ± 0.12 ab

80 1.99 ± 0.20 NS 1.95 ± 0.20 NS 2.00 ± 0.21 NS 1.98 ± 0.09 a

100 1.97 ± 0.17 NS 1.96 ± 0.20 NS 1.88 ± 0.29 NS 1.94 ± 0.10 ab

120 2.01 ± 0.15 NS 1.92 ± 0.30 NS 1.98 ± 0.19 NS 1.97 ± 0.10 a

Average 1.87 ± 0.09 a 1.87 ± 0.08 a 1.85 ± 0.10 a 1.86 ± 0.05 NS
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Table 5. Cont.

Line
Nitrogen Dose

(kg ha−1)
Sulfur Dose (kg ha−1) Average

for Nitrogen0 20 40

V2

0 1.38 ± 0.24 NS 1.47 ± 0.18 NS 1.57 ± 0.18 NS 1.47 ± 0.10 f

40 1.67 ± 0.12 NS 1.66 ± 0.10 NS 1.74 ± 0.03 NS 1.69 ± 0.04 de

60 1.69 ± 0.18 NS 1.84 ± 0.04 NS 1.69 ± 0.13 NS 1.74 ± 0.07 cd

80 1.73 ± 0.14 NS 1.73 ± 0.18 NS 1.87 ± 0.08 NS 1.77 ± 0.07 bc

100 1.78 ± 0.10 NS 1.78 ± 0.16 NS 1.81 ± 0.14 NS 1.79 ± 0.06 bc

120 1.69 ± 0.15 NS 1.69 ± 0.18 NS 1.79 ± 0.08 NS 1.72 ± 0.07 cd

Average 1.66 ± 0.06 c 1.70 ± 0.06 bc 1.74 ± 0.05 ab 1.70 ± 0.03 NS

0 1.50 ± 0.16 NS 1.55 ± 0.11 NS 1.58 ± 0.16 NS 1.54 ± 0.08 e

40 1.72 ± 0.15 NS 1.74 ± 0.14 NS 1.76 ± 0.16 NS 1.74 ± 0.08 d

60 1.77 ± 0.15 NS 1.90 ± 0.10 NS 1.79 ± 0.14 NS 1.82 ± 0.07 bc

80 1.86 ± 0.13 NS 1.84 ± 0.13 NS 1.94 ± 0.10 NS 1.88 ± 0.06 a

100 1.87 ± 0.10 NS 1.87 ± 0.12 NS 1.84 ± 0.13 NS 1.86 ± 0.06 ab

120 1.85 ± 0.13 NS 1.80 ± 0.16 NS 1.88 ± 0.10 NS 1.85 ± 0.07 abc

Average for sulfur 1.76 ± 0.06 b 1.78 ± 0.05 ab 1.80 ± 0.05 a 1.78
* see Table 3.

In the BBCH 28-29 phase, the range of NDVI values for the wheat lines was between
0.558 and 0.602. Average values for the wheat lines varied slightly. Higher NDVI values
were recorded for the V1 line. Increasing doses of nitrogen and sulfur had a similar
effect on this index as on the LAI. The NDVI increased linearly with increasing sulfur
doses. A different relationship was observed for objects fertilized with nitrogen. Applying
80 kg N ha−1 resulted in a significant increase in the NDVI value (Figure 3).

Figure 4 shows the results of NDVI and LAI measurements from the 2019/20 and
2020/21 seasons. These illustrate how winter wheat lines respond to different nitrogen
doses, as described by second-degree polynomial models. A strong positive response of
the NDVI to increasing nitrogen doses was observed in both years of the study, with a very
high correlation (R2 = 0.99 in 2020 and R2 = 0.98 in 2021). The curves were parabolic in
nature, reaching a maximum after which the NDVI decreased (Figure 4).

In 2020, the maximum NDVI value (0.63) was obtained at a dose of 88 kg N ha−1. In
2021, it was lower (0.55) and the optimum was achieved at a higher dose of 100 kg N ha−1.
Differences in NDVI values and optimal doses between years are typical and result from the
modifying influence of environmental conditions. The lower maximum NDVI in 2021 with
a higher optimal dose is due to the weather conditions prevailing during the measurement
period—below-average temperatures and above-average precipitation (Figure 1). Lower
temperatures slowed down plant metabolism, including chlorophyll biosynthesis, resulting
in lower NDVI values compared to the previous year (2020).

At the same time, this slowdown in the rate of nutrient uptake and possible nitrogen
losses due to leaching during above-average rainfall required the use of a higher dose of N to
achieve the same effect as in the previous year, which was characterized by opposite weather
conditions during the same period. Similar to NDVI, the relationship between the N dose
and the LAI was described by second-degree polynomial models (R2 = 0.99 and 0.98).

The results confirm a strong positive but decreasing effect of nitrogen on the devel-
opment of plant assimilation area (Figure 4). In 2020, the maximum theoretical LAI value
(2.06 m2·m−2) was obtained at a dose of 98 kg N ha−1, while, in 2021, the maximum LAI
value was lower (1.67 m2 m−2) and was achieved at a similar dose of 96 kg N ha−1. An in-
crease in the N dose resulted in intensive leaf area development but only up to the optimum
point. The lower LAI values in 2021 indicate the impact of weather conditions; a cooler
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April slowed the growth rate of vegetative organs, including leaves. The results indicate
a discrepancy between the optimal nitrogen dose for maximizing NDVI and the optimal
dose for maximizing LAI. In 2021, the optimal nitrogen dose for LAI was higher than for
NDVI, suggesting that the NDVI may reach saturation earlier, becoming less sensitive to
increases in leaf biomass. Once a certain level of nitrogen nutrition has been reached (as
reflected by the NDVI), plants continue to increase their leaf area (LAI). However, this does
not necessarily result in an increase in chlorophyll content (or crop greenness index).

Figure 3. NDVI values for the main effects of the experiment—averages for the years 2020–2021,
BBCH 28-29 (bars marked with the same letters not statistically different at 0.05 level of probability,
vertical lines indicate a 95% confidence interval, V1—line wasko.gl−, and V2—line wasko.gl+).

The results presented in Figure 5 show the varied response of the tested winter wheat
lines (V1 and V2) to nitrogen fertilization, expressed as changes in NDVI and LAI values. In
both lines, a strong positive response of the LAI to increasing nitrogen doses was observed,
described by a second-degree polynomial model with a very high fit (R2 = 0.97 for V1
and R2 = 0.99 for V2). For line V1, the maximum theoretical LAI value (2.03 m2 m−2) was
obtained at a dose of 110 kg N ha−1 and, for V2, the maximum value (1.79 m2 m−2) was
obtained at a lower dose of 84 kg N ha−1. For line V1, the maximum theoretical NDVI
value (0.634) was obtained at a dose of 114 kg N ha−1 and, for line V2 (0.577), at a dose of
89 kg N ha−1.
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Figure 4. The effect of N dose on leaf area index (LAI) and NDVI during the stem elongation phase
[BBCH 28-29] (Nop—optimal N dose for maximal yield, vertical lines indicate a 95% confidence
interval, F—calculated F value, and p—probability).

Figure 5. LAI and NDVI values depending on the N dose in the studied winter wheat lines in the
stem elongation phase [BBCH 28-29] (V1—line wasko.gl−, V2—line wasko.gl+, Nop—optimal N
dose for maximal yield, vertical lines indicate a 95% confidence interval, F—calculated F value, and
p—probability).
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The results clearly indicate significant genetic variation among the studied wheat lines
in response to nitrogen fertilization. Line V1 required higher doses (110–114 kg N ha−1)
to achieve maximum LAI and NDVI. In contrast, line V2 was characterized by greater
nitrogen use efficiency (Table 2), reaching optimum levels at significantly lower fertilizer
doses (84–89 kg N ha−1). The V1 line not only required a higher nitrogen dose but also
had higher maximum values for both LAI and NDVI compared to the V2 line. This
indicates a greater yield potential under optimal nitrogen supply conditions for the V1
line, which is very often associated with a genetically determined ability to build a larger
assimilation apparatus.

The differences between wheat lines are significant for agricultural practice. Applying
uniform fertilizer recommendations for different varieties would lead to overfertilization of
line V2—the optimal dose for line V1 (114 kg N ha−1) applied to line V2 would cause LAI
and NDVI values to fall below the optimum, thereby increasing fertilization costs and the
risk of negative environmental impact. On the other hand, not adjusting the dose for line
V1—the optimal dose for line V2 (89 kg N·ha−1)—would not allow line V1 to fully express
its yield potential.

3.4. Content of Protein in Winter Wheat Grain

The protein content in grain of two winter wheat lines is presented in Table 6. In
both cases, the highest average protein content was found in wheat grain fertilized with
a nitrogen dose of 120 kg ha−1, at 145.6 g kg−1 DM for the non-allergenic line (V1), and
146.3 g kg−1 DM for the comparative line (V2). The lowest was found in grain from the
control treatment at 131.4 g kg−1 (V1) and 132.5 g kg−1 DM (V2), respectively. Increasing
nitrogen rates systematically increased the protein content in grain of both wheat lines. The
applied sulfur rates also modified the protein content in grain. For the non-allergenic line
(V1), the most favorable rate was 20 kg S ha−1, while, for the comparative line (V2), the
most favorable rate was 40 kg S ha−1. A significant increase in grain protein content was
observed as a result of nitrogen fertilization above a dose of 60 kg N ha−1. A tendency
towards a beneficial effect of increasing sulfur doses on this grain quality parameter was
observed but without significant differentiation.

Table 6. Protein content of two lines of winter wheat depending on nitrogen and sulfur fertilization
(two-year average value)—g kg−1 DM.

Line
Nitrogen Dose

(kg ha−1)
Sulfur Dose (kg ha−1) Average

for Nitrogen0 20 40

V1

0 131.0 ± 9.47 NS * 131.9 ± 9.61 NS 131.2 ± 9.04 NS 131.4 ± 5.09 NS

40 133.1 ± 9.63 NS 132.9 ± 10.26 NS 132.7 ± 11.43 NS 132.9 ± 5.68 NS

60 134.7 ± 9.12 NS 136.5 ± 8.94 NS 137.6 ± 11.42 NS 136.3 ± 5.37 NS

80 139.9 ± 9.49 NS 138.4 ± 9.24 NS 140.1 ± 8.95 NS 139.5 ± 5.01 NS

100 143.5 ± 9.65 NS 142.1 ± 8.15 NS 142.9 ± 9.07 NS 142.8 ± 4.87 NS

120 145.1 ± 9.31 NS 149.3 ± 8.52 NS 142.3 ± 8.43 NS 145.6 ± 4.80 NS

Average 137.9 ± 3.68 NS 138.5 ± 3.60 NS 137.8 ± 3.78 NS 138.1 ± 2.11 NS

V2

0 132.1 ± 8.69 NS 132.9 ± 9.20 NS 132.4 ± 8.34 NS 132.5 ± 4.75 NS

40 134.7 ± 10.41 NS 131.9 ± 10.85 NS 139.4 ± 9.51 NS 135.3 ± 5.62 NS

60 135.1 ± 10.10 NS 147.2 ± 8.76 NS 136.8 ± 9.83 NS 139.7 ± 5.36 NS

80 139.9 ± 9.38 NS 141.0 ± 10.75 NS 145.9 ± 9.49 NS 142.3 ± 5.40 NS

100 142.2 ± 8.94 NS 140.8 ± 10.51 NS 147.3 ± 9.98 NS 143.4 ± 5.37 NS

120 145.3 ± 7.58 NS 145.1 ± 9.19 NS 148.3 ± 9.28 NS 146.3 ± 4.74 NS
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Table 6. Cont.

Line
Nitrogen Dose

(kg ha−1)
Sulfur Dose (kg ha−1) Average

for Nitrogen0 20 40

Average 138.2 ± 3.58 NS 139.8 ± 3.87 NS 141.7 ± 3.70 NS 139.9 ± 2.13 NS

0 131.6 ± 6.13 NS 132.4 ± 6.34 NS 131.8 ± 5.87 NS 131.9 ± 3.43 d

40 133.9 ± 6.77 NS 132.4 ± 7.12 NS 136.1 ± 7.16 NS 134.1 ± 3.94 cd

60 134.9 ± 6.49 NS 141.9 ± 6.18 NS 137.2 ± 7.19 NS 138.0 ± 3.75 bc

80 139.9 ± 6.36 NS 139.7 ± 6.77 NS 143.0 ± 6.28 NS 140.9 ± 3.64 ab

100 142.8 ± 6.28 NS 141.5 ± 6.34 NS 145.1 ± 6.46 NS 143.1 ± 3.57 a

120 145.2 ± 5.72 NS 147.2 ± 6.01 NS 145.3 ± 6.04 NS 145.9 ± 3.33 a

Average for sulfur 138.1 ± 2.55 NS 139.2 ± 2.62 NS 139.7 ± 2.64 NS 139.0
* see Table 3.

4. Discussion
Taking into account that fertilization is one major creator of plant productivity, we

assessed the response of two winter wheat lines (V1, non-allergenic line; V2, allergenic
line) to nitrogen and sulfur fertilization. The advantage of the proposed studies is clear, as
they identified the response of ω-gliadin-free wheat line, in comparison to the traditional
one, to N–S fertilization using selected vegetative indices (NDVI and LAI). The available
literature lacks this knowledge. Based on current research, we rejected the hypothesis that
winter wheat lines (V1 line containing a complete set of allergenic proteins and V2 line
completely devoid of these proteins) show a similar response to a specific technological
variant of cultivation or similar vegetation indices values.

In current research nitrogen fertilization (from 0 to 120 kg N ha−1) significantly in-
fluenced grain yield of both varietes. Significant differences in wheat grain yield were
observed between the lines. The yield of grain without allergenic properties was signifi-
cantly higher than the yield with allergenic properties. Litke et al. [27] observed a significant
wheat grain yield increase up to the rate 180 kg N ha−1, but Walsh et al. [40] did not find
any significant differences in wheat grain yield under two levels of N fertilization, 90 and
123 kg N ha−1.

Proper plant supply not only with nitrogen but also with other nutrients is important
for effective nitrogen fertilization. The unsuitable management of nitrogen fertilization
can reduce yield of the cutivation plant and lead to losses of this element [21,41,42]. The
effect of nitrogen and sulfur fertilizetion on crop production has been investigated by
much reaserch [22,43,44]. Cereal crops and grasses (e.g., wheat) have the lowest sulfur
requirement. This requirement ranges from 12 to 25 kg S ha−1 rok−1 [45]. It was found
that wheat needs about 3 kg S ha−1 to produce 1 ton of grain with an equivalent amount of
straw [46]. In the experiment, whose results are disccused in this article, as a rule, sulfur
fertilization did not significantly affect grain yield.

Nitrogen agronomic efficiency (NAE) is crucial for global food security due to its
important role in determining crop yields. Previous studies found that NAE can be altered
by N fertilizer management strategies (type of input, time, method, and amount of applica-
tion), crop rotation, crop type, and initial soil N availability [2,47–51]. NAE mean ranged
from 14.1 kg kg−1 to 68.8 kg kg−1, and the mean was 20.8 kg kg−1 ± 1.1 [52]. Liang et al. [52]
proved a negative correlation between NAE and nitrogen application rate. Additionally it
was found out that N should be applied as NH4NO3 or NH4 with P and K fertilizers for
sustained NAE. In current research N was applied as NH4NO3 with PK and sulfur. The
highest values were 13.7 kg of grain for the V1 line and 19.6 kg of grain for the V2 line. The
calculated optimal doses for these lines were 89.7 and 87.5 kg N ha−1, respectively, with
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predicted yields of 5.67 and 5.55 t ha−1. Fertilization with sulfur, especially as an additional
fertilizer, increases the nitrogen agronomic efficiency of N fertilization of winter wheat,
which was previously proved by Tabak et al. [21].

Integration of remote sensing data into cereal crop technology is the most promising
method for optimization fertilization. Guo et al. [53] collected canopy spectral information
received from multi-spectral sensors used to monitor the winter wheat (Triticum aestivum
L.) crop in order to establish a yield prediction model under slow-release nitrogen fertilizer
condition. They also proposed optimal fertilization strategies to increase wheat yield.
The authors proved that the leaf area index (LAI) provides the necessary link between
remote sensing observation data and the canopy state variables that are used to predict
crop yield. The same authors also highlighted that applying different types of nitrogen
fertilizer can significantly affect the relationship between leaf area index (LAI) and yield.
Similar results were obtained by Ram et al. [54], who proved that the application of sulfur
can effectively increase the resulting growth parameters such as dry matter accumulation,
leaf area index (LAI), chlorophyll content, and crop growth rate (CGR) over the control. In
addition, the authors proved that a high dose of sulfur (30 kg S ha−1) increased the yield
attributes efficiently. The number of tillers, spike weight, and filled grains per spike were
higher with 30 kg S ha−1 compared to 15 kg S ha−1. In our studies, sulfur was not very
effective in forming yield parameters. Better results were obtained for treatments fertilized
with nitrogen. Among the nitrogen-fertilized treatments, a dose of 80 kg N ha−1 caused
an increase in the LAI from 1.54 to 1.88 m2 of leaves per m2 of soil. No increase in LAI
values was observed at higher doses. A significant interaction between lines and sulfur and
nitrogen fertilization has been demonstrated. Our studies proved that lines did not respond
uniformly to the optimal nitrogen dose of 80 kg N ha−1. Line V2 (winter wheat with allergic
protein) responded with a systematic increase in leaf area under the influence of increasing
sulfur doses, which was not observed in line V1 (winter wheat without allergic protein).

Remote sensing tool such as the Normalized Difference Vegetation Index (NDVI)
is widely used to assess crop nutritional status [29]. However, as Tuoku et al. [55] say,
variability in plant growth period of cereals, such as rainfall distribution, solar radiation,
temperature, and agronomic practices, can affect the values of NDVI. The farmer might
decide to apply more N where NDVI is higher to maximize crop production in high
productivity areas or apply less N where NDVI is higher to homogenize grain yield [56,57].
Currently, greater attention is being paid to benefit the environment; hence, NDVI and LAI
are used to stabilize and optimize crop production. Current results proved that fertilization
estimation based on NDVI or LAI indices is a very efficient tool because it reflects well
crop productivity depending on the specific technological variant such as fertilization level
and genotype. The application of 40 kg of sulfur and 80 kg of nitrogen per ha resulted
in a significant increase in the NDVI value for line V1 (winter wheat without allergic
protein). The same phenomenon was confirmed using the nitrogen agronomic efficiency
index (NAE). However, for V2 line (winter wheat with allergic protein), more sustainable
fertilization was applying 40 kg of sulfur and 60 kg of nitrogen per ha. Bronson et al. [58]
observed strong N effects on NDVI value. Treatments with no N applied resulted in the
lowest NDVI, and the high-N treatments had the highest NDVI values.

Cereal grains are a major source of energy, carbohydrates, and dietary proteins. Wheat
grain protein content is considered the main source of vegetable protein in human diets,
particularly in regions where animal protein is scarce or expensive [59]. Wheat proteins,
particularly gluten, play a significant role in determining the dough’s strength, elasticity,
and extensibility, which ultimately determine the quality of baked products [60]. Protein
content above 125 g ha−1 in wheat provides sufficient gluten to form good dough for
bread making, while wheat with protein content under 110 g ha−1 is suitable for making
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cookies [61]. Genetic and environmental factors as well as fertilization management highly
influence grain protein concentration and composition [62]. In current research the protein
content in the grain of two lines of winter wheat, V1 without allergic protein and V2 with
allergic protein, was compared. Increasing nitrogen doses systematically increased the
protein content in both wheat lines. The sulfur doses also modified the protein content in
the grain. The observed protein content enabled the grain to be used in the baking industry.
There is still no consensus on the effect of nitrogen application on the content of grain
protein and its composition in wheat under different experimental conditions. Temperature
and precipitation regulate the accumulation of protein in wheat by affecting photosynthesis,
growth rate, nutrient use efficiency, and the transfer of nutrients [63]. Several studies [64,65]
indicated that the application of sulfur-containing fertilizers increased the yield and the
protein content of grain. In our own research we found such a relationship but without
statistical significance, in relation to sulfur only up to the dose 20 kg S ha−1.

5. Conclusions
This study demonstrated that nitrogen fertilization had a significant but varied impact

on grain yield, agronomic efficiency, vegetation indices, and protein content of the two
winter wheat lines. In contrast, the influence of sulfur was more limited, primarily affecting
protein composition. This led to the rejection of the research hypothesis. The dose of
nitrogen calculated based on the regression analysis of seed yield in relation to nitrogen
application for the winter lines was about 20 kg/ha lower than the doses calculated for the
maximum LAI and NDVI values. The hypoallergenic line (wasko.gl−) showed significantly
higher yield potential and required greater nitrogen inputs to reach optimal values of
LAI and NDVI, whereas the allergenic line (wasko.gl+) exhibited higher nitrogen-use
efficiency and achieved comparable physiological responses at lower nitrogen doses. These
results indicate that genotype-specific fertilization strategies are necessary to optimize
yield and quality, particularly when cultivating hypoallergenic wheat intended for gluten-
sensitive consumers. Remote sensing indicators such as LAI and NDVI proved useful tools
for monitoring plant nitrogen status and could support precision fertilization practices.
Overall, the findings highlight that efficient nitrogen management remains the key factor
for sustainable production of both conventional and hypoallergenic wheat, ensuring high-
quality grain while minimizing environmental risks.
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