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Abstract: How crop biodiversity adapts to drought conditions and enhances grain yield became the
most important issue facing agronomists and plant breeders at the turn of the century. Variations
in genetic response, inadequacy of nutrients in the soil, and insufficient access to nutrients are fac-
tors that aggravate drought stressors. The development of screening tools for identifying drought
tolerance is important in the deployment of durum wheat varieties suited to drought-prone envi-
ronments. An experiment was conducted to evaluate durum wheat varieties under a range of nu-
trient supplies in naturally imposed drought conditions. The treatments consisting of two nitrogen
regimes (i.e., control and 60 kg ha™'), four durum wheat varieties, and three types of nutrients (con-
trol, sulfur, and zinc) that were arranged in a split-split plot design with three replications. Both
foliar-based sulfur and zinc fertilization were employed at the flag leaf stage, at a rate of 4 and 3-L
ha, respectively. The results showed a significant (p < 0.05) genetic variation in chlorophyll con-
centration, grain protein content, tillering potential, and leaf area index. Varieties that contained
better leaf chlorophyll content had improved grain yield by about 8.33% under 60 kg/ha nitrogen.
A combined application of nitrogen and zinc at flag leaf stage significantly improved grain yield of
Duragold by about 21.3%. Leaf chlorophyll content was found to be a more important trait than
spikes per m? to discriminate durum wheat varieties. Foliar application of sulfur increased the grain
yield of drought-stressed plants by about 12.23%. Grain yield and protein content were strongly
correlated with late-season SPAD readings. Significant (p < 0.05) correlation coefficients were ob-
tained between normalized difference vegetation index, leaf area index, grain yield, and protein
content with late-season chlorophyll content, revealing the importance of chlorophyll content in
studying and identifying drought-tolerant varieties.

Keywords: chlorophyll meter; durum wheat; leaf reflectance traits; drought; nutrient supply; yield;
protein content

1. Introduction

Durum wheat (Triticum turgidum L.) grain is an important ingredient for making dif-
ferent food products such as pasta, couscous, and bulgur, which provides about 20% of
the global protein and calories consumption [1]. A proliferation of the world population
and expansion of food industries creates an opportunity to further improve durum wheat
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productivity while concomitantly safeguarding the environment. Indeed, harvesting high
grain yield is the outcome of several physiological processes and associated traits, such as
chlorophyll content in photosynthetic organs [2]. However, these important plant features
are highly depending on nutrient application and management [2,3]. Any form of nutrient
application during the crop growing period is directly related to the photosynthetic func-
tion of the leaves [4]. Nutrients such as nitrogen regulate leaf photosynthetic pigment syn-
thesis, and the level at which nitrogen is applied to durum wheat has a significant positive
correlation with the chlorophyll content [5]. However, nitrogen application at a higher
rate could reduce grain yield mainly through reducing the rate of grain filling of the mid-
dle spikelets, which substantiates proper nitrogen management [6]. This implies that the
use of nitrogen either in excess or insufficient doses could be a potential cause of yield
reduction in durum wheat. Hence, effective and site-specific nutrient management, mon-
itoring, evaluation, and regular diagnosis of plant nutrient status during the growing sea-
son is very important as far as the environment and productivity is concerned.

Nutrient status and photosynthetic machineries such as leaf chlorophyll concentra-
tion have been previously measured using conventional methods, which includes a com-
plex procedure of solvent extraction followed by in vitro spectrophotometric determina-
tion [7]. This assumption shows the need for alternative and cost-effective methods for a
rapid crop nutrient status analysis in the durum wheat cropping system. Modern preci-
sion agricultural tools such as chlorophyll meters (i.e., SPAD) allow instant real-time,
rapid, and non-destructive assessment of chlorophyll content and crop nitrogen status
[8,9]. These measurements can enable decision makers to further refine nitrogen recom-
mendations for divergent pedoclimatic conditions [8,10]. A wealth of information is avail-
able, highlighting the use of SPAD measurements as a crop nitrogen status monitor for
grain yield prediction and nitrogen utilization efficiency assessments [11,12]. Hence, as
the leaf chlorophyll concentration is highly correlated to nitrogen status [13], the leaf spec-
tral characteristics could be used to guide nitrogen fertilizer use [12].

Although SPAD-based nutrient management offers several benefits, it has been
found to be more sensitive to varietal differences and interactions among nutrients [14],
pedoclimatic factors, biotic stress [15], growth stage, and seasonal variability [16]. These
factors significantly influence efficient utilization of nitrogen, a fundamental constituent
of leaf chlorophyll content [17]. It is stated in the literature that restrictions in sulfur ac-
quisition have been observed as a primary cause for reduced growth and grain yield, par-
ticularly under water-limited environments [18]. Hence, under inadequate fertilization of
sulfur, wheat varieties cannot exploit their full yield potential, and the crop may not effi-
ciently use the applied nutrients [19]. Nitrogen also influences sulfur availability due to
their strong synergetic association, and since both are involved in protein synthesis, defi-
ciency in nitrogen can also cause sulfur deficiency in the grain [20,21]. This means that
sulfur deficiency can decrease nitrogen utilization efficiency and that nitrogen deficiency
could also reduce sulfur use efficiency [22]. These results universally imply an absolute
requirement of a balanced N:S ratio to obtain high yields and acceptable grain quality [23].
As such, there is a reduction in SPAD readings due to an imbalance between nitrogen and
sulfur nutrients [24]. In view of these facts, this study aimed to (i) evaluate the response
of leaf chlorophyll content in durum wheat to changes in varying applications of nutrients
over a complete growth cycle, and (ii) to appraise the effect of nitrogen, zinc, and sulfur
fertilizer application on leaf chlorophyll content, grain yield, and protein content of du-
rum wheat varieties.

2. Materials and Methods
2.1. Genetic Materials and Study Site Description

This study used four genetically diverse and promising durum wheat varieties (i.e.,
Colliodur, Durablank, Duragold, and Tamadur) sourced from Austria and Slovakia. The va-
rieties such as Duragold and Durablank are mid-late/late maturing varieties, and known for
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their high yielding potential, tillering capacity, high stability, high agronomic responsive-
ness, and good grain quality (https://istropol.sk/hu/katalogus, accessed on 6 March 2023).
The Tamadur variety is also characterized by its good agronomic characteristics, high grain
quality traits, and resistance to multiple diseases, while Colliodur is known for its high
yielding capacity and high drought tolerance level. These vegetal materials were then
evaluated during the spring season at the Latokép research center of the University of
Debrecen, Hungary, which is located at 47°33042" N; 21°27002" E, about 15 km from De-
brecen [25]. This site is characterized by calcareous chernozem soil which contains about
2.7-2.8% humus, a nearly neutral pH (pH KCI = 6.46), and a specific plasticity index (KA)
of 40 [26]. Soil samples were analyzed and indicated that the soil of the experimental sta-
tion contained about 57 mg kg AL-soluble phosphorus, 199 mg kg™ AL-soluble potas-
sium, and 0.94 mg kg of zinc. The water management characteristics of the soil were
favorable. Soil samples were taken from 0-20 cm at different locations prior to application
of nutrients during the experimental season. The daily average temperature, relative air
humidity and seasonal precipitation during the test period (August 2020-June 2021) are
shown in Figure 1. The collected meteorological data for the 2020/21 cropping season
clearly showed that there was severe drought stress, particularly at the beginning of the
flowering and maturity periods. The growing season was warmer and dryer than the av-
erage temperature and precipitation of the 30-year period (Figure 1).
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Figure 1. The average daily meteorological data of the Latokép experimental site (i.e., precipitation
and temperature) during the 2020/21 cropping season.

2.2. Experimental Design and Treatments

The four durum wheat varieties were combined with three foliar-based fertilizers
(i.e., control, sulfur, and zinc) and two levels of nitrogen application regimes (i.e., without
and 60 kg/ha) were arranged in a split-split plot design with three replications. The main
plots were assigned to the two levels of nitrogen application rates, the subplots to the four
durum wheat varieties, and the sub-sub plots to the three levels of foliar-based nutrient
application. The plot size of the sub-sub plots was 9 x 1.5 (13.5 m?) with a 15 cm row spac-
ing. The full plot size was used to measure grain yield as kg of grain produced per plot,
then converted into t/ha. Both zinc and sulfur fertilizers were applied at the flag leaf stage
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at arate of 3 and4 L ha™!, respectively. Other agronomic practices such as pest and disease
control measures were applied uniformly for all experimental plots as recommended for
wheat. Throughout the growing period, the experimental site was characterized by dry
climatic conditions, with an average monthly rainfall of 41 mm and high inter-annual and
seasonal variability (Figure 1).

2.3. Data Collection

Chlorophyll content (SPAD readings): A hand-held chlorophyll meter (Minolta SPAD-
502) was used to measure the relative leaf chlorophyll content and crop nitrogen status.
This reflectance-based trait was non-destructively measured every two weeks from the 10
uppermost fully expanded and intact leaves starting from 65 to 128 days after sowing
(DAS) and onwards. To prevent interference from external light, the chlorophyll meter
was clamped onto a single leaf. This measurement was made across all replication and
experimental units uniformly. The instrument measures leaf transmittance centered at red
light (650 nm; peak chlorophyll absorbance) and NIR (940 nm; non-chlorophyll absorb-
ance) wavelengths. At these points of transmission, the Minolta SPAD-502 m calculates
the amount of relative leaf chlorophyll content of the leaves, according to Equation (1)
[27].

) lor lof
SPAD readings = A X [log (—) —log (—) + B] @
Ir if

where:
A = constant;
B = constant;
Ior = current from red detectors with sample in place;
Ir = current from red infrared detectors with sample in place;
Iof = currents from red detectors with no sample;
If = currents from infrared detectors with no sample

Grain yield: was determined in a 13.5 m? (1.5 m x 9 m) area by a Sampo Rosenlew SR
2010 plot combine harvester equipped with a Coleman weighing system and was rec-
orded as kg/ha, which is then converted into t/ha after adjusting the harvested grain to
account for the 12.5% moisture content, as described by Badu-Apraku et al. [28].

Grain yield (kg ha=') = (100 — % AMC)/(100 - % SMC) x 100 @)

where:

AMC = Actual (obtained) Grain Moisture Content (%)
SMC = Standard Moisture Content

Leaf area index (LAI), Normalized Difference Vegetation Index (NDVI), and Spike
density (m?): We took measurements of LAl and NDVI from 8 to 10 AM every two weeks,
at different developmental stages (at 65, 77, 92, 128 DAS). LAI was measured at four dif-
ferent developmental stages (65-128 DAS) using a Delta-T SunScan S51 COM-R4 portable
plant canopy analyzer system with a radio link (Delta-T Devices Ltd., UK). This device
records light transmissions, analyzes the incident and transmitted PAR (photosyntheti-
cally active radiation) of the durum wheat canopy with a 100 cm long probe that has 64
PAR sensors with a spectral range of 400-700 nm. The readings are based on units of pho-
tosynthetically active radiation quantum flux (umol m= s™) and units of leaf area index
(m2 m-2). The NDVI was also recorded every two weeks using a portable N tech “Trimble
Greenseeker” NDVI meter at various growth stages of the crop following Equation (3)
[29]. This device was positioned at 1 m over the durum wheat canopy, and readings were
obtained for the average value of the entire plot. At the maturity stage, we also measured
the spike density using a 1 m square (1 x 1 m) quadrant and counting the number of pro-
ductive spikes produced within the quadrant.
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NDVI = (NIR - RED)/(NIR + RED) 3)

Protein and moisture content: A machine called a Pfeuffer Granolyser NIR (Pfeuffer,
Germany) was used to determine grain protein and moisture content. It uses NIR (near
infrared) diode technology, making 1500 individual scans per sample. The built-in spec-
trometer scans the sample seeds within the range of 950 to 1540 nm.

2.4. Statistical Data Analysis

The results are expressed as mean values and the error bars represent the standard
error (SE) of the mean. Prior to statistical assessments, the normality and homogeneity of
the data were tested by the Shapiro-Wilk test (Shapiro and Wilk, 1965) [30]. The majority
of the studied traits had normally distributed values. The statistical data analysis was car-
ried out using the GenStat (18th ed.) statistical software package [31]. When the analysis
of variance (ANOVA) revealed a significant difference, the means of the treatments were
compared using the least significance difference (LSD) t-test (p <0.05) to determine the
differences between expression levels of nutrients under drought-stressed conditions. We
compared the interaction of the treatments presented in different graphs and tables using
Duncan’s Multiple Range Test (DMRT). The graphs were constructed by MS Excel graph-
ical functions. Paired Spearman’s correlation analysis was also conducted using the Gen-
Stat (18th ed.) statistical software package to ascertain the magnitude and strength of the
association between pairs of traits under the applied nutrients.

3. Results
3.1. Genetic Regulation and Stability of Chlorophyll Content

The SPAD readings, estimated by a chlorophyll meter, were significantly (p < 0.05)
affected by the genetic landscape of the tested varieties (Table 1). These varieties had a
remarkable ability to sense environmental factors such as nutrient supply and drought
stress, which revealed an array of substantial genetic variations in relative leaf chlorophyll
concentration (Tables 1-3). Since the outset of yellowing and greening of the leaves deter-
mined by the stay green nature of durum wheat varieties, the corresponding SPAD values
ranged from 54.3 to 62.7 and 49.0 to 52.3 for Durablank and Colliodur, respectively (Table
2). This shows the slow degradation of the leaf chlorophyll concentration for the Durablank
variety under drought conditions, which could be due to its drought tolerance and high
responsiveness to nitrogen fertilization. The varieties that contained the optimum leaf
chlorophyll content could further maintain the maximum photosynthetic efficiency,
which enabled them to achieve maximum yield formation.

Table 1. Genetic regulation influences relative chlorophyll content and grain yield under drought
conditions.

Chlorophyll Measured at Different

gz;;;e) Varieties Stages SD (m?» GPC (%) (t(/;h‘;)
65 DAS 77 DAS 92DAS 128 DAS

Control  Colliodur 49.0 49.0 56.8 52.3 216 14.6 6.61
Durablank  54.3 56.6 65.3 62.7 216 16.6 6.85

Duragold 53.6 55.0 65.9 61.6 206 16.3 7.00

Tamadur 51.8 51.8 58.8 53.5 154 153 495

LSD (.05 1.19 1.03 1.36 1.93 10.3 0.61 0.24
CV (%) 3.40 2.90 3.30 5.0 7.7 2.8 3.0

Key to abbreviations: N, nitrogen; SD (m?), spike density; DAS, days after sowing; GPC (%); grain
protein content; GY (t/ha), grain yield; LSD o.s, least significant difference; CV (%), coefficient of
variation.
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Table 2. Variation in relative chlorophyll content, grain yield, and spike density (m?) and protein
content influenced by variety x nitrogen interaction during different developmental stages.

N Rate

Chlorophyll Measured at Different

GY

Varieties Stages SD (m?) GPC (%)
(kg/ha) 65 DAS 77 DAS 92 DAS 128 DAS (tha)
Control Colliodur 47.2 43.0 54.9 48.6 190.3 13.1 6.51
Dura- 26 508 647 613 2112 158 6.80
blank
Duragold 533 517 649 598 2002 154 653
Tamadur 498 473 560 501 1379 152 401
60kg/ha Colliodur 507 550 587 559 2419 162 670
Dura- o 604 658 642 2208 174 6.90
blank
Duragold 540 583 669 633 2127 173 745
Tamadur 53.8 56.4 61.6 56.9 170.3 15.3 5.89
LSD 05 234 136 369 299 1452 072 096
CV (%) 340 290 330 500 770 280  3.00

Table 3. Influence of varietal differences on SPAD readings for different growth stages, grain yield,

and protein content.

. ..  Chlorophyll Measured at Different Stages o GY
Varieties = AS ’ 77DAS 92DAS 128DAs -0 ™) GPCOO )
Colliodur 49.0 49.0 56.8 52.3 216 14.6 6.61

Durablank  54.3 56.6 65.3 62.7 216 16.6 6.85
Duragold 53.6 55.0 65.9 61.6 206 16.3 7.00
Tamadur 51.8 51.8 58.8 53.5 154 15.3 4.95

LSD (.0s) 1.19 1.03 1.36 1.93 10.3 0.61 0.24
CV (%) 3.40 2.90 3.30 5.0 7.7 2.8 3.0

3.2. Interaction of Durum Wheat Varieties and Nutrient Supply under Drought Conditions

The analysis of variance showed that exogenous application of nitrogen and sulfur
fertilizers significantly (p < 0.05) enhanced grain yield during drought episodes (Table 1).
The yield effect of sulfur was significantly varied in the extent to which the durum wheat
varieties responded to drought-induced stress and responsiveness to the applied inputs
(Figure 2). When the Tamadur variety was treated with sulfur-containing fertilizer, the
grain yield was significantly improved by about 12.23% (4.8 to 5.4 t/ha) compared to the

control (Figure 2).
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Figure 2. Effects of foliar-based zinc and sulfur fertilization on grain yields of different durum wheat
varieties under drought conditions. Bars indicated with single asterisks are statistically significant
at 0.05%.

3.3. Dynamics in SPAD Values (Chlorophyll) and Its Contribution to Grain Yield

The analysis of variance unveiled that the SPAD readings were significantly (p <0.05)
affected by the genetic landscape of the durum wheat varieties and the applied inputs
(Tables 1-4). When relative chlorophyll content was used to differentiate the crop’s bio-
logical potential, the varieties that contained a higher chlorophyll content achieved a
higher grain yield (Table 1). The Duragold (7.5 t/ha) and Durablank (6.9 t/ha) varieties in
this sense achieved potentially maximum grain yields, probably because of sufficient leaf
chlorophyll contents (Tables 1 and 2). Higher SPAD readings could be an indicator of
whether the durum wheat varieties received an adequate amount of nitrogen for grain
formation during the growing season. However, under 60 kg/ha of nitrogen application,
better chlorophyll-content-producing varieties did not maintain higher grain yields (Table
3). This was explicitly observed in the two highest yielding durum wheat varieties; Du-
ragold maintained higher leaf chlorophyll concentration than Durablank but the opposite
occurred when this specific trait was used to differentiate between the yielding potential
of both varieties (Tables 2—4). This means that, under drought conditions, both enhanced
and decreased leaf chlorophyll content could affect the grain yield of crops.

Table 4. A summary of significance for variety, nitrogen rate, zinc, and sulfur interactions on se-
lected physiological traits of durum wheat at different growth stages.

Chlorophyll Measured at Different

SI)ADStages GPC (%) GY()t/ha
SPAD 65 - SPAD 95 SPAD 128

Nutrients Varieties

Control  Colliodur 49.8 494 57.4 52.6 14.3 6.9
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Dura- o0 558 65.6 62.1 15.3 6.9

blank
Duragold 533  54.1 66.8 62.3 14.3 7.1
Tamadur 51.0 528 56.9 52.7 16.6 48
Colliodur 479 47.7 56.4 52.1 16.5 6.4
Dura- 215 564 64.3 62.5 16.8 6.9

blank
Sulfur  Duragold 55.0 55.3 65.9 61.1 16.4 6.9
Tamadur 52.5 51.2 59.4 54.9 16.3 5.4
Colliodur 492  50.0 56.6 52.1 16.4 6.5

Dura-
- b 553 575 66.0 63.6 15.2 6.7
Duragold 527  55.6 65.0 61.4 15.1 7.0
Tamadur 52.0 51.6 60.1 52.9 15.7 47
LSD w05 2.1 ns 25 3.12 0.7 0.4
CV (%) 3.4 29 33 5.0 31 55

Key to abbreviations: SPAD, Soil Plant Analysis Development (SPAD-502 chlorophyll meter).

Additionally, our result showed that, under drought stress conditions, leaf chloro-
phyll content was more important for grain yield than any other traits such as spike per
square meter (Tables 1 and 2). This had been observed in the Colliodur variety that had
relatively lower grain yields (6.7 t/ha) despite its higher number of produced spikes per
m? (Table 2). These variations could be due to the conversion and allocation of the nitro-
gen, zinc, and sulfur fertilizers into grain formation and the pedoclimatic influence of the
growing environment.

3.4. Evaluation of Durum Wheat Varities Nitrgen Status Using Chlorophyll Meters

Application of nitrogen at the flag leaf stage significantly (p < 0.05) influenced the
SPAD readings; the extent at which nitrogen influenced the SPAD values varied between
the varieties and developmental stages (Table 1, Figure 2). Although the leaf nitrogen sta-
tus could be measured using the chlorophyll meter, divergence in varietal responses to
the applied inputs and drought stress could influence the relationship between the SPAD
value and nitrogen status. A SPAD reading of 53.3 to 60.1 for durum wheat, which repre-
sents a leaf area-based nitrogen concentration, was measured, with the highest value was
found to be around 92 DAS (Figure 3). This range could be considered as a benchmark
above which no further addition of nitrogen fertilizer would be necessary, especially if
split application of nitrogen is employed. When the relationship between nitrogen and
SPAD readings was examined, the SPAD value was more prominent at higher (60 kg/ha)
nitrogen application rates than that in the standard check. This shows that the proper ni-
trogen application rate can improve the photosynthetic activity of durum wheat varieties
under drought conditions (Table 2). The association between nitrogen and SPAD readings
shows the potential to use the chlorophyll meter in predicting durum wheat nitrogen sta-
tus, leaf chlorophyll content, and grain yield in the framework of the current climate
change scenarios.
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Figure 3. Representations of the dynamics of SPAD readings (chlorophyll content) across different
developmental stages in the absence and presence of nitrogen fertilization under drought condi-
tions. Bars indicated as “ns”, is statistically no significant, single asterisks (*) is significant at 0.05%
and bars with a double asterisks (**) are statistically significant at 0.01%.

3.5. Developmental Stages Determine the SPAD Readings

A statistically significant (p < 0.05) repercussion of developmental plasticity was ob-
served on leaf chlorophyll content (SPAD) (Figure 4). The response of leaf chlorophyll
content to developmental stages was found to be quadratic (Tables 2—4). There was a rapid
increase in SPAD values at the first stages (i.e., 62-92 DAS), while its value stagnated at
128 DAS onwards, even though nitrogen, zinc, and sulfur fertilizers were applied foliarly
at the vegetative stages (Table 4). Such a quadratic pattern might be because of a rapid
degradation of chlorophyll content and leaf discoloration, particularly at the later growth
phases. A decline in chlorophyll content later in the growth stages under zinc and sulfur
fertilization further indicates that applying sulfur- and zinc-containing fertilizers late in
the growing stages may not have economical and agronomical benefits. These suggest
that, under drought conditions, zinc and sulfur fertilizers should be applied early in the
growth season rather than late in the growth stages to maintain optimum leaf chlorophyll
concentration.
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Figure 4. SPAD readings as influenced by developmental stages of durum wheat varieties under
drought conditions. Bars indicated in a single asterisks (*) significant at 0.05%.

3.6. Interaction Effect of Nitrogen x Sulfur x Zinc on Spikes Density (m?)

In the tested environment, spike density was significantly (p < 0.05) influenced by
application of nitrogen, sulfur, and zinc fertilizers (Tables 2 and 3). Significant phenotypic
variation for spike density (m?) was also observed among the durum wheat varieties. De-
spite its high yielding capacity, variety Duragold attained a lower (206) number of spikes
per square meter (Figure 5). Meanwhile, the maximum (216) and minimum (154) number
of spikes were observed for Colliodur and Tamadur, respectively (Table 2). These variations
could be potentially correlated with their tillering potential and developmental plasticity,
particularly when water becomes very limited in supply.

W

o

o
>

o]
N
o

[
[=]
o

OControl

100 860 kg/ha

Number of spikes (mn?)
v
o

A
o

¢+ 242424444

44424440444

40404040404

*44+ o404

>

Colliodur  Durablank  Duragolg Tamadur
Durum wheat varieties
Figure 5. The interplay between nitrogen and varietal differences on spike density (m?).

Nitrogen application and varietal difference were statistically significant (p <0.05) for
spike density (Table 3, Figure 5). Under nitrogen supply, differences among the varieties
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were greater than those with the unfertilized soil condition. Although the biological po-
tential of the first two high yielder varieties was similar in the production of more spikes
per square meter, Colliodur attained the highest spikes per m? followed by Durablank at 60
kg N ha™ (Table 3). This means the varieties presented distinct physiological response,
which could be due to differences in nitrogen uptake and utilization efficiency. Addition-
ally, a sufficient amount of nitrogen fertilization could improve the number of spikes per
square meter, probably through promoting the tillering capacity of durum wheat. The
lower number of spikes recorded for the Tamadur variety could be due to either its poor
tillering potential or non-responsiveness to the applied nitrogen fertilizers. This means
that the formation of a substantial number of spikes (m?) could be a significant genetic
gain of fertile tillers. Improving tillering potential of durum wheat varieties through pro-
moting their resource utilization efficiency could therefore be a practical solution to en-
hance the spike density and yield.

3.7. Canopy Reflectance Sensor-Based Fertilizer Management

The application of nitrogen was efficient in creating variability in NDVI and LAI at
the stage of six fully expanded leaves. The interaction effects among nitrogen x varieties x
foliarly applied nutrients on the studied biophysical traits such as LAl and NDVI were
statistically significant (Table 4). Co-fertilization of foliar-based sulfur-containing nutri-
ents with 60 kg/ha of soil-based N fertilizer increased the LAI and NDVI profiles in a va-
riety-dependent manner (Table 4; Figure 6). Throughout the growing season, LAI and
NDVI ranged from 2.7 to 4.9 and 0.67 to 0.82, respectively, for the Colliodur variety (Figure
6). This indicated that these biophysical traits could be enhanced in a growth stage- and
nutrient application rate-dependent manner to the extent that even the slightest adjust-
ment in the nitrogen fertilization dose could change NDVI and LAI profiles during the
growing season. Through the application of sulfur fertilizer, Durablank measured higher
SPAD values than the other tested varieties (Table 4). These results clearly indicated that
divergent varieties of the same plant species could respond completely differently to the
applied nutrients, suggesting the need for suitable genotype selection coupled with a spe-
cific set of agronomic (nutrient management) packages in stressful environments.

u Colliodur % Durablank #Duragolg 1 Tamadur

*%

Normalized Difference Vegetation Index
(=]
n

0.4
0.3
0.2
0.1
0 X
Control 60 N kg/ha Control 60 N kg/ha Control 60 N kg/ha Control 60 N kg/ha
65 DAS 77 DAS 92 DAS 128 DAS

Nitrogen application and Developmental stages

Figure 6. Influence of interaction effects among varieties, nitrogen application, and developmental
plasticity on normalized difference vegetation index (NDVI). Bars indicated with a single (*) double
asterisks (**) are statistically significant at 0.05% and 0.01%, respectively.
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NDVI and LAI were found to be biophysical traits that are sensitive to a change in
developmental phases and nutrient supply (Figures 6 and 7). As confirmed in the com-
bined analysis of variance, both traits showed similar trends to increase and then de-
creased as the developmental phases progress. The maximum measurement of NDVI
(0.84) (Figure 6) and LAI (55.5) were observed around 77 DAS, but stagnated afterwards
(Figure 7). This result further confirmed that the LAI and NDVI values in durum wheat
may not be similar during the leaf formation stage and later during maturity or senescence
stages. This might be due to the fact that during early developmental stages, all leaves
could green whereas in the latter stages, the color of the leaves became a blend of yellow,
green, and dead leaves which decreased the LAl and NDVI measurements.
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Figure 7. Interaction effects of nitrogen application and varietal differences on leaf area index during
progression of developmental stages. Bars indicated as ™, is statistically no significant, single aster-
isks (*) is significant at 0.05% and bars with a double asterisks (**) are statistically significant at
0.01%.

3.8. Nutrient Supply Influences Grain Protein Content (%)

Grain protein content was significantly (p < 0.05) influenced by all the imposed fac-
tors and their interactions as well (Tables 2—4). The deviation in grain protein content was
significantly wider due to nitrogen application treatment than for zinc, sulfur, and genetic
variation. This means that protein content is a grain qualitative trait that is more sensitive
to nitrogen application than any other studied factors. When the sole effect of nitrogen is
considered, the grain protein concentration was found to be higher in durum wheat vari-
eties grown with an adequate nitrogen rate (60 kg/ha) compared to the control (Table 3).
However, this assumption was found to be inconsistent due to variability in varietal re-
sponse to the applied inputs. It was also observed to be higher in the Duragold variety
sown under an optimum nitrogen rate of 60 kg/ha (Figure 8); this indicated that the grain
protein content is under the control of the genetic landscape and physiological response
of the varieties to the applied inputs. Hence, screening and revisiting the old, orphan, and
landrace durum wheat varieties could be an important pool to reduce the tradeoff be-
tween yield and grain protein content, as durum wheat grain protein content matters in
the food industries.
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Figure 8. Grain protein content as influenced by genetic divergence in durum wheat varieties. Bars
indicated with double asterisks are statistically significant at 0.05% probability level.

A strong positive and significant correlation between grain protein concentration and
SPAD readings was observed across the developmental phases (Figure 9). It was also
clearly observed that the varieties that contained higher leaf chlorophyll contents accu-
mulated higher grain protein contents (Table 2). This association clearly showed that grain
protein concentration can be estimated from leaf chlorophyll measurements and leaf ni-
trogen status. Hence, it is very important to study allometric associations between dynam-
ics in grain protein content and leaf chlorophyll content, especially under resource-limited
environments to further improve grain protein concentration. In fact, protein synthesis
could be closely associated with the transport and assimilation of nitrogen metabolites
and carbon into the grain. Across the varieties, the SPAD readings at the heading stage
were between 53.5 and 62.3, and thus application of 60 kg N ha™ was required to attain
about 12% grain protein content.
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Figure 9. Correlation coefficient among physio-morphological traits, grain yield, and protein con-
tent of durum wheat varieties grown under drought conditions.

3.9. Relationships between SPAD Readings, Yield, and Morphological Traits

The correlation coefficients for the studied physio-morphological traits and grain
yield are presented in a graphical form for better visualization of the relationship and
changes between SPAD, NDV], and grain yield (Figure 9). With the progression of devel-
opmental plasticity, there was a strong association between NDVI and grain yield (Figure
9), evidencing the potential of this tool to assess the status of durum wheat and estimate
grain formation under drought conditions. Although the strength of the correlation coef-
ficient was dictated by crop developmental stages, the coefficient of determination for the
relationship between SPAD values with grain yield was found to be medium. This indi-
cated that the SPAD meter could be a potential agricultural device to analyze the spatial
variability of the durum wheat under field conditions to estimate the grain yield through-
out the growth cycle of the crop.

Additionally, a strong positive correlation between NDVI and spike density (m?) was
observed (Figure 9). This means that an increase in the spike density per square meter
could increase the seasonal NDVI profile (Figure 9). This increase could be strongly asso-
ciated with the tillering potential of the varieties and additional decumbent leaves, result-
ing in substantial ground coverage. However, the correlation between NDVI and SPAD
readings was weakly positive, particularly at the early growth stages. The grain yield was
also significantly correlated with the NDVI values at which stronger associations were
observed at the latter developmental stages.
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4. Discussion

Sustainable durum wheat production relies on the constant renewal of agronomic
practices, particularly when the application of nutrients becomes a constraint to crop
growth and development under drought conditions. Although application of fertilizers is
required to enhance overall durum wheat productivity, increasing fertilization may not
guarantee a constant grain yield improvement due to variation in nutrient use efficiency
of the different varieties. This could cause acidification of the soil, especially if the applied
nitrogen is not taken up by the crop during the growing season [32]. Hence, defining ap-
propriate nitrogen fertilizer doses based on a subset of SPAD measurements could be very
important for improved yield and environmental sustainability. Although there is a ge-
netic variation component in grain yield, the yield-contributing effect of leaf chlorophyll
content was consistent across the tested varieties. The increased yield effect established
for optimum leaf chlorophyll content varieties could be because of minimal leaf photo-
chemical damage and optimal absorption of light energy required for maximum photo-
synthesis [33,34]. This direct association between yield and SPAD values means that
SPAD-based nutrient management could play an important role in the efficient manage-
ment of nitrogen based-fertilizers [17].

Chlorophyll concentration was sensitive to nitrogen supply and varietal response,
particularly under drought stress conditions. Under such scenarios, monitoring chloro-
phyll content in durum wheat leaves could sense a slight nitrogen deficiency which allows
early intervention to correct this issue before the yield potential is significantly affected.
Thus, managing nitrogen-containing fertilizers based on crop needs as guided by chloro-
phyll meter readings can maintain optimal crop nitrogen status [35]. Across the tested
durum wheat varieties and the applied inputs, relatively uniform SPAD readings with the
enhanced qualitative and quantitative traits clearly indicate a strong association among
grain yield, protein concentration, and early season SPAD readings. This strong and pos-
itive correlation under drought conditions further suggests the use and importance of
chlorophyll meters in determining in situ nitrogen status and screening of stress-tolerant
wheat varieties [36]. Therefore, a chlorophyll meter could be a viable site-specific and
complementary agricultural tool to the traditional plant tissue measurements of leaf ni-
trogen and chlorophyll status.

A slight change in nitrogen application dose could cause a substantial change in
SPAD measurements. This could be due to the fact that plants often invest about 30% of
their leaf nitrogen in thylakoid components such as chlorophylls [37]. Higher leaf nitrogen
status could promote the accumulation of higher chlorophyll content in the leaves and
consequently improve the absorption and decrease reflectance of the red spectrum [38].
Low leaf chlorophyll content was confirmed in the non-nitrogen treated varieties (Tables
1-4). When nitrogen fertilization is inadequate to meet crop nutrient demands, there is a
significant reduction of chlorophyll content and photosynthetic efficiency, and carbohy-
drate synthesis could occur, and consequently affect grain yield [39]. A decline in photo-
synthetic efficiency under drought conditions could cause a disparity between absorption
and utilization of light energy in the carbon assimilation process which releases more elec-
trons, and triggering the production of reactive oxygen species (ROS) [40]. When the ROS
generation is not quenched by antioxidants in a timely manner, this process could further
impair plant growth through cell membrane damage, effects on DNA and RNA enzymes,
and oxidative stress [41]. Although genetic variability affected the SPAD values, the tested
durum wheat varieties had values above the optimal SPAD threshold level (41.8) for
wheat [18]. Hence, maintenance of photosynthetic pigments could be a potential indicator
of drought tolerance of crops [42]. A greater genetic difference in leaf chlorophyll content
has been previously reported [43].

An exogenous application of sulfur-based fertilizers also improved the yield and
grain protein content of the Tamadur variety. This means that application of sulfur-con-
taining fertilizers at the flag leaf stage could better maintain the grain yield of drought-
sensitive varieties compared to the tolerant varieties, which is consistent with the findings
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from Lee et al. [23]. A significant difference in the varieties’ response to nutrient applica-
tion could be associated with uptake efficiency and interaction of the applied inputs with
other metal ions in different physiological contexts. It is worth mentioning that restriction
in sulfur acquisition could be a cause for reduced growth and grain yield, particularly in
resource scarce environments [19]. This restriction in SOs> availability due to drought
stress may further restrict nitrate uptake because of limited CO: fixation and decreased
flux of SO+ into cysteine, consequently affecting grain yield [17]. The results universally
hinted at the importance of adequate application of sulfur fertilizer, particular under
drought conditions and consideration of its interaction with the environment is very im-
portant as far as grain yield and environmental sustainability is concerned. However, the
application of sulfur fertilizer did prevent the Tamadur variety from producing the maxi-
mum grain yield, since sulfur moderate the serious drought effects on grain yield and
enable the varieties to withstand the stressors. This effect could be due to its role in en-
hancing the photosynthetic rate and stimulating translocation of photosynthesis towards
the sink [44]. Application of sulfur-based fertilizer can therefore be a useful and recom-
mended agronomic practice under water-limited environments [45]. Hence, as an individ-
ual agronomic approach may not hit the required target, integrated nutrient supply is
very important.

Wheat grain yield is a polygenic trait, mostly resulting from variation in phenotypic
features of crops, each with divergent genetic landscapes [46]. Enhanced NDVI and LAI
values and their association with developmental stages was observed as a potential ave-
nue of achieving maximum grain yield under drought conditions. There could be 1.1 to
2.6 t/ha of grain yield improvement from each 0.1 unit increase in the NDVI value during
the season [47]. An increase in NDVI profiles was also observed with adequate fertiliza-
tion of nitrogen early in the season but not in later stages. Throughout the developmental
phases, nitrogen is distributed from older to younger leaves, which may cause discolora-
tion of the older leaves [48] which is reflected in the NDVI values. Higher LAI could be
also due to leaf photosynthetic area expansion and carbohydrate production, which later
on contributes to biomass and leaf dry-weight production [49]. As an important agro-
nomic trait, spike density was also improved with higher nitrogen application rates, alt-
hough this effect varied with the genetic landscape and drought tolerance ability of the
tested durum wheat varieties, which is consistent with [50]. Wiirschum et al. [51] has ver-
ified that stay-green nature varieties mostly persist as photosynthetically active, which
induces production of fertile spikes. A poor number of spikes have been previously re-
ported because of terminal drought stress [52].

The quality of durum wheat is largely dependent on genetic variation and nutrient
supply. There was a clear variation in durum wheat varieties according to their yielding
ability, which indicates that high yielding varieties could also produce the maximum
grain protein content if nutrient supply is not a limiting factor. Nitrogen fertilization has
explained a larger proportion of variation than the genotypes under drought conditions,
which indicates that low yielding varieties can produce higher grain protein contents in
unfertilized conditions, but high yielding varieties could achieve maximum grain protein
content under adequate nitrogen supply. There is a well-known positive correlation be-
tween leaf chlorophyll content and grain protein content. The observed association be-
tween both traits suggests that if varieties could maintain a leaf chlorophyll content of 55
to 65.8, the grain protein content could improve by 10.13%. As the grain protein content
of durum wheat is an important end-use quality factor, maintaining about 13% protein
concentration in the grain is crucial to improve the quality of cooked pasta [53]. This has
been achieved in our study (14.3-16.8%) through zinc, sulfur, and nitrogen fertilization,
even though the percentage of grain protein is under the genetic control of the tested va-
rieties (Table 4). Pasta made from higher (<12%) grain protein content wheat has been
observed to be more elastic and stronger than pasta made from lower protein content
wheat [53,54]. Higher protein content improves over-cooking tolerance, decreases sticki-
ness [32], improves water absorption, and improves the quality of stored loaves [55,56].



Life 2023, 13, 824

17 of 20

References

5. Conclusions

The influence of nitrogen on SPAD readings and durum wheat productivity is highly
dynamic. The potential improvement in grain yield and leaf reflectance features depends
primarily on the extent of the variability of the nutrient application and nutrient respon-
siveness of the durum wheat. Co-fertilization of 60 kg/ha of nitrogen with sulfur could
improve the drought tolerance of drought-sensitive varieties such as Tamadur. However,
in-depth study is required to clarify the changes in SPAD readings in relation to durum
wheat developmental features to suggest the optimal sensing strategy, in order to support
site- and season-specific fertilizer application. Under drought conditions, improvement in
the grain yield of durum wheat seems to be not associated with the number of spikes per
square meter but rather to leaf chlorophyll content and NDVI profiles. When water and
nutrient supply is not a limiting factor, the varieties that contained a greater leaf chloro-
phyll content could produce a higher grain yield. Although the chlorophyll meter was
influenced by varietal performance, it could be a potential agricultural device to analyze
the spatial and temporal variability of durum wheat varieties and to estimate the grain
yield under drought conditions. Integrated application of nitrogen and zinc under water-
limited environments could improve grain yield of most nutrient-responsive varieties
such as Duragold by about 21.3%. The effects on yield due to zinc, nitrogen, and sulfur
fertilizers demonstrates the need to include these essential elements in durum wheat crop-
ping systems.

Author Contributions: Conceptualization, A.A.M. and EB.A.; methodology, A.A.M. and EB.A.;
software, A.A.M.; validation, A.A.M., EB.A., and AM.V.; formal analysis, A.A.M.; investigation,
A.AM.,, EB.A., BB, M.S.N.; resources, AM.V., E.B.A., A.AM. and M.S.N.; data curation, A.A.M.,
M.S.N., EB.A. and M.S.N.; writing—original draft preparation, A.A.M. and M.S.N.; writing and
editing, A.AM. and E.B.A.; visualization, AM.V; supervision, EB.A.; project administration,
E.B.A.; funding acquisition, E.B.A. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the Tempus Public Foundation and the University of Debre-
cen, Hungary.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: We would like to express our gratitude to all Latokép research site stuff for
their technical guidance throughout the experimental period. We also highly appreciated the fund-
ing support from the Tempus Public Foundation within the framework of the Stipendium Hungari-
cum Scholarship Programme, supported by Ministry of Education (MoE, https://moe.gov.et/, ac-
cessed on 18 April 2023) of Ethiopia and Debark University (https://dku.edu.et/, accessed on 18
April 2023) as part of the first author’s (A.A.M.) Ph.D. research project.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Beres, B.L.; Rahmani, E.; Clarke, ].M.; Grassini, P.; Pozniak, C.J.; Geddes, C.M.; Porker, K.D.; May, W.E.; Ransom, J.K. A Sys-
tematic Review of Durum Wheat: Enhancing Production Systems by Exploring Genotype, Environment, and Management (G
x E x M) Synergies. Front. Plant Sci. 2020, 11, 568657. https://doi.org/10.3389/fpls.2020.568657.

2. Ayadi, S,; Karmous, C.; Chamekh, Z.; Hammami, Z.; Baraket, M.; Esposito, S.; Rezgui, S.; Trifa, Y. Effects of nitrogen rates on
grain yield and nitrogen agronomic efficiency of durum wheat genotypes under different environments. Ann. Appl. Biol. 2015,
168, 264-273. https://doi.org/10.1111/aab.12262.

3. Croft, H.; Chen, ].M. Leaf Pigment Content. In Comprehensive Remote Sensing; Liang, S., Ed.; Elsevier: Oxford, UK, 2018; pp. 117-

142.

4. Tang, Y.L; Wang, ] H.; Huang, ].F.; Wang, R.C.; He, Q.X. Variation law of hyperspectral data and chlorophyll and ca-rotenoid
for rice in mature process. Trans. Chin. Soc. Agric. Eng. 2013, 19, 167-173.



Life 2023, 13, 824 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Peng, J.; Feng, Y.; Wang, X,; Li, J.; Xu, G.; Phonenasay, S.; Luo, Q.; Han, Z.; Lu, W. Effects of nitrogen application rate on the
photosynthetic pigment, leaf fluorescence characteristics, and yield of indica hybrid rice and their interrelations. Sci. Rep. 2021,
11, 1-10. https://doi.org/10.1038/s41598-021-86858-z.

Liu, Y.; Liao, Y.; Liu, W. High nitrogen application rate and planting density reduce wheat grain yield by reducing filling rate
of inferior grain in middle spikelets. Crop. J. 2020, 9, 412-426. https://doi.org/10.1016/j.cj.2020.06.013.

Efernandez-Marin, B.; Eartetxe, U.; Barrutia, O.; Esteban, R.; Hernandez, A.; Garcia-Plazaola, ].I. Opening Pandora's box: Cause
and impact of errors on plant pigment studies. Front. Plant Sci. 2015, 6, 148. https://doi.org/10.3389/fpls.2015.00148.

Yuan, Z.; Ata-Ul-Karim, S.T.; Cao, Q.; Lu, Z.; Cao, W.; Zhu, Y.; Liu, X. Indicators for diagnosing nitrogen status of rice based on
chlorophyll meter readings. Field Crop. Res. 2015, 185, 12-20. https://doi.org/10.1016/j.fcr.2015.10.003.

Ata-Ul-Karim, S.T.; Cao, Q.; Zhu, Y.; Tang, L.; Rehmani, M.L.A; Cao, W. Non-destructive Assessment of Plant Nitrogen Param-
eters Using Leaf Chlorophyll Measurements in Rice. Front. Plant Sci. 2016, 7, 1829. https://doi.org/10.3389/fpls.2016.01829.
Wan, W.; Zhao, Y.; Xu, J.; Liu, K.; Guan, S.; Chai, Y.; Cui, H.; Wu, P.; Diao, M. Reducing and Delaying Nitrogen Recommended
by Leaf Critical SPAD Value Was More Suitable for Nitrogen Utilization of Spring Wheat under a New Type of Drip-Irrigated
System. Agronomy 2022, 12, 2331. https://doi.org/10.3390/agronomy12102331.

Walsh, O.S.; Torrion, J.A ; Liang, X.; Shafian, S.; Yang, R.; Belmont, K.M.; McClintick-Chess, J.R. Grain yield, quality, and spectral
characteristics of wheat grown under varied nitrogen and irrigation. Agrosyst. Geosci. Environ. 2020, 3, e20104.
https://doi.org/10.1002/agg2.20104.

Hou, W,; Shen, J.; Xu, W.; Khan, M.R.; Wang, Y.; Zhou, X.; Gao, Q.; Murtaza, B.; Zhang, Z. Recommended nitrogen rates and
the verification of effects based on leaf SPAD readings of rice. Peer] 2021, 9, e12107. https://doi.org/10.7717/peerj.12107.

Kalaji, H.M.; Dabrowski, P.; Cetner, M.D.; Samborska, I.A.; Lukasik, I.; Brestic, M.; Zivcak, M.; Tomasz, H.; Mojski, ].; Kociel,
H.; et al. A comparison between different chlorophyll content meters under nutrient deficiency conditions. J. Plant Nutr. 2016,
40, 1024-1034. https://doi.org/10.1080/01904167.2016.1263323.

Ahmad, N.; Malagoli, M.; Wirtz, M.; Hell, R. Drought stress in maize causes differential acclimation responses of glutathione
and sulfur metabolism in leaves and roots. BMIC Plant Biol. 2016, 16, 247. https://doi.org/10.1186/s12870-016-0940-z.

Xiong, D.; Chen, J.; Yu, T.; Gao, W.; Ling, X.; Li, Y.; Peng, S.; Huang, ]. SPAD-based leaf nitrogen estimation is impacted by
environmental factors and crop leaf characteristics. Sci. Rep. 2015, 5, 13389. https://doi.org/10.1038/srep13389.

Fiorentini, M.; Zenobi, S.; Giorgini, E.; Basili, D.; Conti, C.; Pro, C.; Monaci, E.; Orsini, R. Nitrogen and chlorophyll status deter-
mination in durum wheat as influenced by fertilization and soil management: Preliminary results. PLoS ONE 2019, 14, e0225126.
https://doi.org/10.1371/journal.pone.0225126.

Ghosh, M.; Swain, D.K;; Jha, M.K,; Tewari, V.K,; Bohra, A. Optimizing chlorophyll meter (SPAD) reading to allow efficient
nitrogen use in rice and wheat under rice-wheat cropping system in eastern India. Plant Prod. Sci. 2020, 23, 270-285.
https://doi.org/10.1080/1343943x.2020.1717970.

Usmani, M.M.; Nawaz, F.; Majeed, S.; Shehzad, M.A.; Ahmad, K.S.; Akhtar, G.; Aqib, M.; Shabbir, R.N. Sulfate-mediated
Drought Tolerance in Maize Involves Regulation at Physiological and Biochemical Levels. Sci. Rep. 2020, 10, 1147.
https://doi.org/10.1038/s41598-020-58169-2.

Yu, Z,; Juhasz, A.; Islam, S.; Diepeveen, D.; Zhang, J.; Wang, P.; Ma, W. Impact of mid-season sulphur deficiency on wheat
nitrogen metabolism and biosynthesis of grain protein. Sci. Rep. 2018, 8, 2499. https://doi.org/10.1038/s41598-018-20935-8.
Wilson, T.L.; Mary, J.; Guttieri, N.O.; Nelson, A.F.; Michael, T. Nitrogen and sulfur effects on hard winter wheat quality and
asparagine concentration. J. Cereal Sci. 2020, 93, 102969. https://doi.org/10.1016/j.jcs.2020.10296.

Tao, Z.; Chang, X.; Wang, D.; Wang, Y.; Ma, S.; Yang, Y.; Zhao, G. Effects of sulfur fertilization and short-term high temperature
on wheat grain production and wheat flour proteins. Crop. ]. 2018, 6, 413-425. https://doi.org/10.1016/j.cj.2018.01.007.

Lee, B.-R.; Zaman, R.; Avice, ].-C.; Ourry, A.; Kim, T.-H. Sulfur Use Efficiency Is a Significant Determinant of Drought Stress
Tolerance in Relation to Photosynthetic Activity in Brassica napus Cultivars. Front. Plant Sci. 2016, 7, 459-459.
https://doi.org/10.3389/fpls.2016.00459.

Klikocka, H.; Marks, M.; Marx, M. Sulphur and Nitrogen Fertilization as a Potential Means of Agronomic Biofortification to
Improve the Content and Uptake of Microelements in Spring Wheat Grain DM. ]. Chem. 2018, 2018, 9326820.
https://doi.org/10.1155/2018/9326820.

Batista, K.; Monteiro, F.A. Nitrogen and sulphur in Marandu grass: Relationship between supply and concentration in leaf
tissues. Sci. Agricola 2007, 64, 44-51. https://doi.org/10.1590/s0103-90162007000100007.

Csajbok, J.; Pepd, P.; Kutasy, E. Photosynthetic and Agronomic Traits of Winter Barley (Hordeum vulgare L.) Varieties. Agronomy
2020, 10, 1999. https://doi.org/10.3390/agronomy10121999.

Melash, A.A.; Abrahdm, B. Integrated nutrient supply and varietal difference influence grain yield and yield related physio-
morphological traits of durum wheat (Triticum turgidum L.) varieties under drought condition. Acta Agrar. Debr. 2022, 1, 111-
121. https://doi.org/10.34101/actaagrar/1/10428.

Wood, C.W.; Reeves, D.W.; Himelrick, D.G. Relationships between chlorophyll meter readings and leaf chlorophyll concentra-
tion, N status, and crop yield: A review. Proc. Agron. Soc. N. Z. 1993, 23, 1-9.

Badu-Apraku, B.; Fakorede, M.A.; Menkir, A.; Sanogo, D. Conduct and Management of Maize Field Trials; IITA: Ibadan, Nigeria,
2012; p. 59.



Life 2023, 13, 824 19 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Panek, E.; Gozdowski, D.; Stepien, M.; Samborski, S.; Rucinski, D.; Buszke, B. Within-Field Relationships between Satellite-
Derived Vegetation Indices, Grain Yield and Spike Number of Winter Wheat and Triticale. Agronomy 2020, 10, 1842.
https://doi.org/10.3390/agronomy10111842.

Shapiro, S.S.; Wilk, M.B. An analysis of variance test for normality (complete samples). Biometrika 1965, 52, 591-611.
https://doi.org/10.1093/biomet/52.3-4.591.

Payne, R.; Murray, D.; Harding, S.; Baird, D.; Soutar, D. Introduction to Genstat for Windows, 18th Ed.; VSN International, 2 Am-
berside, Wood Lane, Hemel Hempstead: Hertfordshire, UK, 2015; pp. 1-144. Available online: http://www.genstat.co.uk/ (ac-
cessed on 6 March 2023).

Melash, A.A.; Abrahdm, B. Barriers and levers to enhance end-use functional properties of durum wheat (Triticum turgidum L.)
grain: An agronomic implication. Heliyon 2022, 8, e09542. https://doi.org/10.1016/j.heliyon.2022.e09542.

Araus, J.L,; Slafer, G.; Reynolds, M.P.; Royo, C. Plant Breeding and Drought in C3 Cereals: What Should We Breed For? Ann.
Bot. 2002, 89, 925-940. https://doi.org/10.1093/aob/mcf049.

Hamblin, J.; Stefanova, K.; Angessa, T.T. Variation in Chlorophyll Content per Unit Leaf Area in Spring Wheat and Implications
for Selection in Segregating Material. PLoS ONE 2014, 9, €92529. https://doi.org/10.1371/journal.pone.0092529.

Singh, B.; Ali, A.M. Using Hand-Held Chlorophyll Meters and Canopy Reflectance Sensors for Fertilizer Nitrogen Management
in Cereals in Small Farms in Developing Countries. Sensors 2020, 20, 1127. https://doi.org/10.3390/s20041127.

Yasir, T.A.; Wasaya, A.; Hussain, M.; ljaz, M.; Farooq, M.; Farooq, O.; Nawaz, A.; Hu, Y.-G. Evaluation of physiological markers
for assessing drought tolerance and yield potential in bread wheat. Physiol. Mol. Biol. Plants 2019, 25, 1163-1174.
https://doi.org/10.1007/s12298-019-00694-0.

Ghannoum, O,; Evans, ].R.; Chow, W.S.; Andrews, T.]J.; Conroy, J.P.; von Caemmerer, S. Faster Rubisco Is the Key to Superior
Nitrogen-Use Efficiency in NADP-Malic Enzyme Relative to NAD-Malic Enzyme C4 Grasses. Plant Physiol. 2005, 137, 638—650.
https://doi.org/10.1104/pp.104.054759.

Shanahan, J.; Kitchen, N.; Raun, W.; Schepers, ]. Responsive in-season nitrogen management for cereals. Comput. Electron. Agric.
2008, 61, 51-62. https://doi.org/10.1016/j.compag.2007.06.006.

Guo, C; Yuan, X,; Yan, F,; Xiang, K,; Wu, Y.; Zhang, Q.; Wang, Z.; He, L.; Fan, P.; Yang, Z; et al. Nitrogen Application Rate
Affects the Accumulation of Carbohydrates in Functional Leaves and Grains to Improve Grain Filling and Reduce the Occur-
rence of Chalkiness. Front. Plant Sci. 2022, 13, 921130. https://doi.org/10.3389/fpls.2022.921130.

Veres, S.; Zsombik, L.; Juhasz, C. Regulation Effect of Different Water Supply to the Nitrogen and Carbon Metabolism. In Abiotic
and Biotic Stress in Plants; de Oliveira, A.B., Ed.; IntechOpen: London, UK, 2019; p 261.

Das, K.; Roychoudhury, A. Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environ-
mental stress in plants. Front. Environ. Sci. 2014, 2, 53. https://doi.org/10.3389/fenvs.2014.00053.

Naeem, M.; Naeem, M.S.; Ahmad, R.; Ahmad, R. Foliar-applied calcium induces drought stress tolerance in maize by manipu-
lating osmolyte accumulation and antioxidative responses. Pak. ]. Bot. 2017, 49, 427-434.

Kizilgeci, F.; Yildirim, M.; Islam, M.; Ratnasekera, D.; Igbal, M.; Sabagh, A. Normalized Difference Vegetation Index and Chlo-
rophyll Content for Precision Nitrogen Management in Durum Wheat Cultivars under Semi-Arid Conditions. Sustainability
2021, 13, 3725. https://doi.org/10.3390/su13073725.

Raza, M.A; Feng, L.Y.; Igbal, N.; Manaf, A.; Bin Khalid, M.H.; Rehman, S.U.; Wasaya, A.; Ansar, M,; Billah, M.; Yang, F.; et al.
Effect of Sulphur Application on Photosynthesis and Biomass Accumulation of Sesame Varieties under Rainfed Conditions.
Agronomy 2018, 8, 149. https://doi.org/10.3390/agronomy8080149.

Sohrabi, U.; Ahmadi, A.; Heidari, G.-R.; Siosemarde, A. Efect of sulfur and zinc fertilizers on physiological characteristics and
grain yield of corn (Zea mays L.) under drought stress. Environ. Stresses Crop Sci. 2019, 12, 763-779.
https://doi.org/10.22077/escs.2019.1398.1302.

Noah, D.W.; Mohammed, G.; Edwin, L.; Paul, M.; David, M.; Mohamed, M.; Jerry, J.; James, B.H.; Gina, B.G. Genetic var-iation
for plant growth traits in a common wheat population is dominated by known variants and novel QTL. BioRxiv 2020, 12, 16,
422696. https://doi.org/10.1101/2020.12.16.422696.

Panek, E.; Gozdowski, D. Analysis of relationship between cereal yield and NDVI for selected regions of Central Europe based
on MODIS satellite data. Remote. Sens. Appl. Soc. Environ. 2019, 17, 100286. https://doi.org/10.1016/j.rsase.2019.100286.

Bozek, K.S.; Zuk-Gotaszewska, K.; Bochenek, A.; Gotaszewski, J.; Kalaji, H.M. Modelling the growth, development and yield of
Triticum durum Desf under the changes of climatic conditions in north-eastern Europe. Sci. Rep. 2021, 11, 21753.
https://doi.org/10.1038/s41598-021-01273-8.

Din, M.; Zheng, W.; Rashid, M.; Wang, S.; Shi, Z. Evaluating Hyperspectral Vegetation Indices for Leaf Area Index Estimation
of Oryza sativa L. at Diverse Phenological Stages. Front. Plant Sci. 2017, 8, 820. https://doi.org/10.3389/fpls.2017.00820.

Abid, M,; Tian, Z.; Ata-Ul-Karim, S.T.; Cui, Y.; Liu, Y.; Zahoor, R; Jiang, D.; Dai, T. Nitrogen Nutrition Improves the Potential
of Wheat (Triticum aestivum L.) to Alleviate the Effects of Drought Stress during Vegetative Growth Periods. Front. Plant Sci.
2016, 7, 981. https://doi.org/10.3389/fpls.2016.00981.

Wiirschum, T.; Leiser, W.L.; Langer, S.M.; Tucker, M.R; Longin, C.F.H. Phenotypic and genetic analysis of spike and kernel
characteristics in wheat reveals long-term genetic trends of grain yield components. Theor. Appl. Genet. 2018, 131, 2071-2084.
https://doi.org/10.1007/s00122-018-3133-3.

Lin, X,; Li, P.; Shang, Y.; Liu, S.; Wang, S.; Hu, X.; Wang, D. Spike formation and seed setting of the main stem and tillers under
post-jointing drought in winter wheat. . Agron. Crop. Sci. 2020, 206, 694-710. https://doi.org/10.1111/jac.12432.



Life 2023, 13, 824 20 of 20

53.
54.
55.

56.

Kadkol, G.P.; Sissons, M. Durum Wheat Overview, Reference Module in Food Science; Elsevier: Amsterdam, The Netherlands, 2016.
Sissons, M. Role of durum wheat composition on the quality of pasta and bread. Food 2008, 2, 75-90.

Gaines, C.S. Prediction of Sugar-Snap Cookie Diameter Using Sucrose Solvent Retention Capacity, Milling Softness, and Flour
Protein Content. Cereal Chem. 2004, 81, 549-552. https://doi.org/10.1094/cchem.2004.81.4.549.

Tipples, K,; Kilborn, R.; Preston, K. Bread wheat quality defined. In Wheat Production, Properties and Quality, 1st ed.; Bushuk, W.,
Rasper, V.F., Eds.; Blackie Academic and Professional: Glasgow, Scotland, 1994; pp. 25-36.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



