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Abstract: Optimizing nitrogen (N) inputs is crucial for maximizing wheat yield and ensuring envi-
ronmental sustainability. Wheat’s economic significance in India calls for a comprehensive evaluation
of its ecological implications to develop a resilient production system. This study aimed to identify
and evaluate ten wheat cultivars for their yield and N-use efficiency under varying nitrogen inputs
(control (N0), half of the recommended nitrogen (N75), and the recommended nitrogen (N150)) using
the surface application of neem-oil-coated urea. All N inputs were applied in three splits, basal,
crown root initiation, and tillering stages, and an experiment was conducted in a split-plot design.
The application of N150 gave the highest dry matter accumulation (DMA) at harvesting stage (AHS)
(871 g m−2), seed/spike (60), grain yield (GY = 7.4 t ha−1), straw yield (SY = 8.9 t ha−1), harvest index
(HI = 45.2%), protein (12.5%), and total uptake of N (TUN) (223 kg ha−1) by the cultivar ‘HD 3249’,
being closely followed by the cultivar ‘HD3117’. Six cultivars (‘HD 3298’, ‘HD 3117’, ‘HD 3249’, ‘PBW
550’, ‘HD 3086’, ‘HD 2967’) out of the ten cultivars evaluated responded well to different input treat-
ments with respect to the grain yield efficiency index (GYEI ≥ 1). Regarding N input, N75 and N150

recorded the highest increases in plant height, AHS (16.5%; 21.2%), dry matter accumulation (DMA)
at 30 days after sowing (DAS) (37.5%; 64%), DMA-60 DAS (42%; 53%), DMA-90 DAS (39.5%; 52.5%),
TILL-30 DAS (19.8%; 26.4%), TILL-60 DAS (33.3%; 44%), TILL-90 DAS (37.2%; 47.2%), seed/spike
(8%; 10%), 1000-grain weight (7.8%; 12.2%), and protein content (23.3%; and 33%) when compared
with N0. Furthermore, the application of N75 and N150 improved GY (72.1%; 142.6%), SY (61.1%;
110.6%), BY (65.5%; 123%), and HI by 4.4% and 9%, respectively, over N0. Nitrogen addition (N75

and N150) also significantly increased total nitrogen uptake (104.7%; 205.6%), respectively, compared
to N0. The correlation analysis revealed a positive association among most of the crop parameters.
Overall, our research results suggest that the cultivars ‘HD 3249’ and ‘HD 3117’ have the potential to
be effective options for improving N utilization efficiency, grain yield, and GYEI in North-West India.
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1. Introduction

To meet the demands of the expanding population, wheat cultivation requires the
rigorous use of agricultural inputs, mainly nitrogen (N) fertilizers, to ensure satisfactory
yields and superior grain quality. Although N fertilizer is indispensable for global food
security, its depletion through various processes can lead to catastrophic environmental
consequences such as soil acidification, nutrient runoff, eutrophication, reduced biological
diversity, and greenhouse gas emissions [1]. The prevailing notion is that farm input,
particularly inorganic N sources, has been introduced to assist farmers in enhancing crop
productivity. However, the scarcity of knowledge and technological proficiency among
farmers has resulted in an unwarranted application of these inputs, leading to unfavorable
consequences [2,3]. An undeniable truth is that the use of high amounts of N fertilizers
during crop growing periods is heavily dependent on copious amounts of nonrenewable
energy sources [4]. According to estimates from UN-FAO (United Nations Food and Agri-
culture Organization), approximately 17% of global nitrogen fertilizer consumption is used
in wheat production processes [5]. Utilization of such a massive amount unquestionably
results in possible losses of a noteworthy quantity of applied N, coupled with extensive
energy consumption during production processes and application in the field. Applying
N fertilizer to meet plant demands in the absence or insufficiency thereof is a challenging
task to accomplish. Undoubtedly, both of these parameters have the potential to inflict
a negative effect on the quality and quantity of crop yields. Considering the persistent
challenge of achieving efficient use of N in agriculture, the identification of genotypes that
exhibit a high, medium, or low N response remains a promising approach. This strategy
has the potential to improve the NUE of crops, which is currently below 50% [6]. However,
more research is needed on the identification of genotypes that can thrive at specific N rates.
A recent investigation has revealed that the latest cultivars have advanced yield output
coupled with improved efficiency in nutrient utilization [7], indicating that it is expected
that the efficiency of elevated nutrient use is augmented indirectly through the preference
for high yield.

One crucial requirement for the identification, selection, and development of N-
efficient germplasm is the availability of genetic diversity. Previous studies on wheat
cultivars with N inputs reported that the genetic variation for NUE and its component traits
was available [8–11]. Previous investigations have also shown that the use of N inputs
in different seasons and years can result in diverse responses in yields and NUE among
different wheat cultivars [12]. Thus, it is crucial to investigate genotypes with different N
rates in particular soil and environmental conditions that enable farmers to enhance crop
yields, curtail production expenses, and ensure sustainable agricultural practices. Looking
at this point of view, the innovation and nurturing of N-efficient wheat cultivars can curtail
the N utilized as input without compromising the grain output. The NUE of wheat has
been estimated to be <60% [13–15], suggesting that nitrogen is not optimally used for grain
production. Several strategies have been employed to increase the nitrogen use efficiency
in cereal crops, viz., the use of slow-release N fertilizers, nitrification inhibitors, modified
urea materials, including neem-coated urea, precise nitrogen management, leaf color charts,
method, rate and time of N application, balanced fertilization [16], etc. In addition, the
identification of nitrogen-efficient cultivars is yet another promising strategy to increase
the NUE.

Depending on the cultivars grown, the N input of N80 (80 kg ha−1) to N120 (120 kg ha−1)
can result in a range of 28.8 to 40 kg of wheat grains with an NUE of 1 kg of grain per kg of
N applied [17]. The accumulation of phytomass and the concentration of chlorophyll in
leaves are intrinsically linked to the efficiency of N utilization, which enables them to serve
as indirect selection markers for cultivars that exhibit a high degree of efficiency in nitrogen
utilization. Thus, the judicious application of an optimal dosage of N fertilizer, tailored
to the specific cultivar, can be perceived as the main strategy for maximizing economic
yields, improving N uptake, and improving the effectiveness of N utilization in wheat.
Despite advances in breeding techniques, there are instances where superior cultivars
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are developed without considering their ability to sustain growth and productivity on
soils with low fertility. These cultivars were specifically chosen for their ability to yield
more under high-input fertilizer regimes. Therefore, to satisfy the growing global food
demands of populations, it is crucial to constantly assess N-efficient varieties and choose
breeds based on their genetic outputs. The objectives of this study were as follows: (i) to
evaluate the growth, yield components, and N use efficiencies of wheat cultivars under
control versus half and recommended N supplies; (ii) to investigate the differences between
wheat cultivars in terms of economic yield and harvest index; and (iii) to screen the wheat
cultivars based on grain yield efficiency index.

2. Materials and Methods
2.1. Location Overview

This field investigation was carried out at the research farm of the ICAR-Indian
Agricultural Research Institute, New Delhi, in the North-West region of India (28◦38’ N
77◦10’ E). The research site experiences a typical pattern of mildly cold winters with tem-
peratures ranging from 10.6 ◦C (minimum)to 27.1 ◦C (maximum) in first season (2020–21),
and from 11.5 ◦C (minimum) to 26.9 ◦C (maximum) in the second season (2021–22),
respectively, accompanied by a rainfall of 74.3 mm in the first season and 181.5 mm
in the second season. Rainfall is concentrated mainly between November and April
(Figures 1 and 2). Agrometeorological statistics were retrieved from the NASA online
repository (https://power.larc.nasa.gov/, accessed on 1 January 2023) using cutting-edge
techniques. The experimental soil had a sandy clay loam texture, according to the USDA
soil taxonomy. Before wheat sowing and after rice harvesting, the following soil character-
istics were determined from a 0.02 m soil depth: soil pH 7.8 (1:25, soil: water), 0.4% organic
carbon [18], 221 kg ha–1 available N [19], 15.23 kg ha–1 P [20], 252.2 kg ha–1 K [21].
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2.2. Experimental Frameworks and Treatments

These field trials were conducted across the two successive growing seasons (2020/21
to 2021/22) and laid down under controlled flooded irrigation conditions. The measured
quantity of water (5 cm) was applied at each irrigation after two days of the disappearance
of the water from the field. The irrigation was avoided during the rainfall periods. The
treatments (30) were allocated in a split-plot design, as specified by Gomez and Gomez [22].
The N inputs (main plots) were carried out with three N levels, in which portions of N0
(without external N application), N75 (75 kg N ha−1), and N150 (150 kg N ha−1) were
utilized as neem-oil coated urea (46.6% N) throughout the trial. Half of the N dose was
applied as a basal dose, 1/4th during the crown root initiation (CRI) phase (20–25 DAS
days after sowing), and the remaining 1/4th during the tillering stage (TS) (40–45 DAS).
Various doses of nitrogen were applied at rates of 0–0-0, 37.5–18.75–18.75 kg N ha−1, and
75–37.5–37.5 kg N ha−1, respectively, during sowing, CRI, and TS phases. In the subplot, a
total of 10 wheat cultivars were sown, namely C1 (‘HD 3226’), C2 (‘HDCSW18’), C3 (‘HD
2967’), C4 (‘HD 3086’), C5 (‘HD 3249’), C6 (‘HD 2733’), C7 (‘PBW550’), C8 (‘PBW 343’), C9
(‘HD 3117’), and C10 (‘HD 3298’) (pictures of cultivars at three N inputs are available in the
Supplementary Materials).

2.3. Crop Management

The wheat cultivars were sown at the beginning of November, and harvesting was
carried out in the middle of April. Using a conventional seed drill, wheat was meticulously
seeded at a rate of 100 kg ha–1, with rows spaced 22.5 cm apart. In addition to nitrogen (N)
inputs (N0, N75, and N150), basal doses of phosphorus of 60 kg ha–1 (P60) and of potassium
of 60 kg ha–1 (K60) were also applied in the experimental field. To control the growth of the
weeds, manual hoeing was carried out.

2.4. Crop Parameters

Before crop harvesting, measurements of plant height, tiller numbers (m−2), dry matter
accumulation (g m–2), seed/spike were carried out at the plot level. Similarly, the grain,
straw, and biological yields were recorded at the plot level. The above-ground biomass
yield data were subsequently used to compute the harvest index of the wheat cultivars.
The chlorophyll content in the leaves of wheat cultivars was measured at 30, 60, and 90
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DAS (days after sowing) by the SPAD 502 chlorophyll meter. For recording the SPAD data
of chlorophyll, fully expanded upper leaves were chosen from the 15 different plants in the
plot. For computing the protein content in wheat cultivars, the N concentration in grain
was multiplied by 5.70 (the conversion factor) [23], and 1000-seed weight was measured
with a weighting machine.

2.5. Computations of Related Metrics

Total uptake of nitrogen (TUN) = (TUNg + TUNs);
TUNg = Total uptake of N in grain; TUNs = Total uptake of N in straw;
Nitrogen grain productivity efficiency (NUEg) = (GYPua/TNApu);
GYPua = Grain yield per unit area, TNApu = total N accumulation per unit area;
Nitrogen harvest index = (NUG/NUG + NUS);
NUG = N uptake in grain, NUS = N uptake in straw.
Grain yield efficiency index (GYEI):
GYEI serves as the primary criterion for categorizing cultivars as inefficient or efficient

in N utilization. In screening experiments, grain yield remains the most effective measure
for genotype evaluation. The GYEI enables the distinction of genotypes into categories:
those that exhibit high-yielding, robust, and resourceful characteristics, and those that show
low-yielding, fragile, and nutrient-inefficient cultivars [24].

GYEI = (wheat crop grain output when subjected to low N input/average grain output
of 10 wheat cultivars when subjected to low N input) × (wheat crop grain output when
subjected to high N input/average grain output of 10 wheat cultivars when subjected to
high N input).

The classification of GYEI-based wheat cultivars was as follows: efficient (≥1), moder-
ate efficient (0.5–1), and inefficient (≤0.5).

2.6. Statistical Analysis

Statistical analysis was performed using the latest version of open-access R Studio
software, which is version 2023.03.1-446 [25]. The package ‘agricolae’ was used for data
analysis, while the package ‘metan’ (multi-environment trial analysis) was used to make
the Pearson’s correlation coefficient (PCC) matrix. The PPC matrix shows the association
between different variables.

3. Results
3.1. Plant Height

The influence of the N × C interaction (nitrogen × cultivar, NCI) on plant height was
found to be statistically significant at all growth stages (30, 60, 90 DAS, and harvesting
stage) (Table 1). The tallest plants were recorded across the N inputs in cultivar ‘HD 3249’
(124.1 cm). Except for HD 3226, all remaining cultivars responded up to N levels N150.
The sequence of genotypes in terms of decreasing plant height at harvesting stage was as
follows: ‘HD 3249’ > ‘HDCSW 18’ > ‘HD 3086’ > ‘PBW 550’ ≥ ‘HD 3298’ > ‘HD 3117’ > ‘HD
3226’ > ‘PBW 343’ > ‘HD 2967’ > ‘HD 2733’.

Table 1. Effect of nitrogen × cultivar interaction on plant height (cm) at 30, 60 and 90 DAS of wheat.

Nitrogen × Cultivar C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Mean

30 DAS N0 22.28 jk 21.28 jkl 16.40 n 21.10 jklm 22.65 j 15.53 n 20.84 klm 19.47 m 19.74 lm 20.26 lm 19.95 b

N75 32.10 cd 31.41 de 28.46 h 30.72 def 34.72 b 26.60 i 30.43 defg 28.80 gh 29.32 fgh 29.97 efgh 30.25 a

N150 34.40 b 33.72 bc 30.68 def 33.53 bc 38.24 a 29.15 fgh 33.31 bc 31.36 de 31.39 de 32.00 cd 32.78 a

Mean 29.59 b 28.80 bc 25.18 f 28.45 c 31.87 a 23.76 g 28.19 cd 26.54 e 26.82 e 27.41 de

*N × C = 1.79/*C × N = 8.61

60 DAS N0 64.50 o 71.00 lm 55.00 qr 68.50 mn 74.00 kl 52.50 r 65.50 no 57.00 pq 60.00 p 64.00 o 63.20 c

N75 82.07 efgh 85.23 cde 73.27 kl 83.50 defg 88.00 bc 71.00 lm 82.00 efgh 75.81 jk 78.90 hij 80.50 ghi 80.03 b

N150 86.15 bcd 92.23 a 76.50 jk 88.73 b 94.73 a 72.00 l 87.67 bc 78.12 ij 81.50 fgh 84.00 def 84.16 a

Mean 77.57 de 82.82 b 68.26 h 80.24 c 85.58 a 65.17 i 78.39 cd 70.31g 73.47 f 76.17 e

*N × C = 3.32/*C × N = 3.28
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Table 1. Cont.

Nitrogen × Cultivar C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Mean

90 DAS N0 79 p 101 g 73 r 95 j 106 f 71 s 90 m 75 q 80 p 84 o 85.10 c

N75 97 i 114 c 92 l 108 de 117 b 87 n 107 ef 94 jk 99 h 102 g 101.40 b

N150 98 hi 118 ab 95 j 115 c 119 a 93 kl 109 d 97 i 102 g 105 f 104.83 a

Mean 91.03 g 110.70 b 86.37 i 105.70 c 113.70 a 83.37 j 101.70 d 88.37 h 93.37 f 96.81 e

*N × C =1.99/*C × N = 3.19

HS N0 93.83 l 108.50 h 86.17 n 104.67 i 118.50 de 76.50 o 100.50 jk 90.33 m 94.83 l 99.50 k 97.33 c

N75 113.17 g 120.83 cd 102.17 j 118.83 de 123.84 b 99.67 k 116.67 ef 107.50 h 114.83F g 116.00 f 113.35 b

N150 115.33f g 123.50 b 109.50 h 122.33 bc 130.00 a 108.00 h 119.83 d 113.33 g 118.50 de 119.17 d 117.95 a

Mean 107.44 f 117.61 b 99.28 h 115.28 c 124.11 a 94.72 i 112.33 d 103.72 g 109.39 e 111.56 d

*N × C = 2.41/*C × N = 3.04

HS = harvesting stage; *LSD = least significant difference, *LSD (p = 0.05) for nitrogen means at same or different
level of cultivars; *LSD (p = 0.05) for cultivars means at same or different level of nitrogen; values in a column
followed by different letters were significantly different at p < 0.05 as determined via LSD; letters indicate the
comparison among genotypes under different N levels; DAS = days after sowing.

3.2. Number of Tillers

Among all cultivars, ‘PBW 550’ gave the highest number of tillers at all stages of growth
(30, 60, and 90 DAS), followed closely by ‘HD 3117’ (Table 2). The order of decreasing tiller
count (30 DAS), listed in descending order, was as follows: ‘PBW 550’ > ‘HD 3117’ > ‘HD
3249’ > ‘HD 3226’ > ‘HDCSW 18’ > ‘HD 2733’ ≥ ‘PBW 343’ > ‘HD 3298’ > ‘HD 2967’ > ‘HD
3086’. Similarly, the descending trends in tiller count at 60 and 90 DAS was ‘PBW 550’ >
‘HD 3117’ ≥ ‘HD 3249’ > ‘HD 3226’ > ‘HDCSW 18’ > ‘HD 2733’ > ‘PBW 343’ > ‘HD 3298’ >
‘HD 2967’ > ‘HD 3086’ and ‘PBW 550’ > ‘HD 3117’ > ‘HD 3249’ > ‘HD 3226’ > ‘HDCSW 18’
> ‘HD 2733’ ≥ ‘PBW 343’ > ‘HD 3298’ > ‘HD 2967’ > ‘HD 3086’. Throughout all growth
stages, all genotypes showed a positive response up to N150, with the maximum number of
tillers being observed at 90 DAS.

Table 2. Effect of nitrogen × cultivar interaction on tillers m−2 at 30, 60, 90 DAS and seed/spike of
wheat.

Nitrogen × Cultivar C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Mean

30 DAS N0 105 m 101 n 68 t 56 u 107 kl 84 q 114 h 86 p 110 j 79 r 91 b

N75 121 e 116 g 83 q 72 s 125 d 105 m 133 b 107 k 129 c 101 n 109 a

N150 125 d 119 f 96 o 85 p 128 c 112 i 137 a 106 lm 134 b 108 k 115 a

Mean 117 d 112 e 82 h 71 i 120 c 100 f 128 a 100 f 124 b 96 g

*N × C = 1.76/*C × N = 8.19

60 DAS N0 341 t 332 u 282 y 261 z 351 s 310 v 368 q 308 w 361 r 296 x 321 c

N75 458 f 406 o 407 no 385 p 454 g 416 m 486 c 420 l 435 k 409 n 428 b

N150 475 d 462 e 418 l 409 n 485 c 450 h 545 a 437 j 494 b 441 i 462 a

Mean 425 c 400 d 369 h 352 i 430 b 392 e 466 a 388 f 430 b 382 g

*N × C = 1.82/*C × N = 8.19

90 DAS N0 375 m 362 n 303 q 288 r 387 l 335 o 403 k 332 o 409 k 322 p 352 c

N75 486 gh 478 h 448 i 419 j 506 e 477 h 549 b 480 h 524 c 458 i 483 b

N150 520 cd 513 de 496 fg 482 h 523 cd 507 e 589 a 504 ef 542 b 504 ef 518 a

Mean 460 d 451 e 416 h 396 i 472 c 439 f 514 a 439 f 491 b 428 g

*N × C = 10.02/*C × N = 17.71

Seed/spike N0 47 p 49 n 50 l 51 k 53 h 49 n 51 j 49 o 52 i 50 m 50 c

N75 49 n 52 i 55 e 55 e 58 c 52 i 55 e 50 l 56 d 53 g 54 b

N150 50 l 52 i 55 e 56 d 60 a 53 g 58 c 52 i 59 b 54 f 55 a

Mean 49 j 51 h 53 e 54 d 57 a 51 g 55 c 50 i 56 b 52 f

*N × C = 0.07/*C × N = 0.58

*LSD = least significant difference; *LSD (p = 0.05) for nitrogen means at same or different level of cultivars; *LSD
(p = 0.05) for cultivars means at same or different level of nitrogen; values in a column followed by the different
letters were significantly different at p < 0.05 as determined via LSD; letters indicate the comparison among
genotypes under different N levels; DAS = days after sowing.

3.3. Chlorophyll Content

The chlorophyll (chl) status of leaves at different growth stages was determined by
measuring the SPAD (soil–plant analysis development) meter (Table 3). The genotype
‘PBW 343’ had a higher SPAD value at all the growth stages, with values of 30 DAS = 34.7,
60 DAS = 42.9, and 90 DAS = 46.3, and was statistically on par with the performance of
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genotype ‘HD 3298’ with corresponding values of 30 DAS = 34.2, 60 DAS = 41.8, and 90
DAS = 45.7 (as shown in Tables 2 and 3). The N × C interaction (NCI) effects on chl content
were non-significant at all growth stages.

Table 3. Effect of nitrogen input on chlorophyll content of wheat crop at different growth stages.

Nitrogen × Cultivar * SPAD 30-DAS SPAD 60-DAS SPAD 90-DAS

N0 30.9 b 33.9 a 40.6 b

N75 33.7 a 39.5 a 45.5 a

N150 35.4 a 42.4 a 47.8 a

CD (p = 0.05) 1.9 8.6 3.2
C1 32.2 e 35.0 f 43.5 gh

C2 31.8 e 34.1 f 43.1 h

C3 33.3 cd 38.2 d 44.4 ef

C4 33.9 bc 41.2 b 45.3 bc

C5 32.9d 36.4 e 43.8 fg

C6 33.8 bc 39.9 c 45.0 cd

C7 33.3 cd 37.6 d 44.2 ef

C8 34.7 a 42.9 a 46.3 a

C9 33.6 bc 38.6 d 44.6 de

C10 34.2 ab 41.8 b 45.7 ab

CD (p = 0.05) 0.6 1 0.6
Interaction Ns Ns ns

*LSD = least significant difference; *LSD (p = 0.05) for nitrogen means at same or different level of cultivars; *LSD
(p = 0.05) for cultivars means at same or different level of nitrogen; values in a column followed by the different
letters were significantly different at p < 0.05 as determined via LSD; letters indicate the comparison among
genotypes under different N levels; DAS = days after sowing.

3.4. Grain Quality of Wheat

The effect of N inputs on the grain protein content (GPC) of wheat cultivars and other
quality parameters, such as 1000 seed weight, are presented in Table 4. Across the 2 years
of the study, the N × C interaction (NCI) on the parameters assessed (GPC, 1000-seed
weight) was found to be statistically nonsignificant. The mean analysis indicated that
the highest impact of N on quality parameters was noticeable in the GPC of the ‘HD
3249’ cultivar (12.6%) and the 1000-grain weight of the ‘HD 3298’ cultivar (42.7 g). The
GPC and 1000-grain weight of the cultivar exhibited consistent and significant responses
to increasing N rates, showing a positive correlation. The GPC increased from 9.1% in
the absence of N to 11.3% with N75 and further to 12.2% with N150, as shown in Table 5.
Similarly, the 1000-grain weight values followed a pattern, with a recorded value of 39.1 g
in the absence of nitrogen, 42.2 g with N75, and reaching their pinnacle at 43.9 g with
the highest N input, N150. Regardless of the variability of protein content and 1000-grain
weight measurements obtained from different experiments conducted in diverse cultivars,
the distinctions were not deemed statistically significant. The sequence of genotypes in
terms of 1000-grain weight and GPC, listed in decreasing order, was as follows: ‘HD 3298’
≥ ‘HD 3086’ ≥ ‘PBW 343’ ≥ ‘HD 2733’ > ‘HD 3117’ > ‘HD 2967’ ≥ ‘HD 3226’ ≥ ‘PBW 550’
≥ ‘HD 3249’ > ‘HDCSW 18’ and ‘HD 3249’ ≥ ‘HD 3117’ > ‘HD 3086’ ≥ ‘HDCSW 18’ ≥ ‘HD
2733’ > ‘HD 3298’ > ‘PBW 343’ > ‘PBW 550’ ≥ ‘HD 2967’ ≥ ‘HD 3226’.
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Table 4. Effect of nitrogen input on grain weight, protein content (%) of wheat.

Nitrogen × Cultivar * 1000-Grain Weight (g) Protein Content (%)

N0 39.10 c 9.14 c

N75 42.15 b 11.27 b

N150 43.88 a 12.16 a

CD (p = 0.05) 0.83 0.72
C1 41.59 ef 9.17 f

C2 40.70 i 11.37 b

C3 41.85 de 9.44 ef

C4 42.57 ab 11.51 b

C5 41.05 gh 12.55 a

C6 42.13 cd 11.25 b

C7 41.28 fg 9.78 e

C8 42.31 bc 10.33 d

C9 40.90 hi 12.32 a

C10 42.74 a 10.85 c

CD (p = 0.05) 0.33 0.40
Interaction Ns ns

*LSD = least significant difference; *LSD (p = 0.05) for nitrogen means at same or different level of cultivars; *LSD
(p = 0.05) for cultivars means at same or different level of nitrogen; values in a column followed by the different
letters were significantly different at p < 0.05 as determined via LSD; letters indicate the comparison among
genotypes under different N levels.

Table 5. Effect of nitrogen × cultivar interaction on dry matter accumulation (g m−2) at 30, 60 and 90
DAS of wheat.

Nitrogen × Cultivar C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Mean

30 DAS N0 56 w 61 v 67 qrs 64 tu 69 q 63 uv 66 rs 58 w 68 qr 65 st 64 c

N75 78 p 82 o 93 ghi 87 lmn 96 ef 85 n 91 hij 81 o 94 fg 89 jkl 88 b

N150 86 mn 90 ijk 102 bc 96 ef 106 a 93 gh 100 cd 88 klm 103 b 98 de 96 a

Mean 74 i 78 g 87 b 82 e 90 a 80 f 86 c 76 h 88 b 84 d

*N × C = 2.55/*C × N = 8.20

60 DAS N0 211 b 216 z 222 v 219 x 226 t 218 y 221 v 215 a 224 u 220 w 219 c

N75 301 s 305 q 316 l 309 o 320 j 307 p 314 m 303 r 318 k 312 n 311 b

N150 323I 328 g 342 c 333 f 350 a 332 f 339 d 326 h 346 b 335 e 335 a

Mean 278 j 283 h 293 c 287 f 298 a 286 g 291 d 281 i 296 b 289 e

*N × C = 1/*C × N = 5.31

90 DAS N0 542 y 547
wx 557 rs 551 uv 561 q 549

vw 555 st 544 xy 559 qr 553 tu 552 c

N75 749 p 758 o 782 k 770 m 787 j 767 n 780 k 752 p 785 j 775 l 770 b

N150 819 i 829 g 857 c 834 f 871 a 832 fg 848 d 825 h 864 b 839 e 842 a

Mean 703 j 711 h 732 c 718 f 740 a 716 g 728 d 707 i 736 b 722 e

*N × C = 3.02/*C × N = 9.12

*LSD = least significant difference; *LSD (p = 0.05) for nitrogen means at same or different level of cultivars; *LSD
(p = 0.05) for cultivars means at same or different level of nitrogen; values in a column followed by the different
letters were significantly different at p < 0.05 as determined via LSD; letters indicate the comparison among
genotypes under different N levels; DAS = days after sowing.

3.5. Wheat Grain Yield and Yield Components

The N × C (nitrogen × cultivar) interaction (NCI) effect on the wheat cultivars grain
yield (GY) and yield components is shown in Tables 2–6. On average, the wheat crop
yielded 2.4 tha–1 of GY, 3.9 tha–1 of straw yield (SY), and 6.3 tha–1 of biological yield (BY)
and had a harvest index (HI) of 38.29% in the absence of nitrogen treatment (N0). However,
in the presence of N75 treatment, the mean values increased to 4.2 tha–1 for GY, 6.2 tha–1

for SY, 10.4 tha–1 for BY, and 40% for HI. Similarly, under the N150 treatment, the mean
values further increased to 5.9 tha–1 for GY, 8.1 tha−1 for SY, 14 tha–1 for BY, and 41.7%
for HI. Among the wheat genotypes, ‘HD 3249’ exhibited the highest GY, SY, BY, and HI,
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while ‘HD 3226’ had the lowest grain yield (p ≤ 0.05). There was a significant increase
in GY (72.1%; 142.6%), SY (61.1%; 110.6%), BY (65.5%; 123%), and HI (4.4%; 9%) with the
application of N75 and N150 compared to N0. The genotypes were ranked according to their
decreasing GY, SY, BY, and HI as follows: ‘HD 3249’ > ‘HD 3117’ > ‘PBW 550’ ≥ ‘HD 3086’
≥ ‘HD 2967’ ≥ ‘HD 3298’ > ‘HD 2733’ > ‘HDCSW 18’ > ‘PBW 343’ > ‘HD 3226’; ‘HD 3249’
≥ ‘HD 3117’ ≥ ‘HD 2967’ ≥ ‘HD 3086’ ≥ ‘PBW 550’ ≥ ‘HD 3298’ ≥ ‘HD 2733’ > ‘HDCSW
18’> ‘PBW 343’ ≥ ‘HD 3226’; ‘HD 3249’ ≥ ‘HD 3117’ ≥ ‘PBW 550’ ≥ ‘HD 2967’ ≥ ‘HD 3086’
≥ ‘HD 3298’ ≥ ‘HD 2733’ > ‘HDCSW 18’ > ‘PBW 343’ > ‘HD 3226’ and ‘HD 3249’ > ‘HD
3117’ > ‘PBW 550’ > ‘HD 3086’ > ‘HD 2967’ > ‘HD 3298’ > ‘HD 2733’ > ‘HDCSW 18’ > ‘PBW
343’ > ‘HD 3226’.

Table 6. Effect of nitrogen × cultivar interaction on grain yield, straw yield, biological yield, and
harvest index of wheat.

Nitrogen × Cultivar C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Mean

Grain
yield
(t/ha)

N0 1.68 r 1.93 pqr 2.50 mno 2.67 lmn 3.24 k 2.17 opq 2.83 klm 1.85 qr 3.24 k 2.30 nop 2.44 c

N75 2.41 mno 3.09 kl 4.88 gh 4.65 hi 5.33 ef 4.38 ij 4.70 hi 3.07 kl 4.94 fgh 4.61 hi 4.20 b

N150 4.06 j 5.32 efg 6.34 cd 6.60 bc 7.39 a 5.56 e 6.79 bc 4.15 j 6.95 ab 6.06 d 5.92 a

Mean 2.72 h 3.45 f 4.57 cd 4.64 c 5.32 a 4.04 e 4.77 c 3.02 g 5.04 b 4.32 d

*N × C = 0.45/*C × N = 1.70

Straw
yield
(t/ha)

N0 3.10 k 3.25 jk 4.01 hi 4.10 ghi 4.62 fgh 3.60 ijk 4.20 ghi 3.24 jk 4.70 fg 3.75 ij 3.86 c

N75 4.08 ghi 4.86 f 7.23 d 6.70 de 7.21 d 6.76 de 6.61 de 4.93 f 6.83 de 7.02 de 6.22 b

N150 6.51 e 8.04 c 8.67 abc 8.78 ab 8.92 a 8.15 bc 8.57 abc 6.44 e 8.63 abc 8.58 abc 8.13 a

Mean 4.56 e 5.38 d 6.64 ab 6.53 bc 6.92 a 6.17 c 6.46 bc 4.87 e 6.72 ab 6.45 bc

*N × C = 0.64/*C × N = 1.85

Biological
yield
(t/ha)

N0 4.78 n 5.17 mn 6.51 kl 6.77 kl 7.86 j 5.78 lmn 7.03 jk 5.09 mn 7.94 j 6.05 klm 6.30 c

N75 4.78 n 5.17 mn 6.51 kl 6.77 kl 7.86 j 5.78 lmn 7.03 jk 5.09 mn 7.94 j 6.05 klm 10.43 b

N150 10.57 i 13.37 de 15.02 b 15.38 ab 16.31 a 13.70 cd 15.36 ab 10.60 hi 15.58 ab 14.65 bc 14.05 a

Mean 7.28 g 8.83 e 11.21 bc 11.16 bc 12.24 a 10.20 d 11.23 bc 7.90 f 11.76 ab 10.78 cd

*N × C = 1.04/*C × N = 3.50

Harvest
index
(%)

N0 34.96 t 37.05 r 38.31 o 39.25 m 41.10 hi 37.42 q 40.15 k 36.06 s 40.73 j 37.85 p 38.29 c

N75 36.97 r 38.65 n 40.29 k 40.92 ij 42.47 e 39.28 m 41.46 g 38.18 o 41.89 f 39.57 l 39.97 b

N150 38.27 o 39.73 l 42.17 f 42.89 d 45.18 a 40.39 k 44.07 c 39.00 m 44.50 b 41.24 gh 41.74 a

Mean 36.73 j 38.47 h 40.26 e 41.02 d 42.92 a 39.03 g 41.89 c 37.75 i 42.37 b 39.55 f

*N × C = 0.28/*C × N = 0.55

*LSD = least significant difference; *LSD (p = 0.05) were for nitrogen means at same or different level of cultivars;
*LSD (p = 0.05) for cultivars means at same or different level of nitrogen; values in a column followed by the
different letters were significantly different at p < 0.05 as determined via LSD; letters indicate the comparison
among genotypes under different N levels.

The NCI interaction with yield and yield components was significant. Most cultivars
showed a strong positive correlation between N input, yield, and its associated yield com-
ponents. The highest GY (7.4 tha–1, 7 tha–1) was achieved in genotypes ‘HD 3249’ and
‘HD 3117’ when N150 splits were applied, indicating their superior response to the input
regime. The genotype ‘HD 3249’ showed the best results among the cultivars in terms of
seeds/spike (60), SY (8.9 tha–1), BY (16.3 tha–1), HI (45.2%), plant height (30 DAS = 38.2 cm,
60 DAS = 94.7 cm, 90 DAS = 119 cm, harvesting stage = 130 cm), and dry matter accumu-
lation (DMA) (30 DAS = 106 g m−2, 60 DAS = 350 g m−2, 90 DAS = 871 g m−2) when the
N management approach N150 splits was applied (Tables 1, 2 and 5). The genotypes were
arranged in descending order according to decreasing DMA, seed/spike and plant height,
as follows: ‘HD 3249’ > ‘HD 3117’ > ‘HD 2967’ > ‘PBW 550’ > ‘HD 3298’ > ‘HD 3086’ > ‘HD
2733’ > ‘HDCSW 18’ > ‘PBW 343’ > ‘HD 3226’; ‘HD 3249’ > ‘HD 3117’ > ‘PBW 550’ > ‘HD
3086’ > ‘HD 2967’ >‘HD 3298’ > ‘HD 2733’ > ‘HDCSW 18’ > ‘PBW 343’ > ‘HD 3226’ and
‘HD 3249’ > ‘HDCSW 18’ > ‘HD 3086’ > ‘HD 3298’ ≥ ‘PBW 550’ > ‘HD 3117’ > ‘HD 3226’ >
‘PBW 343’ > ‘HD 2967’ > ‘HD 2733’.

3.6. Plant Nitrogen Uptake and Utilization

Total uptake of nitrogen (TUN) experienced a significant improvement concomitantly
with the increased N inputs (Table 7). In contrast, raising N inputs significantly decreased
both the N harvest index (NHI) and the N grain use efficiency (NUEg). Among all geno-
types at N150 and mean N inputs, cultivars ‘HD 3249’ and ‘HD 3117’ performed better in
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terms of TUN and NHI; however, in terms of NUEg, ‘HD 2967’ and ‘PBW 550’ outper-
formed other cultivars. In terms of TUN, all cultivars responded up to N150 except two,
namely ‘HD 3226’ and ‘HD 3117’. Similarly, in terms of NUEg, only four cultivars (‘HD
3226’, ‘HD 2967’, ‘HD 2733’, ‘PBW 550’) responded up to N150. The ‘HD 3226’ had lower
TUN and NHI values. The variations in the cultivars N uptake and utilization can be
attributed to the distinct genetic traits inherent in each genotype.

Table 7. Effect of nitrogen × cultivar interaction on total uptake of N (TUN), nitrogen grain production
efficiency (NUEg), nitrogen harvest index (NHI) of wheat.

Nitrogen × Cultivar C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 Mean

TUN
(Kg ha−1)

N0 32.5 l 48.3 jk 47.8 jk 62.1 j 85.2 i 50.1 jk 53.6 jk 39.6 kl 85.0 i 50.6 jk 55.5 b

N75 59.4 j 89.2 i 117.9 fgh 126.6 fg 155.7 de 121.7 fgh 112.5 gh 83.0 i 143.1 e 127.5 f 113.6 ab

N150 110.5 h 144.2 e 170.2 cd 191.6 b 223.0 a 166.8 cd 181.2 bc 121.3 fgh 209.5 a 177.6 bc 169.6 a

Mean 67.5 g 93.9 e 112.0 d 126.8 c 154.6 a 112.9 d 115.8 d 81.3 f 145.8 b 118.5 cd

*N × C = 14.6/*C × N = 61.8

NUEg
(kg kg−1)

N0 52.0 a 39.9 efg 52.8 a 43.5 cd 38.2 fgh 43.3 cd 53.6 a 46.7 b 38.3 fgh 45.7 bc 45.4 a

N75 40.4 ef 34.9 ijk 41.5 de 36.8 hi 34.3 jk 36.2 hij 41.8 de 36.9 hi 34.6 ijk 36.2 hij 37.4 b

N150 36.8 hi 36.9 hi 37.4 h 34.6 ijk 33.3 k 33.6 k 37.6 gh 34.5 ijk 33.4 k 34.2 jk 35.2 b

Mean 43.1 a 37.2 d 43.9 a 38.3 bcd 35.3 e 37.7 cd 44.3 a 39.4 b 35.4 e 38.7 bc

*N × C = 2.4/*C × N = 3.6

NHI (%)

N0 70.9 kl 75.1 efgh 74.4 efgh 77.8 ab 78.3 a 74.5 efgh 76.9 abcd 71.9 jk 77.1 abc 74.2 gh 75.1 a

N75 67.9 m 74.3 fgh 70.8 kl 75.9 cde 76.9 bcd 73.7 hi 73.7 hi 70.9 kl 75.8 defg 72.6 ij 73.2 ab

N150 63.3 n 72.6 ij 66.7 m 75.2 efgh 76.7 abcd 71.9 jk 70.9 kl 66.9 m 75.6 cdef 69.8 l 71 b

Mean 67.4 f 74.0 c 70.6 e 76.3 b 77.3 a 73.4 c 73.9 c 69.9 e 76.2 b 72.2 d

*N × C = 1.5/*C × N = 3

*LSD = least significant difference, *LSD (p = 0.05) were for nitrogen means at same or different level of cultivars;
*LSD (p = 0.05) for cultivars means at same or different level of nitrogen; values in a column followed by the
different letters were significantly different at p < 0.05 as determined via LSD; letters indicate the comparison
among genotypes under different N levels.

3.7. Grain Yield Efficiency Index

This is a good measure in agronomic research to categorize the cultivars into three
clusters or groups, viz., nitrogen use efficient, moderately nitrogen use efficient, and
inefficient. Thus, GYEI ≥ 1 signifies highly N-use-efficient cultivars, GYEI = 1–0.5 signifies
moderately N-use-efficient cultivars, and GYEI ≤ 0.5 denotes low N-use-efficient cultivars
(Table 8, Figure 3). Among all the wheat cultivars, six wheat genotypes (‘HD2967’, ‘HD3298’,
‘HD 3117’, ‘PBW550’, ‘HD 3249’, and ‘HD 3086’) were classified as highly efficient N users.
Furthermore, two cultivars (‘HDCSW 18’ and ‘HD 2733’) were classified as moderately
efficient N users, while two cultivars (‘PBW 343’ and ‘HD 3226’) were considered inefficient
N users.

Table 8. Grain yield efficiency index (GYEI) of 10 wheat genotypes.

Cultivar GYEI

C1 0.26
C2 0.55
C3 1.40
C4 1.39
C5 1.99
C6 0.97
C7 1.47
C8 0.35
C9 1.63
C10 1.22
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in radar charts under different N inputs grown over two years, 2020–21 and 2021–22.

3.8. Exploration of the Correlation among Various Agro-Morphological Traits of Wheat

The correlation between plant traits such as plant height (PH) at 30 days after sowing
(30DAS), 60, 90 DAS (PH-30, PH-60, and PH-90), dry matter accumulation at 30, 60, 90 DAS
(DMA-30, DMA-60, and DMA-90 DAS), tillers m−2 at 30, 60, 90 DAS (TILL-30, TILL-60,
TILL90), chlorophyll reading taken from the soil plant analysis meter at 30, 60, 90 DAS
(SPAD-30, SPAD-60 and SPAD-90), grain yield (GY), straw yield (SY), biological yield (BY),
harvest index (HI), test weight (TW), seed/spike (SD/SP), test weight (TW), N harvest index
(NHI), and total N uptake (TNU) was analyzed using the ‘Metan’ package of Pearson’s
correlation coefficient (Figure 4). The SPAD-60 was significantly positively correlated with
NHI at p < 0.01, the TILL-60 was significantly positively correlated with NHI at p < 0.01,
the TILL0–60 was significantly positively correlated with NHI and SPAD-60 at p < 0.01,
and the test weight was non-significantly negatively correlated with NHI at p < 0.05. The
remaining agro-morphological parameters show a highly significant positive correlation
with each other at p < 0.001.
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Figure 4. Pearson’s correlation among agro-morphological traits/parameters of ten wheat genotypes
under mean nitrogen inputs. The correlation coefficient (r values) was calculated from the mean of
two years’ data from 2020–21 to 2021–22. *** = significance at p < 0.001, ** = significance at p < 0.01
and * = p < 0.05, respectively. DAS = days after sowing, plant height (PH) at 30 DAS, 60 DAS, 90 DAS
(PH-30, PH-60, PH-90), dry matter accumulation at 30DAS, 60 DAS and 90DAS (DMA-30, DMA-60
and DMA-90 DAS), tillers m−2 at 30 DAS, 60 DAS, 90 DAS (TILL-30, TILL-60, TILL-90), chlorophyll
reading taken from soil plant analysis carried out at 30 DAS, 60 DAS and 90 DAS (SPAD-30, SPAD-60
and SPAD-90); grain yield (GY); straw yield (SY); biological yield (BY); harvest index (HI); test weight
(TW); seed/spike (SD/SP); nitrogen harvest index (NHI); total nitrogen uptake (TNU).

4. Discussion

Our scientific investigation aimed to assess the performance of wheat cultivars under
different levels of nitrogen (N) inputs in the North-West region of India. The objective
was to enhance both the economic yield and quality of the crops while also minimizing
nitrogen losses to the environment. Nitrogen management strategies included the timing of
application of N at the appropriate stages (three splits, namely the basal, CRI, and tillering
stages) [26]. The comprehensive findings indicated that among all cultivars, ‘HD 3249’ and
‘HD 3117’ showed superior performance with N150-split treatments, resulting in higher GY
and its components. Across N inputs, N150 resulted in the highest seed/spike, dry matter
accumulation, and grain yield (GY) (Tables 2, 4 and 6). However, plant traits responses to
heterogeneous N inputs can vary depending on soil properties, crop genotypic constitution,
agronomic management methodologies, and methodology circumstances throughout the
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entire course of the growth season [27]. Yano et al. [28] reported nonsignificant variations in
GY regarding N sources and application timings. However, notable disparities in GY were
observed when different N inputs were used. Our result aligns with the prevailing results
that show a positive correlation between GY and N inputs [14]. A notable improvement
in GY was observed up to the N input of N150 in certain cultivars. The N0 application did
not show a significant increase in GY; however, a substantial increase in GY was observed
when comparing the application rates of N75 and N150. Numerous studies have proven
that the optimal N rate for wheat cultivation in North-West India can vary between 50
and 185 kg of N ha–1 to attain the desired GY [29]. Cultivar GY outcomes were dissimilar,
likely due to the unique genetic potential of each cultivar, soil characteristics, and weather
conditions prevalent during the conductance of field trials [30,31]. Some previous studies
have shown that selecting phenotypes adapted to specific environmental conditions and
considering early generation selection of partitioning traits, such as harvest index (HI) and
GY, can lead to high HI and GY in wheat [32].

Fuertes-Mendizabal et al. [33] suggest that the amalgamation of an intensified N
rate with delayed N application could induce the expansion of the crop canopy, increase
photosynthetic efficiency, increase carbohydrate accumulation during the vegetative stages,
and ultimately result in a boost in GY. Our study produced compelling results, suggesting
that cultivars ‘HD 3249’ and ‘HD 3117’ exhibited notable improvements in yield when
N150 was distributed between the split treatments of 75–37.5–37.5 kg N ha−1. These
observations signify the remarkable potential of wheat for yield production. In particular,
the application of N150 resulted in a higher number of spikes per square meter, SY, biological
yield (BY), harvest index (HI), dry matter accumulation (DMA), and tiller production
in most genotypes (Tables 2, 4 and 6). However, the response varied in each wheat
cultivar, as the capacity for N uptake is generally low during the initial growth season
and rapidly increases during the vegetative growth phase. Based on studies conducted by
Zhang et al. [34], the N input application at three times and two different times resulted in a
15% and 7% increase in GY compared to a single-dose application. Similarly, Singh et al. [35]
reported that the increase in GY was feasible by applying 50% to 75% of N inputs at the
sowing stage in loam soil, with urea spread/drilled in rows. Despite variations in N inputs
and application timing, the utilization of N150 leads to a superior yield compared to the N
rates of N75 and N0. The rationale behind this can be that NCU/NOCU is a slow-release
type and undergoes gradual conversion to ammonia in soil, making it plantable over an
extended period compared to N inputs N75 and N0. Singh et al. [36] reported that the use
of NCU/NOCU in wheat shows an approximate 5–6% increase in GY as compared to urea
at the same levels. However, it is essential to acknowledge that the response of GY to N
inputs may be influenced by several factors, such as climatic conditions, soil properties,
and the specific cultivar of the crop.

Yang and Baker [37] suggested that the variability in GY between cultivars across
different environments can be due to the expression of diverse gene sets in those different
environments or to discrepancies in the reactions of the same gene set to varying envi-
ronmental conditions. Furthermore, the variations of yield and yield traits may be due
to the genetic composition of the cultivars influencing the grain filling and transfer of
biochemical assimilates from source to sink. ElMetwally et al. [38], EI-Habbal et al. [39],
and Hassan et al. [40] reported on varietal disparities in yield attributes of wheat cultivars.
Elevating N levels to N150 resulted in an improvement in yield and yield-contributing
characteristics in wheat and was due to the influential function of N as a vital element of
chlorophyll on the accumulation of dry matter. N inputs influence carbohydrates biosyn-
thesis by modifying the leaf area, which is responsible for capturing solar energy and
assimilating CO2. Furthermore, they enhance the efficiency of the photosynthesis pro-
cess. Previous studies by Fu et al. [41] reported that GY and its components significantly
increased with an optimal increase in N inputs.

The application of N inputs has significantly increased the agro-morphological per-
formance measures of cultivars, such as tillers and chlorophyll content. Each cultivar
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exhibits distinct characteristics based on its unique genetic potential and traits. Certain
efficient genotypes demonstrate reduced N losses and improved the growth and develop-
ment processes. N inputs play a regulatory role in several plant hormones, such as auxin
and cytokinin, as well as gene expression, thereby influencing tillering emergence and
growth [42,43]. The accumulation of dry matter in wheat cultivars varies, which could be
attributed to the genotypic diversity influencing the distribution of photoassimilates in
the leaves, resulting in different plant growth patterns and assimilate allocation to repro-
ductive organs [44,45]. Factors such as plant height, spike size, and hormones are likely
responsible for the variations observed in tillering capacity among wheat cultivars [46,47].
The ‘HD 3249’ and ‘HD 3117’ genotypes exhibited the highest yield attributes, possibly
due to a larger surface area of wheat roots, improved growth and development, and
higher photosynthetic efficiency of the leaf area index during flowering and physiological
maturity stages.

Nitrogen assumes a pivotal and irreplaceable role in the proliferation and maturation
of plants, acting as a vital macronutrient that orchestrates their intricate physiological
processes. The results of our investigation showed that the plant height of wheat cultivars
was shortest under N input N0 compared to N75 and N150 (Table 1). Similar kinds of results
were reported by Tanka et al. [48] and Wolf et al. [49]. However, the response to nitrogen
input differs in each cultivar due to their unique genetic potential and characteristics [50,51].
Chlorophyll has a significant role as a photosynthetic pigment and an effective indicator of
leaf functions amid the detrimental impact of various ecological stressors [52]. In addition, it
serves as a critical parameter for observing nitrogen uptake in wheat [48]. Our results show
that, compared to the untreated plants, there was an increase in total chlorophyll content
as the N input increased (Table 3). The elevated levels of N and chlorophyll in the leaves
exhibited a positive correlation with the net photosynthetic rate, resulting in enhanced
carbohydrate production. Consequently, this metabolic shift led to increased biomass
accumulation in both the above-ground and below-ground plant components [53,54].

The N × genotypes interaction (NCI) shows a nonsignificant relationship with both
grain protein content (GPC) and 1000-grain weight (G.W.). Although statistically non-
significant, the measurements of GPC and G.W. displayed notable variation across the
different wheat cultivars used in our experiments (Table 5). The detailed results reveal
that N150 and N75 increased the G.W. and GPC of wheat cultivars as compared to N0. The
variation in GPC and G.W. between genotype ‘HD 3249’ and ‘HD 3298’ can be attributed
to the different genotypic characteristics of each cultivar. In fact, splitting and N inputs’
application timing have more significant effects on GPC [14] and other quality traits of
wheat [51] than simply increasing N inputs. Fuertes-Mendizabal et al. [33] reported that
splitting of N rates enhanced quality parameters, while GY remained unaffected. During
our N inputs experiment, we observed that increasing the N inputs results in a favorable
effect on GPC and G.W. Wheat cultivar traits show divergent responses to N inputs, and
this is due to variations in N availability, N release from slow-release fertilizers, genotype-
specific genetic traits, and the influence of soil moisture and temperature levels [55,56].
Some previous studies reported that nitrate reductase (NR) activity was two times higher
at N input N105 compared to N0 [57]. The NR activity in the cultivar at N150 might be a
reason for higher GY and GPC. Balotf et al. [58] and Lambeck et al. [59] reported that NR
activities in wheat increase as external nitrate is applied.

Plant N accumulation and N grain production efficiency (NUEg) at maturity are
influenced by a variety of factors such as N inputs, cultivars, prevailing weather conditions,
and yearly variations [9,60]. Our 2 years of study revealed that the total uptake of N
(TUN) was increased by N inputs and ranged between 55.5 and 169.6 kg ha−1 (Table 8).
According to a study by Singh et al. [61], under irrigation conditions, the TUN and NUEg
were between 49 and 160 kg ha–1 and 35 and 79 kg kg–1, respectively. In a 3-year pioneering
study by Xue et al. [62] in the south-eastern Chinese area of Taihu Lake, it was revealed
that the TUN by wheat was 132 and 149 kg ha–1, respectively, when N inputs of 180 and
240 kg ha–1 were applied. Similarly, Jia et al. [63] reported that increasing N inputs from
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150 to 270 kg ha–1 led to an increase in TUN in wheat cultivars, from 198 to 238 kg ha–1.
According to Wang et al. [64], in wheat, N absorption originated from N fertilizer was
increased two-fold when N input increased from 96 to 240 kg ha–1.

Zhu et al. [65] observed that at N input N100, the NUEg ranged from 28.8 to 58.4 kg kg–1.
Wu et al. [66] reported that superior cultivars show comparatively elevated TUN at the
same N inputs. This suggests that a greater TUN could potentially lead to a higher NUE.
We have noticed that ‘HD 3249’ and ‘HD 3117’ had a comparatively higher TUN than the
other cultivars, leading to a higher GY (Table 8). The data presented for the NHI and NUEg
parameters displayed a diverse range of 67.4 to 77.3% and 35.3 to 44.3 kg kg−1, respectively,
across various N inputs (Table 8). High N uptake in genotypes ‘HD 3249’ and ‘HD 3117’
was due to more developed root systems in these cultivars, which helped in exploring large
soil volumes and making a better use of the resources [67].

The grain yield efficiency index (GYEI) is a highly reliable indicator of GY and an
effective method of evaluating genotypes in terms of their potential grain production [68].
Among all wheat cultivars, only six cultivars (‘HD 3298’, ‘HD 3117’, ‘PBW 550’, ‘HD 3249’,
‘HD 3086’ and ‘HD 2967’) show a GYEI value of ≥1, indicating favorable responses to vari-
ous N inputs (Table 7 and Figure 2). Our results suggest that GYEI varied among all wheat
cultivars. There is an abundance of literature available on how various cultivars and species
within the wheat family exhibit various nitrogen utilization mechanisms [69,70]. The diver-
sity in wheat cultivars for NUE was due to multiple factors, including root morphology,
root exudation patterns, uptake capacity, transport mechanisms, metabolic pathways, and
the partitioning of assimilates. In addition, variations in physiological and biochemi-
cal traits such as photosynthetic efficiency, transpiration rates, nitrogen assimilation and
remobilization, and sink strength also contribute to differences in NUE [71,72].

Pearson’s correlation analysis revealed that, except for some of the parameters, all
traits of wheat cultivars were highly positively correlated with each other at p < 0.01
(Figure 3), [66,73,74]. The HI shows a significant positive correlation with GY in our
study [75]. Our results were consistent with those of Peng et al. [76], Ayadi et al. [77],
Kubar et al. [78], Boulelouah et al. [79], and Wang et al. [80]. Multiple research studies
have shown that it is possible to achieve high GY and NUE by focusing on the distribution
of biomass into the grains rather than solely increasing its concentrations [80]. Thus,
understanding N metabolism in a specific genotype, and identifying wheat cultivars with
greater NUE in conjunction with optimizing N input strategies may improve NUE and GY,
and reduce the negative impacts of excess fertilizer application.

The N-use-efficient wheat cultivars accumulated more N in their grains and biomass,
suggesting a higher uptake of N in comparison to the N-use-inefficient cultivars. Thus,
it can be easily stipulated that the increased uptake of N by efficient N users reduces the
losses of N. At a particular point in time, the quantity of nitrate-nitrogen available can be
removed by the plants or lost to the environment. Thus, the efficient N-user wheat cultivars
can have efficient N uptake, and very little N may be available for loss in comparison to
the N-user-inefficient cultivars.

5. Conclusions

The results presented in this study were obtained through two years of field-based
experiments that considered the overall performance of various wheat cultivars under
different N inputs, and the evaluation was performed based on multiple performance
indicators. In particular, the wheat cultivars ‘HD 3249’ and ‘HD 3117’, in combination
with a N input of N150, show good performance in terms of several parameters like yield,
yield components, N use efficiency (NUE), and grain yield efficiency index (GYEI), and
are considered N-efficient genotypes. The observations of these two elite cultivars strongly
indicate that they have the potential to be efficient candidates for utilization in breeding
programs and molecular investigations. Their ability to provide valuable insights at the
genomic level can unveil the fundamental molecular mechanisms responsible for genetic
variations in crop cultivars, thereby shedding light on their overall performance.
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