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Introduction 

Tuberose [Agave amica (Medik.) Thiede & Govaerts; syn. Polianthes 

tuberosa L.] is a highly valued bulbous ornamental crop cultivated 

worldwide for its attractive spikes, intensely fragrant florets and 

economically important essential oil. In India, tuberose occupies a 

prominent position in the floriculture industry and is extensively 

cultivated in Tamil Nadu, Andhra Pradesh, Karnataka, 

Maharashtra, Uttar Pradesh and West Bengal for loose flowers, cut 

spikes and perfume extraction. As per recent estimates for  

2025–26, the area under tuberose cultivation in India stood at 

26.52 thousand hectares, with a production of 224.96 thousand 

metric tonnes of loose flowers and 111.21 thousand metric tonnes 

of cut flowers. Among the available cultivars, ‘Arka Prajwal’ is 

widely preferred for its superior spike quality, high flower yield and 

adaptability to diverse agro-climatic conditions (1–2). 

The productivity of tuberose is strongly influenced by the 
physical, chemical and biochemical properties of the growing 

medium, particularly under pot culture conditions where root-

zone volume is restricted. Red soil, commonly used in ornamental 

production systems of South India, often possesses low organic 

matter content, poor nutrient buffering capacity and limited 

microbial activity, which can restrict root growth and nutrient 

acquisition. Incorporation of organic amendments such as 

farmyard manure (FYM), vermicompost and cocopeat has been 

reported to improve substrate porosity, water-holding capacity, 

cation exchange capacity and nutrient availability, thereby 

enhancing vegetative growth, flowering and bulb production in 

ornamental crops. Farmyard manure enhances soil fertility and 

microbial activity, vermicompost contributes rich humic 

substances and beneficial microbial communities that stimulate 

plant growth, while cocopeat improves aeration and moisture 

retention in the root zone (3–9). Such organic amendment-based 

media combinations have been shown to consistently enhance 

growth and flowering across several ornamental crops (5, 8, 9). 

Biocontrol agents are increasingly recognised as essential 

components of sustainable growth media consortia. Biocontrol 

agents such as Trichoderma viride, Pochonia chlamydosporia and 

Purpureocillium lilacinum have gained importance in sustainable 

horticulture due to their ability to promote plant growth and 
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Abstract  

Tuberose [Agave amica (Medik.)] cv. Arka Prajwal is a commercially important ornamental bulbous crop, yet suboptimal growing media constrain 

its productivity under pot culture. This study evaluated the influence of nutrified enriched growing media consortia comprising organic 
amendments (farmyard manure, vermicompost, cocopeat) combined with biocontrol agents-Trichoderma viride, Pochonia chlamydosporia and 

Purpureocillium lilacinum at 50 g pot-¹ on the growth, flowering and physiological traits (total chlorophyll and phenol content) of tuberose under 

pot culture conditions. A completely randomised design (CRD) with 17 treatments and 3 replications were employed, with fluopyram 34.48 % 

suspension concentrate (SC) at 0.1 % as the chemical check. Among all the treatments, T11 (red soil + farmyard manure  + vermicompost 1 : 1 : 1 + 
P. chlamydosporia at 50 g pot-¹) recorded maximum plant height (61.17 cm), leaf area index (2.71), chlorophyll content (1.61 mg g-¹) and phenol 

content (2.72 mg g-1), spike length (91.70 cm), weight of florets per pot (95.22 g) and days to last floret withering (16.00 days). Principal component 

analysis identified spike length, weight of florets per pot and days to last floret withering as the primary determinants of treatment-level variation 

in tuberose productivity. Correlation analysis revealed strong associations between vegetative vigour and floral quality traits. The bio-organic 
consortia consistently outperformed both the untreated control and chemical standard, demonstrating their potential as sustainable, eco-

friendly alternatives to conventional red soil-based cultivation for commercial pot-culture production of tuberose. 

Keywords: Agave amica; biocontrol agents; bio-organic media; growing media; Pochonia chlamydosporia; sustainable floriculture  
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nutrient acquisition (10–14). Fluopyram 34.48 % suspension 

concentrate was included as a chemical standard for comparison, 

as it has been found to indirectly boost plant development 

through higher populations of phosphate-solubilising and 

nitrogen (N)-fixing bacteria in the rhizosphere (15). Studies 

combining organic media amendments with biocontrol agents 

have reported synergistic improvements in growth and flowering 

across ornamental crops, indicating potential for integrated 

substrate management in bulbous ornamentals. However, 

information on their combined effects with biocontrol agents on 

tuberose remains limited. 

 Despite the availability of individual studies on organic 

amendments and biocontrol agents in horticultural crops, 

comprehensive comparative studies integrating multiple growing 

media combinations with T. viride, P. chlamydosporia and                                 

P. lilacinum in tuberose under pot culture conditions are very 

limited. This study assessed the impact of different growing media 

combinations (red soil, FYM, vermicompost and cocopeat) 

combined with biocontrol agents at 50 g pot-¹ on tuberose cv. Arka 

Prajwal to enhance growth, physiological traits and flowering 

quality under pot culture conditions. 

 

Materials and Methods 

Experimental site and period 

The present experiment was carried out at the Department of 

Floriculture and Landscape Architecture, SRM College of 

Agricultural Sciences, Baburayanpettai, Chengalpattu District, 

Tamil Nadu, India. The experimental site is situated in the tropical 

coastal agro-climatic zone and is characterised by warm weather 

conditions throughout the year. The geographical details of the 

experimental site are 12.38° N latitude and 79.73° E longitude, with 

an average elevation of 50 m above mean sea level (MSL). During 

the study period, the mean temperature ranged from 22–32 °C, 

with relative humidity varying between 65 and 85 % under open 

conditions. 

Plant material, bulb priming and establishment 

Medium-sized bulbs (3.5–5.0 cm in diameter, 35–45 g in weight) of 
cv. Arka Prajwal and bulbs free from visible injuries or diseases 

were selected as experimental material. To overcome bulb 

dormancy and ensure uniform sprouting across treatments, all 

bulbs were pre-soaked in gibberellic acid (GA3) at 200 ppm by 

soaking them for 12 hr. Since GA₃ treatment was applied uniformly 

to all bulbs across all 17 treatments before planting, it did not 

differentially influence treatment comparisons; any subsequent 

variation in sprouting percentage and days to sprouting was 

therefore attributable to the growing media and biocontrol 

treatments applied post-planting. Subsequently, shade-dried and 

planted at two bulbs per pot, in pots measuring 28 × 28 × 50 cm 

(width × length × height), containing the respective growing media 

treatments. 

Experimental details, design and development of nutrified 

growing media-biocontrol consortia 

The experiment was laid out in a completely randomised design 

(CRD) comprising 17 treatments with 3 replications, with five pots 

constituting one replication, resulting in a total of 255 experimental 

pots. Each pot, containing two uniform tuberose bulbs, served as 

the experimental unit. The treatments comprised combinations of 

red soil, organic amendments (FYM, vermicompost and cocopeat) 

in 1 : 1 or 1 : 1 : 1 ratios on a volume basis (v/v) and along with 

biocontrol agents - T. viride, P. chlamydosporia and P. lilacinum 

each at 50 g pot-1 along with a chemical check (Fluopyram 34.48 % 

SC at 0.1 %). Talc-based formulations of T. viride (2 × 10⁶ CFU g-¹),              

P. chlamydosporia (TNAU-Pc001) (1 × 10⁸ CFU g-1) and P. lilacinum 

(TNAUPI-001) (formerly Paecilomyces lilacinus) (2 × 10⁸ CFU g-1) 

were used as biocontrol agents and 3 applications were made at 

15-day intervals. Fluopyram 34.48 % SC was applied at 0.1 % (v/v). 

The fluopyram suspension was prepared and applied using the 

same protocol (1 mL formulation in 1000 mL water, 300 mL drench 

per pot, 3 applications at 15-day intervals) as the biocontrol 

treatments to ensure comparability across treatments. The details 

of the experimental treatments are given below. 

Irrigation schedule 

Irrigation was provided immediately after planting to facilitate 

bulb establishment. Thereafter, irrigation was applied at 2–3-day 

intervals during the initial establishment phase and subsequently 

at 3–5-day intervals depending on the moisture status of the 

growing media and prevailing weather conditions. Uniform 

irrigation was maintained for all treatments throughout the 

experimental period. 

 Irrigation quantity 

Approximately 1.0–1.5 L of water per polybag was applied during 

each irrigation. The quantity was adjusted whenever necessary to 

maintain optimum moisture in the growing media without 

causing waterlogging. 

Water quality 

Clean borewell water available at the experimental farm was used 

for irrigation throughout the study. The water was suitable for 

horticultural crop production and was used uniformly for all 

treatments. 

Fertiliser application 

No chemical fertilisers were applied during the experimental 

period. Nutrient supply to the crop depended entirely on the 

respective growing media consortia consisting of red soil, FYM, 

vermicompost, cocopeat and the fungal bio-control agents 

included in each treatment. Hence, differences observed among 

treatments were attributed solely to the composition and 

biological activity of the growing media consortia. Treatment 

details are given in Table 1 below. 

Physicochemical analysis of growing media 

Before planting, the physicochemical characteristics of the 
growing media were analysed using standard soil analytical 

procedures. Parameters such as pH, electrical conductivity (EC), 

lime status, texture, available N, phosphorus (P), potassium (K) 

and soil organic carbon were determined. Soil pH and EC were 

measured using a calibrated digital pH meter and conductivity 

meter, respectively. Available N was estimated by the alkaline 

permanganate method (16), P by Olsen’s method (17). Potassium 

in the extract was determined by using a flame photometer (17). 

Organic carbon content was determined by following the Walkley 

and Black wet oxidation method (18).  

Assessment of growth parameters 

Vegetative growth parameters were recorded at 30, 60 and 90 days 

after planting. Plant height, number of tillers per plant, leaf length, 

https://plantsciencetoday.online


3 

Plant Science Today, ISSN 2348-1900 (online) 

leaf width and leaf area index (LAI) were calculated using the 

formula:  

LAI = leaf area per plant/ground area occupied by the plant at each 

observation stage 

Determination of physiological and biochemical attributes  

Physiological and biochemical analyses were carried out using fresh 

leaf samples collected at 90 days after planting (DAP), a stage that 

coincides with the vegetative-to-reproductive transition phase in 

tuberose. This stage was selected based on evidence that vegetative 

growth parameters at 90 DAP show strong correlation with the onset 

of reproductive development and that treatment-induced 

physiological differences become most pronounced around this 

period. This sampling window is consistent with prior studies on                

A. amica (tuberose), where key physiological parameters were also 

recorded at approximately three months after crop establishment. 

Total chlorophyll was extracted using 80 % acetone and quantified 

spectrophotometrically (19), while total phenol content was 

estimated by the Folin–Ciocalteu colourimetric method (20). 

Chlorophyll and phenol content were estimated from three 

independent replicate samples per treatment, corresponding to the 

3 replications of the CRD.  

Flowering and yield parameters  

Flowering observations were recorded from spike initiation until 

completion of flowering. Days to spike emergence were calculated 

from the date of planting to the appearance of the floral spike. Spike 

length, spike girth, number of florets per spike fresh weight of florets 

per pot and days of last floret withering were measured at full peak 

flowering.  

Statistical analysis  

The experimental data were subjected to analysis of variance 

(ANOVA) appropriate for a CRD according to the statistical model                 

Yij = µ + Ti + eij, where Yij is the response of the jth replication of the ith 

treatment, μ is the general mean, Ti is the effect of the ith treatment 

and eij is the random error associated with the jth replication of the ith 

treatment. Before ANOVA, the data were tested for the assumptions 

of normality of residuals and homogeneity of variance. Analysis was 

carried out using statistical software (OPSTAT). ANOVA was 

performed to determine treatment effects and treatment means 

were separated using the critical difference test at the 5 % probability 

level (p ≤ 0.05). The standard error of the mean (SEm±) and critical 

difference (CD at p = 0.05) for each parameter are presented 

alongside the treatment means in the respective tables. Pearson's 

correlation analysis was performed among growth, flowering and 

biochemical parameters using treatment mean values (n = 17) to 

assess the degree and direction of association between traits. The 

experiment employed 3 replications per treatment, consistent with 

standard practice for CRD pot-culture studies involving many 

treatments (17); however, the authors acknowledge that higher 

replication would have provided greater statistical power to detect 

smaller treatment differences, particularly for parameters showing 

high within-treatment variability. Correlation analyses were based 

on treatment mean values and were interpreted as measures of 

association rather than cause-and-effect relationships. 

 

Results  

Physico-chemical properties of growing media  

The physico-chemical properties of the growing media after harvest 

differed significantly among the treatments with respect to EC, 

organic carbon (OC), available N, P and K, whereas pH, lime status 

and soil texture remained non-significant (Table 2). Across 

treatments, pH remained stable (7.4–7.6) and all growing media 

retained a sandy clay loam texture, indicating that the applied 

organic amendments and biocontrol agents did not alter the 

inherent soil reaction or textural class. The EC ranged from 0.18–1.50 

dS m-1. The highest EC (1.50 dS m-1) was recorded in T11 (red soil + 

FYM + vermicompost + P. chlamydosporia), which was statistically on 

par with T15 (1.10 dS m-1) and T13 (1.01 dS m-¹). The lowest EC (0.18 dS 

m-¹) was recorded in the untreated control (T1). The pH of the 

growing media varied between 7.4 and 7.6 and the differences 

among treatments were non-significant. Likewise, lime status and 

soil texture remained unchanged, with all treatments exhibiting 

sandy clay loam (SCL) texture. Organic carbon content differed 

significantly among treatments and ranged from 0.18–1.60 %. The 

highest organic carbon (1.60 %) was recorded in T11, followed by T15 

(1.50 %), T13 (1.47 %) and T3 (1.44 %), whereas the lowest value                 

(0.18 %) was observed in T1. Available N content varied significantly 

from 61.09–194.36 kg ha-1. The maximum N content (194.36 kg ha-1) 

was recorded in T11, followed by T15 (192.28 kg ha-1), T3 (190.85 kg ha-1) 

and T16 (189.28 kg ha-1). The minimum N (61.09 kg ha-1) was recorded 

in the control (T1). Available P also differed significantly among 

treatments, ranging from 7.20–35.80 kg ha-1. The highest P                  

(35.80 kg ha-1) was recorded in T11, followed by T15 (34.20 kg ha-1),                        

T3 (32.50 kg ha-1) and T16 (29.10 kg ha-1), while the lowest value                       

Table 1. Details of experimental treatments 

FYM: farmyard manure; SC: suspension concentrate. 

Treatment Treatment details 

T1 Red soil (control) 
T2 Red soil + FYM (1 : 1) 
T3 Red soil + FYM + vermicompost (1 : 1 : 1) 
T4 Red soil + FYM + cocopeat (1 : 1 : 1) 
T5 Red soil + Trichoderma viride at 50 g pot-1 
T6 Red soil + FYM (1 : 1) + Trichoderma viride at 50 g pot-¹ 
T7 Red soil + FYM + Vermicompost (1 : 1 : 1) + Trichoderma viride at 50 g pot-¹ 
T8 Red soil + FYM + cocopeat (1 : 1 : 1) + Trichoderma viride at 50 g pot-¹ 
T9 Red soil + Pochonia chlamydosporia at 50 g pot-¹ 
T10 Red soil + FYM (1 : 1) + Pochonia chlamydosporia at 50 g pot-¹ 
T11 Red soil + FYM + vermicompost (1 : 1 : 1) + Pochonia chlamydosporia at 50 g pot-¹ 
T12 Red soil + FYM + vocopeat (1 : 1 : 1) + Pochonia chlamydosporia at 50 g pot-¹ 
T13 Red soil + Purpureocillium lilacinum at 50 g pot-¹ 
T14 Red soil + FYM (1 : 1) + Purpureocillium lilacinum at 50 g pot-¹ 
T15 Red soil + FYM + vermicompost (1 : 1 : 1) + Purpureocillium lilacinum at 50 g pot-¹ 
T16 Red soil + FYM + cocopeat (1 : 1 : 1) + Purpureocillium lilacinum at 50 g pot-¹ 
T17 Red soil + Fluopyram 34.48 % SC at 0.1 % 



PAVANA ET AL  4     

https://plantsciencetoday.online 

(7.20 kg ha-1) was observed in T1. Available K ranged from                                             

148.69–221.98 kg ha-1. The highest K content (221.98 kg ha-1) was 

recorded in T11, followed by T15 (215.53 kg ha-1), T3 (210.76 kg ha-1) and 

T16 (208.59 kg ha-1). The lowest K (148.69 kg ha-1) was recorded in T1. 

Influence of enriched growing media consortia on days of 

sprouting, plant height and number of tillers  

Significant differences (p  ≤ 0.05) were observed among the enriched 

growing media consortia with respect to plant height and number of 

tillers per plant in tuberose cv. Arka Prajwal (Table 3). Plant height 

increased progressively with crop growth across all treatments; 

however, the magnitude of increase varied significantly depending 

on the growing media consortium. Days to 100 % sprouting and 

days to spike emergence differed significantly (p ≤ 0.05) among 

treatments (Fig. 1). The shortest sprouting period (5.00 days, a 66.7 % 

reduction over control) and earliest spike emergence (85 days, a       

36.1 % reduction over control) were recorded in T11, followed by T15 

(6.00 days; 88 days) and T13. The untreated control (T1) took the 

longest for both sprouting (15.00 days) and spike emergence                         

(133 days).  

 

At 30 DAP, the highest plant height (12.43 cm) was recorded in T11 (red 

soil + FYM + vermicompost (1 : 1 : 1) + P. chlamydosporia at               50 g 

pot-1), representing a 103.8 % increase over the untreated control 

(6.10 cm), which was significantly superior to all other treatments, 

followed by T13 (11.60 cm) and T15 (10.36 cm). The lowest plant height 

(6.10 cm) was observed in the untreated control (T1). At 60 DAP, T15 

recorded the highest plant height (33.20 cm), representing a 183.3 % 

increase over the control (11.72 cm), followed by T13 (31.02 cm) and T11 

(28.64 cm). These treatments were significantly superior to the 

remaining treatments, whereas the control (T1) recorded the lowest 

plant height (11.72 cm). At 90 DAP, T11 produced the highest plants 

(61.17 cm), a 312.5 % increase over the untreated control (14.83 cm), 

followed by T13 (58.83 cm), T3 (56.40 cm) and T15 (50.83 cm). The 

untreated control (T1) recorded the lowest plant height (14.83 cm). 

The number of tillers per plant also differed significantly among 

treatments. The highest tiller production was recorded in T11 (2.90 

tillers plant-1), a 147.9 % increase over the control (1.17 tillers plant-1), 

followed by T12 (2.80 tillers plant-1). The lowest number of tillers (1.17 

tillers plant-1) was recorded in T1. 

 

Table 2. Physicochemical properties of enriched growing media used for experimentation 

Treatment EC (dS m-1) pH Lime Status Texture OC (%) Nitrogen (kg ha-¹) Phosphorous (kg ha-¹) Potassium (kg ha-¹) 
T1 0.18 7.6 N SCL 0.18 61.09 7.20 148.69 
T2 0.48 7.6 N SCL 1.12 106.11 10.40 175.19 
T3 0.85 7.5 N SCL 1.44 190.85 32.50 210.76 
T4 0.54 7.5 N SCL 1.30 171.07 17.50 171.32 
T5 0.49 7.5 N SCL 0.84 160.14 8.80 184.28 
T6 0.23 7.5 P SCL 1.38 174.07 19.30 190.62 
T7 0.68 7.6 P SCL 1.36 180.92 24.10 201.08 
T8 0.76 7.5 P SCL 1.40 183.93 25.90 202.74 
T9 0.35 7.6 N SCL 0.84 127.55 14.80 177.32 
T10 0.79 7.5 P SCL 1.39 177.07 21.00 195.51 
T11 1.50 7.4 P SCL 1.60 194.36 35.80 221.98 
T12 0.58 7.5 P SCL 1.20 186.93 27.40 204.53 
T13 1.01 7.6 N SCL 1.47 151.78 13.20 195.89 
T14 0.62 7.5 P SCL 1.10 179.00 22.80 198.02 
T15 1.10 7.4 P SCL 1.50 192.28 34.20 215.53 
T16 0.51 7.5 P SCL 1.25 189.28 29.10 208.59 
T17 0.21 7.6 N SCL 0.25 66.04 11.90 177.90 
SEm (±) 0.099 0.117 NS NS 0.017 2.406 0.314 2.850 
CD (p = 0.05) 0.028 NS NS NS 0.048 6.915 0.902 8.193 

P: calcareous; N: non-calcareous soil; SCL: sandy clay loam; EC: electrical conductivity; OC: organic carbon. 

Table 3. Influence of enriched growing-media consortia on plant height and number of tillers per plant in tuberose cv.  Arka Prajwal  

Treatments 
Plant height (cm) Number of tillers per plant 

60 DAP 
30 DAP 60 DAP 90 DAP 

T1 6.10ʲ 11.72ⁿ 14.83ᵒ 1.17ʲ 
T2 6.57ʰⁱ 19.83ᶠ 32.77ᵍ 1.77ᵉ 
T3 10.03ᶜ 26.40ᵈ 56.40ᶜ 2.30ᵈ 
T4 8.17ᵉᶠ 12.70ᵐ 20.80ˡ 1.50ᵍ 
T5 6.67ʰ 17.42ʰⁱ 27.87ʲ 1.33ⁱ 
T6 7.37ᵍ 14.20ˡ 18.87ᵐ 1.43ᵍʰ 
T7 8.42ᵉ 15.30ᵏ 18.13ᵐ 1.17ʲ 
T8 6.43ʰⁱʲ 18.30ᵍ 34.83ᶠ 1.67ᶠ 
T9 6.50ʰⁱʲ 12.48ᵐⁿ 18.53ᵐ 1.67ᶠ 
T10 9.33ᵈ 17.85ᵍʰ 31.83ʰ 1.23ʲ 
T11 12.43ᵃ 28.64ᶜ 61.17ᵃ 2.90ᵃ 
T12 6.42ʰⁱʲ 16.28ʲ 28.93ⁱ 2.80ᵇ 
T13 11.60ᵇ 31.02ᵇ 58.83ᵇ 2.70ᶜ 
T14 9.98ᶜ 24.70ᵉ 49.17ᵉ 1.70ᵉᶠ 
T15 10.36ᶜ 33.20ᵃ 50.83ᵈ 1.77ᵉ 
T16 6.15ⁱʲ 16.75ⁱʲ 26.57ᵏ 1.37ʰⁱ 
T17 7.75ᶠᵍ 13.77ˡ 16.83ⁿ 1.77ᵉ 
SEm (±) 0.146 0.291 0.274 0.028 
CD (p = 0.05) 0.421 0.834 0.787 0.079 

DAP: days after planting. 
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Leaf morphological responses of tuberose to enriched growing 

media consortia  

Significant differences (p  ≤ 0.05) were observed among the enriched 

growing media consortia with respect to leaf length, leaf width and 

LAI of tuberose cv. Arka Prajwal at all growth stages (Table 4). 

 At 30 DAP, the highest leaf length (13.50 cm) was recorded in 
T15, a 382.1 % increase over the control (2.80 cm), followed by T11 

(12.50 cm), T3 and T14 (12.00 cm each), while the minimum leaf length 

(2.80 cm) was observed in the untreated control (T1). At 60 DAP, T13 

recorded the highest leaf length (26.48 cm), followed by T15 (24.59 

cm) and T11 (23.58 cm). At 90 DAP, T11 recorded the highest leaf length 

(55.11 cm), which was significantly superior to all other treatments, 

representing a 461.2 % increase over the control (9.82 cm) followed 

by T13 (50.71 cm), T15 (49.24 cm) and T3 (47.21 cm). The untreated 

control (T1) recorded the shortest leaf length (9.82 cm).  

 Leaf width also varied significantly among treatments. At 30 

DAP, the highest leaf width (1.40 cm) was recorded in T11, followed by 

T15 (1.05 cm) and T16 (1.00 cm). At 60 DAP, T11 recorded the maximum 

leaf width (2.85 cm), followed by T15 (2.08 cm) and T13 (2.00 cm). 

Similarly, at 90 DAP, T11 produced the widest leaves (3.42 cm), a 144.3 

% increase over the untreated control (1.40 cm) followed by T15 (2.35 

cm) and T13 (2.28 cm), whereas the untreated control recorded the 

minimum leaf width (1.40 cm).  

 The LAI increased progressively with crop growth across all 

treatments. At 30 DAP, the highest LAI was recorded in T11 (0.281), 

followed by T15 (0.215) and T13 (0.214). At 60 DAP, T11 again recorded 

the maximum LAI (1.03), followed by T3 (0.94) and T15 (0.82). At 90 

DAP, the highest LAI (2.71) was recorded in T11, followed by T15 (2.40), 

T3 (2.33) and T13 (1.86). The untreated control (T1) consistently 

recorded the lowest LAI throughout the experimental period. 

 

Fig. 1. Effect of different enriched growing media consortia on days to 100 % sprouting and days to spike emergence in tuberose Agave amica 
(Medik.) cv. Arka Prajwal. Vertical bars represent mean ± SE.CD (p = 0.05): days to 100 % sprouting = 0.361; days to spike emergence = 4.218.  

 

Table 4. Influence of enriched growing media consortia on leaf length, leaf width and leaf area index of tuberose cv. Arka Prajwal  

DAP: days after planting. 

Treatments 

Leaf length (cm) Leaf width (cm) Leaf area index 

30 
DAP 

60 
DAP 

90 
DAP 

30 
DAP 

60 
DAP 

90 
DAP 

30 
DAP 

60 
DAP 

90 
DAP 

T1 2.80ⁿ 5.52ʲ 9.82ˡ 0.60ˡ 1.22ᵖ 1.40ᵒ 0.013ⁿ 0.04ᵏ 0.21ᵐ 
T2 8.00ᶠ 15.91ᵈ 26.06ᶠ 0.65ᵏ 1.30ᵒ 1.48ⁿᵒ 0.049ʲ 0.28ᵍ 0.73ʲ 
T3 12.00ᶜ 23.48ᶜ 47.21ᶜ 0.95ᵈ 1.94ᶜᵈ 2.20ᶜ 0.180ᶜ 0.94ᵇ 2.33ᶜ 
T4 5.50ᵏ 10.86ʰ 18.20ⁱ 0.75ʰⁱ 1.47ˡᵐ 1.67ᵏˡ 0.048ʲᵏ 0.17ʰ 0.71ʲ 
T5 8.50ᵉ 16.61ᵈ 25.08ᶠᵍ 0.70ʲ 1.35ⁿᵒ 1.55ᵐⁿ 0.060ⁱ 0.28ᵍ 0.97ʰ 
T6 3.50ᵐ 6.93ⁱ 12.27ᵏ 0.80ᵍ 1.57ʲᵏ 1.79ⁱʲ 0.034ᵐ 0.08ʲ 0.42ˡ 
T7 6.00ʲ 11.81ᵍ 15.65ʲ 0.85ᶠ 1.72ᵍʰ 1.96ᶠᵍ 0.065ʰ 0.09ʲ 0.42ˡ 
T8 6.50ʰi 12.54ᶠᵍ 25.08ᶠᵍ 0.90ᵉ 1.77ᶠᵍ 2.01ᵉᶠ 0.086ᶠ 0.54ᵉ 1.62ᵉ 
T9 5.00ˡ 10.68ʰ 17.16ⁱʲ 0.78ᵍʰ 1.52ᵏˡ 1.73ʲᵏ 0.042ˡ 0.14ⁱ 0.80ⁱ 
T10 7.50ᵍ 14.60ᵉ 30.11ᵉ 0.82ᶠᵍ 1.63ⁱʲ 1.86ʰⁱ 0.079ᵍ 0.53ᵉ 1.48ᶠ 
T11 12.50ᵇ 23.58ᶜ 55.11ᵃ 1.40ᵃ 2.85ᵃ 3.42ᵃ 0.281ᵃ 1.03ᵃ 2.71ᵃ 
T12 7.80ᶠᵍ 14.95ᵉ 23.20ʰ 0.92ᵈᵉ 1.82ᵉᶠ 2.07ᵈᵉ 0.080ᵍ 0.34ᶠ 1.43ᶠ 
T13 11.50ᵈ 26.48ᵃ 50.71ᵇ 0.94ᵈᵉ 2.00ᶜ 2.28ᵇ 0.214ᵇ 0.59ᵈ 1.86ᵈ 
T14 12.00ᶜ 23.03ᶜ 40.08ᵈ 0.85ᶠ 1.68ʰⁱ 1.91ᵍʰ 0.129ᵈ 0.58ᵈ 1.82ᵈ 
T15 13.50ᵃ 24.59ᵇ 49.24ᵇ 1.05ᵇ 2.08ᵇ 2.35ᵇ 0.215ᵇ 0.82ᶜ 2.40ᵇ 
T16 6.80ʰ 13.17ᶠ 30.05ᵉ 1.00ᶜ 1.88ᵈᵉ 2.13ᶜᵈ 0.095ᵉ 0.27ᵍ 1.26ᵍ 
T17 6.20iʲ 12.39ᶠᵍ 24.10ᵍʰ 0.72ⁱʲ 1.41ᵐⁿ 1.61ˡᵐ 0.044ᵏˡ 0.15ʰⁱ 0.64ᵏ 
SEm (±) 0.149 0.273 0.561 0.016 0.023 0.029 0.001 0.009 0.019 
CD (p = 0.05) 0.429 0.785 1.612 0.044 0.065 0.084 0.004 0.026 0.054 
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Influence of enriched growing media consortia on 

physiological and biochemical attributes 

Significant differences (p ≤ 0.05) were observed among the 

enriched growing media consortia with respect to total chlorophyll 

and total phenol content of tuberose cv. Arka Prajwal (Table 5).  

Among the treatments, T11 (red soil + FYM + vermicompost (1 : 1 : 1) 

+ Pochonia chlamydosporia at 50 g pot-1) recorded the highest total 

chlorophyll content (1.61 mg g-1) a 130 % increase over the 

untreated control (0.70 mg g-1), which was significantly superior to 

all other treatments. This was followed by T15 (1.54 mg g-1) and T16 

(1.41 mg g-1). The untreated control (T1) recorded the lowest 

chlorophyll content (0.70 mg g-1).  

 Similarly, significant differences were observed for total 

phenol content. The highest phenol content was recorded in T11 

(2.72 mg g-1), a 1260 % increase over the untreated control (0.20 mg 

g-1) followed by T15 (2.40 mg g-1) and T13 (2.29 mg g-1). The untreated 

control (T1) recorded the lowest phenol content (0.20 mg g-1). 

Overall, treatments enriched with organic amendments and 

microbial inoculants exhibited significantly higher chlorophyll and 

phenol contents than the untreated control and chemical check. 

Influence of enriched growing media consortia on flowering and 

floral quality attributes 

Significant differences (p  ≤ 0.05) were observed among the enriched 
growing media consortia with respect to flowering and floral quality 

attributes of tuberose cv. Arka Prajwal (Table 6, Fig. 1).Among the 

treatments, T₁₁ (red soil + FYM + vermicompost (1 : 1 : 1) +                                         

P.  chlamydosporia at 50 g pot-¹) recorded the highest spike length 

(91.70 cm, 26.8 % increase over control), spike girth (20.68 mm), 

number of florets per spike (53.71, 111.8 % increase over control) and 

floret weight per pot (95.22 g), 204.7 % increase over control) which 

were significantly superior to all other treatments. This was followed 

by T₁₅, which recorded a floret weight of 84.50 g and showed 

superior flowering performance over the remaining treatments. In 

contrast, the untreated control (T₁) recorded the lowest spike length 

(72.30 cm), number of florets per spike (25.36) and floret weight per 

pot (31.25 g). 

 The number of days taken for spike emergence also differed 
significantly among treatments. The earliest spike emergence was 

observed in T₁₁ (85 days), a 36.1 % reduction relative to the untreated 

control (133 days), followed by T₁₅ (88 days) and T₁₆ (96 days), 

whereas the untreated control (T₁) required the maximum number 

of days (133 days) for spike emergence. Significant variation was also 

observed in floret longevity. The longest duration to last floret 

withering was recorded in T₁₁ (16.00 days), a 166.7 % increase over 

the untreated control (6.00 days), followed by T₁₅ (14.00 days), while 

the untreated control (T₁) recorded the shortest duration (6.00 days). 

Overall, treatments receiving integrated organic amendments and 

microbial inoculants produced superior flowering and floral quality 

attributes compared with the untreated control. 

Table 5. Influence of enriched growing media consortia on physiological and biochemical parameters at 90 days after planting (DAP)  

Treatments Total chlorophyll  (mg g-1) Total phenol (mg g-1) 
T1 0.70ʲ 0.20ⁿ 
T2 1.09ʰ 0.27ˡᵐ 
T3 1.10ᵍʰ 2.09ᵈ 
T4 0.74ʲ 0.70ʲ 
T5 1.03ⁱ 0.24ᵐⁿ 
T6 1.02ⁱ 0.32ˡ 
T7 1.14ᵍ 0.46ᵏ 
T8 1.32ᵈ 1.37ᶠᵍ 
T9 1.00ⁱ 0.99ⁱ 
T10 1.24ᵉ 1.69ᵉ 
T11 1.61ᵃ 2.72ᵃ 
T12 1.39ᶜ 1.43ᶠ 
T13 1.30ᵈ 2.29ᶜ 
T14 1.19ᶠ 1.17ʰ 
T15 1.54ᵇ 2.40ᵇ 
T16 1.41ᶜ 1.68ᵉ 
T17 1.13ᵍʰ 1.33ᵍ 
Sem (±) 0.015 0.022 
CD (p = 0.05) 0.043 0.062 

Table 6. Influence of enriched growing media consortia on flowering parameters  

Treatments 
Spike length 

(cm) 
Spike girth 

(mm) 
Number of florets 

 per spike 
Fresh weight of floret 

per pot (g) 
Days of last floret 

withering 

T1 72.30ʲ 13.72ʲ 25.36ᵏ 31.25ʲ 6.00ⁿ 
T2 73.20iʲ 14.00iʲ 40.72i 48.80ᵍʰ 8.10ʲᵏ 
T3 86.80ᵇᶜ 16.52ᵈᵉ 48.18ᶜᵈ 64.07ᶜ 10.10ᶜᵈ 
T4 76.40ʰ 14.90ᵍʰ 35.54ʲ 47.15ʰⁱ 7.90ᵏˡ 
T5 73.50ʰiʲ 14.20iʲ 41.29ʰi 50.02ᶠᵍ 8.40ⁱʲ 
T6 79.50ᵍ 15.56ᶠᵍ 42.63ʰ 51.24ᶠᵍ 8.80ʰⁱ 
T7 80.20ᶠᵍ 16.40ᵈᵉ 45.17ᶠᵍ 58.48ᵉ 9.70ᵈᵉᶠ 
T8 82.60ᵈᵉᶠ 16.60ᵈᵉ 46.48ᵉᶠ 61.25ᵈ 9.60ᵉᶠ 
T9 74.30ʰiʲ 14.28ʰiʲ 44.82ᵍ 44.88ⁱ 7.30ᵐ 
T10 81.50ᵉᶠᵍ 16.20ᵈᵉᶠ 46.25ᵉᶠᵍ 52.26ᶠ 9.10ᵍʰ 
T11 91.70ᵃ 20.68ᵃ 53.71ᵃ 95.22ᵃ 16.00ᵃ 
T12 83.30ᵈᵉ 16.80ᵈ 47.39ᵈᵉ 55.86ᵉ 9.40ᶠᵍ 
T13 88.60ᵇ 16.00ᵉᶠ 49.56ᵇᶜ 64.35ᶜ 10.50ᶜ 
T14 81.90ᵉᶠᵍ 16.10ᵉᶠ 45.84ᶠᵍ 57.50ᵉ 9.50ᵉᶠᵍ 
T15 89.70ᵃᵇ 18.64ᵇ 50.21ᵇ 84.50ᵇ 14.00ᵇ 
T16 85.40ᶜᵈ 17.64ᶜ 48.67ᶜᵈ 62.53ᶜᵈ 9.90ᵈᵉ 
T17 75.40ʰi 14.60ʰi 34.43ʲ 45.22ⁱ 7.60ˡᵐ 
Sem (±) 1.065 0.236 0.504 0.943 0.16 
CD (p = 0.05) 3.061 0.679 1.448 2.709 0.459 
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Multivariate trait association and identification of key 

determinants of growth and flowering through principal 

component analysis (PCA) 

Principal component analysis (PCA) provided an integrated 

assessment of the relationships among vegetative growth, flowering 

and biochemical parameters of tuberose cv. Arka Prajwal across the 

17 treatments (Table 7 and 8). The first principal component (PC1), 

accounting for 84.30 % of the total variance, exhibited high positive 

loadings for all measured traits, including plant height (0.370), leaf 

length (0.382), spike length (0.391), weight of florets per pot (0.391), 

as well as total chlorophyll content and total phenol content, 

indicating a strong positive association among vegetative growth, 

flowering and biochemical attributes. The second principal 

component (PC2), explaining an additional 6.72 % of the variance 

(cumulative 91.01 %), was characterised by high positive loadings for 

plant height (0.531) and leaf length (0.501), whereas the number of 

florets per spike (-0.469) and weight of florets per pot (-0.315) showed 

negative loadings. This suggests a degree of divergence between 

vegetative growth and floral productivity within this component. 

The third principal component (PC3), contributing 3.86 % of the 

variance (cumulative 94.88 %), was mainly influenced by days to last 

floret withering (0.565) and weight of florets per pot (0.388), 

indicating that post-harvest floral longevity contributed substantially 

to the total variability. The fourth principal component (PC4), 

accounting for 3.58 % of the variance (cumulative 98.46 %) was 

predominantly associated with total phenol content (-0.728), 

demonstrating that biochemical characteristics explained an 

independent portion of the observed variation among treatments. 

Together, PC1–PC4 accounted for 98.46 % of the total variance 

among treatments. Based on PC1 scores, treatments T₁₁, T₁₅, T₁₃, T₇, 

T₈, T₁₂ and T₁₆ were positioned toward the positive end of PC1, 

corresponding to higher values for plant height, leaf length, spike 

length, floret weight, chlorophyll and phenol content, while the 

untreated control (T₁) was positioned at the negative extreme, 

reflecting its clear separation from the treated group along PC1. 

Correlation analysis of growth, physiological, biochemical and 
floral traits in tuberose cv. Arka Prajwal 

Correlation analysis revealed significant positive relationships 
among vegetative growth, flowering and biochemical parameters of 
tuberose cv. Arka Prajwal (Table 9). Among the vegetative traits, 
plant height at 90 DAP showed a very strong positive correlation with 
leaf length at 90 DAP (r = 0.961***). Plant height also exhibited 
significant positive correlations with spike length (r = 0.796***), 
number of florets per spike (r = 0.693**), weight of florets per pot               
(r = 0.777***), days to last floret withering (r = 0.764***) and total 
phenol content (r = 0.780***). Leaf length at 90 DAP was positively 
correlated with spike length (r = 0.816***), weight of florets per pot (r 
= 0.817***), days to last floret withering (r = 0.803***) and total phenol 
content (r = 0.866***). Among the floral traits, spike length exhibited 
strong positive correlations with number of florets per spike (r = 
0.825***), weight of florets per pot (r = 0.892***), days to last floret 
withering (r = 0.885***) and total phenol content                             (r = 
0.891***). Likewise, weight of florets per pot showed an 
exceptionally strong positive correlation with days to last floret 
withering (r = 0.987***). Total phenol content was positively and 
significantly correlated with all vegetative and floral traits evaluated. 

Table 7. Principal component analysis (PCA) between growth, flowering and biochemical parameters  

Variables PC1 PC2 PC3 PC4 PC5 PC6 PC7 

Plant height 90 DAP 0.37 0.531 -0.037 0.436 -0.312 -0.54 0.025 
Leaf length 90 DAP 0.382 0.501 0.017 0.148 0.288 0.705 -0.03 
Spike length 0.391 -0.159 -0.099 -0.34 -0.775 0.286 -0.117 
Number of florets per spike 0.353 -0.469 -0.687 0.359 0.189 0.013 0.137 
Weight of floret per pot 0.391 -0.315 0.388 0.109 0.22 -0.141 -0.719 
Days of the last floret withering 0.384 -0.288 0.565 0.047 0.052 -0.02 0.667 
Total phenol 0.374 0.197 -0.216 -0.728 0.364 -0.331 0.066 

Principal component Eigenvalue Percentage of variance Cumulative percentage of variance 
PC1 5.901 84.29 84.29 
PC2 0.47 6.71 91.01 
PC3 0.27 3.86 94.87 
PC4 0.25 3.58 98.45 
PC5 0.08 1.21 99.67 
PC6 0.016 0.22 99.9 
PC7 0.007 0.1 100 

Table 9. Correlation between growth, flowering and biochemical parameters  

  
  

Plant height 
 90 DAP 

Leaf length 
90 DAP 

Spike length 
Number of florets 

per spike 
Weight of floret 

per pot 
Days of last 

floret withering Total phenol 

Plant height 90 
DAP 

1 0.961*** 0.796*** 0.693** 0.777*** 0.764*** 0.78*** 

Leaf length 90 DAP 0.961*** 1 0.816*** 0.699** 0.817*** 0.803*** 0.866*** 
Spike length 0.796*** 0.816*** 1 0.825*** 0.892*** 0.885*** 0.891*** 
Number of florets 
per spike 

0.693** 0.699** 0.825*** 1 0.823*** 0.763*** 0.714** 

Weight of floret per 
pot 

0.777*** 0.817*** 0.892*** 0.823*** 1 0.987*** 0.797*** 

Days of last floret 
withering 

0.764*** 0.803*** 0.885*** 0.763*** 0.987*** 1 0.781*** 

Total phenol 0.78*** 0.866*** 0.891*** 0.714** 0.797*** 0.781*** 1 

*** Correlation is significant at 0.001 level (two-tailed)  

** Correlation is significant at 0.01 level (two tailed) 

* Correlation is significant at 0.05 level (two-tailed)  

Table 8. Eigenvalues  

DAP: days after planting. 
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Discussion  

Influence of enriched growing media consortia on physico-
chemical properties of growing media 

The improvement in the physico-chemical properties of the growing 
media observed in the present investigation can be attributed to the 
combined influence of organic amendments and fungal biocontrol 
agents. Among all treatments, T11 (red soil + FYM + vermicompost +    
P. chlamydosporia) consistently maintained higher electrical 
conductivity, organic carbon and available NPK status, followed by 
T15 (red soil + FYM + vermicompost + P. lilacinum) and T3 (red soil + 
FYM + vermicompost). The incorporation of FYM and vermicompost 
increased the organic matter content of the growing media, which 
enhanced microbial activity, accelerated mineralisation and 
gradually released essential nutrients into plant-available forms. 
Vermicompost is well recognised for improving nutrient availability, 
cation exchange capacity and microbial biomass, thereby 
enhancing soil fertility and nutrient retention. These findings agree 
with the previous reports who demonstrated that vermicompost 
significantly improved substrate fertility and nutrient availability and 
enhanced soil biological activity and nutrient mineralisation 
following vermicompost application (21, 22).  

 The superior nutrient status recorded under T11 and T15 may 
also be attributed to the activity of the fungal biocontrol agents.               
P. chlamydosporia and P. lilacinum are known to colonise the 
rhizosphere effectively and produce extracellular enzymes and 
organic acids that facilitate nutrient solubilisation while improving 
root growth and nutrient uptake. In addition, these fungi function as 
plant growth-promoting microorganisms by enhancing N cycling 
and P availability in the rhizosphere. Similar observations were 
previously reported who described the rhizosphere competence 
and plant growth-promoting potential of P. chlamydosporia and 
reported improved nutrient acquisition and plant performance 
following root colonisation by P. chlamydosporia (23, 24).  

 The relatively lower nutrient status recorded in the control 
(T1) may be attributed to the absence of organic nutrient sources and 
beneficial microbial inoculants, resulting in reduced microbial 
activity, lower organic carbon accumulation and limited nutrient 
mineralisation. Similar trends have been reported in studies 
comparing organically enriched growing media with untreated soils, 
were integrated organic amendments substantially improved soil 
fertility and nutrient availability. 

Influence of enriched growing media consortia on days of 
sprouting, plant height and number of tillers  

The earlier sprouting (5.00 days) and superior vegetative growth 
observed under T11 may be attributed to the synergistic effect of 
organic amendments and the beneficial fungus P. chlamydosporia. 
The faster sprouting could be linked to improved moisture retention 
and nutrient availability in the FYM-vermicompost-enriched media, 
which likely facilitated quicker bulb hydration and mobilisation of 
stored reserves for early sprout initiation, while the fungal inoculant 
may have further supported root emergence through its rhizosphere 
activity (25). Farmyard manure and vermicompost improve the 
physical, chemical and biological properties of the growing medium 
by enhancing soil structure, water-holding capacity and nutrient 
mineralisation, thereby ensuring a continuous supply of essential 
nutrients required for rapid cell division and plant growth (26). In 
addition to improving nutrient availability, P. chlamydosporia has 
been reported as a rhizosphere-competent plant growth-promoting 
fungus that colonises root surfaces and produces extracellular 

enzymes such as chitinases and proteases, contributing to 
biocontrol activity (27). In addition, the fungus is known to solubilise 
P and produce indole-3-acetic acid (IAA)-like compounds that 
stimulate root proliferation, thereby enhancing nutrient and water 
uptake. Improved root development could have facilitated greater 
water and nutrient absorption, resulting in earlier sprouting, 
vigorous shoot elongation and increased tillering. The superior 
performance of T13 and T15, which included P. lilacinum, further 
demonstrates the beneficial role of microbial inoculants in 
promoting plant growth. Previous studies have reported that                           
P. lilacinum enhances nutrient mobilisation, improves rhizosphere 
competence and stimulates root development, thereby 
contributing to improved vegetative growth in horticultural crops 
(28). The relatively greater plant height recorded under T15 at 60 DAP 
and its comparatively early sprouting (6.00 days) indicate that the 
microbial inoculant effectively supported active vegetative 
development from the earliest growth stage. The increased tiller 
production observed in T11 may also be associated with a balanced 
nutrient supply and enhanced microbial activity resulting from the 
decomposition of FYM and vermicompost (29, 30). 

Influence of enriched growing media consortia on leaf 
morphology  

The enhanced leaf growth observed under T11 may be attributed to 
the combined effect of organic amendments and the plant growth-
promoting fungus P. chlamydosporia. Vermicompost and FYM 
improve soil structure, moisture retention and nutrient 
mineralisation, resulting in sustained availability of essential macro- 
and micronutrients required for leaf initiation, expansion and 
chlorophyll synthesis. These findings are consistent with early 
researchers who reported that combined application of 
vermicompost and beneficial microbes significantly enhanced 
vegetative growth parameters, including leaf development, in pea 
(29). Similarly, improved leaf growth and nutrient uptake in chilli 
(Capsicum annuum L.) with vermicompost application, attributing 
this to enhanced nutrient mineralisation and micronutrient 
availability (31). In addition to the beneficial effects of organic 
amendments, P. chlamydosporia is recognised as a rhizosphere-
competent fungus capable of improving root colonisation and 
nutrient acquisition, thereby enhancing vegetative growth (6). 
Although physiological parameters such as chlorophyll content and 
phytohormone production were not measured in the present study, 
the greater leaf dimensions and LAI recorded under T11 may be 
associated with improved root function and nutrient uptake 
reported in earlier studies (6). The superior performance of T13 and 
T15, which included P. lilacinum, further demonstrates the positive 
role of beneficial microbial inoculants in stimulating vegetative 
growth. Previous studies have shown that P. lilacinum enhances 
nutrient mobilisation, improves rhizosphere competence and 
promotes root growth, thereby supporting greater leaf expansion 
and biomass accumulation in horticultural crops (32). 

 Leaf area index is an important indicator of canopy 
development and photosynthetic efficiency. The significantly higher 
LAI observed under T11 indicates the development of a larger 
photosynthetically active surface capable of intercepting more solar 
radiation and producing greater assimilates for plant growth. Similar 
improvements in leaf morphology and canopy architecture 
following the integrated application of vermicompost, FYM and 
microbial inoculants have been reported in tuberose and other 
ornamental crops (6, 25, 28). 
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Influence of enriched growing media consortia on physiological 

and biochemical attributes 

The increased chlorophyll content in T₁₁ and T₁₅ may be due to the 

synergistic effect of vermicompost, FYM and beneficial microbial 

inoculants. Vermicompost and FYM are rich in critical macro and 

micronutrients such as N, P, K, iron (Fe) and manganese (Mn), which 

are directly involved in chlorophyll production and photosynthetic 

efficiency (33). Furthermore, P. chlamydosporia and P. lilacinum have 

been shown to boost nutrient uptake, root activity and overall plant 

development under both optimal and stress conditions (13, 32). 

Previous research found that using P. chlamydosporia in horticultural 

crops resulted in significant increases in photosynthetic pigments and 

biomass production (13). The decreased chlorophyll concentration in 

the chemical standard T₁₇ demonstrates that bio-organic treatments 

enhance plant vigour and physiological performance to a greater 

extent than the chemical standard (27, 30, 31). 

 In addition to improving nutrient availability, P. chlamydosporia 
has been reported to enhance nutrient uptake, thereby promoting 

plant growth and physiological performance (13). Although chlorophyll 

fluorescence, photosynthetic rate and nutrient uptake were not directly 

assessed in the present study, the increased chlorophyll content 

observed under T₁₁ is consistent with the improved physiological status 

reported for plants colonised by P. chlamydosporia (13). 

 The highest phenol accumulation recorded under T₁₁ may 

be associated with enhanced nutrient availability together with 

microbial stimulation of plant defence metabolism. Organic 

amendments, particularly vermicompost, contain humic 

substances and biologically active compounds that promote the 

synthesis of phenolic metabolites involved in plant defence and 

stress tolerance (33). In addition, P. chlamydosporia has been 

reported to induce defence-related responses through activation of 

the phenylpropanoid pathway and induction of systemic resistance 

(ISR), mediated by jasmonic acid and salicylic acid signalling, which 

upregulates phenylalanine ammonia-lyase (PAL) activity - a key 

enzyme in phenolic biosynthesis (34). Since defence-related 

enzymes and signalling pathways were not evaluated in the present 

investigation, this mechanism should be considered a plausible 

explanation based on previous reports rather than direct evidence 

from the present study (34). The higher phenol content observed in 

T₁₃ and T₁₅ further supports the beneficial role of microbial 

inoculants in improving biochemical defence responses. These 

findings are consistent with early results reported that                                          

P. chlamydosporia inoculation increased total chlorophyll and 

carotenoid content in eggplant (13). Similarly, enhanced nutrient 

content in chilli following vermicompost application (31). 

Influence of enriched growing media consortia on flowering and 

floral quality attributes 

The superior flowering performance observed in T₁₁ may be 

attributed to the combined application of FYM, vermicompost and  

P. chlamydosporia. Organic amendments such as vermicompost 

and FYM improve soil physical properties, enhance moisture 

retention and provide a sustained supply of essential macro- and 

micronutrients required for flower initiation, spike elongation and 

floret development (35, 36). Improved nutrient availability under 

organically enriched growing media promotes assimilate 

production and translocation towards developing floral organs, 

resulting in longer spikes, greater spike girth and increased floret 

production (35–37). 

 The enhanced flowering response observed under T₁₁ may 

also be associated with the beneficial effects of P. chlamydosporia on 

root development and nutrient acquisition. Previous studies have 

demonstrated that P. chlamydosporia functions as a plant growth-

promoting fungus by enhancing root growth, improving nutrient 

uptake and accelerating flowering in horticultural crops (38, 39). 

Although root colonisation and nutrient uptake were not directly 

measured in the present study, the earlier spike emergence and 

superior floral characteristics observed in T₁₁ are consistent with 

these reported mechanisms (38, 39). 

 The comparatively high flowering performance of T₁₅, 

containing P. lilacinum, further supports the role of beneficial 

microbial inoculants in improving reproductive growth. 

Purpureocillium lilacinum has been reported to enhance nutrient 

mobilisation, stimulate root activity and improve plant growth 

through better nutrient utilisation and production of growth-

promoting metabolites (32). These effects may have contributed to 

the increased spike length, floret number and floret weight observed 

under T₁₅. 

 The significantly greater spike girth, floret production and 

floret yield observed in treatments receiving organic amendments 

together with microbial inoculants indicate a synergistic interaction 

between the growing media components and beneficial 

microorganisms. The combined application likely created a 

favourable rhizosphere environment that enhanced nutrient 

availability and plant growth, resulting in improved floral quality (40). 

However, rhizosphere microbial activity and nutrient dynamics were 

not directly evaluated in the present study; therefore, this 

explanation should be considered a plausible mechanism based on 

previous findings. 

 The extended floret longevity observed in T₁₁ and T₁₅ 

suggests that integrated bio-organic treatments improved not only 

flower production but also post-harvest floral quality. Enhanced 

nutrient balance and improved physiological status of plants 

receiving organic amendments have been associated with delayed 

senescence and improved water relations in ornamental crops                  

(41, 42). Similar improvements in flowering, flower yield and post-

harvest quality following integrated nutrient management have 

been reported in tuberose and other ornamental species (26, 41, 42). 

Multivariate trait association and identification of key 

determinants of growth and flowering using principal 

component analysis (PCA) 

The PCA clearly demonstrated a strong positive association among 

vegetative growth, flowering and biochemical traits, indicating that 

improvements in plant height, leaf development and physiological 

status were accompanied by enhanced floral yield and quality. This 

pattern suggests that treatments receiving integrated organic 

amendments and beneficial microbial inoculants promoted overall 

plant performance rather than improving individual traits 

independently, consistent with reports of similar vegetative-

flowering associations in tuberose under integrated nutrient 

management (26, 43). 

 The superior grouping of treatments such as T₁₁, T₁₅ and T₁₃ 

can be attributed to the combined effects of FYM, vermicompost and 

beneficial microorganisms. Vermicompost improves soil physical 

properties, microbial activity and nutrient availability, thereby 

supporting vigorous vegetative growth and reproductive 

development (43). Likewise, cocopeat-based growing media 
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improve aeration, moisture retention and root-zone conditions, 

contributing to increased plant height, spike length and flower 

production (44). 

 Beneficial microorganisms, including T. viride,                                         

P. chlamydosporia and P. lilacinum, further enhance plant growth 

by improving root development, nutrient mobilisation and 

rhizosphere activity (45, 46). The favourable association of treatments 

containing these microorganisms with the principal components 

representing superior growth and flowering suggests that microbial 

inoculation contributed substantially to the overall crop performance. 

Although the production of growth-regulating substances and 

enhanced nutrient solubilisation were not directly measured in the 

present study, these mechanisms have been proposed in previous 

studies to explain the plant growth-promoting effects of beneficial 

microorganisms (47). 

 The positive association between flowering attributes and 

biochemical parameters further indicates that improved 

physiological status contributed to greater flower production and 

floral quality. Higher chlorophyll and phenol contents observed in 

the integrated treatments may have supported increased 

photosynthetic efficiency and improved metabolic activity, resulting 

in greater assimilate production for floral development. Similar 

relationships among physiological, vegetative and flowering traits 

have been reported in tuberose and other ornamental crops 

following the combined application of organic amendments and 

beneficial microbial inoculants (43, 44). 

Correlation analysis of growth, physiological, biochemical and 
floral traits 

The strong positive correlation between plant height and leaf length 

(r = 0.961***) indicates that vigorous vegetative growth was 

accompanied by greater leaf development, resulting in an increased 

photosynthetically active canopy. Similar positive relationships 

among vegetative growth traits have been reported in tuberose, 

where increased plant height and leaf area contributed to improved 

assimilate production and subsequent flower development (48, 49). 

The significant positive association of plant height and leaf length 

with spike length, floret number and floret yield suggests that 

enhanced vegetative growth provided a stronger physiological 

foundation for reproductive development. Increased leaf area 

enhances light interception and photosynthetic efficiency, thereby 

increasing the availability of assimilates required for spike elongation 

and floret differentiation (48, 49). The strong positive correlations 

observed between spike length, weight of florets per pot and 

number of florets per spike demonstrate that improved spike 

architecture was closely associated with higher floral productivity. 

Previous studies have similarly reported that longer spikes generally 

produce more florets and greater flower yield in tuberose (50, 51). 

The positive relationship between floret weight and flower longevity 

(r = 0.987***) further indicates that treatments producing heavier 

florets also maintained longer post-harvest floral life, reflecting 

improved flower quality (50, 51). The superior flowering 

performance observed in the integrated treatments may be 

attributed to the combined influence of organic amendments and 

beneficial microbial inoculants. Organic components such as 

vermicompost, FYM and cocopeat improve nutrient availability, 

aeration and water-holding capacity of the growing medium, 

thereby promoting vigorous plant growth and flower production 

(22, 44). In addition, beneficial microorganisms such as T. viride,                      

P. chlamydosporia and P. lilacinum have been reported to enhance 

nutrient solubilisation, root development and overall plant vigour, 

contributing to improved flowering characteristics (27, 28, 52, 53). 

Although microbial activity and nutrient uptake were not directly 

measured in the present study, these mechanisms provide plausible 

explanations for the observed improvements based on previous 

reports. The significant positive correlation between total phenol 

content and spike length (r = 0.891***) indicates that treatments 

producing superior floral development also exhibited greater 

phenolic accumulation. Phenolic compounds play important roles 

in antioxidant activity, stress tolerance and plant defence and their 

increased accumulation has frequently been associated with 

improved physiological status and flower quality in horticultural 

crops (54). The positive correlations between phenol content and all 

major vegetative and flowering traits suggest that enhanced 

biochemical status contributed to the overall improvement in crop 

growth and floral productivity. 

 

Conclusion 

The present study demonstrates that enriched growing media 

consortia combining organic amendments (farmyard manure 

(FYM) and vermicompost) with biocontrol agents significantly 

enhance vegetative growth, physiological performance and 

flowering quality of tuberose cv. Arka Prajwal under pot culture 

conditions, outperforming both the untreated control and the 

chemical standard. Among the treatments evaluated, T11 (red soil + 

FYM + vermicompost (1 : 1 : 1) + Pochonia chlamydosporia at 50 g 

pot-¹) consistently recorded the best overall performance across 

growth, physiological and floral parameters, followed by T15 and 

T13. Correlation analysis and principal component analysis (PCA) 

further confirmed that vegetative vigour was closely associated to 

floral quality, with spike length, floret weight and floret longevity 

emerging as key determinants of treatment performance. These 

findings highlight the potential of bio-organic growing media 

consortia as sustainable alternatives to conventional red soil-

based cultivation for tuberose production. However, these results 

are based on short-term pot-culture trials and field-level validation 

under diverse agro-climatic conditions is necessary before 

recommending T11 for large-scale commercial adoption. Future 

research should focus on: (i) field trials to confirm these findings 

under open growing conditions, (ii) mechanistic studies to 

elucidate how P. chlamydosporia and organic amendments 

interact to influence nutrient uptake and plant defence pathways 

and (iii) cost-benefit analysis to evaluate the economic feasibility of 

adopting T11 for commercial tuberose cultivation.  
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