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This study was aimed to understand the role of Zn fertilizer (ZnSO4-7H20) applied through soil media, foliar
spray and in combination for enhancing yield and marginal rate of return of wheat crop in filed conditions. Four
wheat cultivars; Anaj-2017; Akbaer-2019; FSD-2008 and Zincol-2016 were sown in randomized complete block
design in field. The Zn fertilizer was applied as soil media, foliar spray and in combination of soil + foliar media.
A significant enhancement in plant height (18.2 %), leaf area index (28 %), heat unit efficiency (25.1 %) and
SPAD (23 %) value was observed in wheat cultivars with Zn fertilization. However, the impact of soil + foliar
media (T4) Zn application (15 kg ZnSO4 ha~! (soil) + 1 % ZnSOy4 foliar spray solution) was higher than soil
media or foliar spray. The protein, ash, fat and phytate contents were enhanced to 13.38 %, 2 %, 0.57 % and 27
% respectively while significant decrease in a-amylase (—29 %) and was recorded after Zn fertilization. At T4
considerable enhancement in grain yield (4.2 tons ha’l), harvest index (55.3 %), internal use efficiency and
partial nutrient budget was recorded. It was observed that uptake K, N, Zn and Fe were enhanced while that of P
were reduced after Zn fertigation especially at T4 in wheat cultivars. The value cost ratio (VCR) and marginal
rate of return (MRR) to farmers was better at T4 as compared to T1-T3 in all wheat cultivars. Finally, Zn applied
as soil + foliar spray was most effect while among cultivars Zincol-2016 and Akbar-2019 showed more yield
potential than Anaj-2017 and FSD-2008. It has been established that the soil-plant-mineral nutrition nexus is the
road leading to fetching higher income, sequestration of carbon dioxide from the air and also ensuring food and
nutrition security.

1. Introduction

Food security has been a longstanding concern for humanity since
time immemorial to date. However, since the start of 21st century
climate change, soilage of water and soil resources and reduction in
yield of agricultural crops are the consistent threats to human existence.
So, it is the need of time to ensure food security in order to eliminate
hunger and pandemic malnutrition across the globe. The United Na-
tional Sustainable Development Goals (SDGs-2015) were devised to
eliminate hunger from the word by 2050 (Fanzo et al., 2020). However,
there are many hurdles in attaining these goals, amongst decrease in soil
fertility is of main concern (Alloway, 2009).

* Corresponding author.
** Corresponding author.

The nutrient deficient soils are the main cause of reduction in crop
yield of economically important crops. As adequate supply of soil micro-
and macro-nutrients are required for proper physiological and
biochemical activities by plants (Noreen et al., 2018). Although Zn is
required in limited quantity, its absence adversely impacts the devel-
opment and efficiency of plants. Since Zn can’t be subbed by some other
metal particle for completing physiological and biochemical activities in
plant’s cellular system (Bénziger and Long, 2000, Noreen et al., 2023),
therefore its adequate supply in the soils is essential for optimal growth
of the plants. While on the other hand, Zn deficiency in common nutrient
chaos in soils of many countries including Pakistan that ultimatly results
in reduction in productivity of crops as well as nutritional value of the
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crops. The soils are deficient in Zn followed by Fe, B, Mo, Cu and Mn
minerals. The extent of Zn deficiency is 87 %, 37 %, 47 % and 90 % in
soils of Punjab, Khyber Pakhtunkhwa, Sindh and Balochistan provinces,
respectively (Zia et al., 2006). In wheat, grain and seed production was
affected negatively to a greater proportion in comparison with total dry
matter yield due to Zn deficiency. The critical deficiency concentration
was below 15-20 mg Zn kg~!. This was due to impairment of pollen
fertility development during reproductive stage (Cakmak, 2008b).

The Zn deficiency limits the net photosynthetic rate, inhibits RNA
synthesis, and restricts growth and development leading to showing of
the chlorosis in the interveinal area. Zn absorbed through roots was well
distributed among leaves, stems and roots, while foliar droplets moved
primarily towards expanding leaf tips and showing a little flow towards
the older organs (Huang et al., 2000, Thiébaut and Hanikenne, 2022).
The plants did not have the ability to store up Zn for its later movement
towards the growing plants, when it was needed during growth and
development (Smith et al., 2021). There are evidences that micro-
nutrient contents in wheat grains have been reduced to half i.e. Zn
(-33-35 %), iron and copper (—39 %), as recorded between 1843-1960,
for example prior to the presentation of high yielding cultivars, from
that point, a sharp decrease in Zn, Fe, Cu, I and Se was seen after 1960 s.
the grain crops are normally low in Zn contents and this problems is
more terrible in Zn-deficient soils (Fan et al., 2016).

Wheat is the main staple dietary food of billions of humans on earth.
It is the need of time that wheat grains may not only provide sufficient
number of calories to meet physiological necessities but additionally be
stacked with higher fundamental dietary supplements (Torun et al.,
2000). The agronomic biofortification is considered a “shotgun” way to
deal with right the lack of Zn components either through application in
the soil as well as through foliage taking during the vegetative and
reproductive stages (Cakmak, 2008a). In this regard, this study was
aimed to understand the role of Zn fertilizer application as foliar and soil
media in enhancing growth, grain yield and marginal rate of return of
wheat crop in filed conditions.

2. Materials and Methods
2.1. Experimental details

Four local wheat cultivars viz. Akbar-2016, Zincol-2016, Anaj- 2017
and FSD-2008 were selected from AARI. An experiment was designed on
field conditions at Experimental Research Station, Department of Soil
Science, Bahauddin Zakariya University, Multan-Pakistan. Experimental
field area, was divided into four plots, with a size of 5.0 m?. Each plot
was sub divided into four sub-plots having 4 cultivars and 4 fertilizer
levels, totaling 16 sub-plots (Fig. S4). The seeds were sown using hand-
drill by keeping the line distance of 25 cm from one another with uni-
form seed wight of 25 kg ha™! for each cultivar.

Soil and irrigation water samples were analyzed before cultivation
(Tables S1-S3). Before planting, the seeds were treated with fungicide,
Thiophanate-methyl-70 % WP (3 g kg~ seed weight) as a preventive
measure to control contagious fungicides on seed surface. The
ZnS04-7H50 was used as the source of Zn to be used in three different
modes; T1 = control (water spray only); T2 = 15 kg Zn SO4-7H20 ha!
(added manually in soil before sowing), T3 = foliar spray of 1 % Zn
S04-7H30 solution at tillering (0.5 %) and anthesis (0.5 %) @ 600 L ha™!
foliar spray and T4 = 15 kg Zn SO4-7H,0 ha™! (added manually in soil
before sowing) + foliar spray of 1 % Zn SO4-7H20 solution at tillering
(0.5 %) and anthesis (0.5 %) @ 600 L ha~! foliar spray. Basal fertilizer
doses were used at the rate of 120 kg ha !N (urea, 46 % N); 80 kg P20Os
ha~! (TSP, 46 % P,0s) and 60 kg K20 ha™? (Sulphate of potash).

2.2. Measurements

Plant height was recorded at the time of maturity while and leaf area
index was estimated from mature leaves of five plants by procedures of
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Amanullah et al. (2009) and Ahmad et al. (2015). Heat-use productivity
(HUE) [kg ha! °C/day] was worked out according to Nandini and
Sridhara, (2019).

2.3. Gas exchange attributes

The gas exchange characteristics were recorded utilizing Infrared
Gas Analyzer (IRGA) [LCI-Framework, ADC-Bioscientific Ltd., Hoddes-
don, UK]. The flag leaves were enclosed in an assimilation chamber and
gas exchange parameters were recorded in data logger in about 2 min,
when no noticeable changes in leaf respiration were registered. Under
atmospheric CO5 and ambient light conditions, data on photosynthesis
were recorded at 09:00 to 10:00 a.m under a clear sky and saturating
light conduction.

2.4. Grain yield and its components

The wheat crop was harvested at its physiological maturity stage
(when the green color from the glumes and kernels had disappeared
completely) during 2nd week of April. The grain yield and its de-
terminants were quantified. The central rows were harvested manually,
bundled, sundried in-situ and total biological yield was recorded. The
different parameter for grain yield was also measured according to Islam
et al. (2017).

2.5. Harvest index

The harvest index refers to crop simulation model that accounts to
the fraction of the total aboveground biomass allocated to the grain
portion. It was enumerated according to formula of Kemanian et al.
(2007).

Totalgrainyiled(tha — 1)
Totalbiomass(tha — 1)

Harvestindex(%) = x 100

2.6. Ionic constituents

The Ryan et al. (2001) technique was employed to estimate ionic
constituents (K, Zn, Fe) from oven dried grains by Flame Photometer
(PFP Jenway Staffardshire, U.K). The N concentration was determined
by Kjeldahl method Bradstreet (1954) and P by colorimetry (ammonium
vanadate-ammonium molybdate, yellow color method (Allen, 1940).
The material was digested by using digestion mixture [nitric acid-
perchloric acid (HNO3 — HClIOg4, 2:1 ratio)].

2.7. Nutritional analysis

The grain protein, fat and ash contents according to the methodology
of Rehman et al. (2020). The a-amylase was determined by Bernfeld
(1951), while phytate contents were assayed by Haug and Lantzsch
(1983) methodology.

2.8. Nutrient-use-efficiency

The nutrient-use-efficiency parameters including partial factor pro-
ductivity (PFP); internal use efficiency (IUE); partial nutrient budget
(PNB); agronomic efficiency (AE), apparent recovery efficiency (ARE)
and physiological efficiency (PE) were estimated by Rawal et al. (2022)
equations.

2.9. Economic analysis

The nutrient economic analysis Zn fertilization on wheat cultivars
was worked out (Program, 1988), while economic metrics, i.e., marginal
rate of return (MRR), net present worth (NPW) and value cost ratio
(VCR) were computed according to Sarkar et al. (2018). The mean wheat
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grain yield data were adjusted down by 12.5 % in order to narrow the
possible yield gap that might had happened due to differences in field
management and experimental grain yield. The costs incurred in farm
inputs and wheat grains harvested were calculated on hectare basis in
Pakistan rupees (PKR ha~1). The MRR determines the returns per unit of
investment in fertilizer between a pair of treatments and expressed as a
percentage.

2.10. Statistical analysis

The experimental work was in Randomized Complete Block Design.
Each experimental unit was repeated four time. CoStat (6.311) a
computer-based software was used for statistical analysis. The main
effects were compared using the least significance difference (LSD) test
at 0.05 level of probability.

3. Results
3.1. Plant height and leaf area index (LAD)

The results revealed that plant height and LAI were significantly
affected by Zn fertilization. However, more pronounced increase in
these parameters was observed at T4 as compared to T1-T3. Among
cultivars, Akbar-2019 and Zincol-2016 were more responsive to plant
height with an increase of 18.0 % and 18.2 % respectively at T4 as
compared to Anaj-2017 and FSD-2008 which exhibited 15.3 % and 10.9
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% enhancement respectively (Fig. 1). Similarly, Anaj-2017 followed by
Zincol-2016, Akbar-2019 and FSD-2008 resulted in 28 %, 20.4 %, 16.1
% and 11.9 % respectively increase in LAI at T4 over T1 (Fig. 1).

3.2. Heat unit efficiency (HUE) and SPAD

Zn fertilization has a positive effect on HUE and SPAD values. HUE
was more significantly improved to 8.1 % (Akbar-2019), 14.7 % (Akbar-
2019) and 25.1 % (Zincol-2016) at T2, T3 and T4 respectively. While,
amongst wheat cultivars maximum enhancement in SPAD at T2 (8 %),
T3 (14 %) and T4 (23 %) was observed in Zincol-2016. Zincol-2016 and
Akbar-2019 were more responsive to Zn treatments in terms of HUE and
SPAD (Fig. 1).

3.3. Gas exchange attributes

Data for transpiration rate (E), stomatal conductance (gS), sub-
stomatal conductance (Ci) and net photosynthetic rate (A) showed sig-
nificant response to Zn fertilization (Fig. 2). Among treatments T4
showed maximum enhancement up to 38 %, 38.4 %, 32.8 % and 26.6 %
in Ci, gS, A, and E respectively. However, among cultivars better
response of Zn fertilization with respect to Ci and A was observed in FSD-
2008; gS in Zincol-2016 and E in Akbar-2019 (Fig. 2).
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Fig. 1. (A) Plant height (cm); (B) leaf area index; (c) heat unit efficiency (Kg ha—!°c™! day) and SPAD value of wheat cultivars fertigated with Zn fer-
tilizer. T1 = control (water spray); T2 = 15kgZnSO4-7H,0 ha~!; T3 = Foliar application of ZnSO4-7H-0 solution 1 % (0.5 %+0.5 %) at tillering and anthesis stages;
T4 = 15kgZnS0,4-7H,0 ha~! (soil applied) + foliar spray of ZnSO4-7H,0 solution 1 % (0.5 %-+0.5 %) at tillering and anthesis stages; different letters (a-c) on bars

represent significant difference among treatments at p < 0.05 (DMRT).
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Fig. 2. (A) net photosynthetic rate (A); (B) transpiration rate (E); (C) stomatal conductance (gS) and (D) sub stomatal CO, concentration (Ci) of wheat
cultivars fertigated with Zn fertilizer. Different letters (a-c) on bars represent significant difference among treatments at p < 0.05 (DMRT).

3.4. Yield attributes

It has been observed that yield attributes showed significant response
to Zn fertilization. Among Zn fertilizer treatment (T1-T4) maximum
yield, i.e. number of tillers; spike length; grains/spike; thousand grain
weight; spikelet/spike and grain yield were gained T4 (Fig. 3). It has
been observed that as compared to other cultivars Akbar-2019 produced
maximum productive tillers at all Zn fertilizer does, i.e. T1 (295), T2
(300), T3 (307) and T4 (307). Data revealed that higher number of
grains spike’! were produced by Akbar-2019 (57, 52, 50 and 47) fol-
lowed by FSD-2008 (53, 49, 43 and 43), Zincol-2016 (51, 49, 46 and 45)
and Anaj-2017 (46, 45, 43 and 40) at T4, T3, T2 and T1 respectively.
Maximum 1000 grain weight was observed at T4 in Akbar-2019 (53 g)
as compared to Zincol-2016 (46 g), FSD-2008 (44 g) and Anaj-2017 (41
g). With respect to spike length at treatment T4 the maximum length was
observed in Akbar-2019 (14 cm) followed by FSD-2008 (13.2 cm),
Zincol-2016 (12.4 cm) and Anaj-2017 (12.5 cm). The highest number of
spikelets spike’1 were recorded in Akbar-2019 (20) as all other cultivars.
Similarly, in terms of grain yield cultivars were ranked in order of Akbar-
2019 (4.2 tons ha’l) > Zincol-2016 (4.0 tons ha!) > FSD-2008 (3.8
tons ha™1) > Anaj-2017 (3.8 tons ha’l) at T4 (Fig. 3).

3.5. Total biological yield and harvest index (HI)

Zn fertilization caused a significant enhancement in total biological
yield and harvest index of all wheat cultivars (Fig. 3). Maximum bio-
logical yield (7.8 tons ha') was obtained at T4 in Akbar-2019 as
compared to other treatments and cultivars. Similarly, highest HI was

again maintained by cv. Akbar-2019 at T4 (55.3 %) as compared to T1
(47.1), T2 (49.1) and T3 (52.8 %). The response of wheat cultivars was
ranked, Akbar-2019 > FSD-2008 > Zincol-2016 > Anaj-2017 for total
biological yield and HI (Fig. 3).

3.6. Protein fat, ash and phytate contents

The Zn fertilization caused a significant effect on protein, ash, fat and
phytate contents of wheat cultivars (Table 1). Among cultivars Akbar-
2019 and Zincol-2016 gathered higher protein contents (13.38 and
12.75Kg Kg~!) respectively as compared FSD-2008 and Anaj-2017
(12.26 and 12.35 Kg Kg1) respectively at T4. The Abkar-2019 and
Zincol-2016 gathered higher fat content (0.57 and 0.47 Kg Kg™1) at T4
as compared to T1 (0.11 Kg Kg’l). The ash contents were also increased
from 1.8 Kg Kg ™! (T1) to 2.0 Kg Kg~! (T4) in Zincol-2016 and Akbar-
2019. Similarly, the phytate contents were also enhanced with Zn
fertilization however maximum enhancement of 27 % was observed in
Anaj-2017 at T4 (Table 1).

3.7. a-amylase activity

Data showed that grain a-amylase activity was significantly affected
in response to Zn fertilization and among cultivars (Table 1). The
amylase activity was lower gradually with application of Zn fertilizer in
all cultivars. Maximum reduction (29 %) in amylase activity was
observed in Anaj-2017 at T4. However, at T3 and T2 maximum reduc-
tion was 8 % and 2 % respectively in Zincol-2016 (Table 3).
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Fig. 3. (A) No. of productive tillers; (B) no. of grains spike‘l; (c) 1000 grain weight (g); (d) spike length (cm); (E) number of spikelets spike’l; (F) total
biological yield (grain + straw) tons ha’l, (G) grain yield (tons ha~! and (H) harvest index (%) of wheat cultivars fertigated with Zn fertilizer. Different
letters (a-c) on bars represent significant difference among treatments at p < 0.05 (DMRT).

3.8. Ionic constituents in grains cultivars, cvs. Akbar —2019 maintained highest (37 %) increase in K
contents at T4 as compared to T2 (12 %) and T3 (23.5 %). Similarly,

Zn fertilization caused a significant enhancement in grain nitrogen highest Zn contents (59.7 mg kg™!) were observed in at T4 in Akbar-
(N), potassium (K) and zinc (Zn) contents (Table 2). Maximum N con- 2019 followed by 56.8 mg kg_1 in Zoncol-2016. In response to Zn

centration of 1.7 % was recorded at T4 (Akbar-2019) followed by 1.65 contents the cultivars were arranged in the order of Akbar-2019 >
%, 1.63 % and 1.6 % in Zincol-2016, Anaj-2019 and FSD-2008 respec- Zincol-2016 > Anaj-2017 > FSD-2008 (Table 2).
tively at T4. The K contents were increased with Zn fertilization, among The data revealed that Phosphorus (P) and Iron (Fe) contents were
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Table 1
The protein; fat; ash; a-amylase activity and phytatic acid content (%) of wheat
cultivars fertigated with Zn fertilizer.

Treatments  Cultivars Mean
Zincol- Akbar- FSD- Anaj-
2016 2019 2008 2017
Protein contents
T1 12.28a 12.15b 11.51a 11.52b 11.86a
T2 12.08a 12.75ab 11.63a 11.65ab 12.03a
T3 12.53a 13.23a 11.93a 12.05ab 12.44a
T4 12.75a 13.38a 12.26a 12.35a 12.69a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: ***
Fat contents
T1 0.11d 0.11d 0.11d 0.10d 0.11d
T2 0.32b 0.36b 0.29b 0.33b 0.33b
T3 0.24c 0.30c 0.26¢ 0.28¢c 0.27c
T4 0.47a 0.57a 0.42a 0.424 0.47a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: ***
Ash contents
T1 1.80a 1.80a 1.41a 1.46a 1.62a
T2 1.81a 1.91a 1.48a 1.52a 1.68a
T3 1.92a 1.94a 1.63a 1.58a 1.77a
T4 2.00a 2.00a 1.67a 1.67a 1.84a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: ***
a-amylase activity
T1 80.3a 76.2a 81.0a 80.8a 79.6a
T2 78.4ab 69.4b 77.0b 71.9b 74.2a
T3 73.7b 65.4¢ 72.9¢ 68.3c 70.1c
T4 71.0c 64.0b 57.4d 60.1d 64.3d
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: ***
Phytic acid content
T1 10.89b 11.15b 10.85b 11.03a 10.98b
T2 11.88ab 11.78ab 12.86a 12.49a 12.25ab
T3 13.14a 12.76a 12.96a 12.29a 12.79a
T4 12.62a 13.02a 13.78a 12.90a 13.08a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: ***

Values are means; letters (a-d) are significant difference among treatments at p
< 0.05 (DMRT).

reduced with application of Zn fertilizer (T2-T4). The P contents in
grains of wheat cultivars were decreased from 24 %, 17 % and 7.5 % at
T4, T3 and T2 respectively in Akbar-2019. Similarly, grain Fe contents
were also reduced in all wheat cultivars with maximum reduction of 24
% in Akbar-2019 at T4 (Table 2).

3.9. Zinc nutrient-use efficiency

Wheat cultivars showed significant response to zinc nutrient use ef-
ficiency attributes including partial factor productivity (PFP); internal
use efficiency (IUE); partial nutrient budget (PNB); agronomic efficiency
(AE), apparent recovery efficiency (ARE) and physiological efficiency
(PE) after application of zinc fertilizer (Fig. 4). It has been observed that
cuv. Akbar-2019 maintained higher PFP value of 64 kg kg™! at T4.
Averaged across Zn doses at T4 the cvs. Zincol-2016 and Akbar-2019
proved to be highly Zn efficient by keeping IUE of 218 and 201 kg
kg ! respectively as compared to 186 and 171 kg kg ™! by Anaj-2017 and
FSD-2008 respectively. In Akbar-2019 the maximum PNB of 0.57 kg
kg~ ! was attained by crop treated at T4 compared to 0.11 kg kg~! T1.
Similarly, AE value for Akbar-2019 was of 29.6 kg kg~ was highest at
T4 as compared to 10 kg kg™! at T1. The Zn bio-fortified cultivars
(Akbar-2019 and Zincol-2016) had better ARE values of 36.5 and 34.2kg
kg~! compared to 29.9 to 29.4 kg kg ™! by cvs. FSD-2008 and Anaj-2017
respectively at T4. Similarly, averaged across cultivars, maximum PE
values of 69 kg kg~! were attained by Akbar-2019 at T4 as compared to
38, 42 and 20 kg kg™! at T3, T2 and T1 (Fig. 4).
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Table 2

Effect of different Zn fertilizer on nitrogen (N), phosphorous (P), potassium (K),
zinc (Zn) and iron (Fe) contents in grains of four wheat cultivars (Zincol-2016,
Akbar-2019, FSD-2008 and Anaj-2017).

Treatments Zincol- Akbar- FSD- Anaj- Mean
2016 2019 2008 2017

Nitrogen (N)

T1 1.40c 1.49b 1.40b 1.43b 1.43c

T2 1.50bc 1.59ab 1.47ab 1.49b 1.51bc

T3 1.60ab 1.63a 1.53ab 1.55ab 1.58ab

T4 1.65a 1.70a 1.60a 1.63a 1.65a

Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: **

Phosphorous

(P)
T1 0.51a 0.53a 0.47a 0.45a 0.49a
T2 0.48a 0.49a 0.44a 0.43a 0.46a
T3 0.43a 0.44a 0.41a 0.40a 0.42a
T4 0.40a 0.40a 0.38a 0.37a 0.39a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: **
Potassium (K)
T1 0.50b 0.51b 0.49a 0.47b 0.49b
T2 0.56ab 0.57ab 0.53a 0.51ab 0.54ab
T3 0.61ab 0.63ab 0.58a 0.56ab 0.60ab
T4 0.66a 0.70a 0.60a 0.60a 0.64a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: **
Zinc (Zn)
T1 35.0d 37.0d 29.8d 31.9d 33.43d
T2 41.7¢ 45.7¢ 32.8¢ 36.5¢ 39.18c
T3 44.4b 50.7b 37.7b 40.0b 43.20b
T4 56.8a 59.7a 40.1a 42.7a 49.82a
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: **
Iron (Fe)
T1 104.8a 108.3a 100.2a 102.3a 103.9a
T2 98.7a 99.2b 97.1b 98.2b 98.3b
T3 96.8a 97.8¢ 94.2¢ 95.1c 95.9¢
T4 94.3a 82.2d 92.0d 93.0d 93.6d
Replicates: ns, Cultivars: ***, Treatments: ***, Interaction: ***

Values are means; letters (a-d) are significant difference among treatments at p
< 0.05 (DMRT).

3.10. Economic analysis

The Zn fertilization resulted in higher grain yield which ultimately
resulted into better economic yield of wheat cultivars. It has been
observed that value cost ratio (VCR) of 4.76:1 was achieved at T4 as
compared to 3.95:1 and 3.41:1 at T3 and T2 respectively in cv. Akbar-
2019 (Table 3). The marginal rate of return (MRR) was boosted with
Zn fertilization (T2-T4) accounting 7-times greater over investment
(Table 4). It has also been observed that at T4 net present worth was of
PKR 109,700 as compared to PKR 83,600 and 77,100 at T3 and T2
respectively (Table 5).

3.11. Correlation analysis

The traits studied after Zn fertilization showed a significant corre-
lation. The pH and HUE were strongly correlated with yield (SL, TGW,
NGS, TBY, TGY and HI) and Zn nutrient use efficiency parameters (PE,
ARE, AE, PNB, IUE and PFP). Similarly, all Zn nutrient use efficiency
parameters were significantly positive correlated with yield attributes
(Fig. 5).

4. Discussion

The balanced and precise application of mineral nutrients is a pre-
requisite and relevant tool to improve productivity of crops, achieving
food security and also in relation to promoting sustainable and smart
agriculture (Selim, 2021). Among mineral zinc (Zn) has been recognized
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Fig. 4. (A) partial factor productivity; (B) internal use efficiency; (C) partial nutrient budget; (D) agronomic efficiency; (E) apparent recovery efficiency
and (F) physiological efficiency of wheat cultivars fertigated with Zn fertilizer. Different letters (a-d) on bars represent significant difference among treatments

at p < 0.05 (DMRT).

as essential micronutrient that has direct involvement in regulating the
uptake and distribution of other essential nutrients for enhance plant
growth and yield (Ghani et al., 2022). In this regard, Zn fertigation can
potentially enhance growth of plants through improved nutrients up
take supplying balanced nutrients supply for enhancing yield (Massoud
et al., 2005, Shivay et al., 2014).

The results of this study revealed that application of 15 kg ZnSOg4,
ha~! in combination to foliar spray of 1 % (0.5 %+0.5 %) ZnSO4 solution
at tillering and anthesis stages (T4) enhanced leaf area index (LAI) and
plant height of wheat crop when compared to control (T1). Bharti et al.

(2014) reported that 20 kg ZnSO4 ha™! (soil media) + 0.5 % ZnSO4
solution (foliar spray) increased plant height of wheat crop to 41.8 %.
The foliar spray of 0.05 %Zn resulted in 69-78 % in wheat crop (Sultana
et al.,, 2018). Moreover, Chaab et al. (2011) reported that LAI was
enhanced with Zn application to wheat crop. It is evident accumulation
of Zn in meristematic tissues leads to better LAI (Pearson and Rengel,
1995, Gowthami and Ananda, 2018).

Heat unit efficiency (HUE) determines the conversation of heat en-
ergy into dry matter and yield per unit degree days is determined by heat
unit efficiency (HUE) per unit growing degree days. It is affected by
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Table 3
Partial budget analysis of wheat cultivars fertigated with Zn fertilizer.
Treatment Total costs that vary =~ Wheat grain Grain yield increase over % yield increase Value of increased yield  Value cost
kg ZnS04 Cultivars (PKR ha™!) yield (t/ha) control (t/ha) over control (PKR ha™!) ratio (VCR)
ha™!
T1 Zincol- — 2.7 — —
2016
Akbar- — 2.8 — —
2019
FSD-2008 — 2.5 — —
Anaj-2017 — 2.5 — —
T2 Zincol- 5100 2.9 0.2 7.40 11,600 2.27:1
2016
Akbar- 5100 3.1 0.3 10.7 17,400 3.41:1
2019
FSD-2008 5100 2.7 0.2 8.0 11,600 2.27:1
Anaj-2017 5100 2.7 0.2 8.0 11,600 2.27:1
T3 Zincol- 4400 2.9 0.2 7.4 11,600 2.63:1
2016
Akbar- 4400 3.1 0.3 10.7 174,000 3.95:1
2019
FSD-2008 4400 2.7 0.2 8.0 11,600 2.63:1
Anaj-2017 4400 2.7 0.2 8.0 11,600 2.63:1
T4 Zincol- 7300 3.1 0.5 18.5 29,000 3.97:1
2016
Akbar- 7300 3.3 0.6 21.4 34,800 4.76:1
2019
FSD-2008 7300 2.9 0.5 20.0 29,000 3.99:1
Anaj-2017 7300 2.9 0.5 20.0 29,000 3.99:1

Calculation based on: marketing of grain produce = PKR 58,000 ton™}; cost of Zn SO4-7H,0 (33 %) = PKR 300 kg ~'; variable labor charges for soil application and foliar
sprays. T1 = control; T2 = (Soil application) = 15 kg ZnSO4-7H,0 ha~; T3 (Foliar application) = ZnSO,-7H,0 solution 1 % (0.5 %-+0.5 %) at tillering and anthesis
stages; T4 (Soil + Foliar application) = 15 kg ZnS0,4-7H,0 ha™! (soil applied) and Foliar spray of ZnSO,4-7H,0 solution 1 % (0.5 %+0.5 %) at tillering and anthesis
stages.

Table 4
Economic analysis of wheat cultivars fertigated with Zn fertilizer.

Treatment  Total input costthat ~ Wheat grain Grain yield increase Gross value of total Marginal benefit over costs  Marginal rate of return over
varies (PKR ha™') yield (t/ha) over control (t/ha) grain yield (PKR ha—')  and control (PKR ha™!) investment in ZnSO, (%)

T1 - 3.05 - 176,900 - -

T2 5100 3.40 0.35 197,200 20,300 398.04

T3 4400 3.50 0.45 203,000 26,100 593.18

T4 7300 4.00 0.95 232,000 55,100 754.48

Calculation based on: marketing of grain produce = PKR 58,000 ton™*; cost of Zn SO4-7H,0 (33 %) = PKR 300 kg ~'; variable labor charges for soil application and foliar
sprays. T1 = control; T2 = (Soil application) = 15 kg ZnSO4-7H,0 ha~; T3 (Foliar application) = ZnSO,-7H,0 solution 1 % (0.5 %-+0.5 %) at tillering and anthesis
stages; T4 (Soil + Foliar application) = 15 kg ZnS0,4-7H,0 ha~! (soil applied) and Foliar spray of ZnSO4-7H,0 solution 1 % (0.5 %+0.5 %) at tillering and anthesis
stages.

Table 5
Economic analysis [net present worth (NPW)] of wheat cultivars fertigated with Zn fertilizer.

Treatment  Cost of fertilizer applied Wheat grain The open market value of grain Total cost (PKR Total Revenue Net present worth
(PKR ha™1) yield (t/ha) produced (PKR ton™) ha™1) (PKR ha™?!) (PKR ha™1)

T1 — 3.05 58,000 115,000 176,900 61,900

T2 5100 3.40 58,000 120,100 197,200 77,100

T3 4400 3.50 58,000 119,400 203,000 83,600

T4 7300 4.00 58,000 122,300 232,000 109,700

Calculation based on: marketing of grain produce = PKR 58,000 ton™; cost of Zn SO4-7H,0 (33 %) = PKR 300 kg~ '; variable labor charges for soil application and foliar
sprays. T1 = control; T2 = (Soil application) = 15 kg ZnSO4-7H,0 ha™!; T3 (Foliar application) = ZnSO4-7H,0 solution 1 % (0.5 %+0.5 %) at tillering and anthesis
stages; T4 (Soil + Foliar application) = 15 kg ZnSO4-7H,0 ha! (soil applied) and Foliar spray of ZnSO4-7H>0 solution 1 % (0.5 %+0.5 %) at tillering and anthesis
stages.

environmental factors, plant species and their genetic makeup, planta-
tion time and density in relation to different agro-ecological zones
(Sattar et al., 2015). The outcomes of our data revealed that wheat
cultivars especially Akbar-2019 and Zincol-2016 better utilized light
energy after fertigation with Zn. Sattar et al. (2015) stated that crops
with better HUE utilizes solar energy more efficiently accelerating
growth process. The availability of favorable temperatures results in
uplift of different physio-chemical processes that ultimately results in

better yield production per unit area. There are estimations that with
one degree (°C) increase in temperature results in 6 % decrease in yield
(Asseng et al., 2015).

The cereals are the main source dietary fibers, carbohydrates, pro-
teins and lipids. A considerable increase in protein and fat contents was
observed at T4 in all wheat cultivars. Kutman et al. (2012) stated that
variation in protein content in wheat grain could be due to variation in
grain size. The a-amylase is present in plants during germination stage
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PH
PH 1 HUE
HUE | 0.635™ 1 SL
SL 0.569™ | 0.504™ 1 TGW
TGW | 0.564™ | 0.658"" | 0.725™ 1 NGS
NGS | 0416 | 0.633™ | 0.633™ | 0.750™ 1 TBY
TBY | 0.494™ | 0.741"" | 0.655 | 0.688"" | 0.639™ 1 TGY
TGY | 0.703™ | 0.870" | 0.694™" | 0.818"" | 0.721"" | 0.761"" 1 HI
HI 0.662"" | 0.764™ | 0.683™ | 0.731" | 0.735™ | 0.707"" | 0.821"" 1 PE
PE 0.620™ | 0.753" | 0.575™ | 0.708"" | 0.555™ | 0.634™" | 0.781"" | 0.683"" 1 ARE
ARE | 0.606™ | 0.716™ | 0.573™ | 0.631"" | 0.549™ | 0.624™ | 0.753"" | 0.643™ | 0.945™ 1 AE
AE 0.564™ | 0.678"" | 0.554™ | 0.635™ | 0.539™ | 0.5907" | 0.727°" | 0.628™" | 0.949"" | 0.981" 1 PNB
PNB | 0.648™ | 0.744™ | 0.623™ | 0.677"" | 0.573" | 0.639"" | 0.807"" | 0.676™ | 0.948"" | 0.975" | 0.974™ 1 IUE
IUE | 0.662™ | 0.754 | 0.608°" | 0.711" | 0.605™ | 0.654™" | 0.805™ | 0.719™ | 0.940"" | 0.958"" | 0.959"" | 0.952™ 1 PFP
PFP | 0.632° | 0.763 | 0.601°" | 0.703" | 0.590™ | 0.647"" | 0.774™ | 0.694™ | 0.974™" | 0.957"" | 0.942™ | 0.943"" | 0.933" | 1

Fig. 5. Pearson correlation analysis of different parameters of four wheat cultivars reveals the effect of Zn fertilization. PH: plant height; HUE: heat unit
efficiency: SL: spike length; TGW: 1000 grain weight; NGS: number of grains per spike; TBY: total biological yield; HI: harvest index; PE: physiological efficiency;
ARE: apparent recovery efficiency; AE: agronomic efficiency; PNB: partial nutrient budget; IUE: internal use efficiency; PFP: partial factor productivity.

and pre-maturity stage of grain development where it is deposited in
endosperm after maturity (Marchylo et al., 1980, Sudha and Stalin,
2015). There are confirmations that higher amount of a-amylase in
wheat prompted decrease in grain yield, quality also economic loss. The
maintenance of a-amylase at lower levels brings about further improves
bread quality regarding textural properties and decreasing flexibility
and lessening harm to dough (Barrera et al., 2016).

The quantity of Zn to be utilized as fertilizer for wheat crop has a
significant importance as Zn fertilization results in enhancement of Zn
contents that uplift the uptake of other minerals (N, P, K, Fe). Sultana
et al. (2018) also reported that foliar feeding of durum wheat (G-3 ge-
notype) with ZnSOyj significantly enhanced Zn contents in grain. Results
of this experiment also revealed that Zn contents in wheat grains were
uplifted after Zn fertilization in all cultivars especially in Akbar-2019.

Zinc nutrient had a greater role in improving yield and yield com-
ponents of wheat crop. The value of application of Zn fertilizer to wheat
had a significant importance, particularly for growing of crops in alka-
line- calcareous soils leading to better yield (Tawfik, 2022). Biological
yield is an element of grain and straw yield addressing vegetative and
reproductive development. The higher biological yield was obtained by
the wheat crop at T4. The higher availability of Zn in relation to different
supplements brought about better vegetative development with the
beginning of improvement at the seedlings stage, consequently, higher
creation of biomass yield. Previously Cakmak (2012) stated that Zn
fertilizer increased biological yield in wheat. The cultivars on the other
hand exhibited higher number of tillers, spike length, thousand grain
weight and grain yield with Zn application especially at T4. Besides, the
presence of higher Zn in the soil and it’s uptake by the plants results in
enhanced grain yield with higher proportions of protein and starch
contents in the grains (Cakmak, 2012).

As Zn is highly mobile element in germinating seedlings and vege-
tative tissues its exogenous application results in increased grain Zn
content (Palmgren et al., 2008). Boosted levels of Zn in plant tissues on
the other hand enhanced the uptake of N, P, K and Zn while reduced Fe
contents in wheat grains (Sher et al., 2022). The Zn bearing an essential
component helps in up-regulation the efficiency of phosphate trans-
porters, however, its deficiency may cause increased in P-uptake up to
the toxic level. Aslam et al. (2014) described that Zn fertigation through
external means enhanced the uptake of K' due to opening of K* chan-
nels by increased concentration of Zn in plant. Similarly, the increase in
Zn content in grains after foliar Zn spray, enhanced Zn mobility in
phloem and its rapidly translocation to the developing grains (Ghasal
et al., 2017, Ahmed et al., 2019). However, Fe contents in grains were

lowered after Zn fertilization in all wheat cultivars. Jat et al. (2018)
reported similar results that Fe contents were reduced to 9 % and 11 %
after application of 3.0 and 6.0 kg ha™! Zn respectively.

The fundamental criteria for proper development wheat crops lies in
the fact that nutrients are used efficiently. After Zn fertigation the
nutrient use efficiency of wheat cultivars was enhanced significantly
especially at T4. The partial factor productivity (PFP) evaluated the
worth of added Zn manure to wheat crops. The findings of this study
indicated that efficiency of PFP was enhanced with Zn fertilization (T2-
T4) and also showed positive correlation with yield attributes. The in-
ternal use efficiency (IUE) was greatly stimulated after in response to Zn
fertilization. Kumar et al. (2022) also reported that Zn nutrient use ef-
ficiency could be improved by application of Zn fertilizer either in the
soil and / or foliar feeding in wheat crop.

The agronomic efficiency (AE) determines the efficiency of Zn fer-
tilizer towards increasing genetic yield potential of crop. While apparent
recovery efficiency (ARE) and physiological efficiency (PE) determines
the amount of Zn accumulated in the above ground parts and its effec-
tiveness over crop seasons (Dai et al., 2010). The application of Zn either
foliar or soil media enhanced AE, PE and ARE more significantly at T4.
Previously Kumar et al. (2022) reported that AE was increased by
addition of Zn fertilizer to a wheat crop.

The ultimate aim of the farmer is to get higher yield return after
selecting best seed and usage of proper chemical fertilizers. Thus, it is
basic to assess the income of investment on a crop. In this case, economic
analysis was done to decide the benefit of adding Zn fertilizer to wheat
crops which was improved to significant level with Zn fertilization (T2-
T4). The importance of adding minerals was to increase the efficiency of
field per unit area and to raise income to maintain the farming business a
profitable one (Program, 1988). The marginal rate of return (MRR) and
the profit of the former is associated to demand and market price. The
attainment of 100 % MRR would be more profitable and economical for
farmers (Program, 1988). Similarly, value cost ratio (VCR) ranges from
3:1 to 2:1 for wheat in irrigated area. The highest VCR value of 4.76:1
was observed in Akbar-2019 after application of Zn fertilizer (T4). It has
been reported that a VCR of 3.0:1 — 7.0:1 is considered profitable (Zou
et al., 2012).

5. Conclusion
The Zn fertilization on wheat cultivars exhibited positive effect on

vegetative growth with respect to plant height, leaf area index, and heat-
unit efficiency. Similarly, protein, fat, ash and phytic acid contents were
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increased while a-amylase contents were decreased in grains after Zn
fertigation in any mode. The Zn fertilization resulted in appreciable
increased in the determinants of grain yield and harvest index and ul-
timately better biological yield. The grain yield increased from 3.0 to
4.3 t/ha in various treatments. The highest values of these parameters
were recorded at T4. The Zn nutrient fertilizer use efficiency was also
improved after Zn application. Maximum values of minimum MRR, VCR
and NPW were achieved to the amount of 755 %, 4.76:1 and PKR
109,700 compared to 398 %, 2.28:1 and PKR 61,900, respectively at T4.
Concludingly, the cultivars Zincol-2016 and Akbar-2019 were more
economical and profitable for general cultivation as compared to Anaj-
2017 and FSD-0008 in sandy loam soils. In the arena of “Climate Smart
Agriculture”, the mineral nutrition is the tryst for potential increase in
crop productivity and resilient to climate change. Furthermore, the
fertilizer industry will be benefitted greatly by coating (<0.15 mm) urea,
NP and NPK compound fertilizer with 1 % ZnSO4-7H20 nutrient.

Ethics approval.

Not applicable.

Consent to participate.

All authors consent to participate in the manuscript publication

Consent for publication

All authors approved the manuscript to be published.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

CRediT authorship contribution statement

Muhammad Igbal Makhdum: Writing — review & editing, Writing —
original draft, Supervision, Conceptualization. Muhammad Abid:
Writing — review & editing, Writing — original draft, Supervision,
Conceptualization. Sibgha Noreen: Writing - review & editing, Writing
- original draft, Formal analysis, Data curation, Conceptualization. Rafa
Almeer: Writing — review & editing, Validation, Conceptualization.
Vaseem Raja: Writing — review & editing, Validation, Resources,
Conceptualization. Muhammad Salim Akhter: Writing — review &
editing, Writing — original draft, Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

This research article is the part of PhD research work of Muhammad
Igbal Makhdum performed at Department of Soil Science, Bahauddin
Zakariya University Multan, Pakistan. The authors would like to extend
their sincere appreciation to the Researchers Supporting Project Number
(RSP2024R96), King Saud University, Riyadh, Saudi Arabia.

References

Ahmad, S., Ali, H., Rehman A, U.R., Khan, R.J.Z., Ahmad, W., Fatima, Z., Abbas, G.,
Irfan, M., Ali, H., Khan, M.A., 2015. Measuring leaf area of winter cereals by
different techniques: A comparison. Pak. J. Life Soc. Sci. 13, 117-125.

Ahmed, N., Abid, M., Ali, M.A., Masood, S., Rashid, A., Noreen, S., Hussain, S., 2019.
Zinc application enhances biological yield and alters nutrient uptake by cotton
(Gossypium hirsutum L.). Commun. Soil Sci. Plant Anal. 50, 265-274.

Allen, R.J.L., 1940. The estimation of phosphorus. Biochem. J. 34, 858.

Alloway, B.J., 2009. Soil factors associated with zinc deficiency in crops and humans.
Environ. Geochem. Health 31, 537-548.

Amanullah, H., Marwat, K., Shah, P., Maula, N., Arifullah, S., 2009. Nitrogen levels and
its time of application influence leaf area, height and biomass of maize planted at
low and high density. Pak. J. Bot. 41, 761-768.

Journal of King Saud University - Science 36 (2024) 103389

Aslam, W., Arfan, M., Shahid, S.A., Anwar, F., Mahmood, Z., Rashid, U., 2014. Effects of
exogenously applied Zn on the growth, yield, chlorophyll. Int. J. Pharm. Chem. Biol.
Sci. 5, 11-15.

Asseng, S., Ewert, F., Martre, P., Rotter, R.P., Lobell, D.B., Cammarano, D., Kimball, B.A.,
Ottman, M.J., Wall, G.W., White, J.W., 2015. Rising temperatures reduce global
wheat production. N. Clim. Change 5, 143-147.

Banziger, M., Long, J., 2000. The potential for increasing the iron and zinc density of
maize through plant-breeding. Food Nutr. Bull. 21, 397-400.

Barrera, G.N., Tadini, C.C., Leén, A.E., Ribotta, P.D., 2016. Use of alpha-amylase and
amyloglucosidase combinations to minimize the bread quality problems caused by
high levels of damaged starch. J. Food Sci. Technol. 53, 3675-3684.

Bernfeld, P., 1951. Enzymes of starch degradation and synthesis. Adv. Enzymol. Relat.
Areas Mol. Biol. 12, 379-428.

Bharti, K., Pandey, N., Shankhdhar, D., Srivastava, P., Shankhdhar, S., 2014. Effect of
exogenous zinc supply on photosynthetic rate, chlorophyll content and some growth
parameters in different wheat genotypes. Cereal Res. Commun. 42, 589-600.

Bradstreet, R.B., 1954. Kjeldahl method for organic nitrogen. Anal. Chem. 26, 185-187.

Cakmak, 1., 2008. Enrichment of cereal grains with zinc: agronomic or genetic
biofortification? Plant Soil 302, 1-17.

Cakmak, 1., 2012. Zinc fertilizer strategy for improving yield. Fluid J. 20, 1815-1827.

Cakmak, 1., 2008b. Zinc deficiency in wheat in Turkey, in: Alloway, B.J. (Eds.),
Micronutrient deficiencies in global crop production. Springer, Dordrecht. https://
doi.org/10.1007/978-1-4020-6860-7_7.

Chaab, A., Savaghebi, G.R., Motesharezadeh, B., 2011. Differences in the zinc efficiency
among and within maize cultivars in a calcareous soil. Asian J. Agric. Sci. 3, 26-31.

Dai, X.Q., Zhang, H.Y., Spiertz, J., Yu, J., Xie, G.H., Bouman, B., 2010. Crop response of
aerobic rice and winter wheat to nitrogen, phosphorus and potassium in a double
cropping system. Nutr. Cycling Agroecosyst. 86, 301-315.

Fan, T.-T., Wang, Y.-J., Li, C.-B., He, J.-Z., Gao, J., Zhou, D.-M., Friedman, S.P., Sparks, D.
L., 2016. Effect of organic matter on sorption of Zn on soil: elucidation by Wien
effect measurements and EXAFS spectroscopy. Environ. Sci. Technol. 50,
2931-2937.

Fanzo, J., Covic, N., Dobermann, A., Henson, S., Herrero, M., Pingali, P., Staal, S., 2020.
A research vision for food systems in the 2020s: defying the status quo. Glob. Food
Sec. 26, 100397.

Ghani, M.I., Saleem, S., Rather, S.A., Rehmani, M.S., Alamri, S., Rajput, V.D., Kalaji, H.
M., Saleem, N., Sial, T.A., Liu, M., 2022. Foliar application of zinc oxide
nanoparticles: an effective strategy to mitigate drought stress in cucumber seedling
by modulating antioxidant defense system and osmolytes accumulation.
Chemosphere 289, 133202.

Ghasal, P.C., Shivay, Y.S., Pooniya, V., Choudhary, M., Verma, R.K., 2017. Response of
wheat genotypes to zinc fertilization for improving productivity and quality. Arch.
Agron. Soil Sci. 63, 1597-1612.

Gowthami, V., Ananda, N., 2018. Impact of zinc and iron ferti-fortification on leaf area
index, kernel yield, shelling percentage and iron uptake of groundnut (Arachis
hypogaea L.) genotypes. I. J. Agric. Environ. Biotechnol. 11, 755-760.

Haug, W., Lantzsch, H.J., 1983. Sensitive method for the rapid determination of phytate
in cereals and cereal products. J. Sci. Food Agric. 34, 1423-1426.

Huang, C., Barker, S.J., Langridge, P., Smith, F.W., Graham, R.D., 2000. Zinc deficiency
up-regulates expression of high-affinity phosphate transporter genes in both
phosphate-sufficient and-deficient barley roots. Plant Physiol. 124, 415-422.

Islam, S., Ullah, S., Anjum, M.M., Nawab Ali, B.A., Ahmad, B., Ahmed, S., 2017. Impact
of various levels of phosphorus on wheat (CV. Pirsabak-2013). L. J. Environ. Sci. Nat.
Resour. 6, 106-111.

Jat, R., Jat, H.S., Nanwal, R., Yadav, A., Bana, A., Choudhary, K., Kakraliya, S.,
Sutaliya, J.M., Sapkota, T.B., Jat, M.L., 2018. Conservation agriculture and precision
nutrient management practices in maize-wheat system: effects on crop and water
productivity and economic profitability. Field Crops Res. 222, 111-120.

Kemanian, A.R., Stockle, C.O., Huggins, D.R., Viega, L.M., 2007. A simple method to
estimate harvest index in grain crops. Field Crops Res. 103, 208-216.

Kumar, D., Patel, K.C., Ramani, V.P., Shukla, A.K., Behera, S.K., Patel, R.A., 2022.
influence of different rates and frequencies of Zn application to maize-wheat
cropping on crop productivity and Zn use efficiency. Sustainability 14, 15091.

Kutman, U.B., Kutman, B.Y., Ceylan, Y., Ova, E.A., Cakmak, I., 2012. Contributions of
root uptake and remobilization to grain zinc accumulation in wheat depending on
post-anthesis zinc availability and nitrogen nutrition. Plant Soil 361, 177-187.

Marchylo, B.A., Lacroix, L., Kruger, J., 1980. The Synthesis of a-Amylase in Specific
Tissues of the Immature Wheat Kernel. Cereal Res. Commun. 61-68.

Massoud, A., Abou-Zied, M., Bakry, M., 2005. Response of pea plants grown in clay soil
to micronutrients and Rhizobium-inoculation. Egypt J. Appl. Sci. 20, 9-346.

Noreen, S., Fatima, Z., Ahmad, S., Athar, H.U.R., Ashraf, M., 2018. Foliar application of
micronutrients in mitigating abiotic stress in crop plants. Plant Nutr. Abiotic Stress
Tolerance 95-117.

Noreen, S., Sultan, M., Mahmood, S., Shah, K.H., Akhter, M.S., Zafar, Z.U., Parveen, M.,
Ogbaga, C.C., 2023. Zinc-induced enhancement in growth, ionic contents and yield
of bio-fortified and standard wheat (Triticum aestivum L.) varieties. I. J. Applied Exp.
Biol. 2, 115-124.

Palmgren, M.G., Clemens, S., Williams, L.E., Kramer, U., Borg, S., Schjgrring, J.K.,
Sanders, D., 2008. Zinc biofortification of cereals: problems and solutions. Trends
Plant Ssci. 13, 464-473.

Pearson, J., Rengel, Z., 1995. Uptake and distribution of 57n and °>*Mn in wheat grownat
sufficient and deficient levels of Zn and Mn: I during vegetative growth. J. Exp. Bot.
46, 833-839.

Program, C.E., 1988. From agronomic data to farmer recommendations: an economics
training manual, CIMMYT.


http://refhub.elsevier.com/S1018-3647(24)00301-X/h0005
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0005
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0005
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0010
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0010
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0010
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0015
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0020
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0020
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0025
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0025
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0025
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0030
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0030
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0030
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0035
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0035
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0035
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0040
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0040
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0045
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0045
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0045
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0050
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0050
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0055
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0055
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0055
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0060
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0065
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0065
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0070
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0080
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0080
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0085
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0085
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0085
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0090
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0090
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0090
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0090
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0095
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0095
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0095
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0100
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0100
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0100
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0100
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0100
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0105
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0105
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0105
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0110
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0110
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0110
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0115
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0115
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0120
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0120
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0120
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0125
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0125
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0125
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0130
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0130
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0130
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0130
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0135
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0135
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0140
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0140
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0140
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0145
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0145
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0145
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0150
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0150
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0155
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0155
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0160
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0160
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0160
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0165
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0165
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0165
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0165
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0170
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0170
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0170
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0175
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0175
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0175

M.I. Makhdum et al.

Rawal, N., Pande, K.R., Shrestha, R., Vista, S.P., 2022. Nutrient use efficiency (NUE) of
wheat (Triticum aestivum L.) as affected by NPK fertilization. PLoS One 17,
€0262771.

Rehman, A., Farooq, M., Ullah, A., Nadeem, F., Im, S.Y., Park, S.K., Lee, D.J., 2020.
Agronomic biofortification of zinc in Pakistan: Status, benefits, and constraints.
Front. Sustain. Food Syst. 4, 591722.

Ryan, J., Estefan, G., Rashid, A., 2001. Soil and plant analysis laboratory manual,
ICARDA.

Sarkar, D., Baishya, L.K., Meitei, C.B., Naorem, G.C., Thokchom, R.C., Singh, J.,
Bhuvaneswari, S., Batabyal, K., Das, R., Padhan, D., 2018. Can sustainability of
maize-mustard cropping system be achieved through balanced nutrient
management? Field Crops Res. 225, 9-21.

Sattar, A., Igbal, M.M., Areeb, A., Ahmed, Z., Irfan, M., Shabbir, R.N., Aishia, G.,
Hussain, S., 2015. Genotypic variations in wheat for phenology and accumulative
heat unit under different sowing times. J. Environ. Agric. Sci. 2, 1-8.

Selim, M.M., 2021. Introduction to the integrated nutrient management strategies, and
contribution on yield and soil properties. J. Plant Sci. 9, 139.

Sher, A., Sarwar, B., Sattar, A., Ijaz, M., Ul-Allah, S., Hayat, M.T., Manaf, A., Qayyum, A.,
Zaheer, A., Igbal, J., 2022. Exogenous application of zinc sulphate at heading stage
of wheat improves the yield and grain zinc biofortification. Agronomy 12, 734.

Shivay, Y.S., Prasad, R., Pal, M., 2014. Effect of variety and zinc application on yield,
profitability, protein content and zinc and nitrogen uptake by chickpea (Cicer
arietinum). Indian J. Agron. 59, 317-321.

11

Journal of King Saud University - Science 36 (2024) 103389

Smith, C.A., Walworth, J.L., Comeau, M.J., Heerema, R.J., Sherman, J.D., 2021. Does
foliar zinc application boost leaf photosynthesis of ‘Wichita’Pecan fertigated with
Zinc-EDTA? HortSci. 56, 579-582.

Sudha, S., Stalin, P., 2015. Effect of zinc on yield, quality and grain zinc content of rice
genotypes. 1. J. Farm Sci. 5, 17-27.

Sultana, S., Naser, H., Quddus, M., Shil, N., Hossain, M., 2018. Effect of foliar application
of iron and zinc on nutrient uptake and grain yield of wheat under different
irrigation regimes. Bangladesh J. Agric. 43, 395.

Tawfik, O.H., 2022. Influence of zinc and humic acid on growth, yield and essential oil
percentage of fennel (Foeniculum vulgare Mill.) plants. Sci. J. Flowers Ornamen.
Plants 9, 397-407.

Thiébaut, N., Hanikenne, M., 2022. Zinc deficiency responses: bridging the gap between
Arabidopsis and dicotyledonous crops. J. Exp. Bot. 73, 1699-1716.

Torun, B., Bozbay, G., Gultekin, 1., Braun, H., Ekiz, H., Cakmak, I., 2000. Differences in
shoot growth and zinc concentration of 164 bread wheat genotypes in a zinc-
deficient calcareous soil. J. Plant Nutr. 23, 1251-1265.

Zia, M., Ahmad, R., Khaliq, I., Ahmad, A., Irshad, M., 2006. Micronutrients status and
management in orchards soils: applied aspects. Soil Environ. 25, 6-16.

Zou, C., Zhang, Y., Rashid, A., Ram, H., Savasli, E., Arisoy, R., Ortiz-Monasterio, I.,
Simunji, S., Wang, Z., Sohu, V., 2012. Biofortification of wheat with zinc through
zinc fertilization in seven countries. Plant Soil 361, 119-130.


http://refhub.elsevier.com/S1018-3647(24)00301-X/h0185
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0185
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0185
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0190
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0190
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0190
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0200
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0200
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0200
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0200
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0205
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0205
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0205
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0210
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0210
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0215
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0215
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0215
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0220
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0220
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0220
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0225
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0225
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0225
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0230
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0230
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0235
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0235
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0235
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0240
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0240
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0240
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0245
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0245
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0250
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0250
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0250
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0255
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0255
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0260
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0260
http://refhub.elsevier.com/S1018-3647(24)00301-X/h0260

	Fertigation of wheat (Triticum aestivum L.) cultivars with zinc leads to enhanced yield and marginal rate of return in silt ...
	1 Introduction
	2 Materials and Methods
	2.1 Experimental details
	2.2 Measurements
	2.3 Gas exchange attributes
	2.4 Grain yield and its components
	2.5 Harvest index
	2.6 Ionic constituents
	2.7 Nutritional analysis
	2.8 Nutrient-use-efficiency
	2.9 Economic analysis
	2.10 Statistical analysis

	3 Results
	3.1 Plant height and leaf area index (LAI)
	3.2 Heat unit efficiency (HUE) and SPAD
	3.3 Gas exchange attributes
	3.4 Yield attributes
	3.5 Total biological yield and harvest index (HI)
	3.6 Protein fat, ash and phytate contents
	3.7 α-amylase activity
	3.8 Ionic constituents in grains
	3.9 Zinc nutrient-use efficiency
	3.10 Economic analysis
	3.11 Correlation analysis

	4 Discussion
	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


