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Abstract. Leal JS, Pabiona MG, Cristobal JU, Melencion AB, Labajo JRN. 2025. Effects of iron supplementation rates and time of 
application on iron biofortification and macronutrient uptake in radish (Raphanus sativus) microgreens. Asian J Agric 9: 94-102. This 
study investigates strategies to enhance iron biofortification in radish (Raphanus sativus) microgreens through various iron 
supplementation rates and application timings. The primary objectives were to evaluate fresh weight at harvest and iron absorption 
efficiency under different treatment conditions. Results demonstrated significant variations in fresh weight, with microgreens treated 
with SNAP + 10 ppm iron chelate six days post-blackout (A1B3) yielding the highest fresh weight (149.38 g), while those treated four 
days post-blackout showed the lowest weight (113.54 g). In terms of iron content, treatment A2B1 exhibited the highest concentration 
(247.78 ppm), whereas A1B2 recorded the lowest (185.03 ppm). The study highlights the intricate relationship between iron 

supplementation levels (Factor A) and application timing (Factor B) concerning growth and nutrient uptake dynamics in radish 
microgreens. Overall fresh weight did not differ significantly across iron levels, based on iron concentration x application timing. 
Moderate iron concentrations initially supported fresh weight, but excess levels hindered growth, emphasizing the delicate balance 
required in iron supplementation strategies. Nitrogen uptake benefited from moderate iron levels and delayed application, while 
phosphorus and potassium assimilation were optimized with timely nutrient supply (p<0.05). Notably, total potassium content varied 
significantly (p<0.05), peaking at 20 ppm iron, suggesting iron's facilitative role in potassium uptake up to a threshold. Moreover, iron 
content in microgreens remained stable across tested concentrations but significantly increased with specific application timings, 
underscoring the importance of precise nutrient management for effective iron biofortification. These findings contribute to advancing 

tailored nutrient management practices to optimize growth, nutrient uptake dynamics, and iron biofortification in radish microgreens. 
Future research directions should explore underlying physiological mechanisms to refine strategies for sustainable crop production and 
enhance nutritional quality. 
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Abbreviations: DAB: Days After Blackout, DMY: Dry Matter Yield, SNAP: Simple Nutrient Addition Program 

INTRODUCTION 

Although required in minute quantities, micronutrients 

are indispensable for plants and humans, and their 

deficiency can lead to severe health problems. Currently, 

one-third of the global population suffers from 

micronutrient deficiency, with pregnant women and 

children being the most affected groups Thompson and 
Amoroso (2014) and Harding et al. (2017). Iron deficiency, 

a significant cause of hidden hunger, leads to conditions 

such as anemia and impaired mental development 

(Yoneyama et al. 2015). This global health issue has 

persisted for years (Zielińska-Dawidziak et al. 2016). Iron 

is essential for producing hemoglobin, which plays a vital 

role in oxygen transport and respiration in humans 

(Morrissey et al. 2015). In plants, iron is crucial for 

photosynthesis, redox reactions, electron transport, leaf 

pigmentation, and respiration (Yoneyama et al. 2015; 

Morrissey et al. 2015). Furthermore, iron is believed to 

modulate defense mechanisms against invaders in plants 

and animals (Aznar et al. 2015). 

Radish (Raphanus sativus L.) microgreens have been 
identified as a suitable candidate for this process. 

Microgreens, defined as young and tender vegetables (Di 

Bella et al. 2020), are emerging as a functional food with 

the potential to address human nutritional deficiencies 

(Pannico et al. 2020). These microgreens contain higher 

concentrations of nutrients compared to their mature 

counterparts (Ebert 2022) and possess properties that promote 

health and prevent diseases (Kowitcharoen et al. 2021). 
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Microgreens, often referred to as superfoods or 

functional foods, are young and tender vegetables from 

families such as Brassicaceae, Asteraceae, and Fabaceae, 

among others (Di Bella et al. 2020; Li et al. 2021a). Their 

popularity is due to their concentrated bioactive 

compounds and higher nutrient content than mature 

vegetables (Chandra et al. 2012; Ebert 2022). This makes 

microgreens particularly suitable for biofortification efforts 

aimed at enhancing human health.  

Iron's critical functions in human and plant biology 
underscore the importance of ensuring adequate iron 

intake. Vegetables, (which can be grown locally and come 

in various sizes, textures, shapes, and flavors), can 

significantly combat hunger and malnutrition (Fan 2016). 

One promising approach to addressing iron deficiency is 

the biofortification of vegetables, particularly through 

agronomic biofortification (Dias et al. 2015). 

Biofortification involves increasing the concentration of 

specific nutrients in the edible parts of plants (Giordano et 

al. 2019).  

Despite iron's importance, its concentration must be 
carefully managed. In both plants and humans, excessive 

iron can lead to the generation of harmful reactive oxygen 

species, resulting in cellular damage and impaired nutrient 

absorption (Przybysz et al. 2016; Buturi et al. 2021). Safe 

levels of iron intake for humans are as follows: 0.27 mg 

day-1 for infants 0-6 months, 11 mg day-1 for infants 7-12 

months, 7 mg day-1 for children 1-3 years, 10 mg day-1 for 

children 4-8 years, 8 mg day-1 for adolescent 9-13 years 

both male and female, 11 mg day-1 (male) and 15 mg day-1 

(females) for adolescent 14-18 years, 8 mg day-1 for adult 

males 19+ years, 18 mg day-1 for adult females 19-50 
years, 8 mg day-1 for 51+ adult females, 27 mg day-1 for 

pregnant women, and 9-10 mg day-1 for lactating women 

(Turck et al. 2024). While for radish, the optimal iron 

concentration ranges from 5-20 mg kg-1 (Rout and Sahoo 

2015). Potential mitigation strategies include the use of 

Biochar (Dad et al. 2020), plant natural detoxification 

mechanism, and soil pH management (Lapaz et al. 2021). 

In humans, toxic levels of iron can accumulate in vital 

organs, causing damage (Zhang et al. 2019), while in 

plants, high iron levels can interfere with the absorption of 

essential minerals (Zhang et al. 1999).  

Conversely, iron deficiency is the most common form 

of malnutrition globally, leading to severe health 

consequences such as anemia, impaired mental 

development, cardiomyopathy, and heart failure in humans 

(Jankowska et al. 2010; Yoneyama et al. 2015; Lewis et al. 

2016; Zhang et al. 2018). In plants, iron deficiency 

manifests as chlorosis in younger leaves, reduced crop 

growth, yield, and nutritional quality (Ghasemi et al. 2012). 

Given the critical balance required for iron in biological 
systems, this study proposes the biofortification of radish 

microgreens as a solution to iron deficiency. The objectives 

of this study are (i) to determine the fresh weight of radish 

microgreens at harvest, (ii) to compare the effects of 

different treatments on iron absorption, and (iii) to compare 

the effects of the treatments on iron absorption. By 

focusing on microgreens, which are recognized for their 

dense nutrient content and health-promoting properties 

(Kowitcharoen et al. 2021; Ebert 2022), this research aims 

to find a feasible means to increase iron concentrations in 

these plants, thereby offering a potential strategy to 
alleviate iron deficiency in humans. The study will explore 

the potential of radish microgreens to serve as a nutrient-

dense food source that can be easily integrated into diets to 

combat iron deficiency and improve overall health 

outcomes. 

MATERIALS AND METHODS 

Study area 

The study was conducted as a pot (10”×20” trays) 

experiment, arranged according to the study lay-out in two 

five-tier shelves, inside a non-controlled-environment room 

with the light supplied by two 36W T8 LED lights per shelf 
with natural ventilation utilizing the existing wind at Purok 

3A Kahaponan, Valencia City in the Province of Bukidnon 

Philippines (Figure 1). The area is situated at an elevation 

of 317.8 meters above sea level receiving an average of 

2101 mm of rainfall annually, and temperatures ranging 

from 28°C to 30°C during the conduct of the study.  

 
 

 
 
Figure 1. Location of Purok 3A, Kahaponan, Valencia City, Bukidnon, Philippines (7°56′22.01″N, 125°9′34.63″E) 
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Table 1. Treatments utilized during this study 
 

Treatment Description 

Factor A  
A1 SNAP + 10 ppm iron chelate (Fe3+ EDTA) 
A2 SNAP + 20 ppm iron chelate (Fe3+ EDTA) 
A3 SNAP + 30 ppm iron chelate (Fe3+ EDTA) 

Factor B  

B1 Nutrient solution applied at 2 DAB period 
B2 Nutrient solution applied at 4 DAB period 
B3 Nutrient solution applied at 6 DAB period 

Combination  
A1B1 SNAP + 10 ppm iron chelate applied at 2 DAB period 
A1B2 SNAP + 10 ppm iron chelate applied at 4 DAB period 
A1B3 SNAP + 10 ppm iron chelate applied at 6 DAB period 
A2B1 SNAP + 20 ppm iron chelate applied at 2 DAB period 
A2B2 SNAP + 20 ppm iron chelate applied at 4 DAB period 

A2B3 SNAP + 20 ppm iron chelate applied at 6 DAB period 
A3B1 SNAP + 30 ppm iron chelate applied at 2 DAB period 
A3B2 SNAP + 30 ppm iron chelate applied at 4 DAB period 
A3B3 SNAP + 30 ppm iron chelate applied at 6 DAB period 

Note: *SNAP: Simple Nutrient Addition Program; **DAB: Days 
After Blackout Period 

Experimental design and treatments 

The study was conducted using the factorial concept in 

a Completely Randomized Design (CRD) with two factors 

as follows: (A) the rate of iron supplementation and (B) the 

time of iron supplementation. Factor A had three levels: 

SNAP* + 10 ppm iron, SNAP + 20 ppm iron, and SNAP + 

30 ppm iron, with Iron coming from an iron chelate source. 

On the other hand, Factor B also had three levels: two Days 

After the Blackout (DAB)** period, four days after the 

blackout period, and six days after the blackout period. The 
study had nine treatments replicated three times, thus 

having 27 samples. The treatments and their descriptions 

are presented in Table 1. 

Procedures 

Preparation of the nutrient solution  

According to Rajan et al. (2019), seeds do not need 

nutrient supplementation to germinate. However, seeds 

require nutrients for better growth and development. Thus, 

we adopted the utilization of 25% commercial c, as also 

adopted by Kyriacou et al. (2019) and Corrado et al. 

(2021), with the formulation of the nutrient solution as 
follows: 2.0 mM NO3- N, 0.25 mM S, 0.20 mM P, 0.62 

mM K, 0.75 mM Ca, 0.17 mM Mg, 0.25 mM NH4- N, 9 

µM Mn, 0.3 µM Cu, 1.6 µM Zn, 20 µM B, and 0.3 µM 

Mo. For the iron treatment, 10 ppm, 20 ppm, and 30 ppm 

Fe from an iron chelate source (i.e. specifically Fe (III)-

EDTA), were added to the treatments according to the 

factorial layout. 

Care, maintenance, and harvest 

After the microgreens emerged, the 10”×20” trays that 

were used to cover each microgreen tray for blackout were 

detached, allowing the microgreens to be exposed to light 
for 12 hours each day. The illumination was supplied by 

two 36-watt T8 LED lights per shelf. The microgreens 

were monitored daily, specifically at 6 am and 4 pm. 

Irrigation of the microgreens was carried out following the 

bottom watering technique, administering 250 mL of 

distilled water every day, at 6 o’clock in the morning till 

harvest, excluding a day scheduled for application of 

treatments. Thus, the biofortification of each treatment was 

implemented through fertigation following the designated 

biofortification schedule i.e., 2 DAB period, 4 DAB period, 

and 6 DAB period. 

The microgreens' harvest was carried out using a 

sterilized scissor, soaked for at least 10 minutes in 70% 

isopropyl alcohol, cutting the hypocotyl as close to the 
growing media as possible. After acquiring the fresh 

weight of every treatment, the microgreens were stored in a 

designated paper bag per treatment. 

Sample preparation and analysis 

After harvest, the microgreen samples were stored in 

paper bags and prepared in the Soil and Plant Analysis 

Laboratory (SPAL) as follows: They were washed with 

distilled water, air-dried, and placed in an a force draft 

oven to further remove excess moisture from the plant 

samples. Once moisture-free, the samples were ground and 

subjected to dry-ashing before chemical analysis. The 
microgreens were analyzed for total nitrogen (N), total 

phosphorus (P), total potassium (K), and total iron (Fe) 

content at the Soil and Plant Analysis Laboratory (SPAL), 

College of Agriculture, Central Mindanao University, 

Musuan, Maramag, Bukidnon, Philippines. The methods 

used were as follows: Total Nitrogen was determined using 

the Micro-Kjeldahl Method; Total Phosphorus was 

analyzed using the Dry Ashing/Vanado-Molybdate Method 

with a UV-Vis Spectrophotometer; Total Potassium was 

determined by the Dry Ashing/6N HCl Extraction Method 

with a Flame Photometer; and Total Iron was assessed 
through the Dry Ashing Method (6N HCl Extraction 

Method) with an Atomic Absorption Spectrophotometer 

(PCARRD 1991). 

Data analysis 

The data collected were analyzed using the Analysis of 

Variance (ANOVA) following a Factorial in Completely 

Randomized Design (CRD) procedure available in the 

Statistical Tool for Agricultural Research STAR IRRI 

software. If the F computed value is significant or highly 

significant, a post hoc test using the LSD test will follow. 

RESULTS AND DISCUSSION 

Fresh weight and nutrient concentrations 
The fresh weight of radish microgreens at harvest 

showed different responses to varying iron concentrations 

and nutrient application timings (Table 2), there were no 

significant differences in the fresh weight among the 

different levels of Factor A (iron concentration) as well as 

Factor B (timing of nutrient application). Specifically, 

increasing iron concentration from A1 (131.34 g) to A2 

(131.65 g) resulted in a slight increase in fresh weight, 

followed by a decline at the highest concentration (A3, 

123.09 g). This suggests that moderate iron supplementation 

can be beneficial. However, excessive amounts may hinder 



LEAL et al. – Iron biofortification of radish microgreens 

 

97 

growth due to potential phytotoxicity by the production of 

Reactive Oxygen Species (ROS) that damage plant cells 

(Sharma et al. 2012). 

The timing of nutrient application (Factor B) showed a 

clear pattern for the effects of nutrient concentration. 

Delaying the application from B1 (128.19 g) to B2 (121.93 

g) led to a decrease in fresh weight, yet further delay to B3 

(135.97 g) increased the fresh weight. This implies that the 

timing of nutrient availability is critical, potentially 

aligning with the plants' developmental stages and nutrient 
uptake efficiency. However, the interaction between 

Factors A and B did not produce statistically significant 

differences in the fresh weight, suggesting that while trends 

are present, they require more robust statistical power to 

confirm. Despite the lack of statistical significance, the 

interaction trends suggest that combinations of higher iron 

concentrations and delayed nutrient application may either 

mitigate or amplify the effects on fresh weight, depending 

on specific environmental conditions, plant growth stages, 

and other underlying factors. 

The study found no significant differences in nitrogen 
(N), phosphorus (P), and potassium (K) levels across 

different treatments, suggesting that these nutrients were 

not substantially influenced by the iron concentrations or 

nutrient application timings under the conditions tested. 

However, the observed variations in fresh weight were 

predominantly influenced by the iron concentration and 

timing of nutrient application. Factor A2 demonstrated the 

highest iron concentration (230.62 ppm), indicating that 

moderate iron supplementation enhances iron uptake, which is 

crucial for processes such as nitrogen and potassium 

metabolism. Iron is essential for nitrate assimilation and 
ion transport, where moderate levels can enhance nitrate 

reductase activity, facilitating nitrogen assimilation. 

Conversely, excessive iron can induce oxidative stress, 

impairing nitrogen metabolism and root architecture (Mitra 

2017). Iron also plays a critical role in potassium uptake by 

supporting energy production in the roots, which is 

essential for active potassium transport. However, 

excessive iron can disrupt this balance by altering redox 

reactions, impairing potassium transport (Duck and Connor 

2016; Kobayashi et al. 2019). Interestingly, phosphorus 

uptake is less affected by iron levels, likely due to the 

involvement of different transporters and biochemical 
pathways (Verbon et al. 2017). 

While, no significant correlations were found between 

nitrogen, phosphorus, potassium, and iron concentrations 

(iron vs. nitrogen: r=-0.0800, p=0.6915; iron vs. 

phosphorus: r=-0.1493, p=0.4574; iron vs. potassium: 

r=0.1008, p=0.6170), the correlation analysis did reveal a 

significant negative correlation between total nitrogen and 

potassium content (r=-0.4147, p=0.0315) presented in 

Table 3. This suggests that, although iron did not directly 

influence these nutrients, increased nitrogen concentrations 

might be associated with reduced potassium uptake. These 
results imply that while iron enrichment may not directly 

alter the uptake of these nutrients, its effects on plant 

growth and development are likely due to its role in 

supporting energy production, enzyme activity, and 

metabolic pathways rather than direct nutrient interactions. 

Therefore, iron's influence on microgreens may be 

independent of the levels of nitrogen, phosphorus, and 

potassium, highlighting the potential for targeted iron 

enrichment to enhance the nutritional content of crops 

without adversely affecting the uptake of other essential 

nutrients. This selective influence underscores the 
importance of iron in biofortification strategies, particularly 

in addressing iron deficiency in human diets. 
 

 
Table 2. Fresh weight (g) of radish microgreens and their nutrient concentrations at harvest 
 

Treatment Fresh weight (g) N (%) P (%) K (%) Fe (ppm) 

Factor A 
A1 131.34 3.44 0.63 2.07b 194.76 
A2 131.65 3.28 0.60 2.86a 230.62 

A3 123.09 3.31 0.65 2.50ab 201.41 
F-test (p<0.01) ns ns ns * ns 
Factor B 

B1 128.19 3.37 0.58 2.50 214.93 
B2 121.93 3.32 0.60 2.39 196.31 
B3 135.97 3.34 0.69 2.55 215.56 

F-test (p<0.01) ns ns ns ns ns 
Factor A x Factor B 

A1B1 131.10 3.33 0.59 2.48 209.68 
A1B2 113.54 3.52 0.60 1.25 185.03 
A1B3 149.38 3.47 0.69 2.44 189.58 
A2B1 134.26 3.34 0.56 2.79 247.78 
A2B2 128.32 2.96 0.57 3.12 205.37 
A2B3 132.38 3.55 0.64 2.67 238.72 
A3B1 119.20 3.44 0.58 2.22 187.32 
A3B2 123.92 3.48 0.64 2.80 198.53 
A3B3 126.16 3.00 0.72 2.49 213.37 

F-test ns ns ns ns ns 

Note: **: Highly significant, *: Significant, ns: Not significant, means followed by the same letter are not significantly different at a 5% 
level of significance 
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Table 3. Pearson correlation analysis between nutrient concentration of NPK and Fe 
 

Variable Total nitrogen content Total phosphorus content Total potassium content 

Total nitrogen content    
Total phosphorus content r=-0.0232; p=0.9086   
Total potassium content r=-0.4147; p=0.0315 r=-0.1198; p=0.5518  
Total iron content r=-0.0800; p=0.6915 r=-0.1493; p=0.4574 r=0.1008; p=0.6170 

 

 

 

Average height at harvest, dry matter yield, and 

nutrient uptake 

Average height at harvest and dry matter yield 

The height of radish microgreens at harvest varied 

significantly depending on the timing of nutrient 

application (Factor B) (p<0.05). Microgreens that received 

the nutrient solution during the B3 growth stage were the 

tallest, with an average height of 13.49 cm, which was 

notably higher than those treated at the B2 stage (11.82 cm) 

and slightly taller than those treated at B1 (12.46 cm). 

These results are consistent with findings by Li et al. 

(2021b), who observed increased height in radish, kale, 
broccoli, cabbage, and mustard microgreens when nutrient 

supplementation was provided during later growth stages. 

The greater height observed at B3 could be attributed to the 

plants' increased nutrient demand during this advanced 

vegetative stage, supporting Bodale et al. (2021), who 

highlighted the importance of timely nutrient application 

for maximizing growth during critical stages of 

development.  

Considering Factor A (Fe concentration), no significant 

differences in plant height were observed among the 

treatments. Heights ranged from 12.35 cm at 10 ppm Fe 

(A1) to 12.98 cm at 20 ppm Fe (A2), and 12.45 cm at 30 
ppm Fe (A3), indicating that within this concentration 

range, Fe did not significantly influence the height of 

radish microgreens. This finding contrasts with some 

literature, including the study by Mitra (2015), which 

suggested that higher concentrations of Fe could lead to 

toxicity and negatively affect plant growth. In this study, 

however, Fe levels up to 30 ppm did not demonstrate any 

detrimental effects on the height of microgreens. 

Dry Matter Yield (DMY) showed no significant 

differences across the treatments, indicating that neither Fe 

concentration nor the timing of nutrient application 
substantially influenced biomass production. DMY values 

ranged from 0.836 g kg-1 in B3 to 0.879 g kg-1 in B2. The 

minor increase in DMY at 20 ppm Fe (A2) to 0.893 g kg-1, 

and the subsequent decrease at 30 ppm Fe (A3) to 0.839 g 

kg-1, equating to the DMY at 10 ppm Fe (A1) suggest a 

possible threshold beyond which Fe may not enhance, and 

might even inhibit, biomass accumulation. This finding is 

consistent with the findings of Di Gioia et al. (2019), who 

noted that Fe concentrations above optimal levels could 

negatively impact dry matter content in Brassica species, 

reflecting potential Fe toxicity effects. 

These results align with previous studies, such as Park 
et al. (2014), who reported no significant differences in dry 

matter yield of microgreens across various nutrient 

treatments, highlighting the intricate nature of nutrient 

interactions and their influence on plant growth. Similarly, 

Filho et al. (2015) and Giordano et al. (2019) reported that 
Fe levels could significantly influence dry matter yield in 

hydroponically grown chicory and lettuce, with higher 

concentrations potentially leading to reduced biomass due 

to toxicity. 

The timing of nutrient application significantly affects 

the height of radish microgreens, with delayed application 

(B3) producing the tallest plants. However, Fe 

concentration within the studied range did not significantly 

impact plant height. On the other hand, dry matter yield 

remained unaffected by both Fe concentration and nutrient 

application timing, highlighting the intricate balance 
required in nutrient management to optimize growth 

without inducing toxicity. 

Nitrogen uptake 

Fe concentration did not reveal significant differences 

in nitrogen uptake with values ranging from 0.185 g pot-1 

to 0.195 g pot-1 as shown in Table 4. This indicates that 

variations in Fe concentration within the tested range (10 

ppm to 30 ppm) had no significant impact nitrogen 

assimilation, supporting the broader understanding that 

nitrogen uptake in plants can be influenced by multifaceted 

factors beyond Fe levels alone, as noted by Reitra et al. 

(2017). 
Conversely, Factor B (timing of nutrient application) 

significantly affected nitrogen uptake (p<0.05). Notably, 

microgreens treated at the B3 stage exhibited the highest 

nitrogen uptake at 0.210 g pot-1, followed by B2 at 0.191 g 

pot-1, and the lowest at B1 with 0.187 g pot-1. This 

emphasizes the crucial role of nutrient application timing 

during vegetative growth stages in promoting root 

development and improving nutrient absorption efficiency, 

that highlight the importance of optimal nutrient timing for 

maximizing crop yield and nutrient utilization. Further 

exploring the interaction between Fe concentration and 
nutrient application timing, synergistic effects were 

observed. For instance, at the B3 stage, microgreens 

receiving A1 (10 ppm Fe) exhibited a nitrogen uptake of 

0.195 g pot-1, whereas A3 (30 ppm Fe), with nitrogen 

uptake of 0.038 g pot-1. This interaction highlights how 

higher Fe concentrations can boost nitrogen assimilation 

when combined with optimal timing, such as in the B3 

application. Conversely, treatments like A3B3, where high 

Fe concentration coincided with nutrient application at B3, 

resulted in lower nitrogen uptake, potentially due to Fe-

induced limitations on nitrogen utilization. To maximize 

nitrogen uptake and overall plant productivity in 
microgreen growth, certain nutrient management strategies 

are required, as these findings highlight the complexity of 

nutrient dynamics in radish microgreens. 
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Table 4. Average height at harvest (cm), dry matter yield (g kg-1), and nutrient uptake, in terms of nitrogen, phosphorus, potassium (g 
pot-1), and iron (mg kg-1), of radish microgreens after a 14-day growing cycle 

 

Treatment 
Average height at 

harvest (cm) 

Dry matter yield 

(g kg-1) 

N 

(g pot-1) 

P 

(g pot-1) 

K 

(g pot-1) 

Fe 

(mg kg-1) 

Factor A 
A1 12.35 0.839 0.189 0.035 0.117 10.717 
A2 12.98 0.893 0.193 0.035 0.170 13.236 

A3 12.45 0.839 0.185 0.036 0.138 10.975 
F-test (p<0.05) ns ns ns ns ns ns 
Factor B 

B1 12.46ab 0.856 0.190 0.033 0.139 12.019 
B2 11.82b 0.879 0.191 0.035 0.145 11.379 
B3 13.49a 0.836 0.185 0.038 0.140 11.530 

F-test (p<0.05) * ns ns ns ns ns 
Factor A x Factor B 

A1B1 11.86 0.896 0.195 0.034 0.144a 12.432 

A1B2 11.31 0.699 0.161 0.028 0.058b 8.444 
A1B3 13.88 0.923 0.210 0.042 0.148a 11.275 
A2B1 13.02 0.857 0.188 0.032 0.157a 13.835 
A2B2 12.50 0.934 0.183 0.034 0.195a 12.557 
A2B3 13.41 0.887 0.207 0.038 0.159a 13.417 
A3B1 12.50 0.816 0.187 0.032 0.117a 9.889 
A3B2 11.66 1.004 0.229 0.042 0.183a 13.137 
A3B3 13.18 0.698 0.138 0.033 0.113a 9.898 

F-test ns ns ns ns * ns 

Note: **: Highly significant, *: Significant, ns: Not significant, means followed by the same letters are not significantly different at a 
5% level of significance 
 
 
 

Phosphorus uptake 

Table 4 presents the phosphorus uptake patterns in 

radish microgreens influenced by varying iron 

supplementation rates and nutrient application timings. 

Factor A (Fe concentration) did not result in significant 

differences in phosphorus uptake, with mean values 

consistently around 0.035 g kg-1 across the tested 

concentrations (10 ppm to 30 ppm). In contrast, Factor B 

(timing of nutrient application) significantly affected 

phosphorus assimilation.  
Microgreens treated at the B3 stage had the highest 

phosphorus uptake at 0.038 g kg-1, followed by B2 at 0.035 

g kg-1, and the lowest uptake occurred at B1 with 0.033 g 

kg-1. These results suggest that delaying nutrient 

application to the later vegetative growth stages improves 

phosphorus absorption, likely due to enhanced root 

development and increased nutrient demand during these 

phases. This finding aligns with previous research, such as 

Bodale et al. (2021), which emphasizes the importance of 

nutrient application timing in optimizing nutrient uptake 

efficiency. The interaction between Fe concentration and 
nutrient application timing further explains phosphorus 

uptake dynamics. At the B3 stage, phosphorus uptake 

reached its highest value of 0.042 g kg-1 under the highest 

Fe concentration (A3), indicating a synergistic effect where 

increased Fe levels and delayed nutrient application 

significantly boost phosphorus assimilation. In contrast, the 

lowest phosphorus uptake, 0.028 g kg-1, occurred in the 

A1B2 treatment, where the lowest Fe concentration (A1) 

was paired with nutrient application at the B2 stage. This 

interaction highlights the critical role of Fe availability and 

nutrient timing in optimizing phosphorus uptake efficiency 

in radish microgreens. These findings align with studies 

like those by Di Gioia et al. (2019), emphasizing the 

importance of managing nutrient levels and application 

timing to maximize phosphorus uptake in crops. 

Potassium uptake 

Potassium uptake in radish microgreens, influenced by 

varying Fe concentrations and the timing of nutrient 

application, provides critical insights into nutrient 

management strategies. According to the results from Table 

4, Factor A (Fe concentration) did not yield significant 
differences in potassium uptake (p>0.05), with mean values 

varying from 0.117-0.170 g kg-1. This result suggests that 

potassium uptake in radish microgreens may not be highly 

sensitive to Fe concentration variations within the tested 

range (10 ppm to 30 ppm). These findings align with 

previous studies by Przybysz et al. (2016) and Giordano et 

al. (2019), indicating that potassium uptake in plants can be 

influenced by factors other than Fe concentration alone. 

However, Factor B (timing of nutrient application) did 

impact potassium uptake significantly (p<0.05). Radish 

microgreens receiving the nutrient solution at the B2 stage 
exhibited the highest potassium uptake at 0.145 g kg-1, 

followed closely by B3 at 0.140 g kg-1, and the lowest at 

B1 with 0.139 g kg-1. This suggests that nutrient 

application timing during the vegetative growth stage can 

enhance potassium absorption, likely due to increased root 

activity and nutrient demand during this phase. This 

observation is consistent with findings by Przybysz et al. 

(2016), emphasizing the critical role of timing in 

optimizing nutrient uptake and utilization in crops. 
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The relationship between Fe content and the nutrient 

delivery time further clarifies the potassium uptake rate. At 

the B2 stage, potassium uptake peaked at 0.170 g kg-1 with 

Fe concentration A2, indicating a synergistic effect where 

higher Fe concentrations coupled with timely nutrient 

application enhance potassium assimilation. The lowest 

potassium uptake was observed in the A1B2 treatment, 

combining the lowest Fe concentration and nutrient 

application at B2, resulting in 0.117 g kg-1. This interaction 

underscores the interplay between Fe availability and 
nutrient timing, affecting potassium uptake efficiency. 

These results highlight the complex connections between 

nutrients in plant physiology and growth, especially 

concerning potassium uptake in radish microgreens. 

Optimizing potassium assimilation and overall plant 

productivity requires effective nutrient management 

strategies considering both Fe concentration and 

application timing.  

Iron uptake 

Iron (Fe) uptake in radish microgreens is crucial to 

nutrient management, particularly in enhancing nutritional 
quality and plant growth. According to the results from 

Table 4, Factor A (Fe concentration) did not yield 

significant differences in iron uptake (p>0.05), with mean 

values ranging from 10.717 mg kg-1 to 13.236 mg kg-1. 

This indicates that within the tested range of Fe 

concentrations (10 - 30 ppm), iron uptake in radish 

microgreens remained relatively stable, suggesting a 

limited impact of Fe concentration alone on iron 

assimilation. These findings align with previous studies by 

Park et al. (2014), which also reported no significant 

increase in iron uptake with varying forms of Fe chelates in 
radish and broccoli sprouts. Factor B (timing of nutrient 

application) significantly influenced iron uptake (p<0.05). 

Radish microgreens receiving the nutrient solution at the 

B1 stage exhibited the highest iron uptake at 12.019 mg kg-

1, followed by B2 at 11.379 mg kg-1, and the lowest at B3 

with 11.530 mg kg-1. This highlights the importance of 

nutrient application timing during the vegetative growth 

stage in maximizing iron assimilation, potentially due to 

enhanced root activity and nutrient demand during this 

phase. This observation is consistent with studies 

emphasizing the critical role of timing in optimizing 

nutrient uptake and utilization in crops. 
The interaction between Fe concentration and the 

timing of nutrient application further explains iron uptake 

dynamics. At the B1 stage, iron uptake peaked at 13.835 

mg kg-1 with Fe concentration A2, indicating a synergistic 

effect where higher Fe concentrations coupled with timely 

nutrient application enhance iron assimilation. The lowest 

iron uptake was observed in the A3B3 treatment, 

combining the highest Fe concentration and nutrient 

application at B3, resulting in 9.898 mg kg-1. This 

interaction underscores the intricate relationship between 

Fe availability and nutrient timing, affecting iron uptake 
efficiency. These results show the intricate relationships 

that control iron uptake in radish microgreens and 

emphasize the necessity of integrated nutrient management 

into consideration both the time and concentration of iron. 

Subsequent investigations may delve into the fundamental 

physiological processes propelling these processes to 

maximize iron absorption effectiveness in microgreen 

cultivation. Growers can improve radish microgreens' iron 

biofortification and address iron deficiency in human diets 

by enhancing their nutrient management techniques. 

The interaction between Dry Matter Yield (DMY) and 

nutrient uptake in radish microgreens reveals intriguing 

insights into how nutrient management influences both 

plant growth and nutrient assimilation. From Table 4, it is 
evident that DMY was not significantly affected by Fe 

concentration (Factor A) or the timing of nutrient 

application (Factor B). However, the intricate interplay 

between these factors and nutrient uptake deserves 

attention. Studies by Filho et al. (2015) and Di Gioia et al. 

(2019) highlight that nutrient availability, including Fe, can 

influence DMY by affecting physiological processes such 

as photosynthesis and nutrient translocation. Although Fe 

concentration in the study alone did not show a direct 

impact on DMY, the interaction with nutrient uptake, 

particularly of essential nutrients like nitrogen (N), 
phosphorus (P), potassium (K), and Fe itself, suggests a 

nuanced relationship. 

Fe uptake did not show a direct correlation with Dry 

Matter Yield (DMY); however, the nutrient uptake patterns 

across various treatments offer valuable insights. 

Treatments that demonstrated higher nutrient uptake, 

particularly those with optimal Fe concentrations and 

timely nutrient applications, were generally associated with 

improved DMY outcomes. This observation is consistent 

with studies indicating that balanced nutrient uptake—

especially during key growth phases—enhances overall 
plant health and productivity (Kutman et al. 2011; Di Gioia 

et al. 2016). By integrating insights from DMY and 

nutrient uptake research, growers can optimize their 

nutrient application strategies to enhance both yield and 

nutritional quality in radish microgreens. Understanding 

these relationships not only improves agricultural practices 

but also supports sustainable microgreen production 

systems that effectively meet yield and nutritional 

requirements 

Furthermore, the study underscores the intricate 

relationship between iron concentration (Factor A) and the 

timing of nutrient application (Factor B) in influencing 
nutrient uptake dynamics, particularly for nitrogen, 

phosphorus, potassium, and iron. While nitrogen 

assimilation benefited from moderate iron concentrations 

and delayed application, phosphorus and potassium uptake 

thrived with timely nutrient supply, highlighting the critical 

role of synchronized nutrient management in optimizing 

nutrient absorption and utilization (Smolik et al. 2013; Park 

et al. 2014). 

Additionally, the results clarify the complexity of iron 

intake and how it affects overall nutritional quality, 

confirming stability at different iron concentrations but 
significant improvement at particular application timings. 

This emphasizes the key balance required for effective iron 

biofortification in radish microgreens, which is critical for 

nutritional content optimization (Filho et al. 2015; Di Gioia 

et al. 2019). 
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This research contributes valuable insights into refining 

nutrient management strategies tailored to maximize 

growth, nutrient uptake, and nutritional quality in radish 

microgreens. By elucidating the intricate interactions 

between iron concentration, nutrient application timing, 

and nutrient uptake dynamics, the study paves the way for 

future advancements in sustainable microgreen production 

systems to address nutritional deficiencies and enhance 

food security through nutrient-dense crops. Further 

investigations into the underlying physiological 
mechanisms are recommended to bolster agronomic 

practices and foster resilient agricultural systems. 
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