
Polyhalite as an alternate nutrient 
source for improving growth, yield, 
and nutrient use efficiency in onion 
and garlic
Thangasamy Arunachalam1, Komal Gade1, Payal Arun Mahadule1, Abhishek Khalate1, 
Neeraj K. Awasti2, Vipin Mishra2 & Vijay B. Mahajan1

Polyhalite (POLY4), a naturally occurring multi-nutrient source with a low salt index, has potential as 
a replacement for muriate of potash (MOP). A field experiment was conducted to assess the effect of 
POLY4 on the growth, yield, quality, and nutrient use efficiency of onion and garlic, comparing nine 
fertilizer treatments. The results indicated that applying 100% POLY4 alone significantly enhanced the 
yield and nutrient uptake of both crops compared to plots treated with 100% K and S from MOP and 
bentonite S. Notably, potassium uptake in the POLY4 treatment exceeded the amount of potassium 
applied through fertilization, indicating that the crops may have mobilized additional potassium from 
soil reserves, which could raise concerns regarding the long-term sustainability of soil nutrient levels. 
However, the combination of 100% POLY4 with additional K resulted in a 6.3% yield increase in 2022–
2023 and a 4.0% increase in 2023–2024 compared to the MOP treatment. This combined treatment 
produced statistically similar results to the MOP treatment for garlic in both years. Additionally, it 
significantly enhanced pyruvic acid and total protein concentrations in both crops and resulted in 
higher total dry matter yield and N, P, K, and S uptake. Moreover, agronomic efficiency, partial factor 
productivity, and recovery efficiency were notably higher in plots receiving 100% POLY4 with K. Due 
to its lower cost and reduced chloride content, 100% recommended S through POLY4, supplemented 
with K from MOP, could be recommended for sustainable onion and garlic production and improved 
soil health.
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Onion (Allium cepa L.) and garlic (Allium sativum L.) are important vegetable crops worldwide. Globally, the 
onion crop occupies about 5.84  million hectares, with a total production of 111.3  million tons, while garlic 
occupies 1.69  million hectares, with a production of 28.67  million tons. In India, the onion crop covered 
1.74  million hectares, with a total production of 30.21  million tons, whereas garlic occupied 0.41  million 
hectares, producing 3.27 million tons1. Despite their extensive cultivation, onion and garlic productivity in India 
remains well below that of leading onion- and garlic-producing countries, mainly due to challenges such as poor 
soil fertility, unbalanced fertilizer use, and a high incidence of pests and diseases2. Among these challenges, 
improper fertilizer application significantly contributes to reduced onion and garlic productivity and to the 
declining soil fertility across the country3.

Fertilizer application in India is predominantly limited to nitrogen (N), phosphorus (P), and potassium 
(K) fertilizers, leading to an imbalance where nitrogen use exceeds that of phosphorus and potassium4,5. This 
unbalanced application not only reduces crop yield but also adversely affects biochemical qualities, nutrient 
availability, and plant nutrient uptake, thereby increasing the cost of cultivation and resulting in multi-nutrient 
deficiencies6–8. Balanced fertilization is crucial for addressing these issues and sustaining the agroecosystem in 
onion- and garlic-growing regions9–11.

Currently, farmers are using complex fertilizers like di-ammonium phosphate (DAP), 10:26:26, and straight 
fertilizers like urea and muriate of potash (MOP)12. However, MOP, which contains 60% potassium and 46% 
chloride, poses challenges13. Continuous application of MOP can lead to chloride accumulation in soils, 
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potentially contributing to soil salinity14. Moreover, MOP’s high salt index of 116 can adversely affect plant 
growth by hindering water absorption and reducing soil microbial activity and nutrient transformations15.

Furthermore, straight and complex fertilizers primarily supply nitrogen, phosphorus, and potassium, often 
neglecting other essential nutrients such as sulfur (S), calcium (Ca), and magnesium (Mg). Sulfur, in particular, 
is crucial for plant growth, bulb development, and enhancing bulb quality in these two crops16–18. It plays a key 
role in amino acid and protein synthesis, as well as the formation of secondary metabolites19,20. Plants deficient 
in sulfur often exhibit inefficient use of nitrogen, phosphorus, and potassium, highlighting the importance of 
adequate sulfur application to improve yield and bulb quality20,21. Additionally, magnesium is essential for plant 
metabolism22, while calcium significantly contributes to both physiological functions and structural stability in 
plants23. Each of these nutrients must be supplied separately according to crop requirements, posing challenges 
for farmers who seek a simplified solution for applying all essential nutrients. Farmers often face difficulties in 
selecting appropriate fertilizers for each nutrient and in determining the optimal application rates required for 
their crops.

Polyhalite (POLY4), a naturally occurring mineral, contains potassium, calcium, magnesium, and sulfur. 
POLY4 releases its nutrients gradually, matching crop demand across different stages and reducing leaching 
losses13,24. Research at the University of Nottingham, UK, indicated that 50–60% of the sulfur present in 
POLY4 is readily available to plants, with the remainder released gradually24. Being a natural mineral extracted 
without chemical processing, POLY4 has a low carbon footprint compared to synthetic fertilizers, thereby 
reducing environmental impact13,25. Many experiments across different crops, including studies by Singh et 
al.25, Pramanick et al.26, and Gopinath et al.13, demonstrated the benefits of POLY4 on crop yield and quality. 
Importantly, POLY4 is more cost-effective compared to other fertilizers and provides four nutrients that support 
plant growth and development.

In the context of onion and garlic cultivation, POLY4 has the potential to replace MOP and elemental sulfur 
as a source of potassium and sulfur, respectively. However, studies evaluating the specific efficacy of polyhalite 
as a fertilizer for these crops remain limited. Hence, the present study was undertaken with two hypotheses: (1) 
Polyhalite application may improve plant growth, yield, nutrient uptake, and biochemical quality of onion and 
garlic compared to MOP and elemental sulfur. (2) Polyhalite could effectively substitute MOP and elemental 
sulfur as a source of potassium and sulfur in these crops. To test these hypotheses, a field experiment was 
conducted to assess the effect of POLY4 on crop growth, yield, nutrient uptake, and biochemical quality and to 
assess its suitability as a source of potassium and sulfur for onion and garlic.

Materials and methods
Experimental site
The field experiment was conducted at the research farm of the Indian Council of Agricultural Research-
Directorate of Onion and Garlic Research (ICAR-DOGR), located near Pune, Maharashtra, India (18.32° N, 
73.51° E; elevation 645 m) (Fig. 1). The experimental site has a hot semi-arid climate with tropical wet and dry 
periods. The long-term average rainfall at the site is 820 mm per year, with approximately 98.5% of it occurring 
during the southwest monsoon season (June-September). The mean maximum and minimum air temperatures 
at the location range from 27.0 to 39.5 °C and 9.3 to 22.3 °C, respectively. The soil at the site is classified as Typic 
Haplustepts with a clay loam texture, slightly alkaline pH, medium concentrations of soil organic carbon (SOC), 
low available N and S, and high available P and K (Table 1).

Experimental details
The experiment was conducted during the rabi seasons of 2022–2023 and 2023–2024 on both onion and garlic 
crops. It was laid out in a randomized block design with nine treatments, and each treatment was replicated four 
times. The treatments included T1—100% K alone (no S); T2—100% S alone (no K); T3—100% K (from MOP) 
and S (from Bentonite S); T4—75% S (from POLY4); T5—100% S (from POLY4); T6—150% S (from POLY4); 
T7—75% S (from POLY4) + K (from MOP); T8—100% S (from POLY4) + K (from MOP); and T9—150% S 
(from POLY4) + K (from MOP). The recommended fertilizer rates for onion were 110:40:60:40 kg NPKS ha−1, 
and for garlic, 100:50:50:40 kg NPKS ha−1. The quantity of each nutrient supplied for each treatment for onion 
and garlic is presented in Table 2. Before planting, the full dose of P, K, and S and 16% of N were applied as 
basal, with the remaining N applied in three equal split doses at 15, 30, and 45 days after planting (DAT). Di-
ammonium phosphate, complex fertilizer 10:26:26, MOP, urea, bentonite S, and POLY4 were used as fertilizer 
sources. The quantity of each fertilizer applied under the respective treatments is presented in Table S1. POLY4 
contains 11.13% K, 11.79% Ca, 3.32% Mg, and 18.50% S13,27. Onion seedlings were prepared using the standard 
ICAR-DOGR practices. Simultaneously, the main field was prepared by ploughing with a mouldboard plough, 
followed by tilling with a cultivator. The soil was then pulverized with a rotavator, and flat beds measuring 
3 × 2 m were formed. Organic manure was applied at a rate of 5 t ha−1 for all the treatments. A pre-emergence 
herbicide, oxyfluorfen 23.5% emulsifiable concentrate, was applied before planting to the flat beds. In the first 
year, onion seedlings of the cultivar Bhima Shakti (45 days old) were transplanted on December 11, 2022. Bhima 
Shakti is a red onion variety suitable for cultivation during the winter season. It matures in 115–120 days and 
has a high yield potential of approximately 45–50 t ha−1. Similarly, the garlic cultivar Bhima Purple was planted 
on November 7, 2022. Bhima Purple is a pink-colored garlic variety with a yield potential of 12–14 t ha−1 and 
matures in 140–150 days after planting. In the subsequent year, the onion crop was transplanted on December 
8, 2023, and garlic was planted on November 1, 2023. Spacing for both crops was set at 15 × 10 cm, with a plant 
population of 66 plants per square meter. Standard practices for plant protection and irrigation management 
were followed as per ICAR-DOGR recommendations. Onion harvesting was completed on April 16, 2023, in 
the first year, and on April 5, 2024, in the second year, after 50% neck fall; bulbs were harvested with a 2.5 cm 
neck left intact. Garlic harvesting was completed on March 29, 2023, in the first year, and on March 26, 2024, in 
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the second year. Onion bulbs were cured in the field for three days, while garlic bulbs were cured for one month 
after harvesting. After curing, the total bulb yield for both crops was recorded and expressed in tons per hectare 
(t ha−1).

Soil sampling and analysis
Soil samples were collected initially and after harvest from a depth of 0–15 cm at four spots within each plot 
and thoroughly mixed to prepare a representative composite. The samples were air-dried, processed, and sieved 

Soil parameters Method Onion Garlic

pH 1:2 Soil water ratio 7.87 ± 0.47 7.78 ± 0.50

Soil organic carbon (g kg–1) Wet oxidation method 0.72 ± 0.11 0.65 ± 0.05

EC (dS m–1) 1:2 Soil water ratio 0.13 ± 0.05 0.14 ± 0.04

Available N (mg kg–1) Alkaline permanganate method 61.6 ± 6.11 71.1 ± 2.64

Available P (mg kg–1) Olsen’s method 14.3 ± 5.19 14.9 ± 6.00

Available K (mg kg–1) 1 N Ammonium acetate method 237.9 ± 44.78 286.0 ± 20.80

Available S (mg kg–1) 0.12% CaCl2 extraction method 8.2 ± 0.51 9.4 ± 0.28

Exchangeable Ca (Cmol (p+) kg–1) EDTA method 2.79 ± 0.03 2.71 ± 0.10

Exchangeable Mg (Cmol (p+) kg–1) EDTA method 0.75 ± 0.00 0.82 ± 0.01

Available B (mg kg–1) Hot water extraction method 1.16 ± 0.05 1.26 ± 0.05

Available Cu (mg kg–1) DTPA method 3.12 ± 0.42 3.17 ± 0.16

Available Fe (mg kg–1) DTPA method 3.53 ± 0.56 3.84 ± 0.12

Available Mn (mg kg–1) DTPA method 5.82 ± 2.36 5.52 ± 2.04

Available Zn (mg kg–1) DTPA method 0.89 ± 0.26 0.87 ± 0.07

Table 1.  Initial soil fertility status. Initial soil fertility status values are the mean with standard error from two 
years of data (2022–2023 and 2023–2024).

 

Fig. 1.  Experimental location.
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through a 2.0 mm mesh, and analyzed for various parameters using standard procedures28. Soil pH and electrical 
conductivity (EC) were measured using a pH meter and conductivity bridge, respectively, in a 1:2 soil-to-water 
suspension. SOC was determined by the wet oxidation method. Available N was measured using the alkaline 
permanganate method, available P by the Olsen method, K by the 1 N ammonium acetate method, and S by the 
0.15 M CaCl2 extraction method. Micronutrients (Zn, Fe, Mn, Cu) were extracted using the DTPA extractant 
and analyzed by atomic absorption spectrometry.

Plant sampling and analysis
In both onion and garlic, sixteen plant samples were collected from a single middle row of the bed, excluding 
border rows and diseased plants. The plant samples were rinsed, and bulbs and leaves were separated, chopped 
into small pieces, air-dried, and then oven-dried at 60 °C until a constant weight was achieved. The dry matter 
yield of leaves and bulbs was recorded and added to calculate the total dry matter yield. The dried samples 
were ground and passed through a 2.0 mm sieve for nutrient analysis following standard procedures29. N was 
determined by the Kjeldahl method30. For other nutrients (P, K, S, Ca, Mg, and micronutrients), 0.5 g of plant 
samples was digested using a di-acid mixture of HNO3 and HClO4. P was determined by the vanadomolybdate 
yellow color method, K by flame photometry, and S by the turbidimetric method. Micronutrients (Fe, Mn, Zn, 
Cu) were analyzed using atomic absorption spectrometry. Nutrient uptake was calculated by multiplying the 
nutrient concentration by the dry weight.

Biochemical analysis.
At harvest, twenty-four bulbs per plot were collected for biochemical analysis, including total soluble solids 
(TSS, ̊ Brix), pyruvic acid (µmol g− 1), total phenol concentration, antioxidant activity, and protein concentration. 
TSS was measured using a digital refractometer, with readings in ˚Brix. Selected onion bulbs and garlic cloves 
were prepared, crushed, and blended. Pyruvic acid was measured using the Schwimmer and Weston method16. 
Total phenol concentration and antioxidant activity were determined by extracting samples with 80% methanol, 
followed by centrifugation and analysis using the Folin–Ciocalteau (FC) reagent for phenols and the FRAP 
assay for antioxidant activity16. Protein concentration was measured using Lowry’s method after extraction with 
phosphate buffer and centrifugation31.

Statistical analysis
Data from both years were tested for homogeneity using Bartlett’s test. If the data were not homogeneous, they 
were transformed using Atkinson’s transformation. A pooled analysis was conducted with year and treatment 
considered as random effects in R software version 4.4.1. As the data showed significant differences at the 5% 
significance level, year-wise data were analyzed using one-way analysis of variance (ANOVA)32. Significant 
treatment effects were further analyzed using Tukey’s honestly significant difference test for mean comparison. 
QGIS Version 3.28.3 was used to prepare the experimental location map33.

Results
Yield
Fertilizer treatments significantly affected onion yield, whereas they had no effect on garlic yield (Fig. 2). In 
onion, the highest yield was observed in the plot that received 100% S supplied through POLY4 alone (100% 
POLY4 alone), followed by the plot treated with 100% S through POLY4 plus additional K through MOP 
(100% POLY4 + K). These treatments produced significantly higher yields than the plot that did not receive 
either K or S. Additionally, the application of 100% POLY4 alone increased onion yield by 14.4% and 12.7% 
in 2022–2023 and by 12.2% and 12.3% in 2023–2024, compared to the plots that did not receive either K or S, 
respectively. Similarly, the treatment that received 100% POLY4 + K resulted in a yield increase of 13.8% and 
12.1% in 2022–2023 and 8.4% and 8.6% in 2023–2024, compared to the plots that did not receive either K or 
S, respectively. However, the onion yield from these treatments was statistically similar to the yields obtained 
with the application of 100% K and S through MOP and bentonite S (100% K (MOP) and S (bentonite sulfur)). 
Even though the values were statistically comparable, the application of 100% POLY4 alone still showed a 6.9% 

Treatments

The quantity of each nutrient supplied 
(kg ha–1) for onion

The quantity of each nutrient supplied 
(kg ha–1) for garlic

N P2O5 K2O S CaO MgO Cl N P2O5 K2O S CaO MgO Cl

100% K alone (No S) 110 40 60 0 0 0 46 100 50 50 0 0 0 41

100% S alone (No K) 110 40 0 40 0 0 0 100 50 0 40 0 0 0

100% K (MOP) and S (Bentonite S) 110 40 60 40 0 0 46 100 50 50 40 0 0 41

75% S (POLY4) 110 40 22 30 27 8 3 100 50 22 30 27 8 3

100% S (POLY4) 110 40 37 40 46 16 5 100 50 37 40 46 16 5

150% S (POLY4) 110 40 44 60 54 24 8 100 50 44 60 54 24 8

75% S (POLY4) + K (MOP) 110 40 60 30 27 8 33 100 50 50 30 27 8 25

100% S (POLY4) + K (MOP) 110 40 60 40 46 16 23 100 50 50 40 46 16 15

150% S (POLY4) + K (MOP) 110 40 60 60 54 24 21 100 50 50 60 54 24 13

Table 2.  The quantity of each nutrient supplied for onion and garlic.
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increase in bulb yield in 2022–2023 and a 7.7% increase in bulb yield in 2023–2024, compared to the treatment 
with 100% K (MOP) and S (bentonite sulfur). Similarly, the application of 100% POLY4 + K showed a 6.3% 
increase in 2022–2023 and a 4.0% increase in 2023–2024 compared to the plot treated with 100% K (MOP) and 
S (bentonite sulfur).

Fig. 2.  Effect of POLY4 on yield of onion (a) and garlic (b). Different lowercase letters above the bars indicate 
significant differences (P < 0.05) among treatments. 100% K (MOP) and S (BS): 100% recommended potassium 
applied through muriate of potash and sulfur through bentonite sulfur.
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In garlic, the highest yield was observed in the plots that received 150% S through POLY4 plus additional 
K through MOP (150% POLY4 + K) and in the plot that received 75% S through POLY4 (75% POLY4 alone) 
in 2022–2023. These treatments resulted in increases of 6.6% and 17.6% and 3.3% and 14.0%, respectively, 
compared to the control plots without K or S. The application of 100% POLY4 + K also increased yields by 
2.9–3.6% and 13.5–14.3%, respectively, compared to the control plots without K or S. In 2023–2024, the highest 
yields were obtained from the plots treated with 100% POLY4 alone and 100% POLY4 + K, which showed yield 
increases of 8.8% and 5.8% and 15.8% and 12.6%, respectively, compared to the control plots without K or S. 
However, these treatments produced yields that were statistically similar to those from the plot treated with 
100% K (MOP) and S (bentonite sulfur) in both years.

Pyruvic acid and total protein
Fertilizer treatments significantly influenced both pyruvic acid and total protein concentrations in onion and 
garlic. Generally, pyruvic acid concentration increased with the S dose, ranging from 75 to 150% S (POLY4), in 
both crops, except during the 2022–2023 season (Table 3). In 2022–2023, the highest pyruvic acid concentration 
in onion was recorded in the plot treated with 100% K (MOP) and S (bentonite sulfur), followed by 150% 
POLY4 alone and 75% S through POLY4 plus additional K through MOP (75% POLY4 + K). These treatments 
increased pyruvic acid concentrations by 11.8%, 5.6%, and 5.1%, respectively, compared to the treatment that 
received 100% K alone. However, in 2023–2024, all treatments that received POLY4 + K showed higher pyruvic 
concentrations compared to the rest of the treatments. The highest concentration was recorded in the treatment 
that received 150% POLY4 + K, followed by 100% POLY4 + K and 75% POLY4 + K, with increases of 20.4%, 
16.2%, and 11.4%, respectively, compared to the plot treated with 100% K alone. In garlic, increasing the S dose 
through POLY4 alone or 100% POLY4 + K, from 75 to 150%, generally led to higher pyruvic acid concentrations 
compared to the plot that received 100% K. The increase in pyruvic acid ranged from 25.0% (75% POLY4) to 
41.7% (150% POLY4) in 2022–2023 and 3.7% (75% POLY4) to 45.4% (150% POLY4) in 2023–2024, compared 
to the plot treated with K without S. Similarly, treatment that received the POLY4 + K also showed increases in 
pyruvic acid concentration, with an increase of 20.8% (75% POLY4 + K) to 29.2% (100% POLY4 + K) in 2022–
2023 and 19.5% (100% POLY4 + K) to 24.0% (150% POLY4 + K) in 2023–2024, compared to the plot treated with 
100% K without S.

The highest total protein concentration in onion was recorded in the plot that received 75% POLY4 alone, 
showing a 19.6% increase in 2022–2023. The plot that received 150% POLY4 alone showed a 12.0% increase 
compared to the plot that received 100% K. Similarly, the plot that received 75% POLY4 + K and 150% POLY4 + K 
showed increases of 16.3% and 5.2%, respectively, compared to the treatment that received 100% K without S. 
In garlic, the highest total protein concentrations were recorded in the treatment that received 100% K (MOP) 
and S (bentonite sulfur), showing a 12.5% increase compared to the plot that received 100% K without sulfur in 
2022–2023. In 2023–2024, the highest total protein concentrations were observed in the plot that received 150% 
POLY4 alone (15.2%), followed by the treatment that received 150% POLY4 + K (6.0%), and the treatment that 
received 100% K (MOP) and S (bentonite sulfur) (5.2%).

Antioxidant activity and total phenol concentrations
Antioxidant activity and total phenol concentrations were significantly influenced by the fertilizer treatments, 
whereas they did not affect total soluble solids in both onion and garlic (Table 4 and Table S2). In 2022–2023, the 
plot treated with 75% POLY4 alone showed the highest antioxidant activity and total phenol concentrations. In 
the 2023–2024 season, the highest antioxidant activity was observed in the plot treated with 150% POLY4 alone, 
while the highest total phenol concentration was found in the treatment that received 100% POLY4 + K. For 
garlic, in 2022–2023, the highest antioxidant concentration was recorded in the treatment that received 150% 

Treatments

Pyruvic acid (µmoles g fresh weight–1) Total protein (%)

Onion Garlic Onion Garlic

2022–2023 2023–2024 2022–2023 2023–2024 2022–2023 2023–2024 2022–2023 2023–2024

100% K alone (No S) 5.94 abc 4.99 f 38.40 c 32.35 e 3.68 b 3.93 g 16.87 bcd 17.25 de

100% S alone (No K) 5.58 bc 5.20 e 43.20 bc 32.45 e 3.77 b 3.94 g 17.82 b 17.65 bcd

100% K (MOP) and S (BS) 6.64 a 5.22 e 49.60 ab 45.95 a 3.59 b 4.44 d 18.98 a 18.15 bc

75% S (POLY4) 5.41 c 5.44 cd 48.00 ab 36.65 cd 4.77 a 4.32 e 16.01 d 16.30 f

100% S (POLY4) 5.89 abc 4.60 g 49.60 ab 33.55 de 4.40 ab 4.11 f 16.32 cd 16.53 ef

150% S (POLY4) 6.27 ab 5.35 de 54.40 a 47.05 a 4.12 ab 4.86 b 17.16 bc 19.88 a

75% S (POLY4) + K (MOP) 6.24 ab 5.56 c 46.40 abc 31.80 e 4.28 ab 4.40 de 16.67 cd 14.15 g

100% S (POLY4) + K (MOP) 6.00 abc 5.80 b 49.60 ab 38.65 bc 3.81 b 5.61 a 16.33 cd 17.33 cde

150% S (POLY4) + K (MOP) 5.63 bc 6.01 a 44.80 bc 40.10 b 3.87 b 4.65 c 14.89 e 18.28 b

P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.002 < 0.0001 < 0.0001 < 0.0001

CV (%) 5.28 1.21 7.93 3.47 9.07 1.04 2.65 2.05

Table 3.  Effect of POLY4 on pyruvic acid and total protein concentrations of onion and garlic. Different 
lowercase letters indicate significant differences (P < 0.05) among treatments. 100% K (MOP) and S (BS): 100% 
recommended potassium applied through muriate of potash and sulfur through bentonite sulfur.

 

Scientific Reports |        (2025) 15:26623 6| https://doi.org/10.1038/s41598-025-10889-z

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


POLY4 alone, and the highest total phenol concentration was in the plot that received 100% POLY4 alone. In the 
2023–2024 season, the highest levels of antioxidant activity and total phenol concentrations were recorded in the 
treatment that received 100% K (MOP) and S (bentonite sulfur).

Total dry matter yield and plant nutrient uptake
The application of fertilizers significantly influenced total dry matter yield in both onion and garlic (Fig. 3) and 
macronutrient uptake in onions in both experimental years (Table 5). In garlic, fertilizer application affected 
nutrient uptake during the 2022–2023 growing season; however, it had no significant effect in 2023–2024. In 
both years, the highest total dry matter yields were produced with the application of 100% POLY4 alone and 
with 100% POLY4 + K, compared to the control plots that received neither K nor S. In 2022–2023, applying 
100% S through POLY4 resulted in an 8.3% increase in total dry matter yield, while in 2023–2024, it led to a 
0.8% increase relative to plots treated with 100% potassium alone via MOP. When 100% POLY4 + K was applied, 
total dry matter yield increased by 13.6% in 2022–2023 and by 11.4% in 2023–2024. For garlic, the application of 
100% POLY4 alone increased total dry matter yield by 9.2% in 2022–2023 and by 2.7% in 2023–2024. Similarly, 
when 100% POLY4 + K was applied, the total dry matter yield in garlic increased by 14.9% in 2022–2023 and by 
1.3% in 2023–2024, compared to the plots that received 100% potassium alone via MOP. Both of these treatments 
produced total dry matter yields that were statistically comparable to those achieved with 100% K (MOP) and 
S (bentonite sulfur).

The highest total uptake of N, P, K, and S was recorded with the application of 100% or 150% POLY4, either 
alone or with K, in both years and for both crops. The application of 150% POLY4 alone resulted in higher total 
K uptake compared to 100% POLY4 alone in both crops, while the application of 100% POLY4 + K and 100% K 
(MOP) and S (bentonite sulfur) showed nearly similar total K uptake values. The application of 100% POLY4 + K 
increased total K uptake by 16.5–18.3% in onion and 1.8–7.9% in garlic compared to the plot that received 100% 
S alone through bentonite sulfur. In the case of S, the application of 150% POLY4 alone increased total S uptake 
by 16.8% in onion and 40.8% in garlic in 2022–2023 and by 14.7% in onion and 3.2% in garlic in 2023–2024. 
Similarly, the plot that received 150% POLY4 + K increased total S uptake by 23.5% in onion and 30.6% in garlic 
in 2022–2023 and 27.2% in onion and 5.3% in garlic in 2023–2024 compared to the plot treated with 100% K 
(MOP) and S (bentonite sulfur).

Nutrient use efficiency indicators
The application of 100% potassium (MOP) and sulfur (bentonite sulfur), as well as 75–150% POLY4 alone, 
resulted in higher partial factor productivity and agronomic efficiency of K and S in both crops across both years 
(Table 6) compared to the control (no K or S). Additionally, 75–150% POLY4 alone produced higher values for 
both indicators than the treatment with 100% K (MOP) and S (bentonite sulfur). In contrast, combining POLY4 
with additional K (POLY4 + K) reduced both partial factor productivity and agronomic efficiency compared to 
POLY4 alone. However, the 75% and 100% POLY4 + K treatments still showed higher partial factor productivity 
and agronomic efficiency than the 100% K (MOP) and S (bentonite sulfur) treatment. The 100% POLY4 + K 
treatment also showed higher recovery efficiency for K and S than both 150% POLY4 + K and 100% K (MOP) 
with S (bentonite sulfur) across both years and crops.

Post-harvest soil properties
Soil-available nutrients decreased significantly compared to the initial values recorded before planting in 
both crops, except for S, which increased in both years (Table 7). Additionally, soil available S and electrical 
conductivity showed an increase compared to the initial values. The application of POLY4 did not significantly 

Treatments

Antioxidant activity mg of Trolox equivalents (TE) 
kg− 1 of fresh weight

Total phenol mg of gallic acid equivalent (GAE) 
kg− 1 of garlic (fresh weight)

Onion Garlic Onion Garlic

2022–2023 2023–2024 2022–2023 2023–2024 2022–2023 2023–2024 2022–2023 2023–2024

100% K alone (No S) 267.0 c 321.0 g 118.75 d 300.28 c 719.3 ab 545.0 d 326.50 d 547.50 bc

100% S alone (No K) 253.0 d 316.6 g 153.75 bc 297.33 cd 663.3 e 482.5 e 433.50 bc 562.50 b

100% K (MOP) and S (BS) 203.3 e 323.6 fg 144.00 c 352.90 a 486.0 g 545.0 d 426.50 bc 602.50 a

75% S (POLY4) 304.0 a 354.5 e 144.75 c 335.73 b 730.0 a 572.5 c 406.50 c 537.50 c

100% S (POLY4) 288.3 b 393.4 d 164.25 b 242.83 f 694.0 cd 540.0 d 516.50 a 427.50 e

150% S (POLY4) 243.7 d 485.0 a 181.25 a 302.30 c 624.7 f 672.5 b 463.50 b 567.50 b

75% S (POLY4) + K (MOP) 278.0 bc 447.1 c 148.00 c 271.98 e 702.7 bc 692.5 b 430.00 bc 482.50 d

100% S (POLY4) + K (MOP) 276.7 bc 458.2 b 157.25 bc 288.63 d 675.3 de 755.0 a 410.00 c 492.50 d

150% S (POLY4) + K (MOP) 277.0 bc 330.9 f 144.00 c 274.48 e 714.7 abc 575.0 c 453.50 b 550.00 bc

P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

CV (%) 2.02 0.97 4.46 1.44 1.51 1.48 4.09 1.93

Table 4.  Effect of POLY4 on antioxidant activity and total phenol concentrations of onion and garlic. Different 
lowercase letters indicate significant differences (P < 0.05) among treatments. 100% K (MOP) and S (BS): 100% 
recommended potassium applied through muriate of potash and sulfur through bentonite sulfur.
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Fig. 3.  Effect of POLY4 on total dry matter yield of onion (a) and garlic (b). Different lowercase letters 
above bars indicate significant differences (P < 0.05) among treatments. 100% K (MOP) and S (BS): 100% 
recommended potassium applied through muriate of potash and sulfur through bentonite sulfur.
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affect the available soil nutrients. When applied either alone or in combination with MOP, POLY4 resulted in soil 
nutrient levels that were statistically comparable to those in plots that received 100% K (MOP) and S (bentonite 
sulfur).

Discussion
Polyhalite, a naturally occurring mineral, emerged as a potential source for supplying multiple essential nutrients 
simultaneously, containing four major nutrients, namely K, S, Ca, and Mg34, making it a suitable option for 
efficient fertilization. Previous studies showed that the application of POLY4 increased plant growth, yield, 
biochemical qualities, and nutrient use efficiencies in various crops13,25,26,35. This study assessed the effect of 
POLY4 on plant growth, yield, biochemical qualities, and nutrient use efficiencies in onion and garlic through a 
two-year field experiment.

The results highlighted that the application of POLY4, either alone or with K, increased the yield of onion 
and garlic, which could be due to the supply of four essential nutrients, namely K, S, Ca, and Mg, through this 
source25,36. Additionally, POLY4 slowly releases these nutrients into the soil solution, making it available to the 
plants throughout the growing season25. Singh et al.25 reported a similar yield increase in maize and wheat with 
the application of POLY4 in the Indo-Gangetic plains of India. They found that POLY4 showed a better response 
compared to treatment with no K, due to K deficiency in those regions. In contrast, in the present study on onion 
and garlic, the application of POLY4, either alone or with K, increased yields compared to treatments without 
S, as the experimental soils were low in 1% CaCl2-extractable S, suggesting that S deficiency might have caused 
more yield reduction than the K deficiency. The soils were rich in K, allowing the plants to use native soil reserves 
and produce better yield than treatment without S4.

Furthermore, the application of 100% POLY4, either alone or with K, resulted in higher yields compared to 
treatments that received 100% K and S standard sources26. This may be due to the presence of micronutrients 
and S in SO4

2– form in POLY425. Since the soils were deficient in S, the S supplied in SO4
2– form may have 

facilitated better S uptake, enhancing biomass production and crop yields in both onion and garlic. This is 
further supported by the increased S uptake observed in the 100% or 150% POLY4, either alone or with K, 
compared to the treatment receiving 100% S alone in the present study. A similar increase in S uptake with the 
application of SO4

2– forms was noted by Sharma et al.37 and Nguyen et al.17.
The increased S uptake in these treatments may have contributed to enhanced leaf area, a higher number of 

leaves, higher plant height, and improved root growth compared to the control and the treatment with 100% 
K (MOP) and S (bentonite sulfur)38. This enhanced leaf area and plant growth might have supported higher 

Treatments

N P K S

2022–2023 2023–2024 2022–2023 2023–2024 2022–2023 2023–2024 2022–2023 2023–2024

Onion

100% K alone (No S) 84.1 bc 103.1 bc 25.8 bc 21.3 bc 73.0 c 102.7 bc 16.1 f 23.0 c

100% S alone (No K) 92.8 ab 104.3 bc 32.3 ab 19.0 cd 67.7 c 99.4 bc 24.8 bcd 25.7 bc

100% K (MOP) and S (BS) 89.4 ab 100.2 bc 26.1 bc 21.5 bc 74.9 bc 104.2 bc 23.2 de 24.6 bc

75% S (POLY4) 77.9 c 90.8 c 19.2 c 18.1 d 72.2 c 96.0 bc 22.1 e 23.5 c

100% S (POLY4) 90.4 ab 102.1 bc 37.3 a 24.2 a 74.1 bc 107.0 b 26.6 abc 26.8 bc

150% S (POLY4) 91.1 ab 101.2 bc 31.0 ab 23.2 ab 89.9 a 107.3 b 27.1 ab 27.6 ab

75% S (POLY4) + K (MOP) 92.0 ab 95.7 bc 21.0 c 20.9 bc 92.5 a 99.4 bc 24.4 cde 23.3 c

100% S (POLY4) + K (MOP) 96.4 a 122.7 a 27.1 bc 22.4 ab 84.2 ab 120.9 a 26.7 abc 30.9 a

150% S (POLY4) + K (MOP) 97.1 a 108.7 ab 34.1 ab 23.5 ab 90.7 a 102.1 bc 28.4 a 31.0 a

P value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

CV (%) 4.6 6.5 13.0 5.1 5.3 3.6 6.6 6.2

Garlic

100% K alone (No S) 77.4 c 77.8 a 12.2 d 12.5 a 80.0 b 64.5 a 24.5 b 29.1 a

100% S alone (No K) 80.3 bc 78.0 a 11.8 d 11.9 a 78.0 b 65.8 a 25.4 b 31.2 a

100% K (MOP) and S (BS) 75.2 c 86.5 a 13.8 bcd 11.8 a 78.8 b 67.2 a 26.2 b 30.9 a

75% S (POLY4) 75.2 c 76.5 a 12.9 cd 10.9 a 77.7 b 59.8 a 29.1 b 28.5 a

100% S (POLY4) 85.5 abc 79.5 a 14.2 abcd 11.8 a 82.3 ab 67.1 a 24.5 b 31.6 a

150% S (POLY4) 93.8 a 79.5 a 16.3 a 12.0 a 88.0 a 67.5 a 36.9 a 31.9 a

75% S (POLY4) + K (MOP) 77.9 c 75.4 a 12.3 d 12.3 a 70.1 c 62.6 a 24.5 b 30.5 a

100% S (POLY4) + K (MOP) 89.8 ab 79.5 a 15.4 abc 11.7 a 86.2 a 65.7 a 35.3 a 31.2 a

150% S (POLY4) + K (MOP) 90.5 ab 77.8 a 15.7 ab 12.0 a 87.4 a 67.4 a 35.1 a 32.4 a

P value < 0.0001 0.49 < 0.0001 0.85 < 0.0001 0.13 < 0.0001 0.48

CV (%) 5.6 8.2 7.34 10.2 5.0 6.0 5.0 8.4

Table 5.  Effect of POLY4 on total major nutrient uptake (kg ha− 1) of onion and garlic. Different lowercase 
letters indicate significant differences (P < 0.05) among treatments. 100% K (MOP) and S (BS): 100% 
recommended potassium applied through muriate of potash and sulfur through bentonite sulfur.
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photosynthetic activity, increased N and P uptake, and higher total dry matter yield, ultimately leading to the 
higher yields in the present study39. Since N and S are essential components of amino acids and protein, the 
increased uptake of these nutrients may have increased the total protein content in both crops40. Furthermore, 
S, as an important constituent of S-containing secondary metabolites, contributed to higher pyruvic acid 
concentrations in treatments with 100% or 150% POLY4, either alone or with K. The S application has also 
been shown to increase S-containing secondary metabolites and protein concentrations in various crops16,41. 
However, when compared to the control, the increase in antioxidant activity, total phenol, and total protein 
concentrations were lower in the 150% POLY4 alone or with K compared to 100% POLY4 alone or with K. 
This difference may be attributed to an imbalance in the N: S ratio in both onion and garlic, which could have 
contributed to the reduced yields observed in 150% POLY4 treatments. Similar reductions in antioxidant activity, 
total phenol, total protein concentrations, and yield at higher S doses in garlic were reported by16. Furthermore, 
the reduction in onion yield in the treatment that received 100% K (MOP) and S (bentonite sulfur) could be 
attributed to the addition of more chloride from MOP. Chloride negatively affects dry matter production35,42,43 
and leaf nitrate concentration44. Partial factor productivity, agronomic efficiency, and recovery efficiency were 
lower in the treatment that received 150% POLY4 + K and 100% K (MOP) and S (bentonite sulfur) compared to 
100% POLY4 + K25. The cost of POLY4 is also low (₹16) compared to the MOP (₹36).

Although applying 100% POLY4 alone produced higher yields, increased nutrient uptake, enhanced nutrient 
use efficiency, and improved biochemical quality, continuous cropping with the sole application as a source 
of K and S may deplete the soil’s native K reserves in the long term. This concern arises because the onion 
crop removed approximately 66.2–92.5 kg K ha–1 in 2022–2023 and 86.9–120.9 kg K ha–1 in 2023–2024, while 
garlic removed 68.8–88.0 kg K ha–1 in 2022–2023 and 62.0–67.5 kg K ha–1. However, only 37–44 kg K ha–1 was 
applied through 100% POLY4 alone. This indicates that applying 100% POLY4 alone is insufficient to sustain 
crop yields and soil health over time. Since POLY4 contains higher levels of S and Ca than K, relying solely on 
it for K supplementation would result in excessive additions of S and Ca to the soil. This nutrient imbalance, 
particularly with S in the present study, affected plant growth and crop yield by disrupting the balance between 
N and S. Therefore, POLY4 needs to be supplemented with other K fertilizers to supply the additional K removed 
by these crops34,36. Soil available S and electrical conductivity at harvest of both crops increased, which could be 
due to capillary rise of soluble salts and S along with soil water45, whereas the initial available N, P, and K values 
were maintained across all treatments. Even though plants deplete readily available soil nutrients, nutrients 
in an unavailable form may be released to maintain equilibrium4, suggesting that immediate changes in soil 
fertility might not be noticeable. Medium- to long-term experiments are therefore needed to assess the effects of 
fertilizer application on soil fertility status.

Additionally, treatments with 100% POLY4 + K exhibited higher partial factor productivity, agronomic 
efficiency, and recovery efficiency than those with 100% K (MOP) and S (bentonite sulfur)25. This treatment 
also helps to replenish K, S, Ca, Mg, and micronutrients removed by the crops26. Additionally, POLY4 adds less 
chlorides into the soil compared to K through MOP25,35. Overall, applying 100% S through POLY4, supplemented 
with additional K from MOP, will support sustaining the productivity of onion and garlic, improve nutrient 
uptake and biochemical quality, and help in maintaining soil health.

Conclusion
Applying 100% sulfur through POLY4 alone increased the yield, nutrient uptake, biochemical quality, and 
agronomic efficiency of onion and garlic. However, this treatment provided only 37–44 kg K ha−1, which was 
insufficient to meet the actual potassium uptake of 66–121 kg K ha−1 for onion and 62–88 kg K ha−1 for garlic. 
This shortfall may lead to depletion of native soil potassium if used continuously. Furthermore, since POLY4 
contains higher amounts of sulfur and calcium than potassium, applying it in excess to meet the crop’s potassium 
needs may disrupt the nitrogen-to-sulfur balance, resulting in reduced bulb quality and overall yield. The results 
indicate that POLY4 can effectively provide 100% of the recommended sulfur, while additional potassium 
should be supplemented from MOP. This combined application would support in sustaining productivity of 
onion and garlic, enhancing nutrient uptake and biochemical quality, and maintaining soil health. Hence, 
applying 100% sulfur through PLOY4, along with additional potassium, may be recommended for these crops. 
Further medium- to long-term studies are required to assess the impact of these nutrient applications through 
POLY4 + K on soil health.
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