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ABSTRACT
The investigation was carried out during the rabi season of 2023–2024 at the Vegetable Research Farm, Department of Horticulture, Institute of Agricultural Sciences, Banaras Hindu University, Varanasi (U.P.), India. Cabbage (Brassica oleracea var. capitata L.), a commercially important cole crop, has its productivity enhanced through the application of plant hormones. The objective of the study was to assess the impact of foliar application of plant growth regulators as gibberellic acid (GA₃) and naphthaleneacetic acid (NAA), on the vegetative growth, yield attributes and quality traits of cabbage. The experiment followed a randomized block design comprising nine treatment combinations with three replications, using the cultivar ‘Golden Acre’. Treatments consisted of GA₃ at 60, 90, 120 and 150 ppm; NAA at 40, 80, 120 and 150 ppm, along with a control, sprayed at 30 and 45 days after transplanting. Statistically significant variations (p < 0.05) were noted across all treatments. GA₃ at 90 ppm recorded maximum plant height (32.83 cm), canopy spread (53.78 cm), leaf dimensions and wrapped leaf count (52.08), along with superior net head weight (1091.69 g), total biomass (1730.69 g), chlorophyll concentration (SPAD 70.13) and vitamin C content (34.22 mg/100 g). NAA at 80 ppm also showed favourable performance, improving head size, foliage growth and nutritional quality. Conversely, the untreated control exhibited the lowest values. Overall, the data suggest that appropriate use of GA₃ and NAA particularly at 90 ppm and 80 ppm, respectively, substantially enhances cabbage growth, productivity and quality through physiological modulation.	Comment by Priyadarshani P Mohapatra: No need to write in italic form inside the bracket 	Comment by Priyadarshani P Mohapatra: Gibberellic or Naphthaleneacetic acid 
Keywords: cabbage, gibberellic acid, naphthaleneacetic acid, plant growth regulators, yield attributes, quality traits

1.  Introduction
Cabbage is a cool-season, biennial leafy vegetable belonging to the family Brassicaceae. It is one of the most widely cultivated cole crops globally and holds substantial economic, nutritional and horticultural value (Nikzad et al., 2020). The species originated from the wild ancestor Brassica oleracea var. sylvestris in the Mediterranean region and was initially grown for medicinal use before becoming a staple in culinary practices (Boriss and Kreith, 2006). The term “cabbage” is derived from the French word caboche, meaning “head,” which refers to the compact, globular formation of thickened leaves that constitutes its edible portion. Cabbage is known in India as “bandh-gobi” or “gobi” and is grown across seasons due to its adaptability, though it is primarily cultivated during the rabi season (Nikzad et al., 2020). India is the 2nd largest producer of vegetables globally and ranks fourth in cabbage cultivation. According to recent estimates, cabbage is grown on 12.99 thousand hectares in India with a production of 483.97 lakh metric tonnes (Anonymous, 2025). Uttar Pradesh alone contributes significantly with 12.99 thousand hectares under cabbage cultivation and 483.97 lakh MT production (Anonymous, 2025). Its production supports rural livelihoods and farm incomes, especially in peri-urban areas, due to its high productivity, market acceptability and prolonged shelf life. Cabbage consumption in India also contributes to dietary diversity, especially important considering the low per capita vegetable intake (86 g/day) compared to the ICMR-recommended 300 g/day (Ray and Ray, 2022). Cabbage is highly nutritious, rich in water (92%), proteins, carbohydrates, dietary fiber, minerals (iron, calcium, potassium and phosphorus) and vitamins A and C, with added health benefits due to glucosinolates and sinigrin (sulfur-containing compounds) with anti-carcinogenic properties (Chaudhari et al., 2017; Mishra et al., 2023). The distinctive pungent flavour of cabbage is attributed to sinigrin, which also contributes to its medicinal utility, such as in the preparation of fermented products like sauerkraut used to treat scurvy (Siddeeg et al., 2022). It is consumed in various forms including salads, soups, curries, pickles and processed foods, offering both taste and functional health benefits. Cabbage production and yield are influenced by multiple factors including environmental conditions, nutrient availability, crop management practices and plant growth regulators (Painkra et al., 2023). PGRs are organic compounds that profoundly influence physiological and developmental processes in plants. Of particular interest are gibberellic acid and naphthaleneacetic acid, which are widely used to enhance the growth, yield and quality of vegetable crops like cabbage, even at low concentrations (Verma et al., 2024). GA₃ promotes vegetative growth by stimulating cell elongation, enzyme activity and photosynthetic efficiency. It also delays senescence and enhances assimilate partitioning, leading to better head development and increased marketable yield (Prashant et al., 2024; Bista et al., 2022). NAA, a synthetic auxin, supports cell division, root proliferation and chlorophyll content, thereby improving nutrient uptake, head size, compactness and total biomass (Singh et al., 2019; Meena et al., 2019; Kumlay et al., 2021). Together, GA₃ and NAA have demonstrated synergistic effects on plant growth and quality enhancement in cabbage under various agro-climatic conditions (Iqbal et al., 2022; Barad et al., 2020).	Comment by Priyadarshani P Mohapatra: Cole	Comment by Priyadarshani P Mohapatra: No need to write in italic form	Comment by Priyadarshani P Mohapatra: No need to write in italic form inside the bracket 	Comment by Priyadarshani P Mohapatra: Write full form always with short form many places in this paragraph 
2. Materials and methods
The field study was carried out during the rabi season of 2023–2024 at the Vegetable Research Farm (South Block), Department of Horticulture, Institute of Agricultural Sciences, Banaras Hindu University, Varanasi (U.P.), India. The experiment followed a randomized block design comprising nine treatments with three replications, totalling 27 plots. The cabbage cultivar ‘Golden Acre’ served as the experimental crop. Vigorous seedlings were transplanted into thoroughly prepared plots at a spacing of 60 × 45 cm, ensuring uniform agronomic practices across all treatments. Each plot accommodated 25 plants, from which five were randomly chosen and tagged for recording data on growth, yield and quality traits. The treatments consisted of foliar application of gibberellic acid at concentrations of 30, 60, 90 and 120 ppm and naphthaleneacetic acid at 40, 80, 120 and 150 ppm, along with an untreated control. Sprays were applied using a manual sprayer at two crop stages—30 and 45 days after transplanting (DAT). Observations were taken on plant height, canopy spread, leaf length and breadth, number of wrapped and unwrapped leaves, net head weight, total biomass, chlorophyll content (SPAD) and ascorbic acid content. The data were subjected to statistical analysis using ANOVA as per RBD and treatment means were compared using the critical difference (CD) test at a 5% probability level. The standard error of mean (SEm ±) was also computed to assess the reliability of the results.
3. RESULTS AND DISCUSSION
3.1. Plant height dynamics
The use of GA₃ and NAA had a marked effect on plant height in cabbage (p ≤ 0.05), as depicted in (Figure.1) Maximum height was recorded in plants treated with GA₃ at 90 ppm (T2), measuring 28.80 cm at 60 DAT and 32.83 cm at harvest, followed closely by NAA 80 ppm (T6) with 32.26 cm, both significantly surpassing the control (21.43 cm and 26.39 cm). The improvement in axial growth is largely due to GA₃-driven promotion of internodal elongation through enhanced cell proliferation and enlargement, as reported by Neelam et al. (2023) and Prakash et al. (2023). Comparable outcomes were also reported by Kumari et al. (2019) in broccoli and Gadhiya et al. (2023) in cauliflower. NAA's effectiveness is linked to its auxin-like influence on shoot dominance and the activation of elongation-associated genes, in line with findings by Meena et al. (2019) and Afrin et al. (2024).

3.2. Plant spread modulation
GA₃ at 90 ppm (T2) also exhibited (Figure.1) the greatest plant spread (50.03 cm and 53.78 cm) at 60 DAT and final harvest, followed by NAA 80 ppm (T6), whereas the untreated control (T9) showed the least spread (36.98 cm and 40.60 cm). Gibberellins are recognized for encouraging both vertical and horizontal growth by stimulating mitotic activity and improving nutrient uptake, as noted by Moniruzzaman et al. (2019) and Kumari et al. (2019). Likewise, NAA increases foliar expansion through auxin-induced cell enlargement and directional development.
3.3. Leaf morphology adjustments
Treatment T2 (GA₃ 90 ppm) and T6 (NAA 80 ppm) recorded the highest (Figure.1) leaf length (29.68 cm and 29.29 cm, respectively) and breadth (Figure.2) (29.16 cm and 28.41 cm), reflecting enhanced canopy structure. GA₃ stimulates endogenous gibberellin production, which subsequently triggers the expression of genes involved in cellular elongation and expansion (Neelam et al., 2023). NAA facilitates auxin-mediated protein biosynthesis and efficient nutrient translocation, aligning with the observations of Malik et al. (2022) and Reza et al. (2015).
3.4. Leaf population and assimilate allocation
GA₃ 90 ppm (T2) significantly increased (Figure. 2) the number of wrapped leaves (52.08), a 32.57% gain over control (39.27), while reducing non-wrapped leaves to 12.26. NAA 80 ppm (T6) showed 51.53 wrapped leaves and 12.99 non-wrapped leaves. The enhancement in head-wrapping foliage is consistent with earlier findings of Roy and Nasiruddin (2011); Mazed et al. (2015) and Moniruzzaman et al. (2019) and suggests enhanced assimilate directionality.
3.5. Chlorophyll accumulation
Chlorophyll content (SPAD value) peaked at 70.13 with GA₃ 90 ppm (T2), followed by 68.35 in NAA 80 ppm (T6), both markedly higher (Figure. 2) than the control (55.99). This is due to GA₃’s role in chlorophyll biosynthesis and delay of senescence, while NAA supports chloroplast development and functional metabolism (Kottapu et al., 2023; Afrin et al., 2024).
3.6. Head volume expansion
GA₃ 90 ppm (T2) produced the largest (Figure. 3) head volume (1886.67 cm³), followed by NAA 80 ppm (1866.67 cm³), significantly exceeding control (1560.00 cm³). This expansion is due to GA₃-induced cell division and head compaction, while NAA contributes through nutrient allocation and hormonal regulation (Painkra et al., 2023).
3.7. Yield enhancement and biomass accumulation
Net head weight and total plant weight were highest (Figure. 3) under T2 (1091.69 g and 1730.69 g, respectively) which increase 68.48 % and 34.70 % respectively to control, with T6 close behind (1076.55 g and 1701.92 g). Yield per plot and per hectare also peaked under T2 (17.47 kg plot⁻¹ and 266.45 q ha⁻¹) which showed 59.52 % increment in contrast to control, followed by T6 (17.22 kg plot⁻¹ and 262.17 q ha⁻¹). These results are attributed to GA₃-enhanced biomass, head size and photosynthetic efficiency, as supported by Ahmed et al. (2019); Kumar et al. (2023) and Prakash et al. (2023).	Comment by Priyadarshani P Mohapatra: Write about the T2 and T6 details with results for clarity
3.8. Ascorbic acid content
The highest (Figure. 2) ascorbic acid content (34.22 mg/100 g) was found in T2 (GA₃ 90 ppm), followed by T6 (NAA 80 ppm) at 3.37 mg/100 g, both superior to the control (30.20 mg/100 g). This improvement stems from enhanced metabolic activity and better nutrient mobilization, echoing the observations of Vishwakarma et al. (2017); Kumari et al. (2019) and Chanwala et al. (2019).
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Fig 2 : The comparison of values and treatment of a plant’s leaves


Fig 3 : The comparison of Values and treatment of a plant’s head and weight


4. CONCLUSION
The investigation revealed that GA₃ and NAA had a marked impact on the vegetative, yield and quality traits of cabbage by inducing various physiological and structural changes. Application of GA₃ at 90 ppm and NAA at 80 ppm significantly boosted plant growth, head mass, chlorophyll concentration and vitamin C content. These findings affirm that proper application of growth regulators can enhance biomass production, crop performance and nutritional value, aiding efficient cabbage farming and better economic output.
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Leaf width (At harvest)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	26.99	29.16	27.19	27.05	26.75	28.41	27.12	26.57	22.92	Number of wrapped leaves	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	46.89	52.08	49.23	47.27	46.63	51.53	48.83	46.27	39.270000000000003	Number of non- wrapped leaves	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	15.78	12.26	14.41	15.43	16.55	12.99	14.78	15.82	19.43	Chlorophyll content 	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	0	64.95	70.13	64.55	59.95	62.53	68.349999999999994	64.44	57.83	56	Ascorbic acid (mg/100 g FW)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	32.06	34.22	33.07	32.08	31.62	33.369999999999997	32.33	31.5	30.2	Yield/plot (kg)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	24.16	27.29	25.97	24.69	23.01	26.86	25.19	21.49	17.11	Treatments


Values




Head volume (cm3)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	1800	1886.67	1830	1806.67	1760	1866.67	1826.67	1756.67	1560	Net head weight (g)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	966.38	1091.69	1038.6300000000001	987.67	920.42	1074.29	1007.52	859.61	647.62	Total plant weight (g)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	1560.67	1730.69	1684.29	1629.38	1551.61	1721.52	1650.63	1551.42	1284.93	Yield/hactare (t)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	357.92	404.33	384.67	365.8	340.9	397.88	373.16	318.37	253.43	Treatments


Values




Plant Height (60 DAT)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	26.15	28.8	26.9	26.79	25.98	28.24	26.88	25.27	21.43	Plant Height (At Harvest)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	32.11	35.880000000000003	32.659999999999997	32.270000000000003	32.090000000000003	34.93	32.39	31.86	26.39	Plant Spread (60 DAT)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	47.47	50.03	48.37	47.56	47.27	49.92	48.32	46.94	36.979999999999997	Plant Spread (At Harvest)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	50.38	53.78	52.8	51.08	50.28	53.6	52.17	49.24	40.6	Leaf length (At harvest)	T1 (GA3 60 ppm)	T2 (GA3 90 ppm)	T3 (GA3 120 ppm)	T4 (GA3 150 ppm)	T5 (NAA 40 ppm)	T6 (NAA 80 ppm)	T7 (NAA 120 ppm)	T8 (NAA 150 ppm)	T9 (Control)	26.68	29.68	29.12	27.74	26.41	29.29	28.16	26.02	22.99	Treatments


Values







