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synergistically improve bulb yield and levels
of bioactive phytochemicals in onion grown
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Abstract
E-mail: Mineral nutrition is one of the most effective means of improving the
Ma.alabedy2017@tu.edu.iq quantitative and qualitative characteristics of onion production systems. In

semi-arid regions where alkaline soils are the most widespread type, iron
Received: 06/09/2025 deficiency chlorosis and potassium insufficiency severely limit onion yield. This
Acceptance: 23/11/2025 experiment assessed the interactive effects of chelated iron foliar application
Available Online: 24/11/2025 and potassium sulfate soil application on yield parameters and the
Published: 01/01/2026 accumulation of bioactive compounds in onions under field conditions. A two-

factor factorial randomized complete block design was employed, with three
concentrations of chelated iron foliar spray (0, 2.25, and 4.5 g/L) and three
rates of potassium sulfate (0, 150, and 300 kg K,SO,/ha). Standard methods
were used to analyze bulb characteristics and bioactive compound content.
Maximal improvements were observed with the highest treatment combination
(F3K3: 4.5 g/L Fe-EDTHA + 300 kg/ha K,S0,), which increased fresh and dry

Keywords: Onion, Chelated bulb weights by 80.9% and 102% compared to control, respectively. A notable
iron, Potassium, Foliar, Yield, increase in phenols, flavonoids, glycosides, and terpenoids content was
Bioactive observed under the F3K3 treatment compared to the control. The synergistic

effects of Fe and K were most pronounced in fresh and dry bulb weights.
Therefore, the application of chelated iron and potassium sulfate proved to be
an effective strategy for enhancing both the yield and nutritional value of
onions under alkaline soil cultivation conditions.

1. Introduction

Onion (Allium cepa L.) is a highly profitable horticultural crop, with an annual global production of over 104.5 million
tons [1]. Onion is widely used in different cuisines and is considered a key element in the human diet. Additionally,
this crop has received tremendous interest due to its remarkable properties, including abundant bioactive compounds
such as organosulfur compounds, phenolic acids, flavonoids, and saponins, and their significant antioxidant, anti-
inflammatory, antibacterial, and cardioprotective effects [2][3]. Agricultural practices, particularly mineral nutrition
management, have been shown to have immense implications for the synthesis and accumulation of these health-
promoting compounds [4].

Iron deficiency is one of the most common micronutrient constraints in crop production systems, especially for
vegetables cultivated in alkaline and calcareous soils [5]. Iron deficiency in onion production results in interveinal
chlorosis, diminished photosynthetic capacity, and poor bulb formation [6]. In this context, the use of non-chelated
iron mineral fertilizers is inefficient, since rapid precipitation and fixation are common in alkaline soils. These
phenomena prompt the use of other iron fertilization methods, including chelated iron formulations [7].
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Potassium is the most abundant inorganic cation in plant tissues. It is involved in the basic regulation of osmosis,
activation of enzymes, protein production, and carbohydrate metabolism [8]. During onion production, optimal
potassium nutrition is necessary for normal bulb development, maintenance of storage quality, and resistance to
physiological disorders [9]. Potassium availability has been found to greatly affect the biosynthesis of secondary
metabolites in Allium species [10].

Nutrient synergism in plant nutrition has gained increasing attention in recent years, as the combined effects of some
nutrients are more influential than the sum of their individual effects [11]. Potassium ensures cellular integrity and
enzyme performance, and iron facilitates electron transport mechanisms; collectively, these two elements have crucial
synergistic interactions in plant metabolism [12]. Onion yield and bioactive compound production may be affected by
chelated iron and potassium, but this interaction has not been thoroughly studied.

In contrast to inorganic sources of iron, chelated iron formulations display advantages that include enhanced plant
uptake and nutrient retention despite alkaline soil conditions [13]. Foliar application of chelated micronutrients helps
avoid soil-based limitations and provides expedient correction of deficiencies [14]. Consequently, an optimized
combination of foliar chelated iron and potassium fertilization can improve onion production in terms of both yield
and quality indicators under alkaline cultivation conditions. Therefore, this study was designed and conducted to: (1)
determine the separate and combined effects of foliar application of chelated iron and potassium fertilization on
growth and yield characteristics in onion; (2) evaluate how these treatments influence bioactive compound
accumulation in onion bulbs; (3) identify the most effective treatment combinations to enhance yield and quality; and
(4) develop evidence-based guidelines for integrated nutrient application in onion production systems.

2. Materials and Methods
2.1. Experimental location and environmental conditions

The field trial was carried out at Research Station of the College of Agriculture, University of Tikrit, Iraq (35 40 N, 43
41 E, with an altitude of 140 m above sea level) during the growing season 2017-2018. The climate at the
experimental site is semi-arid continental with hot and dry summer and mild winter. The soil analysis showed
alkaline conditions (7.8-8.2 pH) with moderate organic matter content (1.8-2.2%) and sufficient phosphorus
availability.

2.2, Experimental design and treatments

The experiment employed a two-factorial design arranged in a Randomized Complete Block Design (RCBD) with three
replicates. The experimental factors consisted of:

Factor A - Chelated Iron Foliar Application:
e F1:0g/L (control - distilled water spray)
e F2:2.25g/L chelated iron (Fe-EDTA)
e F3:4.5 g/L chelated iron (Fe-EDTHA)
Factor B - Potassium Sulfate Application:
e K1:0 kg K,S0,/ha (control)
e K2:150 kg K,S0,/ha (equivalent to 72 kg K,0/ha)
e K3:300 kg K,S04/ha (equivalent to 144 kg K,0/ha)

The factorial combination resulted in nine treatment combinations (F1K1, F1K2, F1K3, F2K1, F2K2, F2K3, F3K1, F3K2,
F3K3), each replicated three times, totaling 27 experimental units.
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2.3. Field operations and crop management

The plots (4 m?) were designed to contain four planting rows with 25 cm inter-row and intra-row distance between
plants and a total of 64 plants in a plot. Planting of well-established onion (Allium cepa L., cv. Texas Early Grano)
transplants was done on November 15, 2017. Chelated iron was added to the solution as either Fe-EDTA (6% Fe) or
Fe-EDTHA (6% Fe).

The foliar sprays were conducted once every 15 days, between 6:00 and 8:00 AM beginning three weeks after
transplantation until the bulb development and a total of ten foliar sprays was given throughout the crop cycle of 150
days. Homogenous coverage and reduced drift losses were achieved by the use of hand-held sprayers with fine-mist
nozzles.

K2S04 (48% K20 + 18% S) was used as a source of potassium and was provided at three equal doses: at the time of
transplanting, 45 days after transplanting (vegetative stage), and 90 days after transplanting (bulb initiation stage).
The doses were added manually on the soil around the root zone after which they were irrigated instantly to improve
solubility and nutrient uptake.

A drip (trickle) irrigation system was used ensuring that soil moisture did not exceed 70-80% field capacity
depending on the water demand of the crops. Weed control, pest surveillance, and disease prevention were applied
consistently in all treatments to reduce the variability presented by the experiment.

2.4. Data collection and sampling procedures

The onion bulbs were harvested at physiological maturity (approximately 150 days after transplanting), when 50% of
plant leaves reached senescence. To avoid edge effects, five plants were randomly picked for comprehensive
measurements from the central area of each plot, eliminating border plants. All analytical measurements were
repeated in triplicates.

2.4.1. Bulb characteristics

Bulb weight (g): fresh weight of each individual bulb was measured using a sensitive analytical balance (deviation
0.01g) immediately after harvest.

Bulb diameter (mm): Two perpendicular measurements to largest horizontal diameter of the bulb were taken with
digital calipers, and the bulb diameter was recorded as an average of the two measurements.

Fleshy leaves count: The count of fully formed fleshy scales in each bulb was recorded by carefully dissecting the
bulb.

Dry matter content: For this analysis, 50 g of each bulb (fleshy leaves) were placed in the oven (at 65°C) until a
constant weight was achieved (approximately after 72 hours). Dry matter percentage was recorded as: final dry
weight / fresh weight x 100.

2.4.2. Bioactive compounds analysis

Fresh onion bulbs were washed up, peeled and cut into little fragments. The samples were then immediately frozen in
liquid nitrogen and later lyophilized. The dried samples were milled fine and pulverized with a mechanical mill and
stored at -20°C until use.

Total phenolic content (TPC): TPC was determined using the Folin-Ciocalteu method [15]. Sample extraction was
performed using Soxhlet apparatus with 80% ethanol at 55°C for 4 hours. The extract was concentrated under
reduced pressure using rotary evaporator. Phenolic content was determined by mixing 150 pL extract with 500 pL
Folin-Ciocalteu reagent and 1.5 mL 20% sodium carbonate. The samples were incubated in complete darkness for 2
hours at ambient temperature and light absorbance was measured at 765 nm using UV-Vis spectrophotometer.
Results were expressed as mg gallic acid equivalent per gram dry weight (mg GAE/g DW).

Total flavonoid content (TFC): TFC was quantified using aluminum chloride colorimetric method with rutin as
standard [16]. Previously described methanolic extract (50 pL) was mixed with 1 mL methanol, 4 mL distilled water,
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0.3 mL 20% sodium nitrite, and 0.3 mL 20% aluminum chloride. After 10 minutes, 2 mL 1M sodium hydroxide was
added, volume adjusted to 10 mL, and light absorbance measured with a UV-VIS spectrophotometer at 510 nm.
Results were then expressed as mg rutin equivalent per gram dry weight (mg RE/g DW).

Glycoside content (GC): The overall glycoside concentration was determined based on the Baljet colorimetric assay
[17]. The dried sample of an onion (10 g) was extracted with 80% methanol over a 24-hour period at room
temperature. The extract was then combined (10 mL of the extract and 5 mL of Baljet reagent, which was prepared as
95 mL of 1% picric acid and 5 mL of 10% NaOH) and stored to react for 1 hour in the dark. Then, 20 mL of distilled
water was added and the absorbance was read at 495 nm with a UV-VIS spectrophotometer. The securidaside
(isolated cardiac glycoside of Securigera securidaca) was used as a reference to construct standard curve and the
measurements were converted to a percentage in dry weight (% DW).

Terpenoid content: The spectrophotometric approach was employed to determine the total terpenoid content [18].
The dried sample (1.5 g) was mixed with 7 mL of methanol-acetonitrile solution (1:1 v/v), swirled and stored in the
darkness of 24 hours. The mixture was centrifuged at 6000 rpm for 10 minutes and 5 mL of the supernatant was
transferred and reacted with 1.5 mL of chloroform and 0.5 mL of concentrated sulfuric acid. The absorbance at a wave
length of 538 nm was determined after color development with linalool serving as a standard. The terpenoids were
then estimated as percentage in dry weight (% DW).

Saponin content: The amount of total saponins was measured on the basis of vanillin sulfuric acid colorimetric assay
[19] to reduce the interference of solvents. In a nutshell, the dried sample of 0.25 g was extracted using 80% ethanol
(20 mL, at 60°C, for 1 hour), filtered, and reduced to a known volume. An aliquot (0.25 mL) was dried, 0.25 mL of 8%
vanillin solution and 2.5 mL of 72% H2SOs4 were added. The mixture was vortex-mixed, and the sample was then
heated at 60°C to eliminate moisture. The absorbance value was taken at 544 nm and the total saponins were
estimated as percentage in dry weight compared to an aescin equivalent (% DW).

2.5. Statistical analysis

Data were subjected to analysis of variance (ANOVA) using SAS statistical software (Version 9.4). Treatment means
were compared using Duncan's Multiple Range Test (DMRT) at p<0.05 significance level. Interaction effects between
iron and potassium treatments were evaluated, and correlation analysis was performed to assess relationships
between yield and quality parameters. Standard errors were calculated for all means to assess treatment variability.

3. Results and Discussion

The results show that bulb weight increased progressively with higher iron and potassium inputs. The F3K3
treatment (4.5 g/L Fe-EDTHA + 300 kg/ha K,S0,) produced the heaviest bulbs at 299.19 g, representing an 80.9%
increase over the control (F1K1: 165.43 g). Even the lowest effective treatment, F1K2 (no iron, 150 kg/ha K), yielded a
33.6% increase (221.07 g). Notably, the combination of F2K3 (2.25 g/L Fe-EDTA + 300 kg/ha K) achieved 288.96 g,
which is 74.7% higher than control (nearly matching F3K3) (Fig. 1 A). Therefore, a decent increase can be observed
under K fertilization only; however, the combined application of chelated iron and potassium resulted in more
pronounced increases in bulb weight.

As for bulb diameter, The F2K3 treatment resulted in the highest values (82.04 mm) significantly surpassing other
treatments except for F3K1. On the other hand, the control recorded the smallest bulb diameter value with 73.61 mm
(Fig. 1 B). Similarly, a significantly higher number of fleshy leaves was observed in F2K3 (14.7 leaves per bulb) while
the lowest number of fleshy leaves was observed in the control with 10.3 leaves per bulb (Fig. 1 C). Dry weight
corresponded with fresh weight values, as both F3K3 and F3K2 scored the highest values (19.08 and 1892 g,
respectively). Both treatments surpassed all other treatment combinations. It is worth noting that F3K3 resulted in
102% increase in DW compared to control, while F3K2 [4.5 g/L chelated iron (Fe-EDTHA)+150 kg/ha K,S0,] resulted
in 25% increase compared to F1K3 (No chelated iron application and 300 kg/ha K,SO,) which highlights the
synergistic effect of Fe and K at these levels in the build and accumulation of dry matter (Fig. 1 D).
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The analysis of bioactive compounds revealed a non-significant synergistic effect between Fe and K applications. Total
phenolic content (TPC), Total flavonoid content (TFC), Glycosides content, and Terpenoids content were maximized
under F3K3 with 53.96 mg GAE/g DW, 55.95 mg RE/g DW, 3.644% DW, and 3.507% DW, respectively. Notable
differences were observed between this treatment and control in terms of the aforementioned compounds, as F1K1
(control) scored significantly lower values (Fig. 1 E-H). However, no significant differences were noted between F3K3
and other application treatments (F1K2, F1K3, and F3K2). This observation indicated that K influence on bulb content
of phenols, flavonoids, glycosides, and terpenoids was more pronounced compared to Fe. On the other hand, the
highest saponin content was observed in F2K1 (2.25 g/L chelated iron (Fe-EDTA) and 0 kg K/ha), which highlights Fe
role in saponin synthesis (Fig. 1 I).
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Figure 1. The effect of chelated iron and potassium treatments on characteristics and bioactive compounds content in
onion bulbs. Factor A - Chelated Iron Foliar Application: F1: 0 g/L (control - distilled water spray), F2: 2.25 g/L chelated
iron (Fe-EDTA), F3: 4.5 g/L chelated iron (Fe-EDTHA). Factor B - Potassium Sulfate Application: K1: 0 kg K,SO,/ha
(control), K2: 150 kg K,S0,/ha (equivalent to 72 kg K,0/ha), K3: 300 kg K,S0,/ha (equivalent to 144 kg K,0/ha). Values
are represented as means * standard deviation. Treatments with different annotations (letters) in each characteristic are
significantly different from each other based on Duncan's Multiple Range Test (DMRT) at p<0.05.
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The outstanding positive changes marked in this study in terms of bulb fresh and dry weight could be ascribed to
various interlinked physiological processes that are boosted under the synergistic effect of chelated iron and
potassium nutrition. Application of chelated iron strongly enhances photosynthetic activity by increasing chlorophyll
production and electron transfer activities, where iron is considered an important building block of cytochromes,
ferredoxin, and iron-sulfur complexes vital in functioning of photosystems [20][21]. These findings are in accordance
with reports showing that increases in bulb weight were directly proportional to the increases in carbon assimilation
capacity [22].

The alkaline conditions of the experimental site (pH 7.8-8.2) reflect common problems encountered in onion
production in semi-arid regions where the precipitation of iron significantly reduces its availability. Under these
conditions, the chelated form of iron is necessary to ensure sufficient nutrition, and the effectiveness of chelated iron
used in this study confirms its functionality under field conditions. High soil alkalinity also impacts potassium
availability by competitive ion behavior and fixation which can severely reduce availability. Increasing potassium
rates in the current study, especially K3 levels (144 kg K,0/ha), improved bulb fresh and dry weights compared to
control and to lower K rates. For instance, F1K3 (No chelated iron application and 300 kg/ha K,S0,) resulted in 22%
and 63% increases in bulb fresh weight compared to F1K2 (No chelated iron application and 150 kg/ha K,SO,) and
F1K1 (control), respectively. Similarly, F1K3 resulted in 17.8% and 60.3% increases in bulb dry weight compared to
F1K2 and control, respectively. However, foliar application of 4.5 g/L chelated iron (Fe-EDTHA) without any
potassium addition (F3K1) resulted in a comparable bulb weight to that of F3K3 (with 300 kg/ha K,S0,). Similarly, no
significant differences were observed between F3K2 [4.5 g/L chelated iron (Fe-EDTHA)+150 kg/ha K,S0,] and F3K3
in terms of bulb dry weight. These observations collectively highlight the importance of synergistic effect of Fe and K
for onion production under alkaline soil conditions. Moreover, these results might refer to the role of chelated Fe in
enhancing K absorption and utilization in plant under alkaline soil conditions [23].

The substantial increases in phenolic compounds reflect enhanced activity throughout the phenylpropanoid pathway
where iron serves as a cofactor for several key enzymes [24], while potassium maintains optimal cellular conditions
for enzyme function [8]. Flavonoid synthesis involves multiple iron-dependent enzymes, including flavanone 3-
hydroxylase and flavonol synthase [25], with the 33% increase in flavonoid content indicating enhanced activity of
these enzymes under chelated iron application, while potassium maintains the cellular pH optimal for flavonoid
stability and transport [12]. Therefore, the significant enhancement of bioactive compound accumulation—
particularly phenolics and flavonoids—in onion bulbs following chelated iron and potassium application underscores
the pivotal role these nutrients play in modulating secondary metabolism. Given that phenolic and flavonoid
compounds are well-established mediators of plant stress responses (e.g., oxidative, biotic, and abiotic stress
mitigation), their upregulation suggests that Fe and K fertilization may bolster the plant’s physiological resilience.
Concurrently, this metabolic shift elevates the nutraceutical and nutritional quality of the bulbs, reinforcing the
agronomic and functional benefits of integrated Fe-K nutrient management.

The observed yield increases (80.9%) have provided clear economic backing to the full-nutrition approach, since the
increased investment expended can be regained in terms of marketable yield after the season. Furthermore, the
elevated levels of bioactive compounds enhance the functional quality of onion bulbs, aligning them with the
increasing demands of health-conscious consumer markets, where such value-added attributes increasingly command
premium pricing.

Despite the notable importance of the current observations, several limitations should be acknowledged: (1) the study
was conducted over a single growing season, limiting assessment of year-to-year variability; (2) only one onion
cultivar was evaluated, potentially limiting generalizability across genetic backgrounds; (3) economic analysis was not
conducted to assess cost-effectiveness across different market conditions. Consequently, future investigations should
address long-term sustainability of the nutrition approach across multiple seasons; optimization for different onion
cultivars and genetic backgrounds; integration with organic production systems; post-harvest storage quality and
shelf-life implications; and the environmental impact assessment of chelated micronutrient applications.
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4. Conclusions

It can be concluded that higher potassium input (144 kg K,0/ha) is necessary under alkaline conditions in order to
achieve a notable increase in onion bulb weight. However, similar outcomes are achievable with minimum potassium
fertilization when applying foliar chelated iron (4.5 g/L Fe-EDTHA). Moreover, both applications showed a notable
impact on bulb content of phenols, flavonoids, glycosides, and terpenoids. Consequently, more research should be
focused on the extended application of chelated iron under various K inputs in order to fully understand and exploit
the potential of the synergistic relationship between these two elements in onion nutrition.
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