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Influence of plant growth regulators on growth  and capsule traits of small cardamom (Elettaria cardamomum L. Maton)




ABSTRACT 

	A field experiment was conducted at the Cardamom Research Station, Pampadumpara, Kerala during 2024–2025 to evaluate the influence of plant growth regulators (PGRs) on growth and capsule traits of small cardamom (Elettaria cardamomum L. Maton). The experiment was laid out in a randomized block design with 14 treatments and three replications. Treatments comprised gibberellic acid (GA₃), naphthalene acetic acid (NAA), benzyl adenine (BA) and 2,4-dichlorophenoxyacetic acid (2,4-D) at different concentrations along with controls. Growth parameters such as panicle length and internodal length were significantly influenced, with GA₃ @ 250 ppm recording superior values. Capsule traits including capsule length, width and number of seeds per capsule were also significantly affected. NAA @ 60 ppm recorded higher seed number and capsule width, while GA₃ @ 250 ppm recorded maximum capsule length. Parameters such as percentage of bold capsules were not significantly influenced. However, capsule weight and size-related attributes showed variation among treatments, indicating differences in capsule development and filling. The study indicates that plant growth regulators influence growth and capsule traits in small cardamom, with responses varying based on the type and concentration of the regulator, and highlights their potential role in improving capsule development and yield attributes.



.     
.
              . 
                     
	.
..






Keywords: Capsule traits; GA3; NAA; plant growth regulators; sink strength; small cardamom


1. INTRODUCTION 

Small cardamom (Elettaria cardamomum L. Maton), belonging to the family Zingiberaceae, is one of the most important high-value spice crops cultivated in India. As per the advance estimates of the Spices Board (2024–25), the total area under cardamom cultivation in India is approximately 70,410 hectares, with a production of 20,696 metric tonnes, of which Kerala accounts for the major share (18,310 metric tonnes). The crop is valued for its aromatic capsules, which are widely used in culinary, pharmaceutical and cosmetic industries. The commercial quality of cardamom is largely determined by capsule size, shape and seed content, which are influenced by physiological processes governing growth and assimilate partitioning (Ravindran, 2002; Zachariah and Korikanthimath, 2002).
Plant growth regulators (PGRs) play a significant role in modifying plant growth and development by regulating cellular processes such as division, elongation and differentiation (Rademacher, 2015). Gibberellins are known to promote elongation of plant organs, while auxins enhance reproductive development and assimilate translocation, thereby improving sink strength. Cytokinins, on the other hand, are involved in cell division and enlargement. In small cardamom, application of growth regulators such as gibberellic acid (GA₃) and 2,4-dichlorophenoxyacetic acid (2,4-D) has been reported to influence panicle elongation and fruit development (Pillai and Kumari, 1964), while naphthalene acetic acid (NAA) has been shown to improve growth and reduce premature capsule drop (Kumar, 1986). Similar responses have also been reported in spice crops like black pepper and vanilla, where plant growth regulators influenced spike and fruit characteristics (Kumar et al., 2002; Shivakumar et al., 2008).
Recent studies in horticultural crops have highlighted the role of plant growth regulators in improving reproductive performance and yield attributes. Application of NAA and GA₃ has been reported to improve growth, yield and quality in chilli and tomato (Anbarasi and Venkatraman, 2022; Paikra et al., 2022; Nirankar et al., 2024). In mango, plant growth regulators have been reported to improve fruit retention, yield and quality attributes (Kundu et al., 2023), while synthetic auxins improved yield and seed quality in carrot seed crop (Noor et al., 2020).
In small cardamom, productivity is often constrained by poor fruit set and capsule shedding during the reproductive stage. These limitations are influenced by climatic factors and physiological imbalances within the plant, which ultimately affect capsule development and productivity. Although plant growth regulators have been reported to improve reproductive efficiency and yield in several horticultural crops, their application in small cardamom under high range conditions has not been adequately standardized. Therefore, the present study was undertaken to evaluate the influence of different plant growth regulators on growth and capsule traits of small cardamom.

2. material and methods 

2.1. Experimental site and plant material

The field experiment was conducted at the Cardamom Research Station, Pampadumpara, Kerala, India (9°45′ N latitude, 77°10′ E longitude, at an altitude of approximately 1100 m above mean sea level) during 2024–2025. Three-year-old, healthy and uniformly growing plants of small cardamom (Elettaria cardamomum L. Maton) variety ‘Green Gold’ were selected for the study. All recommended agronomic practices were followed uniformly for all treatments as per the Package of Practices recommendations of Kerala Agricultural University (2024).

2.2 Experimental design and treatment details

The experiment was laid out in a randomized block design with 14 treatments and three replications, each experimental unit consisting of six plants. The treatments consisted of different plant growth regulators and their concentrations, namely: 
· T₁ – Gibberellic acid (GA3) 150 ppm
· T₂ – Gibberellic acid (GA3) 200 ppm
· T₃ – Gibberellic acid (GA3) 250 ppm 
· T₄ – Naphthalene acetic acid (NAA) 20 ppm
· T₅ – Naphthalene acetic acid (NAA) 40 ppm
· T₆ – Naphthalene acetic acid (NAA) 60 ppm 
· T₇ – Benzyl adenine (6-BAP) 25 ppm
· T₈ – Benzyl adenine (6-BAP) 50 ppm 
· T₉ – Benzyl adenine (6-BAP) 75 ppm 
· T₁₀ – 2,4-Dichlorophenoxyacetic acid (2,4-D) 2 ppm
· T₁₁ – 2,4-Dichlorophenoxyacetic acid (2,4-D) 4 ppm 
· T₁₂ – 2,4-Dichlorophenoxyacetic acid (2,4-D) 6 ppm 
· T₁₃ – Planofix 10 ppm 
· T₁₄ – Water spray (absolute control).

2.3 Application of plant growth regulators

The plant growth regulators were applied as foliar sprays during the flowering period of the crop at 45–50 day intervals, totaling six applications during the experimental period. The spray solutions were prepared using analytical grade chemicals and applied uniformly using a knapsack sprayer to ensure thorough coverage of the foliage and panicles. Care was taken to ensure uniform coverage of all plants within each treatment.

2.4 Observations recorded

Observations on yield contributing growth parameters such as panicle length (cm), internodal length (cm) and number of panicles were recorded at 45 days after each spray, covering six successive observation stages. Panicle length was measured from the base to the tip of the panicle, while internodal length was calculated as the average distance between successive nodes on the panicle. The number of panicles was recorded by counting all productive panicles per plant.
Capsule traits and capsule size and weight attributes such as capsule length (mm), capsule width (mm), number of seeds per capsule, percentage of bold capsules (>7 mm), number of dry capsules per 100 g and 100 fresh capsule weight (g) were recorded at each harvest, with a total of four harvests taken during the experimental period at regular intervals. Capsule dimensions were measured using a digital Vernier calliper, and the number of seeds per capsule was determined as the mean of seeds counted from 5 randomly selected capsules.

2.5 Statistical analysis

The data obtained from different harvests were pooled and mean values were computed for statistical analysis. The experimental data were subjected to analysis of variance (ANOVA) appropriate for randomized block design, and statistical analysis was carried out using GRAPES software.

3. results and discussion

3.1 Growth response to plant growth regulators

Yield contributing growth parameters of small cardamom were significantly influenced by the application of plant growth regulators. Panicle length exhibited a progressive increase with successive spray applications, with GA3 @ 250 ppm (T3) recording the highest values at later stages of observation, reaching 114.56 cm at 45 days after the sixth spray (Table 1). In contrast, the lowest value was observed in the control (T14) (54.61 cm). The differences among treatments were non-significant during initial stages but became significant after the third spray, indicating a cumulative effect of growth regulator application. This response can be attributed to enhanced cell elongation and expansion mediated by gibberellins (Sponsel & Hedden, 2010). Similar observations were reported in small cardamom by Pillai and Kumari (1964) and in black pepper, where GA₃ application increased spike length (Kumar et al., 2002).
Internodal length followed a similar trend, with GA3 @ 150 ppm (T1) and GA3 @ 200 ppm (T2) recording higher values during later stages, reaching 6.28 cm and 6.39 cm, respectively, at 45 days after the sixth spray (Table 2). This may be associated with GA-induced degradation of DELLA proteins, which removes growth repression and promotes cell elongation (Sun, 2011). Comparable findings have been reported in soybean and French bean, where GA3 enhanced stem elongation primarily through internodal expansion (Shan et al., 2021; Noor et al., 2017).
In contrast, the number of panicles (Table 3) did not show significant variation among treatments at any stage of observation, although slight numerical differences were observed across treatments, indicating limited response of this parameter to exogenous growth regulator application. The observed response indicates a stage-dependent influence of PGRs, with effects becoming more pronounced with repeated applications.
3.2 Capsule development and reproductive traits
Capsule traits were significantly influenced by plant growth regulator application (Table 4). The number of seeds per capsule increased under auxin treatments, with NAA @ 60 ppm (T6) recording the highest mean value (21.27). Auxins are known to enhance sink strength and facilitate mobilization of photosynthates towards developing reproductive structures, thereby improving seed formation (Taiz & Zeiger, 2017). Similar responses have been reported in chilli and tomato, where NAA application increased seed number through improved fruit development (Kumar & Vatsa, 2015; Paikra et al., 2022).
Capsule length was highest under GA3 @ 250 ppm, reflecting the role of gibberellins in promoting cell elongation during fruit development (Srivastava & Handa, 2005). Comparable increases in fruit length have been reported in black pepper and vanilla under GA₃ application (Kumar et al., 2002; Shivakumar et al., 2008).
Capsule width, on the other hand, was higher under NAA @ 60 ppm (T6) and BA 25 ppm (T7) treatments, indicating the role of auxins and cytokinins in enhancing cell division and expansion. Increased fruit girth under auxin application has been reported in chilli (Anbarasi & Venkatraman, 2022), while cytokinin-induced increases in fruit diameter have been observed in black pepper and vanilla (Nirankar et al., 2024; Shivakumar et al., 2008). Tiwari et al., 2024 reported similar results in guava, where application of NAA significantly improved fruit width and volume due to enhanced cell division and elongation.
This highlights the role of PGRs in regulating reproductive sink activity and improving capsule development under field conditions.
3.3 Capsule size and weight attributes

Percentage of bold capsules was not significantly influenced by treatments, suggesting that capsule size distribution is relatively stable and may be governed more by genetic and environmental factors than by PGR application.
However, number of capsules per 100 g and 100 capsule weight exhibited a clear inverse relationship. Lower number of capsules per 100 g under NAA 60 ppm indicates the production of larger and heavier capsules, which is further supported by higher 100 capsule weight under the same treatment. This reflects improved assimilate partitioning and enhanced sink strength under auxin application.
Auxins play a key role in regulating source–sink relationships by promoting translocation of assimilates towards developing fruits, thereby improving fruit size and weight (Taiz & Zeiger, 2017). Similar increases in fruit weight under NAA application have been reported in chilli (Anbarasi & Venkatraman, 2022; Nirankar et al., 2024).
The complementary behaviour of these parameters provides strong evidence that PGRs influence capsule development primarily through modulation of assimilate allocation rather than altering size distribution.









Table 1. Effect of plant growth regulators on length of panicle (cm) of small cardamom

	Treatment
	Panicle length (cm)

	
	45 days after 1st spray
	45 days after 2nd spray
	45 days after 3rd  spray
	45 days after 4th  spray
	45 days after 5th  spray
	45 days after 6th spray

	T1
	35.66
	40.78
	73.33ab
	92.33ab
	93.00abc
	97.22abc

	T2
	37.78
	48.56
	54.61c
	78.67abc
	93.67ab
	104.22ab

	T3
	46.33
	52.78
	81.00a
	101.11a
	111.11a
	114.56a

	T4
	42.34
	50.33
	58.67bc
	70.55bcd
	77.67bcd
	81.11bcd

	T5
	41.22
	52.22
	56.44c
	58.89cd
	68.11cde
	70.22de

	T6
	41.67
	53.78
	58.00bc
	61.77cd
	73.67bcde
	79.83bcd

	T7
	35.00
	46.56
	54.33c
	57.56cd
	72.55bcde
	77.22cde

	T8
	35.34
	37.90
	48.56c
	52.11d
	62.00de
	69.67de

	T9
	41.45
	50.11
	56.67c
	58.33cd
	65.11de
	69.99de

	T10
	41.44
	53.45
	58.44bc
	61.67cd
	73.22bcde
	75.83cde

	T11
	36.89
	43.06
	47.55c
	56.67cd
	63.22de
	66.33de

	T12
	31.00
	38.67
	43.11c
	51.33d
	59.00de
	63.67de

	T13
	39.44
	40.22
	46.00c
	55.33d
	57.22de
	59.07de

	T14
	36.11
	37.78
	42.55c
	51.33d
	52.11e
	54.61e

	C.D (P=0.05)
	NS
	NS
	16.44
	22.54
	25.51
	24.42

	SEm (±)
	 4.49
	 4.36
	5.65
	7.75
	8.78
	8.39

	C.V.
	20.09
	16.38
	17.59
	20.72
	20.83
	20.83























































Table 2. Effect of plant growth regulators on internodal length of panicle (cm) of small cardamom

	Treatment
	Internodal length of panicle (cm)

	
	45 days after 1st spray
	45 days after 2nd spray
	45 days after 3rd  spray
	45 days after 4th  spray
	45 days after 5th  spray
	45 days after 6th spray

	T1
	2.31
	2.89
	3.61
	4.16
	5.57a
	6.28a

	T2
	2.23
	2.67
	3.66
	4.49
	5.31ab
	6.39a

	T3
	2.40
	3.00
	3.99
	4.11
	4.48bcde
	4.99b

	T4
	2.58
	2.89
	3.22
	4.44
	4.74abc
	4.49bc

	T5
	2.93
	3.67
	3.67
	3.77
	4.11cdef
	4.15bc

	T6
	2.31
	2.89
	2.97
	3.55
	3.61def
	4.05bc

	T7
	2.76
	2.28
	3.44
	4.55
	4.61abcd
	4.72bc

	T8
	2.40
	3.00
	3.11
	3.55
	3.94cdef
	4.05bc

	T9
	2.49
	3.11
	3.22
	4.22
	4.12cdef
	4.27bc

	T10
	2.11
	3.11
	2.49
	3.49
	3.66def
	3.89bc

	T11
	2.14
	2.67
	2.89
	3.33
	3.49ef
	3.67c

	T12
	1.87
	1.99
	2.44
	3.22
	3.74cdef
	3.83bc

	T13
	2.22
	2.33
	2.67
	3.05
	3.89cdef
	4.22bc

	T14
	2.45
	2.55
	2.67
	3.49
	3.44f
	3.61c

	C.D (P=0.05)
	NS
	NS
	NS
	NS
	1.038
	1.22

	SEm (±)
	0.27
	0.35
	0.47
	0.46
	0.36
	0.42

	C.V.
	20.06
	21.66
	25.94
	20.84
	14.75
	16.24



Table 3. Effect of plant growth regulators on number of panicles

	Treatment
	Number of panicles

	
	45 days after 1st spray
	45 days after 2nd spray
	45 days after 3rd  spray
	45 days after 4th  spray
	45 days after 5th  spray
	45 days after 6th spray

	T1
	19.00
	20.33
	19.00
	23.33
	23.33
	24.00

	T2
	17.33
	17.67
	17.00
	21.33
	22.67
	25.00

	T3
	21.33
	21.33
	20.67
	23.67
	23.67
	23.67

	T4
	18.67
	19.33
	18.33
	23.33
	31.33
	34.33

	T5
	23.67
	23.33
	22.00
	32.00
	33.33
	33.67

	T6
	22.67
	29.00
	28.00
	34.67
	35.00
	39.67

	T7
	20.67
	30.00
	28.33
	30.67
	32.33
	34.00

	T8
	17.67
	17.00
	16.33
	25.00
	27.67
	28.00

	T9
	24.00
	25.33
	24.33
	24.33
	25.33
	25.33

	T10
	21.67
	22.00
	19.00
	23.00
	27.00
	29.67

	T11
	22.00
	23.33
	21.33
	23.33
	27.67
	28.00

	T12
	20.00
	21.00
	19.33
	24.00
	24.00
	25.33

	T13
	17.67
	18.33
	17.00
	20.00
	23.67
	26.67

	T14
	15.00
	17.67
	17.33
	23.00
	23.00
	25.00

	C.D (P=0.05)
	NS
	NS
	NS
	NS
	NS
	NS

	SEm (±)
	3.39
	3.42
	3.39
	3.85
	4.99
	4.22

	C.V.
	29.10
	27.15
	28.55
	26.53
	31.85
	25.45




Table 4. Effect of plant growth regulators on capsule development and physical attributes of small cardamom (mean of four harvests)

	Treatment
	Number of seeds/ capsule
	Percentage of bold capsules (>7 mm)
	Capsule length (mm)
	Capsule width (mm)
	Number of dry capsules per 100 g
	100 fresh capsule weight (g)

	T1
	14.27i
	49.807
	16.03cdef
	12.46d
	650.08a
	80.42d

	T2
	18.51cde
	64.190
	16.71abc
	13.96abc
	553.33cdef
	88.09abcd

	T3
	17.42efg
	66.305
	17.19a
	14.23ab
	614.75ab
	81.79d

	T4
	16.79gh
	56.725
	15.84def
	13.48bc
	609.58ab
	83.25cd

	T5
	17.99def
	65.062
	16.19bcde
	13.99abc
	572.33bcde
	87.79abcd

	T6
	21.27a
	73.062
	16.77ab
	14.51a
	506.50f
	94.14a

	T7
	19.52bc
	71.230
	16.44bcd
	14.45a
	518.58ef
	94.11a

	T8
	16.39gh
	56.672
	16.08cdef
	13.68abc
	582.67bcd
	84.22bcd

	T9
	18.05def
	63.335
	16.32bcde
	13.85abc
	541.00def
	91.11abc

	T10
	20.29ab
	68.765
	16.46bcd
	14.27ab
	526.17ef
	91.85ab

	T11
	19.16bcd
	61.092
	16.45bcd
	13.94abc
	564.50bcde
	90.75abc

	T12
	17.12fgh
	60.126
	16.29bcde
	13.86abc
	598.92abc
	85.17bcd

	T13
	16.47gh
	53.562
	15.69ef
	13.37bcd
	614.42ab
	81.89d

	T14
	15.99h
	49.330
	15.40f
	13.07cd
	651.50a
	79.86d

	C.D (P=0.05)
	1.17
	NS
	0.69
	0.92
	56.19
	8.30

	SEm (±)
	0.40
	5.50
	0.24
	0.32
	19.33
	2.86

	CV 
	3.93
	15.53
	2.52
	3.98
	5.78
	5.70




4. Conclusion

Plant growth regulators exerted distinct effects on growth and capsule traits of small cardamom. Gibberellins were effective in promoting elongation of reproductive structures, while auxins significantly enhanced capsule development and filling. Capsule size distribution remained largely unaffected, indicating limited influence of PGRs on grading characteristics. The study highlights the differential physiological roles of growth regulators in modifying growth and capsule traits in small cardamom.

Further studies involving multi-location trials and evaluation of additional growth regulators are required to validate the findings and to optimize their application for improving yield and quality in small cardamom under varying agro-climatic conditions.

COMPETING INTERESTS

Authors have declared that no competing interests exist.

[bookmark: _Hlk198031404]Disclaimer (Artificial intelligence)

Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 





References
.
Anbarasi, D., & Venkatraman, M. (2022). Effect of plant growth regulators on growth, yield and quality characters of chilli (Capsicum annuum L.). Annals of Plant and Soil Research, 24(4), 543–546.

Kerala Agricultural University. (2024). Package of practices recommendations: Crops (16th ed.). Kerala Agricultural University.

Kumar, A. R., Sathiamoorthy, S., & Subbiah, A (2002). Effect of plant growth regulators on yield parameters, yield and quality of black pepper (Piper nigrum L.) variety Panniyur-1. Journal of Spices and Aromatic Crops, 11(2), 125-128.

Kumar, K.V. (1986). Physiological investigations in relation to flowering, fruit set and capsule development of cardamom (Elettaria cardamomum Maton). PhD (Ag) thesis, Kerala Agricultural University, Thrissur, 280p.

Kumar, M., & Vatsa, V.K. (2015). Effect of GA₃, NAA and MH on seed set and seed weight in chilli (Capsicum annuum L.). International Journal of Current Science, 11(1), 8–17.

Kundu, A., Tarai, R., Pradhan, S., Nayak, A., Naik, P. and Senapati, B. (2023). Effect of plant growth regulators on fruit yield and fruit quality of mango (Mangifera indica L.) cv. Amrapali. International Journal of Environment and Climate Change, 13, 791–802.

Nirankar, Mandal, J., Parveen, A., Singh, A. K., Singh, S. K., & Kishor, B. (2024). Effect of plant growth regulators on growth, yield and quality of chilli (Capsicum annuum L.) in cv. Bidhan Chilli-4. Journal of Scientific Research and Reports, 30(8), 428–435.

Noor, F., Hossain, F., & Ara, U (2017). Effect of gibberellic acid (GA₃) on growth and yield parameters of French bean (Phaseolus vulgaris L.). Journal of the Asiatic Society of Bangladesh Science, 43(2), 191–199.

Noor, A., Ziaf, K., Amjad, M. & Ahmad, I. (2020). Synthetic auxins concentration and application time modulates seed yield and quality of carrot by altering the umbel order. Scientia Horticulturae, 262, 109066.

Paikra, P. S., Ramteke, V., & Kerketta, A.(2022). Effect of plant growth regulators on seed yield and seed quality traits in tomato (Solanum lycopersicum L.) cv. Kashi Adarsh. International Journal of Plant and Soil Science, 34(24), 749–755.

Pillai, P. K., & Kumari, S.S. (1964). Studies on the effect of growth regulators on fruit setting in cardamom. Agricultural Research Journal of Kerala, 3(1), 1-11.

Rademacher, W. (2015). Plant growth regulators: Backgrounds and uses in plant production. Journal of Plant Growth Regulation, 34, 845–872.

Ravindran, P. N. (2002). Introduction. In P. N. Ravindran & K. J. Madhusoodanan (Eds.), Cardamom: The genus Elettaria (pp. 1–10). Taylor & Francis.

Shan, F., Zhang, R., Zhang,J., Wang, C., Lyu, X., Xin, T.,. et al. (2021). Study on the regulatory effects of GA3 on soybean internode elongation. Plants. 10, 1737.

Shivakumar, K.V., Dineshkumar, M., & Devaraju, K.M. (2008). Effect of plant growth regulators on growth and development of vanilla (Vanilla planifolia Andrews) fruits. Journal of Plantation Crops, 36(2), 108–111.

Spices Board of India. (2024). Major spice wise area production 2024-25. Ministry of Commerce and Industry, Government of India.

          Sponsel, V. M., & Hedden, P. (2010). Gibberellin biosynthesis and inactivation. In Davies, P. J. (ed.), Plant Hormones: Biosynthesis, Signal Transduction, Action! (pp. 63-94). Dordrecht: Springer.

           Srivastava, A., & Handa, A. K. (2005). Hormonal regulation of tomato fruit development: A molecular perspective. Journal of Plant Growth Regulation, 24(1), 67–82.

Sun, T. P. (2011). The molecular mechanism and evolution of the gibberellin–GID1–DELLA signaling module in plants. Annual Review of Plant Biology, 62, 467–489.

Taiz, L., Zeiger, E., Møller, I.M., & Murphy, A. (2017). Plant Physiology and Development (6th ed.). Sunderland: Sinauer Associates. 

Tiwari, S., Ram, D., Mishra, D., & Gurudev, N. (2024). Effect of plant growth regulators on yield and quality of winter season guava (Psidium guajava L.) cv. L-49. Plant Archives, 24(1), 1355-1362.

Zachariah, T. J., & Korikanthimath, V. S. (2002). Harvesting and processing of cardamom. In Cardamom (pp. 223–238). CRC Press.




