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ARTICLE INFO ABSTRACT

Zinc (Zn) deficiency in soils and crops poses a significant challenge to sustainable
) wheat production and human nutrition worldwide. Agronomic biofortification,
Reccj’lved:llfh]an.uary, 2025 enhancing cereal crops with zinc, is a rapid and effective strategy to address this
Revised: 24 April, 2025 issue. The present field study evaluated two zinc sources, zinc sulfate (ZnS04-H-0,
Accepted: 1% May, 2025 33% Zn) and chelated zinc (Zn-EDTA, 5% Zn), for their effectiveness in enhancing
yield and Zn concentration in Zn-responsive wheat varieties (Anmol-91, TD-1, NIA-
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Zine biofortification Sarang, and NIA-Amber). The Zn treatments included: a control (no Zn), 13.2 kg Zn
hal as ZnS04-H20, and 0.125 and 0.25 kg Zn ha!l as Zn-EDTA. Treatments were

Wheat performance arranged in a randomized complete block split-plot design with three replications.

Zn bioavailability Zinc application significantly improved wheat growth and yield traits compared to

Phytic acid the control. However, no significant interaction was observed between treatments

Malnourishment and varieties for agronomic parameters. Application of 0.25 kg Zn ha! as Zn-EDTA

significantly increased plant height (by 4%), spike length (31%), number of
spikelets per spike (7%), 1000-grain weight (12%), straw yield (10%), grain yield
(10%), Zn concentration (16%), the phytic acid-to-zinc molar ratio (PA:Zn) (46%),
and total absorbable zinc (TAZ) (87%) compared to the control. Furthermore, it
significantly reduced phytic acid concentration in wheat grains by 37%. Soil Zn
concentration also increased significantly (P < 0.05), with the highest increase
observed at 13.2 kg ha! ZnSOs (125%) and the lowest with Zn-EDTA (95%)
compared to the control. Among the wheat varieties evaluated, Anmol-91, NIA-
Amber, and NIA-Sarang demonstrated the best performance.
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INTRODUCTION resulting in serious health consequences, especially in
Zinc (Zn) deficiency is a major global concern, particularly developing countries (Wang et al, 2019; Yokokawa et al,,
affecting human health through cereal-based diets that 2024). More than 30% of people worldwide suffer from
are low in zinc (Zhang et al., 2012; Sher et al,, 2022). Itis a zinc deficiency (Rashid et al,, 2025), which is associated
leading cause of hidden hunger, a form of malnutrition with stunted growth, weakened immune function,
caused by insufficient intake of essential micronutrients, impaired cognitive development, and increased

251


http://esciencepress.net/journals/PP
http://esciencepress.net/journals/PP
http://esciencepress.net/journals/PP
http://esciencepress.net/journals/PP
https://crossmark.crossref.org/dialog/?doi=10.33804/pp.09.02.5552
https://crossmark.crossref.org/dialog/?doi=10.33804/pp.09.02.5552
https://crossmark.crossref.org/dialog/?doi=10.33804/pp.09.02.5552
https://crossmark.crossref.org/dialog/?doi=10.33804/pp.09.02.5552
https://crossmark.crossref.org/dialog/?doi=10.33804/pp.09.02.5552

Plant Protection, 09 (02) 2025. 251-260

vulnerability to infectious diseases (Shahzad et al., 2014;
Yokokawa et al., 2024). This deficiency disproportionately
affects women and children in low- and middle-income
countries (WHO, 2020). Globally, zinc deficiency ranks as
the fourth most critical micronutrient deficiency and
significantly contributes to the disease burden in low-
income regions (Cakmak, 2008; Saleem et al, 2015). A
Japanese study reported marginal zinc deficiency in 46%
of men and 38.4% of women, largely attributed to dietary
habits (Yokokawa et al., 2024). Similarly, in Pakistan, the
prevalence of zinc deficiency is alarming, with over 40%
of adult women and 18.6% of children under the age of
five classified as severely deficient (NNS, 2018).

Globally, wheat cultivated in Zn-deficient regions such as
India, Turkey, and parts of China consistently exhibits
low Zn content (Cakmak and Kutman, 2018). This soil
deficiency is closely linked to Zn deficiency in plants,
significantly affecting crop yields and human nutrition
(Alloway, 2009). Studies show that approximately 70%
of Pakistani soils are deficient in zinc, contributing to
reduced crop productivity and widespread malnutrition
(Imtiaz et al, 2010). In Sindh, widespread soil Zn
deficiency poses a major regional challenge (Mari et al,,
2006). In such areas, poor soil nutrient profiles,
particularly high alkalinity and calcareous conditions,
further exacerbate the problem (Abbas et al, 2009).
Although wheat is a staple food, its grains have low zinc
content, particularly when grown in zinc-deficient soils
(Cakmak and Kutman, 2018).

Zinc deficiency disrupts vital plant processes, including
enzymatic activity and protein synthesis, leading to
stunted growth and reduced yields (Akram et al,, 2017). As
a result, crops, especially wheat, tend to accumulate
suboptimal Zn levels, typically around 20-35 mg/kg, which
is well below the recommended 45 mg/kg for human
health (Xia et al, 2020). This nutritional gap underscores
the urgent need for biofortification of staple crops.
Agronomic biofortification of wheat has emerged as a
promising, low-cost, and effective strategy to enhance Zn
levels in grains and combat zinc deficiency in human
diets (Shahzad et al, 2014; Singh et al, 2023).
Biofortification aims to increase the levels of
micronutrients in the edible parts of plants through a
combination of agronomic practices and genetic
enhancements (Cakmak, 2008; Zulfigar et al., 2020). This
approach involves the application of zinc fertilizers to
crops, particularly in nutrient-stressed soils, to improve
the bioavailability of micronutrients (Cakmak and
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Kutman, 2018; Zhao et al., 2018, 2019).

Chelated Zn (Zn-EDTA) has demonstrated greater
efficiency than ZnS0, in enhancing zinc diffusion, grain Zn
concentration, and bio-accessibility, particularly in
calcareous soils. The chelated form improves Zn uptake
by minimizing nutrient loss in high-pH or Zn-deficient
soils, thereby ensuring better plant availability (Liu et al.,
2012). Unlike ZnSO,4, Zn-EDTA remains soluble and is
more readily absorbed by plant roots, resulting in
improved Zn uptake and translocation within crops (Zhao
et al,, 2019). Studies have shown that Zn-EDTA increases
grain Zn concentration and bio-accessibility more
effectively than inorganic Zn sources, especially in wheat
(Cakmak and Kutman, 2018). Moreover, its higher
diffusion rate in the soil enhances Zn mobility and reduces
fixation losses (Alloway, 2008). Comparative research on
Zn sources has revealed that Zn-EDTA significantly
improves plant Zn status, yield, and nutritional quality,
making it a preferred choice for biofortification in Zn-
deficient soils (Liu et al,, 2012; Singh et al., 2023).
Biofortification enhances Zn accumulation in crops, with Zn
fertilization effectively increasing grain Zn levels (Shahzad
etal, 2014; Zulfiqar et al,, 2020). Agronomic biofortification
not only improves plant growth and nutrient uptake but
also contributes to food security by addressing widespread
Zn deficiencies (Cakmak and Kutman, 2018; Singh et al,
2023). Enhancing Zn content in wheat through chelation
offers a sustainable strategy to combat hidden hunger
(Cakmak, 2008; Shakoor et al.,, 2023).

The present study aims to evaluate the most effective
Zn application methods and sources for improving
wheat grain yield and Zn content. Based on previous
findings, it is hypothesized that chelated Zn forms, such
as Zn-EDTA, will enhance Zn bioavailability, leading to
significant improvements in both yield and grain Zn
concentration. This study provides valuable insights
into wheat biofortification strategies and contributes to
combating global Zn deficiencies by identifying optimal
application rates and the most effective Zn sources. The
findings could have far-reaching implications for
improving food security and public health by
increasing the nutritional quality of wheat, a vital
staple crop worldwide.

MATERIALS AND METHODS

Experimental location

The field experiment was conducted during the Rabi
season at the Agricultural Research Centre, Tando Jam,
Sindh, Pakistan (25°25'27.0"N, 68°32'39.9"E).
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Physico-chemical properties of the experimental soil
Before sowing, a composite soil sample (0-5 cm depth)
was collected using a stainless-steel auger. The analyses
were performed following the procedures described by
Estefan et al. (2013). Soil pH and electrical conductivity
(EC) were measured using Senso Direct Con 110 and
100 meters (Lovibond, Germany). Soil texture was
determined by the hydrometer method, organic matter
content was estimated using the Walkley-Black wet
oxidation method, and lime content was assessed by
reacting 1 g of soil with 10 ml of 1 N HCl overnight,
followed by titration with 1 N NaOH. Extractable zinc
(Zn) was determined using the DTPA extraction
method.as described by Estefan et al. (2013).
Experimental design, varieties, and treatments

The experiment was laid out in a randomized complete
split-plot design, with wheat varieties assigned to the
main plots and zinc application rates to the sub-plots.
Each treatment was replicated three times. A total area of
517.5 m? (23 m x 22.5 m) was prepared for the study and
divided into 48 equal units, with each net plot measuring
6 m? (2 m x 3 m). Four wheat varieties, viz. Anmol-91,
NIA-Amber, NIA-Sarang, and TD-1 were cultivated. Two
sources of zinc fertilizer were used: Zinc Sulfate (ZnSOs,
33% Zn) and Zinc Chelate (Zn-EDTA, 5% Zn). These were
applied at four different rates: 0 and 13.2 kg Zn ha! for
ZnS04, and 0.125 and 0.250 kg Zn ha! for Zn-EDTA.

Crop husbandry, land preparation, and fertilizer
schedule

The land was meticulously prepared through two tractor
ploughings, followed by leveling and thorough soaking
to achieve optimal soil moisture (Nawaz et al.,, 2015).
Wheat seeds were sown manually using hand drilling at
a rate of 125 kg ha-! with a consistent row spacing of 20
cm (Nawaz et al, 2015; Zulfigar et al, 2020).
Fertilization involved the application of 120 kg N ha-1, 60
kg P,0s ha't, and 60 kg K,0 ha! using urea, DAP, and SOP
at sowing. One-third of the nitrogen was applied during
seedbed preparation, while the remaining two-thirds
were applied with irrigation water between the tillering
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and booting stages. This schedule ensured effective
nutrient uptake throughout the crop growth period and
minimized nutrient loss (Kumar et al., 2023).
Agronomic observations

Crop harvesting was performed manually once the
plants reached full maturity. Each replication plot was
harvested using a 0.5 m2 wooden frame to estimate
yield. The harvested plants were manually threshed
and separated into grain and straw, which were
weighed using a digital scale. At harvest, five plants
from each replicated plot were randomly selected to
record data on plant height, number of tillers per plant,
spike length, and 1000-grain weight (Nawaz et al,
2015; Igbal et al,, 2017).

Zinc and phytic acid determination in wheat grain
Grain samples were oven-dried at 70°C for 48 h,
following the method described by Esfandiari et al.
(2016). After drying, the grains were ground into a fine
powder using a Geepas GCG289 grinder. Zinc
concentration in the grains was determined using a wet
digestion technique followed by analysis with an atomic
absorption spectrophotometer (AAS). For this purpose,
1.0 g of dried and ground grain was digested overnight
with a nitric acid-perchloric acid mixture (2:1). The
digest was then heated at 150°C for 1 h and at 235°C for
30 min. After cooling, the mixture was filtered, diluted to
50 ml with deionized water, and analyzed for zinc using
an AAS (NovAA-400, Analytik Jena, Germany), following
the procedure outlined by Estefan et al. (2013).

Phytic acid (PA) concentration was determined using the
method developed by Haug and Lantzsch (1983), as
outlined by Bughio et al. (2021). A 0.05 g sample of wheat
flour was mixed with 10 ml of 0.2 N HCI and shaken for 2
h. A portion of the extract was reacted with a ferric
solution, heated, and then mixed with 2 ml of Bipyridine
(C10HgN2) solution. Sodium phytate standards (0-30 ppm
PA-P) were prepared for calibration. Absorbance was
recorded at 510 nm using a UV-Vis spectrophotometer.
The phytic acid concentration (g kg1) in the samples was
calculated using the formula:

Concentration from the spectrophotometer

PA concentration (g/kg) =

Phytic acid-to-zinc molar ratio

The phytic acid-to-zinc molar ratio, a qualitative
parameter for zinc bioavailability, was calculated using
the formula delineated by (Imran et al.,, 2015; Saha et
al,, 2017):
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0.282 200
PA content i kg/660
PA: Zn molar ratio = (PA conten 1.n mg/kg/660)
Zn content in mg/kg/65

Total daily absorbed zinc, a quantitative parameter, was
estimated using the Trivariate model (Liu et al., 2017;
Wang et al., 2019).
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TAZ = 0.5x65x100 [AMAX + TDZ + KR x (1+ TDP/KP) -
{(AMAX + TDZ + KR x (1+ TDP/KP)) 2 - 4xAMAX xTDZ}
1/2]

Where TAZ = total daily absorbed Zn (mg Zn Day-),
AMAX = maximum Zn absorption (0.091), TDZ = total
daily dietary Zn (mmol Zn Day?), KR = equilibrium
dissociation constant of the Zn receptor binding reaction
(0.680), TDP = total daily dietary PA (mmol phytic acid
day-1), and Kp = equilibrium dissociation constant of the
Zn-PA binding reaction (0.033).

Statistical analysis

All agronomic and laboratory data were subjected to
analysis of variance (ANOVA) using Statistix version 8.1
(Analytical Software, 2006). A two-way ANOVA was
performed, and treatment means were compared using
Tukey’s test at a significance level of P < 0.05.

RESULTS

Soil analysis before planting

The experimental soil was analyzed prior to planting to
assess its physicochemical properties. At a depth of 0-15
cm, the soil was classified as silt loam in texture, non-
saline (EC: 1.00 * 0.2 dS m1), slightly alkaline (pH: 7.96
+ 0.1), moderately calcareous (11.0 * 0.3%), low in
organic matter (0.75 = 0.1%), and deficient in DTPA-
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extractable zinc (0.42 + 0.1 mg kg1).

Evaluation of wheat yield characteristics

The application of ZnSO. and Zn-EDTA significantly
enhanced wheat yield traits compared to the control,
highlighting the essential role of zinc as a micronutrient.
The results demonstrated that Zn-EDTA was particularly
effective in maximizing yield and boosting overall
productivity.

As shown in Table 1, the application of zinc substantially
improved plant growth and yield parameters across
wheat varieties. The maximum plant height was
observed in Anmol-91 (95.70 = 0.74 cm), NIA-Amber
(95.35 £ 0.59 cm), and NIA-Sarang (95.58 * 0.50 cm),
while the lowest was recorded in TD-1 (72.11 + 0.62
cm). Spike length was also highest in Anmol-91 (9.90 *
0.18 cm), NIA-Amber (9.48 + 0.12 cm), and NIA-Sarang
(9.64 = 0.14 cm), with the shortest in TD-1 (8.99 + 0.18
cm). The number of spikelets per spike was significantly
greater in Anmol-91 (19.58 + 0.20) and NIA-Sarang
(19.47 £ 0.22), followed by NIA-Amber (18.93 + 0.18)
and TD-1 (18.69 + 0.16).

These findings confirm the critical role of zinc in
enhancing both vegetative and reproductive traits, with
Zn-EDTA emerging as the most effective treatment for
improving wheat productivity.

Table 1. Effect of different sources and application rates of soil-applied zinc on the yield characteristics of selected

wheat varieties.
Varieties Plant height (cm) Spikes length (cm) Number of spikelets per spike
Soil Zn application (kg ha'1)
Zn 0 87.65+2.17b 8.88 +0.18P 18.36 + 0.09>
Zn 13.2 (ZnSO04) 90.80 + 2.14 9.63 + 0.082b 19.30 £ 0.132
Zn 0.125 (EDTA) 89.82 +2.21a 9.47 +0.13b 19.37 £0.132
Zn 0.250(EDTA) 90.48 + 2.252 9.94 +0.112 19.63 £ 0.122
Zinc fertilization impact on wheat varieties

Anmol-91 95.70 + 0.742 9.90 +0.182 19.58 £+ 0.202
NIA-Amber 95.35+0.592 9.48 + (.12 18.93 £ 0.18b
TD-1 72.11+0.62b 8.99 + (.18 18.69 + 0.16b
NIA-Sarang 95.58 + 0.502 9.64 + 0.142 19.47 £ 0.22a

Each value in a cell is presented as Mean * SE (n = 3); means followed by different letters indicate significant

differences (P < 0.05).

Table 2 shows that Zn fertilization levels and wheat
significantly  influenced wheat yield
characteristics, although their interaction was not
significant. The highest 1000-grain weight values were
observed with 13.2 kg ha'! Zn (as ZnSO,) and 0.25 kg ha-
1 Zn (as EDTA). Similarly, the highest straw and grain

varieties
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yields were recorded with 0.25 kg ha! Zn (EDTA).
Among the varieties, Anmol-91 and NIA-Sarang
exhibited the highest yield-related traits. Notably, Zn
application at 0.25 kg ha! (EDTA) resulted in significant
increases in 1000-grain weight, straw yield, and grain
yield, with greater increments than other treatments.
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Furthermore, 13.2 kg ha! Zn (ZnSO,) increased the
1000-grain weight.

Zinc application significantly enhanced 1000-grain
weight, straw yield, and grain yield across all wheat
varieties. Anmol-91 recorded the highest 1000-grain
weight (44.57 + 0.44 g) and straw yield (4840.7 + 54.7
kg/ha), while TD-1 had the lowest values (43.76 + 1.01 g
for 1000-grain weight and 4727.7 + 79.06 kg/ha for
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straw yield). For grain yield, Anmol-91 again performed
best (4830.6 + 54.03 kg/ha), whereas TD-1 recorded the
lowest yield (4717.3 + 79.2 kg/ha). Zinc application at
0.25 kg ha! (EDTA) proved more effective in improving
yield metrics than other levels, including 13.2 kg ha'! Zn
(ZnS0,) as shown in Table 2. However, no significant (P
> (0.05) variation was observed in straw and grain yield
or Zn application x variety interaction.

Table 2. Effect of different soil zinc sources and application rates on the yield of selected wheat varieties.

Treatments 1000 grain weight(g) Straw yield (kg ha1) Grain yield (kg ha'1)
Impact of Soil Zinc application (kg ha't)
Zn0 41.06+0.36¢ 4560.25 £ 24.67 € 4549.4 £ 24.75¢C
Zn 13.2 (ZnS04) 45.78+0.37 4 4722.19 £ 30.53 BC 4712.3+30.218
Zn 0.125 (EDTA) 43.77 £ 0.42B 4854.22 £ 27.70 B 48409 + 26.88 B
Zn 0.250 (EDTA) 46.07 £ 0.63 4 5024.56 +32.83 A 5017.7 + 32.63 4
Varieties Zinc fertilization impact on wheat varieties
Anmol-91 44.57 + 0.44 4840.7 £ 54.70 4830.6 + 54.03
NIA-Amber 43.88 £ 0.67 4770.4 £72.09 4761.5+72.11
TD-1 43.76 £ 1.01 4727.7 £79.06 4717.3 £79.20
NIA-Sarang 44.38 + 0.94 4822.5 +46.98 4810.9 +£47.47

Each value in a cell is presented as Mean + SE (n = 3); means followed by different letters indicate significant

differences among them (P < 0.05).

Enhanced zinc concentration, bioavailability, and
nutritional quality in wheat varieties

Zinc fertilization and its interaction with wheat varieties
significantly affected both Zn and phytic acid (PA)
concentrations in wheat grains. Zn application increased
the grain Zn concentration from 40.31 to 46.64 mg/kg
(Table 3) and reduced PA content from 7.82 to 6.76 g/kg
(Table 3). The highest Zn concentration and the lowest
PA levels were observed with the application of 0.25 kg
Zn (as Zn-EDTA) per hectare. Among the tested
varieties, Anmol-91 and NIA Sarang recorded the
highest Zn concentrations (Table 3), while TD-1
exhibited the lowest PA content.

Zinc concentration in grains

The highest Zn concentrations were observed in Anmol-
91 (44.72 * 0.83 mg/kg), NIA-Sarang (44.16 + 0.99
mg/kg), and NIA-Amber (43.49 + 0.80 mg/kg) (Table 3).
The lowest Zn concentration was found in TD-1 (42.58 +
0.59 mg/kg). Significant differences (P < 0.05) in grain Zn
concentrations were noted among the varieties, with
Anmol-91 outperforming TD-1. However, the interaction
between Zn application and variety was not significant.
The optimal Zn-EDTA dose was 0.25 kg/ha (Table 3).
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Phytic acid to zinc molar ratio

The greatest reduction in the phytic acid to zinc molar
ratio was recorded in TD-1 (15.81 + 1.37), while the
highest ratios were observed in Anmol-91 (17.43 *
1.18), NIA-Sarang (17.20 # 1.35), and NIA-Amber (16.72
+ 1.42) (Table 3). A significant reduction (P < 0.05) in
the PA/Zn molar ratio was observed among the wheat
varieties, with TD-1 showing the most favorable ratio.
However, the interaction effect of Zn fertilization was
not significant. The optimal Zn-EDTA dose for improving
this ratio was 0.25 kg/ha, as shown in Table 3.

Total daily absorbed zinc (mg Zn day-?!)

Zinc application significantly increased total daily
absorbed Zn (TAZ) compared to the control, with the
highest values observed at 0.25 kg Zn/ha (Zn-EDTA),
particularly in two varieties. The highest TAZ values
were found in TD-1 (1.94 + 0.16 mg/day) and NIA-
Amber (1.83 + 0.15 mg/day), while the lowest were
recorded in Anmol-91 (1.71 # 0.11 mg/day) and NIA-
Sarang (1.76 * 0.14 mg/day). Significant differences (P
< 0.05) in TAZ were observed among the varieties, but
the interaction with Zn application was not significant
(Table 3).
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Table 3. Effect of soil-applied zinc sources and application rates on zinc concentration (mg kg™*), phytic acid to zinc
molar ratio, and total daily absorbed zinc (mg Zn day™") in selected wheat varieties.

Treatments Zinc concentration (mg kg-1)  Phytic acid to Zinc molar ratio ~ Total daily absorbed Zn (mg Zn Day-1)
Impact of Soil Zn application (kg ha'1)
Zn0 40.31+£0.20¢€ 2243 +0.284 1.27£0.02D
Zn 13.2 (ZnS04) 43.18+0.328B 19.49+£0.328B 1.46 £ 0.02 ¢
Zn 0.125 (EDTA) 44.81+0.328B 13.24+0.20¢ 2.14+0.038
Zn 0.250 (EDTA) 46.64+0.464 12.02+£0.20D 2.37+0.04 4
Varieties Zinc fertilization impact on wheat varieties
Anmol-91 4472 £0.83 4 1743 +1.184 1.71+0.118
NIA-Amber 43.49 £ 0.80 AB 16.72 + 1.42 AB 1.83 +£0.1548
TD-1 42.58+0.598B 15.81+1.378B 1.94+0.164
NIA-Sarang 4416 £ 0.99 AB 17.20+1.354 1.76 £0.14 B

Each value in a cell is presented as Mean = SE (n = 3); means followed by different letters indicate significant

differences among them (P < 0.05).

Phytic acid concentration in grain (g kg1)

Plants treated with different Zn fertilizer sources
exhibited a significant reduction in phytic acid content in
wheat grains compared to the control. The phytic acid
concentration in grain was highest in two varieties,
Anmol-91 and NIA-Sarang (7.58 + 0.41 and 7.58 + 0.41),
with the highest concentration recorded at 7.82 £ 0.37 g

kg-1. The lowest phytic acid concentration was found in
the TD-1 wheat variety (6.76 * 0.45). A significant
variation (P < 0.05) in grain phytic acid content was
observed among wheat varieties and their interaction
with Zn applications, with the TD-1 + Zn 0.250 (EDTA)
treatment showing the lowest phytic acid concentration,
as shown in Table 4.

Table 4. Effect of soil Zn application sources and rates on phytic acid concentration (g kg™*) in selected wheat
varieties.

Varieties Soil Zn application (kg ha'1) Mean of Varieties
Zn0 Zn13.2 (ZnSO4) Zn 0.125 (EDTA) Zn 0.250 (EDTA)

Anmol-91 9.30 +0.202 8.95 + 0.342 6.64 + 0.25b¢ 6.38+0.04 7.82 +0.37A

NIA-Amber 9.05 £ 0.302 8.84 £0.212 5.74 £ 0.03cde 5.47 £ 0.09 de 7.27 £ 0.46B

TD-1 9.08 £ 0.352 7.49 £ 0.03b 5.52 £ 0.17de 493+0.15¢ 6.76 * 0.45¢

NIA-Sarang 9.25 £ 0.202 8.88+0.112 6.20 £ 0.05« 5.99 £ 0.04 « 7.58 £ 0.4148

Mean of soil Zn 9.17 £ 0.084 8.54 £ 0.138 6.02 £ 0.09¢ 5.70 £ 0.11¢

applications

Each value in a cell is expressed as Mean * SE (n = 3). Means followed by different letters indicate significant
differences (P < 0.05).

Extractable zinc concentration

The results of extractable zinc concentration in the plots
of wheat varieties with different sources and rates of Zn
are presented in Table 5. The soil zinc content was
significantly affected by soil Zn applications (P < 0.05).
The Zn-fertilized plots exhibited a higher zinc
concentration in the soil compared to the plots where no
Zn was applied. The highest zinc buildup was observed
in plots where Zn was applied at 13.2 kg ha! (ZnS0,).
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There was no significant variation in Zn concentration in
the plots where different wheat varieties were grown
with varying Zn fertilization (P > 0.05). However, there
was a significant (P < 0.05) interaction between Zn
applications and wheat varieties for zinc concentration
in the soil. The plots where Zn was applied to Anmol-91
at 13.2 kg hal! (ZnSO,) showed the highest
concentration of Zn, while the lowest concentration was
found in Anmol-91 plots with 0 kg Zn ha-..
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Table 5. Effect of soil zinc application sources and rates on extractable zinc concentration in post-harvest soil.

Varieties Soil Zn application (kg ha'1) Mean of

Zn 0 Zn 13.2 (ZnS04) Zn 0.125 (EDTA) Zn 0.250 (EDTA) Varieties
Anmol-91 0.34+0.01¢8 0.96 + 0.022 0.54 + 0.02de 0.72 £ 0.01¢ 0.64 +0.07
NIA-Amber 0.43 + 0.01fe 0.89 + 0.032 0.51 + 0.071def 0.75+0.01¢ 0.65 +0.06
TD-1 0.44 + 0.02¢f8 0.81 + 0.03bc 0.53 £ 0.01de 0.88 + 0.032 0.67 +0.06
NIA-Sarang 0.40 + 0.01fs 0.92 + 0.042> 0.57 £ 0.024 0.75 +0.02¢ 0.66 + 0.06
Mean of soil 0.40 £ 0.01P 0.90 +0.014 0.54 +0.01¢ 0.78+0.01B

Zn applications

Each value in a cell represents the mean + SE (n = 3); means followed by different letters indicate significant

differences from each other (P < 0.05).

DISCUSSION

Agronomic performance

The application of Zn has shown significant improvements
in key wheat yield parameters, emphasizing its essential
role as a micronutrient in enhancing crop productivity.
Zinc supplementation has been widely reported to boost
wheat yields and improve grain quality, with similar
findings documented globally (Nawaz et al.,, 2015; Zulfiqar
et al,, 2020; Yokokawa et al., 2024). In the present study,
the use of Zn fertilizers, particularly Zn-EDTA, resulted in
marked increases in wheat yield, grain weight, and overall
productivity. The experiment evaluated the effects of
different zinc concentrations and sources, including ZnS04
and Zn-EDTA, on wheat growth and development. These
results are consistent with previous research supporting
the role of Zn in improving crop yield and quality (Wang et
al,, 2019; Singh and Sandhu, 2020).

Chelated fertilizers, such as Zn-EDTA, are more effective
than traditional inorganic forms like ZnSO4 because they
minimize nutrient losses due to oxidation, precipitation,
and leaching, thereby increasing zinc availability for plant
uptake. Studies have demonstrated that Zn-EDTA is more
efficient in enhancing zinc biofortification in wheat, even at
lower application rates (Zhao et al., 2018, 2019). Chelated
zinc compounds, stabilized by organic ligands, resist
oxidation and immobilization, significantly improving zinc
uptake and plant absorption efficiency (Liu etal., 2012). For
example, Zn-EDTA applied at only 20% of the ZnS04 rate
exhibited comparable
superior stability in calcareous soils (Zhao et al.,, 2019). This
is especially important in high-pH soils, where zinc
availability is typically limited.

Zinc fertilization and yield

The statistical analysis of agronomic data revealed a
significant improvement in wheat yield and quality
following the application of Zn from various sources.

effectiveness, highlighting its
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Specifically, the application of Zn-EDTA at 0.25 kg ha'!
resulted in increases in plant height (4%), number of
spikelets per spike (7%), spike length (31%), 1000-grain
weight (12%), straw yield (10%), and grain yield (10%)
compared to the control. These increases in zinc-related
metrics were statistically significant, with both Zn-EDTA
and ZnSO,4 outperforming the control. These results are
consistent with the findings of (Liu et al., 2012; Kumar et
al, 2023), who also reported improvements in wheat
productivity with zinc fertilization, highlighting the
essential role of zinc in improving crop yields.

Moreover, the beneficial effects of zinc on wheat
production have been well documented both in Pakistan
and internationally (Nawaz et al.,, 2015; Zhao et al,, 2019;
Singh and Sandhu, 2020). Zinc fertilization enhanced
both biological and grain yields of wheat, and the
findings of this study reinforce the view that zinc
availability is crucial for improving wheat productivity.
The application of Zn, particularly in the form of Zn-
EDTA, significantly impacted the performance of wheat
varieties, with the highest yields observed in those
treated with Zn-EDTA. These findings align with those of
Zhao et al. (2019), who reported similar enhancements
in grain weight and yield following zinc application.

Zinc bioavailability and phytic acid reduction

The application of zinc positively influenced several key
parameters, including zinc concentration, TAZ, and the
PA:Zn molar ratio. Wheat treated with Zn-EDTA showed
the highest zinc content, with cultivars Anmol-91 and
Sarang exhibiting application
increased grain zinc concentration by 16%, reduced PA
content by 37%, and decreased the PA:Zn molar ratio by
46%. Moreover, TAZ increased by 87% in wheat grains.

similar trends. Zinc

The reduction in PA, a known inhibitor of zinc absorption,
is particularly significant, as it suggests enhanced zinc
bioavailability for human nutrition. These findings are
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consistent with those of Cakmak and Kutman (2018), and
Zulfigar et al. (2020), who highlighted the importance of
lowering PA levels to improve zinc bioavailability.

Soil zinc dynamics

Extractable soil zinc concentrations were significantly
enhanced by zinc fertilization (P < 0.05), with the highest
accumulation observed at an application rate of 13.2 kg
ha! ZnSO04, especially in the Anmol-91 cultivar (Zhao et al,,
2019). Although differences among wheat varieties were
not statistically significant on their own, the significant
interaction (P < 0.05) between zinc application rate and
genotype emphasizes the crucial role of varietal traits in
zinc uptake, a topic of ongoing debate in recent research
(Nawaz et al, 2015; Singh and Sandhu, 2020). These
findings challenge the traditional view that soil zinc levels
are determined solely by fertilizer input, highlighting the
need for genotype-specific zinc management strategies to
optimize biofortification efforts.

Zinc and nutritional quality

An increased zinc concentration was positively correlated
with higher protein content in wheat grains, underlining
the role of Zn in protein biosynthesis (Alloway, 2009;
Cakmak and Kutman, 2018). The activation of enzymes
involved in chlorophyll biosynthesis and other metabolic
processes likely contributed to the observed
improvements in wheat quality and yield. These findings
align with earlier studies by Alloway (2008) and Cakmak
(2008), who attributed enhanced plant health and
productivity to zinc’s involvement in enzyme activation
and chlorophyll formation.

The results of this study also enhance our understanding
of the mechanisms behind zinc accumulation in wheat
grains. As noted by Aciksoz et al. (2011), zinc
accumulation in plant tissues is often associated with
improved growth, which is further supported by the
increased zinc concentration in grains under favorable
growth conditions facilitated by zinc application. The
ability of wheat plants to accumulate more zinc in their
grains can be attributed to enhanced overall growth and
metabolic activity, as also reported by Ghasemi et al.
(2013). This is particularly important for biofortification
strategies aimed at improving the nutritional quality of
staple crops like wheat.

Zinc fertilization had a notable impact on wheat varieties,
with Anmol-91, NIA-Amber, and NIA-Sarang exhibiting
the highest grain zinc concentrations when treated with
Zn-EDTA. This highlights the importance of selecting
suitable wheat varieties to maximize the benefits of zinc
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fertilization, as different genotypes vary in their ability to
absorb and accumulate zinc. The superior performance of
these varieties is consistent with findings by Zulfigar et
al. (2020), who reported that zinc fertilization increased
both grain yield and zinc content across various wheat
genotypes, reinforcing the potential of zinc
biofortification in improving wheat nutrition.
Comparison of zinc sources

Compared to ZnSO4, Zn-EDTA proved to be a more
efficient and stable source of zinc, particularly when
applied in a banded manner in the soil (Zhao et al,,
2019). Zn availability is low in calcareous soils; EDTA’s
effectiveness in enhancing grain Zn in wheat (Wang et
al,, 2019). This method enhanced zinc distribution and
uptake, resulting in higher zinc concentrations in wheat
grains (Alloway, 2009). In contrast, the banded
application of ZnSO. limited zinc availability to a
localized soil zone, reducing root interception and
uptake (Liu et al,, 2017). This limitation often resulted in
reduced wheat growth and yield, as seen in the present
study where ZnS0O, banding led to lower zinc uptake and
potential toxicity. These findings are consistent with
(Wang et al,, 2019; Zhao et al., 2019), who reported that
Zn-EDTA was more effective than ZnSO, in enhancing
zinc bioavailability and grain =zinc concentration,
particularly in high-pH soils.

CONCLUSION

This field experiment demonstrated that applying Zn-
EDTA at 0.250 kg ha? significantly enhanced wheat
growth, yield, zinc concentration, and bioavailability
while reducing phytic acid content. The varieties Anmol-
91, NIA-Amber, and NIA-Sarang performed exceptionally
well. Zn-EDTA was more effective than other sources of
ZnS04, improving both nutrient uptake and overall crop
productivity. Agronomic biofortification, a simple yet
often overlooked approach, offers farmers an effective
solution to enhance crop nutrition. Advances in specialty
fertilizers, such as sulphates and chelates, are improving
nutrient use efficiency and the nutritional quality of
wheat. Future research should prioritize biofortification
as a strategy to combat hidden hunger.

AUTHORS’ CONTRIBUTIONS

MAS and SMB designed the study and conducted the
experiments; MAS and ND jointly collected, arranged
and analyzed the data; MAS drafted the manuscript; AJ
reviewed and proofread the final version of the paper.



Plant Protection, 09 (02) 2025. 251-260

RESEARCH FUNDING
This research received product support and funding
from the Evyol Group, Pakistan.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

SUSTAINABLE DEVELOPMENT GOALS TARGETED
SDG 2: Zero Hunger

SDG 12: Responsible Consumption and Production
SDG 13: Climate Action

REFERENCES

Abbas, G. Khan, M.Q., Jamil, M., Tahir, M., Hussain, F.,
2009. Nutrient uptake, growth and yield of wheat
(Triticum aestivum) as affected by zinc application
rates. International Journal of Agriculture and
Biology 11(4), 1560-8530.

Aciksoz, S.K,, Yazici, A., Ozturk, L., Cakmak, I., 2011. Effect
of zinc application on wheat growth, yield, and zinc
content. Field Crops Research 122(2), 142-147.

Akram, M.A, Depar, N.,, Memon, M.Y., 2017. Synergistic
use of nitrogen and zinc to bio-fortify zinc in
wheat grains. Eurasian Journal of Soil Science
6(4), 319-326.

Alloway, B.J., 2008. Zinc in soils and crop nutrition.
International Zinc Association and International
Fertilizer Association 16, 1-135.

Alloway, B.J.,, 2009. Soil factors associated with zinc
deficiency in crops and humans. Environmental
Geochemistry and Health 31(5), 537-548.

Bughio, Z.R., Bhatti, S.M., Depar, N., Rajpar, 1., Sarki, M.S,,
Bughio, H.R, 2021.
concentration and bioavailability in rice grains by
zinc application methods. Pakistan Journal of
Agricultural Sciences 58(5), 1483-1490.

Cakmak, I., 2008. Enrichment of cereal grains with zinc:

Enhancement of zinc

agronomic or genetic biofortification. Plant and
Soil 302, 1-17.

Cakmak, [, Kutman, UA., 2018. Agronomic
biofortification of cereals with zinc: a review.
European Journal of Soil Science 69(1), 172-180.

Esfandiari, E., Abdoli, M., Mousavi, S.B., Sadeghzadeh, B.,
2016.
agronomic traits and grain quality parameters of
wheat grown in zinc deficient soil. Indian Journal
of Plant Physiology 21, 263-270.

Estefan, G., Sommer, R., Ryan, ], 2013. Methods of soil,

Impact of foliar zinc application on

259

DOI:10.33804/pp.009.02.5552

plant, and water analysis: A manual for the West
Asia and North Africa region. International Center
for Agricultural Research in the Dry Areas Third
Edition, pp. 1-243.

Ghasemi, S. Khoshgoftarmanesh, A.H. Afyuni, M,
Hadadzadeh, H., 2013. The effectiveness of foliar
applications of synthesized =zinc-amino acid
chelates in comparison with zinc sulfate to
increase yield and grain nutritional quality of
wheat. European Journal of Agronomy 45, 68-74.

Haug, W., Lantzsch, H.J., 1983. Sensitive method for the
rapid determination of phytate in cereals and
cereal products. Journal of the Science of Food and
Agriculture 34(12), 1423-1426.

Imran, M., Kanwal, S., Hussain, S., Aziz, T, Magsood, M.A,,
2015. Efficacy of zinc application methods for
concentration and estimated bioavailability of zinc
in grains of rice grown on a calcareous soil. Pakistan
Journal of Agricultural Sciences 52(1), 169-175.

Imtiaz, M., Rashid, A., Khan, P.,, Memon, M.Y., Aslam, M.,
2010. The role
production and human health. Pakistan journal of
Botany 42(4), 2565-2578.

Igbal, S., Theirfelder, C., Khan, H.Z., Javeed, H.M.R., Arif,
M., Shehzad, M., 2017. Maximizing maize quality,
productivity and profitability through a combined
use of compost and nitrogen fertilizer in a semi-
arid environment in Pakistan. Nutrient Cycling in
Agroecosystems 107,197-213.

Kumar, P., Prasad, K.S. Yadav, K.D., Kuma, B., Maurya,
K.R., 2023. Effect of zinc fertilization on yield, zinc
biofortification and indices of wheat varieties.
Ecology, Environment and Conservation 29(1),
170-174.

Liu, D, Liu, Y, Zhang, W, Chen, X, Zou, C, 2017.
Agronomic approach of zinc biofortification can

of micronutrients in crop

increase zinc bioavailability in wheat flour and

thereby reduce zinc deficiency in humans.
Nutrients 9, 1-14.

Liu, G, Hanlon, E, Li, Y, 2012. Understanding and
applying chelated fertilizers effectively based on
soil pH. IFAS Extension HS1208(11), 1-7.

Mari, A.H., Panhwar, R.N., Kaloi, G.M., Chohan, M., Zai,
A.AY., Brohi, M.A,, Bhutto, M.A.,, 2006. Assessing
zinc status of sugarcane in Taluka Nawabshah
through soil and plant analysis. Journal of Applied
Sciences 6(1), 206-210.

Nawaz, H., Hussain, N., Yasmeen, A., Arif, M., Hussain, M.,



Plant Protection, 09 (02) 2025. 251-260

Rehmani, M.I.LA,, Chattha, M.B., Ahmad, A., 2015.

Soil applied zinc ensures high production and net

returns of divergent wheat cultivars. Journal of

Environmental and Agriculture Sciences 2(1), 1-7.

2018. National Nutritional Survey, National

Health Services, Nutrition Wing. Key Finding

Report. Available online:

https://www.unicef.org/Pakistan/national-

nutrition-survey-2018 (accessed on 12 July 2020).

Rashid, A. Zeshan, M.A. Ghafoor, N., Bashir, H,
Mehmood, F.,, Hameed, M.A., Hasan, I.LM.U., Qadir,
A., Shehzad, M.T., Batool, M., Ghani, M.U., 2025.
Biofortification of wheat, rice, and maize with
zinc: combating hidden hunger. Plant and
Environment 6(01), 1-23.

Saha, S., Chakraborty, M., Sarkar, D., Batabyal, K., Mandal,
B., Murmu, S., Padhan, D., Hazra, G.C., Bell, RW.,,
2017. Rescheduling zinc fertilization and cultivar
choice sequestration and its
bioavailability in wheat grains and flour. Field
Crops Research 200, 10-17.

Saleem, 1., Javid, S., Ehsan, S., Niaz, A., Bibi, F., Ahmed,
Z.A., 2015. Improvement of wheat grain zinc and

NNS,,

improve zinc

zinc daily intake by biofortification with zinc.
International Journal of Plant & Soil Science 8(5),
1-6.

Shahzad, Z., Rouached, H., Rakha, A, 2014. Combating
mineral malnutrition through iron and zinc

biofortification = of cereals. Comprehensive
Reviews in Food Science and Food Safety 13(3),
329-346.

Shakoor, A., Abbas, S.H., Tanveer, S.K., Qamar, M., Rashid,
K., Wagqar, S., Usman, M., Vaseer, S.G., Igbal, H.,
Khalil, M.U., Hussain, 1., Arshad, M., 2023. Effect of
foliar and soil application of zinc at booting and
anthesis stages of wheat improves the yield,
quality and grain zinc biofortification. Journal of
Xi'an Shiyou University, Natural Science Edition
19, 587-600.

Sher, A, Sarwar, B, Sattar, A, ljaz, M., Ul-Allah, S., Hayat,
M.T., Elesawy, B.H., 2022. Exogenous application
of zinc sulphate at heading stage of wheat
improves the yield and grain zinc biofortification.
Agronomy 12(3), 734.

Singh, N., Sandhu, K.S., 2020. Effect of zinc fertilization
on wheat yield and nutrient uptake. Journal of
Plant Nutrition and Soil Science 183(6), 741-749.

260

DOI:10.33804/pp.009.02.5552

Singh, S., Kaur, ], Ram, H. Singh, ], Kaur, S. 2023.
Agronomic bio-fortification of wheat (Triticum
aestivum L.) to alleviate zinc deficiency in human
being. Reviews in Environmental Science and
Bio/Technology 22(2), 505-526.

Wang, S., Zhang, X,, Liuy, K, Fei, P., Chen, |, Li, X,, Ning, P,,
Chen, Y., Shi, J, Tian, X, 2019. Improving zinc
concentration and bioavailability of wheat grain
through combined foliar applications of zinc and
pesticides. Agronomy Journal 111(3), 1478-1487.

WHO., 2020. World Health Organization; Mobilizing
ambitious and impactful
mainstreaming nutrition

commitments for

in health systems:

nutrition in universal health coverage: Global
Nutrition Summit. pp. 1-41.

Xia, H., Wang, L., Qiao, Y., Kong, W., Xue, Y., Wang, Z,
Kong, L., Xue, Y., Sizmur, T., 2020. Elucidating the
source-sink relationships of zinc biofortification in
wheat grains: A review. Food and Energy Security
9(4), e243.

Yokokawa, H., Morita, Y., Hamada, I., Ohta, Y., Fukui, N.,
Makino, N., Ohata, E., Naito, T., 2024. Demographic
and clinical characteristics of patients with zinc
deficiency: analysis of a nationwide Japanese
medical claims database. Scientific Reports 14(1),
2791.

Zhang, Y.Q., Sun, Y.X, Ye, Y.L., Karim, M.R,, Xue, Y.F., Yan,
P., Meng, Q.F., Cui, Z.L., Cakmak, I., Zhang, F.S., Zou,
C.Q., 2012. Zinc biofortification of wheat through
fertilizer applications in different locations of
China. Field Crops Research 125, 1-7.

Zhao, A., Wang, B, Tian, X,, Yang, X., 2019. Combined soil
and foliar ZnSO4 application improves wheat grain
Zn concentration and Zn fractions in a calcareous
soil. European Journal of Soil Science 71(4), 681-
694.

Zhao, A. Yang, S., Wang, B., Tian, X, Zhang, Y., 2018.
Effects of ZnSOs; and Zn-EDTA broadcast or
banded to soil on Zn bioavailability in wheat
(Triticum aestivum L.) and Zn fractions in soil.
Chemosphere 205, 350-360.

Zulfigar, U., Hussain, S., Ishfaq, M., Matloob, A., Alj, N.,
Ahmad, M., Alyemeni, M.N., Ahmad, P., 2020. Zinc-
induced effects on productivity, zinc use

efficiency, and grain biofortification of bread

wheat under different tillage permutations.

Agronomy 10(10), 1566.



