
Citation: Hadi, A.; Singh, S.; Rafiq, S.;

Nawchoo, I.A.; Wagay, N.A.;

Mahmoud, E.A.; El-Ansary, D.O.;

Sharma, H.; Casini, R.; Yessoufou, K.;

et al. In Vitro Propagation of

Aconitum violaceum Jacq. ex Stapf

through Seed Culture and Somatic

Embryogenesis. Horticulturae 2022, 8,

599. https://doi.org/10.3390/

horticulturae8070599

Academic Editor: Sergio

Ruffo Roberto

Received: 9 June 2022

Accepted: 28 June 2022

Published: 4 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

In Vitro Propagation of Aconitum violaceum Jacq. ex Stapf
through Seed Culture and Somatic Embryogenesis
Abdul Hadi 1,2 , Seema Singh 1, Shah Rafiq 1,* , Irshad A. Nawchoo 2, Nasir Aziz Wagay 3 ,
Eman A. Mahmoud 4, Diaa O. El-Ansary 5 , Hanoor Sharma 6, Ryan Casini 7, Kowiyou Yessoufou 8

and Hosam O. Elansary 9,*

1 Plant Tissue Culture and Research Laboratory, Department of Botany, University of Kashmir,
Srinagar 190006, India; abhadi.scholar@kashmiruniversity.net (A.H.); seemakuniv@gmail.com (S.S.)

2 Plant Reproductive Biology, Genetic Diversity and Phytochemistry Research Laboratory,
Department of Botany, University of Kashmir, Srinagar 190006, India; irshadnawchoo@uok.edu.in

3 Department of Botany, Government Degree College, Baramulla 193101, India;
nasir.wagay1989@rediffmail.com

4 Department of Food Industries, Faculty of Agriculture, Damietta University, Damietta 34511, Egypt;
emanmail2005@yahoo.com

5 Precision Agriculture Laboratory, Department of Pomology, Faculty of Agriculture (El-Shatby),
Alexandria University, Alexandria 21545, Egypt; diaaagri@hotmail.com

6 Microbiology and Immunology Department, Wright State University, Dayton, OH 45435, USA;
hanoor.sharma@clearlabs.com

7 College of Public Health, University of California, 2121 Berkeley Way, Berkeley, CA 94704, USA;
ryan.casini@berkeley.edu

8 Department of Geography, Environmental Management, and Energy Studies, University of Johannesburg,
APK Campus, Johannesburg 2006, South Africa; kowiyouy@uj.ac.za

9 Plant Production Department, College of Food & Agriculture Sciences, King Saud University,
Riyadh 11451, Saudi Arabia

* Correspondence: shahrafiq.scholar@kashmiruniversity.net (S.R.); helansary@ksu.edu.sa (H.O.E.)

Abstract: Aconitum violaceum Jacq. ex Stapf is a threatened medicinal plant with restricted global
distribution. The highest frequency of seed germination was recorded on Murashige and Skoog’s
(MS) basal medium, supplemented with 0.5 mg L−1 kinetin with a germination rate of 77.32%
and mean germination time of 27 days. Among the various plant growth regulators examined,
0.1 mg L−1 kinetin (Kn) + 0.5 mg L−1 indole-3-acetic acid (IAA) proved to be effective for maximum
embryogenic callus production (51.0%) within 31 days of inoculation. The conversion rate of somatic
embryos into complete plantlets was highest in the MS medium augmented with 0.1 mg L−1 Kn +
0.5 mg L−1 IAA (68.00%), with an average root initiation time of 25 days. The rooted plantlets were
subsequently hardened into jiffy pots with a combination of loamy soil, coco-peat, and vermicompost
(1:1:1 v/v), and then transplanted into a greenhouse with a 60% survival rate. To our knowledge, this
is the first study on direct in vitro propagation and embryogenic callus induction from seeds. The
established regeneration protocol could be employed to propagate A. violaceum on a large scale in a
short time. This would contribute significantly to its rapid propagation and germplasm conservation,
and establish a framework for the domestication of this highly valued threatened medicinal plant.

Keywords: acclimatization; callusing; multiple shooting; seed germination; micropropagation

1. Introduction

Aconitum violaceum Jacq. ex Stapf is a biennial herbaceous medicinal plant of the
Ranunculaceae family and is endemic to the north-western Himalayan region of India,
Pakistan, and Nepal [1–3]. In India, it is primarily found in the alpine and subalpine
regions of the north-western Himalayas, at an elevation range of 3000–4000 m asl and
shares its position with vulnerable plant species [4,5]. The toxic alkaloids of A. violaceum
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can be easily converted into less harmful alkaloids by heating or by using an alkaline
treatment. They can then be employed in Ayurvedic and Unani medicines after they have
been detoxified [6]. Traditionally, it is used to treat boils [7–9], asthma, high fever [7–12],
gastric troubles [8–12], sciatic pains [8,11,13], intestinal worms [7,12,13], renal pain [7,11,12],
and snake and scorpion bites [6]. This is due to its wide spectrum of biological activities,
such as antioxidant [14], antimicrobial [14], anti-inflammatory [15–17], anti-malarial [15–18],
anti-proliferative [16–20], analgesic, and antipyretic properties [14,15,17].

A. violaceum faces a great threat of extinction in its natural habitat due to various fac-
tors, such as physiological seed dormancy of >5 months [4,21,22], and long-term burying
of seeds beneath snow (more than five months). Due to its specific ecological require-
ment, seed germination and seedling establishment in A. violaceum are quite challenging.
A. violaceum grows along the margins of irrigation canals and at the edges of alpine streams;
consequently, the majority of the seeds are susceptible to being carried away from their
natural environment by running water, heavy rainfall, and floods, exposing them to ad-
verse environmental conditions [4,21]. The plant maintains its spatial continuity through
its rhizome. Therefore, uprooting whole plants due to collection, overgrazing, and pre-
mature harvesting, alongside construction of high-altitude roads, dams, cemented water
channels, and human settlements, also contribute to the decline of this species from its
natural habitat. Beetles and aphids are another potential hazard to this species as they
consume the flowers and other reproductive portions of the plant, thereby reducing the
species’ sexual potential [22]. In addition, the species has a unique niche, which may limit
its area of occupancy and dispersion [4].

When properly applied, mass propagation methods may help to reduce the extinction
risk of vulnerable species by using procedures such as in vitro propagation [22]. In vitro
regeneration techniques have been established for some Aconitum species such as A. chas-
manthum Stapf ex Holmes [22], A. ferox [23], A. heterophyllum [24], A. nagarum [25], and
A. vilmorinianum [26], but no such attempts have been made for A. violaceum. Giri et al. [24]
regenerated complete plantlets from the somatic embryos of leaf and petiole explants in
Aconitum heterophyllum. Hatano et al. [27] regenerated complete plantlets from the somatic
embryo of anther explant in Aconitum carmichaeli. High concentrations of NAA (10 mg L−1)
and darkness promote somatic embryo development in Ranunculus sceleratus [28]. After
surveying extensive literature from various databases (DOAJ, Google Scholar, PubMed,
Scihub, ScienceDirect, etc.) only a few studies have reported on the in vitro propagation of
A. violaceum to date. Rawat et al. [29] attempted in vitro propagation from the nodal explant.
Given the aforementioned issues, the current research on A. violaceum was carried out to
develop: (1) direct in vitro seed germination protocols; (2) embryogenic callus production;
and (3) complete plant regenerations from somatic embryos.

Due to its immense medicinal and economic value, establishing in vitro propagation
protocols for A. violaceum would not only provide elite clones for pharmaceutical uses
and facilitate rapid propagation and germplasm conservation, but it would also help to
domesticate the plant and preserve wild populations.

2. Materials and Methods
2.1. Collection of Plant Material

The seeds of A. violaceum Jacq. ex Stapf were collected in the month of August (10–28)
as soon as the follicle burst for seed dispersal, from the villages of Khawous and Numsuru
(3220 m asl to 3340 m asl; 34◦15.905 N to 34◦12.705 N; 75◦96.040 E to 75◦96.720 E) in Ladakh,
India. The plant specimen was identified and authenticated by the Center for Biodiversity
and Taxonomy (CBT), Department of Botany, University of Kashmir, Hazratbal-Srinagar.
A voucher specimen (accession number 3738-KASH) was deposited at the Kashmir Uni-
versity Herbarium (KASH). Seeds were collected in dry plastic and glass bottles and
brought to the plant tissue culture laboratory, Department of Botany, University of Kash-
mir, where they were stored between 4 ◦C and 6 ◦C with 55 to 65% relative humidity for
experimental purposes.
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2.2. Chemicals

MS (Murashige and Skoog 1962) medium and plant growth regulators (PGRs), such as
2,4-dichlorophenoxyacetic acid (2,4-D), indole-3-acetic acid (IAA), kinetin (Kn),
6-benzylaminopurine (BAP), and 1-naphthaleneacetic acid (NAA), were purchased from
Hi-Media, India. Mercuric chloride (HgCl2), sodium hypochlorite (NaClO), and sucrose
were also purchased from Hi-Media, India, while agar (plant agar) was purchased from
Sigma Aldrich, India.

2.3. Explant Selection, Culture Conditions, and Establishment of In Vitro Cultures

A. violaceum seeds were used as explants to start in vitro cultures. The seeds were
immersed in tap water for 96 h (h) before inoculation on the MS medium. Prior to cul-
ture, seeds were rinsed for about 2 h under running tap water, surface sterilized with
1% NaClO (v/v) for 7 min with occasional agitation, washed 4–5 times with double-
distilled autoclaved water, and then dipped in 70% ethanol for about 30–45 s. They were
then washed with aseptic (autoclaved, double-distilled) water 3–4 times. The seeds were
placed in the folds of sterile filter paper to absorb the leftover moisture. Seeds were then
cultured in 30 mL borosilicate culture vials on the MS basal medium containing 0.8%
(w/v) agar and sucrose (3% w/v), fortified with different PGRs at different concentrations
(0.05–2.0 mg L−1), either individually or in combination. They were then incubated at
10 ± 2 ◦C with 50–55% humidity for a 12–12 h photoperiod (42–60 µmol m−2 s−1) in a plant
growth chamber. Under the laminar air flow hood, all studies, from surface sterilization to
inoculation, were carried out successfully. Data were represented as a mean of 50 replicates
per repetition. Observations were recorded from each non-contaminated vial (experimental
unit). Mean germination time (MGT) in days was calculated by following the methods of
Darrudi et al. [30] using the following equation:

MGT =
∑(n × D)

N

where
‘n’ = number of newly germinated seeds after each incubation period
‘D’ = number of days since the experiment began, and
‘N’ = total number of seeds germinated at the end of the experiment.

Seed germination rate was calculated using the following equation:

% seed germination = (nx/Na) × 100

where
‘nx’ = total germinated seeds
‘Na’ = number of seeds used at the beginning of the experiment.

2.4. Embryogenic and Non-Embryogenic Callus Production

Mature and immature seeds of A. violaceum, taken from the wild plants, were cultured
on the MS basal medium augmented with various concentrations of PGRs, such as Kn
(0.05 mg L−1 to 3.0 mg L−1), IAA (0.1 mg L−1 to 1.5 mg L−1), and 2,4-D (0.05–2.5 mg L−1)
with sucrose 3% (w/v) and 0.8 % agar for production of embryogenic and non-embryogenic
calluses. The pH of the medium was adjusted to 5.8 ± 0.02 before autoclaving at 121 ◦C.
Immature and mature seeds were surface sterilized with 1% sodium hypochlorite (NaClO)
(v/v) for 7 min with occasional stirring, then rinsed 3–5 times with sterile water before being
immersed in 70% ethanol for about 30 s and washed 3–4 times with sterile (autoclaved,
double-distilled) water. The remaining moisture was removed by putting the seeds in the
folds of sterile filter paper. Cultures were incubated at 10 ± 2 ◦C in a 16/8-h light/dark
cycle or in completely dark conditions on racks fitted with cool fluorescent tube lights
of 60.0 µmol m−2 s−1 illuminance and RH 55%. The frequency of embryogenic callus
induction was studied after 6 to 8 weeks (wk) of incubation. Consequently, embryogenic
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and non-embryogenic calluses sub-cultured within 1 culture were used for whole plant
regeneration. The experiment was conducted at least 3 times with a total of 10 replicates
for each treatment (1 vial was considered as 1 replicate).

2.5. Effect of Light Requirement on Percentage of Somatic Embryo Formation

The effect of light conditions on the production of somatic embryos was investigated
by keeping 50% of embryogenic calluses in the dark (the culture vials were wrapped in
aluminum foil) and the other 50% were kept in a 16/8 h photoperiod for 10–30 days.

2.6. Whole Plant Regeneration from Somatic Embryos

To accelerate complete plant development from somatic embryos, the effects of Kn
and IAA on further conversion of somatic embryos were studied. The somatic embryos
were sub-cultured on the MS medium augmented with different concentrations of Kn
(0.05–1.0 mg L−1) and IAA (0.1–1.0 mg L−1), either individually or in combination. After
8 weeks of culture, the average number of shoots and roots developed by somatic embryos
were evaluated. All cultures were incubated at 10 ± 2 ◦C in a 16/8-h light/dark cycle with
60% RH. Each treatment consisted of 10 somatic embryos in 30 mL borosilicate culture vials
and 150 mL conical flasks, and the experiment was repeated 3 times.

2.7. In Vitro Rooting

Multiple shoots developed directly from non-embryogenic and embryogenic calluses
were sub-cultured on the MS basal medium and enriched with different combinations and
concentrations of auxins and cytokinins. IAA concentrations were kept slightly higher
compared to Kn. The effect of light and various concentrations of PGRs on the development
of roots were also examined.

2.8. Hardening and Acclimatization of In Vitro Plantlets

Media traces from the roots of A. violaceum regenerated by different methods from
seed explants were removed by thoroughly washing under tap water. The plantlets were
then transplanted into jiffy pots composing a mixture of sterilized loamy soil, coco-peat,
and vermicompost (1:1:1). The plantlets in the jiffy pots were enclosed in transparent
polybags for 2 wks to ensure adequate humidity and were maintained in a growth chamber.
After 3 wks, the hardened plantlets were transferred into a net-shade greenhouse for
further acclimatization. Well-established plantlets were then transferred into the Kashmir
University Botanical Garden (KUBG) and were kept in the shade with occasional watering.
The phenotypic data, including the plant height, leaf number, floral bud numbers, and
survival rate, was determined for up to 8 wks.

2.9. Experimental Design and Statistical Analysis

The data were evaluated using a factorial design that was completely randomized
(CRD). Substantial variations between each treatment were assessed using Duncan’s multi-
ple range test (DMRT) of one-way ANOVA using SPSS statistical software version 23 (IBM
Corp. Released 2015. IBM SPSS Statistics for Windows, version 23.0. Armonk, NY, USA:
IBM Corp.). Results were shown as mean value ± SEM (standard error mean) for each
experiment. Graphs were prepared in origin pro (version 9, 2021; developed by originLab
corporation, Northampton, MA, USA).

3. Results
3.1. Seed Germination

Seed germination rate was enhanced when the seeds were immersed in tap water
for 96 h in winter and early spring, prior to culture. Among the various PGRs used, the
highest rate of in vitro seed germination was recorded in winter and spring on the MS basal
medium enriched with 0.5 mg L−1 Kn and 1.0 mg L−1 Kn with a MGT of 27.22 ± 0.70 and
26.88 ± 0.16 days, and percentage germination of 77.32 ± 0.38 and 75.33 ± 0.14. The number



Horticulturae 2022, 8, 599 5 of 15

of shoot buds was also recorded as maximum (2.0 ± 0) in this treatment. The shoot length of
each seed was recorded highest in the MS medium augmented with 1.0 mg L−1 Kn with an
average length of 4.7 ± 0.11 cm (Table 1, Figure 1). Kn at low concentrations (<0.01 mg L−1)
and high concentrations (>1.5 mg L−1) reduced seed germination percentage. Likewise,
high concentrations of IAA (>1.5 mg L−1) also reduced the rate of seed germination. Thus,
concentrations of Kn and IAA ranging between 0.1 and 1.5 mg L−1 were proven to be ideal
for seed germination in A. violaceum. None of the seeds germinated in the control condition
(MS basal) without PGRs (plant growth regulators). The data were recorded for up to eight
weeks, which was represented by mean value ± SEM (standard error mean).
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Figure 1. Direct in vitro seed germination of Aconitum violaceum Jacq. ex Stapf on the MS basal
medium enriched with different concentrations of PGRs, either individually or in combination:
(A) 0.1 mg L−1 Kn; (B) 0.35 mg L−1 Kn; (C) 0.5 mg L−1 Kn; (D) 1.0 mg L−1 Kn; (E) 1.5 mg L−1 Kn;
(F) 0.1 mg L−1 IAA; (G) 0.5 mg L−1 IAA; (H) 1.0 mg L−1 IAA; (I) 0.1 mg L−1 BAP; (J,K) germinated
seeds with well-formed roots before hardening; and (L) hardened plantlets in the jiffy pots composing
a mixture of loamy soil, coco-peat, and vermicompost (1:1:1 v/v). Scale bar (A–I) represents 5 mm;
(J–L) represents 1 cm.
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Table 1. Effects of plant growth regulators (IAA, Kn, BAP, and NAA) on direct in vitro seed germination of wild-growing Aconitum violaceum Jacq. ex Stapf. in
Ladakh, India.

MS Medium + PGRs (mg L−1) MGT (days,
Mean ± SEM)

Percentage
Germination
(Mean ± SEM)

Number of Shoot Buds
Formed Per Seed
(Mean ± SEM)

Shoot Length
(cm, Mean ± SEM) Remark

IAA Kn BAP NAA

- - - - 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a No seed germination

0.1 - - - 35.44 ± 0.18 de 27.54 ± 0.18 d 1.0 ± 0 b 2.83 ± 0.03 cd Healthy growth of seedlings

0.5 - - - 34.11 ± 0.09 cd 25.99 ± 0.25 d 1.33 ± 0.33 b 2.9 ± 0.05 c,d Poor seed germination

1.0 - - - 37.88 ± 0.12 ef 24.44 ± 0.10 d 1.0 ± 0 b 2.56 ± 0.03 bc Poor seed germination

1.5 - - - 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a No response

- 0.1 - - 31.33 ± 0.30 c 36.22 ± 0.28 e 1.33 ± 0.33 b 3.8 ± 0.2 e Healthy seed germination

- 0.35 - - 28.00 ± 0.38 b 45.99 ± 0.33 f 1.33 ± 0.33 b 3.96 ± 0.20 ef Healthy growth of seedlings

- 0.5 - - 27.22 ± 0.70 b 77.32 ± 0.38 g 2.0 ± 0 c 4.3 ± 0.3 f Healthy growth of seedlings

- 1.0 - - 26.88 ± 0.16 b 75.33 ± 0.14 g 2.0 ± 0 c 4.7 ± 0.11 g Healthy growth of seedlings

- 1.5 - - 31.88 ± 0.10 c 6.64 ± 0.15 b 1.0 ± 0 b 2.26 ± 0.13 b Poor seed germination

- 2.0 - - 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a No response

- - 0.05 - 39.22 ± 0.45 f 12.6 ± 0.13 c 1.33 ± 033 b 3.0 ± 0.05 d Poor seed germination

- - 0.1 - 44.77 ± 0.15 g 16.13 ± 0.35 c 1.0 ± 0 b 2.5 ± 0.11 b,c Poor seed germination

- - - 0.05 40.11 ± 0.44 f 12.82 ± 0.04 c 1.0 ± 0 b 2.6 ± 0.05 bcd Poor seed germination

Data were collected for up to eight weeks. The same letters in each column indicate that the data were not substantially different according to Duncan’s multiple range test (DMRT) at
p ≤ 0.05. Data were evaluated from 50 replicates (per repetition) and repeated three times. Abbreviations: MS: Murashige and Skoog. PGRs: plant growth regulators. IAA: indole-3-acetic
acid. Kn: kinetin. BAP: 6-benzylaminopurine. NAA: 1-napthaleneacetic acid. MGT: mean germination time. SEM: standard error mean.
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3.2. Effects of Kn, IAA, and 2, 4-D on Embryogenic and Non-Embryogenic Callus Formation

The impacts of Kn and IAA on embryogenic callus production from immature and
mature seed cultures were explored. Various concentrations of Kn, either individually
or in combination with IAA, were found to be efficient in inducing a nodular mass
of embryogenic callus. However, the highest proportion of embryogenic callus pro-
duction was achieved on the MS basal medium supplemented with 0.1 mg L−1 Kn +
0.5 mg L−1 IAA, with a percent culture response of 51.0 ± 1.0% and a mean initiation time of
31.0 ± 0.57 days, followed by 0.1 mg L−1 Kn alone (35.53 ± 2.23). At concentrations ranging
between 0.1 and 1.5 mg L−1 Kn and IAA, the proportion of somatic embryo formation is
high. Raising the concentrations further dramatically reduces somatic embryo develop-
ment and promotes callus induction. The MS media enriched with 2,4-D at concentrations
0.1 to 0.5 mg L−1 produced only non-embryogenic calluses (Figure 4A). Establishment
of embryogenic callus induction was examined in this study (Table 2, Figure 2A–L).
When the immature seeds were incubated on the MS medium augmented with various
doses of Kn and IAA (0.1 mg L−1 to 0.5 mg L−1), either individually or in combination,
two different types of calluses were generated simultaneously. Light green transparent
calluses developed from immature and mature seeds after four to six weeks of culture,
whereas creamy nodular calluses were mainly produced after six to eight weeks of incu-
bation (Figure 2A,B). During callus proliferation, nodular calluses developed into many
globular staged embryos (Figure 2C,D) after eight weeks of culture. Globular stage somatic
embryos further transformed into subsequently staged embryos (Figure 2E,H).
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Figure 2. Direct somatic embryogenesis and complete plant regeneration from immature and mature
seed cultures of Aconitum violaceum in the MS medium fortified with various concentrations of PGRs,
either separately or in combination: (A,B) embryogenic and non-embryogenic callus formation
from the immature and mature seed cultures, enriched with 0.1 mg L−1 Kn + 0.5 mg L−1 IAA and
0.1 mg L−1 Kn; (C,D) globular-shaped somatic embryo development; (E–H) torpedo and subsequent
stages of somatic embryo formation; (I) direct germination of somatic embryos on the MS medium,
augmented with Kn 0.1 + IAA 0.5 mg L−1; (J) multiple shoot and root development from the cultured
somatic embryos; (K) well-developed rooted plantlets before hardening; (L) hardening of plantlet in
jiffy pots. Scale bar (A–I) represents 5 mm; (J–L) represents 1 cm.
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Table 2. Effects of Kn, IAA, and 2, 4-D on embryogenic and non-embryogenic callus formation from
the immature and mature seeds of Aconitum violaceum.

MS Medium + PGRs
(mg L−1)

Callus Initiation
Time (Days,
Mean ± SEM)

Callus
Proliferation Rate

% Culture
Response
(Mean ± SEM)

Callus Attributes to
Various Treatments

Kn IAA 2,4-D

- - - 0.0 ± 0 a - 0.0 ± 0 a No callus formation

0.1 - - 46.66 ± 0.88 d High 35.53 ± 2.23 d
Embryogenic; friable,
transparent or light
greenish, proliferative

0.1 0.3 - 51.66 ± 1.20 e Moderate 24.0 ± 2.0 b Embryogenic; friable, creamy or
light green, proliferative

0.1 0.5 - 31.0 ± 0.57 b High 51.0 ± 1.0 e Embryogenic; friable, healthy
creamy or greenish, proliferative

0.5 0.1 - 42.33 ± 1.20 cd Low 28.88 ± 2.93 bc Compact, light brown
- - 0.1 0.0 ± 0 a - 0.0 ± 0.0 a No callus formation
- - 0.5 41.66 ± 3.52 c Moderate 30.88 ± 2.44 cd Compact, light brown

Data are expressed as mean value ± SEM. The same letters within each column represent that the data were
not considerably different at p ≤ 0.05 according to DMRT (one-way ANOVA). Each treatment is represented by
10 replicates (one vial is considered one replicate) in three repetitions. Abbreviations: MS: Murashige and Skoog.
PGRs: plant growth regulators. Kn: kinetin. IAA: indole-3-acetic acid. 2,4-D: 2,4-dichlorophenoxyacetic acid.
SEM: standard error mean.

3.3. Effect of Light on Percentage of Somatic Embryo Formation

The MS medium cultured vials augmented with 0.1 mg L−1 Kn and 0.5 mg L−1 IAA,
incubated in the dark, produced more somatic embryos (77.34 ± 0.05%) than the cultured
vials fortified with the same PGRs (0.1 mg L−1 Kn and 0.5 mg L−1 IAA) incubated in the
light (56.21 ± 0.07). Likewise, other concentrations showed similar patterns of somatic
embryo formation. Thus, it was demonstrated that darkness had a significant impact on
somatic embryo formation in Aconitum violaceum (Figure 3). In all trials, cultures that
were incubated in the dark for a minimum of 10–25 days may facilitate the induction of
somatic embryos.

3.4. Complete Plant Development from Somatic Embryos

To regenerate complete plantlets from somatic embryos, the effects of Kn and IAA
on further differentiation of somatic embryos were studied. Somatic embryos of different
stages were sub-cultured on the MS basal medium augmented with various concentrations
of Kn (0.05–1.0 mg L−1) and IAA (0.1–1.0 mg L−1), either individually or in combination
(Figure 2I). However, somatic embryo conversion into plantlets was recorded only in
0.1 mg L−1 Kn, 0.1 mg L−1 Kn + 0.3 mg L−1 IAA, and 0.1 mg L−1 Kn + 0.5 mg L−1 IAA.
The highest percentage of whole plant regeneration from somatic embryos was achieved
on Kn 0.1 + IAA 0.5 mg L−1 with a percentage culture response of 68.00 ± 1.52%. These
observations clearly illustrate that the 0.1 mg L−1 Kn + 0.5 mg L−1 IAA treatment had a
more stimulatory effect than other treatments employed to convert somatic embryos into
normal plantlets (Table 3, Figures 2J and 4F,G). The healthy plantlets were transferred into
earthen/plastic pots consisting of a mixture of garden soil, peat moss, and vermicompost in
a ratio of (1:1:1) and kept in a plant growth chamber (Figures 2L and 4H–J). These findings
clearly demonstrate that complete plant regeneration via somatic embryogenesis could
be possible.
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Figure 3. Influence of light conditions and concentrations of Kn and IAA (mg L−1) on somatic
embryo formation from the embryogenic callus of Aconitum violaceum. Mean value ± standard
error mean followed by different letters in each column represents that the observations were
substantially different according to DMRT (one-way ANOVA) at p ≤ 0.05. Abbreviations: Kn: kinetin.
IAA: indole-3-acetic acid.

Table 3. Effect of Kn and IAA on whole plant regeneration from somatic embryos and in vitro rooting
in Aconitum violaceum.

MS Medium + PGRs
(mg L−1)

Initiation of
Shoot (Days,

Mean ± SEM)

Initiation of Root
Days (Mean ± SEM)

% Culture
Response

(Mean ±SEM)

Root Length
(cm)

(Mean ± SEM)

Shoot
Length (cm)

(Mean ± SEM)

Number of Shoots
(Mean ± SEM)

Kn IAA

- - 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a 0.0 ± 0 a
0.1 - 26 ± 1.0 d 34.66 ± 0.66 d 56.00 ± 2.08 b 4.33 ± 0.35 b 8.16 ± 0.44 b 5.33 ± 0.66 b
0.1 0.3 21.33 ± 0.88 c 28.33 ± 0.88 c 56.33 ± 4.91 b 4.16 ± 0.23 b 9.0 ± 1.0 b 5.66 ± 0.88 b
0.1 0.5 16.66 ± 0.66 b 25. 00 ± 1.15 b 68.00 ± 1.52 c 4.66 ± 0.20 b 10.33 ± 0.6 c 9.33 ± 1.76 c

The data were evaluated for up to 8 weeks. The results were displayed as mean value ± SEM. The same letters
within each column represent that data are statistically different at p ≤ 0.05 according to DMRT (one-way ANOVA).
Abbreviations: MS: Murashige and Skoog. PGRs: plant growth regulators. Kn: kinetin. IAA: indole-3-acetic acid.
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Figure 4. Callus development and plant regeneration from the seeds of Aconitum violaceum in
MS basal medium enriched with various concentrations of PGRs, either alone or in combination:
(A) callus induction in MS medium + 0.5 mg L−1 2,4-D; (B) callus induction in MS medium +
0.1 mg L−1 Kn; (C) multi-shoot formation in MS medium + 0.1 mg L−1 Kn; (D) root induc-
tion when sub-culture in MS medium is augmented with 0.1 mg L−1 Kn + 0.5 mg L−1 IAA;
(E) embryogenic callus production and root induction in MS medium fortified with 0.1 mg L−1

Kn; (F,G) multiple shoot and root development from embryogenic callus when sub-cultured in MS
medium enriched with 0.1 mg L−1 Kn + 0.5 mg L−1 IAA; (H,I) hardened plants in the pots containing
loamy soil, coco-peat, and vermicompost (1:1:1 v/v); (J) plant acclimatized in green house. Scale bar
(A–G) represents 5 mm; (H–J) represents 1 cm.

3.5. In Vitro Rooting

The in vitro developed plantlets, through various methods (i.e., somatic embryogene-
sis and callusing), developed roots through sub-culturing in the MS basal medium enriched
with the same concentrations (concentrations at which somatic embryos were developed)
or different concentrations of Kn and IAA (Table 3, Figure 4D–G). The multi-shoot plantlets
from sub-culturing in the MS medium, enriched with rooting hormone, developed roots
within four weeks of inoculation. In most cases, more than three roots were formed per
shoot in each treatment. The highest proportion of root formation occurred on the MS
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basal medium fortified with 0.1 mg L−1 Kn + 0.5 mg L−1 IAA and 30 g L−1 sucrose, with
a percentage response of 68.00 ± 1.52% and average root length 4.66 ± 0.23, followed by
0.1 mg L−1 Kn + 0.3 mg L−1 IAA with a percentage response of 56.33 ± 4.91% and average
root length of 5.66 ± 0.88. Among all the PGRs tested, the Kn and IAA combination was
proven to be most effective for healthy root development and formation of maximum
root–shoot ratio. The root induction ratio (number of roots formed per shoot) is further
enhanced by dim light or complete darkness. Several cultured vials were wrapped in
aluminum foil to reduce the intensity of light; these vials developed roots rapidly compared
to vials that were kept in light (16/8-h photoperiod). Further root induction in A. violaceum
was facilitated by a low concentration of PGRs. Increasing the concentration of PGRs
promotes further callusing on the developed roots.

3.6. Hardening and Acclimatization of In Vitro Plantlets

The plantlets were then transferred into jiffy pots, filled with a mixture of sterilized
garden soil/loamy soil, coco-peat/peat moss, and vermicompost (1:1:1). The plantlets in
the jiffy pots were enclosed in transparent polybags for two weeks to ensure adequate
humidity and were kept in the growth chamber. After the third week, the hardened
plantlets were transferred into the greenhouse for further acclimatization. Healthy and
well-established plantlets were then transplanted into the Kashmir University Botanical
Garden (KUBG) and kept in the shade with occasional watering. After three to five weeks,
well-established plantlets produced three to five leaves (Figure 5B). Transplanted plantlets
attained a maximum height of 25.33 ± 1.76 after eight weeks (Table 4; Figure 5D). Overall,
55% of the transplanted plantlets survived and reached the budding stage (Figure 5D).
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Figure 5. Hardening and acclimatization of in vitro raised plantlets of Aconitum violaceum Jacq. ex
Stapf: (A,B) three to four week old hardened plantlets; (C) five to six week old acclimatized plants;
(D) eight week old acclimatized plants. Scale bar represents 1 cm.

Table 4. Morphological data of tissue culture-raised plantlets of Aconitum violaceum after acclimatiza-
tion in the field.

Week Plant Height
(Mean ± SEM)

Number of Leaves
(Mean ± SEM)

Number of Floral Buds
(Mean ± SEM)

1st 2.33 ± 0.33 a 2.66 ± 0.33 a 0.0 ± 0 a
2nd 3.33 ± 0.66 a 3.0 ± 0.57 a 0.0 ± 0 a
3rd 6.0 ± 1.52 ab 4.33 ± 0.33 a 0.0 ± 0 a
4th 9.0 ± 1.15 b 6.0 ± 0.57 b 0.0 ± 0 a
5th 12.66 ± 0.88 c 8.66 ± 0.33 c 0.0 ± 0 a
6th 15.66 ± 0.88 c 9.66 ± 0.66 c 0.0 ± 0 a
7th 20.66 ± 1.45 d 9.66 ± 0.66 c 6.33 ± 0.66 b
8th 25.33 ± 1.76 e 9.66 ± 0.66 c 8.0 ± 0.57 c

Data represented as mean value ± SEM (standard error mean). The same letters in each column represent that the
data were not considerably different according to DMRT (one-way ANOVA) at p ≤ 0.05.
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4. Discussion

Aconitum species are primarily harvested on a large scale for their rhizome, which
has excellent pharmacological properties and is widely used in indigenous medicines,
indirectly resulting in the decline of several Aconitum species from their native habitat [31].
Seed-based propagation is the most efficient, affordable, and practicable technique for most
species to be cultivated on a large scale for commercial purposes [31]. Aconitum species
are mostly wild-growing at high elevations, so their propagation through seeds at low
altitudes is constrained by ecological factors such as soil fertility, soil textures, pH, humidity,
temperature, phytosociology, nature of vegetation, and dormancy of seeds [4,32,33]. Thus,
providing pre-sowing treatments (chilling, water soaking, hot water treatment, or with
different chemicals etc.) can enhance its cultivation at lower elevations [32]. Soaking seeds
in cold water or hot water is often used in seed germination of Aconitum spp [33] and
Iris spp [34]. Cold scarification is the most efficient strategy for breaking dormancy in
Ranunculaceae [35–37]. The seeds stratified at 4 ◦C for 4–10 days enhanced the germination
rate in A. chasmanthum and A. nagarum when cultured on the MS basal medium [22,25].
Similarly, A. violaceum seeds also require chilling treatment for successful germination.
A. violaceum seeds were cultured in different seasons to determine the organogenic response.
However, the seeds sown in winter and early spring showed a better germination rate of
>77% and gave peculiar organogenic responses (i.e., non-embryogenic and embryogenic
callus formation, somatic embryos development, multiple shooting and rooting, and direct
seed germination) on the MS basal medium supplemented by different PGRS (auxins and
cytokinins), either alone or in combination. Similar results were achieved by Deb and
Lunghu with A. nagarum [25]. Among the different PGRs used, Kn and IAA were found
to be best for direct seed germination, embryogenic callus induction, and multiple shoot
regeneration in A. violaceum. Seeds stored at lower temperatures (1 ◦C to 6 ◦C) showed a
better rate of germination during an in vitro culture. Similarly, seeds from A. heterophyllum
that have chilled for 25–40 days showed a germination rate of 60% [38]. These studies
suggest that cold storage and cold-frame sowing or culturing of A. violaceum seeds showed
a high frequency of germination. Other studies have also suggested that a low temperature
is the most significant factor in the germination and in vitro propagation of Aconitum spp,
which was also verified in the current study. The proposed in vitro regeneration will be
helpful in the domestication of understudied plant species at lower altitudes. In its natural
habitat, A. violaceum regenerates with rhizomes and the new stocks grow healthy and
vigorous. The seed also has the potential to germinate into new seedlings; however, the
plantlets of germinated seeds are delicate and susceptible to environmental fluctuation and
rarely reach maturity stage. Most of the seeds face juvenile mortality at early stages due to
extreme diurnal climatic fluctuation in their habitat.

The key rationale is that plants reproduced from direct somatic embryogenesis are
commonly more uniform than plants regenerated indirectly by callus tissues [39]. Sec-
ondary embryogenesis approaches allow for the rapid production of enormous populations
in a short period of time [40]. Secondary somatic embryos could also be developed from
the surfaces of somatic embryos [41]. In the current study, somatic embryos were generated
from immature and mature seed cultures of A. violaceum. Prior to culture on the growth
medium, all seeds were stored at a low temperature (1 ◦C to 6 ◦C). The seeds cultured
in winter and early spring produced a nodular mass of embryogenic potential callus on
the MS basal medium enriched with various concentrations of auxins and cytokinins.
Similar findings were observed by Vandelook et al. [42] in Aconitum lycoctonum, where a
low temperature (below 10 ◦C) was suitable for the growth and germination of embryos.
Giri et al. [24] developed complete plantlets from somatic embryos of leaf and petiole ex-
plants of Aconitum heterophyllum on the MS basal media augmented with 1 mg L−1 2,4-D and
0.5 mg L−1 Kn, or 5 mg L−1 NAA and 1 mg L−1 BAP. Among the various growth regulators
studied, Kn and IAA were found to be the most effective for the direct production of an
embryogenic callus from immature and mature seed cultures. At lower concentrations,
Kn alone was able to induce a nodular mass of embryogenic callus, but the same was



Horticulturae 2022, 8, 599 13 of 15

insufficient for the conversion of somatic embryos into complete plantlets. However, Kn in
combination with IAA converts embryogenic calluses into somatic embryos and facilitates
the regeneration of complete plantlets. Similarly, Kn also enhanced embryogenic callus
induction in Drimiopsis kirkii [43], and in Iris species such as Iris sanguinea [44,45]. The
addition of IAA in the range of 0.1–1.0 mg L−1 accelerated the rate of somatic embryo
germination, which eventually reached to 68.00 ± 1.52%. The dark conditions promote
somatic embryo formation and development of roots in in A. violaceum. Similar results
were reported by Xu Kd [28] in Ranunculus sceleratus, where darkness enhanced the fre-
quency of somatic embryo formation. Cold storage can enhance somatic embryo conversion
frequency, potentially caused by epigenetic changes triggered by temperature stress [46].
Moreover, in vitro culturing of seeds on the MS basal medium fortified with various concen-
trations of 2,4-D induced callusing. Increasing the concentration of 2,4-D to >1.0 mg L−1

resulted in a decrease in the percentage of callus induction, which is consistent with the
findings of Li et al. [47,48], who found that increasing the concentration of 2,4-D from 11.3 to
18 µM decreased callus induction in Rosa hybrida. Lower concentrations of PGRs and a low
temperature promotes optimal growth and development of in vitro culture of A. violaceum.
From the current investigation, we observed that the optimal ambient temperature in the
growth chamber should be maintained at 8 ◦C–10 ◦C, and relative humidity of 50–55%
should be maintained for complete regeneration of plantlets through somatic embryogene-
sis. Moreover, pre-soaking in cold water for 96 h enhances the rate of seed germination,
embryogenic callus production, and other organogenic responses. Optimal application
of Kn along with IAA is sufficient for direct seed germination, multiple shoot induction,
somatic embryo induction, and complete plant regeneration from somatic embryos in a
short time. In the tissue culture-raised plantlets, the mortality rate was highest in the
juvenile stage. The acclimatized plantlets required slightly acidic, porous, and loamy soil
for successful establishment. The plantlets grew well in semi-shaded places with tempera-
ture fluctuations ranging from 10 ◦C to 20 ◦C. A further rise in temperature would not be
feasible for the survival of A. violaceum.

5. Conclusions

The present study is the first to report on the development of an in vitro propagation
protocol for seed germination and somatic embryo formation from seeds of the threatened
endemic plant species, A. violaceum. Furthermore, the study revealed that seeds are suitable
explants for efficient multiplication and restoration of A. violaceum within a short period of
time (approximately three to five months), starting from the initiation of seed germination
or somatic embryo development to final tissue culture-raised plantlets. The regeneration
protocols established here could be useful for mass multiplication and conservation of
this important economic plant species. In addition, this work may be useful in the discov-
ery of physiologically active secondary metabolites from in vitro-derived plantlets under
controlled circumstances and their commercial utilization.
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