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ABSTRACT:

Background: Container gardening in urban and peri-urban agroecosystems requires nutrient-rich and biologically
active growth media to sustain crop productivity and quality.

Objectives: The study aimed to develop and evaluate an organic pot mixture supplement (PMS) and relate its
GC-MS—based metabolite profile to plant growth, yield and quality.

Methods: The optimized formulation, PMS-3, comprised Ganajeevamirtham + 5% neem cake + 3% Bacillus
subtilis + 10% PGPR consortium. Its performance was evaluated under pot culture conditions in palak, tomato,
brinjal, chilli, bhendi, cabbage and cauliflower against organic and inorganic amendments. GC-MS profiling and
agronomic, yield and quality parameters were assessed.

Results: PMS-3 showed diverse bioactive metabolites associated with nutrient availability, stress tolerance and
plant growth promotion. It significantly enhanced growth and yield across crops, with increases of 95.1% in leaf
length, 210% in leaf area and 407% in fresh leaf yield of palak, 108.5% in tomato yield, 27.1% in cauliflower
curd weight and 23.7% in chilli yield over the untreated control. Quality attributes including TSS, ascorbic acid,
B-carotene and lycopene were also improved. PMS-3 at 50 g pot™ every 15 days for leafy vegetables and 100 g
pot™! monthly for fruiting crops was effective, demonstrating its potential as a sustainable organic supplement for
container-based horticulture.

KEYWORDS: Organic pot mixture, GC-MS metabolite profiling, PGPR, Bacillus subtilis, container gardening,
sustainable horticulture, plant growth promotion

INTRODUCTION

Urban and peri-urban horticulture has emerged as an essential strategy to address the interconnected challenges
of rapid urbanization, food insecurity and environmental sustainability. The conversion of underutilized urban
spaces such as rooftops, balconies and vacant lots into productive cultivation areas enhances local food resilience,
reduces transportation-related carbon emissions, and promotes community well-being (Grewal et al., 2011; Orsini
et al., 2013). Within this context, container gardening plays a pivotal role by enabling intensive crop production
in space-limited environments. However, unlike natural soils, container substrates possess restricted volume,
limited buffering capacity and accelerated nutrient turnover, often resulting in rapid depletion of essential nutrients
and subsequent constraints on plant growth and productivity (Savvas & Gruda, 2018). Although synthetic
fertilizers are commonly applied to overcome these limitations, their excessive use in confined systems can lead
to salinity buildup, phytotoxic effects, nutrient leaching and disruption of beneficial microbial communities
(Russo et al., 2017).

The development of sustainable and biologically active growth media is therefore critical for improving the long-
term productivity of container-based cultivation systems. Bio-enriched organic amendments, particularly those
integrated with plant growth-promoting rhizobacteria (PGPR), represent a promising alternative to conventional
inputs. Beyond serving as nutrient sources, these amendments function as bio stimulants that enhance substrate
physicochemical properties, support beneficial microbiota and stimulate plant physiological processes (Backer et
al., 2018; Mitter et al., 2021). PGPR belonging to genera such as Bacillus, Pseudomonas and Azospirillum
promote plant growth through diverse mechanisms, including biological nitrogen fixation, phosphate
solubilization, phytohormone production and synthesis of antimicrobial metabolites that improve plant vigor and
stress tolerance (Vejan et al., 2016). Despite increasing agronomic evidence supporting the effectiveness of
organic PGPR formulations, their evaluation has traditionally relied on physicochemical parameters such as total
nitrogen, phosphorus, potassium, organic carbon, pH and electrical conductivity. While informative, these
indicators provide only a partial understanding of amendment functionality and fail to capture the complex
biochemical interactions that regulate plant microbe substrate dynamics (Alves et al., 2018). The agronomic
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performance of organic inputs is closely linked to their metabolomic composition the diverse array of primary and
secondary metabolites, signalling molecules, and bioactive compounds that influence nutrient availability, plant
metabolism and microbial activity.

Several metabolite classes play critical roles in determining amendment efficacy. Osmoprotectants such as glycine
betaine and proline enhance plant tolerance to drought and salinity stress, whereas organic acids including citric
and malic acids facilitate mineral solubilization and nutrient chelation within the rhizosphere. Phytohormones and
their precursors directly regulate plant growth and biomass allocation, while phenolics and alkaloids contribute to
pathogen suppression. Additionally, siderophores improve iron bioavailability and volatile organic compounds
(VOCs) function as signaling molecules that modulate plant defense responses and growth (Sanchez-Caiiizares et
al., 2017). Consequently, omics-based tools particularly metabolomics are increasingly recognized as
indispensable for advancing from descriptive characterization toward a mechanistic understanding of organic
amendments.

Gas Chromatography Mass Spectrometry (GC-MS) is a highly sensitive and reliable analytical platform for
profiling volatile and semi-volatile metabolites, including organic acids, amino acids, sugars, fatty acids and
certain phytohormones (Kim et al., 2019). Although GC-MS based metabolomics is gaining attention in
biostimulant research, its application in the rational formulation and quality standardization of organic pot mixture
supplements remains limited. Addressing this gap is essential for developing scientifically validated inputs
tailored for container horticulture. The present study is founded on the hypothesis that the agronomic efficacy of
an organic pot mixture supplement is determined by its unique biochemical signature. Accordingly, a promising
formulation, PMS 1 comprising Ganajeevamirtham (a fermented organic product), neem cake (Azadirachta
indica), Bacillus subtilis and a multi-strain PGPR consortium was selected for investigation. The present study
aimed to conduct GC—MS-based metabolomic profiling of PMS 1 to identify distinctive biochemical biomarkers
in comparison with conventional organic and synthetic inputs, evaluate its horticultural performance in container-
grown leafy and fruiting vegetables, elucidate functional relationships between metabolic signatures, plant
physiological responses, and rhizosphere microbial activity, and assess the post-harvest nutritional quality of
produce cultivated with PMS 1 relative to control treatments.

This integrative metabolomics horticulture framework is expected to generate mechanistic insights into the
performance of bio-enriched organic amendments while supporting the development of standardized, high-quality
potting supplements. Identification of metabolite biomarkers may facilitate product consistency and inform the
design of next-generation growth media tailored to specific crops and environmental conditions. Ultimately, this
research contributes to the broader goal of sustainable agricultural intensification by providing scientifically
validated tools that enhance productivity, nutrient efficiency and environmental stewardship in urban and peri-
urban food systems.

MATERIALS AND METHODS

2.1 Experimental Site and Design

The study was conducted at the Nammazhvar Organic Farming Research Centre and College Orchard,
Department of Fruit Sciences, Horticulture College and Research Institute, Tamil Nadu Agricultural University
(TNAU), Coimbatore (latitude 11°01'N, longitude 76°93'E), during the period from January 2023 to March 2024.
All experiments were laid out in a Completely Randomized Design (CRD) with three replications. The
experimental site is situated in the Western Agro-climatic Zone of Tamil Nadu and is characterized by a semi-
arid tropical climate. The soil at the experimental site was analyzed prior to the imposition of treatments to
determine its initial physicochemical properties, including pH, EC, organic carbon and macro- and micronutrient
content, as detailed in the completion report. The pot culture experiments were carried out using uniform-sized
pots (4—6 kg capacity) and the treatments were applied after the preparation of the pot mixture supplements. The
crop selected for the initial study was palak (Spinacia oleracea), followed by subsequent trials on tomato, brinjal,
chilli, cabbage, cauliflower and bhendi to evaluate the efficacy of the developed organic pot mixture supplements
under controlled conditions. Fig 1. depicted cultivation of different : abl ulture
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Fig 1. Cultivation of different vegetable crops under pot culture
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2.2 Formulation of Organic Pot Mixture Supplements
Four PMS formulations were prepared:

Treatment Formulation Composition (Key Components)

Code Name

Tl Organic PMS 1 Ganajeevamirtham + 5% neem cake + 3% Bacillus subtilis + 10%
PGPR consortium (ITHR)

T2 Organic PMS 2 Varied organic composition (different proportions of organic inputs
and microbial consortia)

T3 Organic PMS 3 Varied organic composition (modified nutrient and microbial profile)

T4 Organic PMS 4 Optimized organic blend (post-initial screening)

T5 Organic Check Standard organic potting mixture (positive control)

T6 Inorganic Check Conventional inorganic potting mixture (chemical fertilizers)

T7 Absolute Control | Untreated potting medium (no supplements)

2.3 GC-MS Metabolite Profiling

Samples of pot mixture supplements (PMS) were analysed using a Perkin Elmer Clarus SQ8C GC-MS system
equipped with a DB-5 MS capillary column (30 m x 0.25 mm, 0.25 pm film thickness). Helium was the carrier
gas at 1 mL/min. Injection volume was 1 pL in split less mode. The oven temperature program: 50°C (2 min),
ramp to 300°C at 10°C/min, hold for 10 min. Mass spectra were acquired in EI+ mode (70 eV) from *m/z* 40—
600. Metabolites were identified using NIST and Wiley mass spectral libraries.

Application Protocol

The Pot Mixture Supplements (PMS) were applied in a standardized manner to ensure consistent nutrient
availability and microbial activity throughout the crop growth cycle. The application rate and frequency were
differentiated based on crop type leafy greens (e.g., palak) and fruiting vegetables (e.g., tomato, brinjal, chilli,
etc.) to meet their specific nutritional demands and growth stages.

Pot Preparation:

Uniform pots of 4-6 kg capacity was filled with the base potting medium (soil + farmyard manure in a 3:1 ratio).
Initial Mixing:

Before sowing or transplanting, the prescribed dose of PMS was thoroughly mixed into the top 5—10 cm of the
pot media.

Top-Dressing Schedule:

Subsequent applications were made as top-dressing at regular intervals, lightly incorporated into the surface layer
without disturbing the root zone.

Irrigation:

Immediately after each application, light irrigation was provided to activate nutrient release and microbial
integration..

Crop-Specific Application Details:

Crop PMS Dose per | Application Total Applications per Cycle
Pot Frequency
Tomato 50 g/pot Every 15 days 6—8 applications (up to fruit ripening)
Cauliflower 50 g/pot Every 15 days 6 applications (up to curd initiation)
Bhendi (Okra) 50 g/pot Every 12 days 5-6 applications (until pod formation)
Chilli 50 g/pot Every 15 days 6—8 applications (until final harvest)
Brinjal 50 g/pot Every 15 days 6-8 applications (sustained for fruiting)
(Eggplant)
Leafy Greens 50 g/pot Every 12 days 5-6 applications (depending on harvest
schedule)
2.6 Data Collection

Growth, yield and quality parameters were recorded. Soil and PMS samples were analysed for physicochemical
properties and microbial load. GC-MS data were processed using TurboMass™ software.

2.7 Statistical Analysis

Agronomic data were analyzed using ANOVA and CD at *p* < 0.05. Metabolite data were evaluated for relative
abundance and functional relevance.

3. Results
3.1. Initial Media Characterization

The initial physicochemical properties of the potting medium were analyzed prior to treatment imposition to
establish a baseline (Table 1).
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Table 1. Initial physico-chemical properties of potting media before treatment imposition.
Property Value Property Value

Ph 8.12 Fe (mg/kg) | 5363.20
EC(dSm™) | 0.83 Mn (mg/kg) | 176.00
OC (%) 7.08 Zn (mg/kg) | 178.15
N (%) 0.056 Cu (mg/kg) | 14.15

P (%) 0.347 B (mg/kg) 18.00
K (%) 0.237 Cd (mg/kg) | 1.75

Ca (mg/kg) | 0.00 Cr (mg/kg) | 41.15
Mg (mg/kg) | 2302.70 | Pb (mg/kg) | 13.75
S (mg/kg) 3908.85 | Ni (mg/kg) | 18.35

The initial characterization revealed a growing medium with an alkaline pH of 8.12, a value that will
fundamentally govern nutrient availability. At this pH, the solubility of essential micronutrients such as Fe, Mn,
Zn, and Cu is significantly reduced, potentially inducing deficiencies despite their adequate total concentrations
in the medium (Lindsay, 1981; Marschner, 2011). The electrical conductivity (EC) of 0.83 dS m™ indicates a
moderate, non-saline soluble salt level suitable for containerized crops (Yeager et al., 1997). The high organic
carbon (7.08%) suggests good structure and nutrient retention capacity (Bunt, 2012).

Macronutrient analysis showed adequate reserves of P (0.347%) and K (0.237%), and very high levels of Mg and
S inherent to the mineral components. However, total N was low (0.056%), a common trait in soilless substrates
requiring supplemental fertilization (Nelson, 1985). Critically, Ca was undetectable, a major deficiency that must
be corrected for proper plant development (White & Broadley, 2003). Furthermore, detectable levels of heavy
metals (e.g., Cd, Cr, Pb) were present, raising potential phytotoxicity concerns, although their bioavailability
would be mitigated by the alkaline pH (Kabata-Pendias, 2011).

In summary, the alkaline pH and absence of Ca are the primary limiting factors identified in the baseline medium,
providing essential context for interpreting future treatment effects.

3.2 Effect on Palak Growth and Yield

The growth and yield parameters of palak (Spinacia oleracea) at the first harvest (30 days after sowing) were
significantly influenced by the different pot mixture supplements (Table 2).

Table 2. Effect of pot mixture supplements on growth and yield parameters of palak (first harvest)

Treatment No. of | Leaf Length | Leaf Breadth | Leaf Area | Fresh Yield
Leaves (cm) (cm) (cm?) (g/plant)

T1 (PMS1) 6.2 10.23 5.20 53.20 156.2

T2 (PMS2) 6.5 10.85 5.56 60.33 164.9

T3 (PMS3) 6.5 11.26 5.83 65.65 170.5

T4 (PMS4) 8.5 13.90 6.28 87.30 195.3

TS (Organic | 6.0 11.59 5.59 64.88 160.2

check)

T6 (Inorganic | 9.4 14.28 6.42 91.77 206.8

check)

T7 (Control) 5.2 9.54 4.87 46.46 148.6

Sed 0.146 0.298 0.113 1.875 3.930

CD (p=0.05) 0.304 0.622 0.236 3.918 8.210

CV% 2.58 3.13 2.44 3.42 2.80

The application of various potting mixture supplements had a statistically significant (p<0.05) effect on all growth
parameters and fresh yield of palak compared to the untreated control (T7). The inorganic check (T6) consistently
recorded the highest values across all parameters, including maximum fresh yield (206.8 g/plant), leaf number
(9.4), and leaf area (91.77 cm?). This superior performance can be attributed to the immediately available nutrient
supply from the synthetic fertilizers, which rapidly addresses the inherent nutrient deficiencies (particularly Ca)
identified in the initial media (Section 3.1), thereby promoting vigorous early vegetative growth (Marschner,
2011).

Among the organic treatments, PMS4 (T4) demonstrated the best performance. It recorded a fresh yield of 195.3
g/plant, leaf area of 87.30 cm?, and leaf dimensions comparable to the inorganic check. This yield was 31.4%
higher than the absolute control (T7, 148.6 g/plant) and significantly outperformed the organic check (T35, 160.2
g/plant) and other PMS formulations. The enhanced performance of T4 suggests that its specific composition
provided a more balanced and readily available supply of organic-derived nutrients, improving the substrate's
physical and biological properties, which in turn facilitated better nutrient uptake and plant growth (Bunt, 2012).
Treatments T1, T2, and T3 showed progressive but intermediate improvements over the control, indicating a dose-
or composition-dependent response. The control (T7) exhibited the poorest growth (5.2 leaves, 46.46 cm? leaf
area, 148.6 g/plant), reflecting the limitations of the un-amended basal medium, particularly its alkaline pH and
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Ca deficiency. The low coefficient of variation (CV < 3.5%) across parameters confirms the precision and
reliability of the experimental data.

In summary, at the first harvest, all supplements improved palak growth over the control. PMS4 emerged as the
most effective organic amendment, achieving yields approaching those of the inorganic standard (T6),
highlighting its potential as a viable component in sustainable potting mixtures.

3.3 Performance in Other Vegetable Crops

The efficacy of the pot mixture supplements (PMS3 and PMS4) was validated across tomato, cauliflower, bhendi,
chilli, and brinjal crops. The results are presented in Table 4.

Table 4. Effect of pot mixture supplements on growth and yield parameters of various vegetable crops
Crop Parameter PMS3 | PMS4 | Control
Tomato Plant height (cm) 67.11 | 62.28 | 55.47

Yield/plant (kg) 3.725 | 3.018 | 1.786
Lycopene (mg/100g) | 5.51 5.38 5.10
Cauliflower | Curd weight (g) 374.26 | 355.22 | 294.52
Days to curd initiation | 55.25 | 62.10 | 63.33
Bhendi Fruits/plant 22.18 | 1824 | 13.37
Days to first harvest 39.53 [40.33 | 42.62
Chilli Fruits/plant 102 85 60
Yield/plant (g) 524.82 | 492.55 | 424.32
Vitamin C (mg/100g) | 95.33 | 95.00 | 94.25
Brinjal Plant height (cm) 92.24 | 88.52 | 74.90
Yield/plant (kg) 1.67 1.25 0.86

The pot mixture supplements, particularly PMS4, consistently enhanced growth and yield across all vegetable
crops compared to the control, demonstrating broad-spectrum efficacy. In tomato, PMS3produced the highest
yield (3.725 kg/plant), a 108.5% increase over the control, along with maximum lycopene content (5.51 mg/100g).
This substantial yield improvement is attributed to enhanced phosphorus and potassium availability from the
amendment, which are critical for fruiting and quality (Heuvelink, 2018). Higher lycopene content is associated
with improved potassium nutrition and reduced stress (Dorais et al., 2008). For cauliflower, PMS3 promoted the
earliest curd initiation (55.25 days) and heaviest curds (374.26 g). Early maturity and larger curd size reflect
vigorous vegetative growth supported by sustained nitrogen availability from the organic amendment (Wien,
1997).

In bhendi, PMS3 maximized fruit number (22.18/plant) and minimized days to first harvest (39.53 days). This
improved productivity and earliness result from enhanced root zone conditions facilitating efficient nutrient and
water uptake (Purewal & Randhawa, 2022). Chilli plants in PMS3produced the most fruits (102/plant) and highest
yield (524.82 g/plant). The marginal increase in Vitamin C content (95.33 mg/100g) suggests superior overall
plant metabolism and health (Lee & Kader, 2000). Brinjal followed the trend, with PMS3 achieving the greatest
plant height (92.24 cm) and yield (1.67 kg/plant), nearly double the control. This consistent performance across
Solanaceous crops indicates PMS3 is particularly suited to meeting the high nutritional demands of this family
(Bose et al., 2020). In conclusion, PMS3 proved to be a highly versatile and effective amendment, consistently
enhancing growth, yield, and quality across diverse vegetable crops, confirming its broad applicability for
sustainable container-based production.

3.4 Physico-Chemical Properties of Developed Supplements

The nutrient composition of the developed pot mixture supplements (PMS 3 and PMS 4) was analyzed after a six-
month incubation period (Table 5).

Table 5. Nutrient composition of PMS 3 and PMS 4 after 6-month incubation

Parameter PMS 3 PMS 4
pH 7.14 6.94
EC (dS/m) 5.46 5.13
Organic Carbon (%) 16.38 15.48
Macronutrients (%) E

N 15.6 17.9
P 0.199 0.183
K 0.345 0.764
Secondary Nutrients (mg/kg)

Ca 5605 5340
Mg 4614 4107
Micronutrients (mg/kg)

Fe 11,459 9386
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Mn 225.1 133.3
Zn 85.7 86.4
B 31.5 43.5
Cu 15.4 23.3

The six-month incubation period resulted in significant stabilization of both potting mixtures, with pH values
approaching the near-neutral range (PMS 3: 7.14; PMS2: 6.94). This represents a substantial shift from the initial
alkaline pH (8.12) of the base medium, attributable to organic acid production during decomposition (Brady &
Weil, 2017). Near-neutral pH optimizes bioavailability of essential nutrients for vegetable crops (Marschner,
2011).

The electrical conductivity (EC) increased markedly to 5.46 dS/m (PMS3) and 5.13 dS/m (PMS 4), reflecting
concentrated soluble salts from organic matter mineralization. These values indicate a nutrient-charged medium
requiring careful water management (Yeager et al., 1997). High organic carbon content (>15%) confirms
successful enrichment, enhancing CEC and nutrient retention (Bunt, 2012). Macronutrient profiles differed
between mixtures: PMS2 exhibited higher nitrogen (17.9%) and more than double the potassium (0.764%) of
PMS3, explaining its superior performance in fruiting crops with high K demand (Heuvelink, 2018). PMS3
showed slightly higher phosphorus (0.199%). Secondary and micronutrients were substantially enhanced,
correcting the critical Ca deficiency (from undetectable to >5300 mg/kg) identified in the initial medium. This
improvement is crucial for preventing physiological disorders (White & Broadley, 2003). PMS 3 accumulated
higher Fe (11,459 mg/kg) and Mn, while PMS2 contained more B and Cu, reflecting varied organic feedstocks
and allowing crop-specific tailoring (Barker & Pilbeam, 2015). In conclusion, the incubation produced two
distinct, nutrient-enriched media with near-neutral pH. PMS 3 offers higher Fe and Mn for leafy vegetables, while
PMS 4 provides superior K and B for fruiting and reproductive crops. The correction of initial deficiencies
validates the supplement development process.

3.5 Microbial Enumeration

The microbial populations in the developed pot mixture supplements were enumerated after the six-month
incubation period (Table 6).

Table 6. Microbial population in pot mixture supplements (CFU/g)
Sample | Bacteria (x10°) | Fungi (x107) | Actinomycetes (x10%)
PMS3 | 4.8 2.2 1.5
PMS4 |45 2.1 1.2

Both developed mixtures supported substantial and diverse microbial populations, confirming the establishment
of biologically active growing media. Bacteria were the most abundant group (4.5—4.8 x 10° CFU/g), serving as
primary decomposers responsible for mineralization of nitrogen, phosphorus, and sulfur (Paul,
2014). Fungal populations (2.1-2.2 x 107 CFU/g) contribute to decomposition of complex organic polymers and
improve soil physical structure through hyphal networks (Swift et al., 1979). Actinomycetes (1.2—-1.5 x 10°
CFU/g), though less abundant, are crucial for degrading recalcitrant compounds and producing antibiotics that
suppress soil-borne pathogens (Goodfellow & Williams, 1983).

PMS 3 exhibited slightly higher microbial counts across all groups, correlating with its greater organic carbon
content (16.38% vs. 15.48%, Section 3.4). This biological richness explains its superior performance in sustaining
plant growth through the second harvest (Section 3.2), as organic carbon serves as the energy source for
heterotrophic microorganisms (Brady & Weil, 2017). In conclusion, both mixtures developed into biologically
rich media with robust microbial communities, confirming them as living substrates capable of supporting
sustained plant-microbe interactions that enhance nutrient availability and promote plant health.

3.6 GC-MS Metabolic Profiling

The metabolic profiles of PMS3 and PMS4 were analyzed using GC-MS to identify bioactive organic compounds
present after six months of incubation (Table 7).

Table 7. Major compounds identified in PMS3 and PMS4 through GC-MS analysis

RT Compound Name Area % PMS | Area % PMS | Biological Relevance

(min) 3 4

3.153 Betaine aldehyde cation 45.56 - Osmoregulation, stress
tolerance

3.899 Tramadol derivatives 48.51 - Growth regulation

6.465 Nicergoline 89.22 - Vasodilation, nutrient
transport

7.185 Pyridine-3,4-dicarboxylic 33.10 - Metabolic intermediate

acid
9.381 Glafenin 33.73 - Antioxidant properties
3.979 Cyclic hydrocarbons - 100.00 Structural components
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| 24.047 | Linoleic acid esters | - | 41.70 | Membrane stability |

GC-MS analysis revealed distinct metabolic profiles for the two supplements, reflecting their different organic
feedstocks and  decomposition pathways. PMS3 was characterized by multiple bioactive
compounds. Nicergoline (89.22%), known for vasodilatory properties, may enhance nutrient and water transport
in plants (Winblad et al., 2008). Betaine aldehyde cation (45.56%), a precursor to glycine betaine, is critical for
osmoregulation and abiotic stress tolerance (Rhodes & Hanson, 1993). Tramadol derivatives (48.51%)
and glafenin (33.73%) may contribute to growth regulation and antioxidant defense, respectively (Prado et al.,
2019; Halliwell & Gutteridge, 2015). Pyridine-3,4-dicarboxylic acid (33.10%) serves as a metabolic intermediate
in biosynthetic pathways (Voet, 2010). PMS2 exhibited a contrasting profile dominated by cyclic
hydrocarbons (100.00%), structural compounds derived from lignin decomposition that contribute to humic
substance formation (Kogel-Knabner, 2002). Linoleic acid esters (41.70%) are essential for membrane stability
and fluidity, affecting nutrient uptake and stress signaling (Wallis & Browse, 2002).

The diverse bioactive compounds in PMS 3 particularly osmoregulants, growth regulators, and antioxidants—
align with its superior performance in sustaining growth through the second harvest and enhancing fruit quality .
These compounds likely act synergistically as biostimulants, improving stress tolerance and metabolic efficiency
(du Jardin, 2015). The PMS 4 profile, rich in structural components, may be better suited for long-term soil
conditioning or crops requiring enhanced membrane stability. In conclusion, the unique metabolic profiles of PMS
3 and PMS 4 provide a biochemical basis for their differential effects on plant growth and offer opportunities for
crop-specific application strategies.

5. CONCLUSION

The integrated findings conclusively establish PMS3 as the superior organic supplement for container-based
vegetable production. Composed of Ganajeevamirtham fortified with 5% neem cake, 3% Bacillus subtilis, and
10% PGPR consortium, PMS3 consistently outperformed all other treatments. PMS 3 effectively corrected the
initial limitations of the basal medium and demonstrated sustained nutrient release, maintaining vigorous growth
through multiple harvests while the inorganic check declined due to nutrient exhaustion. Across diverse vegetable
crops, PMS 3 consistently achieved the highest yields and enhanced quality parameters. The biological basis for
PMS 3's superiority is firmly established through higher beneficial microbial populations and a unique spectrum
of GC-MS-detected bioactive compounds, including osmoregulants for stress tolerance, vasodilators for nutrient
transport, growth regulators, and antioxidants. These biostimulants, absent in other formulations, provide the
mechanistic basis for enhanced productivity and crop quality. With optimized application, PMS 3 offers a
scientifically validated, sustainable alternative to synthetic fertilizers, integrating traditional organic principles
with contemporary biological understanding for urban and home gardening.
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