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Abstract: Aconitum chasmanthum Stapf ex Holmes, a highly valued medicinal plant, is a critically
endangered plant species with restricted global distribution. Because there is no published report on
the in vitro micropropagation of A. chasmanthum, the present study was undertaken to contribute to
the development of an efficient micropropagation protocol for its conservation. Seeds collected from
the wild showed enhanced germination after being given a chilling treatment (−4 ◦C and −20 ◦C)
for different durations (10, 20, 30 and 40 days). Seeds given a chilling treatment of −4 ◦C for
10 days showed enhanced germination rates of 47.59 ± 0.53% with a mean germination time of
10.78 ± 0.21 days compared to seeds kept at room temperature when grown in an MS basal medium.
Nodes, leaves and stems, taken from 20–40-day-old seedlings, were used as an explant for microprop-
agation. An MS medium supplemented with different concentrations of cytokinins (BAP, Kn), auxins
(2,4-D, NAA), and an additive adenine sulphate were tested for callusing, direct shoot regeneration
and rooting. Only nodal explants responded and showed direct multiple shoot regeneration with
7 ± 0.36 shoots with an elongation of 5.51 ± 0.26 cm in the MS medium supplemented with BAP
0.5 mg/L, and with a response time (RT) of 10.41 ± 0.51 days and a percentage culture response of
77.77 ± 2.77%. Rhizome formation was observed after 8 weeks, with the highest culture response
of 36.66 ± 3.33% in the MS basal media with an RT of 43.75 ± 0.50 days. These rhizomes showed a
60% germination rate within 2 weeks and developed into plantlets. The present in vitro regeneration
protocol could be used for the large-scale propagation and conservation of A. chasmanthum.

Keywords: acclimatization; critically endangered; hardening; micropropagation; plant growth
regulators; rhizome; seed germination

Horticulturae 2021, 7, 586. https://doi.org/10.3390/horticulturae7120586 https://www.mdpi.com/journal/horticulturae

https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0002-3970-5521
https://orcid.org/0000-0002-0762-9878
https://orcid.org/0000-0001-7491-4444
https://orcid.org/0000-0002-7456-4090
https://orcid.org/0000-0002-0826-4241
https://orcid.org/0000-0002-4476-2408
https://doi.org/10.3390/horticulturae7120586
https://doi.org/10.3390/horticulturae7120586
https://doi.org/10.3390/horticulturae7120586
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/horticulturae7120586
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com/article/10.3390/horticulturae7120586?type=check_update&version=2


Horticulturae 2021, 7, 586 2 of 12

1. Introduction

Aconitum chasmanthum Stapf ex Holmes, belonging to the Ranunculaceae family, is the
most valuable medicinal plant, and it is widely used in the traditional and folk medicines of
several countries in Southeast Asia [1]. It is commonly called Vatsanabha (classical), Atees
in Urdu, Banbalang, Mohri, Mohand, Mohand Posh or Mohandgurd locally in Kashmir. It
has been determined to be critically endangered by the IUCN [2], with an extremely small
range of distribution. It is native to the western Himalaya across Pakistan and India, and is
found particularly in the sub-alpine and alpine zones from Chitral and Hazara between
the altitude of 2300 and 4300 m [3,4] to Kashmir and Himachal Pradesh between altitudes
of 2100 and 3600 m [2,5,6]. It is a robust biennial herb, with paired, rhizomatous, 3–5 cm
long roots, reaching 60–90 cm in height [6], and grows from the rhizomatous rootstock.
Its taste is slightly bitter, followed by a strong tingling sensation. The chief chemical
constituents of the A. chasmanthum root are aconitine, mesaconitine, and hypaconitine and
their respective hydrolyzed analogues, called monoester alkaloids, which include benzoy-
laconine, benzoylmesaconine, and benzoylhypaconine [7]. It is one of the most poisonous
plants and its biopotency has been accredited to the diterpenoid alkaloid ‘aconitine’, which
is one of its major isolated diterpenoid alkaloids, while its rhizome has been reported
to contain 0.79 mg/g aconitine [7]. A large number of diterpenoid alkaloids, such as
14-O-Benzoyl-8-ethoxybikhaconine, 14-O-Benzoyl-8-methoxybikhaconine, chasmaconitine,
chasmanthinine, 3-α bikhaconine, heteratisine, neoline indaconitine [8–10], chasmanine,
homochasmaconitine [11] and heterophyllisine, atidine, atisine, 3- bichaconine, neoline,
heteroatisine, aconitine, homochasmanine [12,13], have been extracted from the rhizome of
this species.

Rhizomes, after mitigation, are used in several Ayurvedic formulations and homoeo-
pathic systems of medicine and have been traded under the name of ‘Vatsanabha’ since
ancient times. This plant is traditionally used by local people for the treatment of fever,
rheumatism, coughs, asthma, and snake bites [14], and its pulverized roots are used as
an ointment to cure abscesses and boils after being mixed with butter oil [15]. It has been
reported that underground rhizomes possess antifungal, insecticidal, and antibacterial
properties [4]. In therapeutic doses, it acts as an appetizer: externally it is applied to reduce
pain and inflammation, and it stimulates the tip of sensory nerve fibers when applied by
rubbing with oil [16]. The tribals (Gujjars and Bakarwals) of Kashmir Himalaya use the
dried rootstock (tuber) as a warming agent for livestock on cold, chilly winter days [17], and
also for heart disease, fever, anodyne, anti-inflammatory, tonsillitis, diarrhea, anti-diabetic,
neurasthenic, astringent, cold, and cough uses [18–20].

Aconitum chasmanthum faces the onslaught of extinction due to the various threats it
faces, especially due to its long period of dormancy (>5 months) owing to its hard seed coat
and decreased light availability due to its seed burial under the litter of co-existing species,
while snow for prolonged periods (photoblastic nature) also affects its seed germination [17].
The seeds are at risk of being swept away by severe rains and snow from their natural
environment, thus exposing them to unfavorable environmental conditions. After the
germination of dispersed seeds, they face competition with co-existing species, largely
affecting their survival rates and abundance [21]. The whole plant is uprooted during
collection, resulting in the prevention of blooming and seed production, which encumbers
the regeneration of the species. Deforestation, avalanches, grazing and trampling by
cattle, over-harvesting, the construction of high-altitude roads, tourism huts, and human
settlements have exposed their natural environment to abiotic and biotic disturbances,
which has led to the loss of their natural populations [21]. Another potential threat to the
species is beetles and aphids, which feed on the floral buds and devour the reproductive
part of the plant, further reducing the reproductive potential of the species. Moreover,
the species has a very specialized ecological niche that may potentially limit its range of
extension and dispersion [21].

In vitro propagation techniques have contributed significantly to the growth of the
pharmaceutical industry over the past several decades in a variety of ways, including
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varietal improvement. The use of in vitro techniques for rapid and mass propagation
offers possibilities for the ‘recovery’ of endangered species, thus reducing the risk of ex-
tinction [22]. Though in vitro propagation protocols have been developed for other Aconi-
tum species, specifically, A. balfourii [23,24], A. carmichaelii [25], A. heterophyllum [26–29],
A. napellus [30], A. noveboracense [30] A. nagarum [31], A. violaceum [32,33], and A. ferox [34],
no such attempt has been made for A. chasmanthum. Considering its critically endangered
status and high medicinal value, the present study is focused on developing an efficient
micropropagation protocol for the large-scale propagation of A. chasmanthum.

2. Materials and Methods
2.1. Plant Material Collection

Seeds of A. chasmanthum were collected from Razdhan Pass, Jammu and Kashmir,
India (34◦33′66.0′′ N and 74◦38′ 19.8′′ E) at 3270 m asl in September 2018.

2.2. Chemicals

An MS (Murashige and Skoog [35]) medium, containing the plant growth regulators
2,4-dichlorophenoxyacetic acid (2,4-D), indole-butyric acid (IBA), indole-3-acetic acid (IAA),
6-benzylaminopurine (BAP), kinetin (Kn), 1-napthaleneacetic acid (NAA), and an additive
adenine sulphate (AdS), were purchased from HiMedia, India. The surface sterilants,
including mercuric chloride and sodium hypochlorite, and sucrose were also purchased
from HiMedia, India, while agar (plant agar) was purchased from Sigma Aldrich, India.

2.3. Seed Germination

The collected seeds were washed under running tap water, surface sterilized with
0.1% (w/v) mercuric chloride for 8–10 min, followed by washing 3–5 times with sterile
(autoclaved, double-distilled) water. These seeds were then dried by putting in folds of
sterile filter papers and later given chilling treatments (cold scarification) at −4 ◦C and
−20 ◦C for 10, 20, 30 and 40 days. Then, they were inoculated into an MS basal medium
that contained 0.8% (w/v) agar and sucrose (3% w/v). The sterilized seeds were inoculated
in 30 mL borosilicate glass culture vials and incubated at 25 ± 2 ◦C with 55% humidity
for a 12 h photoperiod (42–60 µmol m−2 s−1) in a plant growth chamber. Three seeds
were inoculated per vial, and 7 vials were used for each treatment. The observations were
made concerning each non-contaminated seed (experimental unit). Another set of surface-
sterilized seeds (20 seeds in each block with 3 replicates) were sown in pots containing
garden soil, sand, and vermicompost at the ratio of 1:1:1. Pots (each pot contained 4 seeds)
were kept in the greenhouse at 25 ◦C and watered regularly. After 10 days, the seeds started
germinating and were monitored on regular basis. The data was recorded and the mean
germination time (MGT) in days was calculated according to Darrudi et al. [36], using
the equation:

MGT =
∑(n× D)

N
where ‘n’ is the number of germinated seeds between recording intervals, ‘D’ is the number
of days since the beginning of the test, and ‘N’ is the total number of germinated seeds in
the treatment at the end of the experiment.

The seed germination rate was calculated using the equation:

%Seed germination = (n/N)× 100

where ‘n’ is the total number of germinated seeds and ‘N’ is the number of seeds used at
the beginning of the experiment.

2.4. Explant Preparation and Establishment of In Vitro Shoot Cultures

Leaves, stems, petioles, and nodes of 20–40-day-old seedlings germinated in an MS
medium and garden soil and rhizomes (full and cuttings) collected from the wild were
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inoculated into an MS medium that contained different concentrations and combinations
of plant growth regulators. Only nodal explants were responsive, and thus only they
were utilized for further studies. The explants were washed for about 2 h under run-
ning tap water, surface sterilized with mercuric chloride 0.01% (w/v) for 5–8 min and
2% sodium hypochlorite (v/v) for 8–10 min, followed by 3–5 washes with sterile water.
Sodium hypochlorite was found to be the most effective sterilant. To initiate micropropa-
gation, the sterile explants were cultured in an MS medium in borosilicate culture flasks
(150 mL, containing 50 mL media) containing different concentrations (0.5–2.5 mg/L) of
different cytokinins, including BAP and Kn, and auxins, such as NAA and 2,4-D, as well
as an additive, AdS (5–25 mg/L), with 3% sucrose for the initiation and establishment of
in vitro cultures. All the media were solidified with 0.8% agar and the pH was adjusted to
5.8 ± 0.02 before autoclaving at 121 ◦C. Cultures were maintained at 25 ± 2 ◦C in a 16/8 h
light/dark cycle on racks fitted with cool fluorescent tubes (Philips, India 40 W; 42.0 and
60.0 µmol m−2 s−1 irradiance inside and outside the culture flasks, respectively) and 60%
RH (relative humidity). The experiment was repeated at least three times with a total of
12 replicates per treatment (each replicate represents one explant).

2.5. In Vitro Rooting

Multiple shoots obtained from nodal explants in vitro, as well as shoots obtained
from seedlings grown in garden soil, were tested for rooting. For this purpose, the in-
dividual micro-shoots (4–5 cm long) were excised carefully and transferred to glass cul-
ture flasks (150 mL) containing 50 mL MS medium of different strengths (MS basal and
half-strength basal medium) either alone or fortified with various concentrations of IBA
(0.5–2.5 mg/L), IAA (0.5–2.5 mg/L), and Kn (0.5–2.5 mg/L). Micro-shoots were also trans-
ferred to White’s medium, which was fortified with IBA, IAA, and Kn in the concentration
range of 0.5–2.5 mg/L for rooting.

2.6. In Vitro Rhizome Formation

Nodal explants that were responsive to the direct multiple shoot induction into
the MS media that had been augmented with BAP, 2,4-D and AdS were also tested for
in vitro rhizome formation. For this purpose, the above said responsive nodal explants
were transferred to or sub-cultured in 150 mL culture flasks with 10 flasks per treatment
containing 50 mL MS basal media and MS media fortified with BAP, 2,4-D, IBA, IAA, and
Kn in the concentration range of 0.5–2.5 mg/L and were maintained under controlled
conditions in the culture room. Data were subsequently recorded.

2.7. Germination of Rhizome: Hardening and Acclimatization of Germinated Plantlets

A chilling treatment at −4 ◦C was applied to the previously generated in vitro rhi-
zomes for a week, after which they were carefully removed from the culture flasks, and
washed with sterile water to remove the adhered gelling agent. These rhizomes were then
placed in pots containing sterilized garden soil, vermicompost, and sand (1:1:1). These
plants were maintained at 23 ± 2 ◦C temperature with 50–60% relative humidity and a
16/8 h (light/dark) photoperiod, and were provided with diffuse light (42–60 µmol m−2

s−1) and watered regularly. The germination rate was recorded, and germinated rhizomes
(well-developed plantlets with leaves) were then transferred to the Kashmir University
Botanical Garden (KUBG) after 3 weeks, and were kept in shade with frequent watering.
The morphological data, including the height of plantlets, the number of leaves produced,
and survival data, were recorded.

2.8. Experimental Design and Statistical Analysis

The treatments reported and compared in each table were evaluated in parallel studies,
with statistical analyses performed individually for each treatment. The significance,
analysis of variance, and significant differences between treatments were evaluated using
two-way ANOVA for seed germination and one-way ANOVA for the rest of the data. The
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Duncan multiple range test (DMRT) was used to determine significant differences between
means at p ≤ 0.05 using SPSS ver. 23 (IBM Corp. Released 2015. IBM SPSS Statistics for
Windows, Version 23.0. Armonk, NY, USA: IBM Corp.). Results are shown as mean ± SEM
(standard error mean) for every experiment.

3. Results
3.1. Seed Germination

Seeds exhibited better germination with the −4 ◦C chilling treatment. The seeds of
A. chasmanthum that were subjected to the chilling treatment showed higher germination
rates than the seeds maintained at room temperature. The seed germination rate was
better in seeds pretreated with the −4 ◦C chilling treatment and placed in an MS medium
than seeds which were given the chilling treatment of −20 ◦C and placed in an MS basal
medium, as well as the seeds given the chilling treatment at −4 ◦C or −20 ◦C and sown
in garden soil. In the MS medium, the seed germination rate was recorded as the highest
(47.59 ± 0.53%) with a mean germination time (MGT) of 10.78 ± 0.21 days when given
the chilling treatment of −4 ◦C for 10 days (Table 1, Figure 1a). However, seeds sown
in garden soil had the highest seed germination rate of 24.04 ± 0.24 with an MGT of
11.88 ± 0.15 days with the chilling treatment of −4 ◦C for 10 days (Table 1, Figure 1b).
For control purposes, seeds kept at room temperature were sown in both PGR-free MS
media and garden soil, and they showed little difference in the germination rate (Table 2).
Seedlings germinated in MS media were poorly developed, and could produce hardly
two to three nodes upon subculturing into 50 mL culture vials. They also survived for
3–4 weeks. While the seedlings germinated in garden soil were much more vigorous and
produced a large number of nodes (five to eight) and survived for more than 2–3 months,
no flowering was observed in them.

Table 1. Effect of different chilling treatments on seed germination in MS basal medium and garden soil (garden soil, sand,
and vermicompost at 1:1:1).

Chilling Treatment
(Temp.)

Chilling Treatment
(Days) Germinating Medium Mean Germination Time

(Days, Mean ± SEM) Percentage Germination

Control MS - MS Basal 12.76 ± 0.34 c 10.32 ± 0.29 a

−4 ◦C 10 MS Basal 10.78 ± 0.21 a 47.59 ± 0.53 h

−4 ◦C 20 MS Basal 12.41 ± 0.49 b 42.35 ± 0.49 g

−4 ◦C 30 MS Basal 15.15 ± 0.37 d 37.55 ± 0.71 f

−4 ◦C 40 MS Basal 15.92 ± 0.27 e 35.94 ± 0.38 e

−20 ◦C 10 MS Basal 13.97 ± 0.62 bc 34.74 ± 0.85 f

−20 ◦C 20 MS Basal 14.84 ± 0.26 bc 31.33 ± 0.27 d

−20 ◦C 30 MS Basal 15.25 ± 0.19 d 28.22 ± 0.45 c

−20 ◦C 40 MS Basal 15.91 ± 0.32 e 24.57 ± 0.46 b

Soil control - Garden soil 14.50 ± 0.44 c 10.05 ± 0.25 a

−4 ◦C 10 Garden soil 11.88 ± 0.15 a 24.04 ± 0.24 h

−4 ◦C 20 Garden soil 13.29 ± 0.36 b 20.80 ± 0.26 g

−4 ◦C 30 Garden soil 15.16 ± 0.45 d 18.48 ± 0.51 f

−4 ◦C 40 Garden soil 16.29 ± 0.23 e 14.91 ± 0.37 e

−20 ◦C 10 Garden soil 11.94 ± 0.2 bc 20.12 ± 0.14 f

−20 ◦C 20 Garden soil 12.25 ± 0.21 bc 17.55 ± 0.58 d

−20 ◦C 30 Garden soil 15.78 ± 0.26 d 14.00 ± 0.3 c

−20 ◦C 40 Garden soil 17.05 ± 0.2 e 12.10 ± 0.26 b
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Figure 1. Seed germination in Aconitum chasmanthum Stapf ex Holmes: (a) seed germination in MS
basal medium; (b) seed germination in garden soil.

Table 2. Effect of different plant growth regulators (PGRs) on direct shoot induction, shoot length (mean ± SEM), shoot
number (mean ± SEM) and percentage response (mean ± SEM) from the nodal explants.

PGR (mg/L) Response Time (Days,
Mean ± SEM)

Shoot Length (cm,
Mean ± SEM)

Shoot Number
(Mean ± SEM)

Percentage Response
(Mean ± SEM)BAP 2,4-D AdS

- - - 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a

0.5 - - 10.41 ± 0.51 b 5.51 ± 0.26 c 7.0 ± 0.36 e 77.77 ± 2.77 d

1.0 - - 12.13 ± 0.46 c 5.1 ± 0.76 c 5.8 ± 0.41 d 69.44 ± 2.78 cd

1.5 - - 13.49 ± 0.46 cd 4.3 ± 0.16 b 4.8 ± 0.29 c 61.1 ± 2.77 cd

2.0 - - 14.36 ± 0.51 d 3.87 ± 0.15 b 4.2 ± 0.32 b 50 ± 4.81 b

2.5 - - 17.18 ± 0.3 e 3.86 ± 0.18 b 3.6 ± 0.33 b 44.44 ± 2.78 b

- 0.5 - 14.58 ± 0.33 b 5.25 ± 0.14 c 4.2 ± 0.2 d 72.22 ± 2.78 c

- 1.0 - 17.54 ± 0.36 c 4.93 ± 0.07 b 3.7 ± 0.21 cd 66.66 ± 4.81 c

- 1.5 - 21.72 ± 0.27 e 4.37 ± 0.2 b 3.3 ± 0.22 bc 61.1 ± 2.77 c

- 2.0 - 20.12 ± 0.18 d 4.27 ± 0.22 b 3.0 ± 0.21 b 47.21 ± 5.55 b

- 2.5 - 20.87 ± 0.23 de 4.22 ± 0.14 b 2.9 ± 0.23 b 38.88 ± 2.77 b

- - 5.0 18.84 ± 0.25 b 7.93 ± 0.39 c 3.0 ± 0.21 c 58.33 ± 4.8 c

- - 10 20.78 ± 0.27 c 8.11 ± 0.42 c 3.6 ± 0.16 c 69.44 ± 2.78 d

- - 15 22.18 ± 0.42 cd 6.1 ± 0.22 b 2.8 ± 0.24 bc 55.33 ± 4.8 c

- - 20 23.25 ± 0.55 d 6.6 ± 0.33 b 2.6 ± 0.22 bc 41.55 ± 4.81 b

- - 25 25.86 ± 0.64 e 6.09 ± 0.14 b 2.3 ± 0.15 b 35.88 ± 2.72 b

The data were recorded for up to 6 weeks. The data represent the mean value ± SEM (standard error mean) and were found to be
statistically operative and significant according to Duncan’s multiple range test (DMRT) at p ≤ 0.05. Mean ± SEM followed by the different
letters within each column are significantly different according to DMRT (one-way ANOVA was performed within the same hormone) at
p ≤ 0.05. Abbreviations: 2,4-D: 2,4-dichlorophenoxyacetic acid; BAP: 6-benzylaminopurine; and AdS: Adenine sulphate.

The data were recorded for up to 4 weeks. The data represent the mean value ± SEM
(standard error mean) and were found to be statistically operative and significant through
DMRT at p ≤ 0.05. The mean values with the same superscript(s) within columns are not
significantly different according to DMRT (two-way ANOVA) at p ≤ 0.05.

3.2. Multiple Shoot Induction

Shoot induction and multiplication was only seen in nodal explants among the var-
ious explants utilized in the current study (leaves, stems, petiole, rhizome, and nodes).
There was no evidence of callusing. Although shoot induction was not observed in MS
basal media without PGR, MS medium supplemented with BAP (0.5–2.5 mg/L), 2,4-D
(0.5–2.5 mg/L) and AdS (5–25 mg/L) resulted in shoot induction from the second week,
while Kn and NAA were not responsive during the present study. The highest shoot
proliferation in terms of shoot number (SN), shoot length (SL) in centimeters (cm), and
percentage response (PR) with minimum response time (RT) in days was observed in the
case of MS media supplemented with BAP 0.5 mg/L, with an RT of 10.41 ± 0.51 days, an
SN of 7± 0.36, SL of 5.51± 0.26 cm and a percentage response of 77.77± 2.77% respectively
(Table 2, Figure 2a). Explants taken from seedlings germinated on garden soil were more
responsive than in vitro-germinated seedlings and provided the bulk of the explants for
multiple shoot induction.
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Figure 2. Direct shoot regeneration from nodal explants Aconitum chasmanthum Stapf ex Holmes: (a) direct shoot regeneration
from nodal explants in MS medium supplemented with BAP (0.5 mg/L); (b) direct shoot regeneration from nodal explants
in MS medium supplemented with 2,4-D (0.5 mg/L); (c) direct shoot regeneration from nodal explants in MS medium
supplemented with AdS (10 mg/L).

The effect of different auxins, such as 2,4-D and NAA, was also observed for direct
shoot regeneration in nodal explants, but only 2,4-D responded to in vitro growth conditions.
The highest direct shoot regeneration in terms of RT, SN, SL and PR were observed in the
MS media supplemented with 2,4-D (0.5 mg/L), with an MRT of 14.58 ± 0.33 days, an SN
of 4.2 ± 0.2, an SL of 5.25 ± 0.14 cm and a 72.22 ± 2.77 culture response (Table 2, Figure 2b).

The effect of an additive adenine sulphate (AdS) as a nitrogenous base was also
observed on direct shooting from nodal explants. The highest multiple direct shoot regen-
eration was observed in terms of RT, SN, SL and PR on the MS media supplemented with
AdS 10 mg/L, with an RT of 20.78 ± 0.27 days, an SN of 3.6 ± 0.16, SL of 8.11 ± 0.42 cm
and a 69.44 ± 2.78% culture response (Table 2, Figure 2c). In addition to this, the SL was
highest in the case of AdS with respect to BAP and 2,4-D during the current study. Though
the number of shoots obtained using AdS was much lower in comparison to BAP and 2,4-D,
they were more vigorous and longer. During our study, it was found that increasing the
concentration of PGRs adversely affected shoot induction in terms of minimum response
time, shoot number, shoot length and percentage response.

3.3. In Vitro Rooting

Single excised shoots 4–5 cm in length were placed in MS media with IAA, IBA or
Kn (0.5–2.5 mg/L) to induce rooting. Root differentiation did not occur at any of the
concentrations tested. Instead, shoots remained green for nearly 10 days before the start of
senescence. The use of half-strength MS basal medium or White’s medium also did not
contribute to rooting in vitro.

3.4. In Vitro Rhizome Formation

In the present study, in vitro rhizome formation was observed, which started in the
cultures after 6 weeks. The highest in vitro rhizome formation in terms of RT and PR was
observed in MS basal alone, with an RT of 43.75 ± 0.50 days and a 36.66 ± 3.33% culture
response (Table 3, Figure 3). in vitro rhizome formation was also observed in the MS media
supplemented with BAP (0.5–1.5 mg/L). In the MS basal media without PGRs, a maximum
of two rhizomes were formed, while in the MS media augmented with BAP, three to five
rhizomes were formed. Although the rhizome formation was better in terms of percentage
response and mean germination time in the MS basal medium without PGRs, the rhizomes
formed in the MS medium augmented with BAP were more vigorous in terms of shoot
length and the number of rhizomes formed per explant.
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Table 3. In vitro rhizome formation in A. chasmanthum. Effect of different concentrations of MS basal
media and MS media augmented with BAP on in vitro rhizome formation.

BAP (mg/L) Response Time (days, Mean ± SEM) Percentage Response

MS Basal - 43.75 ± 0.50 a 36.66 ± 3.33 b

MS 0.5 50.5 ± 0.74 b 33.33 ± 3.33 ab

MS 1.0 55.91 ± 0.59 c 26.66 ± 3.33 ab

MS 1.5 63.66 ± 0.66 d 23.33 ± 3.33 a

The data were recorded for up to 10 weeks. The data represent the mean value ± SEM (standard error mean)
and were found to be statistically operative and significant according to Duncan’s multiple range test (DMRT) at
p ≤ 0.05. Mean ± SEM followed by the different letters within each column are significantly different according
to DMRT (one-way ANOVA) at p ≤ 0.05.
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media supplemented with BAP (1.0 mg/L); (d) in vitro rhizome formation in MS media supplemented with BAP (1.5 mg/L).

3.5. Acclimatization and Hardening of Plantlets

Transplanted in vitro rhizomes germinated within 2 weeks. Among these in vitro-
germinated rhizomes, 60% resulted in the growth of plantlets. After 3 weeks in a controlled
environment, the plantlets were transported (transferred) to the Kashmir University Botani-
cal Garden (KUBG), where they were kept in shade and watered daily for 3 days, before
being transferred into garden soil from pots and watered regularly. They survived for
4–5 weeks after their transference to KUBG, and these in vitro developed plantlets pro-
duced a maximum of 12–14 leaves and grew up to a height of 30 cm (Table 4, Figure
4).

Table 4. Morphological data of hardened plantlets.

WEEK NUMBER OF LEAVES (MEAN ± SEM) HEIGHT OF PLANTS (CM, MEAN ± SEM)

1ST 1.83 ± 0.30 a 2.66 ± 0.33 a

2ND 2.83 ± 0.30 ab 7.83 ± 0.65 b

3RD 3.5 ± 0.22 b 14.16 ± 0.74 c

4TH 6.16 ± 0.70 c 17.66 ± 0.76 d

5TH 9.33 ± 0.84 d 22.83 ± 0.74 e

6TH 11.16 ± 0.65 e 26.66 ± 0.49 f

7TH 13.66 ± 0.66 f 28.5 ± 0.76 fg

8TH 14.33 ± 0.33 f 30.33 ± 0.66 g

The data were recorded for up to 8 weeks. The data (10 replicates) represent the mean value ± SEM (standard error mean) and were found
to be statistically operative and significant according to Duncan’s multiple range test (DMRT) at p ≤ 0.05. Mean ± SEM followed by the
different letters within each column are significantly different according to DMRT (one-way ANOVA) at p ≤ 0.05.
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4. Discussion

The extraction of many species of the genus Aconitum from their natural habitat has
been happening on a massive scale because of their great medicinal properties and other
uses. As a result, several species have become rare and are now classified as vulnerable
to critically endangered. The easiest and most cost-effective way to conserve a species is
through in situ and ex situ conservation [37]. For most species, seed-based multiplication
is the most efficient, practical and easy method [38]. Erratic flowering and fruiting in
aconites due to severe environmental circumstances results in limited or non-viable seed
production [39], and their regeneration through seeds is made difficult due to the absence of
superior germplasm and meager seed availability, and some seeds even contain an under-
developed embryo [40]. Seed germination is low because of the seeds’ prolonged dormancy
and stiff seed coat [41], which make them sensitive to seed pests and predators [21]. There
is also a risk that severe rains and snow might wash seeds away from their native habitat,
which could potentially impede their normal development [21]. Breaking dormancy in
Ranunculaceae is generally best achieved via (chilling) cold scarification [41–44]. According
to Beigh et al. [45], only freezing may increase the seed germination of A. heterophyllum at
lower elevations. Chilling-enhanced seed germination in A. sinomontanum was reported
to be a crucial and prerequisite condition for its germination [46]. Vandelook et al. [47]
observed that embryo development and germination in A. lycoctonum occur exclusively
at low temperatures (less than 10 ◦C) and that the chilling criterion is not met by GA3.
Due to the maturity of seeds during late autumn and winter, A. chasmanthum seeds also
require chilling to break their dormancy [21]. A. heterophyllum seeds chilled for 30–45 days
had a germination rate of 50–60% [48]. Even in natural settings, seed germination and
seedling establishment in A. atrox is rare [49] and has been proven to be poor in several
testing situations [50]. Gujree [17] also found that the seeds of A. chasmanthum germinated
at a rate of 90% after 20 days of chilling treatment, with an MGT of 13.678 days, while
seeds kept at room temperature had a germination rate of 10.66 ± 1.154 and an MGT of
22.11 ± 0.358 days. These studies suggest that a low temperature is the most important
factor in Aconitum sp. germination, which was verified in the current investigation.

Tissue culture provides a new area for conserving the endangered Aconitum sp. since
a small quantity of plant material may yield a high number of disease-free propagules that
can be reintroduced in their natural habitat, and holds tremendous potential to produce
high-grade plant-based medicine [51]. To conserve Aconitum species, tissue culture offers
a new age of conservation while contributing to the expansion of genetic databases, in-
creasing the yield and synthesis of active components, secondary metabolites, and other
compounds of interest [38].

Our results are very much in conformity with previous studies [52], wherein we
observed maximum multiple direct shoot regeneration and elongation in the MS media
augmented with BAP 0.25 mg/L. These results also substantiate earlier reports where
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other species of genus Aconitum (A. balfourii and A. heterophyllum) showed multiple shoot
induction and proliferation in MS medium containing BAP [26,28,53]. During our study, it
was found that increasing the BAP concentration adversely affected shoot induction, MRT,
MSN, MSL and PR, which was likewise reported for A. balfourii, wherein an increase in
BAP in the medium adversely affected the induction and growth of shoots [27].

The role of 2,4-D indirect shoot regeneration has been reported in other studies, either
alone or in combination with other hormones, as observed by Doğan [54], Sandhya and
Srinath [55] and Hesami and Daneshvar [56]. The relative effectiveness of AdS is least
amongst the three PGRs used in this study, which is in accordance with the earlier reports of
Syzygium cumini [57] and Agapanthus praecox [58]. Our results are very much in conformity
with the previous reports [59–61], which observed maximum in vitro rhizome formation in
MS medium fortified with BAP and NAA.

5. Conclusions

The present study is the first report describing an in vitro regeneration protocol for
the large-scale propagation of A. chasmanthum, an endemic and threatened plant. Being
a critically endangered plant species, the in vitro regeneration protocol developed herein
could be useful for the conservation of A. chasmanthum. Moreover, the production of
rhizomes in vitro is reported for the first time in the genus Aconitum. In addition, this
study can also be further used in the identification of biologically active secondary metabo-
lites from in vitro-derived rhizomes and tissues under controlled conditions and their
commercial exploitation.
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