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Effect of Enriched Biochar on Hardening of Banana Tissue Culture Plantlets



ABSTRACT
Banana, an ancient fruit crop, is also known as ‘Apple of Paradise’. It is an herbaceous plant derived from two diploid species, Musa acuminata and Musa balbisiana, under the family Musaceae in the order Zingiberales, originating from the Indo-Burma region. The present study aimed to examine the effect of enriched biochar on the hardening of banana tissue culture plantlets. The study was carried out at the Plant Tissue Culture Laboratory, Department of Basic Science, ASPEE College of Horticulture, Navsari Agricultural University, Navsari, Gujarat, India, during July to September 2024. The experiment was laid out in a Completely Randomised Design with ten different treatments that were repeated three times. Treatments imposed had a significant influence on most of the parameters studied in this trial. Regarding growth parameters, the maximum pseudostem height at 30 Days After Transplanting (DAT)  (12.63 cm), 45 DAT (13.53 cm) and 60 DAT (15.42 cm), pseudostem girth at 30 DAT (9.05 mm), 45 DAT (11.71 mm) and 60 DAT (13.65 mm), number of leaves at 30 DAT (6.70), 45 DAT (7.53) and 60 DAT (8.50), root length (14.22 cm), leaf area (51.01 cm2) and survival percentage (96.00 %) were recorded in treatment T3 [Soil + Sand + Organic biochar (2:1:1)]. It can thus be summarised that hardening can be achieved in tissue cultured plantlets of banana cv. Grand Nain utilising Soil + Sand + Organic biochar (2:1:1 v/v) proportion as growing media.  It recorded the maximum survival percentage, pseudostem height, girth, root length, leaf area and number of leaves after 60 days of experimentation. 
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INTRODUCTION
“Banana is an important fruit crop of India and also one of the oldest fruits in the world. It is considered a symbol of ‘prosperity and fertility’. Banana is known for its antiquity and is interwoven with Indian heritage and culture. Having greater socio-economic significance and multifaceted uses, the banana is referred to as ‘Kalpavriksha’ or plant of virtue” (Singh, 2009). “Banana, an ancient fruit crop, is also known as ‘Apple of Paradise’. It is an herbaceous plant derived from two diploid species, Musa acuminata and Musa balbisiana, under the family Musaceae in the order Zingiberales, originating from the Indo-Burma region” (Subrahmanyeswari & Gantait, 2022). 
“The ‘Grand Nain’ banana, meaning ‘Large Dwarf’ in French, is a popular cultivar from the Cavendish group, characterised by its AAA genotype, a triploid variant of Musa acuminata with 33 chromosomes, producing seedless fruit through parthenocarpy” (Manoj et al., 2015). It is chosen for commercial plantations due to its medium height, which facilitates easy harvesting and provides partial wind resistance. ‘Grand Naine’ yields long, compact bunches with cylindrical fingers that are sweet, have a long shelf life and are well suited for transport. “The plant of this cultivar is taller than the traditionally grown dwarf Cavendish variety, and that necessitates determining the optimum plant density to obtain high yield and its components” (Khalifa et al., 2024; Sangam et al., 2023).
“Banana is generally propagated vegetatively through suckers, which grow from lateral buds originating from corms and suckers. Suckers are used for the production of individual plants. Conventional vegetative propagation of suckers is time-consuming and has several drawbacks, including disease transmission, low yields and genetic degradation, ultimately compromising the preservation of original plant genetic material” (Hussein, 2012).
Commercial propagation through tissue culture has proven highly effective for various banana varieties, offering substantial benefits such as increased yield, improved fruit quality and reduced maturity period (Bhojwani et al., 1990). Tissue culture enables the production of uniform, true-to-type, disease-free plants quickly and efficiently, even in limited space and under controlled conditions (Ganapati et al., 1992). Micropropagation, a key technique for rapid multiplication, results in banana plants with heavier bunches, more fingers and hands and more uniform fruit size and shape (Lalrinsanga et al., 2013). “It is an alternative and viable technology to produce and supply quality planting materials to the banana-growing farmers without any pests or diseases” (Visalakshi, 2021). To mitigate pest and pathogen constraints and enhance conventional breeding, transgenic and in vitro methods are utilised. However, micro-propagated plants require gradual acclimatisation to greenhouse or field environments due to their specific physiological and anatomical characteristics, as direct planting often results in high mortality and low survival rates (Uzaribara et al., 2013).
Hardening is a method in which the tissue culture plants developed in an artificial medium are habituated to grow in a natural environment. Primary hardening is a process where the plants are grown in plastic pots filled with liquid nutrient medium and kept in a greenhouse for 6 to 8 weeks. “Primary hardening of tissue-cultured banana plantlets is the most important step in the production of plantlets from micro propagation to be adapted to natural conditions, including changing humidity and temperature for the plantlets. This phase has recently been done in pro-trays, which have allowed more controlled environments to minimise transplant shock and improve survival rates”  (Sharma et al., 2025). “Afterwards, the plants are transferred to polybags filled with potting mixture and grown under a shade house for 6 to 8 weeks, known as Secondary hardening. Hardening increases plant durability and resistance to stress by gradually acclimating plants to field conditions before planting. Therefore, primary and secondary hardening an integral and vital activities of the whole process of tissue culture technology. So, acclimatisation is the most crucial process during banana micropropagation as the in vitro plants are not readily adapted for in vivo conditions” (Vasane et al., 2008). “However, conventional vegetative propagation of suckers is time-consuming and has several drawbacks, including disease transmission, low yields and genetic degradation, ultimately compromising the preservation of original plant genetic material” (Hussein, 2012).
“Biochar is a carbon-rich product obtained when biomass, such as wood, manure or leaves, is burnt in a controlled container with little or no available air. In technical terms, biochar is produced by thermal decomposition of organic material under a limited supply of oxygen. It has a bulk density much lower than that of mineral soils; therefore, the application of biochar can reduce the overall bulk density of the soil” (Gundale and Deluca, 2006). Biochar, known for its high water-holding capacity and ability to improve soil aeration, is increasingly used to partially replace sand in nursery media for perennial fruit crops.
In the present context, there is a great scope for the use of enriched biochar (treated with macro nutrients and bio products) to attain enhanced plantlet growth by reducing the growth period and facilitating the production of quality planting material reasonably at the earliest, without waiting for long.
Methodology 
The present investigation was carried out at the Plant Tissue Culture Laboratory, Department of Basic Science, ASPEE College of Horticulture, Navsari Agricultural University, Navsari, Gujarat, during July to September 2024. The investigational site is located at 20° 95’ N latitude and 72° 93’ E longitude at an altitude of 11.98 meters above the mean sea level. Potting media were mixed thoroughly as per treatments, and polybags (10 cm x15 cm) in size were carefully filled with a mixture of different growing media. Biochar enriched with bacterial concentration (Bacillus megaterium and Frateuria aurantia) @ 10 ml/kg is considered as organic biochar, while biochar enriched with phosphoric acid is considered as inorganic biochar. Treatments included: T1: Soil + Vermicompost (2:1 v/v) (Control), T2: Soil + Sand + Vermicompost (2:1:1 v/v), T3: Soil + Sand + Organic biochar (2:1:1 v/v), T4: Soil + Sand + Inorganic biochar (2:1:1v/v), T5: Soil + Vermicompost + Organic biochar (2:1:1 v/v), T6: Soil + Vermicompost + Inorganic biochar (2:1:1 v/v), T7: Soil + Organic biochar (2:1 v/v), T8: Soil + Inorganic biochar (2:1 v/v), T9: Soil + Sand + Vermicompost + Organic biochar (2:1:1:1 v/v), T10: Soil + Sand + Vermicompost + Inorganic biochar (2:1:1:1 v/v). Uniform and healthy Banana cv. Grand Naine plants were carefully planted in each polybag. 
Incremental pseudostem height (cm), Incremental pseudostem girth (mm), and Incremental number of leaves were recorded at 30 DAT, 45 DAT and 60 DAT and Leaf area (cm2), Root length (cm) and Survival percentage (%) were recorded at 60 DAT.

RESULTS AND DISCUSSION
Incremental pseudostem height (cm)
Treatments imposed had a significant impact on the incremental pseudostem height of banana at all intervals investigated (Table 1). Treatment T3 [Soil + Sand + Organic biochar (2:1:1 v/v)] recorded the maximum pseudostem height at 30 DAT (12.63 cm), 45 DAT (13.53 cm) and 60 DAT (15.42 cm).
At 30 DAT, the minimum pseudostem height (8.83 cm) was recorded by treatment T9 [Soil + Sand + Vermicompost + Organic biochar (2:1:1:1 v/v)]. At 45 DAT, the minimum pseudostem height (10.03 cm) was recorded by treatment T4 [Soil + Sand + Inorganic biochar (2:1:1v/v)]. Whereas, at 60 DAT, treatment T7 [Soil + Organic biochar (2:1 v/v)] recorded the minimum pseudostem height (11.18 cm). Increased pseudostem height specifies greater vegetative vigour, which is an important factor in effective acclimatisation and field establishment of tissue-cultured banana plants. Significant increase in plant height as a consequence of biochar addition could have resulted from improved pH, EC and soil fertility leading to better nutrient absorption as reported by Lehmann et al. (2003), Liang et al. (2006) and Solomon et al. (2007).
Incremental pseudostem girth (mm)
Incremental pseudostem girth of banana plantlets was significantly influenced by various treatments (Table 1). The maximum pseudostem girth was recorded by treatment T3 [Soil + Sand + Organic biochar (2:1:1 v/v)] at 30 DAT (9.05 mm), 45 DAT (11.71 mm) and 60 DAT (13.65 mm). Whereas the minimum pseudostem girth (6.46 mm) was registered by treatment T5 [Soil + Vermicompost + Organic biochar (2:1:1 v/v)] at 30 DAT. Treatment T9 [Soil + Sand + Vermicompost + Organic biochar (2:1:1:1 v/v) resulted in the lowest pseudostem girth at 45 DAT (9.30 mm) and 60 DAT (11.46 mm).
“The increase in pseudostem girth might be due to the presence of biochar in soil, which reduces the leaching losses of nitrogen, phosphorus and magnesium” (Laird et al., 2010), thereby making them more available to the plant. Further, nitrogen helps in vegetative growth and phosphorus aids root growth. Their increased availability may have promoted pseudostem girth. This perspective is supported by parallel results from other investigations. For example, Farrag (2023) concluded that the application of biochar increased stem girth in sorghum. Similarly, Obadi et al. (2020) found that biochar amendments resulted in greater stem girth than other treatments.
Number of leaves
The number of leaves produced by banana plantlets was significantly altered by various treatments at 30 DAT, 45 DAT and 60 DAT (Table 1). Treatment T3 [Soil + Sand + Organic biochar (2:1:1 v/v)] induced the maximum number of leaves at 30 DAT (6.70), 45 DAT (7.53) and 60 DAT (8.50). Whereas the lowest number of leaves (5.2) at 30 DAT was recorded by treatment T2 [Soil + Sand + Vermicompost (2:1:1 v/v)]. At 45 DAT, the lowest number of leaves (6.10) was noticed in treatment T1 (control). Further, at 60 DAT, the lowest number of leaves (7.27) was observed in treatment T2 [Soil + Sand + Vermicompost (2:1:1 v/v)].
The consistent and significant increase in leaf number under treatment T3 can be attributed to the ability of biochar to improve soil structural and physical properties, increase beneficial microbial population, provide proper aeration, and increase nutrient and water absorption capacity, tending to better vegetative growth (Situmeang et al., 2018).
Root length (cm)
Root length in banana plantlets was significantly affected by different treatments, as indicated by the data presented in Table 2. The maximum root length (14.22 cm) was recorded in treatment T3 [Soil + Sand + Organic biochar (2:1:1 v/v)]. Whereas the minimum root length (10.03 cm) was observed in treatment T5 [Soil + Vermicompost + Organic biochar (2:1:1 v/v].
[bookmark: _GoBack]Biochar’s positive impact on root length might primarily be attributed to its ability to improve soil physical, chemical and biological properties, thereby improving overall plant growth. Yang et al. (2015) reported that applying biochar enhanced root morphology during the seedling stage of sugarcane. “Changes in root morphological traits between biochar-applied and non-applied treatments could be explained by the fact that the fate of the root is associated with fluctuations in soil physicochemical properties and enhanced soil properties, which have a profound influence on root growth” (Ezawa et al., 2002).
Leaf area (cm2)
Treatments elicited a significant response from the leaf area of banana plantlets (Table 2). The maximum leaf area (51.01 cm2) was recorded by treatment T3 [Soil + Sand + Organic Biochar]. However, the minimum leaf area (30.33 cm2) was recorded by treatment T5 [Soil + Vermicompost + Organic biochar (2:1:1 v/v)].
Increase in the leaf area could be explained by the improvement in various mineralogical properties of the media by the addition of biochar. The addition of biochar improved soil porosity and water holding capacity, which eventually improved soil aeration and root health and facilitated the plant growth (Din et al., 2018). These conclusions are backed by various studies. Murtaza et al. (2024) concluded that using biochar in tomato increased leaf area expansion. Furthermore, biochar improved substrate features in Solanum lycopersicum var. cerasiforme plants, increasing leaf area and leaf shape by 26% and 36%, respectively (Simiele et al., 2022).
Survival (%)
Treatments imposed had a significant impact on the survival percentage of banana plantlets (Table 2). The maximum survival percentage (96.00 %) of banana plantlets was recorded by treatment T3 [Soil + Sand + Organic biochar (2:1:1 v/v)]. However, it was at par with treatment T4 (93.00 %). While the minimum survival percentage (83.33 %) was noted in T10 [Soil + Sand + Vermicompost + Inorganic biochar (2:1:1:1 v/v]. 



This finding highlights the positive role of organic biochar in improving the establishment of banana plantlets and resilience during the critical acclimatisation phase over inorganic biochar. The improved and maximum survival percentage under treatment T3 can be linked to biochar's favourable impacts on soil physical, structural and chemical qualities, such as increased porosity and aeration and improved water retention capacity. Those characteristics may have an impact on decreasing transplanting shock and creating a better root zone environment, hence increasing plantlet hardiness (Li et al., 2021). These findings are consistent with each other. French (2018) discovered that biochar had an important effect in improving plant survival under greenhouse conditions in Solanum Spp. compared to 0% biochar-modified substrates. 



[bookmark: _Hlk203561245]Table 1: Effect of enriched biochar on incremental pseudostem height, girth and number of leaves of banana tissue culture plantlets cv. Grand Naine
	
Treatments
	Incremental pseudostem height (cm)
	Incremental pseudostem girth (mm)
	Number of leaves

	
	30 DAT
	45 DAT
	60 DAT
	30 DAT
	45 DAT
	60 DAT
	30 DAT
	45 DAT
	60 DAT

	T1: Soil + Vermicompost (2:1 v/v) (Control)
	9.53
	12.39
	13.00
	7.57
	10.55
	12.58
	5.60
	6.10
	7.33

	T2: Soil + Sand + Vermicompost (2:1:1 v/v)
	10.00
	11.35
	13.41
	7.97
	10.79
	12.77
	5.20
	6.33
	7.27

	T3: Soil + Sand + Organic biochar (2:1:1 v/v)
	12.63
	13.53
	15.42
	9.05
	11.71
	13.65
	6.70
	7.53
	8.50

	T4: Soil + Sand + Inorganic biochar (2:1:1v/v)
	9.53
	10.03
	12.25
	7.80
	10.52
	12.74
	6.07
	6.57
	7.43

	T5: Soil + Vermicompost + Organic biochar 
(2:1:1 v/v)
	
10.40
	
11.83
	12.31
	
6.46
	
10.75
	12.41
	
5.70
	
6.53
	
7.83

	T6: Soil + Vermicompost + Inorganic biochar (2:1:1 v/v)
	9.93
	12.53
	13.90
	7.56
	9.82
	11.84
	5.33
	6.20
	7.30

	T7: Soil + Organic biochar (2:1 v/v)
	9.10
	10.46
	11.18
	7.17
	10.77
	12.84
	5.53
	6.53
	7.53

	T8: Soil + Inorganic biochar (2:1 v/v)
	10.90
	11.02
	11.49
	7.63
	10.65
	12.65
	5.47
	6.33
	7.80

	T9: Soil + Sand + Vermicompost + Organic biochar (2:1:1:1 v/v)
	
8.83
	
10.67
	11.50
	
7.41
	
9.30
	11.46
	
5.40
	
6.30
	
7.40

	T10: Soil + Sand + Vermicompost + Inorganic biochar (2:1:1:1 v/v)
	
10.03
	
11.46
	12.80
	
7.41
	
10.68
	12.68
	
5.67
	
6.50
	
7.53

	S. Em. ±
	0.26
	0.30
	0.36
	0.21
	0.25
	0.34
	0.19
	0.21
	0.19

	C.D. at 5%
	0.77
	0.89
	1.07
	0.63
	0.75
	1.01
	0.55
	0.61
	0.57

	CV %
	4.48
	4.55
	4.94
	4.84
	4.16
	4.73
	5.65
	5.49
	4.43





Table 2: Effect of enriched biochar on root length of banana tissue culture plantlets cv. Grand Naine
	Treatments
	Root length (cm)
	Leaf area (cm2)
	Survival (%)

	T1: Soil + Vermicompost (2:1 v/v) (Control)
	11.08
	47.49
	84.33

	T2: Soil + Sand + Vermicompost (2:1:1 v/v)
	10.43
	38.03
	89.67

	T3: Soil + Sand + Organic biochar (2:1:1 v/v)
	14.22
	51.01
	96.00

	T4: Soil + Sand + Inorganic biochar (2:1:1v/v)
	10.12
	47.00
	93.00

	T5: Soil + Vermicompost + Organic biochar (2:1:1 v/v)
	10.03
	30.33
	
87.00

	T6: Soil + Vermicompost + Inorganic biochar (2:1:1 v/v)
	10.53
	34.33
	
87.00

	T7: Soil + Organic biochar (2:1 v/v)
	11.86
	36.97
	90.33

	T8: Soil + Inorganic biochar (2:1 v/v)
	12.40
	45.67
	86.33

	T9: Soil + Sand + Vermicompost + Organic biochar (2:1:1:1 v/v)
	12.17
	41.30
	
84.67

	T10: Soil + Sand + Vermicompost + Inorganic biochar (2:1:1:1 v/v)
	12.53
	43.50
	
83.33

	S. Em. ±
	0.37
	1.19
	1.65

	C.D. at 5%
	1.10
	3.25
	4.88

	CV %
	5.58
	4.59
	3.25



CONCLUSIONS
Experimental results clearly indicate that hardening can be achieved in tissue-cultured plantlets of banana cv. Grand Naine utilising Soil + Sand + Organic biochar (2:1:1 v/v) proportion as growing media.  It recorded the maximum survival percentage, pseudostem height, girth, root length, leaf area and number of leaves after 60 days of experimentation.  
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