 Development of an efficient in vitro propagation protocol and ISSR based clonal fidelity assessment in Bambusa vulgaris
                                                             Abstract  
Bambusa vulgaris is an economically important bamboo species valued for its rapid growth and diverse industrial, environmental, biotechnological and ornamental application. Multipurpose bamboo species; however, large-scale propagation through conventional method is constrained by irregular flowering, poor seed availability and low propagation efficiency. Although several studies have reported in vitro propagation protocol, there remains a lack of standardized and reproducible media composition that consistently achieve high establishment, shoot multiplication, rooting and successful acclimatization. Furthermore, limited information is available regarding the genetic fidelity of tissue culture derived plants highlighting the need for molecular validation to ensure clonal uniformity. The present study aims to standardize the culture media for in vitro establishment, optimize media composition for efficient shoot multiplication, rooting, develop a reliable hardening protocol for regenerated plantlets and assessment the genetic uniformity of regenerated plants using ISSR molecular markers. Nodal explants of Bambusa vulgaris were surface sterilized and cultured on Murashige and Skoog (MS) medium supplemented with different concentration and combination of plant growth regulators for shoot induction, multiplication, rooting and hardening treatments. The highest explant survivability (84%) was achieved using 70% ethanol, Tween-20, 1% Bavistin, 0.1% HgCl₂ and antibiotics. Maximum shoot initiation (88%) was obtained on MS medium supplemented with BAP (2.5 mg/L-1), while the highest shoot multiplication was recorded on solid MS medium containing BAP (2.0 mg/L-1) and kinetin (0.5 mg/L-1). Root induction was optimized on MS medium supplemented with NAA (3.0 mg/L-1) and IBA (0.5 mg/L-1), resulting in 80% rooting. The highest acclimatization success (80%) was achieved under H2 hardening conditions. Genetic fidelity analysis using ISSR markers showed that 8 of the 16 primers screened produced clear and reproducible monomorphic banding patterns identical to the mother plant, confirming the genetic uniformity of the regenerants. The standardized protocol provides a reliable system for germplasm conservation and quality plant material production of Bambusa vulgaris.
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Introduction
Bamboo plants commonly known as Buddha bamboo, Golden bamboo, Yellow bamboo and Common bamboo belong to family Poaceae and subfamily Bambusoideae. Common bamboo, Bambusa vulgaris, is a fast-growing perennial, woody bamboo species comprises more than 1600 species distributed all the whole tropical and subtropical area across the world so it is called Pan tropical bamboo. Bamboo plays a significant role in environmental conservation, climate change mitigation, carbon sequestration, soil stabilization and rural livelihood. There is a great diversity of bamboo in the world, and Bambusa vulgaris Schrad. Ex J. C. Wendl. is considered an economically important species due to its rapid growth, high biomass production and wide adaptability (INBAR, 2017). India has one of the world's greatest genetic resources of bamboos accounting almost 136 species spread across several agro-climatic zones. Bambusa vulgaris is extensively cultivated in Odisha, West Bengal, Chhattisgarh and North-Eastern parts of India (NBM, 2023). Globally, it supports the livelihood of over 2.5 billion people and contributes substantially to industries such as construction, furniture, paper and pulp, handicrafts and edible food (INBAR, 2019). Beside this it also has a biotechnological role, including its potential in pharmaceuticals, nutraceuticals and pharmacological activity (CABI, 2025).
 Conventional propagation through rhizome division, culm cuttings, branch cuttings and seed but these propagation methods have suffering from low multiplication rate, seasonal dependence, labour-intensive and susceptible to pests and diseases1. Poor seed viability and irregular flowering behaviour do not give a reliable guarantee of seed propagation. Hence, bamboo propagation protocols have shortcomings (Nogueira et al., 2019), and more research needed to improve the production techniques of clonal plants for commercial application. To overcome this problem, in vitro propagation can be adopted as a biotechnological tool for the production of clonal plants (Teixeira et al., 2021). The development of specific protocol for each species is essential, so several studies on micropropagation show the use of different in vitro culture condition. The MS medium (Murashige and Skoog medium, 1962) supplemented with suitable concentration of auxin (IBA, IAA, NAA) and cytokinin (BAP, kinetin) in solid and liquid media can optimize the process and reduce production cost, indicating the need for further research in the field of study (Garcia-Ramirez et al., 2014; Nogueira et al., 2017; Teixeira et al., 2021; Mirzabe et al., 2022).
   Genetic changes, defined as somaclonal variation may occur in some growing condition in the micropropagation (George et al., 2008). Somaclonal variation are considered disadvantageous when the main objective is to obtain clones (Konzen et al., 2021). In this context, the micropropagation technique can be validated using molecular tools to evaluate  plants genetic fidelity in vitro (Konzen et al., 2017). Hence, our aim was to standardize an efficient in vitro propagation protocol and evaluate the cloning of economically valuable  Bambusa vulgaris.
Materials and Methods
Sources of propagules
Explants were collected from healthy, disease-free four-year-old mother plant from the horticulture farm, IGKV, Raipur, Chhattisgarh. The experimentation was done in the Tissue Culture Laboratory and the molecular work was carried out in MAS laboratory, RRL, Department of Molecular Biology and Biotechnology, College of Agriculture, Raipur, Chhattisgarh. 
Preparation of Explant
Single nodal segment with axillary buds were cut down to 2.5 - 3 cm in length, surface sterilization of the explants was carried out using different sterilization agents, namely Ethanol (70%), Tween 20, Bavistin (1%), (0.1%) Mercuric chloride (HgCl₂) and Antibiotic (PPM). Five different sterilization treatments (S1–S5) were evaluated, as described in (Table 2), with five replications for each treatment. Initially, the explants were washed with Ethanol 70% followed by Tween-20 for varying durations, then treated with 1% Bavistin for different time periods, followed by rinsing with sterile distilled water. Subsequently, the explants were surface sterilized with 0.1% HgCl₂ for varying durations, to further minimize microbial contamination, antibiotics Ampicillin were incorporated during the sterilization process and washed 4–5 times with sterile distilled water to remove any residual sterilant. Duration and concentration were progressively increased under aseptic condition in a laminar airflow cabinet to identify the healthy explant with least contamination. 
Culture medium preparation
           The culture medium was prepared with Ms medium (4ml) sucrose was added 30 g L-1. The pH was adjusted to 5.7 with HCl (0.1M) and NaoH (0.1M) before adding the agar to the culture medium. Then the medium was autoclaved at 121℃ for 20 min. Plant growth regulators were added to the culture medium before autoclaving.
In vitro culture initiation
The experiment was conducted in a completely randomized design. For in vitro culture initiation, surface-sterilized explants were inoculated onto Murashige and Skoog (MS) medium supplemented with sucrose (30 g L⁻¹), agar (8 g L⁻¹) and different concentrations of BAP and kinetin, as described in treatments I₀–I₅ (Table 3). A total of 6 treatments were evaluated with 5 replications each. The cultures were maintained at 26 ± 2°C with 70–80% relative humidity under a 16 h light/8 h dark photoperiod. Observations on shoot initiation were recorded after 1-2 weeks of culture.
In vitro multiplication and rooting
Murashige and Skoog (MS) medium supplemented with sucrose (30 g L⁻¹), agar (7 g L⁻¹; for solid media), and different concentrations and combinations of BAP and kinetin as described in treatments M₀–M₁₀ (Table 4). Both solid and liquid media were evaluated for their effect on shoot proliferation, with five replications per treatment (one clump per replicate). Cultures were maintained at 26 ± 2°C and 70–80% relative humidity under a 16 h light/8 h dark photoperiod. The nutrient medium/solution was renewed and subcultures were performed every 2 weeks. Survival number of buds, length of shoot were evaluated at 60 days. After shoot multiplication, well-developed shoots were transferred to MS medium supplemented with different concentrations and combinations of NAA, IBA and IAA for root induction (R₀–R₅) (Table 5). The rooting experiment was conducted with 5 replication (three clumps per replicate) under the same culture conditions. Observations on the total number of shoots, mean number of shoots per clumps, rooting percentage and root length were recorded after 60 days. 
Hardening and Acclimatization of Plantlets
Rooted plantlets were removed from the culture vessels, washed thoroughly to remove agar residues and treated with Bavistin solution (0.2–2.0%) for 2–5 min to prevent fungal contamination. The plantlets were subjected to primary hardening in different substrate mixtures containing cocopeat, soil, sand, vermicompost and FYM (Table 6) under greenhouse conditions (25–28°C) for 30 days. Subsequently, established plantlets were transferred to secondary hardening in a shade-net house using suitable potting mixtures for 30 days. Survival percentage was recorded after acclimatization.
Genetic fidelity testing
[bookmark: bbib8]Young leaves were collected from in vitro–rooted plants and the selected plant to evaluate the genetic fidelity. DNA was extracted according to the protocol adapted from Ferreira and Grattapaglia (1998). For genetic fidelity analysis, 16 primers were used in PCR. ISSR reactions were prepared in microplates (PCR-96, Axygen Scientific). Three microlitres of DNA (standardized at 20 ng μL−1 for all samples) and 10 μL of reaction mix [1.5 mM Phoneutria® PCR buffer, 1.5 mM dNTP, 1 U of Phoneutria® Taq polymerase (5 U μL−1), Taq diluent (based on BSA and Tris HCl), 0.2 mM of each primer, and ultrapure water to complete the volume (4.2 μL)] were added to each well. The DNAs were amplified in  PCR  thermal cycle system, with the following steps: 2 min at 94 °C for initial denaturation; 37 cycles of 30 s at 94 °C, 30 s at 42 °C, and 1 min at 72 °C; and a final extension for 7 min at 72 °C (Goncalves et al., 2023). The amplification products were separated by 5% polyacrylamide gel electrophoresis (PAGE), stained with ethidium bromide and visualized using a gel documentation system. 
        Table 1: Description of ISSR primers used in the genetic fidelity analysis of          Bambusa vulgaris in vitro rooted plants and selected plant.
                         
                        PRIMERS                                 SEQUENCES              
	UBC809
	(AG)₈-G

	UBC810
	(GA)₈-T

	UBC813
	(CT)₈-T

	UBC814
	(CT)₈-TG

	UBC825
	(AC)₈-T

	UBC827
	(AC)₈-G

	UBC834
	(AG)₈-YT

	UBC835
	(AG)₈-YC

	UBC840
	(GA)₈-YT

	UBC842
	(GA)₈-YG

	UBC848
	(CA)₈-RG

	UBC857
	(AC)₈-YG

	UBC898
	(CA)₆-RY

	UBC901
	(GT)₆-YR

	UBC818
	(CA)₈-G

	UBC841
	(GA)₈-YT


Statistical analysis
            Data were analysed with OPSTAT and SAS software were used. The data collected from the experiment were analysed for scedasticity and normality of residuals using the Hartley (p > 0.05) means that the result is not statistically significant at the 5% significance level and Shapiro-Wilk test (p < 0.05) means that the result is statistically significant at the 5% significance level respectively. The data were then subjected to analysis of variance (ANOVA, p < 0.05), and the mean were compared by Tukey’s test (p < 0.05). Principal component analysis was performed with the OPSTAT and SAS software.
Results 
Effect of sterilization on culture establishment
           Different sterilization treatments significantly influenced the survivability of explants. Among the treatments (Table 2) evaluated, S5 recorded the highest survivability (84%) with a mean value of 8.40 ± 0.24, increased survivability in S5 may be attracted to the sequential  action of ethanol (70%), Tween-20, Bavistin, HgCl₂ and antibiotic Ampicillin, which effectively minimized contamination while maintaining explant viability. Where S4 with 72% survivability (7.20 ± 0.37) followed by treatment S3 resulted in 60% survivability (6.00 ± 0.31), whereas S2 and S1 exhibited lower survivability of 48% (4.80 ± 0.37) and 34% (3.40 ± 0.24) respectively. The analysis of variance for sterilization was statistically significant at 5% significant level, where coefficient of variation (CV) and standard error of mean [SE(m)] were 13.86% and 0.32, respectively, indicating acceptable experimental precision.


 Effect of culture media on in vitro culture initiation
The effect of different concentrations of BAP on shoot initiation was evaluated using MS medium (Table 3). No shoot initiation was observed in the control treatment (I0). Among the tested concentrations, MS medium supplemented with BAP (2.5 mg/L-1) treatment (I4) exhibited the highest initiation percentage (88%) with a mean value of 8.8 ± 0.37, confirming that BAP is essential for bud break and gave the most vigorous and healthy shoot initiation. This was followed by BAP (3.0 mg/L-1) treatment code (I5), which recorded 76% initiation with the mean (7.6 ± 0.40), and BAP (2.0 mg/L-1) treatment code (I3), which showed 72% initiation (7.2 ± 0.37). Lower initiation frequencies were observed at BAP (1.5mg/L-1) in treatment (I2) and BAP (1.0 mg/L-1) in treatment (I1), with initiation percentages of 60% and 48%, respectively. Statistically analysis for initiation was highly significant at 5% significant level with coefficient of variation (CV) and standard error of mean [SE(m)] were 18.6% and 0.46, respectively. The results indicated that BAP (2.5 mg/L-1) was the optimum concentration for shoot initiation in the present study.  The comparable results were obtained by Malini and Anandkumar (2013) and Kaladhar (2017) who reported that BAP was very effective in shoot induction.
Effect of culture media on in vitro shoot multiplication
             Shoot multiplication was significantly influenced by the concentration and combination of BAP and kinetin in both solid and liquid MS media. In solid medium, the maximum number of shoots was obtained in treatment (M3) by using MS +BAP (2.0 mg/L-1) + kinetin (0.5 MG/L-1), producing 26 shoots with a highest mean value of 5.2 ± 0.37(Table 4). The combined effect of BAP and kinetin showed increasing in shoot number to 5,8,12,18,23 and 26 progressively from stages S5 to S11 through repeated subculturing. This demonstrates the efficiency of the established multiplication protocol. The control(M0) produced no shoot, lower multiplication rate obtained in BAP (1 mg/L-1) treatment (M1) produced 21 numbers of shoots/clump followed by treatment (M4) by using BAP (2.5 mg/L-1) + kinetin (1.0 mg/L-1) produced 20 number of shoots, least number of shoots 19 and18 produced in treatment code (M2), BAP (1.0 mg/L-1) and (M5), BAP (0.5 mg/L-1) + kinetin (2.0 mg/L-1) respectively. The analysis of variance for shoot multiplication in solid medium was statistically significant at 5% significant level with F- Cal value (33.04)> F-Tab value (2.62) and the value of (CV) and [SE(m)] were 20.05% and 0.3. Hence it proves the combining effect of BAP (2.5mg/L-1) and kinetin (0,5mg/L-1) outperformed BAP alone. 
            In liquid medium, the highest shoot proliferation was observed in treatment M9 (MS +  BAP (2.0 mg/L-1) + kinetin (0.5 mg/L-1), which produced 21 shoots with a mean value of 4.2 ± 0.37. However, using the same concentration and growth regulators in liquid culture medium from treatment M6 to M10 (Table 4) produced lower shoots number than in solid media. So, therefore analysis of variance for multiplication in liquid culture media was non-significant where [F-Cal value (1.54) < F-Tab value (2.86)]and the value of (CV) and [SE(m)] were 18.4% and 0.31respectively, indicating no statistically significant. Overall, statistical comparative analysis (Tukey’s test (p < 0.05).) of shoot multiplication in both solid and liquid culture system, MS solid culture medium supplemented with BAP (2.5 mg/L-1) and kinetin (0.5 mg/L-1) (was found to be more effective and optimum concentration for shoot multiplication in Bambusa vulgaris. 
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 Fig 1. In vitro shoot multiplication in solid culture medium BAP (2.5 mg L-1) and kinetin (0.5 mg L-1) of bamboo
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Fig 2. In vitro shoot multiplication in liquid culture medium BAP (2.5 mg L-1) and kinetin (0.5 mg L-1)   of bamboo

Effect of culture medium on in vitro rooting
                  The rooting response was evaluated from regenerated shoots varied significantly on MS medium supplemented with different concentration and combination of NAA, IBA and IAA. Among the treatments (Table 5), R3 (MS medium supplemented with NAA (3.0 mg/L-1) and IBA (0.5 mg/L-1) observed the highest rooting percentage (80.0%) and maximum root length (3.5 cm). This treatment produced healthy, well developed and vigorous root, indicating synergistic effect of NAA and IBA on root induction. No rooting was observed in the control   R0. Where the treatments R4 tested with NAA (3.0 mg/L-1 + IAA (0.5 mg/L-1) and R5 with NAA (3.0 mg/L-1) showed 73.3% rooting with a root length of 2.8 cm. Lower rooting percentages of 26.6% and 46.6% with root lengths of 1.8 cm and 2.4 cm were observed in R1 and R2, respectively. The analysis of variance where F-Cal value (10.47) is more than F-Tab value (3.10) at 5% significant level, with (CV) value 33.9% and [SE(m)] 0.49 revealed a highly significant differences among treatments I4(8.8) showed the highest mean, followed by I5 (7.6) where I1 (4.8) showed the lowest response. Overall, the effect demonstrates that the combination of NAA (3.0 mg/L-1) and IBA (0.5 mg/L-1) is the optimum concentration for rooting. The present findings are in agreement with those of Sharma et al., (2012)12, who reported NAA as the most effective auxin for root induction in bamboo species. 
                 A                                           B                                               C
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Fig 3. In vitro emission of adventitious root in Bambusa vulgaris. (A) rooting in culture medium with NAA (1.0 mg L-1) (B) tested with NAA (3.0 mg L-1) (C) tested with NAA (3.0 mg L-1) + IBA (0.5 mg L-1)

Effect of hardening of in vitro regenerated plantlets
                 Hardening treatments significantly affected the survival of regenerated plantlets.  Among all the treatment, H2 gave the highest survival rate of 83.3% with a mean of 0.83 ±  0.33. For hardening treatment plantlets were tested under three replication  single plantlet  per pot involving different mixture of cocopeat, sand, soil, vermicompost and FYM for both primary and secondary hardening by expecting to find the most suitable potting mixture for maximum plantlet survival. When testing with different composition (Table 6). The potting mixture of sterile soil:sand:cocopeat at the ratio of (1:1:2) for primary hardening followed by secondary hardening at different ratio concentration of sterile soil:sand:cocopeat (1:1:1) gave the best survival rate in treatment H2 followed by H4 and H5 (70%), H3 (60%), and H1 (50%). The statistical analysis was highly superior [F-Cal=10.47 > F-Tab=3.10 at 5% significant level] with (CV) value 33.9% and [SE(m)] value 0.49 revealed, performance of H2 indicated that sterile soil:sand:cocopeat (1:1:2) during primary hardening and sand:soil:cocopeat (1:1:1) during secondary hardening provided favourable conditions for acclimatization.
               Table 2: Effect of Sterilization Treatments on Explant Survivability.

	Treatment 
	Sterilization treatments
	Survivability (%)
	Mean± SE


	S1
	Cotton swab 70% ethanol + Tween 20 (15 min) + 1% Bavistin (15 min) + 0.1% Hgcl2 (12-15 min)
	34
	3.40 ± 0.24

	S2
	Cotton swab 70% ethanol + Tween 20 (10 min) + 1% Bavistin (20 min) + 0.1% Hgcl2 (15-20 min)
	48
	4.80 ± 0.37

	S3
	Cotton swab 70% ethanol + Tween 20 (10-15 min) + 1% Bavistin (25 min) + 0.1% Hgcl2 (12-15 min) + antibiotics
	60
	6.00 ± 0.31

	S4
	Cotton swab 70% ethanol + Tween 20 (15 min) + 1% Bavistin (30 min) + 0.15 % Hgcl2 (12-15 min) + antibiotics
	72
	7.20 ± 0.37

	S5
	Cotton swab 70% ethanol + Tween 20 (15 min) + 1% Bavistin (30 min) + 0.15 % Hgcl2 (12-15 min) + antibiotics
	84
	8.40 ± 0.24



               Table 3: Effect of BAP-Supplemented MS Media on Shoot Initiation

	Treatment
	MS Media with different concentration of BAP (mg/l)
	Initiation (%) 
	Mean ± SE

	
	
	
	

	I0
	MS + Control
	00
	00±00

	I1
	MS + 1 BAP
	48
	4.8±0.37

	I2
	MS + 1.5 BAP
	60
	6.0±0.31

	I3
	MS + 2 BAP
	72
	7.2±0.37

	I4
	MS + 2.5 BAP
	88
	8.8±0.37

	I5
	MS + 3 BAP
	76
	7.6±0.4



                  Table 4: Effect of Solid and Liquid MS Media Supplemented with BAP      and Kinetin on Shoot Multiplication

	Treatment Code
	MS Media with different concentration of BAP/Kn (mg/l)
	Total no of shoots/clumps
	Mean ± SE

	                                                     Solid Medium

	M0
	MS + Control
	0
	00±0.0

	M1
	MS + 1 BAP
	21
	4.2±0.37

	M2
	MS + 1.5 BAP
	19
	3.8±0.37

	M3
	MS + 2 BAP + 0.5 Kinetin
	26
	5.2±0.37

	M4
	MS + 2.5 BAP + 1 Kinetin
	20
	4.0±0.33

	M5
	MS + 0.5 BAP + 2 Kinetin
	18
	3.6±0.24

	                                                    Liquid Medium

	M6
	MS + 0.5 BAP
	16
	3.2±0.20

	M7
	MS + 1 BAP
	19
	3.8±0.37

	M8
	MS + 2 BAP
	20
	4.0±0.31

	M9
	MS + 2.0 BAP + 0.5 Kinetin
	21
	4.2±0.37

	M10
	MS + 2.5 BAP + 1 Kinetin
	18
	3.6±0.24







            Table 5: Effect of Different Auxin Combinations on Root Induction

	Treatment code
	MS media with different conc. Of NAA/IBA/IAA (mg/l)
	Rooting (%)
	Root length in (cm)
	Means±SE

	R0
	MS + Control
	00
	00
	00

	R1
	MS + 1 NAA
	26.6
	1.8
	1.33±0.88

	R2
	MS + 2 NAA
	46.6
	2.4
	2.33±0.33

	R3
	MS + 3 NAA + 0.5 IBA
	80.0
	3.5
	4.00±0.57

	R4
	MS + 3 NAA + 0.5 IAA
	73.3
	2.8
	3.66±0.33

	R5
	MS + 3 NAA
	73.3
	2.8
	3.66±0.33


 








                          Table 6: Effect of Hardening on Plantlet Survival
	S. No.
	Primary hardening
	Secondary hardening
	Hardening (%)

	H1
	washed with 0.2% Bavistin and tap water + polythene sheet mixture containing cocopeat: vermicompost (3:1) + maintained at 28±2°C in green house for
20 to 30 days + relative humidity 80 to 85%.
	poly bags containing a mixture of soil: sand: vermicompost in a ratio of 1:1:2 transfer to shade net house.
	50

	H2
	washed with running water
+ transferred to pots containing sterile soil: sand:coco-peat (1:1:2)  maintained 1month at 25±2°C in green house.
	shifted to polythene packets + filled with sand: soil: cocopeat (1:1:1) transferred to net house.
	80

	H3


	Washed with 2% Bavistin(2-5min.) shifted to polythene bag and filled with soil and cocopeat (1:1) and maintained at 26±2°C in green house.

	Transferred to polythene bag containing with sand, soil and FYM (1:2:2) and
transferred to shade net house.

	60


	
       H4 

	Washed with 2% Bavistin (5 min) transferred to polybag filled with cocopeat and sand (2:1) maintained at 28±2℃ in green house.

	Transferred to polythene bag containing sand, soil and FYM (2:1:2) transferred to shade net house.

	             70


	


H5
	Washed with 2% Bavistin (5 min) transferred to polythene bag and filled with sand, soil and cocopeat (2:1:2) maintained at 26±2℃ in green house.
	Transferred to polythene bag containing soil, sand and vermicompost (1:2:2) and transferred to shade net house.

	
70
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Fig. 4: Different stages of the Bambusa vulgaris under in vitro propagation A-Explant selection, B- Inoculation, C-shoot initiation, D- Multiplication (Liquid), E- Multiplication (Solid), F-Rooting, G-Primary Hardening, H- Secondary Hardening, I- Field ready plants. Total duration: 6-7 months from explant to field ready plants.
Genetic fidelity testing using ISSR molecular markers
                Assessment of genetic fidelity is a critical component of micropropagation to ensure the production of true-to-type regenerants and to detect any somaclonal variation arising during in vitro culture. In the present study, the genetic stability of in vitro regenerated plantlets of Bambusa vulgaris was evaluated using Inter Simple Sequence Repeat (ISSR) markers. A total of 16 ISSR primers were screened, of which 8 primers generated clear, reproducible and scorable amplification products ranging from 250 to 900 bp (Fig. 5). The highest number of monomorphic bands was obtained with primer UBC-857 (4 bands), followed by UBC-810 (3 bands) while primers UBC-814, UBC-834 and UBC-835 produced two monomorphic bands each (Table 6). Primer UBC-814 exhibited the most distinct amplification profile. No polymorphic bands were detected with any of the primers tested. The banding patterns of all regenerated plantlets were completely monomorphic and identical to those of the mother plant, indicating the absence of detectable genetic variation and confirming their clonal fidelity. The lack of polymorphism suggests that the micropropagation protocol did not induce any detectable somaclonal variation among the regenerants. These findings are in agreement with earlier reports on the genetic stability of micropropagated bamboo species by Das and Pal (2005), Goyal et al. (2015), Desai et al. (2019) and Kumar et al. (2021). The results demonstrate that the developed micropropagation protocol is suitable for the large-scale production of genetically uniform and disease-free planting material of Bambusa vulgaris.
	[image: ]
A
	[image: ]
B

	[image: ]
C
	[image: ]
D

	[image: ]
E
	[image: ]
F

	[image: ]
G
	[image: ]
H



Fig. 5:  Gel obtained using the ISSR primers (A) UBC 810, (B) UBC 814, (C) UBC 825, (D) UBC 818, (E) UBC 842, (F) UBC 834, (G) UBC 855, (H) UBC 857, Lane L present 50 bp ladder, Lane M1-M8: Mother Plants and T1-T10: Clones.
Discussion
Effect of culture media on in vitro culture initiation
              The present investigation demonstrated that MS medium supplemented with BAP (2.5 mg L-1) was the most effective treatment for bud initiation from nodal explants of Bambusa vulgaris. This response can be attributed to the cytokinin activity of BAP, which promote cell division, releases axillary buds from apical dominance and stimulate shoot meristem development. Cytokinin increase the expression of genes involved in cell cycle progression and enhance nutrient mobilization toward dormant axillary buds, resulting in rapid bud break and shoot initiation.
               BAP is widely regarded as the most effective cytokinin for bamboo propagation because it has greater stability in culture media and it is more readily absorbed by plant tissue than many other cytokinin. At an optimum concentration (2.5 mg L-1) the endogenous auxin-cytokinin balance is favorable for shoot organogenesis as comparison to different BAP concentration, that were not much effective for bud induction in Bambusa vulgaris. So, under this condition, dormant axillary meristem are activated without inducing excessive callus formation or physiological abnormality, leading to healthy bud emergence. In contrast, lower BAP concentration may be insufficient to overcome apical dominance, where as higher concentration affect normal shoot morphology. The finding of the present study are consistent with recent work by Dutta et al., (2025), who reported that MS medium containing BAP (2.5 mg L-1) + IAA (0.2 mg L-1) produced the highest shoot regeneration in Bambusa vulgaris, confirming that BAP (2.5 mg L-1) is highly suitable for bud induction and early shoot development in this species.
Effect of culture media on in vitro shoot multiplication
               The present investigation demonstrated that solid MS medium supplemented with BAP (2.0 mg L-1) and kinetin (2.0 mg L-1) resulted in significantly higher shoot multiplication than the corresponding liquid medium. The superior performance of the solid medium may be attributed to its ability to provide mechanical support, maintain an optimal balance between nutrient uptake and aeration and minimize physiological disorder such as hyperhydricity. 
              Agar-solidified medium offers stable support for explants allowing partial exposure to air while maintaining adequate contact with nutrients. This improves gaseous exchange and prevent continuous immersion of tissue thereby facilitating normal shoot development. In contrast, explant cultured in liquid medium either remain constant or take prolong time for shoot division because when shoot contact with the nutrient solution often resulting in excessive water uptake, reduced oxygen availability and poor tissue differentiation (George et al., 2008; Thorpe, 2007).
The enhanced multiplication observed in solid medium may also be associated with the effective utilization of cytokinin. BAP is one of the most effective cytokinin for inducing axillary shoot proliferation in woody monocot species, while kinetin acts synergistically with BAP by promoting cell division and bud out growth. The combination of BAP (2.0 mg L-1) and kinetin (2.0 mg L-1) maintained an optimal cytokinin balance resulting in maximum shoot production. Similar synergistic effects of BAP and kinetin have been reported in bamboo micropropagation, where combined cytokinin significantly improved shoot multiplication compared with BAP alone (Ramanayake et al., 2006; Negi and Saxena, 2011).
The comparatively lower multiplication observed in liquid medium may be explained by the occurrence of hyperhydricity (vitrification), a physiological disorder characterized by translucent, brittle, and water-soaked shoots. Hyperhydric tissues exhibit poor chlorophyll development, reduced lignification, abnormal stomatal function, and limited survival during acclimatization. Continuous immersion also reduces oxygen diffusion around the explants, adversely affecting respiration and morphogenesis (Debergh et al., 1992; Ivanova and Van Staden, 2011).
Furthermore, agar in solid medium regulates the diffusion of nutrients and plant growth regulators, ensuring their gradual availability to the cultured tissues. This controlled uptake prevents excessive absorption of cytokinin and mineral salts, thereby supporting normal shoot elongation and healthy clump formation. In liquid medium, rapid nutrient uptake may create physiological stress, reducing the efficiency of shoot multiplication (George et al., 2008).
The present findings agree with previous reports on bamboo species, where agar-solidified MS medium containing BAP alone or in combination with kinetin produced significantly higher shoot multiplication than liquid culture. Although liquid media can be advantageous in temporary immersion systems for large-scale propagation, conventional static liquid cultures often produce lower multiplication rates because of poor aeration and hyperhydricity.
Overall, the results indicate that MS solid medium supplemented with 2.0 mg L⁻¹ BAP and 0.5 mg L⁻¹ kinetin is the most suitable medium for efficient in vitro shoot multiplication of Bambusa vulgaris. The superior performance of the solid medium confirms that an appropriate physical culture environment together with an optimized cytokinin combination is essential for maximizing shoot proliferation.
Effect of culture medium on in vitro rooting
           The present study revealed that MS medium supplemented with 3.0 mg L⁻¹ NAA and 0.5 mg L⁻¹ IBA was the most effective treatment for in vitro root induction in Bambusa vulgaris, resulting in the highest rooting percentage (80.0%), longest root length (3.5 cm), and healthy, well-developed root systems. These results indicate that the synergistic interaction between NAA and IBA provides an optimal hormonal balance for adventitious root formation in bamboo.
Auxins play a central role in root organogenesis by stimulating cell dedifferentiation, cell division, and the formation of root primordia. Naphthalene acetic acid (NAA) is a synthetic auxin with high physiological stability and prolonged activity in plant tissues. Due to its resistance to enzymatic degradation, NAA maintains a sustained auxin concentration at the basal region of the shoots, thereby promoting continuous cell division and differentiation required for root initiation. The higher rooting response observed with NAA in the present study suggests that it effectively stimulated the formation of adventitious root initials in regenerated bamboo shoots (George et al., 2008).
 The addition of a low concentration of indole-3-butyric acid (IBA) further enhanced rooting efficiency. IBA is considered one of the most effective auxins for root induction because it is slowly metabolized into indole-3-acetic acid (IAA), providing a gradual and sustained supply of biologically active auxin. This slow conversion promotes root elongation, vascular differentiation, and the development of thicker and healthier roots while minimizing tissue damage or excessive callus formation. The combination of NAA and IBA therefore provided complementary effects, where NAA promoted rapid root initiation and IBA supported subsequent root elongation and maturation (De Klerk et al., 1999).
The superior performance of the combined auxin treatment compared with individual auxins may also be attributed to their differential transport and metabolism within plant tissues. NAA ensures rapid induction of root initials, whereas IBA enhances root quality by improving vascular connectivity and increasing carbohydrate mobilization toward developing roots. Adequate carbohydrate translocation, together with auxin-induced activation of root-specific genes, contributes to the formation of vigorous and functional root systems capable of supporting successful acclimatization (Taiz et al., 2015).
In contrast, treatments containing NAA alone or in combination with IAA produced comparatively lower rooting responses. IAA is a naturally occurring auxin but is chemically unstable under in vitro culture conditions because it is readily degraded by light and oxidative enzymes. Consequently, its physiological activity is short-lived, resulting in reduced rooting efficiency compared with the more stable synthetic auxins NAA and IBA (George et al., 2008).
The present study consistent with earlier reports on bamboo micropropagation, where NAA either alone or in combination with IBA significantly enhanced rooting percentage, root length, and root quality. Sharma et al. (2012) reported that NAA was highly effective for root induction in bamboo species, while Ramanayake et al., (2006) also demonstrated that the combined application of auxins improved adventitious rooting and subsequent plant establishment.
  Overall, the present results confirm that MS medium supplemented with 3.0 mg L⁻¹ NAA and 0.5 mg L⁻¹ IBA provides the optimum hormonal environment for in vitro rooting of Bambusa vulgaris. The synergistic action of these auxins promoted both root initiation and elongation, producing healthy and vigorous root systems that are essential for successful hardening and field establishment.
Genetic fidelity testing using ISSR molecular markers
[bookmark: bbib42][bookmark: bbib41][bookmark: bbib20][bookmark: bbib30][bookmark: bbib46][bookmark: bbib2][bookmark: bbib48][bookmark: bbib18]  Plants showed no genetic variation from the propagule donor selected plant, even when subjected to PGRs, at different concentration. They are therefore considered authentic clones. Commercial sectors focused on bamboo species have gained prominence in recent years, and everything indicates a promising future. In this context the establishment of technologies focused on the micropropagation of mature tissues free of somaclonal variation is a challenge (Singh et al., 2012, Singh et al., 2013, Konzen et al., 2021a). The possibility of genetic variation cannot be ruled out, so morphological, physiological, and molecular evaluations are fundamental to the commercial application of propagation technologies (Negi and Saxena, 2011). The occurrence of mutations cannot be predicted, and it seems that several factors can alter the frequency and nature of the somaclonal variation, such as the explant donor genotype, the culture conditions, the explant type, the culture medium, the use of PGRs, and the stress caused by in vitro culture (Venkatachalam et al., 2007). In general, somaclonal variation is a phenotypic variation that may be of genetic origin, that is, a chromosomal variation that becomes heritable in subsequent generations or of epigenetic origin, that is, a transient variation due to the physiological stress that the plant material is subjected to in vitro culture (Bairu et al., 2011, Wang and Wang, 2012). The genetic fidelity of micropropagated plants is commonly addressed in studies and is essential for understanding the factors involved in bamboo propagation (Konzen et al., 2017). In most cases, it is determined using DNA-based molecular markers.
[bookmark: bbib29][bookmark: bbib1][bookmark: bbib44][bookmark: bbib32]ISSR markers applied for these purposes in bamboo species (i.e., confirmation of genetic fidelity) were reported in Bambusa balcooa (Negi and Saxena, 2010), Bambusa bambos (Anand et al., 2013), Bambusa vulgaris (Teixeira et al., 2021), and Guadua magna and Guadua angustifolia (Nogueira et al., 2019). In these studies, no genetic variation in plants grown in vitro was observed in any of the culture systems evaluated, demonstrating the efficiency of clone production.
        












Table 7: Genetic Fidelity Analysis Using ISSR Markers
	Primers
	5’-3’ motif
	Tm ºC
	Scorable Bands
	Monomorphic
Bands
	Polymorphic
Bands
	Range of
Amplification (bp)

	UBC810
	(GA)
8-T
	42
	3
	3
	0
	300,400,700


	UBC818
	(CA)8-G

	43
	1
	1
	0
	600


	UBC814
	(CT)8-TG
	42
	1
	2
	0
	500,900


	UBC825
	(AC)8-T
	42
	1
	1
	0
	300

	UBC834
	(AG)8-YT
	43
	1
	2
	0
	380.400


	UBC835
	(AG)8-YC
	44
	1
	2
	0
	350,800


	UBC842
	(GA)8-YG
	45
	1
	1
	0
	380


	UBC857
	(AC)8-G
	42
	1
	4
	0
	250,350,400, 600






Conclusion
The present study successfully established an efficient and reproducible micropropagation protocol for Bambusa vulgaris using nodal explants. The highest culture survivability (84%) was achieved with treatment S5, while MS medium supplemented with BAP (2,5 mg/L-1) was optimal for shoot initiation (88%). Maximum shoot multiplication was obtained on solid MS medium containing BAP (2.0 mg/L-1) and kinetin (0.5 mg/L-1) kinetin, whereas MS medium supplemented with NAA (3.0 mg/L-1) and IBA (0.5 mg/L-1) resulted in the highest rooting response (80%). During acclimatization, treatment H2 recorded the maximum plantlet survival (80%). Genetic fidelity analysis using ISSR markers revealed that 8 out of 16 primers produced clear and reproducible monomorphic bands identical to the mother plant, confirming the absence of detectable somaclonal variation and the genetic stability of regenerated plantlets. The developed protocol provides a reliable platform for large-scale propagation of Bambusa vulgaris and holds considerable potential for sustainable bamboo cultivation, germplasm conservation, ecological restoration and bamboo-based ornamental, biotechnological and industrial applications and also the protocol developed in the study offer an efficient platform for commercial scale production of genetically uniform Bambusa vulgaris. Plant rooting material support large scale afforestation, carbon sequestration and bamboo- based bio recovery organs.
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