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Abstr act

Steroid alkaloid solasodine is a nitrogen analogue of diosgenin 
and has great importance in the production of steroidal medi-
cines. Solanum erianthum D. Don (Solanaceae) is a good sour-
ce of solasodine. The aim of this study was to evaluate the effect 
of different cytokinins on the production of secondary meta-
bolites, especially solasodine in the in vitro culture of S. eriant-
hum. For solasodine estimation, field-grown plant parts and in 
vitro tissues were extracted thrice and subjected to high-per-
formance liquid Chromatography. Quantitative analysis of 
different secondary metabolites showed that the amount was 
higher in the in vitro regenerated plantlets compared to callus 
and field-grown plants. The present study critically evaluates 
the effect of the type of cytokinin used in the culture medium 
on solasodine accumulation in regenerated plants. The highest 
solasodine content (46.78 ± 3.23 mg g-1) was recorded in leaf 
extracts of the in vitro grown plantlets in the presence of 6-γ,γ-
dimethylallylamino purine in the culture medium and the con-
tent was 3.8-fold higher compared to the mother plant.
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Abbreviations

2,4-D	 2,4-dichlorophenoxyacetic acid
2-iPA	 6-γ,γ-dimethylallylamino purine
ANOVA	 analysis of variance
BA	 N6-benzyladenine
BAP	 6-benzyl amino purine
CE	 caffeine equivalents
DMRT	 Duncan’s multiple range test
DW	 dry weight
GAE	 gallic acid equivalents
IBA	 indole-3-butyric acid
KN	 kinetin
MS	 Murashige and Skoog’s medium
PGR	 plant growth regulator
QE	 quercetin equivalents
SE	 standard error
TAE	 tannic acid equivalents
TDZ	 thidiazuron

Introduction
Solanum erianthum D. Don of the family Solanaceae is a species of 
nightshade and native to northern South America and southern 
North America [1]. It is distributed in tropical and subtropical regi-
ons of south India and Andaman [2]. This medicinal species of So-
lanum is widely used to treat various human disorders [3]. The lea-
ves of S. erianthum have been extensively used for the treatment 
of headache, vertigo, digestive troubles, haemorrhoids, leucor-
rhoea, scrofula, and wound healing purposes [4]. It has also been 
reported to be used as a diuretic and purgative and in the treatment 
of venereal diseases and leprosy [5]. The leaf extracts of this plant 
are known to possess antimicrobial and anticancer activities [6]. 
The experimental plant contains the steroidal alkaloids solanine 
and solasodine, which have great potential in the drug and phar-
maceutical industry [5]. Solasodine can be easily converted to 
16-dehydropregnenolone, a key intermediate in steroidal drug syn-
thesis [7], and can be used as an important alternative to diosge-
nin in the production of steroidal hormones and medicines [8]. In 
order to meet the demands of the pharmaceutical industry owing 
to the medicinal value of the species, uncontrolled exploitation of 
their resources causes depletion of the population from natural ha-
bitats [9]. Plant tissue culture techniques in controlled culture con-
ditions provide an alternative to field exploitation of plants for the 
production of economically important phytochemicals [10]. Mi-
cropropagated plants can easily produce commercially desirable 
secondary metabolites [11]. Micropropagation via different culture 
pathways has already been established in this medicinal plant [9]. 
Although very few compounds have been commercially generated 
in culture, several strategies can be employed in order to further 
enhance the production of desired secondary metabolites from 
cultured cells, i. e., fast-growing cell lines with high metabolic ac-
tivity, genetic engineering, modification of culture media, use of 
elicitors, etc. [12]. An efficient genetic transfection technique has 
already been established in S. erianthum with the Agrobacterium 

rhizogenes A4 strain, and a fast-grown hairy root line has been de-
veloped with high secondary metabolite contents [13]. To the best 
of our knowledge, there has been no report available on compara-
tive analysis of different phytochemical contents in natural and in 
vitro tissues and propagules in the plant. Keeping the pharmaceu-
tical importance of S. erianthum in mind, the present study was 
undertaken to evaluate various secondary metabolite contents in 
field and in vitro raised plants.

Metabolite production in vitro can be influenced by the chemi-
cal composition of the medium and also by the modulation of cul-
ture conditions, of which PGRs act as one of the crucial determi-
nants [14]. The influence of different chemical components as well 
as PGRs of the culture medium on secondary metabolite produc-
tion have previously been reported in different plants [15, 16]. 
However, no reports are available on the influence of culture mo-
difications on secondary metabolite accumulation in S. erianthum. 
Thus, this study aimed to investigate the responses of various cy-
tokinins on the accumulation of secondary metabolites of S. eri-
anthum, with special emphasis on solasodine accumulation.

Results
The secondary metabolite contents were initially estimated from 
different plant parts, i. e., leaves, unripe fruits, ripe fruits, and roots 
of in vivo plants of S. erianthum. The highest estimated contents 
of secondary metabolites were recorded in the in vivo leaf tissues 
(▶Fig. 1 and Table 1S, Supporting Information). Therefore, for 
further experiments, leaves were used as the control and an in vitro 
study was conducted using leaf explants.

Quantitative analysis of leaf extracts of the mother plant, in vitro 
callus tissues, and leaf tissues from in vitro micropropagated plants 
grown in the presence of different cytokinins (BAP, KN, 2-iPA, TDZ) 
showed that the contents of various secondary metabolites were 
significantly higher in the in vitro leaves compared to that of the 
callus and field tissues. Variations were recorded in the total phy-
tochemical contents of leaves from in vitro micropropagated plants 
grown in the presence of different cytokinins. Application of 2-iPA 
significantly increased (1.43-fold) the production of total phenolic 
compounds, whereas other cytokinins either decreased or had no 
effect on the phenolic contents (▶Table 1). Flavonoid contents 
were enhanced in the presence of all the applied cytokinins, while 
KN showed the highest content (2.2-fold) (▶Table 1). 2-iPA and 
BAP also caused a significant increase in flavonoids. TDZ showed a 
remarkably high total tannin content (4.46-fold increase) compa-
red to the control. 2-iPA and KN showed almost similar effects (4-
fold increase) in tannin production (▶Table 1). This study revealed 
a potentially high deposition of alkaloids in the in vitro cultures in 
the presence of various cytokinins. The maximum alkaloid content 
was recorded in the leaves of in vitro plants in the presence of 2-iPA 
in the medium.

In another experiment, the in vivo and in vitro plant extracts of 
S. erianthum were subjected to HPLC analysis for the quantification 
of the principal alkaloid compound solasodine (Fig. 1S, Supporting 
Information). The results revealed that the production of solaso-
dine from in vitro leaf tissues was affected to a remarkable extent 
by cytokinins supplemented to the medium. Quantitative analysis 
of solasodine showed that its content was significantly higher in 
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micropropagated plants compared to field-grown plants and cal-
luses. Interestingly, a 3.8-fold higher solasodine content 
(46.78 ± 3.23 mg g-1) was recorded in leaf extracts of in vitro plants 
cultured in 2-iPA-supplemented medium than the mother plants 
(▶Table 2). Similarly, BAP was also found to increase the solasodi-
ne content (2.8-fold) in the leaf tissues of the in vitro-generated 
plants compared to the in vivo tissue. The present study thus indi-
cated that the in vitro-generated shoots had a higher solasodine 
content compared to that of the callus tissues (▶Fig. 2). The mi-
cropropagated shoots yielded 6 times more solasodine than the 
callus. All the secondary metabolite contents estimated were sta-
tistically significant.

Discussion
The present study demonstrates that application of certain cyto-
kinins remarkably influences the in vitro production and distribu-
tion of secondary metabolites in S. erianthum. Previously, Sarkar 
et al. [13] estimated a 1.33-fold increase (16.29 ± 0.69 mg g-1) in 
solasodine content in selected hairy root lines of this plant compa-
red to field tissue. The results of the present study revealed even 
higher solasodine production in the presence of all cytokinins ap-
plied and the highest content (46.78 ± 3.23 mg g-1) was 2.87-fold 
higher compared to that of the hairy root.

The effects of PGRs on in vitro production of secondary meta-
bolites are highly variable and depend on the plant species [17, 18]. 
Several studies have reported the influence of different PGRs on 
the in vitro production of secondary metabolites. For example, BAP 

▶Table 1 	 Comparison of total phytochemical contents between in vivo and in vitro tissues at various cytokinin levels.

Phytochemical content Leaf Callus Leaf from in vitro plant with different treatments

BAP KN 2-iPA TDZ

Phenolic (mg GAE/g DW) 14.58 ± 0.65b 6.25 ± 1.53a 13.75 ± 2.70b 14.50 ± 0.80b 20.92 ± 4.96b 17.08 ± 1.69b

Flavonoid (mg QE/g DW) 60.33 ± 2.03b 11.00 ± 2.31a 107.33 ± 19.55c, d 133.33 ± 11.67d 109.33 ± 5.66c, d 80.67 ± 14.30b, c

Tannin (mg TAE/g DW) 7.57 ± 0.83b 1.86 ± 0.83a 23.76 ± 3.44c 30.90 ± 6.92c 30.91 ± 4.97c 33.80 ± 4.54c

Alkaloid (mg CE/g DW) 4.40 ± 0.08d 1.59 ± 0.06a 4.49 ± 0.66d 3.35 ± 0.16c, d 5.26 ± 0.87d 2.28 ± 0.58b, c

Experiments were carried out in triplicate and all the data were analysed using ANOVA. The significance of the results was determined statistically 
using DMRT (p ≤ 0.05). The data are presented as mean values  ±  SE. In each row, mean values followed by the same letter are not significantly different 
at the 0.05 level using DMRT.

▶Table 2 	 Comparison of solasodine content between in vivo leaves and in vitro tissues at various cytokinin levels.

Phytochemical 
content

In vivo leaf Callus Leaf from in vitro plant with different treatments

BAP Kinetin 2-iPA TDZ

Solasodine 
content (mg g-1)

12.30  ±  1.56b 7.26 ± 2.50a 34.60 ± 6.21c, d 19.16 ± 1.11b, c 46.78 ± 3.23d 16.56 ± 0.62b

Experiments were carried out in triplicate and all the data were analysed using ANOVA. The significance of the results was determined statistically using 
DMRT (p ≤ 0.05). The data are presented as mean values  ±  SE. In each row, mean values followed by the same letter are not significantly different at the 
0.05 level using DMRT.

▶Fig. 1	 Comparison of secondary metabolite contents in various parts of S. erianthum field plant.
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in combination with IBA enhanced the yield of total phenolics and 
flavonoids in Origanum vulgare and Thymus vulgaris, but decrea-
sed in Ocimum basilicum [19, 20]. In another report, application 
of BAP increased the total production of essential oils in Mentha pi-
perita [21]. Phenolic content was increased in the culture of Scu-
tellaria columnae when kinetin was added with 2,4-D [22]. Com-
parative analysis of in vivo and in vitro tissues of Croton floribundus 
showed dependence of plantlet phytochemical profiles on PGRs 
[23]. In T. vulgaris, BA was reported to enhance flavonoid produc-
tion [19]. Cytokinins have been reported to enhance the quantita-
tive production of alkaloids in cultures of Catharanthus roseus [24] 
and Fagara zanthoxyloides [25, 26], anthocyanins in callus of Oxa-
lis linearis [27] and polyphenolic compounds in shoots of Scutella-
ria alpine [28]. Aremu et al. [29] reported that the presence of 2-iP 
in the culture medium increased the production of caffeic acid in 
Merwilla plumbea. BA and other cytokinins were reported to incre-
ase phenolic content of in vitro-grown tissues [30, 31]. 2-iPA incre-
ased the total flavonoid content in the culture of Piper crassinervi-
um [32]. Experiments performed by Sidkey showed that cytokinins 
markedly enhanced the accumulation of alkaloids in C. roseus cul-
tures by an increased expression of geranil 10-hydroxlase gene [33]. 
The results imply that the in vitro production of phytochemical 
compounds was significantly enhanced by the addition of different 
cytokinins.

The in vitro production of solasodine could be augmented sig-
nificantly by the application of PGRs to the culture medium [34]. 
Auxins have been reported to inhibit alkaloid production in in vitro 
culture [34]. It was reported to increase glycoalkaloids (i. e., sola-
nine, solamargine, and solasonine) on the leaf culture of Solanum 
nigrum in the presence of BA [35]. Another report showed 2.4 mg 
g-1 solasodine content from regenerative callus of S. nigrum in BA-
containing medium [36]. Notably, Bhat et al. estimated solasodine 
content from different cultured tissues and observed that the con-
tent was markedly higher in regenerated shoots compared to cal-
lus and field-grown plants [37]. Organogenesis promoted the so-
lasodine production in cultures of Solanum laciniatum in the pre-
sence of KN and the enhanced content was 7 mg g-1 in the 
regenerated shoots [15]. Later, in Solanum trilobatum, the in vitro 

regenerated plantlets cultured in medium containing KN and 
131.85 mM sucrose accumulated 35.97 mg g-1 solasodine, whe-
reas the mother plants yielded 2.32 mg g-1 [38]. According to Shil-
pha et al., HPLC analysis of micropropagated plants of S. triloba-
tum showed 2.47 ± 0.04 mg g-1 DW of solasodine accumulation in 
the presence of BA in culture medium, while in field-grown plants, 
the content was 2.38 ± 0.02 mg g-1 DW [39]. On the other hand, 
MS basal medium without any PGR supplementation was reported 
to be the best culture conditions for solasodine accumulation in 
Solanum torvum [34].

Precise control of various factors increases the quality of the me-
tabolite. Manipulation of type and concentration of PGR, size of ex-
plants, carbon source, and other medium ingredients affect the rate 
of secondary metabolite production [15, 40, 41]. With the fact that 
growth regulators are capable of influencing the growth and deve-
lopment of the plants through their impact on biochemical and phy-
siological processes and also in gene regulation, there are a great 
number of ways through which these compounds could alter the se-
condary metabolite production in plants [42]. PGRs are used as ef-
ficient elicitors for enhanced production of plant secondary meta-
bolites [43]. According to Staba, the increase in yield of secondary 
metabolites by PGRs primarily occurs due to an increase in cell divi-
sion and cell multiplication in culture [44]. Ramawet and Merrilion 
opined that PGRs do not interact with the intermediary compounds 
of the biosynthetic pathway of secondary metabolites, but someti-
mes change cytoplasmatic conditions in metabolite formation [45]. 
BAP enhanced alkaloid biosynthesis in C. roseus by influencing per-
oxidase activity [46]. Cytokinins significantly inhibit transporters of 
macronutrients (nitrate, phosphate, sulphate, ammonium, etc.) and, 
on the other hand, nitrate normalizes gene expressions involved in 
secondary metabolite pathways [47]. Again, Cheynier et al. stated 
that PGRs, especially auxins and cytokinins, influence the production 
of secondary metabolites by regulating the initial steps of the phe-
nylpropanoid or shikimate pathway [48].

In conclusion, use of leaf explants of S. erianthum in the present 
study provided different somaclonal lines that can be useful for the 
in vitro production of bioactive compounds. The type of cytokinin 
has significant influence in the accumulation of secondary meta-
bolites in plantlets of S. erianthum. The in vitro-grown plantlets of 
this plant also produce increased levels of solasodine, which has a 
high potential value for steroid drug synthesis. The overall results 
provided in this article may be useful as an informative source to 
researchers in the field of natural products.

Materials and Methods

Plant material
The seeds of S. erianthum were collected from Hazaribag, Jharkhand, 
India. Field-grown plants were germinated from the seeds and main-
tained in the medicinal plant garden of the Department of Botany, 
Visva-Bharati. The plant specimen (F1/Hzb/2013-26/01/2013) was 
identified by R. Gogoi, Scientist, Botanical Survey of India, Central Na-
tional Herbarium, Howrah. The age of the mother plants were about 
12–18 months and tissues were collected from more than 3 in vivo 
plants. In vitro plants were generated via indirect pathways [9] and 
different somaclonal lines of callus-mediated plantlets were maintai-

▶Fig. 2	 Comparison of solasodine content between in vivo leaves 
and in vitro tissues at various cytokinin levels.
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ned in the culture room of the Department of Botany, Visva-Bharati. 
These somaclonal lines generated in response to different cytokinins 
were used for secondary metabolite estimation in the present expe-
riment.

Treatments
Secondary metabolite contents were investigated by culturing 
shoot tips at half-strength MS medium [49] supplemented with 4 
cytokinins, BAP (8 mg·L − 1), 2-iPA (8 mg·L − 1), KN (8 mg·L − 1), and 
TDZ (1 mg·L − 1). Cultures were maintained at a temperature of 
25 ± 2 °C and 80–90 % relative humidity under a 12-h photoperiod 
of 2500–3000 l ×  irradiance in the culture room. The in vitro plant 
materials were collected 6 weeks after treatment and were utilized 
for the analysis of secondary metabolite contents.

Total phytochemical study
The extraction of samples was accomplished as described by Bhat-
tacharyya et al. [50]. Quantitative estimation of total phytochemi-
cals was accomplished using a UV-vis spectrophotometer, U-2900 
(Hitachi), at specific wavelengths.

Estimation of total phenolic content was done using the Folin-
Ciocalteu method [51], with small modifications. Of the sample 
extract, 0.125 mL was mixed with 1.8 mL of 10 times diluted Folin-
Ciocalteu reagent. The reaction mixture was kept at 25 °C for 6 min. 
Later, 1.2 mL of Na2CO3 (20 %) were added to the mixture and in-
cubated for 1.5 h at room temperature. Finally, phenolic content 
was determined as mg of GAE per gram of tissue using gallic acid 
(97.5–102.5 % purity; Sigma-Aldrich) as the standard.

Total flavonoid content was determined using the aluminium 
chloride colorimetric method at 415 nm by Chang et al. [52]. First-
ly, 0.5 mL of the tissue extract, 1.5 mL methanol, 0.1 mL alumini-
um chloride (10 %), 0.1 mL of 1 M sodium acetate, and 2.8 mL dis-
tilled water were mixed by vortexing. The reaction mixture was kept 
at room temperature for 30 min followed by a final estimation. The 
results were noted as mg of quercetin ( ≥  95 % purity; Sigma-Ald-
rich) equivalents (QE) per gram of tissue.

Estimation of total tannin content of the extracts was perfor-
med using a modified Folin-Ciocalteu method by Tambe and Bham-
bar [53]. The sample extract (0.1 mL) was mixed with 7.5 mL of di-
stilled water, 0.5 mL of Folin-Ciocalteu reagent, and 1 mL of Na2CO3 
(35 %) solution. The volume was made up to 10 mL by adding glass 
distilled water. The mixture was shaken well and after incubation 
at room temperature for 30 min, the absorbance was measured at 
725 nm. The calibration curve was prepared for tannic acid (˃ 95 % 
purity; Himedia).

Quantification of total alkaloid content was done at 700 nm by 
using Dragendorff's alkaloid estimation method [54]. The concen-
tration of the total alkaloid was estimated as mg of CE per gram of 
tissue using an equation obtained from the caffeine (99 % purity; 
Sigma-Aldrich) calibration curve.

Quantitative estimation of Solasodine by HPLC
The solasodine content in selected tissues was quantified using 
HPLC as per the method of Kittipongpatana et al. [55] with some 
modifications. The detailed methodology of the HPLC study has al-
ready been discussed in Sarkar et al. [13]. Peaks were identified and 
evaluated by comparing their retention time, UV spectra, and peak 

area with respect to an authentic solasodine standard ( ≥  95 % pu-
rity; Sigma-Aldrich).

Statistical analysis
All experiments were carried out in triplicate and the data were 
analysed using ANOVA. The significance of results was determined 
statistically using DMRT (p ≤ 0.05). The data are presented as mean 
values  ±  SE. The data were analysed using SPSS 16.0.0 (IBM Cor-
poration).

Supporting information
Contents of different secondary metabolites in various parts of the 
S. erianthum field plant and an HPLC chromatogram of solasodine 
are available as Supporting Information. 
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