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Abstract
The present study aimed to establish a robust propagation protocol for the 
endangered medicinal species Aquilegia fragrans through rhizome cuttings and in 
vitro micropropagation techniques. The effects of various plant growth regulators 
(PGRs) such as GA3, BAP, and IBA on vegetative propagation, including sprouting, 
root and shoot development, were investigated. Rhizome cuttings treated with 
150 ppm GA3 exhibited the highest sprouting percentage (83.34%) and significant 
enhancement in growth parameters, including shoot and root length, leaf number, 
and rhizome development. Additionally, the study assessed the influence of 
different soil compositions on sprouting success, with a mixture of soil, sand, and 
vermicompost (1:1:1) yielding the highest sprouting rate and optimal morphological 
traits. The micropropagation protocol was further optimized by evaluating surface 
sterilization techniques and the effect of cytokinins, particularly Meta-topolin and 
TDZ, in combination with auxins (IAA, IBA, and NAA). The combination of TDZ 
(3.5 mg L−1) and IBA (1.25 mg L−1) was found to induce the highest regeneration 
frequency (82.00%), with a maximum of 6 shoots per explant and a reduced 
induction period. Acclimatization of in vitro-derived plantlets under greenhouse 
conditions resulted in a 75% survival rate, confirming the feasibility of this 
propagation method for large-scale cultivation and conservation.

Keywords  A. fragrans, Vegetative propagation, Gibberellic acid, Micropropagation, 
Conservation

1  Introduction
The Kashmir Himalaya, located in the north-western part of the Indian Himalayan 
Region, is recognized as a biodiversity hotspot. A recent study of its plant diversity has 
identified 1123 plant species that are primarily utilized for medicinal purposes [1]. A 
substantial increase in global interest regarding plant-derived therapeutic systems has 
been observed in recent years. In both developed and developing regions, these tradi-
tional methods are increasingly being viewed as viable substitutes for standard allopathic 
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medicine. The growing demand for raw materials has led to a rise in the depletion of 
natural medicinal plant populations, with nearly 15,000 species now facing the risk of 
extinction [2]. Additionally, factors such as unregulated development, improper collec-
tion methods, unsustainable harvesting, habitat destruction, uncontrolled grazing, and 
the rapid effects of climate change are all posing significant threats to the global supply 
of medicinal plants [3, 4]. Additionally, due to the slow and lengthy regeneration pro-
cess of many plant species, conservation efforts are crucial for their survival [5]. Two 
main approaches exist for protecting plant genetic diversity: in situ, where plants are 
safeguarded in their natural habitats, and ex situ, where they’re preserved outside these 
environments. Acknowledging the pressing need to protect these species, ex situ conser-
vation methods are seen as a practical and effective way to preserve and sustainably use 
endangered plant species [6].

Vegetative propagation serves as a significant and advantageous technique for the 
large-scale cultivation of economically valuable species, particularly those that are chal-
lenging to grow from seeds. Utilizing rhizomes for propagation is a practical and effi-
cient approach for quickly increasing elite plant populations while preserving their vital 
genetic traits [7, 8]. This technique is simple, economical, and effective for the large-
scale cultivation, preservation, and restoration of endangered plant species. Although 
seed germination can yield many individuals from one mother parent plant, its effective-
ness is limited by the necessity for intricate stratification procedures and the typically 
slow growth of seedlings in most forest understory plants [9, 10]. Therefore, it is thought 
that vegetative propagationespecially in alpine speciesis more significant in plants than 
sexual reproduction [11]. Vegetative propagation, unlike sexual reproduction, allows 
plants to reach maturity within a year of cultivation. This makes it a powerful tool for 
conserving commercially valuable species that have been overharvested, promoting the 
development of improved cultivation methods, and enabling large-scale production for 
commercial purposes.

Currently, Micropropagation has been utilised for conservation of large variety of 
endangered MAPs including Eryngium viviparum [12], Dyckia brevifolia [13] and Bis-
torta amplexicaulis [14]. Micropropagation enables the rapid production of healthy, 
disease-free planting material for medicinal, ornamental, and nutritional applications 
[14]. Micropropagation is used for faster multiplication of true-to-type genotypes in the 
minimum possible time [15].

Aquilegia fragrans Benth., an endangered plant, of family Ranunculaceae has been tra-
ditionally utilized for medicinal purposes [16], is commonly known by various names in 
Kashmir, such as Jangli kuth, Kalumb, and Zaoneel. It is often known as sweet-scented 
columbine [17]. Naturally, the plant thrives at high altitudes in the Kashmir Valley in 
India [16, 18]. This herb has long been used to treat a variety of inflammatory conditions 
and wounds [16]. Moreover, rhizome of this plant is used to treat different ailments like 
psoriasis, eczema, kidney stones, gout, blood sugar, cystitis, and bovine mastitis [19, 20]. 
Dried flower paste is frequently used to cure headaches, while traditional therapies for 
jaundice and pneumonia entail the use of seeds and the entire plant, respectively [20]. 
The root has lately been revealed to have ethanomedicinal properties as an antipyretic 
and analgesic [21]. A paste made from plant flowers and refined butter is prepared to 
treat boils and is applied daily for ten to fifteen days [22]. Despite its medicinal impor-
tance, A. fragrans faces propagation constraints, as although the species is capable of 



Page 3 of 23Bhat et al. Discover Conservation            (2026) 3:30 

both sexual and asexual reproduction, slow seed germination and the low efficiency of 
vegetative propagation under natural conditions significantly limit the availability of 
well-established seedlings [23]. Consequently, the poor regenerative capacity of A. fra-
grans poses a serious threat to its natural populations, increasing the risk of decline and 
possible extinction due to inadequate natural regeneration and insufficient in vitro con-
servation strategies.

To address this research gap, the present study was designed with the following pri-
mary objectives: (1) To develop a reliable propagation protocol by assessing the influ-
ence of different plant growth regulators on the vegetative propagation potential of A. 
fragrans (2) to determine how different soil compositions affect the rate of sprouting and 
other growth factors; and (3) to establish a reliable and reproducible micropropagation 
protocol using rhizome nodal explants.

2  Materials and methods
2.1  Chemicals

All the chemicals utilized in this study were procured form Himedia, India.

2.2  Plant material

In May 2022, we collected fresh Aquilegia fragrans rhizomes from wild populations in 
Gulmarg (34° 02ʹ 20.64″ N; 74° 22ʹ 43.72″ E) and Aharbal (33° 39ʹ 00″ N; 74° 47ʹ 15″ E), 
Jammu and Kashmir, India (Fig. 1). To prevent bud growth before experimentation, the 
collected rhizomes were thoroughly washed with running tap water and stored in a cool, 
dark place room at 4  °C. The plant material was verified by the curator at the Centre 
for Biodiversity and Taxonomy, Department of Botany, University of Kashmir, Srinagar, 
and the specimen (KASH-8306/KASH-8307) has been deposited in the Herbarium. The 
experiments were conducted at the Department of Botany, University of Kashmir in Sri-
nagar, India. This location has a humid temperate climate with an average elevation of 

Fig. 1  Study site map
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1590 m above sea level and coordinates of 34° 07ʹ 40.7″ N, 74° 50ʹ 11.5″ E. The area also 
receives a high amount of annual rainfall, averaging 1005.5 mm [24]. The plants collected 
for micropropagation were maintained in a polyhouse under controlled environmen-
tal conditions to obtain healthy explants. The average temperature was maintained at 
24 ± 2 °C, with relative humidity ranging between 70 and 80%. The plants were exposed 
to natural photoperiod supplemented with a light intensity of approximately 40–60 µmol 
m⁻² s⁻¹. These conditions ensured optimal growth and development of the mother plants 
for explant collection.

2.3  Hormone experiment

To investigate how various plant hormones influence the clonal reproduction of A. fra-
grans, rhizomes were sectioned lengthwise into 2–4 pieces using a sterilized, sharp blade 
(Supplementary Fig. 1). The size and bud count of the parent rhizome determined the 
number of sections. The rhizome segments were first disinfected by submerging them in 
a 2% Bavistin solution for surface sterilization. They then received a 48-h treatment with 
various growth hormones 6-Benzylaminopurine (BAP), Indole-3-butyric acid (IBA), 
Meta-topolin, and Gibberellic Acid (GA3) at concentrations of 50, 100, 150, and 200 
parts per million (ppm). Distilled water served as the control. Following the hormone 
treatment, the rhizome sections were planted in pots filled with a 3:1 mixture of soil and 
sand. These pots were kept inside a growth chamber and watered daily for the first ten 
days. Following this period, the watering frequency was decreased to once every three 
days. The experiment involved 13 different treatments (Supplementary Table 1), each 
replicated four times in a randomized block design with three sections per treatment. 
Throughout the experiment, close monitoring was conducted. Plant growth parameters 
like root and shoot length, number of leaves, sprouting time (in days), and sprouting 
percentage were all documented. The average number of leaves per plant was deter-
mined manually, while root and shoot lengths (in cm) were measured with a ruler [25].

2.4  Effect of different soil compositions

To initiate the experiment, freshly collected rhizomes were sectioned longitudinally. 
These prepared sections were then disinfected by submerging them in a 2% solution of 
Bavistin, a systemic fungicide, to ensure surface sterilization. Next, the disinfected rhi-
zome cuttings were planted in pots containing various pre-mixed soil compositions. 
These compositions were created by combining specific weights of soil, sand, vermicom-
post (VC), and peat moss. Each soil composition was replicated five times, with each 
replicate containing three rhizome cuttings. The planted pots were placed in a growth 
chamber under controlled conditions. Watering was initially done daily for the first week 
to establish the plants. Subsequently, watering was adjusted based on the moisture level 
of the topsoil, with irrigation only occurring when the surface soil began to dry. The 
experiment monitored the overall sprouting success (sprouting percentage) across all 
treatment groups. At the conclusion of the experiment, plants were harvested destruc-
tively for detailed analysis of various growth parameters (Supplementary Table 2).

2.5  Micropropagation explant sterilization

Healthy nodal segments were harvested as explants from donor plants maintained 
under polyhouse conditions. The explants were initially subjected to a thorough rinse 



Page 5 of 23Bhat et al. Discover Conservation            (2026) 3:30 

under running tap water for 10–15 min to remove surface debris. This was followed by 
a 10-min treatment with 0.2% (w/v) Bavistin (a systemic fungicide) and a subsequent 
5-min wash with a 0.1% (v/v) aqueous solution of Tween-20 (Sigma-Aldrich, India). 
Residual surfactants and fungicides were removed by rinsing the segments multiple 
times with sterile distilled water.

Surface sterilization was performed under aseptic conditions within a laminar air-
flow hood. To determine the most effective decontamination protocol, various chemical 
sterilants and exposure durations were evaluated (Supplementary Table 3). The steril-
ized nodal segments were then inoculated into culture tubes containing MS media . 
The medium was supplemented with varying concentrations and combinations of plant 
growth regulators such as Thidiazuron (TDZ), Indole-3-acetic acid (IAA), Naphthalene 
acetic acid (NAA) and IBA to evaluate their effect on morphogenesis.

2.6  Culture medium and conditions

The study utilized MS medium containing diverse growth regulator treatments. The 
media, which included 0.8% agar and 3% sucrose, was pH-balanced to 5.6 and auto-
claved (121 °C for 15 min at 15 psi). Surface-disinfected nodal segments were then intro-
duced to the media and incubated in a controlled environment (25 ± 2 °C) with a 16/8-h 
light/dark cycle. Experimental data, including shoot count, length, and rhizome growth, 
were recorded through consistent monitoring of the specimens.

2.7  Hardening of plantlets

The in vitro grown plantlets having well developed shoots and rhizome were carefully 
taken out from the phyta jars and rinsed with autoclaved distilled water to remove the 
traces of agar associated with them. For primary hardening these washed plantlets were 
transferred to plastic pots containing vermiculite and kept in growth chamber having 
temperature 25  °C under 16  h light and 8  h dark and relative humidity 70–80% for 3 
weeks before being transferred to the green house. After 3 weeks in the culture room, 
plantlets were shifted to green house in pots containing soil: sand: manure (1:1:1) for 
acclimatization and subsequent filed transfer.

2.8  Statistical analysis

To assess the influence of various soil compositions and growth hormones on plant 
growth and morphology, we employed ANOVA using Minitab software version 21.1.0. 
This statistical method allowed us to investigate the significance of these factors on dif-
ferent growth parameters and morphological characteristics. We further utilized Tukey’s 
honestly significant difference (HSD) test (at a significance level of alpha = 0.05) to pin-
point specific pairwise mean differences between the treatment groups. For in vitro 
studies, the trials were achieved in triplicates with minimum 12 explants per treatment. 
Observations were recorded and data was analysed by means of SPSS 16.0 software 
(SPSS Inc., Chicago, USA) and mean values are expressed as mean ± SE and significance 
level at 5% for each trial was done by Duncan’s Multiple Range Test (DMRT).
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3  Results
Growth parameters of rhizome cuttings exhibited significant variation after treatment 
with different phytohormones. Rhizome sections treated with 150 ppm GA3 displayed 
the highest sprouting rate (83.34%), followed by those treated with 100 ppm GA3 (75%). 
In contrast, the control group only exhibited a 25% sprouting rate (Table 1). The syn-
thetic cytokinin (Meta-topolin) was unsuccessful in stimulating the sprouting of rhi-
zome cuttings. The sprouting time varied among different treatments, ranging from 
20.75 days to 35.50 days. Among the GA3 concentrations applied, 150 ppm resulted in 
the shortest sprouting time for rhizome cuttings. Rhizome cuttings treated with 150 
ppm and 100 ppm GA3 displayed significantly higher sprouting rates (83.34% and 75%, 
respectively) and faster sprouting times (20.75 and 23.50 days) compared to the control 
group, which exhibited a lower sprouting rate (25%) and a longer sprouting time 35.50 
days (Table 1). Applying GA3 to rhizome cuttings significantly enhanced various growth 
parameters, including shoot length, root length, and leaf number. Notably, rhizome sec-
tions treated with 150 ppm GA3 exhibited the highest number of leaves (44.75 ± 1.49), 
followed by those treated with 100 ppm GA3 (32 ± 1.87). Similarly, 150 ppm GA3 resulted 
in the longest rhizome length (9.5 ± 0.65 cm) and shoot length (16.6 ± 0.49 cm) (Fig. 2).

So far, the effect of soil composition is considered it significantly affected the sprout-
ing percentage among the treatments. The sprouting rate of rhizome cuttings ranged 
from 41.66 to 100%, with the highest sprouting percentages observed in T5 and T9 
(Table  2). The time taken by rhizome section to sprout within different soil composi-
tion treatments revealed a significant variation. The minimum time taken for sprout-
ing was demonstrated by T9 (19.75 ± 0.85 days) followed by T5 (21.50 ± 0.64 days). 
Among the different treatments; morphological parameters such as plant height, below 
ground fresh and dry weight, rhizome length and leaf number also indicated significant 
variations (Table  2). Plant height and rhizome length varied between 18.35 ± 0.37  cm 
to 35.07 ± 0.65  cm and 5.72 ± 0.24  cm to 13.27 ± 0.39  cm respectively in different soil 

Table 1  The impact of various growth hormones on vegetative propagation of A. fragrans
Treatment Concentration PS RL SL LN TTS
BAP 50 41.67 ± 8.34cde 4.98 ± 0.3cd 6.68 ± 0.32de 9 ± 0.82def 30.25 ± 0.48abc

BAP 100 50 ± 9.62bcde 6.78 ± 0.17bc 7.1 ± 0.32d 12.5 ± 1.44de 29 ± 1.08abc

BAP 150 58.34 ± 8.34abcd 7.8 ± 0.26ab 8.18 ± 0.4cd 19.5 ± 1.19c 30.25 ± 0.63abc

BAP 200 33.33 ± 0de 5.05 ± 0.38cd 5.7 ± 0.26de 8 ± 0.82ef 31.5 ± 0.65ab

IBA 50 25 ± 8.33ef 3.63 ± 1.22d 3.85 ± 1.33e 7.5 ± 2.53ef 21.5 ± 7.22c

IBA 100 33.33 ± 0de 7.7 ± 0.19ab 7.68 ± 0.64cd 14.75 ± 2.10cd 35.25 ± 0.85a

IBA 150 41.67 ± 8.34cde 6.68 ± 0.32bc 5.38 ± 0.38de 8.25 ± 0.48ef 34.75 ± 2.32a

IBA 200 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Meta-topolin 50 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Meta-topolin 100 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Meta-topolin 150 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Meta-topolin 200 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

1GA3 50 66.67 ± 0aab 6.88 ± 0.43bc 13 ± 0.41b 29 ± 1.08b 24.5 ± 0.87bc

GA3 100 75 ± 8.33ab 7.75 ± 0.48ab 12.9 ± 1.33b 32 ± 1.87b 23.5 ± 0.65bc

GA3 150 83.34 ± 9.62a 9.5 ± 0.65a 16.6 ± 0.49a 44.75 ± 1.49a 20.75 ± 0.63c

GA3 200 50 ± 9.62bcde 6.25 ± 0.48bc 10.5 ± 0.65bc 27.25 ± 1.93b 26.5 ± 0.87abc

Control – 25 ± 8.33ef 5 ± 0.41cd 8 ± 0.71cd 5.5 ± 0.29fg 35.5 ± 0.65a

PS Percentage sprouting, RL Root Length, SL shoot length, LN Number of leaves, TTS Time taken for sprouting (days)

*Mean ± SE, Means with the same superscript letters in the same column are not significantly different while those with 
different superscript letters are significantly different at p ≤ 0.05
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compositions (Fig.  3). Maximum plant height (35.07 ± 0.65  cm) and rhizome length 
(12.15 ± 0.17 cm) was shown by treatment T5 and T9 respectively. The variance analysis 
revealed a significant difference in both below ground fresh and dry weight across all 
treatments. Below ground fresh weight and dry weight varied between 45.82 ± 1.06 g to 
98.05 ± 0.51 g and 15.27 ± 0.41 g to 35.65 ± 0.51 g. Maximum below ground fresh and dry 
weight was observed in T9 followed by T5.

Table 2  The effect of various soil compositions on the growth and morphological characteristics of 
rhizome cuttings
Treatment SP BGDW BGFW Days RL PH
T1 50 ± 9.62ab 22.50 ± 0.44c 67.42 ± 0.59bc 35.00 ± 0.40h 5.72 ± 0.24a 21.92 ± 0.47b

T2 66.67 ± 0.00bcd 24.55 ± 0.42cd 71.87 ± 0.53bcd 29.75 ± 0.47e 8.02 ± 0.70cd 27.50 ± 28ef

T3 58.35 ± 8.33abc 25.42 ± 0.88d 73.77 ± 1.17bcd 32.25 ± 0.47fg 6.35 ± 0.48ab 24.25 ± 0.47cd

T4 41.66 ± 8.33a 23.57 ± 1.73cd 68.02 ± 0.86bc 31.50 ± 0.86f 6.02 ± 0.35a 18.35 ± 0.37a

T5 100 ± 0.00f 34.87 ± 0.44f 96.05 ± 0.51e 21.50 ± 0.64b 13.27 ± 0.39g 35.07 ± 0.65h

T6 75.00 ± 8.33cde 28.20 ± 0.52e 82.60 ± 0.81cde 33.25 ± 0.47fgh 7.42 ± 0.60bc 26.90 ± 0.70e

T7 75.00 ± 8.33cde 29.42 ± 1.05e 89.55 ± 0.47de 32.25 ± 0.62fg 6.17 ± 0.14ab 28.40 ± 0.83ef

T8 50.00 ± 9.62ab 28.10 ± 0.28e 63.87 ± 21.30bc 31.75 ± 0.25f 6.52 ± 0.25ab 24.92 ± 0.93d

T9 100 ± 0.00f 35.65 ± 0.51f 98.05 ± 0.32e 19.75 ± 0.85a 12.15 ± 0.17g 33.05 ± 0.56g

T10 83.33 ± 9.62def 30.00 ± 0.52e 90.60 ± 0.65de 23.50 ± 0.64c 10.30 ± 0.31f 27.70 ± 0.47ef

T11 66.67 ± 0.00bcd 19.12 ± 0.43b 57.12 ± 0.74ab 35.00 ± 0.40h 8.92 ± 0.33de 23.05 ± 0.26bc

T12 58.33 ± 8.33abc 15.27 ± 0.41a 45.82 ± 1.06a 34.00 ± 0.40gh 9.70 ± 0.34ef 25.05 ± 0.76d

T13 91.66 ± 8.32ef 33.66 ± 0.43f 89.95 ± 0.62de 25.75 ± 0.47d 10.12 ± 0.63ef 29.22 ± 0.48f

SP sprouting percentage, BGDW belowground dry weight, BGFW belowground fresh weight, RL rhizome length, PH plant 
height

 *Mean ± SE, Means with the same superscript letters in the same column are not significantly different while those with 
different superscript letters are significantly different at p ≤ 0.05

Fig. 2  (A–M) Effect of Various phytohormones on the different growth parameters of A. fragrans. (A and B) Plant 
growth from rhizome cuttings treated with GA3 (150 ppm); (C–E) Plant growth from rhizome cuttings treated with 
GA3 (100 ppm) ; (F–H) Plant growth from rhizome cuttings treated with TDZ (150 ppm) ; (I–K) Plant growth from 
rhizome cuttings treated with TDZ (100 ppm); (L and M) Plant growth from rhizome cuttings treated with IBA (50 
ppm and 100 ppm) respectively; (N and O) Record of morphological parameters. Scale bars represent 1 cm (A–M) 
and 5 cm (N–O)
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3.1  Micropropagation

3.1.1  Sterilisation optimisation

The present study aimed to develop an efficient in vitro propagation protocol for A. fra-
grans using node as explant which were cultured on Murashige and Skoog (MS) medium 
augmented with varying concentrations of plant hormones (2, 4-D, BAP, IBA, IAA, TDZ 
meta-Toplin and NAA, either individually or in combination). Initially, to standardize 
the explant surface sterilization protocol, explants were subjected to six different chemi-
cal sterilization treatments (ST-1 to ST-6) varying in sterilant concentration and expo-
sure duration. The efficacy of each treatment was assessed based on contamination rate, 
percentage of necrotic tissue, and explant survival. The results demonstrated significant 
variation among treatments. Amongst all protocols, ST-3 proved to be the most effec-
tive, exhibiting the lowest contamination (8.46 ± 0.16%) and necrosis (2.84 ± 0.08%) along 
with the highest survival rate (93.14 ± 0.16%). In contrast, ST-2 was the least effective, 
recording maximum contamination (76.11 ± 0.12%) and minimal survival (4.10 ± 0.11%). 
Moderate responses were observed under ST-4, while ST-5 and ST-6 showed compara-
tively higher contamination and necrosis, resulting in reduced explant survival (Table 3). 
Overall, the differences among treatments were statistically significant (p ≤ 0.05), con-
firming ST-3 as the optimal surface sterilization protocol for achieving maximum 
explant viability with minimal tissue damage.

3.1.2  Effect of plant growth regulators (meta-Topolin and TDZ) on shoot bud initiation

The data presented in Table 4 indicates that shoot regeneration was significantly influ-
enced by cytokinin type and concentration. No shoot induction was observed in the con-
trol medium. Both meta-Topolin (mT) and TDZ exhibited a concentration-dependent 

Fig. 3  Effect of different soil composition on the growth parameters of A. fragrans. Pictures (A–O) represents plants 
grown from rhizome cuttings upon different treatments of phytohormones. (A–C). Treatment T5 (Soil: sand: ver-
micompost); (D–G) T9- Soil: pebbles: vermicompost (H–J); (L, M) T13-Sand: soil: peat: vermicompost; (K) Plant 
growth from rhizome cuttings in treatment T1; (L and M); Plant growth from rhizome cuttings in treatment T2 
and T3 respectively; (N and O). Plant growth from rhizome in treatment T11 and T12 respectively. *All scale bars 
represent 1 cm
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response, with regeneration frequency, shoot number, and shoot length increasing pro-
gressively up to 3.5  mg L⁻¹ (Fig.  4). At this concentration, TDZ produced the highest 
regeneration response (75.00%), with a maximum of 5.33 shoots per explant, longest 
shoots (4.33 cm), and the shortest induction period (18.33 days), while mT resulted in a 
comparable response (72.25%) with higher shoot proliferation (6.00 shoots per explant), 
longer shoots (5.22 cm), and shoot induction within 21.70 days. A further increase to 
4.0 mg L⁻¹ of either cytokinin led to a decline in regeneration efficiency (Table 4). Over-
all, 3.5 mg L⁻¹ of both TDZ and mT was optimal for shoot regeneration.

3.1.3  Combined effect of meta-Topolin (mT) and TDZ in association with different auxins (IAA, 

IBA, and NAA) on shoot

The interaction of cytokinins (TDZ or meta-Topolin at 3.5  mg L⁻¹) with auxins (IAA, 
IBA, and NAA) significantly influenced shoot regeneration in a concentration-dependent 

Table 3  Effect of different chemical sterilant treatments for standardisation of surface sterilisation of 
explants
Sterilization treatments (ST) Contamination of explants 

(%)
Necrosis of explants (%) Survival of 

explants 
(%)

ST-1 38.96 ± 0.10e 10.99 ± 0.01f 62.96 ± 0.09d

ST-2 76.11 ± 0.12f 9.08 ± 0.05e 4.10 ± 0.11a

ST-3 8.46 ± 0.16a 2.84 ± 0.08a 93.14 ± 0.16f

ST-4 12. 26 ± 0.14b 6.02 ± 0.03b 68.07 ± 0.78e

ST-5 19.28 ± 0.27c 8.06 ± 0.04c 54.07 ± 0.05c

ST-6 21.89 ± 0.10d 8.49 ± 0.03d 44.71 ± 0.29b

*Mean ± SE

Different letters in the same column indicate means that are significantly different among different treatments (DMRT: 
p ≤ 0.05)

Table 4  Effect of meta Topolin (mT) and TDZ on direct shooting from nodal explants of A. fragrans
Growth 
hormone

Concentrations Response (% 
± SE)

Number 
of shoots 
(mean ± SE)

Shoot length 
(mean ± SE)

No. of days 
(mean ± SE)

Meta-Topolin 
(mTP) (mg L−1)

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

0.5 36.52 ± 0.19a 3.03 ± 0.03a 2.95 ± 0.03ab 26.60 ± 0.12f

1.0 45.33 ± 0.27b 4.09 ± 0.01b 2.59 ± 0.15a 25.59 ± 0.24e

1.5 54.07 ± 0.07c 4.88 ± 0.05d 3.55 ± 0.23c 24.45 ± 0.21d

2.0 60.93 ± 0.24d 5.25 ± 0.14e 3.35 ± 0.16bc 24.64 ± 0.16d

2.5 63.06 ± 0.07e 5.38 ± 0.05e 4.15 ± 0.07d 23.68 ± 0.08c

3.0 68.06 ± 0.04f 5.88 ± 0.05f 4.51 ± 0.24de 22.86 ± 0.01b

3.5 72.25 ± 0.19g 6.00 ± 0.07f 5.22 ± 0.10f 21.70 ± 0.08a

4.0 63.52 ± 0.18e 4.37 ± 0.10c 4.74 ± 0.12e 24.80 ± 0.04d

TDZ (mg L−1) 0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

0.5 41.67 ± 1.67a 1.50 ± 0.33a 1.33 ± 0.33a 28.33 ± 0.88d

1.0 46.67 ± 3.33ab 2.00 ± 0.58ab 1.67 ± 0.33ab 25.67 ± 1.86cd

1.5 52.67 ± 2.67bc 3.00 ± 0.58abc 2.33 ± 0.89abc 24.00 ± 1.15bc

2.0 60.00 ± 2.89cd 3.67 ± 0.89abcd 3.00 ± 0.58abcd 23.33 ± 0.88c

2.5 63.33 ± 4.40d 4.33 ± 1.20cd 3.33 ± 0.33bcd 22.67 ± 1.45b

3.0 68.33 ± 4.40de 4.67 ± 0.89cd 3.67 ± 0.33cd 21.00 ± 0.58ab

3.5 75.00 ± 2.89e 5.33 ± 0.33d 4.33 ± 0.88d 18.33 ± 0.88a

4.0 65.33 ± 2.60de 4.00 ± 0.58bcd 3.00 ± 0.58abcd 22.00 ± 0.58bc

*Mean ± SE

*Mean ± SE
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manner. In both cytokinin backgrounds, IBA proved to be the most effective auxin, pro-
ducing the highest regeneration response, enhanced shoot elongation, and the short-
est induction period (Table  5). The optimal response was recorded with TDZ + IBA 
at 1.25  mg L⁻¹, yielding 82.00% regeneration, 6.00 shoots per explant, longest shoots 
(6.41  cm), and minimum (19.33 days) induction time (Fig.  5), followed closely by the 
meta-Topolin + IBA combination at 1.75  mg L⁻¹, producing the highest regeneration 
response (80.00%), maximum shoot number (6.00 shoots per explant), longest shoots 
(6.07 cm), and minimum time (20.00 days) for shoot induction (Fig. 6). The IAA treat-
ments showed moderate to high regeneration efficiency, with optimal performance 
at 1.50 mg L⁻¹ in both systems, whereas NAA elicited comparatively lower responses, 
although its best results were observed at 1.25–1.50 mg L⁻¹. In all treatments, auxin con-
centrations beyond the optimum led to a decline in regeneration efficiency (Table 5).

3.1.4  Effect of auxin (NAA) on rhizome formation

Presently, after two weeks of incubation, rhizome induction became noticeable at the 
base of the cultured shoots. The culture response rate for rhizome formation ranged 
between 34.4 ± 0.88 and 71.45 ± 0.00% across the different treatments (Table  6). NAA 
significantly affected rhizome induction in a concentration-dependent manner. No 
response was observed in the control and at the highest concentration (2.0 mg L⁻¹). Rhi-
zome induction frequency, rhizome length, and reduction in induction time increased 
progressively with increasing NAA concentration up to 1.50 mg L⁻¹, which resulted in 
the maximum response (71.45%), longest rhizomes (6.02 cm), and the shortest induction 
period (35.73 days). A further increase to 1.75 mg L⁻¹ caused a decline in rhizome forma-
tion efficiency, indicating an inhibitory effect at supra-optimal levels. Overall, 1.50 mg 
L⁻¹ NAA (Fig. 7) was identified as the optimal concentration for efficient rhizome induc-
tion and growth under the present experimental conditions.

3.1.5  Hardening of plantlets

Presently, plantlets bearing well-developed micro-rhizomes were transferred to plastic 
pots containing a soil: sand: vermicompost mixture (1:1:1) and maintained under green-
house conditions, resulting in a 75% survival rate. Moreover, no phenotypic variations 
were observed between the micropropagated plants and their wild counterparts (Fig. 8).

Fig. 4  Effect of different PGRs on shooting (A) 0.5 mg L−1 mTP (B) 3.5 mg L−1 mTP (C) 0.5 mg L−1 TDZ (D) 3.5 mg 
L−1 TDZ. *All scale bars represent 1 cm
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Table 5  Effect of various doses of auxins with optimal meta-Topolin and TDZ (3.5 mg L−1) on 
shooting from nodal explants
PGR(s) Concentration 

(mg L−1)
Response (% 
± SE)

Number 
of shoots 
(mean ± SE)

Shoot length 
(mean ± SE)

No. of days 
(mean ± SE)

Meta-Topolin 
3.5 + IAA

0.25 58.33 ± 1.67a 2.66 ± 0.33a 3.92 ± 0.07ab 27.33 ± 0.88d

0.5 63.29 ± 1.64ab 4.00 ± 0.57abc 4.33 ± 0.33b 25.33 ± 0.33cd

0.75 67.67 ± 0.33bc 4.00 ± 0.57abc 4.89 ± 0.48b 23.67 ± 0.33bc

1.0 70.67 ± 1.76cd 5.00 ± 0.57c 5.17 ± 0.09b 22.00 ± 1.00ab

1.25 74.33 ± 2.91de 5.33 ± 0.33c 5.33 ± 0.89b 21.00 ± 1.00ab

1.50 77.00 ± 1.15e 5.66 ± 0.88c 5.54 ± 0.74b 20.33 ± 0.88a

1.75 70.00 ± 1.15cd 4.66 ± 0.33bc 4.00 ± 0.58ab 21.33 ± 0.88ab

2.0 60.67 ± 2.33a 3.00 ± 0.75ab 2.67 ± 0.33a 22.33 ± 0.88ab

Meta-Topolin 
3.5 + IBA

0.25 60.00 ± 0.58a 3.33 ± 0.33a 4.43 ± 0.35ab 26.33 ± 0.33d

0.5 64.00 ± 0.58b 4.00 ± 0.57ab 4.83 ± 0.16b 25.00 ± 0.58c

0.75 68.33 ± 0.88c 5.00 ± 0.57bc 5.39 ± 0.20b 24.00 ± 0.58bc

1.0 71.33 ± 1.33c 5.23 ± 0.57b 5.67 ± 0.20b 23.00 ± 1.00bc

1.25 75.67 ± 1.76d 5.33 ± 0.33bc 5.83 ± 1.09b 22.00 ± 1.15ab

1.50 70.33 ± 1.20c 4.66 ± 0.33ab 4.50 ± 0.29a 21.67 ± 0.67ab

1.75 80.00 ± 1.00e 6.00 ± 0.57c 6.07 ± 0.51b 20.00 ± 1.00a

2.0 62.67 ± 1.45ab 3.33 ± 0.33a 3.17 ± 0.44a 23.33 ± 0.33bc

Meta-Topolin 
3.5 + NAA

0.25 56.67 ± 0.88a 2.91 ± 0.07a 3.76 ± 0.14ab 27.00 ± 0.58e

0.5 59.67 ± 1.67ab 3.67 ± 0.12b 4.17 ± 0.44bc 25.67 ± 0.33de

0.75 64.00 ± 0.58bc 4.03 ± 0.57bc 4.72 ± 0.43b 24.67 ± 1.20cd

1.0 68.67 ± 0.88de 4.17 ± 0.07bc 5.00 ± 0.17bc 23.67 ± 0.33bcd

1.25 74.67 ± 1.20f 5.58 ± 0.15e 5.41 ± 0.30c 20.67 ± 0.88a

1.50 70.00 ± 1.73e 5.07 ± 0.19de 5.17 ± 0.93b 22.67 ± 0.67abc

1.75 65.33 ± 1.45cd 4.46 ± 0.16cd 3.83 ± 0.17ab 22.33 ± 0.67ab

2.0 58.00 ± 2.52a 3.94 ± 0.03bc 2.50 ± 0.29a 24.00 ± 0.58bcd

TDZ 3.5 + IAA 0.25 57.33 ± 0.88a 3.78 ± 0.55ab 4.09 ± 0.21b 26.67 ± 0.67d

0.5 61.33 ± 1.76ab 3.83 ± 0.73ab 4.50 ± 0.29bc 25.33 ± 0.33cd

0.75 66.00 ± 1.53c 4.32 ± 0.45ab 5.05 ± 0.53bc 24.33 ± 0.88bcd

1.0 69.00 ± 0.58cd 4.47 ± 0.32abc 5.33 ± 0.20bc 23.33 ± 0.67bc

1.25 73.33 ± 0.88e 5.10 ± 0.49bc 5.50 ± 0.50bc 22.33 ± 1.45ab

1.50 78.67 ± 1.76f 5.83 ± 0.17c 5.84 ± 0.58c 20.33 ± 1.33a

1.75 72.00 ± 1.15de 4.17 ± 0.17ab 4.17 ± 0.60b 22.00 ± 0.58ab

2.0 61.67 ± 1.67b 3.50 ± 0.50a 2.67 ± 0.44a 23.67 ± 0.33bc

TDZ 3.5 + IBA 0.25 59.00 ± 1.15a 3.33 ± 0.03ab 4.76 ± 0.65ab 25.67 ± 0.33d

0.5 63.00 ± 0.58b 4.33 ± 0.33b 5.17 ± 0.44ab 24.33 ± 1.20cd

0.75 67.67 ± 0.33c 2.33 ± 0.66a 5.72 ± 0.15b 23.33 ± 0.33bcd

1.0 70.67 ± 1.76cd 4.00 ± 0.57b 6.00 ± 0.51b 22.33 ± 1.67abc

1.25 82.00 ± 0.58f 6.00 ± 0.57c 6.41 ± 0.59b 19.33 ± 0.33a

1.50 75.00 ± 1.73e 5.00 ± 0.57bc 6.17 ± 1.01b 21.33 ± 0.67abc

1.75 73.33 ± 1.76de 4.00 ± 0.52b 4.83 ± 0.17ab 21.00 ± 1.15ab

2.0 63.33 ± 1.67b 4.66 ± 0.33bc 3.50 ± 0.50a 22.67 ± 0.88bcd

TDZ 3.5 + NAA 0.25 55.00 ± 1.00a 3.11 ± 0.39a 3.42 ± 0.23ab 29.33 ± 0.67e

0.5 60.00 ± 1.15b 3.17 ± 0.44a 3.83 ± 0.44b 28.00 ± 1.15de

0.75 64.33 ± 1.33cd 3.65 ± 0.35ab 4.39 ± 0.77b 27.00 ± 1.53cde

1.0 67.00 ± 0.58de 3.80 ± 0.47ab 4.67 ± 0.38b 25.00 ± 0.58bcd

1.25 73.00 ± 0.58f 4.43 ± 0.30bc 4.83 ± 0.17b 24.00 ± 0.58abc

1.50 76.67 ± 0.67g 5.17 ± 0.44c 5.17 ± 0.49b 21.33 ± 1.20a

1.75 69.67 ± 0.33e 3.50 ± 0.29ab 3.50 ± 0.76ab 23.33 ± 0.88ab

2.0 63.33 ± 1.67c 2.83 ± 0.17a 2.00 ± 0.76a 25.33 ± 0.88bcd

*Mean ± SE, Means with the same superscript letters in the same column are not significantly different while those with 
different superscript letters are significantly different at p ≤ 0.05
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4  Discussion
4.1  Vegetative propagation

For plant species that struggle to reproduce effectively through seeds, vegetative propa-
gation provides a valuable method for large-scale germplasm multiplication and cultiva-
tion [26]. The erratic weather fluctuations experienced at high altitudes can disrupt plant 
reproduction at different stages of their development [27]. A. fragrans, a plant commonly 

Fig. 6  Effect of different PGRs on shoot induction and multiplication (A) mTP + 0.25 mg L−1 IAA (B) mTP + 1.50 mg 
L−1 IAA (C) mTP + 0.25 mg L−1 IBA (D) mTP + 1.75 mg L−1 IBA (E) mTP + 1.25 mg L−1 NAA (F) mTP + 0.25 mg L−1 NAA. 
*All scale bars represent 1 cm

 

Fig. 5  Effect of different PGRs on shoot induction and multiplication (A) TDZ + 0.25 mg L−1 IAA (B) TDZ + 1.50 mg 
L−1 IAA (C) TDZ + 0.25 mg L−1 IBA (D) TDZ + 1.25 mg L−1 IBA (E) TDZ + 0.25 mg L−1 NAA (F) TDZ + 1.50 mg L−1 NAA. 
All scale bars represent 1 cm. *All scale bars represent 1 cm
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found in sub-alpine regions, shows poor seed germination in its natural environment 
[23]. Our study showcased multiple methods for propagating A. fragrans via rhizome 
cuttings to overcome this reproductive limitation. In vegetative propagation, the use 
of plant growth regulators and various chemicals have been widely utilized to improve 
rooting and subsequent growth of rhizome cuttings [28, 29]. Our research revealed 
that intermediate concentrations of the applied hormones resulted in the most vigor-
ous vegetative growth and the highest percentage of sprouts emerging from the rhizome 

Table 6  Effect of auxin (NAA) on rhizome formation
Auxin conc. (mg L−1) Response (% ± SD) Rhizome length (cm) (mean ± SD) No. of days (mean ± SD)
Control

 0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Naphthalene acetic acid (NAA)

 0.5 34.41 ± 0.88a 2.13 ± 0.01a 46.74 ± 0.58f

 0.75 48.37 ± 0.58b 3.39 ± 0.09b 43.47 ± 1.67e

 1.0 56.86 ± 1.53d 4.72 ± 0.09c 41.17 ± 1.00d

 1.25 63.56 ± 3.79e 5.12 ± 0.04d 38.65 ± 1.15c

 1.50 71.45 ± 0.00f 6.02 ± 0.06e 35.73 ± 0.00a

 1.75 54.72 ± 0.00c 4.00 ± 0.07c 37.84 ± 0.00b

 2.0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
*Mean ± SE

Different letters in the same column indicate means that are significantly different among different treatments (DMRT: 
p ≤ 0.05)

Fig. 8  (A–I) Hardening of in vitro grown plantlets; J Field transfer of plants after hardening, K One week old plant-
lets, L Three weeks old plantlet. *All scale bars represent 1 cm

 

Fig. 7  Effect of NAA on rhizome formation (A) Rhizome in phytajar (B) 1.25 mg L−1 (C, D) 1.50 mg L−1
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cuttings (Table 1). The most favourable outcomes were observed with GA3 at 150 ppm 
and BAP at 150 ppm. Notably, Gibberellic Acid plays a crucial role in plant growth and 
development, acting as a key phytohormone that influences numerous physiological pro-
cesses. Rhizome cuttings treated with GA3 exhibited notable enhancements in root and 
shoot development [30]. Studies have reported that GA3 application enhances sprout-
ing percentage and improve growth and survival of vegetatively propagated plants under 
controlled conditions [31]. Additionally, Zang et al. [32] observed that GA3 induces plant 
growth and enhances leaf development in blueberries compared to untreated controls. 
In line with previous findings [33, 34], the application of GA3 improved several plant 
growth traits in A. fragrans, including leaf number, root length, and shoot length. Our 
findings align with those of Shabir et al. [35], who similarly reported significant improve-
ments in growth-related parameters in Inula racemosa through the application of 
GA3 to rhizomes. Gibberellins can affect plant growth by speeding up the transport of 
cytokinins to developing buds and by modifying carbohydrate metabolism [36]. Mul-
tiple studies have demonstrated that treating rhizome explants with kinetin and GA3 
effectively enhances sprouting and organogenesis. For instance, research conducted 
on Pongamia pinnata [37], Euphorbia wallichi [31], Jurinea dolomiaea [38] and Picro-
rhiza kurrooa [39] all of which confirm the positive impact of these growth regulators 
on shoot and root formation. Research by Nautiyal and Nautiyal [40] documented that 
for Nardostachys jatamansi, utilizing rhizome splitting as a vegetative propagation tech-
nique outperforms traditional seedling cultivation. This method was not only found to 
be more effective but also offered a significantly faster rate of multiplication and overall 
higher yield.

The current study demonstrated that various soil mixtures had a significant impact on 
the sprouting percentage and growth performance of A. fragrans. The highest sprout-
ing percentage was observed in treatments T5 and T9, both achieving a 100% sprouting 
rate comprising of soil, sand, vermicompost (1:1:1) and soil, gravel, vermicompost (1:1:1) 
respectively. This was followed by T13 which consisted of soil, sand, peat and vermicom-
post in the ratio of 1:1:1:1 (Table 2). This plant species is found in small, patchy popula-
tions, typically growing in exposed alpine meadows among rocks or rocky slopes and 
wet shaded soils [16]. Porous sandy soil is ideal for successful large-scale cultivation, as it 
enables the plant to establish a thick and deep root system [41]. It has been documented 
that porous sandy soil provides sufficient aeration besides allowing easy penetration of 
roots, making it ideal for propagating and developing strong rootstock in Jurinea dolo-
miaea [38]. Sandy loam soils have also been reported by many researchers [31] as the 
best for maximizing the growth and yield of several economically important medicinal 
plant species. In Paris polyphylla sandy soils were observed to have maximum sprouting 
percentage [42]. Sand particles retain more oxygen and less water due to faster drainage 
owing to the fact of their larger size than soil particles, which leads to better aeration 
compared to densely packed particles of soil [43].

The inclusion of vermicompost in the growth media notably enhanced the develop-
ment of rhizome cuttings in this study. Specifically, the SC10 treatment—consisting of a 
1:1:1:1 ratio of soil, sand, pebbles, and vermicompost—resulted in a marked expansion 
of both aerial and subterranean biomass. This substrate combination also led to supe-
rior morphological outcomes, including increased plant height, leaf count, and rhizome 
dimensions, reinforcing the role of vermicompost in maximizing total yield.
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In Angelica glauca and Heracleum candicans, similar to our findings, sandy loam soil 
mixed with vermicompost has demonstrated a significant effect on the cultivation and 
growth parameters of these species [28]. Mixing of soil with vermicompost increased the 
rate of germination, biomass of roots and pod number in pea crops [44]. In Polygonatum 
cirrhifolium, adding vermicompost to the soil results in increased biomass production 
[45]. The growth of plants is greatly influenced by availability of resources in soil, espe-
cially nutrients [46]. Numerous researchers [47] reported enhancement in plant biomass 
as a result of vermicompost application. Composted organic matter provides essential 
nutrients such as nitrogen and phosphorus, which are crucial for the healthy growth and 
development of plants [48]. Adding organic materials like compost, manure, and animal 
dung to the soil not only enhances crop yields but also helps sustain soil fertility over 
extended periods. Moreover, organic fertiliser improves soil retention and water hold-
ing capacity [49]. These fertilizers encourage the growth of microorganisms, which play 
a vital role in breaking down soil nutrients and making them available to plants [50]. 
While vegetative propagation remains the standard for cost-effective large-scale pro-
duction, tissue culture was integrated into this study to exploit its superior propagation 
rate and its ability to generate disease-free starting material. However, the application 
of micropropagation is tempered by higher operational costs and the inherent risk of 
somaclonal variation. This genetic polymorphism, often triggered by the stress of in 
vitro regeneration, necessitates careful screening to ensure clonal fidelity—a challenge 
less prevalent in traditional vegetative methods.

4.2  In vitro studies

4.2.1  Surface sterilisation

Contamination arising from endophytic microorganisms, the culture environment, and 
the nutrient medium represents one of the major constraints in plant tissue culture, as it 
can severely inhibit the initiation and subsequent growth of in vitro cultures. To mitigate 
contamination and ensure successful culture establishment, efficient surface sterilization 
of explants is indispensable and represents a critical step in in vitro micropropagation 
protocols. Sterilization can be achieved with a range of chemical agents, including fun-
gicides, antibiotics, sodium hypochlorite, calcium hypochlorite, chlorine dioxide, etha-
nol, mercuric chloride, hydrogen peroxide, and silver nitrate [51]. The success of various 
sterilization methods is influenced by parameters such as the type and concentration of 
sterilizing agents, duration of exposure, and the inherent characteristics of the explant 
tissue, necessitating careful optimization of sterilization protocols for each plant species 
[52]. In the present investigation, explants showed differential responses to the various 
sterilization treatments applied. Among these, nodal explants subjected to ST3 (Table 3) 
proved to be the most effective sterilization treatment, resulting in the lowest contami-
nation rate (8.46 ± 0.16%) and the highest survival percentage (93.14 ± 0.16%). A similar 
observation was documented by Kumar et al. [53] who observed that a combined treat-
ment of HgCl₂ (0.1%) and NaOCl (4%) yielded the highest survival rate (73.42%) during 
sterilization protocol optimization for Gerbera jamesonii. The present findings are con-
sistent with earlier reports showing 83.33% survival in Momordica dioica nodal explants 
treated with HgCl₂ and NaOCl [54] and 73.33% survival in Punica granatum using 4% 
sodium chlorite and 0.1% mercuric chloride [55]. Besides ST3 (Table 3) also showed 
minimum contamination rate (8.46 ± 0.16%). Similar findings were reported by Naderi 
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et al. [56] and Nadhira et al. [57] in studies on Cyclamen persicum and Cyathea latebrosa 
and , where they observed that employing a two-step sterilization process resulted in 
minimal contamination rates. The application of mercuric chloride in sterilisation pro-
cess has been found to be very effective in numerous in vitro studies [58]. However, in 
the present study, using mercuric chloride alone was less effective in controlling con-
tamination compared to its combination with sodium hypochlorite. These results were 
in sharp contrast with those of Gautam et al. [59], who found maximum survival rate 
and minimal contamination rate when using 0.1% mercuric chloride. Mercuric chloride 
(HgCl₂) acts as an effective sterilizing agent by disrupting enzymes and proteins within 
the cell membrane and cytoplasm [60]; however, due to its high toxicity, careful optimi-
zation of its concentration and exposure duration is essential to minimize explant necro-
sis and mortality [61].

4.2.2  Effect of single cytokinins (meta-Topolin and TDZ) on shoot initiation and multiplication

During the present study, nodal explants responded to direct organogenesis. Efficient 
regeneration protocol through nodal segment have already been developed in vari-
ous plant species such as in Ruta graveolens [62], Cinnamomum camphora [63] and 
Tylophora indica [64]. Cytokinins are essential for de novo shoot organogenesis in plant 
species, as the selection of optimal and effective cytokinins in the tissue culture medium 
determines an explant’s morphogenetic potential for shoot and root organogenesis. Our 
results demonstrated that the shoot induction response varies based on the concentra-
tion of meta-Topolin present in the regeneration medium. The explants did not exhibit 
morphogenesis in the control experiments (MS medium without growth regulators) 
even after 4 weeks of incubation, suggesting that the endogenous growth regulator levels 
in the mother tissues of A. fragrans were insufficient to induce regeneration (Table 4). 
In the present investigation, MS media augmented with 3.5 mg L−1 of meta Topolin 
showed maximum (72.25%) shoot induction from nodal explant and producing an aver-
age of 6.00 ± 0.07 shoots per explant. Similar findings were reported in Carthamus tinc-
torius by [65], where nodal explants exhibited 80% shoot induction when cultured with 
3.5 mg L−1 of meta-Topolin. In Dioscorea pentaphylla, a concentration of 1.0 mg L−1 of 
meta-Topolin in MS media proved to be the most effective for shoot induction, yielding 
a 96.9% culture response and producing an average of 5.0 ± 0.39 shoots per explant [66]. 
Moreover, in Santalum album MS media supplemented with 1.0 mg L−1 meta-Topolin 
demonstrated a 100% success rate for direct organogenesis from nodal explants [67]. 
Meta-Topolin, a benzyladenine analog of N6-(3-hydroxybenzyl amino purine), is rec-
ognized as a highly active cytokinin [68]. Recently, its use in micropropagation systems 
has garnered attention due to numerous positive effects, including increased shoot mul-
tiplication, improved shoot quality, successful root formation, ease of acclimatization, 
reduction of shoot tip necrosis, and enhanced biomass content [69]. The possible rea-
son might be the presence of hydroxyl group in the side chain of topolins which allows 
them to readily convert into O-glucoside conjugates, facilitating their translocation and 
enabling conversion back into free active forms when needed [70]. This characteristic 
makes meta-Topolin a favourable cytokinin choice in numerous micropropagation stud-
ies such as in Salvia sclarea [71] and Allamanda cathartica [72].

Studies indicate that TDZ promotes shoot regeneration more efficiently than other 
cytokinins [73]. TDZ triggers varying regeneration responses depending on the plant 
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genotype and the type of explant used [74]. Similar to our observations TDZ also 
induced direct organogenesis form nodal explants in Salvia sclarea [75] and Gymnocla-
dus assamicus [76]. Considering the individual effect of TDZ on direct shoot induction 
from nodal explants of A. fragrans, it was observed that a concentration of 3.5 mg L−1 
of TDZ was the most effective showing maximum culture response (75.00%) with high-
est mean number of shoots 5.33 ± 0.33 (Table 4). Similar to our findings, Wu et al. [77] 
observed the highest number of shoots per internode in Caryopteris terniflora when MS 
medium was supplemented with 3.0 mg L−1 TDZ. Gupta et al. [76] observed compa-
rable findings in Gymnocladus assamicus, where the use of 0.75 mg L⁻¹ TDZ resulted 
in a 100% culture response when cotyledonary nodal explants were inoculated on MS 
medium. Our results also align with those of Najar et al. [78] in Tylophora indica, where 
supplementing MS media with 1.5 mg L−1 TDZ proved to be highly efficient in promot-
ing the highest number of shoots from nodal explants. In Aerva lanata, highest shoot 
organogenesis (23.6%) was observed on 1.0 mg L−1 TDZ after 21 days of culture incuba-
tion [79]. In addition, Glycine max cotyledonary nodes, when cultured on MS medium 
supplemented with 0.5 mg L−1 TDZ, resulted in the highest direct shoot organogenesis 
rate of 96.3% [80].

4.2.3  Combined effect of cytokinins (meta-Topolin and/or TDZ) in association with different 

auxins

Auxins are widely employed in plant tissue culture for inducing indirect organogene-
sis via callus formation and for promoting root initiation. Nevertheless, in combination 
with cytokinins, auxins have been reported to significantly enhance in vitro shoot pro-
liferation, as demonstrated in Erythrina variegata [81]. Conversely, several studies have 
shown that cytokinins alone can effectively induce high shoot multiplication rates [82]. 
The interaction between auxins and cytokinins may be synergistic, additive, or antago-
nistic, depending on the species and developmental context, thereby modulating physi-
ological responses that regulate optimal growth and morphogenesis [83].

In the present study, meta-Topolin and NAA were detected as the most suitable 
combination and showed a synergistic effect on culture response, number of shoots 
and shoot length; while combination of meta-Topolin with IAA and IBA were having 
almost similar response as shown by MS media supplemented with meta- Topolin alone 
(Table 5). Previous studies have shown the effectiveness of combining NAA with cytoki-
nins in various plant species [84]. One possible explanation might be that the interaction 
between cytokinin and auxin supports the production of endogenous growth regulators 
within the tissues and reduces the need for external growth regulators [85]. In addition, 
the combined use of auxins and cytokinins regulates cell proliferation and differentia-
tion [86]. This combination also controls the expression of genes involved in the devel-
opment of shoots and root meristems [87]. Although the combination of meta-Topolin 
with auxin have shown synergistic effect in our study but the improvement in the rate of 
shoot multiplication was in the sharp contrast with numerous studies such as in, Hedy-
chium coronarium [88] Ribes grossularia [89] and Santalum album [90].

The combination of an optimal TDZ concentration (3.5 mg L⁻¹) with different auxins 
(IAA, IBA, and NAA) at concentrations ranging from 0.25 mg L⁻¹ to 2.0 mg L⁻¹ revealed 
that the treatment with 3.5 mg L⁻¹ TDZ in combination with 1.25 mg L⁻¹ IBA resulted in 
the highest regeneration frequency of 82.00%. Additionally, an average shoot number of 
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6.00 ± 0.57 and an average shoot length of 6.41 ± 0.59 cm were observed after 4 weeks of 
incubation (Table 5). These findings closely resemble those of recent studies on Cerope-
gia evansii [91] and Dioscorea bulbifera [92] where the combined application of cytoki-
nin and IAA significantly enhanced regeneration frequency. Our results akin with those 
reported in Tylophora indica where the highest average shoot length was observed in 
MS media supplemented with 1.5 mg L−1 TDZ + 0.25 mg L−1 IAA [78]. Research has 
demonstrated that the combination of TDZ and IBA effectively promotes shoot regen-
eration in strawberry tissue cultures [93]. Furthermore, TDZ paired with IBA has also 
been found to be successful in enhancing shoot multiplication in Fragaria viridis [94]. 
TDZ played a vital role in the organogenesis of the A. fragrans, aligning with the findings 
of Hassan et al. [95] who reported that the highest percentage of direct shoot bud forma-
tion was achieved on MS medium supplemented with 1.0 mg L−1 TDZ in combination 
with auxin.

4.2.4  Rhizome development

During plant propagation, in vitro rhizome induction represents an efficient strategy 
for promoting early field establishment. Rhizomes formed under in vitro conditions 
are capable of producing both shoots and roots upon germination, thereby develop-
ing into complete plantlets and functioning as seed-like propagules for the large-scale 
multiplication of rhizomatous species [96]. Plant growth regulators are recognized for 
their influence on the in vitro rhizome induction in various rhizomatous plants includ-
ing Kaempferia galanga [97], Aconitum chasmanthum [98] and Cnidium officinale [99]. 
Presently, our results indicated that half strength MS media without any PGRs didn’t 
exhibit any microrhizome formation (Table  6). Similarly, Rafiq et al. [98] in Aconitum 
chasmanthum didn’t get any response on MS basal medium. Moreover, significant dif-
ference was observed in the percent response culture, length of rhizome and mean num-
ber of days across various treatments (Table 6). Half-strength MS medium combined 
with 1.50 mg L⁻¹ NAA was found to be the most effective concentration of plant growth 
regulator, exhibiting the highest culture response (71.45 ± 0.0%) for rhizome forma-
tion. The response varied significantly among treatments, ranging from 34.41 ± 0.88% 
to 71.45 ± 0.00% (Table 6). These results contrast with the findings of Rout et al. [100], 
where neither NAA nor IAA alone was effective in promoting rhizome formation. In 
Bambusa bambos var. gigantea rhizome induction from shoot tips was obtained on 
50 µM NAA [96]. Similarly, in Curcuma longa shoot cultures, rhizome formation was 
observed when transferred to MS medium augmented with 1.0 mg L−1 NAA and 2.0 mg 
L−1 BAP [101]. In cymbidium goeringli, rhizome development was seen on MS medium 
supplemented with 10 mg L−1 NAA + 0.1 mg L−1 BA [102].

Since the therapeutic value of this species is concentrated majorly in its rhizomes, 
wild harvesting is inherently destructive and threatens the survival of natural popula-
tions. The vegetative and micropropagation protocols established in this study provide 
a critical framework for conservation by offering an alternative to the exploitation of 
wild habitats. Furthermore, this method facilitates sustainable production by ensuring 
a genetically uniform and disease-free supply of raw materials, which is essential for 
the standardized extraction of medicinal compounds required by the pharmaceutical 
industry.
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4.2.5  Hardening of in vitro raised plantlets

Acclimatization of in vitro raised cultures to external environmental conditions remains 
a major bottleneck in plant micropropagation [103]. Although plantlets develop well 
under aseptic conditions, their establishment ex vitro requires careful acclimatiza-
tion and hardening. Successful transition depends on optimizing key factors such as 
substrate and growth conditions. An integrated approach is essential to improve sur-
vival rates of micropropagated plants. In the present study, a survival rate of 75% was 
achieved when plantlets were acclimatized in a potting mixture of soil, sand, and vermi-
compost in a 1:1:1 ratio. Comparable observations have been reported in earlier studies, 
highlighting the influence of substrate composition on acclimatization success. Behera et 
al. [104] recorded a 90% survival rate in micropropagated Dioscorea oppositifolia using 
soil: sand: manure (1:1:1), while Jova et al. [105] successfully acclimatized in vitro raised 
plants using soil rite composed of equal proportions of coir and peat moss. Kadota and 
Niimi [106] reported 80% survival in Dioscorea japonica using a vermiculite and soil 
mixture (1:1), and Indravathi and Babu [107] achieved 82% survival in Albizia amara 
using a complex medium comprising soil, peat, vermicompost, and perlite (1:1:1:1) sup-
plemented with bacterial inoculants (Pseudomonas fluorescens and Trichoderma viride).
The regenerated plants were transferred in June, corresponding to the summer season in 
Kashmir, to a prepared 5 × 3 m plot at the Kashmir University Botanical Garden under 
gardener-managed soil conditions.

Although no phenotypic variation was observed among the propagated plants, how-
ever, somaclonal variation may remain undetected at the genetic level. As molecular 
marker-based validation (e.g., ISSR, RAPD) was not performed due to resource con-
straints, genetic stability could not be confirmed and this is acknowledged as a limitation 
of the study.

5  Conclusion
The present study successfully optimized propagation protocols for the endangered 
medicinal species A. fragrans through both vegetative propagation and micropropaga-
tion techniques. Treatment of rhizome cuttings with 150 ppm GA3 yielded the highest 
sprouting percentage (83.34%) and significantly improved growth parameters, including 
shoot length (16.6 cm), root length (9.5 cm), and leaf number (44.75 leaves per plant). 
Additionally, a soil mixture of soil, sand, and vermicompost (1:1:1) produced the high-
est sprouting rate and favorable morphological traits, demonstrating its potential for 
large-scale cultivation. In the micropropagation experiments, the combination of TDZ 
(3.5  mg L⁻¹) and IBA (1.25  mg L⁻¹) induced the highest regeneration frequency (82%) 
and produced up to 6 shoots per explant, with shoots measuring up to 6.41 cm in length. 
The acclimatization of in vitro derived plantlets under greenhouse conditions resulted 
in a 75% survival rate, confirming the robustness of the established protocols for ex situ 
conservation and sustainable cultivation. These findings underscore the potential for 
large-scale cultivation and conservation of A. fragrans using optimized vegetative and 
micropropagation methods, which could be applied to other endangered medicinal 
plant species.

The current lack of comprehensive phytochemical and pharmacological data for A. 
fragrans highlights a critical research gap that necessitates further investigation. Future 
studies should leverage the established in vitro protocols to scale up root biomass and 
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utilize elicitation strategies for enhanced secondary metabolite production. Conse-
quently, this micropropagation framework serves as a vital foundation for the standard-
ized extraction and clinical validation of the species’ therapeutic compounds.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1007/s44353-026-00099-7.

Supplementary Material 1.

Acknowledgements
The Department of Botany, University of Kashmir, is acknowledged by the authors for lending them access to the 
required materials for the entirety of the current study.

Author contributions
Irshad Ahmad Bhat: conceptualization, experimentation, data analysis, methodology, writing—original draft preparation. 
Khushboo Guleria: data collection, visualization, manuscript review. Anamika Kumari: analysis, original draft preparation, 
visualization. Sajida Banoo: original draft preparation, manuscript review. Zahoor A. Kaloo: investigation, manuscript 
review, methodology and supervision. Mudasir Fayaz: experimentation, review, original draft preparation, manuscript 
review .

Funding
This research was supported by the Government of India’s Maulana Azad National Fellowship provided to Irshad Ahmad 
Bhat.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary information 
files].

Declarations

Ethics approval and consent to participate
The plant material (Aquilegia fragrans (Benth.) used in the present study was collected from wild populations in Kashmir, 
India. All collections were carried out in accordance with applicable local and national guidelines for plant collection and 
biodiversity conservation. Institutional (Department of Botany, University of kashmir) approval for the collection and use 
of plant material for research purposes was obtained from the concerned institutional authority.

Consent for publication
Not applicable.

Declaration of generative AI and AI-assisted technologies in the writing process
During the preparation of this work the author(s) used Chatgpt in order to improve the readability and language of 
the manuscript. After using this tool/service, the authors reviewed and edited the content as needed and take full 
responsibility for the content of the research article.

Competing interests
The authors declare no competing interests.

Received: 24 January 2026 / Accepted: 20 May 2026

References
1.	 Tali BA, Khuroo AA, Nawchoo IA, Ganie AH. Prioritizing conservation of medicinal flora in the Himalayan biodiversity 

hotspot: an integrated ecological and socioeconomic approach. Environ Conserv. 2019;46(2):147–54.
2.	 Ved DK, Goraya GS. Demand and supply of medicinal plants in India. NMPB, New DelhiFRLHT, Bangalore. India. 

2007;18(85):210 – 52.
3.	 Sharma P, Samant SS, Lal M, Sharma A. Diversity, indigenous uses, threat categorization and conservation prioritization of 

medicinal plants: a case study from Himachal Pradesh, India. J Biodivers Endanger Species. 2014;2(134):2.
4.	 Pandey A, Chandra Sekar K, Joshi B, Rawal RS. Threat assessment of high-value medicinal plants of cold desert 

areas in Johar valley, Kailash Sacred Landscape, India. Plant Biosystems-An Int J Dealing all Aspects Plant Biology. 
2019;153(1):39–47.

5.	 Chen SL, Yu H, Luo HM, Wu Q, Li CF, Steinmetz A. Conservation and sustainable use of medicinal plants: problems, prog-
ress, and prospects. Chin Med. 2016;11(1):37.

6.	 Dávila-Aranda P, Rodríguez-Arévalo I, García-Rojas L, Lecona-Rodríguez A. Ethnobotany and ex situ conservation of plant 
genetic resources in México. In Ethnobotany of Mexico: interactions of people and plants in Mesoamerica. New York: 
Springer New York; 2016. p. 475–89.

7.	 Lata H, Chandra S, Khan IA, ElSohly MA. Micropropagation of Cannabis sativa L.—an update. In Cannabis sativa L.-botany 
and biotechnology. Cham: Springer International Publishing; 2017. p. 285–97

https://doi.org/10.1007/s44353-026-00099-7


Page 21 of 23Bhat et al. Discover Conservation            (2026) 3:30 

8.	 Reddy MC, Indu K, Bhargavi C, Rajendra MP, Babu BH. A review on vegetative propagation and applications in forestry. J 
Plant Dev Sci. 2022;14:265–72.

9.	 Baskin CC, Baskin JM. Seeds: ecology, biogeography, and, evolution of dormancy and germination. Academic; 2000.
10.	 Luna T. Propagation protocol for Devil’s club (Oplopanax horridus). Native Plants J. 2001;2(2):106–8.
11.	 Brožová V, Koutecký P, Doležal J. Plant apomixis is rare in Himalayan high-alpine flora. Sci Rep. 2019;9(1):14386.
12.	 I. Ayuso M, García-Pérez P, Ramil-Rego P, Gallego PP, Barreal ME. In vitro culture of the endangered plant Eryngium 

viviparum as dual strategy for its ex situ conservation and source of bioactive compounds. Plant Cell, Tissue and Organ 
Culture (PCTOC). 2019 Sep 1;138(3):427-35.

13.	 Bertsouklis K, Panagaki KP. In vitro germination and propagation of Dyckia brevifolia, an ornamental and endangered 
bromeliad. Horticulturae. 2022;8(5):390.

14.	 Fayaz M, Singh S, Bhat IA, Bhat MH, Khanday FA, Dar AA. Efficient Micropropagation of Bistorta amplexicaulis (D. Don) 
Greene: an important medicinal plant of Western Himalaya. Int J Anal Chem. 2025;2025(1):4457383.

15.	 Ozarowski M, Thiem B. Progress in micropropagation of Passiflora spp. to produce medicinal plants: a mini-review. Revista 
Brasileira de Farmacognosia. 2013;23(6):937–47.

16.	 Vengadesan G, Ganapathi A, Amutha S, Selvaraj N. In vitro propagation of Acacia species—a review. Plant Sci. 
2002;163(4):663–71.

17.	 Baig BA, Ramamoorthy D, Wani BA. Population status and conservation prioritization of some threatened medicinal plants 
of Kashmir Himalayas. 2014.

18.	 Mathew B, Sinnott M. Aquilegia fragrans. Ranunculaceae. 2003. p. 147–51.
19.	 Mushtaq S, Aga MA, Qazi PH, Ali MN, Shah AM, Lone SA, Shah A, Hussain A, Rasool F, Dar H, Shah ZH. Isolation, character-

ization and HPLC quantification of compounds from Aquilegia fragrans Benth: their in vitro antibacterial activities against 
bovine mastitis pathogens. J Ethnopharmacol. 2016;178:9–12.

20.	 Rani S, Rana JC, Jeelani SM, Gupta RC, Kumari S. Ethnobotanical notes on 30 medicinal polypetalous plants of district 
Kangra of Himachal Pradesh. J Med Plants Res. 2013;7(20):1362–9.

21.	 Khan KU, Shah M, Ahmad H, Khan SM, Rahman IU, Iqbal Z, Khan R, Abdallah EF, Alqarawi AA, Hashem A, Aldubise A. Explo-
ration and local utilization of medicinal vegetation naturally grown in the Deusai plateau of Gilgit, Pakistan. Saudi J Biol Sci. 
2018;25(2):326–31.

22.	 Majid A, Ahmad H, Saqib Z, Rahman IU, Khan U, Alam J, Shah AH, Jan SA, Ali N. Exploring threatened traditional knowl-
edge; ethnomedicinal studies of rare endemic flora from Lesser Himalayan region of Pakistan. Revista Brasileira de Farma-
cognosia. 2020;29:785–92.

23.	 Lal B, Singh KN. Indigenous herbal remedies used to cure skin disorders by the natives of Lahaul-Spiti in Himachal 
Pradesh. Indian J Traditional Knowl. 2008;7(2):237–41.

24.	 Bhat IA, Magray JA, Guleria K, Fayaz M, Qadir RU, Ganie AH, Kaloo ZA. Conservation implications of seed germination stud-
ies of Aquilegia fragrans Benth.: a native and endangered medicinal plant species of Kashmir Himalaya. South Afr J Bot. 
2024;166:151–60.

25.	 Dad JM, Muslim M, Rashid I, Reshi ZA. Time series analysis of climate variability and trends in Kashmir Himalaya. Ecol Ind. 
2021;126:107690.

26.	 Magray JA, Wani BA, Javid H, Islam T, Ganie AH, Qadir RU, Nawchoo IA. Vegetative propagation of Phytolacca acinosa Roxb. 
by rhizome cuttings: a step towards conservation and cultivation approach. Front Conserv Sci. 2024;5:1386204.

27.	 Sreekissoon A, Plačková L, Doležal K, Finnie JF, Van Staden J. In vitro and ex vivo vegetative propagation and cytoki-
nin profiles of Sceletium tortuosum (L.) NE Br.: a South African medicinal plant. Plant Cell Tissue Organ Cult (PCTOC). 
2021;145(1):191–202.

28.	 Carbognani M, Tomaselli M, Petraglia A. Different temperature perception in high-elevation plants: new insight into 
phenological development and implications for climate change in the alpine tundra. Oikos. 2018;127(7):1014–23.

29.	 Butola JS, Badola HK. Vegetative propagation of Angelica glauca and Heracleum candicans. J Trop Med Plants. 
2007;8(1):85–91.

30.	 Bisht AS, Bhatt AB. Effect of hormonal and soil treatment on the growth performance of valuable medicinal plant Acorus 
calamus Linn. World J Pharm Pharm Sci. 2014;3(1):1156–68.

31.	 Ma X, Huang B. Gibberellin-stimulation of rhizome elongation and differential GA-responsive proteomic changes in two 
grass species. Front Plant Sci. 2016;7:905.

32.	 Hassan A, Nawchoo IA, Yaqoob U, Mohi-Ud-Din GG. Conservation strategies of Euphorbia wallichii Hook. f—a species with 
cryptocotylar seeds. Proc Natl Acad Sci India Sect B Biol Sci. 2020;90(5):1067-74.

33.	 Zang YX, Chun IJ, Zhang LL, Hong SB, Zheng WW, Xu K. Effect of gibberellic acid application on plant growth attributes, 
return bloom, and fruit quality of rabbiteye blueberry. Sci Hort. 2016;200:13–8.

34.	 Wen FP, Zhang ZH, Bai T, Xu Q, Pan YH. Proteomics reveals the effects of gibberellic acid (GA3) on salt-stressed rice (Oryza 
sativa L.) shoots. Plant Sci. 2010;178(2):170–5.

35.	 Bose SK, Yadav RK, Mishra S, Sangwan RS, Singh AK, Mishra B, Srivastava AK, Sangwan NS. Effect of gibberellic acid and cal-
literpenone on plant growth attributes, trichomes, essential oil biosynthesis and pathway gene expression in differential 
manner in Mentha arvensis L. Plant Physiol Biochem. 2013;66:150–8.

36.	 Shabir PA, Nawchoo IA, Wani AA. Development of vegetative and sexual multiplication protocol for commercialization of 
Inula racemosa Hook. f.–a critically endangered medicinal plant of NW Himalaya. Nat Sci. 2010;8(10):246–52.

37.	 Salimi K, Afshari RT, Hosseini MB, Struik PC. Effects of gibberellic acid and carbon disulphide on sprouting of potato minitu-
bers. Sci Hort. 2010;124(1):14–8.

38.	 Sugla T, Purkayastha J, Singh SK, Solleti SK, Sahoo L. Micropropagation of Pongamia pinnata through enhanced axillary 
branching. In Vitro Cell Dev Biol Plant. 2007;43(5):409–14.

39.	 Patial V, Devi K, Sharma M, Bhattacharya A, Ahuja PS. Propagation of Picrorhiza kurroa Royle ex Benth: an important medici-
nal plant of Western Himalaya. J Med Plant Res. 2012;6(34):4848–60.

40.	 Nautiyal MC, Nautiyal BP. Agrotechniques for high altitude medicinal & aromatic plants: silver jubilee publication of HAP-
PRC. High Altitude Plants Physiology Research Centre; 2004.

41.	 Chauhan NS. Medicinal and aromatic plants of Himachal Pradesh. Indus publishing; 1999.
42.	 Krishan R, Sharma RK, Sharma SS. Assessment of seed biology of the Himalayan medicinal herb Phytolacca acinosa Roxb., 

the Indian pokeweed, from the perspective of longevity, conservation and propagation. Nucleus. 2022;65(3):331–9.



Page 22 of 23Bhat et al. Discover Conservation            (2026) 3:30 

43.	 Chauhan VS, Bhatt JC. Agriculture in Uttarakhand: From subsistence towards self-sufficiency. Uttarakhand statehood: 
dimensions of development. 2000; 1:168–80.

44.	 Bhadauria T, Kumar P, Maikhuri R, Saxena KG. Effect of application of vermicompost and conventional compost derived 
from different residues on pea crop production and soil faunal diversity in agricultural system in Garhwal Himalayas India. 
Nat Sci. 2014;6(6):433–46.

45.	 Lohani N, Kumar R, Tewari LM, Joshi GC. Effect of different organic treatments on ex situ conservation of Polygonatum cir-
rhifolium Royle. Int J Biodivers Sci Ecosyst Serv Manage. 2011;7(2):134–40.

46.	 Bazzaz FA. Plants in changing environments. New York: Cambridge; 1996.
47.	 Rather AM, Rashid S, Sultan R, Nawchoo IA, Wani IA, Kamili AN. Hurdles and clarifications for the cultivation of saffron in 

Jammu and Kashmir. J Agric Food Res. 2022;10:100344.
48.	 Sánchez ÓJ, Ospina DA, Montoya S. Compost supplementation with nutrients and microorganisms in composting pro-

cess. Waste Manag. 2017;69:136–53.
49.	 Ali M, Khan F, Ahmad W, Ishaq M, Saeed M. Enhancing wheat productivity and soil physical properties of water eroded 

agricultural land through integrated nutrient management. Soil Environ. 2018;37(1):21–7.
50.	 Chen JH. The combined use of chemical and organic fertilizers and/or biofertilizer for crop growth and soil fertility. 2006. p. 

1–11.
51.	 Parzymies M. Nano-silver particles reduce contaminations in tissue culture but decrease regeneration rate and slows 

down growth and development of Aldrovanda vesiculosa explants. Appl Sci. 2021;11(8):3653.
52.	 Mosoh DA, Khandel AK, Verma SK, Vendrame WA. Effects of sterilization methods and plant growth regulators on in vitro 

regeneration and tuberization in Gloriosa superba (L.). In Vitro Cell Dev Biol Plant. 2023;59(6):792–807.
53.	 Kumar M, Prasad Y, Yadav A, Kumar A. Effects of two different surface sterilization (Sodium Hypochlorite and Mercuric 

Chloride) agents under in-vitro leaf explant in Gerbera (Gerbera jamesonii Bolus). J Pharm Innov. 2021;10:1346–9.
54.	 Dodake SS, Jadhav AS, Pawar SV, Magar NM. Surface sterilization protocol for nodal and inter node explants of kankoda 

(Momordica dioica Roxb). Int J Curr Microbiol Appl Sci. 2020; 9:2907–15.
55.	 Pal D, Kumar M, Kumar A, Sengar RS, Yadav MK, Pal A, Singh KP, Pandey V. Standardization of Surface Sterilization for in vitro 

Cloning of Pomegranate (Punica granatum L.) cv. Bhagwa. Biol Forum. 2022; 14(4):653–6.
56.	  Naderi, R., Jalali, N., Babalar, M., & Mirmasoumi, M. Estimate of callus induction and somatic embryogenesis in Cyclamen. 

Int. J. Agric. Crop Sci. 2012; 4(11), 699–702.
57.	 Nadhirah, N., Maideen, H., Ab Rahman, Z., & Othman, A. N. Optimizing In Vitro Surface Sterilization of Cyathea latebrosa 

Spore. Malaysian Applied Biology. 2022; 51(5), 159-163. 
58.	 Kocak M, Izgu T, Sevindik B, Tutuncu M, Curuk P, Simsek O, Kacar YA, da Silva JA, Mendi YY. Somatic embryogenesis of Turk-

ish Cyclamen persicum Mill. Sci Hort. 2014;172:26–33.
59.	 Gautam H, Kaur R, Sharma D, Thakur N. A Comparative study on in vitro and ex vitro rooting of micropropagated shoots of 

strawberry (Fragaria xananassa). Plant Cell Biotech Mol Biol. 2001;2(3–4):149–52.
60.	 Smith RH. Plant tissue culture: techniques and experiments. Academic; 2013.
61.	 Rezaei H, Mirzaie-Asl A, Abdollahi MR, Tohidfar M. Comparative analysis of different artificial neural networks for predicting 

and optimizing in vitro seed germination and sterilization of petunia. PLoS ONE. 2023;18(5):e0285657.
62.	 Tejavathi DH, Manjula BL. Studies on organogenesis from nodal explant of Ruta graveolens L. Bioscan. 2010;5(3):455–9.
63.	 Du L, Li Y, Yao Y, Zhang L. An efficient protocol for plantlet regeneration via direct organogenesis by using nodal segments 

from embryo-cultured seedlings of Cinnamomum camphora L. PLoS ONE. 2015;10(5):e0127215.
64.	 Najar RA, Fayaz M, Bhat MH, Bashir M, Kumar A, Jain AK. An efficient micropropagation protocol for direct organogenesis 

from nodal explants of medicinal climber, Tylophora indica. Bioscience Biotechnol Res Commun. 2018;11(1):144–53.
65.	 Jeyachandran Vijayakumar JV, Ponnirul Ponmanickam PP, Samuel P, Sudarmani DN, Pandiarajan J. Influence of meta-

Topolin on efficient plant regeneration via micropropagation and organogenesis of safflower (Carthamus tinctorius L.) cv. 
NARI-H-15.

66.	 Manokari M, Badhepuri MK, Cokulraj M, Sandhya D, Dey A, Kumar V, Faisal M, Alatar AA, Singh RK, Shekhawat MS. Valida-
tion of meta-Topolin in organogenesis, improved morpho-physio-chemical responses, and clonal fidelity analysis in 
Dioscorea pentaphylla L.–an underutilized yam species. South Afr J Bot. 2022;145:284–92.

67.	 Manokari M, Mehta SR, Priyadharshini S, Badhepuri MK, Dulam S, Jayaprakash K, Dey A, Rajput BS, Shekhawat MS. Meta-
Topolin mediated improved micropropagation, foliar micro-morphological traits, biochemical profiling, and assessment of 
genetic fidelity in Santalum album L. Ind Crops Prod. 2021;171:113931.

68.	 Strnad M, Hanuš J, Vaněk T, Kamínek M, Ballantine JA, Fussell B, Hanke DE. Meta-topolin, a highly active aromatic cytokinin 
from poplar leaves (Populus × canadensis Moench., cv. Robusta). Phytochemistry. 1997;45(2):213–8.

69.	 Gantait S, Mitra M. Role of meta-topolin on in vitro shoot regeneration: an insight. Meta-topolin: a growth regulator for 
plant biotechnology and agriculture. Singapore: Springer; 2021. pp. 143–68.

70.	 Gentile A, Frattarelli A, Nota P, Condello E, Caboni E. The aromatic cytokinin meta-topolin promotes in vitro propagation, 
shoot quality and micrografting in Corylus colurna L. Plant Cell Tissue Organ Cult (PCTOC). 2017;128(3):693–703.

71.	 Erişen S, Kurt-Gür G, Servi H. In vitro propagation of Salvia sclarea L. by meta-Topolin, and assessment of genetic stability 
and secondary metabolite profiling of micropropagated plants. Ind Crops Prod. 2020;157:112892.

72.	 Khanam MN, Javed SB, Anis M, Alatar AA. meta-Topolin induced in vitro regeneration and metabolic profiling in Allamanda 
cathartica L. Ind Crops Prod. 2020;145:111944.

73.	 Husain MK, Anis M, Shahzad A. In vitro propagation of Indian Kino (Pterocarpus marsupium Roxb.) using thidiazuron. 
Invitroitro Cell Dev Biology-Plant. 2007;43(1):59–64.

74.	 Passey A, Barrett K, James D. Adventitious shoot regeneration from seven commercial strawberry cultivars (Fragaria× 
ananassa Duch.) using a range of explant types. Plant Cell Rep. 2003;21(5):397–401.

75.	 Ghanbar T, Hosseini BA, Jabbarzadeh ZO, Farokhzad AL, Sharafi A. High-frequency in vitro direct shoots regeneration from 
axillary nodal and shoot tip explants of clary sage (Salvia sclarea L). Bulgarian J Agricultural Sci. 2016;22(1):73–8.

76.	 Gupta S, Mao AA, Sarma S. Effects of thidiazuron (TDZ) on direct shoot organogenesis of Gymnocladus assamicus: a threat-
ened and critically endangered species from Northeast India. Natl Acad Sci Lett. 2020;43(1):85–91.

77.	 Wu Q, Yang H, Sun Y, Hu J, Zou L. Organogenesis and high-frequency plant regeneration in Caryopteris terniflora Maxim. 
using thidiazuron. Vitro Cell Dev Biology-Plant. 2021;57(1):39–47.



Page 23 of 23Bhat et al. Discover Conservation            (2026) 3:30 

78.	 Najar RA, Fayaz M, Bhat MH, Bashir M, Kumar A, Jain AK. An efficient micropropagation protocol for direct organogenesis 
from nodal explants of medicinal climber, Tylophora indica. Bioscience Biotechnol Res Commun. 2018;11(1):144–53.

79.	 Varutharaju K, Soundar Raju C, Thilip C, Aslam A, Shajahan A. High efficiency direct shoot organogenesis from leaf seg-
ments of Aerva lanata (L.) Juss. ex Schult by using Thidiazuron. Sci World J. 2014;2014(1):652919.

80.	 Kshirsagar SA, Jadhav PV, Kale PB, Nandanwar RS, Walke RD, Dani RG. TDZ-induced efficient in vitro regeneration and 
flowering through direct shoot organogenesis in soybean cv. JS-335. Braz Arch Biol Technol. 2017;60:e17160524.

81.	 Javed SB, Anis M. Cobalt induced augmentation of in vitro morphogenic potential in Erythrina variegata L.: a multipurpose 
tree legume. Plant Cell Tissue Organ Cult (PCTOC). 2015;120(2):463–74.

82.	 Khanam MN, Javed SB, Anis M, Alatar AA. meta-Topolin induced in vitro regeneration and metabolic profiling in Allamanda 
cathartica L. Ind Crops Prod. 2020;145:111944.

83.	 Hnatuszko-Konka K, Gerszberg A, Weremczuk-Jeżyna I, Grzegorczyk-Karolak I. Cytokinin signaling and de novo shoot 
organogenesis. Genes. 2021;12(2):265.

84.	 Amoo SO, Van Staden J. Influence of plant growth regulators on shoot proliferation and secondary metabolite production 
in micropropagated Huernia hystrix. Plant Cell Tissue Organ Cult (PCTOC). 2013;112(2):249–56.

85.	 Hurný A, Cuesta C, Cavallari N, Ötvös K, Duclercq J, Dokládal L, Montesinos JC, Gallemí M, Semerádová H, Rauter T, Stenzel 
I. Synergistic on auxin and cytokinin 1 positively regulates growth and attenuates soil pathogen resistance. Nat Commun. 
2020;11(1):2170.

86.	 Kulus D, de Dieu Muhire J, Aksoy B. Growth regulation and validation of homogeneity in in vitro-derived bleeding heart by 
molecular markers and spectral analysis of pigments. J Plant Growth Regul. 2021;40(4):1521–38.

87.	 Su YH, Liu YB, Zhang XS. Auxin–cytokinin interaction regulates meristem development. Mol Plant. 2011;4(4):616–25.
88.	 Behera S, Kar SK, Rout KK, Barik DP, Panda PC, Naik SK. Assessment of genetic and biochemical fidelity of field-established 

Hedychium coronarium J. Koenig regenerated from axenic cotyledonary node on meta-topolin supplemented medium. 
Ind Crops Prod. 2019;134:206–15.

89.	 Kucharska D, Orlikowska T, Maciorowski R, Kunka M, Wójcik D, Pluta S. Application of meta-topolin for improving micro-
propagation of gooseberry (Ribes grossularia). Sci Hort. 2020;272:109529.

90.	 Manokari M, Mehta SR, Priyadharshini S, Badhepuri MK, Dulam S, Jayaprakash K, Dey A, Rajput BS, Shekhawat MS. Meta-
Topolin mediated improved micropropagation, foliar micro-morphological traits, biochemical profiling, and assessment of 
genetic fidelity in Santalum album L. Ind Crops Prod. 2021;171:113931.

91.	 Chavan JJ, Gaikwad NB, Kshirsagar PR, Umdale SD, Bhat KV, Dixit GB, Yadav SR. Highly efficient in vitro proliferation and 
genetic stability analysis of micropropagated Ceropegia evansii by RAPD and ISSR markers: a critically endangered plant of 
Western Ghats. Plant Biosyst An Int J Deal Aspects Plant Biol. 2015;149(2):442–50.

92.	 Bhat MH, Fayaz M, Kumar A, Dar AA, Jain AK. Development of an efficient micropropagation system for Dioscorea bulbifera 
L. and phytochemical profile of regenerated plants. J Genetic Eng Biotechnol. 2022;20(1):107.

93.	 Debnath SC. Micropropagation of lingonberry: influence of genotype, explant orientation, and overcoming TDZ-induced 
inhibition of shoot elongation using zeatin. 2005. p. 185–8.

94.	 Ghasemi Y, Beaicknejad S, Sohrevardi F, Sharifani M, Amiri E, Nematzadeh GA. Adventitious shoot and root regeneration 
of wild strawberry (F. viridis Duch.) by means of tissue culture medium optimization. Biol Forum. 2015; 7(2):436. Research 
Trend.

95.	 Hassan MM, Abd-El Kareim AH, Hussein FA, IM SE. IBA and TDZ induced plant regeneration of date palm through imma-
ture female inflorescence culture. Int J Adv Agric Sci Technol. 2017;4(4):1–6.

96.	 Kapoor P, Rao IU. In vitro rhizome induction and plantlet formation from multiple shoots in Bambusa bambos var. gigantea 
Bennet and Gaur by using growth regulators and sucrose. Planr Cell Tissue Organ Cult. 2006;85(2):211–7.

97.	 Chirangini P, Sinha SK, Sharma GJ. In vitro propagation and microrhizome induction in Kaempferia galanga Linn. and K. 
rotunda Linn. Indian J Biotechnol. 2005;4(3):404.

98.	 Rafiq S, Wagay NA, Bhat IA, Kaloo ZA, Rashid S, Lin F, El-Abedin TK, Wani SH, Mahmoud EA, Almutairi KF, Elansary HO. In 
vitro propagation of Aconitum chasmanthum Stapf Ex Holmes: an endemic and critically endangered plant species of the 
western Himalaya. Horticulturae. 2021;7(12):586.

99.	 Kim HE, Han JE, Lee H, Murthy HN, Kwon HJ, Lee GM, Park SY. Establishment of an efficient in vitro propagation of 
Cnidium officinale Makino and selection of superior clones through flow cytometric assessment of DNA content. Genes. 
2022;13(10):1815.

100.	 Rout GR, Palai SK, Samantaray S, Das P. Effect of growth regulator and culture conditions on shoot multiplication and 
rhizome formation in ginger (Zingiber officinale Rosc.) in vitro. In Vitro Cell Dev Biol Plant. 2001;37(6):814-9.

101.	 Sunitibala H, Damayanti M, Sharma GJ. In vitro propagation and rhizome formation in Curcuma longa Linn. Cytobios-
Cambridge. 2001. 71–82.

102.	 Shimasaki K, Uemoto S. Rhizome induction and plantlet regeneration of Cymbidium goeringii from flower bud cultures in 
vitro. Planr Cell Tissue Organ Cult. 1991;25(1):49–52.

103.	 Jadon VS, Joshi N, Bhandari G, Dhasmana A, Rauthan P, Rana A, Gupta S, Rana D, Sharma V. Rhizomicrobiome as a potential 
source of microbial inoculants for use in in vitro biotization mediated acclimatization of micropropagated plants. In: Rhizo-
microbiome in sustainable agriculture and environment. Academic; 2025. p. 345–58.

104.	 Behera KK, Sahoo S, Prusti A. Regeneration of plantlet of water Yam (Dioscorea oppositifoliaa) through in vitro culture from 
nodal segments. Notulae Botanicae Horti Agrobotanici Cluj-Napoca. 2009;37(1):94–102.

105.	 Jova MC, Kosky RG, Perez MB, Pino AS, Vega VM, Torres JL, Cabrera AR, García MG, de Ventura JL. Production of yam micro-
tubers using a temporary immersion system. Planr Cell Tissue Organ Cult. 2005;83(1):103–7.

106.	 Kadota M, Niimi Y. Improvement of micropropagation of Japanese yam using liquid and gelled medium culture. Sci Hort. 
2004;102(4):461–6.

107.	 Indravathi G, Babu PS. Enhancing acclimatization of tissue cultured plants of Albizia amara by biotization. Int J Sci Res Biol 
Sci. 2019;6:4.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	﻿Optimization of vegetative propagation and micropropagation protocols for the conservation and large-scale cultivation of ﻿Aquilegia fragrans﻿ Benth
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Chemicals
	﻿2.2﻿ ﻿Plant material
	﻿2.3﻿ ﻿Hormone experiment
	﻿2.4﻿ ﻿Effect of different soil compositions
	﻿2.5﻿ ﻿Micropropagation explant sterilization
	﻿2.6﻿ ﻿Culture medium and conditions
	﻿2.7﻿ ﻿Hardening of plantlets
	﻿2.8﻿ ﻿Statistical analysis

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Micropropagation
	﻿3.1.1﻿ ﻿Sterilisation optimisation
	﻿3.1.2﻿ ﻿Effect of plant growth regulators (meta-Topolin and TDZ) on shoot bud initiation
	﻿3.1.3﻿ ﻿Combined effect of meta-Topolin (mT) and TDZ in association with different auxins (IAA, IBA, and NAA) on shoot
	﻿3.1.4﻿ ﻿Effect of auxin (NAA) on rhizome formation
	﻿3.1.5﻿ ﻿Hardening of plantlets


	﻿4﻿ ﻿Discussion
	﻿4.1﻿ ﻿Vegetative propagation
	﻿4.2﻿ ﻿﻿In vitro﻿ studies
	﻿4.2.1﻿ ﻿Surface sterilisation
	﻿4.2.2﻿ ﻿Effect of single cytokinins (meta-Topolin and TDZ) on shoot initiation and multiplication
	﻿4.2.3﻿ ﻿Combined effect of cytokinins (meta-Topolin and/or TDZ) in association with different auxins
	﻿4.2.4﻿ ﻿Rhizome development
	﻿4.2.5﻿ ﻿Hardening of ﻿in vitro﻿ raised plantlets


	﻿5﻿ ﻿Conclusion
	﻿References


