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ABSTRACT 

This study aimed to evaluate the effects of planting date, plant density, and foliar Selenium (Se) application on growth, yield, and 

biochemical traits of Shallot (Allium hirtifolium) to identify optimal agronomic practices to improve crop performance and phytochemical 

composition under the environmental conditions of Khalateh Rudbar, Semnan Province, Iran. A factorial experiment with a randomized 

complete block design and three replications was established during the 2023-2024 growing season. Treatments included four planting 

dates (16 October, 15 November, 15 December, and 13 February), four plant densities (6, 10, 14, and 18 plants/m2), and four levels of 

foliar Se application (0, 4, 8, and 12 mg/l as sodium selenate). Se sprays were applied four times at two-week intervals post-emergence. 

Growth parameters such as plant height, leaf area index, and yield components were measured. Biochemical analyses included allicin 

content, total phenolics, total flavonoids, antioxidant activity, and relative water content, assessed using standard laboratory methods. Data 

were statistically analyzed using ANOVA and mean comparisons at p < 0.05. Significant effects of planting date, plant density, and 

selenium foliar spraying were observed on all measured traits (p < 0.01). Early planting (16 October) combined with low density (6 

plants/m2) and high selenium concentration (12 mg/l) resulted in the highest plant height (57.5 cm), bulb yield (6.2 kg/m), and highest 

accumulation of bioactive compounds including allicin (2.85 mg/g), total flavonoids (54.3 mg/g), and phenolics (45.3 mg/g). Selenium 

application enhanced LAI, especially between 20 and 35 days after planting, contributing to improved biomass production. Interaction 

effects indicated selenium’s role in alleviating stresses associated with late planting and higher plant density. The findings suggest that 

selecting an appropriate planting date and maintaining moderate plant density are crucial for maximizing shallot yield and quality. Foliar 

selenium application and the first planting date significantly promoted antioxidant and physiological properties. The results underline the 

importance of integrated crop management approaches to optimize yield and nutritional value, particularly in semi-arid agroecosystems. 

These findings provide valuable insights for shallot growers aiming to improve productivity and crop quality through timing, spacing, and 

micronutrient supplementation. 
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INTRODUCTION 

In arid and semi-arid regions, water shortage is a persistent challenge, significantly affecting plant growth and productivity. Precipitation 

patterns are expected to exacerbate water-related issues [1]. Medicinal plants, with a history spanning over a thousand years, are 

extensively utilized for producing antimicrobial and antioxidant medications [2]. Their natural origin contributes to their popularity as 

they generally have fewer side effects compared to synthetic chemicals [3]. Medicinal plants are abundant in secondary metabolites, which 

are bioactive compounds that hold great potential for the development of pharmaceuticals and aromatic products. These metabolites not 

only contribute to the therapeutic properties of these plants but also enhance their value in the market. Understanding how to mitigate 

these stressors is essential for optimizing the cultivation of medicinal plants and ensuring a reliable supply of their beneficial compounds 

[4]. Regarding these issues, the adverse effects of drought stress significantly hinder crop performance and yield stability, and are 

recognized as one of the most detrimental abiotic stress factors globally. It is primarily caused by variations in temperature, light intensity, 

and reduced rainfall. Drought stress has a profound effect on crop production, affecting various characteristics of plants, including their 

morphological, physiological, biochemical, and molecular traits [5].  

Shallot, scientifically known as Allium ascalonicum L., is not only a culinary vegetable but also holds a special place in Iranian cuisine 

and culture due to its medicinal properties and distinctive flavor [6].   

IRAN is a major producer of Shallots globally and exports a portion of its production to other countries. Increased exports can also 

contribute to higher demand for shallots within the country. To meet the rising demand, shallot production in Iran has been consistently 

increasing from 2017 to 2023 .The average annual production increase has been 5.14%, indicating significant growth in the industry [7].  

With increasing urbanization and lifestyle changes, dietary patterns have also evolved. Shallots, as a natural and healthy flavoring agent, 

have found their way into both modern and traditional dishes. They are widely cultivated in various regions of the country and are 

considered an important agricultural product. In recent years, the demand for shallots in Iran has been steadily increasing. This surge in 

demand can be attributed to several factors, including increased awareness of health benefits such as anti-inflammatory, antibacterial, and 

antioxidant properties of shallots [8].   

Shallot production in Iran has grown by 5.14% annually due to improved farming, expanded cultivation areas, and government support. 

Challenges include water scarcity, climate change, and competition from China and India. Opportunities lie in developing processing 
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industries, expanding export markets, and adopting modern technologies to boost efficiency. The phytochemical profile of Allium 

hirtifolium and its secondary metabolites was investigated. Identification of sulfur-containing compounds, flavonoids, and phenolics 

responsible for antioxidant and antimicrobial activities [9].   

Plants have developed an enzymatic antioxidant system to combat reactive oxygen species (ROS) and support individual growth and grain 

production. This system includes key enzymes, such as total superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase 

(APX). This mechanism is commonly employed by plants to effectively manage various abiotic stresses [10].   

Exhibits significant antioxidant, antimicrobial, anti-inflammatory, and potential anticancer activities linked to its secondary metabolites. 

In vitro assays (e.g., DPPH for antioxidant activity, microbial inhibition tests, cell viability assays) to evaluate bioactivity [11].   

Influence of cultivation conditions on secondary metabolite concentrations in Allium hirtifolium investigated by Rahmanian and 

Mohammadi, 2019 [12]. Results showed that environmental factors such as soil type, harvesting time, and cultivation practices influence 

metabolite concentrations, affecting medicinal potency. 

Shollot is traditionally used for treating respiratory issues, infections, and inflammation. The secondary metabolites underpin these 

medicinal uses [13].  

In the study of Promising effects of Persian shallot extract on the serum markers and blood pressure of patients with metabolic syndrome: 

a double-blinded randomized controlled trial, results showed Persian shallot extract has several beneficial effects in metabolic syndrome 

patients, including optimizing oxidative balance, reducing blood pressure, fasting blood sugar, and blood lipid profile [14].    

Numerous studies suggest that optimal planting times improve yield and metabolite content by aligning growth cycles with environmental 

conditions. Early or late planting can affect bulb size, secondary metabolite accumulation, and overall plant health [15].   

Increased plant density often results in competition for nutrients and light, potentially reducing individual plant yield but possibly 

increasing total land productivity. Densities influence the concentration of secondary metabolites, sometimes enhancing phytochemicals 

due to stress or competitive interactions [16].  

Foliar application of Se has been shown to enhance antioxidant capacity, boost secondary metabolite synthesis, and improve stress 

tolerance in Allium species [17]. Se acts as a micronutrient, stimulating secondary pathways and improving yield parameters. Some studies 

indicate that applying Se foliar sprays at optimal planting times and densities can synergistically enhance yield and secondary metabolite 

concentration, but specifics can vary depending on environmental conditions and species. Se biofortification represents a plant-based 

approach to enhance the Se content of crops through the application of Se directly to the crop or the soil. The consumption of Se-enriched 

crops offers a potential avenue for increasing Se intake among populations residing in Se-deficient areas [18].  

The implementation of inorganic Se fertilization can present challenges for growers lacking specialized training in Se biofortification 

techniques, particularly regarding the application of Se fertilizer under diverse field conditions. Soil application of Se is especially 

susceptible to complications in coarse-textured soils, where excessive rainfall or irrigation can lead to the rapid leaching of soluble 

inorganic Se. Additional Se losses from the soil may occur through volatilization (e.g., as methyl-selenide), a process mediated by both 

microbial activity [19] and plant metabolism [20]. This research was conducted to improve Shalloot yield and physiobiochemical 

components in planting date and density conditions with the spraying of Se.  

MATERIALS AND METHODS 

Managing the Study Site  

The study was performed at the Khalateh Rudbar Agricultural Services Department, located in Khalateh Rudbar, Dameghan, Semnan 

Province, Iran (Coordinates: 10° 10' 35" N, 50° 23' 58" E). The region's meteorological data, relevant to the experimental period, are 

shown in Figure 1, providing insights into climatic factors such as temperature, humidity, and rainfall that may influence soil and crop 

responses. 

The soils in Khalateh Rudbar are predominantly silty-loam, characterized by a balanced mixture of silt, clay, and sand particles. This soil 

texture plays a crucial role in determining water retention capacity, drainage, and nutrient availability, all of which are vital for optimizing 

agricultural practices. To accurately assess the soil’s physical and chemical properties, a representative composite sample was collected 

from the top 30 centimeters of soil at the site, following standardized soil sampling protocols to ensure reliability. 

Laboratory analyses included measurements of the pH of soil, EC, content of organic matter, macronutrients (such as N, P, K), and 

micronutrients. These analyses provided essential baseline data to understand the fertility status and suitability of the soil for the 

experimental treatments. Additionally, water samples from Kashmar were analyzed to evaluate parameters such as pH, EC, and nutrient 

content, given their potential influence on crop growth and soil chemistry (Table 1, 2). 

The purpose of these analyses was to establish a comprehensive understanding of the initial soil and water conditions before implementing 

the experimental treatments. This baseline data is fundamental for evaluating the effects of different interventions, such as irrigation 

strategies or soil amendments, on soil health, crop productivity, and environmental sustainability within this semi-arid region. 

 

Table 1 The experiment region of geographical and climatic characteristics  

Region Elevation (M) Longitude latitude 
Max 

temperature (oc) 

Min 

temperature (oc) 
Climate 

Kalateh Roudbar 1420 35.36 58.54 41.68 20.80 Temperate 

 

Table 2 Soil and water analysis of Kalateh rudbar 

Soil 

Parameter Sand (%) Silt (%) Clay (%) N (%) Fe (ppm) Zn (ppm) Organic carbon 

(%) 

Salinity 

(dS/m) 

P PPM K PPM pH 

Value 50 35 10 0.09 1.86 0.6 0.81 1.813 30.7 300 7.58 



 

Water 

Parameter Suspended solutes in 

water (mg/l) 

Sodium absorption 

ratio 

Cl- 

(mEq/ l) 

SO4- 

(mEq/ l) 
Salinity (Sµ) 

Na +  

Meq/l 

EC 

Ds/m 
pH 

Value 1035.12 2.46 7.2 4.7 1625 2.2 0.48 7.29 

 

The field experiment was conducted during the 2023-2024 growing season in Dameghan. The experiment included four levels of planting 

date (16 October, 15 November, 15 December, and 13 February) as the main plot, subplots include plant densities at four levels (6, 10, 14, 

and 18 plants/m2) and spraying of Se with fore concentrations of (0, 4, 8, 12 mg/l) (two weeks between one spraying and another after 

completing the emergence of cultivated seedling with a month of cultivating for each date). 

The experiment included three-factor which are the interaction among three planting dates, fore plant densities, and fore concentrations 

of Se. The Randomized Complete Block Design (RCBD) is used as a design for a three Split-Split Plot experiment. Design where the 

planting date is considered the Main plot, plant density is the Sub-Plot, and spraying with organic nutrients is the Sub-Sub-Plot. The 

treatments with Se were repeated twice in the Year, both in 2024, by applying the aforementioned water solution via spraying, the shallot 

plants were treated. The field experiment was conducted during the 2023-2024 growing season in Dameghan, Iran. The study employed 

a Split-Split Plot design to investigate the effects of multiple factors on plant growth and development. The main plot factor was the 

planting date, with four levels: 16 October, 15 November, 15 December, and 13 February. Subplots included four different plant density 

levels: 6, 10, 14, and 18 plants/m2. Additionally, three Se treatment levels were applied through foliar spraying at concentrations of 0, 4, 

8, and 12 mg/l. Applications were performed at two-week intervals, beginning after the emergence of the cultivated seedlings. Each 

treatment was maintained for one month for each planting date. With applications spaced two weeks apart, starting after the emergence of 

the cultivated seedlings. Each treatment was applied for a month for each planting date. 

The study was organized as a three factor factorial experiment to investigate the interactions among planting date, plant density, and 

selenium (Se) concentration. To facilitate a comprehensive analysis of these interactions, a Randomized Complete Block Design (RCBD) 

with a split-split plot arrangement was utilized. In this setup, the planting date served as the main plot factor, plant density as the sub-plot 

factor, and Se application as the sub-sub-plot factor. The treatments involving Se were replicated twice across two different iterations in 

2024, with plants being sprayed accordingly with the specified Se solution. This experimental setup allowed for a comprehensive 

evaluation of how planting time, plant density, and Se foliar application interactively influence crop performance, including growth 

parameters, yield, and stress tolerance. 

Sample Preparation 

After harvesting, the bulbs were cleaned thoroughly, and their outer shells were removed. The bulbs were then sliced into thin pieces using 

a plastic knife. A portion of the dry homogenized material was used immediately to measure nitrate and ascorbic acid levels. Another 

aliquot of the fresh slices was dried at 70 °C until reaching a constant weight and was subsequently used to determine polyphenols, protein, 

allicin, flavonoids, and antioxidant activity. Additionally, the selenium content in the bulbs was analyzed using homogenized samples that 

were dried at 20 °C to a constant weight. The harvest took place during the last week of July in the research years, when the bulbs had 

reached their maximum size. In each plot, several measurements were taken, including the number of bulbs and their total weight. The 

average bulb weight was calculated based on a sample of 50 bulbs. Additionally, a random sample of 25 marketable bulbs was collected 

from each plot and brought to the laboratory for detailed analysis. After harvesting, the bulbs were carefully separated from the plants, 

thoroughly cleaned, and the outer shells were removed. The bulbs were then sliced into thin pieces using a plastic knife. A portion of 

Freshly homogenized samples was dried at 70 °C until reaching a constant weight and was subsequently used for the analysis of 

polyphenols, flavonoids, and antioxidant activity. The selenium (Se) content in the bulbs was determined using homogenized samples that 

were dried at 20 °C until they reached a constant weight. Harvesting was carried out in the last week of July during each research year, at 

which point the bulbs had reached their maximum growth stage. For each plot, the following measurements were taken: the number of 

bulbs, total and average bulb weight determined from a sample of 50 bulbs, and the weight of individual bulbs. Additionally, a random 

sample of 10 marketable bulbs was collected from each plot and transported to the laboratory for detailed analytical assessments. 

Plant Height 

Plant height was measured from the base of the plant up to the topmost part of the highest leaf. A ruler was used to take these measurements 

accurately. 

Yield 

The harvest took place during the final week of July in both years of the study, coinciding with the period when the bulbs had attained 

their peak growth. In each plot, several assessments were conducted, including counting the number of bulbs and recording their total 

weight. Additionally, the average weight of bulbs was calculated from samples of 50 units. Furthermore, from each plot, a random sample 

of 25 marketable bulbs was selected and transported to the laboratory for detailed analytical analyses. Harvesting was carried out in the 

last week of July during both research years, at which time the bulbs had reached their maximum growth. In each plot, the following 

measurements were conducted: the number of bulbs, total bulb weight, and mean bulb weight calculated from a representative sample of 

25 bulbs. Additionally, a random sample of 25 marketable bulbs was collected from each plot and carefully transported to the laboratory 

for further analytical assessments. 

Total Polyphenols Contents (TPC) 

TPCs were quantified in water extracts by use of the Folin–Ciocalteu colorimetric method [21]. 1 g of dry shallot bulb powder was 

extracted with 20 ml of 70% ethanol at 80 °C for 1 hour. The solution was then cooled and transferred to a volumetric flask, with the 

volume adjusted to 25 ml. The extract was filtered through filter paper to remove solids, and a 1 mL aliquot of the filtrate was transferred 

to a 25 mL volumetric flask. To this, 2.5 ml of saturated Na₂CO₃ solution and 0.25 ml of diluted (1:1) Folin–Ciocalteu reagent were added. 



 

The solution was then made up to 25 mL with distilled water. After one hour, the reaction mixture was analyzed spectrophotometrically 

using a Unico 2804 UV spectrophotometer (USA). The concentration of polyphenols was determined based on the absorbance at 730 nm, 

using gallic acid (0.02%) as an external standard for calibration. 

The dilutionseries of standards were: 

Sample extract(stock): 0.01 gram in 1 ml 

Equation: y = 0.0078x - 0.0679, R2 = 0.9969 

Absorbance: Sample was serially diluted- 

1000(µg/ml) = 0.598 

500(µg/ml) = 0.296 

250(µg/ml) = 0.127 

125(µg/ml) = 0.063 

62.5(µg/ml) = 0.026 

 

 
 

Fig. 1 Gallic acid standard curve 

 

Flavonoids 

In this study, the total flavonoid content of samples was determined using a spectrophotometric method based on the formation of a 

complex between flavonoids and aluminum chloride (AlCl₃) [22]. First, 1 gram of dried, homogenized sample was mixed with 10 

milliliters of methanol. This mixture was left at room temperature for 2 hours to ensure thorough extraction of flavonoids. After this 

incubation period, the mixture was filtered through a pleated filter to remove any solid particles and obtain a clear extract. 

Next, 0.2 milliliters of the filtered extract was diluted with 1.8 milliliters of methanol. To this solution, 0.1 milliliters of a 2% aluminum 

chloride solution, 0.5 milliliters of a 1 molar sodium acetate solution, and 1 milliliter of distilled water were added. The resulting mixture 

was incubated at room temperature for 30 minutes, allowing the complex between flavonoids and aluminum chloride to form fully. After 

incubation, the absorbance was measured at a wavelength of 415 nanometers using a spectrophotometer. 

To quantify the total flavonoid content, a standard calibration curve was constructed using five different concentrations of a quercetin–

AlCl₃ complex. Quercetin, which served as the standard reference compound, was purchased from Fluka in Switzerland. This method 

provides a quick, sensitive, and reliable way to estimate the amount of flavonoids, with known antioxidant potential, in plant-based samples. 

Such measurements are important for assessing the nutritional and health-related properties of natural products. 

the standard curve equation: y = 0.0092x + 0.0249, r 2 = 0.985; Figure 2) 

 

 
Fig. 2 Quercetin standard curve 

 

Antioxidant Activity (AOA) 

The Shallot bulbs’ antioxidant activity was evaluated using a redox titration method [23], which involves titrating a 0.01 N potassium 

permanganate (KMnO₄) solution with ethanolic extracts derived from the shallot bulbs. During this process, the KMnO₄ acts as an 



 

oxidizing agent, and its reduction to the colorless Mn²⁺ ion signifies the presence of antioxidants in the extract. Specifically, the 

antioxidants dissolved in 70% ethanol reduce the permanganate, and the amount of KMnO₄ consumed reflects the antioxidant capacity of 

the sample. 

The results were expressed as milligrams of gallic acid equivalents (GAE) per 100 grams of dry weight (mg GAE·100 g/d.w.). This 

approach of using KMnO₄ in an acidic medium has previously been successfully employed to assess the antioxidant potential of Ocimum 

basilicum [24] and to measure the antioxidant capacity of serum samples. It provides a straightforward and reliable way to estimate the 

antioxidative properties of plant materials and biological fluids. 

Relative Water Content (RWC) 

The relative water content (RWC) was calculated using the formula developed by Taheri et al [25], which takes into account the fresh 

weight, turgid weight, and dry weight of the leaves: 

𝑅𝑊𝐶(%) = (
𝐹𝑊−𝐷𝑊

𝑇𝑊−𝐷𝑊
) ∗ 100                    (1) 

FW: Fresh weight; DW: dry weight; TW turgid weight. 

Allicin 

The determination of allicin content followed the procedure outlined by Miron et al. [26]. Initially, 0.5 g of shallot powder was mixed 

with 10 milliliters of distilled water and placed on a shaker at room temperature for 30 minutes to facilitate extraction. After incubation, 

the mixture was centrifuged at 6000 rpm for 30 minutes to separate the supernatant, which contained the soluble compounds, including 

allicin. From this supernatant, 1500 microliters (1.5 mL) were transferred into a reaction vessel and combined with 750 microliters of 4-

mercaptopyridine solution. The reaction mixture also included 0.2 mL of a reagent labeled MP, 2 mM EDTA, and 50 mM of a buffer 

solution likely sodium phosphate (Na₃PO₄). The absorbance of this mixture was measured at 324 nanometers using a spectrophotometer. 

Readings were taken at five-minute intervals over a total of 15 minutes. The decrease in absorbance (ΔA) over this period reflects the 

amount of allicin present in the sample. The allicin concentration was then calculated using the relation specified as (3), which likely 

involves a calibration curve or a formula linking ΔA to allicin amount.  

The dilution series of standards was l(+)- and l(±)-S-allylcysteine sulfoxides (natural and racemic alliin), S-allylcysteine, diallyl disulfide, 

and diallyl trisulfide. 

𝐶 =
d ∆ A

ε
 

C = Concentration of allicin (mg/gr) 

D = Dilution factor 

€ = 19.800 M/cm   

Leaf Area Index (LAI) 

To reduce of the marginal effect, all samples were taken from the middle of each plot. Leaf area index (LAI) was also measured by a 

specific leaf area meter at each step. 

Statistical Analysis   

This experiment was conducted using a combined analysis approach, with the fundamental design being factorial. The data were analyzed 

through analysis of variance (ANOVA), and mean comparisons were performed at a 5% significance level using the LSD (Least 

Significant Difference) test. All statistical analyses were carried out with SAS software (Version 9.4). Additionally, MS Excel was used 

to create and visualize the diagrams and graphical representations of the results. 

RESULTS AND DISCUSSION 

Plant Height 

Plant height showed a significant response to treatment in Shallot plants (Table 3). Shallot plants grown under the treatment of the first 

planting date and 6 plants/m2 density by use of Se selenate 12 mg/l resulted in the tallest plant (57.5 cm) compared to other treatments. 

On the other hand, the shortest Shallot plants (40.1 cm) were observed in control treatments (use of Se selenate, first planting date and, 6 

plant/m2 density (Figure 1). 

Plant height showed a significant response to the different treatments in shallot plants (Table 3). The tallest plants, measuring an average 

of 57.5 cm, were observed in plants grown under the combination of the first planting date, a density of 6 plants/m2, and foliar application 

of Se at 12 mg/l. In contrast, the shortest shallots, with an average height of 40.1 cm, were found in the control group that did not receive 

Se, regardless of planting date and plant density (Figure 1). This indicates that Se application and optimal planting conditions can 

significantly promote plant growth. 



 

 
Fig. 1 The interaction effects of planting dates × planting density × Se selenate on height in Shallot. Columns with similar letters did not differ significantly.
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Table 3 Results of analysis of variance (mean squared) of physio-morphological traits in shallot 

* and ** Significantly at the probability level of %5 and %1, respectively. ns= Not significantly 

 

 

 

Source DF Plant height Yield Phenols Flavonoids  Antioxidant Activity LAI Allicin Chlorophyll content 

Planting Date (PDa) 2 856.74 ** 24257.20 * 5.2485 ** 1.7865 ** 2.5241 ** 2.0584 ** 0.0354 * 0.44 ns 

Plant Density (PDe) 3 2826.3 ** 251411 * 2.654 ** 1.05178 ** 11.417 ** 50.246 ** 0.0254 * 0.86 * 

Se (S) 2 1836.7 ** 163254 ** 8.0841** 1.02541 ** 2.1782 ** 1.2517 ** 0.0615 * 1.05 ** 

PDa * PDe 6 100.05 * 85416.5 * 1.1731 * 0.08719 * 0.1634 ** 0.1748 ** 0.1164 ** 0.38 ns 

PDa * S 3 1121.3 ** 11524.25 ns 2.4215 ** 0.1905 ** 0.3144 ** 0.1456 ** 0.2841 ** 0.29 ns 

PDe * S 2 903.6 * 88741 ** 1.2876 * 0.0524 * 0.4517 ** 0.63142 * 0.3541 ** 1.11 * 

PDa * PDe * S 6 158.25 * 2154.3 * 0.6605 * 0.1275 ** 0.1124 ** 0.3541 ** 0.2874 ** 0.095 ns 

Error 12 43.81 20387.4 0.3451 0.00967 0.00134 0.0347 0.0034 0.132 

CV  9.25 11.04 5.97 7.66 3.27 9.28 8.18 4.25 



 

Yield 

A significant interaction effect between treatment was observed for Shallot yield. Planting dates and plant density had significant effects 

on plant yield in Shallot (Table 3). Considering the interaction effect of planting dates and plant density, the highest yield (6.2 kg/m2), 

was observed in the first planting dates with a density of 6 plant/m2. While in the last planting date, treatments and density of 18 plants/m2, 

the lowest yield (0.471 kg/m2) was observed (Figure 2). 

A significant interaction effect between planting date and plant density was observed for shallot yield (p < 0.05), indicating that the 

combined influence of these factors significantly affected productivity (Table 3). The experimental design involved a factorial arrangement 

with multiple planting dates and density levels, allowing for a comprehensive assessment of their individual and interactive effects on 

yield. Analysis of variance (ANOVA) revealed that both main factors, planting date and plant density, had significant main effects (p < 

0.01), and their interaction was significant (p < 0.05), underscoring the importance of their combined influence. The highest yield, recorded 

at 6.2 kg/m2, was obtained from shallots planted on the first planting date at a density of 6 plants/m2. In contrast, the lowest yield, 0.471 

kg/m2, was observed in the last planting date under a high-density treatment of 18 plants/m2 (Figure 2). These findings demonstrate that 

early planting coupled with lower plant density can substantially enhance yield, whereas late planting and high density may negatively 

impact productivity. Such results emphasize the importance of optimizing both planting timing and cultural practices to maximize shallot 

yield, which has practical implications for best management practices in regional cultivation systems. 

 

Fig. 2 The interaction effects of planting dates × plant density on yield of Shallot. Columns with similar letters did not differ significantly. 

 

Table 3 illustrates the significant impact of all treatments on the allicin contents of Shallots. The results of the analysis of variance (Table 

3) show that the Se concentration, plant density, and different planting dates had a significant effect on allicin contents. Mean comparisons 

of data showed that the highest allicin (2.85 mg/g) was obtained in the first planting dates with a density of 6 plants/m2 by use of Se 12 

mg/m. The lowest allicin content (1.38 mg/g ) was obtained in the use of se sodium, the last planting dates with a density of 18 plants/m2 

(Figure 5). 

Table 3 illustrates the significant effect of all treatment factors on the allicin content in shallots. The experimental design employed a 

factorial arrangement with varying Se concentrations, planting dates, and plant densities, allowing for evaluation of their individual and 

interaction effects. The analysis of variance (ANOVA) results confirmed that each factor, Se concentration, plant density, and planting 

date, had a statistically significant influence on allicin accumulation (p < 0.05). Interaction effects between these factors were also 

examined, revealing complex relationships that impact phytochemical content. 

Mean comparison tests indicated that the highest allicin content, 2.85 mg/g, was achieved in plants harvested during the first planting date 

at a density of 6 plants/m2 and treated with Se at 12 mg/l. In contrast, the lowest allicin level, 1.38 mg/g, was recorded in the treatment 

where Se was not applied, planted on the last planting date at a density of 18 plants/m2 (Figure 3). These results underscore the synergistic 
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effects of early planting, optimal plant density, and Se supplementation in enhancing the synthesis of bioactive compounds like allicin, 

which are critical for the nutritional and medicinal quality of Shallots. 

 

Fig. 3 The interaction effects of planting dates × plant density × Se on allicin of Shallot. Columns with similar letters did not differ significantly. 

 

Total Flavonoids Content 

Table 3 illustrates the significant impact of all treatments on the total flavonoid content in Shaloot. The 6 p/m2 with the use of Se 12 mg/l 

resulted in the highest flavonoid content (54.3 mg/g). Conversely, the 18 p/m2 density yielded the lowest flavonoid content (32.29 mg/gr). 

(Figure 4). Table 3 demonstrates that all treatments exerted a statistically significant influence on the total flavonoid content in Shaloot. 

Notably, the treatment combining a plant density of 6 plants/m2 with the application of 12 mg/l Se resulted in the highest flavonoid 

concentration, measuring 54.3 mg/g of dry weight. In contrast, the highest plant density of 18 plants/m2, without Se supplementation, 

yielded the lowest flavonoid content, at 32.29 mg/g (Figure 4). 

 

Fig. 4 The interaction effects of Na₂Se × plant density on flavonoids of Shallot. Columns with similar letters did not differ significantly. 

 

Leaf Area Index (LAI) 

Across all treatment used, the temporal pattern of LAI development followed a similar trajectory. During the initial growth phase, LAI 

increased at a relatively slow rate, reflecting early vegetative establishment, and around 20 to 25 days after planting (DAP), it transitioned 

into a phase of linear, rapid growth. The LAI reached its maximum value between 35 and 40 DAP, indicating the peak vegetative 

development. Subsequently, a gradual decline in LAI was observed, persisting until the end of the growing season, which likely reflects 
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the natural senescence process and resource allocation shifts within the plant. Among the treatment groups, the combination of 12 mg/l 

Na₂Se application and a plant density of 6 p/m2 resulted in the highest LAI, highlighting the synergistic effect of Se supplementation and 

optimal density on foliage development. Conversely, the control treatment, which lacked Na₂Se supplementation, exhibited the lowest 

LAI throughout the growth cycle. These findings underscore the significant influence of both Se application and plant density management 

on leaf area expansion, which directly impacts photosynthetic capacity and, ultimately, crop yield potential  (Figure 5, 6). 

 

Fig. 5 Development of LAI at doses of Se selenat 

 

Fig. 6 Development of LAI at various planting dates 

 

Total Phenolic Compound (TPC) 

Variance analysis indicated that total phenolic compounds (TPC) in shallots were significantly affected by both plant density and the 

application of Se (p< 0.05). The experimental design involved a factorial arrangement allowing for the assessment of main and interaction 

effects, with results confirming that both factors had a statistically significant influence on TPC levels. The highest TPC content, 45.30 

mg/g, was observed in treatments combining an application of Na₂Se at 12 mg/l with a plant density of 6 plants/m2. Conversely, the lowest 

TPC value, 28.5 mg/g, was found in treatments without Se application at the higher plant density of 18 plants/m2 (Figure 7). These findings 

suggest that biofortification with Se, particularly at optimal application rates and lower plant densities, can substantially enhance the 

phenolic content of shallots, which is important for their antioxidant properties and overall nutritional quality. 
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Fig. 7 The interaction effects of different planting dates × Se on TPC. 

 

Antioxidant Activity 

Variance analysis (Table, 3), results reveal that the antioxidant activity in Shallot was significantly influenced by both plant density and 

the application of Se. Specifically, the highest antioxidant activity content, measuring 84.61 mg per gram, was observed when a Se 

application rate of 12 mg/l was combined with a plant density of 6 plants/m2. Conversely, the lowest antioxidant activity value, 66.37 

mg/g, was recorded in the treatment without Se application at a higher plant density of 18 plants/m2 (Figure 8). 

 

 

Fig. 8 The interaction effects of planting density × Se on antioxidant activity. 

 

DISCUSSION 

This research indicates that the planting dates, plant density, and spraying of Se, along with their interactions, significantly affect the plant 

height, plant yield, phytochemical characteristics, and allicin content of shallots (Table 3). In this study, the effect of plant density on 

nutrient uptake per hectare was examined, showing a significant relationship. Results indicated that lower plant densities, measured in 

plants per square meter, led to reduced absorption of nitrogen, phosphorus, and potassium in shoots, roots, and overall plant parts, 

compared to higher plant densities. The decrease in nutrient uptake was linearly correlated with a reduction in biomass per hectare. Lower 

plant densities also resulted in a decline in both plant population numbers and total biomass per hectare. These findings are consistent with 

previous research, which reports that higher plant densities tend to produce greater biomass per hectare than lower densities [27]. Plant 
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density plays a crucial role in influencing the leaf photosynthetic capacity, agronomic traits, and overall yield of crops. For instance, 

increasing plant density has been shown to enhance the leaf area index in crops such as buckwheat [28], blessed thistle [29], and rice [30], 

which subsequently leads to greater shoot biomass and improved crop yields. Similar findings have been reported in various studies; for 

example, Liaqat et al. [31] demonstrated that plant density has a major impact on plant height and onion yield in Bahawalpur, Pakistan, 

although it did not significantly influence bulb diameter. Additionally, Khadrah et al. [32] observed that lower plant densities in onion 

cultivation in Egypt resulted in increased marketable bulb yield. Shallot is known for its high antioxidant activity, which is primarily 

attributed to the presence of sulfur compounds such as diallyl disulfide, diallyl trisulfide, allyl, and allicin, as well as flavonoids like 

quercetin glucosides, polyphenols, ascorbic acid, and saponins [33]. In this study, the average levels of flavonoids and polyphenols fell 

within the ranges reported for similar varieties from Poland, Indonesia, and Vietnam [34]. Numerous studies have demonstrated that the 

use of Na₂Se can significantly stimulate the accumulation of secondary metabolites, including polyphenols, flavonoids, and allicin, in 

various crops such as lettuce [35], potato [36], Allium cepa (onion) [37], and leek [38]. These findings suggest that Na₂Se may enhance 

the nutritional value and health-promoting properties of these plants by boosting their phytochemical content. Phenolic compounds play 

a critical role in plant physiology by influencing mitosis and cell growth. It also functions as a vital cofactor for enzymes involved in the 

biosynthesis of secondary metabolites, including phytohormones, and provides protection against environmental stresses [39]. During our 

experiment, the highest TPC in shallots was observed when both plant density and sodium selenate application were employed. Shallots 

are particularly noted for their high antioxidant activity, which is mainly due to the presence of sulfur compounds like diallyl disulfide, 

diallyl trisulfide, and allicin, along with flavonoids and polyphenols. 

The levels of flavonoids and polyphenols recorded in this study were within the ranges previously reported for Indonesian, Vietnamese, 

and Polish varieties of shallots [40-42]. Notably, the application of sodium selenate in our experiment resulted in a significant enhancement 

of antioxidant activity, which is consistent with earlier findings on A. cepa and other Allium species [39]. In Iran, due to its unique habitat 

conditions and reproductive characteristics, shallot is classified as a non-permitted plant for natural resource exploitation. However, its 

high economic value, pleasant taste, and medicinal properties have led to extensive overharvesting, placing it among the endangered 

species. Consequently, the domestication and systematic cultivation of this plant are considered inevitable [43]. 

CONCLUSION 

Based on the main findings of this study, the planting date, plant density, and application of sodium selenate significantly enhanced the 

evaluated agronomic and physiological traits of shallot (Allium ascalonicum). The optimal cultivation strategy for shallot in the Kalateh 

Roudbar region was identified as an early planting date combined with a plant density of 6 plants/m2 and foliar spraying with 12 mg/l 

sodium selenate. This treatment regime resulted in the highest yield and significantly improved physiological parameters, including 

chlorophyll content, total phenolic compounds (TPC), allicin concentration, and flavonoid levels, compared to other treatment groups. 

These results highlight the positive impact of Se supplementation and appropriate agronomic practices on both the quantity and quality of 

shallot production. Enhanced chlorophyll content suggests improved photosynthetic efficiency, while increases in bioactive compounds 

such as allicin, flavonoids, and phenolics indicate greater medicinal and nutritional value. Given the unique ecological characteristics and 

restricted natural habitat of shallot in Iran, the species is currently classified as a non-permitted plant for the exploitation of natural 

resources to prevent further depletion. Overharvesting due to its high economic value, distinct flavor, and recognized medicinal benefits 

has rendered the shallot endangered in the wild. Therefore, domestication and controlled cultivation are essential to conserve natural 

populations and meet market demand sustainably. The outcomes of this research provide a scientific basis for promoting the large-scale 

cultivation of shallot (locally known as musir), which can serve as a valuable income source for rural households while contributing to 



 

the preservation of this important medicinal plant. Implementing these optimized agricultural practices may aid in balancing conservation 

efforts with economic development in shallot-growing regions of Iran. 
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