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Abstract 
The growth and quality of garlic (Allium sativum L.) are influenced not only by macronutrient 
fertilization but also by sulphur (S) and a suite of trace elements that regulate plant metabolism. This 
paper evaluates graded rates of sulphur (0, 50, 100, 150 kg ha⁻¹) with/without foliar trace‑element 
supplementation (Zn, Mn, Cu, Fe) and interprets responses through a Rasa‑Guna lens. Results indicate 
an optimum around 100 kg S ha⁻¹, with trace‑element supplementation amplifying gains in bulb weight, 
yield, chlorophyll, allicin content, and storage‑life. The study bridges classical qualitative descriptors 
(rasa, guna) with modern plant nutrition, offering an integrated nutrient‑management strategy for garlic. 
 
Keywords: Sulphur fertilization, trace elements, Allium sativum L., rasa-guna analysis, nutrient 
management, bulb yield, allicin content, garlic quality 
 
Introduction 
Garlic (Allium sativum L.) is one of the most ancient and economically important bulbous 
spice crops cultivated worldwide for its culinary, medicinal, and nutraceutical attributes. 
Belonging to the family Amaryllidaceae, garlic holds a unique position among Allium 
species due to its high content of organosulphur compounds, volatile oils, flavonoids, and 
essential micronutrients. Its characteristic pungency and flavor are derived primarily from the 
enzymatic conversion of the amino acid alliin into allicin, which possesses antimicrobial, 
antioxidant, antihyperlipidemic, and immunomodulatory properties. Globally, the demand 
for high-quality garlic bulbs with superior flavor, appearance, and storage life continues to 
increase, prompting extensive research into nutrient management strategies that can optimize 
both quantitative yield and qualitative attributes. 
Sulphur (S) nutrition plays a central role in garlic production because it is an integral 
constituent of amino acids such as cysteine, methionine, and various organosulphur 
metabolites that determine flavor, aroma, and health benefits. Sulphur is also a key 
component of coenzymes and secondary metabolites that influence the plant’s physiological 
efficiency, photosynthetic rate, and stress tolerance. Deficiency of sulphur leads to pale 
leaves, reduced chlorophyll content, stunted growth, and a marked decline in bulb yield and 
quality. In contrast, adequate or balanced sulphur fertilization enhances enzymatic activity 
related to sulphur assimilation pathways, promoting the synthesis of volatile sulphides and 
alliinase activity that are responsible for garlic’s distinctive aroma and pungency. Despite 
this well-recognized importance, there remains substantial variability in the reported 
optimum sulphur requirement for garlic under diverse agro-ecological conditions, owing to 
differences in soil fertility, cultivar response, and environmental factors. 
Beyond sulphur, micronutrients such as zinc (Zn), manganese (Mn), copper (Cu), and iron 
(Fe) are equally vital for garlic physiology and biochemical functioning. These trace 
elements act as cofactors for numerous enzymatic systems, influencing processes such as 
chlorophyll formation, redox reactions, protein synthesis, and hormonal balance. Zinc, for 
instance, is crucial for tryptophan metabolism and auxin biosynthesis, promoting root 
development and nutrient uptake. Manganese contributes to photosystem II activity and 
activates enzymes involved in nitrogen assimilation, whereas copper and iron participate in 
oxidative metabolism and the maintenance of cellular integrity. Deficiencies or imbalances in 
these micronutrients can limit sulphur utilization efficiency, thereby constraining overall 
plant productivity and quality. Consequently, the interaction between sulphur and  
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 micronutrients represents a complex but crucial aspect of 
garlic nutrition that demands integrated management. 
Recent agronomic research has increasingly emphasized the 
synergistic relationships among secondary and 
micronutrients. Studies have shown that the combined 
application of sulphur and trace elements enhances growth, 
bulb yield, and biochemical quality parameters more 
effectively than individual applications. Sulphur’s influence 
on the uptake and metabolism of micronutrients, coupled 
with the catalytic role of Zn, Mn, Cu, and Fe in sulphur-
dependent enzymatic pathways, forms the biochemical basis 
of these synergistic effects. However, the mechanistic 
understanding of such interactions remains limited, 
particularly in relation to their impact on organoleptic 
properties and post-harvest behavior. Hence, developing an 
integrated nutrient strategy that simultaneously addresses 
sulphur and micronutrient requirements is essential for 
achieving both yield optimization and quality enhancement 
in garlic production systems. 
While modern plant nutrition primarily relies on measurable 
biochemical parameters, traditional Indian agricultural and 
Ayurvedic systems provide an additional qualitative 
framework through the concept of Rasa (taste) and Guna 
(attribute or property). The Rasa-Guna theory, fundamental 
to Ayurvedic pharmacology, classifies substances according 
to sensory perception and physiological effect. In the 
context of plant-based foods and medicinal crops, Rasa 
refers to sensory traits such as pungency, bitterness, or 
sweetness, while Guna encompasses physical and functional 
attributes including firmness, stability, and energy balance. 
Integrating these qualitative descriptors with scientific plant 
physiology provides a holistic approach to evaluating crop 
quality that extends beyond mere chemical composition. 
Garlic, being classified as Katu Rasa (pungent) and Ushna 
Guna (hot potency) in Ayurveda, offers a unique 
opportunity to study the convergence of classical sensory 
assessment and modern biochemical analysis. 
This intersection between traditional quality descriptors and 
modern analytical science forms the conceptual foundation 
of the present investigation. The current study aims to 
explore how varying levels of sulphur and supplemental 
trace elements influence not only the morphological and 
biochemical characteristics of garlic but also its qualitative 
Rasa and Guna attributes. By employing a split-plot 
experimental design that includes graded sulphur doses and 
foliar micronutrient applications, the study quantifies the 
physiological responses of garlic in terms of chlorophyll 
content, bulb yield, allicin concentration, and nutrient 
uptake. Simultaneously, sensory evaluation panels and 
instrumental firmness analyses are used to derive indices 
that translate Ayurvedic qualitative traits into measurable 
scientific parameters. 
The novelty of this research lies in its integrative approach 
that bridges the gap between conventional agronomic 
experimentation and traditional quality interpretation. 
Previous studies have primarily focused on the role of 
sulphur or micronutrients independently, with limited 
attention to their interactive effects or to their implications 
for Rasa-Guna-based sensory properties. Moreover, the 
systematic quantification of these qualitative attributes, 
using scientifically validated sensory and textural analyses, 
introduces a new dimension to nutrient management 
research in garlic. By correlating biochemical markers such 
as allicin and chlorophyll with sensory indices of pungency 

and firmness, this study advances a framework that can be 
extended to other spice and medicinal crops. 
In the broader context of sustainable agriculture, integrating 
sulphur and micronutrient management has implications 
beyond yield enhancement. Balanced nutrient regimes 
contribute to improved soil health, reduced nutrient mining, 
and enhanced metabolic efficiency of crops, which align 
with eco-friendly agricultural practices. The Rasa-Guna-
based evaluation further provides a culturally rooted yet 
scientifically compatible model for assessing crop quality, 
fostering interdisciplinary research between plant nutrition, 
sensory science, and traditional knowledge systems. Thus, 
the outcomes of this study are expected to contribute not 
only to agronomic optimization but also to the valorization 
of traditional Indian quality frameworks in modern crop 
science. 
In summary, garlic’s value as a high-quality horticultural 
crop depends intricately on both its nutritional management 
and its sensory characteristics. Sulphur and trace elements 
are central to the biochemical pathways that regulate its 
growth, yield, and flavor profile. However, a comprehensive 
understanding of how these nutrients interact to influence 
both quantitative and qualitative aspects remains 
incomplete. The present study, therefore, seeks to elucidate 
these interactions within a scientifically rigorous yet 
culturally contextual framework, integrating modern 
analytical techniques with Rasa-Guna-based qualitative 
assessment to develop an evidence-based model for 
enhancing garlic productivity and quality.   
 
Materials 
Experimental Site and Climate 
The experiment was conducted during the rabi season 
(November to April) at the Horticultural Research Farm 
located at 24°35′N latitude, 81°18′E longitude, and 102 m 
above mean sea level. The experimental site falls under a 
subtropical agro-climatic zone with cool winters and warm 
summers. The average annual rainfall of the region is 
approximately 950 mm, mainly received between June and 
September. During the cropping period, the mean 
temperature varied between 10 °C and 33 °C, while the 
average relative humidity ranged from 68% to 74%. 
Meteorological data were recorded daily from the adjoining 
observatory to monitor climatic variations during the 
experiment. 
 
Soil Characteristics 
Prior to field preparation, composite soil samples were 
collected from the 0-15 cm depth and analyzed for 
physicochemical properties following standard procedures. 
The soil was sandy loam in texture, slightly alkaline in 
reaction (pH 7.4), and contained 0.48% organic carbon. The 
available macronutrients were 245 kg ha⁻¹ nitrogen, 17 kg 
ha⁻¹ phosphorus, and 295 kg ha⁻¹ potassium. The available 
sulphur content was 12.4 mg kg⁻¹. DTPA-extractable 
micronutrient contents were recorded as 0.84 mg kg⁻¹ Zn, 
6.2 mg kg⁻¹ Mn, 0.48 mg kg⁻¹ Cu, and 12.6 mg kg⁻¹ Fe, 
indicating a moderately fertile soil suitable for garlic 
cultivation. 
 
Planting Material and Inputs 
Healthy and uniform cloves of a locally adapted garlic 
(Allium sativum L.) variety were used as planting material. 
The basal fertilizer dose consisted of 100:60:60 kg 
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 N:P₂O₅:K₂O ha⁻¹, supplied through urea, single 
superphosphate, and muriate of potash, respectively. 
Sulphur was applied as elemental sulphur (90% purity), 
while micronutrients were applied as sulphate salts — zinc 
sulphate heptahydrate (ZnSO₄·7H₂O), manganese sulphate 
monohydrate (MnSO₄·H₂O), copper sulphate pentahydrate 
(CuSO₄·5H₂O), and ferrous sulphate heptahydrate 
(FeSO₄·7H₂O). 
 
Methods 
Experimental Design and Treatments 
The experiment was laid out in a split-plot design with four 
replications. The main-plot factor consisted of four graded 
sulphur levels (0, 50, 100, and 150 kg S ha⁻¹), while the sub-
plot factor comprised foliar trace-element supplementation 
(without and with Zn + Mn + Cu + Fe). Sulphur was applied 
at final land preparation, and micronutrients were sprayed as 
0.5% solutions at 40 and 70 days after planting (DAP). 
Each plot measured 3.0 × 2.4 m and contained six rows of 
garlic spaced at 15 cm × 10 cm. The experimental field was 
ploughed twice, leveled, and raised beds were prepared 
before planting. 
 
Crop Management 
Healthy garlic cloves weighing 4-5 g each were manually 
planted during the first week of November. Half of the 
nitrogen dose was applied as basal and the remaining half at 
45 DAP. Irrigation was scheduled at 7-10 day intervals 
according to soil moisture. Weeding and earthing-up were 
carried out at 25 and 45 DAP. Standard integrated pest and 
disease management practices were followed. The crop was 
harvested at physiological maturity, when approximately 
80% of the foliage had dried and fallen. 
 
Data Recording 
Growth and physiological parameters were recorded from 
five randomly selected plants per plot. Plant height (cm) and 
number of leaves per plant were measured at 60 DAP. 
Chlorophyll content was estimated using a SPAD-502 
chlorophyll meter and expressed in SPAD units. Bulb 
weight (g plant⁻¹), bulb diameter (cm), and total yield (t 
ha⁻¹) were recorded at harvest. 
For nutrient estimation, leaf and bulb samples were oven-
dried at 65 °C to a constant weight, ground, and digested 
using a tri-acid mixture (HNO₃:H₂SO₄:HClO₄ = 9:2:1). 
Sulphur concentration was determined turbidimetrically 
using a UV-Vis spectrophotometer, while Zn, Mn, Cu, and 
Fe concentrations were analyzed by Inductively Coupled 
Plasma-Optical Emission Spectroscopy (ICP-OES). Nutrient 
uptake (kg ha⁻¹ for S, g ha⁻¹ for micronutrients) was 
computed by multiplying nutrient concentration with 
corresponding dry matter yield. 
 
Biochemical and Sensory Analysis 
The allicin content in bulb samples was estimated using 
High-Performance Liquid Chromatography (HPLC) with a 
UV detector at 210 nm. The mobile phase comprised 
methanol and water (70:30 v/v) with a flow rate of 1 mL 
min⁻¹. 
The Rasa (pungency) evaluation was carried out by a panel 
of twelve trained assessors using a nine-point hedonic scale 
(1 = very mild, 9 = extremely pungent). For Guna (firmness 
and storage quality), firmness was measured by a digital 
penetrometer and storage losses (sprouting and decay) were 

evaluated at 0, 4, and 8 months. The Guna index was 
calculated using the formula: 
 

 
 
where F8mF_{8m}F8m and F0mF_{0m}F0m denote 
firmness at 8 and 0 months, respectively, and DDD 
represents decay percentage after 8 months. 
 
Statistical Analysis 
All recorded data were analyzed using analysis of variance 
(ANOVA) suitable for the split-plot design with SPSS 
version 25.0 software. The least significant difference 
(LSD) test at the 5% level (P≤0.05) was employed to 
compare treatment means. Pearson correlation coefficients 
were computed among key parameters such as sulphur 
uptake, chlorophyll content, allicin concentration, bulb 
yield, and Rasa-Guna indices. Graphical illustrations were 
prepared using Microsoft Excel and OriginPro software. 
 
Results 
Growth Attributes and Yield 
Sulphur and trace-element treatments exhibited a significant 
influence on the vegetative growth and yield of garlic 
(Allium sativum L.). Plant growth parameters such as leaf 
number, plant height, and chlorophyll content showed 
progressive improvement with increasing sulphur 
application up to 100 kg ha⁻¹, after which the response 
plateaued. The SPAD chlorophyll value increased from 34.8 
in the control (no sulphur, without trace elements) to 44.3 at 
100 kg S ha⁻¹ with trace-element supplementation (Table 1). 
The increase in chlorophyll content corresponded with 
higher photosynthetic efficiency and vegetative vigor across 
treatments receiving both sulphur and micronutrients. 
Bulb weight and bulb yield demonstrated a similar trend. 
The highest mean bulb weight (83 g plant⁻¹) and bulb yield 
(5.36 t ha⁻¹) were recorded at 100 kg S ha⁻¹ in combination 
with foliar application of Zn, Mn, Cu, and Fe. Yield 
declined marginally at 150 kg S ha⁻¹, indicating an optimum 
level around 100 kg S ha⁻¹. Compared to the control, this 
treatment recorded approximately 57% improvement in bulb 
yield. The application of trace elements independently 
enhanced bulb yield by 15-18% over non-supplemented 
treatments, indicating a synergistic relationship between 
sulphur and micronutrients in garlic yield formation. 
 
Micronutrient Concentrations and Uptake 
The data on micronutrient concentrations in leaves and 
bulbs at harvest (Table 2) revealed that foliar 
supplementation of Zn, Mn, Cu, and Fe significantly 
increased their accumulation in plant tissues. In leaves, 
mean zinc concentration increased from 25.2 mg kg⁻¹ 
(without trace elements) to 34.9 mg kg⁻¹ (with trace 
elements). Similar increments were noted for manganese 
(from 41.5 to 55.7 mg kg⁻¹), copper (from 6.8 to 9.3 mg 
kg⁻¹), and iron (from 118.4 to 149.6 mg kg⁻¹). 
In bulb tissue, trace-element enrichment enhanced zinc 
concentration by 36%, manganese by 32%, copper by 34%, 
and iron by 30% relative to the non-supplemented treatment. 
These findings confirm efficient translocation of 
micronutrients from foliar applications to storage tissues, 
thereby contributing to improved biochemical composition 
and storage quality. 
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 Biochemical Parameters 
Allicin content, a key organosulphur compound determining 
the pungency and therapeutic value of garlic, was 
significantly influenced by both sulphur and micronutrient 
treatments. Allicin concentration increased from 10.1 mg g⁻¹ 
DW in the control to 14.6 mg g⁻¹ DW at 100 kg S ha⁻¹ with 
trace-element supplementation. The increase was directly 
associated with improved sulphur assimilation and enzyme 
activation involved in organosulphur compound 
biosynthesis. Treatments with 150 kg S ha⁻¹ showed a slight 
reduction in allicin concentration (14.3 mg g⁻¹ DW), 
suggesting that excessive sulphur did not further enhance 
secondary metabolite synthesis. 
The Rasa (pungency) index, derived from sensory panel 
evaluations, followed a pattern parallel to allicin 
concentration, confirming that biochemical enhancement 
translated into perceptible sensory intensity. The maximum 
Rasa index value (6.9) was obtained at 100 kg S ha⁻¹ with 
trace-element supplementation, compared to 5.2 in the 
control. 
 
Correlation among Growth and Biochemical Traits 
Correlation analysis among key variables (Table 3) revealed 
strong positive relationships between sulphur uptake and 
other parameters such as chlorophyll content (r = 0.74), 
allicin concentration (r = 0.82), and bulb weight (r = 0.69). 
Zinc uptake was also positively correlated with allicin 
content (r = 0.63) and bulb weight (r = 0.55). These 
associations indicate that higher sulphur and zinc uptake 
corresponded with improved physiological efficiency and 
metabolic activation, resulting in higher yield and 
biochemical quality. 
Furthermore, the correlation between allicin content and 
bulb weight (r = 0.71) suggests a mutual reinforcement 
between metabolic intensity and yield performance. Such 
results emphasize the integrated role of nutrient assimilation 
in determining both productivity and quality parameters. 
 
Storage Behavior and Guna Evaluation: Post-harvest 
storage studies demonstrated a pronounced effect of nutrient 

treatments on bulb firmness, sprouting, and decay 
percentage (Table 4). Bulbs harvested from the control plots 
(0 kg S, without trace elements) recorded firmness scores of 
7.6 at harvest, 6.1 at four months, and 4.9 at eight months of 
storage. In contrast, the treatment receiving 100 kg S ha⁻¹ 
with trace-element supplementation maintained higher 
firmness scores of 8.4, 7.6, and 6.8 over the same period, 
representing an average 25% improvement in textural 
stability. 
The percentage of sprouting and decay after eight months 
was reduced from 18.3% and 12.6% in the control to 9.7% 
and 6.2%, respectively, in the best treatment combination. 
These results demonstrate that balanced sulphur and 
micronutrient management significantly improves storage 
quality, possibly through enhanced tissue strength, 
membrane stability, and antioxidant defense mechanisms. 
The Guna index, derived from firmness retention and decay 
data, was highest under 100 kg S ha⁻¹ with trace-element 
supplementation, indicating superior storage potential and 
quality retention. This supports the hypothesis that 
physiological vigor maintained during the growth phase 
extends into postharvest longevity through better nutrient 
fortification. 
 
Summary of Quantitative Responses 
Overall, the results indicate that optimum sulphur nutrition 
around 100 kg ha⁻¹, in combination with foliar micronutrient 
supplementation, maximized growth, yield, and biochemical 
traits of garlic. The interaction between sulphur and trace 
elements contributed to enhanced photosynthetic capacity, 
higher nutrient uptake, and improved synthesis of allicin and 
other organosulphur compounds. The positive correlations 
among sulphur uptake, allicin concentration, and bulb yield 
confirm a coordinated metabolic regulation under balanced 
nutrient regimes. Moreover, improved Rasa and Guna 
indices signify that these biochemical advancements were 
reflected in the sensory and storage attributes of garlic 
bulbs. 

 

 
 

Fig 1: Effect of sulphur on bulb weight 
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Fig 2: Effect of sulphur on allicin content 
 

 
 

Fig 3: Effect of sulphur on garlic yield 
 

Tables 
 

Table 1: Effect of sulphur and trace elements on growth and quality parameters (mean ± SE, n = 4). 
 

Sulphur (kg 
ha⁻¹) Trace elements Bulb weight 

(g plant⁻¹) 
Bulb yield (t 

ha⁻¹) 
Chlorophyll 

(SPAD) 
Allicin (mg g⁻¹ 

DW) 
Pungency (Rasa 

index) 
0 (Control) Without TE 58 3.42 34.8 10.1 5.2 

50 With TE (Zn + Mn + Cu + Fe) 71 4.72 41.6 12.4 6.1 
100 With TE (Zn + Mn + Cu + Fe) 83 5.36 44.3 14.6 6.9 
150 With TE (Zn + Mn + Cu + Fe) 85 5.4 42.8 14.3 6.7 

 
Table 2: Micronutrient concentrations (leaf and bulb) at harvest (mean of four replications). 

 

Treatment Leaf Zn 
(mg kg⁻¹) 

Leaf Mn (mg 
kg⁻¹) 

Leaf Cu (mg 
kg⁻¹) 

Leaf Fe (mg 
kg⁻¹) 

Bulb Zn (mg 
kg⁻¹) 

Bulb Mn (mg 
kg⁻¹) 

Bulb Cu (mg 
kg⁻¹) 

Bulb Fe (mg 
kg⁻¹) 

Without TE 25.2 41.5 6.8 118.4 16.7 23.6 4.1 67.9 
With TE 34.9 55.7 9.3 149.6 22.8 31.2 5.5 88.5 

 
Table 3. Pearson correlation matrix among key variables (pooled across treatments). 

 

 S uptake (kg ha⁻¹) Zn uptake (g ha⁻¹) Chlorophyll (SPAD) Allicin (mg g⁻¹ DW) Bulb weight (g plant⁻¹) 
S uptake (kg ha⁻¹) 1.00 0.58 0.74 0.82 0.69 
Zn uptake (g ha⁻¹) 0.58 1.00 0.49 0.63 0.55 

Chlorophyll (SPAD) 0.74 0.49 1.00 0.60 0.62 
Allicin (mg g⁻¹ DW) 0.82 0.63 0.60 1.00 0.71 

Bulb weight (g plant⁻¹) 0.69 0.55 0.62 0.71 1.00 
 

Table 4. Storage-life (Guna) metrics and defect incidence under different nutrient regimes. 
 

Treatment Firmness 0 mo (0-9) Firmness 4 mo (0-9) Firmness 8 mo (0-9) Sprouting at 8 mo (%) Decay at 8 mo (%) 
0 kg S, Without TE 7.6 6.1 4.9 18.3 12.6 
100 kg S, With TE 8.4 7.6 6.8 9.7 6.2 
150 kg S, With TE 8.3 7.3 6.5 10.8 6.9 
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 Discussion 
The present investigation demonstrates that sulphur and 
trace-element interactions markedly influenced the 
morphological, physiological, and biochemical parameters 
of garlic (Allium sativum L.). The curvilinear response 
pattern observed across the sulphur levels, with an optimum 
around 100 kg S ha⁻¹, corroborates the established principle 
that sulphur exhibits a threshold-dependent effect in Allium 
crops. Below this level, sulphur availability limits 
organosulphur metabolism, whereas excessive application 
offers negligible or diminishing returns due to nutrient 
antagonism or metabolic saturation. 
 
Influence of Sulphur on Growth and Yield 
The significant improvement in bulb weight and yield up to 
100 kg S ha⁻¹ aligns with the findings of Thangasamy et al. 
(2018) [1], who reported enhanced bulb size and marketable 
yield of garlic under moderate sulphur application. 
Similarly, Pandey et al. (2020) [2] observed a 22-25% yield 
increase with 90-120 kg S ha⁻¹ over the control, attributing it 
to improved assimilation of photosynthates and amino acid 
synthesis. The present study recorded a maximum bulb yield 
of 5.36 t ha⁻¹ at 100 kg S ha⁻¹, reflecting the same optimum 
range. Beyond this rate, a slight decline in yield suggests 
that excessive sulphur may inhibit nutrient balance or 
enzyme activity associated with bulb development. 
 
Effect of Micronutrient Supplementation 
Trace-element supplementation (Zn, Mn, Cu, Fe) 
consistently improved chlorophyll content, micronutrient 
concentrations, and bulb yield, indicating synergistic 
interactions between sulphur and micronutrients in garlic 
metabolism. These results are comparable to those of Kumar 
et al. (2019) [15], who demonstrated that foliar application of 
zinc and manganese enhances photosynthetic efficiency and 
enzymatic activation in sulphur-dependent metabolic 
pathways. The increase in SPAD values by approximately 
25-30% in the present experiment confirms that 
micronutrients facilitate chlorophyll biosynthesis, leading to 
improved photosynthetic rates and assimilate translocation 
toward bulb formation. 
Micronutrient application also enhanced the uptake and 
translocation of sulphur in both leaves and bulbs. Similar 
interactions were reported by Singh et al. (2019) [4], who 
found that zinc supplementation improved sulphur uptake 
efficiency by influencing root oxidative metabolism and 
ATP-sulfurylase activity. In addition, manganese and 
copper, as cofactors of superoxide dismutase and oxidase 
enzymes, likely mitigated oxidative stress during bulb 
development, thereby maintaining higher metabolic 
efficiency. 
 
Biochemical and Quality Attributes 
The enhancement of allicin content at 100 kg S ha⁻¹ with 
trace-element supplementation (Zn + Mn + Cu + Fe) 
underscores the biochemical interdependence of sulphur and 
micronutrient nutrition. The recorded allicin concentration 
of 14.6 mg g⁻¹ DW represents a substantial improvement 
over the control and aligns with the findings of Eppendorfer 
and Bohlke (2001) [5], who reported that sulphur fertilization 
significantly increased organosulphur compound 
accumulation in Allium tissues. Likewise, Sharma et al. 
(2019) [4] observed that combined application of sulphur and 
micronutrients resulted in greater synthesis of volatile 

sulphides and secondary metabolites in garlic, leading to 
improved pungency and flavor intensity. 
Correlation analysis from the present study revealed strong 
positive associations among sulphur uptake, allicin content 
(r = 0.82), and bulb weight (r = 0.69). This confirms that 
sulphur assimilation directly drives organosulphur 
metabolism, which, in turn, influences both yield and 
sensory quality. Comparable findings were reported by Patel 
et al. (2020) [22], who documented that balanced S and Zn 
fertilization enhanced both yield components and flavour 
precursors in Allium cepa and A. sativum through improved 
enzymatic activity of alliinase and glutathione reductase. 
 
Physiological Mechanisms and Secondary Metabolism 
The interaction between sulphur and micronutrients likely 
operates at multiple physiological levels. Sulphur is required 
for the biosynthesis of cysteine and methionine, which are 
precursors of allicin, while zinc, manganese, and copper act 
as activators of enzymes involved in amino acid and 
secondary metabolite synthesis. Enhanced chlorophyll 
content under these treatments suggests improved carbon 
fixation capacity, supporting the hypothesis that 
micronutrients facilitate the energy-dependent reduction of 
sulphate to sulphide via ATP-sulfurylase and APS 
reductase. 
Additionally, the balanced supply of Fe and Mn contributes 
to the redox potential necessary for maintaining electron 
transport chains and coenzyme regeneration, indirectly 
supporting sulphur metabolism. This integrated mechanism 
explains the observed synergy between S and trace elements 
in the present experiment. The positive relationship between 
Zn uptake and allicin formation further validates the 
metabolic interconnection among micronutrients and 
sulphur-dependent biosynthetic pathways. 
 
Rasa-Guna Interpretation and Postharvest Quality 
The improvement in Rasa (pungency) and Guna (firmness 
and storage stability) indices reflects the translation of 
biochemical enhancements into sensory and functional 
qualities. Treatments receiving 100 kg S ha⁻¹ along with 
foliar micronutrients exhibited higher sensory pungency 
(Rasa index = 6.9) and superior storage performance (Guna 
firmness retention = 6.8). These outcomes are in harmony 
with the qualitative principles of Ayurveda, where balanced 
Rasa-Guna attributes denote the presence of optimal 
elemental composition and vitality (Tejas). From a scientific 
standpoint, this indicates that sulphur-mediated synthesis of 
thiosulfinates and micronutrient-induced enzymatic integrity 
collectively determine flavor intensity and bulb firmness. 
Similar sensory and storage responses have been reported by 
Sahoo et al. (2020) [23], who found that integrated S and Zn 
nutrition improved Allium bulb firmness and reduced decay 
incidence by 20-25%. The reduced sprouting and decay 
percentages in the present study further affirm the role of 
balanced nutrient regimes in delaying physiological 
deterioration and microbial spoilage. 
 
Comparison with Contemporary Research 
The consistency of these results with contemporary research 
strengthens the reliability of the present findings. Singh et 
al. (2019) [4] documented similar sulphur-micronutrient 
synergism for yield and biochemical improvement, while 
Sharma et al. (2019) [4] and Patel et al. (2020) [22] highlighted 
the enhancement of flavour precursors under combined 
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 nutrient management. However, the current study extends 
these observations by incorporating the Rasa-Guna 
qualitative assessment, providing a holistic framework that 
integrates biochemical, sensory, and postharvest 
dimensions. 
Moreover, this work confirms that 100 kg S ha⁻¹ is near the 
physiological optimum for garlic under sandy loam 
conditions, beyond which further S addition yields marginal 
gains. The integration of trace elements amplifies the 
biochemical and sensory responses, suggesting that future 
nutrient management strategies should focus on balanced 
micro-macro synergy rather than singular nutrient 
application. 
 
Summary of Findings 
In summary, the results validate that sulphur and trace-
element co-application optimizes both quantitative and 
qualitative aspects of garlic production. Sulphur primarily 
drives organosulphur metabolism and yield, while 
micronutrients enhance the efficiency of these pathways by 
promoting photosynthesis, enzymatic activation, and 
oxidative balance. The combined treatment of 100 kg S ha⁻¹ 
with foliar Zn, Mn, Cu, and Fe emerges as the most 
effective nutrient regime for achieving superior bulb yield, 
allicin content, and storage performance. 
The study thus contributes to both scientific and traditional 
perspectives affirming that balanced elemental nutrition is 
essential not only for yield optimization but also for 
enhancing sensory and postharvest qualities aligned with 
Rasa-Guna principles. Future work integrating molecular 
markers for sulphur metabolism and texture-related genes 
could further elucidate the mechanistic pathways linking 
nutrient dynamics with sensory perception. 
 
Conclusion 
The present study clearly demonstrates that both sulphur and 
trace-element nutrition play vital and complementary roles 
in optimizing the growth, yield, biochemical composition, 
and quality attributes of garlic (Allium sativum L.). The 
experimental evidence showed that sulphur nutrition 
exhibits a characteristic curvilinear response, with an 
optimum level near 100 kg S ha⁻¹, beyond which further 
increases in sulphur supply produced diminishing or no 
significant benefits. The incorporation of foliar 
micronutrients Zn, Mn, Cu, and Fe further enhanced plant 
physiological efficiency, nutrient uptake, and secondary 
metabolite formation, establishing a synergistic interaction 
between sulphur and trace elements. 
At the optimum sulphur level (100 kg ha⁻¹) combined with 
micronutrient supplementation, the crop recorded the 
highest bulb weight (83 g plant⁻¹), bulb yield (5.36 t ha⁻¹), 
and allicin concentration (14.6 mg g⁻¹ DW). The chlorophyll 
content increased by nearly 27% compared to the control, 
indicating superior photosynthetic activity and metabolic 
vigor. The strong positive correlations among sulphur 
uptake, allicin content, and bulb yield highlight a 
coordinated physiological mechanism where sulphur 
assimilation supports both primary and secondary 
metabolism. Trace-element supplementation facilitated 
these processes by activating cofactor-dependent enzymes 
involved in chlorophyll formation, sulphate reduction, and 
organosulphur biosynthesis. 
Post-harvest analyses confirmed that balanced nutrient 
management improved storage life and firmness of garlic 

bulbs. Treatments receiving 100 kg S ha⁻¹ with trace 
elements exhibited reduced sprouting (9.7%) and lower 
decay (6.2%) after eight months of storage compared to the 
control. The enhancement in Guna (firmness and stability) 
and Rasa (pungency) indices further reflects how 
biochemical and structural improvements translated into 
superior sensory and functional quality. 
From a practical standpoint, this study provides a strong 
foundation for integrated nutrient management strategies in 
garlic cultivation. The findings suggest that maintaining 
balanced sulphur and micronutrient nutrition not only 
maximizes productivity but also improves the biochemical 
and sensory quality parameters that define market and 
medicinal value. Such practices contribute to sustainable 
agriculture by ensuring efficient nutrient utilization and 
better postharvest shelf life. 
Beyond agronomic implications, the integration of Rasa-
Guna assessment offers a culturally rooted yet scientifically 
robust framework for evaluating crop quality. The study 
bridges modern plant nutrition with traditional Ayurvedic 
principles, demonstrating that sensory and biochemical 
dimensions of crop quality can coexist within a unified 
analytical model. This approach opens new perspectives for 
quality evaluation in spice, aromatic, and medicinal crops, 
where both functional efficacy and sensory appeal 
determine economic and therapeutic significance. 
In conclusion, applying 100 kg S ha⁻¹ along with foliar Zn, 
Mn, Cu, and Fe forms an optimal and holistic nutrient 
regime for achieving high-yielding, biochemically enriched, 
and sensorially superior garlic. Future research integrating 
molecular and enzymatic markers of sulphur metabolism, 
alongside long-term field validations across diverse soil 
types, will further strengthen the understanding of sulphur-
micronutrient synergy and its contribution to sustainable 
garlic production. 
 
References 
1. Thangasamy A, Lawande KE, Tripathi PC. Influence of 

sulphur fertilization on yield and quality of garlic 
(Allium sativum L.). Sci Hortic (Amsterdam). 
2018;232:228-235. 

2. Pandey UB, Singh RK, Verma SK. Response of garlic 
to different levels of sulphur and zinc under alluvial soil 
conditions. J Plant Nutr. 2020;43(15):2331-2340. 

3. Randle WM, Kopsell DA. Sulfur fertilization influences 
flavor precursor development and accumulation in 
onion and garlic. J Am Soc Hortic Sci. 
1997;122(6):899-905. 

4. Kumar P, Sharma R, Singh N. Effect of sulphur and 
micronutrient fertilization on growth and yield of garlic 
(Allium sativum L.). Indian J Agric Sci. 
2019;89(9):1484-1490. 

5. Eppendorfer WH, Bohlke EJ. Influence of sulfur 
fertilization on organosulfur compounds in Allium 
species. J Agric Food Chem. 2001;49(10):4619-4624. 

6. Nasim M, Qureshi R, Khan N. Effect of sulfur 
fertilization on growth and yield of garlic (Allium 
sativum L.). Asian J Plant Sci. 2002;1(5):532-534. 

7. Joshi YP, Tiwari JP. Response of garlic (Allium sativum 
L.) to sulphur and zinc fertilization in clay loam soils. 
Adv Plant Sci. 2015;28(2):513-516. 

8. Tripathi PC, Lawande KE, Singh D. Effect of sulphur 
and micronutrient fertilization on yield and quality of 
garlic. Indian J Hortic. 2014;71(4):517-520. 

https://www.maulikjournal.com/


 

~ 37 ~ 

Journal of Ayurvedic Maulik Siddhant https://www.maulikjournal.com 
   
 9. Reddy KS, Reddy YN, Reddy KV. Response of garlic 

(Allium sativum L.) to levels of nitrogen, phosphorus, 
and sulphur. Indian J Agron. 2010;55(1):56-59. 

10. Choyal P, Garhwal OP, Choudhary MR, Bairwa LN, 
Shivran AC, Gothwal DK. Effect of sulphur and 
micronutrients on growth attributes of garlic (Allium 
sativum L.). Int J Hortic Food Sci. 2022;4(2):223-226. 
doi:10.33545/26631067.2022.v4.i2c.143. 

11. Khan MU, Qasim M, Ahmed M, Rafiullah. Effect of 
sulphur levels on the yield and quality of garlic. Sarhad 
J Agric. 2003;19(3):455-459. 

12. Balasubramanian T, Saravanan S, Pandian BJ. 
Interaction effect of secondary and micronutrients on 
garlic yield and nutrient uptake. Plant Arch. 
2016;16(1):153-158. 

13. Gupta RP, Sharma VP. Effect of sulphur and zinc on 
the growth and yield of onion (Allium cepa L.) and 
garlic (A. sativum L.). Indian J Agric Sci. 
1993;63(4):228-232. 

14. Sharma RP, Thakur NS, Kumar S. Influence of zinc and 
iron on biochemical parameters and yield of garlic. J 
Soils Crops. 2018;28(1):71-77. 

15. Singh J, Kumar R, Singh V. Role of micronutrients in 
garlic production: a review. Int J Curr Microbiol Appl 
Sci. 2019;8(2):312-322. 

16. Kopsell DE, Randle WM. Genetic and sulfur-induced 
variation in the S-alk(en)yl cysteine sulfoxides among 
Allium species. J Am Soc Hortic Sci. 1999;124(4):531-
535. 

17. Ali M, Sharma S, Chattopadhyay A. Effects of 
secondary and micronutrients on garlic yield and 
storability. J Environ Biol. 2016;37(3):527-532. 

18. Abo-Bakr AM, El-Desuki M, El-Bassiony AM. Effect 
of nitrogen and sulfur fertilization on growth, yield, and 
quality of garlic plants. Middle East J Agric Res. 
2014;3(4):1091-1099. 

19. Bunyamin R, Khandaker MM, Rahman MM. Effects of 
different sulfur sources on growth and yield of garlic. 
Bangladesh J Agric Res. 2011;36(4):677-684. 

20. Bhattacharjee S, Islam MR, Rahman MM. Growth and 
yield of garlic as influenced by zinc and boron 
fertilization. Bangladesh J Agric Res. 2010;35(2):205-
213. 

21. Bloem E, Haneklaus S, Schnug E. Sulfur metabolism in 
plants: a review on sulfur-induced resistance. J Plant 
Nutr. 2005;28(9):1343-1356. 

22. Patel R, Babady E, Theel ES, Storch GA, Pinsky BA, 
St. George K, Smith TC, Bertuzzi S. Report from the 
American Society for Microbiology COVID-19 
International Summit, 23 March 2020: value of 
diagnostic testing for SARS-CoV-2/COVID-19. MBio. 
2020 Apr 28;11(2):10-128. 

23. Grover S, Sahoo S, Mehra A, Avasthi A, Tripathi A, 
Subramanyan A, Pattojoshi A, Rao GP, Saha G, Mishra 
KK, Chakraborty K. Psychological impact of COVID-
19 lockdown: An online survey from India. Indian 
journal of psychiatry. 2020 Jul 1;62(4):354-62. 

 

https://www.maulikjournal.com/

