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Calcareous soils are characterized by low availability of micronutrients, particularly zinc. 

The limited amount of plant-available zinc in such soils restricts the growth and 

productivity of wheat. A pot experiment was carried out under plastic-house conditions 

during the winter season of 2024–2025 to evaluate the efficiency of nano-zinc fertilizer 

(12% Zn) applied via two methods: soil application at rates of 0, 3, 5, and 7 kg Zn ha⁻¹, 

and foliar application at concentrations of 0, 1, 1.5, and 2 g Zn L⁻¹. The study focused on 

root growth and nutrient uptake of wheat plants during the vegetative stage, which 

extended for sixty days. The results showed that nano-zinc fertilization enhanced root 

growth indicators by increasing root depth by 13.39% and 40.34%, and increasing dry 

matter accumulation by 20% and 122.27%, for soil and foliar applications, respectively, 

compared to their corresponding controls. Both soil and foliar nano-zinc applications 

increased root contents of the macronutrients nitrogen, phosphorus, and potassium, in 

addition to zinc. It was evident that foliar application of nano-zinc was more efficient 

than soil application, while the combined application of both methods achieved the 

highest overall effectiveness. These findings indicate that nano-zinc fertilization is a 

promising practice for improving mineral nutrient uptake and enhancing root 

development in wheat during the vegetative growth stage, thereby increasing its 

competitive capacity in calcareous soils and ultimately contributing to improved root 

growth and yield. 
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1. INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important 

strategic cereal crops in the world, as more than half of the 

world's population relies on it as the primary source of energy 

and vegetable protein. Global production reached 

approximately 799 million tons in 2023 [1]. In Iraq, wheat is 

considered one of the major field crops that occupies a leading 

position in agricultural production. The cultivated area 

exceeded 4 million dunams during the 2023–2024 season, with 

a production of more than 5.2 million tons [2]. Nineveh 

Governorate contributed over 26.6% of the total national 

output, thanks to the fertility of its soil and the suitability of its 

climatic conditions [3, 4]. However, wheat productivity in Iraq 

remains below the global average due to a number of 

constraints, including the low availability of micronutrients in 

calcareous soils, especially zinc. 

Zinc is a trace element essential for plant growth, as it is a 

component of many vital enzymes such as dehydrogenase and 

carbonic anhydrase. It also participates in the formation of 

auxins (IAA), which stimulate root cell division and 

elongation. Its deficiency leads to impaired root growth and 

reduced efficiency of uptake of major elements such as 

nitrogen, phosphorus, and potassium, in addition to a decline 

in overall productivity [5], Most Iraqi soils, including those in 

Nineveh Governorate, are characterized by low availability of 

zinc due to the high degree of soil and calcium carbonate 

interaction, which causes zinc to be fixed in the form of 

insoluble complexes and reduces its availability to plants [6]. 

The root system plays an important role in plant yield. The 

deeper, more widespread, and denser the wheat root system, 

the greater the amount of water and nutrients absorbed and the 

greater the efficiency of utilization of these elements. This is 

reflected in the components of the yield, thus increasing the 

total seed yield [7-9]. 

Recent technological developments have led to the 

introduction of nano-fertilizers as an innovative option. To 

address mineral nutrition problems in calcareous soils, zinc 

nano-particles are characterized by their small size and high 

specific surface area, which enhances their solubility and 

penetration through plant cell membranes, increasing their use 

efficiency compared to conventional zinc [10, 11]. Nano-zinc 

fertilization increases the efficiency of nutrient absorption and 

improves root growth indicators in cereal crops, including 

wheat [12, 13]. 

The application method is a critical factor in determining 

the effectiveness of fertilizer. Soil application provides 

continuous nutrition to the plant via the roots, while foliar 
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application bypasses soil problems and delivers the element 

directly to plant tissues during critical growth stages. Research 

results have shown that combining the two methods results in 

a response superior to using either method alone, due to the 

integration of continuous soil supply with the rapid efficiency 

of foliar application [14, 15]. Given the limited research on the 

root system, this study aims to: (1) compare the effects of soil 

application and foliar spraying of nano-zinc on wheat root 

growth and nutrient uptake; (2) determine the optimal 

concentrations for the two methods, alone and in combination; 

and (3) evaluate their economic benefits.  

 

 

2. MATERIALS AND METHODS 
 

A pot experiment was conducted under greenhouse 

conditions during the winter season of 2024–2025, using soil 

taken from the village of Mishrif in Nineveh Governorate. 

This soil was classified according to research [16]. Table 1 

shows the coordinates and classification of the soil. 

 

Table 1. Location, classification, and agricultural use of the 

experimental soil 

 
Property Value 

Location Mushrif village – Nineveh province 

Longitude 43°12′ E 

Latitude 36°25′ N 

Soil order Mollisols 

Suborder Udolls 

Great group Argiudolls 

Agricultural 

utilization 
Cereal cultivation (wheat and barley) 

 

The soil was collected from a depth of 0–30 cm, air-dried, 

ground, and sieved with a 2 mm sieve. Then, some physical 

and chemical analyses were carried out (Table 2) based on 

studies [17, 18]. 

 

Table 2. Some physical and chemical properties of the 

experimental soil 

 
Property Value Unit 

Soil separates   

Sand 200 

g kg⁻¹ 
Silt 320 

Clay 480 

Soil texture Clay 

pH 7.6 – 

EC 1.5 dS m⁻¹ 

Bulk density 1.25 Mg m⁻³ 

Field capacity 300 

g kg⁻¹ Organic matter 6.0 

CaCO₃ 200 

Available N 23 

mg kg⁻¹ 
Available P 9 

Available K 180 

Available Zn 0.4 

 

The experiment was carried out using plastic pots of 

diameter 25 cm and depth 25 cm, where 7 kg of dry soil sifted 

with a sieve with holes' diameter of 4 mm was placed in each 

pot. NPK fertilizers were added as a basic boost to all 

experimental units before planting according to the fertilizer 

recommendation [2], where 200 kg N ha-1 were added in the 

form of urea (46% N), 120 kg P ha-1 in the form of triple 

superphosphate (21% P), and 80 kg K ha⁻¹ in the form of 

potassium sulfate (42% K). 10 Wafiya wheat seeds were 

planted in each pot on 12/9/2024, and were thinned after 

germination to three plants. A nano-zinc fertilizer containing 

12% Zn (produced by Al-Khadraa Nano Fertilizers Company 

/ Iran) was used, the fertilizer with a purity of 99%, highly 

water-soluble and particle size of 40–50 nm (TEM), it was 

added in two ways: ground addition at levels (G1: 0, G2: 3, G3: 

5, G4: 7) kg Zn ha-1 mixed with the soil before planting, and 

foliar addition at levels (F1: 0, F2: 1, F3: 1.5, F4: 2) g Zn L-1. 

Two sprays were added; the first 35 days after planting and the 

second 15 days after the first addition, taking into account 

covering the soil surface with a piece of nylon to prevent foliar 

fertilizer from dripping onto the soil, the foliar application was 

carried out using a handheld sprayer (2 L) with the addition of 

a surfactant (0.1% liquid soap) to enhance foliar absorption 

efficiency. Spraying was performed early in the morning, 

ensuring uniform coverage of the foliage from all directions 

until complete wetting was achieved [17, 19]. 

The experiment was conducted with three replications using 

a Completely Randomized Design (CRD) and involved two 

factors: soil fertilization at four levels and foliar fertilization at 

four levels; accordingly, the total number of experimental 

units amounted to 48 units. Statistical analysis of the data was 

performed using SAS software, and differences between 

means were evaluated using the least significant difference 

(LSD) test at a 5% probability level [20]. The experiment was 

terminated sixty days after planting. The root system was 

obtained using a water sprayer and a sieve to prevent loss of 

any part of the roots, then washed several times with tap water, 

followed by distilled water, and dried using blotting paper. 

Root depth was measured, then dried in an oven at 70℃ for 48 

hours and weighed [21]. The samples were ground and then 

digested using concentrated sulfuric acid (H2SO4) and 

hydrogen peroxide (H2O2) at a concentration of 30%. The 

concentration of elements in the acid extract was determined. 

Nitrogen was determined by the Kjeldahl method [22], 

phosphorus and potassium [23], and zinc was determined 

using an atomic absorption spectrophotometer [18], according 

to the total content of each element by multiplying the 

concentration by the dry weight [24]. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Effect of ground and foliar fertilization with nano-zinc 

in root depth (cm) 

 

Root depth and spread are among the most important 

indicators of root growth in plants, as they reflect the plant's 

ability to absorb water and nutrients from the soil [25]. It was 

noted from Figure 1 that root depth increased significantly 

with ground and foliar application of nano-zinc. With foliar 

application, the highest depth was in treatment F4 (2 g L-1), 

which recorded 35.10 cm and significantly outperformed other 

spray levels, with a 40.34% increase over the control treatment, 

which recorded the lowest root depth of 25.01 cm. With 

ground application, the highest depth was 32.17 cm in 

treatment G4 (7 kg ha-1), which significantly outperformed 

other fertilizer treatments, with a 13.39% increase over the 

control treatment, which recorded the lowest root depth of 

28.37 cm.  
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Figure 1. Effect of ground and foliar application of nano-Zn fertilizer on root length (cm plant-1) of wheat 

 
Table 3. Effect of ground and foliar application of nano-Zn 

fertilizer on root length (cm plant-1) of wheat 

 
Ground 

Application 

Foliar Application Mean 

(G) F1 F2 F3 F4 

G1 23.41 27.63 31.26 33.19 28.37 

G2 24.98 29.55 32.91 34.68 30.53 

G3 25.44 30.12 33.77 35.80 31.28 

G4 26.20 31.08 34.65 36.73 32.17 

Mean (F) 25.01 29.10 33.15 35.10 — 

LSD0.05 G: 0.85, F: 0.85, F × G: 1.70 
Each value in the table represents the mean of three replicates ± 0.38. 

 
Regarding the effect of the two-way interaction between the 

two application methods, it was noted from Table 3 that the 

highest roots penetrated 36.73 cm in the F4G4 treatment (2 g 

Zn L-1 + 7 kg Zn ha-1), which was significantly superior to the 

control treatment. The decrease in root penetration in the 

unfertilized study soil may be attributed to the low 

concentration of available zinc in this soil (Table 2) as a result 

of the sedimentation and adsorption processes that occur for 

the element in the soil due to the high degree of soil reaction 

and the increased concentration of calcium carbonate. The 

increase in root penetration when fertilized with zinc may be 

attributed to the vital role of zinc in stimulating the formation 

of auxins (IAA), which are responsible for the division and 

elongation of root cells, in addition to activating enzymes such 

as dehydrogenase and carbonic anhydrase, which increase 

metabolic activity and energy production in root tissues [26], 

especially nanoparticles of zinc possess a large surface area 

and a high capacity for dissolution and penetration into root 

tissues, which enhances the rate of root elongation and 

deepening [27]. 

The increase in root penetration depth under foliar 

application compared to soil application may be attributed to 

the fact that foliar fertilization with nano-zinc allows for the 

direct and rapid absorption of zinc through the leaves, enabling 

its swift translocation while bypassing the limitations of 

calcareous soils and the fixation processes that the element 

undergoes in such soils. This, in turn, enhances the efficiency 

of photosynthesis and the associated vital metabolic processes 

[28]. 

3.2 Effect of ground and foliar fertilization with nano-zinc 

on root dry weight (g plant-1) 

 

Figure 2 shows that the dry weight increased significantly 

with fertilization with nano-zinc. The highest dry weight was 

4.69 and 4.02 g in both the F4 foliar application treatment and 

the G4 ground application treatment, respectively, compared 

to the lowest dry weight of 2.11 and 3.35 g in the control 

treatment for both application methods. 

As for the dual effect of the two application methods, it is 

noted from Table 4 that the highest root dry weight was 5.07 

g in the F4G4 treatment (2 g Zn L-1 + 7 kg Zn ha-1), fertilized 

using both foliar and ground fertilization methods, which 

significantly outperformed the control treatment, which 

recorded the lowest root dry weight (1.38 g). This increase in 

dry weight in the presence of zinc may be due to improved 

enzyme efficiency and enhanced photosynthesis, thus 

increasing carbon supply to the plant and directing it to the 

roots [29, 30]. In addition, zinc protects cell membranes from 

oxidation, reducing root tissue damage and maintaining their 

efficiency for a longer period. Its use in nanoscale form also 

contributed to increased absorption and transport efficiency 

within cells due to its high specific surface area and easy 

permeability. These explanations have been supported by 

recent studies confirming that nano-zinc improves root growth 

by raising physiological activity and ionic balance in growing 

plants [31-33]. 

 
Table 4. Effect of ground and foliar application of nano-Zn 

fertilizer on root dry weight (g plant-1) of wheat 

 
Ground 

Application 

Foliar Application 
Mean (G) 

F1 F2 F3 F4 

G1 1.38 3.31 4.23 4.46 3.35 

G2 2.24 3.90 4.31 4.55 3.75 

G3 2.44 3.99 4.36 4.68 3.87 

G4 2.37 4.11 4.51 5.07 4.02 

Mean (F) 2.11 3.83 4.35 4.69 — 

LSD0.05 G: 0.13, F: 0.13, F × G: 0.27 
Each value in the table represents the mean of three replicates ± 0.06.  
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Figure 2. Effect of ground and foliar application of nano-Zn fertilizer on root dry weight (g plant-1) of wheat 

 

3.3 Effect of ground and foliar fertilization with nano-zinc 

on root nitrogen content (mg plant-1) 

 

It is noted from Table 5 that ground and foliar addition of 

nano-zinc led to a significant increase in root nitrogen content. 

The highest root content of this element was 35.76 and 28.17 

mg plant-1 in both ground addition treatments G4 and foliar F4, 

while the lowest root content was 9.49 and 17.69 mg plant-1 in 

the comparison treatment for the two addition methods, 

respectively. As for the interaction effect between the two 

addition methods, it is noted that the highest root nitrogen 

content, 48.55 mg plant⁻¹, was in treatment F4G4 (2 g Zn L-1 

+ 7 kg Zn ha-1), fertilized using both foliar and ground 

fertilization methods, which significantly outperformed the 

comparison treatment. which recorded the lowest root content 

of the element (7.60 mg plant-1). The increase in plant nitrogen 

content when fertilized with nano-zinc may be due to the role 

of nano-zinc in improving root growth and increasing the 

surface area (Table 3 and Table 4), which led to an increase in 

the efficiency of nitrogen uptake.  

 

Table 5. Effect of ground and foliar application of nano-zinc 

on root nitrogen content (mg plant-1) 

 
Ground 

Application 

Foliar Application 
Mean(G) 

F1 F2 F3 F4 

G1 7.60 8.71 9.36 12.31 9.49 

G2 15.26 17.22 18.45 22.86 18.45 

G3 20.94 23.76 27.62 28.96 25.32 

G4 26.98 33.34 34.15 48.55 35.76 

Mean(F) 17.69 20.76 22.40 28.17  

LSD0.05 G: 1.84, F:1.56, F × G: 3.12 
Each value in the table represents the mean of three replicates ± 0.69. 

 

In addition, stimulating the formation of auxins by nano-

zinc increased root density and accelerated the absorption 

processes [34], demonstrating that nano-zinc fertilization 

enhanced nitrogen uptake in wheat by increasing the 

efficiency of nitrogen metabolism [35], zinc nanoparticles 

improved the dynamics of nitrogen uptake in the rhizosphere. 

The increased root nitrogen content when combined with 

foliar and soil application of zinc may be due to the fact that 

both methods provide the plant with balanced and responsive 

nutrition, which increases the activity of nitrogen-assimilating 

enzymes, improves root growth and root hair development, 

and thus increases nitrogen accumulation in the roots [36]. 

 

3.4 Effect of ground and foliar fertilization with nano-zinc 

on root phosphorus content (mg plant-1) 

 

Table 6. Effect of ground and foliar application of nano-zinc 

on root phosphorus content (mg plant-1) 

 
Ground 

Application 

Foliar Application 
Mean (G) 

F1 F2 F3 F4 

G1 0.87 1.76 2.88 3.15 2.17 

G2 1.40 2.64 3.92 4.11 3.02 

G3 1.61 2.88 4.26 4.35 3.28 

G4 1.70 3.05 4.50 4.41 3.42 

Mean (F) 1.40 2.59 3.89 4.01  

LSD0.05 G: 0.216, F: 0.216, F × G: 0.432 
Each value in the table represents the mean of three replicates ± 0.10. 

 

Table 6 shows that ground and foliar application with nano-

zinc resulted in a significant increase in root phosphorus 

content. Root phosphorus content increased from 2.17 mg 

plant-1 in the control treatment G1 to 3.42 mg plant-1 in the 

ground fertilization treatment G4 (7 kg Zn ha-1), while root 

phosphorus content increased from 1.40 mg plant-1 in the 

control treatment F1 to 4.01 mg plant-1 in the foliar spray 

treatment F4 (2 g Zn L-1). It is also noted from the table that 

the lowest root phosphorus content was in the control 

treatment G1F1, reaching 0.87 mg/plant-1, while the highest 

root phosphorus content was recorded when the two addition 

methods were combined in treatment G4F3 (7 kg Zn ha-1 + 1.5 

g Zn L-1), reaching 4.50 mg plant-1. The increase in root 

phosphorus content when fertilized with nano-zinc may be due 

to the fact that zinc application to calcareous soils reduces 

phosphorus fixation by high concentrations of calcium 

carbonate, thereby increasing the availability of phosphorus to 

plants in addition to the element's ability to improve the 

solubility of fixed phosphate in calcareous soil as a result of 

increased root secretion of organic acids and stimulating the 

activity of microorganisms that release the phosphonate 

enzyme, which releases organic phosphorus from complex 

compounds in the soil. This increases the release of organic 
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and mineral phosphorus [33, 36-39]. Furthermore, increased 

root growth may have contributed to increased absorption 

efficiency, which increased root phosphorus content [40]. 

 
3.5 Effect of ground and foliar fertilization with nano-zinc 

on the root potassium content (mg plant-1) 

 
Table 7 shows a significant increase in the root potassium 

content when fertilized with zinc and by both addition methods. 

Foliar zinc addition was more effective in increasing 

potassium uptake compared to ground addition. The root 

potassium content increased from 10.59 and 7.78 mg plant-1 in 

the two control treatments to 11.38 and 13.03 mg plant-1 for 

both ground fertilization treatment G4 and foliar spray 

treatment F4, respectively. It is also noted from the table that 

the lowest root potassium content was in the control treatment 

G1F1, reaching 6.52 mg plant-1, while the highest value was 

achieved when the two addition methods were combined in 

treatment G4F3 (7 kg Zn ha-1 + 1.5 g Zn L-1) (where it reached 

13.47 mg plant-1, a 106.5% increase compared to the control 

treatment. The increased root potassium content when 

fertilized with zinc may be due to the increased demand for 

potassium resulting from improved plant growth when zinc is 

added. Zinc also increases root growth and depth (Tables 3 and 

4), which enhances the absorption of nutrients, including 

potassium. Zinc also enhances the activity of ion transport 

proteins within cell membranes, increasing the movement of 

potassium from the soil into plant cells. In addition, the 

improved ionic balance provided by nano-zinc reduces 

competition between ions and increases the efficiency of 

potassium absorption [34, 40-42]. 

 
Table 7. Effect of ground and foliar application of nano-zinc 

on root potassium content (mg plant-1) 

 
Ground 

Application 

Foliar Application 
Mean(G) 

F1 F2 F3 F4 

G1 6.52 8.73 12.36 12.76 10.59 

G2 7.94 9.86 12.71 13.00 10.88 

G3 8.25 10.22 12.88 13.18 11.13 

G4 8.41 10.46 13.47 13.19 11.38 

Mean (F) 7.78 9.82 12.85 13.03  

LSD0.05 G: 0.24, F: 0.24, F × G: 0.48 
Each value in the table represents the mean of three replicates ± 0.11. 

 
3.6 Effect of soil and foliar fertilization with nano-zinc on 

root zinc content (mg plant-1) 

 
Table 8 shows that the lowest root content of zinc was in the 

unfertilized study soil (treatment G1F1, which reached 0.067 

mg plant⁻¹, while the highest root content of zinc was 0.294 

mg plant-1 when the two addition methods were combined in 

treatment G4F3 (7 kg Zn ha-1 + 1.5 g Zn L-1). This is consistent 

with what was indicated by studies [43, 44]. 

The table indicates the superiority of foliar addition of zinc 

over ground addition in the root content of this element, as the 

highest root content of zinc was 0.257 mg plant -1 when foliar 

addition was made, while the highest content was 0.227 mg 

plant-1 when ground addition was made. The decrease in the 

root content of plants from Zinc content in the unfertilized 

research soil may be attributed to the low concentration of the 

element in the study soil, It is noted from Table 2 that the 

available concentration of zinc in the research soil was 0.4 mg 

kg-1, which is less than the critical limit for this element in 

calcareous soils determined by Soltanpour and Schwab [25], 

which is 1 mg kg-1. This is likely due to the high concentration 

of calcium carbonate (200 g kg-1), the high degree of soil 

reaction (7.6), and the low percentage of organic matter (6 g 

kg-1), which exposes the element to precipitation reactions and 

thus reduces its availability in the soil, high calcium carbonate 

in the soil leads to a high degree of soil reaction, and 

consequently, zinc precipitation in the form of zinc carbonate 

(ZnCO₃) or zinc hydroxide (Zn(OH)₂), high soil reaction rates 

also lead to increased intensity Zinc adsorption to the mineral 

(goethite) restricts zinc mobility and reduces the dissolution 

rate of zinc-containing compounds, especially when the 

amount of calcium carbonate is high. Furthermore, the high 

clay concentration in the study soil (480 g kg-1) increases the 

adsorption of the element to the surfaces of clay minerals [45-

47]. These results indicate that wheat grown under these 

conditions requires zinc fertilization to increase absorption 

efficiency and achieve balanced growth and higher yields. 

resulting from the high concentration of calcium carbonate and 

the degree of soil reaction, which reduces the availability of 

the element due to the sedimentation processes to which it is 

exposed [48]. 

The increase in root zinc content when fertilized with nano-

zinc may be attributed to the small size and high specific 

surface area of zinc nanoparticles, which improves their 

solubility and ease of penetration through root cell walls and 

membranes, thus increasing absorption efficiency. In addition, 

the improvement in root growth and rhizosphere expansion 

due to nano-fertilization contributed to an increase in total zinc 

absorption [49]. In Tables 3-8, the reduction in LSD values 

may be attributed to the high homogeneity among replicates, 

resulting from conducting the experiment under controlled 

greenhouse conditions in terms of temperature, irrigation, soil 

type, and nano-fertilizer application rates, which led to a 

reduction in experimental variability among the experimental 

units. 

In this experiment, soil application of nano-zinc required a 

larger amount of the element, totaling 7.5 g, with an estimated 

cost of 75,000 IQD, whereas foliar application consumed a 

smaller amount of only 2 g, with an estimated cost of 20,000 

IQD. Despite the lower cost of foliar application, the treated 

plants showed a clear improvement in root growth indicators, 

such as root depth, dry weight, and nutrient uptake efficiency, 

compared to the soil application, which showed a moderate 

response. Therefore, foliar application of nano-zinc is 

considered more efficient and economically feasible, as it 

combines lower cost with higher absorption efficiency and 

enhanced root growth, making it a profitable investment for 

farmers. 

 
Table 8. Effect of ground and foliar application of nano-zinc 

on root zinc content (mg plant-1) 

 
Ground 

Application 

Foliar Application 
Mean (G) 

F1 F2 F3 F4 

G1 0.067 0.121 0.190 0.202 0.145 

G2 0.094 0.178 0.256 0.263 0.198 

G3 0.111 0.196 0.286 0.281 0.219 

G4 0.124 0.209 0.294 0.283 0.227 

Mean (F) 0.099 0.176 0.257 0.257  

LSD0.05 G: 0.012, F: 0.012, F × G: 0.024 
Each value in the table represents the mean of three replicates ± 0.0054. 
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4. CONCLUSIONS 

 

From the above results, it can be concluded: 1) Foliar 

application of nano-zinc is more effective and economical than 

soil application; 2) The combination of the two is most 

effective, with the optimal combination being 7 kg ha⁻¹ in soil 

+ 2 g L⁻¹ in foliar application; 3) nano-zinc mainly works by 

promoting root growth and improving nutrient absorption;4) 

We recommend to conduct field experiments that cover all 

growth and full production stages and to study the mechanisms 

of absorption. 
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