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Abstract
Physalis minima L. is an important underutilised medicinal plant. It has many medicinal properties
including anticancer activity due to the synthesis of steroidal lactone withaferin A. This is the �rst time we
developed hairy root (HR) culture system via infection with wild A4 strain of Agrobacterium rhizogenes for
continuous synthesis of steroidal lactone withaferin A. Maximum transformation e�ciency (83.49 ± 2.45
%) was recorded with the treatment of 200 μM of acetosyringone. Con�rmation of transformed root was
analysed using seven different gene-speci�c primers. After the establishment of axenic culture, �ve
different HR lines were separated and selected on the basis of their growth rate and accumulation of
withaferin A (891.79 ± 36.21 μg g–1 DW) content analysed by standard high-performance liquid
chromatography (HPLC) method. The present study investigated to enhance the biosynthesis of
withaferin A by the application of different elicitors on selected HR lines. Elicitors like chitosan, yeast
extract, salicylic acid, methyl jasmonate and aluminium chloride were examined. Among the different
elicitors, all elicitors exhibit their positive response in differential manner with respect to withaferin A
synthesis. The most effective response was observed when treated with elicitor methyl jasmonate and
salicylic acid; they trigger to synthesise 18186.55 ± 45.46 μg g–1 DW and 19080.60 ± 58.04 μg g–1 DW of
withaferin A, respectively from HR. After 15 d of culture, whereas controlled HR in MSO synthesised only
891.79 ± 36.21 μg g–1 DW of withaferin A content. Results suggested that HRs of P. minima open a new
opportunity to produce enhanced amount of withaferin A after the treatment of elicitors.

Key Message
Establishment of suitable hairy root culture protocol for the production of secondary metabolite like
withaferin A and elicitor treatment on high-yielding hairy root line to signi�cantly improve more active
compound.

Introduction
The plant Physalis minima L. is a medicinal herb of the Solanaceae family. Under natural conditions, this
plant has been found mostly in the tropical and subtropical regions in Asian subcontinental regions
including India, Sri Lanka and South East Asia. Traditionally, Malay communities in Malaysia have
consumed the whole plant for the remedy of cancer treatment. The P. minima contain a variety of
secondary metabolites such as alkaloids, steroids and phenolic compounds including high values of
antioxidant properties that promote the wound-healing activity by the synthesis of �broblast collagen in
the human body (Rajakaruna et al. 2002; Lem et al. 2022). This plant is associated with the treatment of
various cancer cell lines to treat the angiogenesis process by effective medicinal properties (Handayani et
al. 2020; Canh et al. 2021). Steroidal lactone compounds of this plant had been used in various medical
treatments including diuretic, purgative, analgesic, anthelmintic, anti-in�ammatory, antimicrobial,
appetiser, cytotoxic activities and bitter tonic (Chothani and Vaghasiya 2012; Wu et al. 2018; Zhang et al.
2020; Tewari et al. 2022). This plant is effectively used for skin diseases including eczema, leprosy and
some disease-causing bleeding (Rajakaruna et al. 2002). The main compounds of this plant are different
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types of physalin (Azlan et al. 2002), solasodine (Putalun et al. 2004) and withanolides including
withaferin A (Halder and Ghosh 2021). It is well documented that withaferin A is now considered as an
important phytocompound for the treatment of various kinds of disease (Halder and Ghosh, 2015; Sari et
al. 2022; Tewari et al. 2022). In most cases, Withania somnifera is the primary source of withaferin A, and
all kinds of exploitation for withaferin A improvement programme are carried out in in vitro system. The
accumulation of plant bioactive compounds depends on the plant genotypes and environmental
conditions (García-Pérez et al. 2020). The active compound withaferin A treatment was found to decrease
various cancer cell lines by altering oxidative stress, autophagy, promoting apoptosis, preventing cell
proliferation, development to dropping angiogenesis and metastasis (Behl et al. 2020; Huang et al. 2020).
The withaferin A is highly accumulated from the plant leaf organ. Recently, low concentrations of
physalin and solasodine contents were reported in root culture and undifferentiated callus culture of this
plant as compared with leaf tissue (Azlan et al. 2002; Putalun et al. 2004). Important bioactive compound
withaferin A synthesis from root culture or hairy root culture is yet not reported. Recently, the selection of
elite clone (chemotype) of P. minima after the screening of various chemotypes from wild ndian �ora and
subsequently stable withaferin A synthesising in vitro propagation system has been established by
present authors (Halder and Ghosh 2021). In vitro plant tissue culture is an alternative approach for the
continuous production of important bioactive compounds which are free from climatic and geographical
in�uences as well as rejecting the need to dependent on wild plants. 

In vitro plant cell and tissue culture contains a good potential activity for the production of numerous
secondary metabolites within very short periods (Ho et al. 2018). While cell suspension culture retains
some special activities including fast growth rate and easy extraction of active compounds, the cell
culture required for the application of exogenous plant growth hormones and culture may lose their
genetic stability. Thus, the continuous culture of cells is gradually reduced by their bioactive compounds
(Sivanandhan et al. 2014; Le et al. 2019). The development of transformed hairy root culture is an
alternative method by the infection with Agrobacterium rhizogenes-mediated gene transformation to the
production of secondary metabolites (Ray et al. 1996). The low yield of bioactive compounds in cell
culture can be justi�ed as a result of lack of cell differentiation. An alternative approach to cell culture is
hairy root culture, and it is a perfect example of differentiated organised culture. Hairy roots are capable
of auxin-independent fast growth and are genetically and biochemically stable, with high productivity and
suitability for large scale-production (Ho et al. 2018; Gupta et al. 2021; Hiebert-Giesbrecht et al. 2021, Paul
et al. 2022). The establishment of hairy root culture shows fast growth, as well as accumulation of more
biomass under hormone-free medium, which is associated with promoting genetic stability and improves
the production of more secondary metabolites (Baek et al. 2020; Halder and Jha, 2021).

The elicitation-based hairy root culture is the most effective strategy for the enhancement of valuable
compounds (Ge and Wu 2005). The potential of biotic and abiotic elicitors for induction and
enhancement secondary metabolites production in various culture systems including hairy root (HR)
culture is well known. Additional strategies like elicitation treatments on transformed HR culture are
effective ways to the production of more active compounds from the elite clone of HR lines (Zhao et al.
2005). Application of elicitors under in vitro HR culture behaves like plant responses by the attack with
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insect or pest, and it can activate the systemic acquired resistance (SAR) signal transduction pathways
(Qu et al. 2011). Recently, different biotic and abiotic elicitors such as chitosan and salicylic acid (SA)
were used to accumulate secondary metabolites from hairy root culture and have been reported in
Withania somnifera (Thilip et al. 2019), Papaver armeniacum (Naeini et al. 2020), Vernonia anthelmintica
(Rajan et al. 2020), Swertia paniculata (Kaur et al. 2020) and Centella asiatica (Baek et al. 2020). Based
on our knowledge, a few studies have investigated the hairy root culture of this plant for the production of
secondary metabolites such as physalin and solasodine (Azlan et al. 2002; Putalun et al. 2004). Only
report of withaferin A production from in vitro culture after the selection of elite chemotype from India by
present authors (Halder and Ghosh 2021). However, there are no reports of withaferin A production in
hairy root culture of P. minima through elicitation by biotic and abiotic elicitors. The present study deals
with the production and enhancement of withaferin A after the application of biotic and abiotic elicitors
on hairy root culture.

Materials And Methods

Plant material
In vitro culture was established from shoot tip explants of the elite-selected plant P. minima (Halder and
Ghosh 2021). Healthy leaf explants are used for hairy culture that is obtained from in vitro grown 30-d-old
aseptic regenerated plants which were maintained in our laboratory.

Bacterial Culture Preparation For Transformation
Wild-type Gram-negative bacteria Agrobacterium rhizogenes strain A4 was used for hairy root induction. A
single colony of respective strain was taken from a culture grown on YMB (Yeast Mannitol Broth) agar
plate medium and was used to inoculate 20-ml liquid YMB medium in a 50-ml Erlenmeyer �ask. The
bacterial culture was placed at a rotary shaker at 180 rpm until it reaches an optical density of 0.6
(OD600) under 28°C temperature. Various concentrations of acetosyringone (50, 100, 200, 300 µM) were
added to the bacterial suspensions 2 h before infection.

Transformation Procedure
Young intact leaves along with petiole (2.5‒3.5 cm) of 30-d-old in vitro grown plants of P. minima culture
on MS (Murashige and Skoog 1962) medium were used as explants. Leaf explants were pricked with a
sterile hypodermic needle, then all the wounded leaves were incubated with bacterial suspension culture
for 10 min. For control culture, leaf explants were incubated in bacteria-free liquid YMB medium. After 10
min excess YMB medium of infected explants as well as control explants were blotted to dry and co-
cultured on liquid MS medium soaked blotting paper for 72 h at 25 ± 1.0˚C under dark condition. After co-
cultivation, all the explants including control explants were washed with sterile double-distilled water three
times followed by washing with 1000 mg l− 1 of cefotaxime for 45 min. All the leaf explants were cultured
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in the presence of cefotaxime (500 mg l− 1) containing MS medium. Every 15-d intervals, all the explants
were subcultured with the same medium. Root primordia induced from the wound sites of the lamina
were observed from 3 to 5 d of culture initiation. No root induction was observed in control leaves. For the
establishment of axenic culture, cefotaxime has been used for 6 months to remove all bacteria from
culture. The different HR lines were denoted as Physalis minima transformed roots (PMTR). For the
establishment of non-transformed root (NTR) culture, young leaves of this plant were cultured on IBA 0.2
mg l− 1 medium, after the induction of roots from the petiole portion of leaf was used as control culture.

Selection Of Transformed Hr Lines
After 21 d of culture, initially randomly selected 24 primary roots (3‒6 cm) were excised from the wound
side of explant and cultured as individual lines on MS basal medium supplemented with cefotaxime (500
mg l− 1) and maintained under dark conditions at 25 ± 1.0˚C. All the cultures were subcultured on every 15-
d intervals. Cefotaxime from the culture was stopped completely after 6 months of culture. After axenic
culture establishment, �ve good-looking, healthy, high-growth root lines were selected for different
experimental studies.

Con�rmation Of Transgenic Status Of Hr
Polymerase chain reaction (PCR) was used for the detection of different integrated transformed Ri
plasmid genes (rolA, rolB, rolC, rolD, aux1, ags and virD1) in the genomic DNA of HR (in vitro maintained
2.5-y-old HR and NTR culture) of P. minima. The transformed HR and NTR were harvested from the
culture vials and rinsed with sterile distilled water and then crushed in liquid nitrogen for the preparation
of �ne powder. Genomic DNA from the HR and NTR lines was extracted using a genomic DNA extraction
kit (QIAGEN, Germany, Cat. No.: 69104). Genomic DNA from NTR was used as a negative control. Plasmid
DNA isolation from A. rhizogenes A4 strains was used as a positive control. PCR ampli�cation was
performed to detect the T-DNA genes of A4 Ri plasmid in HR by using different rol gene speci�c primers.
The PCR reaction volume was 25 µl with contained 10X reaction buffer including 15 mM of MgCl2, 200
µM of deoxynucleotide triphosphates (dNTPs) mixture, 10 pM each of primers, 25 ng of template DNA
and 1.5 U Taq DNA polymerase. All the PCR-related chemicals were purchased from Thermo Fisher
Scienti�c (USA). Ampli�cation of DNA was performed using thermal cycler (MJ Mini™, Bio-Rad, USA). The
ampli�cation reaction conditions were initial denaturation at 94°C for 2 min and 1 min denaturation of 34
cycles at 94°C, and gradient calculator was used for annealing temperature from 43°C to 57°C and extend
period was 72°C for 1.5 min and �nal extension was at 72°C for 7 min (Haque and Ghosh 2016).
Ampli�ed products were detected by ethidium bromide-stained agarose gel (1.5%) electrophoresis and
visually photographed under UV light using a gel documentation system (Gel Doc™ XR+, Bio-Rad, USA).

Growth Rate Of Different Hr Root Lines
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The �ve different transformed HR lines (PMTR-02, PMTR-09, PMTR-14, PMTR-17 and PMTR-20) and NTR
were cultured by inoculating (in the lag phase of growth, average 2.0 g in 30-ml liquid MS medium) into
basal MS medium with 3% sucrose concentrations. All the cultures were incubated in dark conditions at
25 ± 1°C on a rotary shaker at 70 rpm. Root growth and biomass accumulation were calculated after �xed
intervals. Three replicates were used in each observation. The growth rate of all root lines was measured
by recording fresh weight (FW) and dry weight (DW) for every 5-d interval up to 25 d of culture.

Detection And Estimation Of Withaferin A By Hplc Analysis
The analytical standard of withaferin A was procured from Sigma Aldrich (USA) and dissolved with high-
performance liquid chromatography (HPLC)-grade methanol to prepare 1.0 mg ml− 1 of stock solution,
and the stock solution was stored at 20°C for further use. The diluted stock solution was ready to use for
standard curve preparation. Approximately 1.0 g of powdered samples of different root lines of HR and
NTR were defatted by methanol (Merck, India) in Soxhlet apparatus for 24 h. The �ltered extract was
evaporated to dryness, and the residues were dissolved to HPLC-grade methanol followed by �ltration
with 0.22 µm of membrane �lter (PTFE, Pall Corporation Ltd., USA) for chromatographic analysis.

Quanti�cation Of Withaferin A From Transformed Hr And Ntr
Quantitative estimation of withaferin A from the different root lines was performed through HPLC
analysis. The analytical HPLC experiments were performed using Waters 1525 binary HPLC pump and
waters 2998 PDA detector. The separation was carried out with a reverse-phase Xbridge C–18 column (5-
µm particle size, 4.6×250 mm) using two different mobile phases. Mobile phase A: potassium dihydrogen
phosphate (KH2PO4) buffer with pH 3.2, adjusted by orthophosphoric acid, and mobile phase B:
acetonitrile with different gradient scale (0 min 95:5 v/v, 15 min 55:45 v/v, 25 min 20:80 v/v, 30 min 20:80
v/v, 35 min 95:5 v/v, 40 min 95:5 v/v) running with 1.0 ml− 1 min. The injection volume was 20 µl, and
total run time was 40 min. Withaferin A was detected at 227 nm. Quantitative estimation of withaferin A
from the sample extracts was done by calculating a calibration graph of withaferin A (100, 250, 500, 700,
1000 µg ml− 1). Each concentration of standard samples was performed with three biological replicates.
The standard curve was obtained by plotting peak areas versus the amount of standard compound
injected.

Elicitor Treatments On Elite Rhizoclone
The stock solutions of biotic elicitors viz. chitosan and yeast extract (YE) were dissolved with milli-Q
water (Himedia), in case of abiotic elicitors like SA and methyl jasmonate (MJ) were prepared using
molecular grade ethanol (Merck, Germany) and aluminium chloride (AlCl3) was dissolved in milli-Q water.
In the prepared solution, each elicitor was �lter-sterilised with a 0.22-µm membrane �lter. Different
concentrations of various elicitors were added to 30-ml hormone-free MS liquid medium with 3% sucrose
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on the 11th d of culture (i.e. 4 d before the stationary phase). All culture vials were maintained under dark
conditions; every 2 d, interval culture was harvested from each treatment and quanti�cations of these
active compounds up to 8 d from the elicitor treatment.

Statistical analysis
All data collected from each experiment were subjected to analysis of variance (ANOVA), and the means
were compared by Duncan’s multiple range test (DMRT) used for post hoc analyses using SPSS version
16.0 software. Differences at p < 0.05 level were considered to be signi�cant. The entire graphical
representation was prepared in Originpro software.

Results

Effect of acetosyringone on hairy root induction
Transformation procedure on healthy leaf explants of P. minima was performed with A4 strain of A.
rhizogenes holding different genes in Ri plasmid. The establishment of hairy root culture is shown in
Fig. 1. Different concentrations of acetosyringone have been used in bacterial culture medium for 2.0 h
before the infection time. Results of root induction frequency in different concentrations of
acetosyringone from each infected leaves are shown in Table 1. Root induction frequency was followed
up to 15 d. Maximum HR induction frequency was occurred on leaf explants (83.49 ± 2.45%) when
bacterial strain treated with 200 µM of acetosyringone after 15 d of culture, whereas those treated with
50, 100 and 300 µM of HR induction frequency were observed 64.87 ± 3.15%, 74.56 ± 3.26% and 71.49 ± 
3.16%, respectively, in the same period of culture. In contrast, it was also showed only 51.24 ± 2.34% of
HR induction frequency in control experiment, i.e. without acetosyringone (Table 1).
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Table 1
Effect of acetosyringone on A. rhizogenes for hairy root induction from P. minima leaf

Sl.
No.

Concentration of acetocerinzone
(µM)

Percentage of responses

after 6 d after 9 d after 12 d after 15 d

1 0.0 0.0 ± 0.00 7.36 ± 0.73 32.65 ± 
1.63

51.24 ± 
2.34

2 50 32.48 ± 
0.19

51.73 ± 
0.42

62.41 ± 57 64.87 ± 
3.15

3 100 57.56 ± 
5.54

61 ± 0.82 67.26 ± 
4.08

74.56 ± 
3.26

4 200 64.18 ± 
3.21

71.38 ± 
3.41

81.59 ± 
5.72

83.49 ± 
2.45

5 300 51.26 ± 
1.13

64.17 ± 
2.48

68.26 ± 
4.08

71.49 ± 
3.16

Percentage of root induction from the infected side of leaves (%± Standard deviation) followed by the
signi�cantly different (p < 0.05) values are denoted from treatment with different concentrations of
acetosyringone at various times duration.

HR induction frequency was evaluated using following formula:

HRIF = (Number of pricks showing hairy root emergence/ Total no. of pricks)X 100

where HRIF is the hairy root induction frequency.

Non-transformed roots cultured under same conditions showed noticeable slow growth. Hairy root lines
showed characteristic rapid and profuse growth in terms of elongation and lateral branching. Five fast
growing and noticeably healthy root lines (PMTR-02, PMTR-09, PMTR-14, PMTR-17 and PMTR-20) were
selected for the evaluation of their transgenic nature through the con�rmation of some T-DNA gene
integration.

Pcr Analysis Of Transformation
The presence of integrated T-DNA fragment in hairy root tissue was con�rmed by the use of the PCR. The
seven different transformed genes were screened from the �ve root lines by different gene-speci�c
primers as shown in Table 2. Fragment sizes of DNA of transgenes from hairy roots are similar within the
positive control plasmid DNA of A. rhizogenes, where the amplicon size of each genes is approximately
344 bp (rolA), 780 bp (rolB), 545 bp (rolC), 402 bp (rolD), 1814 bp (aux1), 975 bp (ags) and 450 bp (virD1)
(Table 2, Fig. 2). The products of rol genes have several speci�ed functions for the production of
transformed roots; among these rol genes, rolB is most relevant to root induction due to the stimulation of
specialised important transcription factors. It is also corollary incident that negative results in PCR of
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virD1 gene are indicated completely to prevent Agrobacterium contamination from the culture. However,
NTR could not produce any types of ampli�ed fragments. So, NTR is considered as a negative control.

Table 2
Selected primers with their respective amplicon size of transgenes determination from different hairy root

lines of P. minima
Sl.
No.

Name of
genes

Primer sequences Amplicon
size (bp)

References

1 rolA 5 -GGAATTAGCCGGACTAAACG-3  (F)

5 -CCGGCGTGGAAATGAATCG-3  (R)

344 Diouf et al.
1995

2 rolB 5 -
ATGGATCCCAAATTGCTATTCCTTCCACGA-
3  (F)

5 -
TTAGGCTTCTTTCTTCAGGTTTACTGCAGC-
3  (R)

780 Wang et al.
2001

3 rolC 5 -CATTAGCCGATTGCAAACTTG-3  (F)

5 -ATGGCTGAAGACGACCTG-3  (R)

545 Sevon et al.
1997

4 rolD 5´-AACTTTTCCAGCCCCAAA-3´ (F)

5´-GCACTATCAAACCTCGATATCC-3´ (R)

402 Christensen et
al. 2008

5 virD1 5´-ATGTCGCAAGGACGTAAGCCGA-3´ (F)

5´-GAGTCTTTCAGCATGGAGCAA-3´ (R)

450 Alpizar et al.
2008

6 aux1 5´-CTTGCGTTCATATATGTCAAC-3´(F)

5´-CTTTCTGAATATACGTCGTTG-3´ (R)

1814 Taneja et al.
2010

7 ags 5´-GTTCAATGCTAAGGACATT-3´ (F)

5´-CGGATTTCCATAACTATTT-3´ (R)

975 Taneja et al.
2010

Growth Rate Analysis Of Different Hr Root Lines
Morphological characteristics of selected transformed root were relatively thick and white in colour as
well as highly branched, �rst growing and plagiotropic in nature. Selected transformed root lines cultured
in the liquid MS medium with valuable growth rate were investigated. After 25 d of culture, every line has
shown overall results of biomass accumulations. The highest root biomass accumulations were
observed at 15 d of culture (Fig. 3). The HR lines have shown 2.04‒4.49 times (based on FW) and 1.25‒
3.30 times (based on DW) more biomass accumulation as compared with NTR (Fig. 4a, b). The
maximum amount of roots was accumulated from the PMTR-14 root line (32.78 ± 0.39 g FW and 4.49 ± 
0.13 g DW) followed by PMTR-20 (27.89 ± 0.87 g FW, 3.65 ± 0.19 g DW), PMTR-17 (24.59 ± 0.57 g FW and
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3.24 ± 0.15 g DW), PMTR-09 (11.59 ± 0.84 g FW, 1.79 ± 0.15 g DW) and PMTR-02 (14.87 ± 0.45 g FW, 1.70 
± 0.15 g DW) lines, respectively. So, among the �ve selected different root lines, commensurate analysis
of biomass accumulations, PMTR-14 has shown as monarch culture which has more root production
ability (Fig. 4). Thus, we have selected the PMTR-14 root line as an elite clone among the other root lines.

Accumulation Of Withaferin A From Hr And Ntr Lines
Accumulation of various amounts of bioactive compound withaferin A was observed in selected �ve best
transformed HR lines (PMTR-02, PMTR-09, PMTR-14, PMTR-17 and PMTR-20) and NTR lines after HPLC
analysis in P. minima (Fig. 5). After the selection of best �ve HR lines based on biomass accumulation,
these HR lines also showed accumulation of different levels of withaferin A content compared to NTR
(Fig. 6). Maximum production of withaferin A was found in 15-d-old culture of PMTR-14 root line,
followed by PMTR-17, PMTR-09, PMTR-20 and PMTR-02. Accumulation of withaferin A content from NTR
is 121.32 ± 17.25 µg g− 1 DW, and transformed root lines are gradually accumulated as 891.79 ± 36.21 µg
g− 1 DW (PMTR-14), 813.65 ± 21.59 µg g− 1 DW (PMTR-17), 785.45 ± 24.36 µg g− 1 DW (PMTR-09), 783.81 
± 19.83 µg g− 1 DW (PMTR-20) and 745.69 ± 33.45 µg g− 1 DW (PMTR-02). Among the accumulation of
active compounds from the different root lines, PMTR-14 has retained the highest amounts of withaferin
A content which is 7.35-fold higher than the control NTR culture. So, we have selected PMTR-14 root lines
for the elicitation experiments.

Effect Of Different Elicitors On Elite Root Lines For Active
Compound Production
Application of different elicitors treatment on hairy root culture is a modern approach to enhance the
production of secondary metabolites by altering biosynthetic pathways. The biotic elicitor chitosan at 75
mg l− 1 concentrations produced 15.05-fold (13418.91 ± 32.65 µg g− 1 DW) of withaferin A content as
compared with untreated culture (891.79 ± 36.21 µg g− 1 DW) of P. minima; other concentrations of
chitosan produced maximum of 9.82-fold (100 mg l− 1), 8.77-fold (50 mg l− 1), 6.15-fold (125 mg l− 1) and
4.02-fold (25 mg l− 1) of withaferin A as compared to the non-treated culture after harvesting tissue from
15-d culture (4-d treatment of elicitor), i.e. maximum growth rate point of elite clone (Table 3). YE
treatment on HR culture shows maximum withaferin A content after a 4-d treatment. Where 150 mg l− 1

YE accumulated maximum of 12239 ± 81.65 µg g− 1 DW withaferin A content (13.72-fold) as compared
with untreated culture that has produced 13.72-fold higher active compound. Other concentrations of YE
are produced 8136.78 ± 2939 µg g− 1 DW (9.12-fold from 200 mg l− 1), 7256.84 ± 40.82 µg g− 1 DW (8.14-
fold from 100 mg l− 1), 5736.15 ± 29.39 µg g− 1 DW (6.43-fold from 250 mg l− 1) and 3437.82 ± 57.15 µg
g− 1 DW (3.85-fold from 50 mg l− 1) withaferin A contents. Abiotic elicitor SA at 30 µM was accumulated
21.40-fold (19080.60 ± 58.04 µg g− 1 DW) higher amounts of withaferin A content from the elicitor treated
on elite clone roots as compared with the untreated culture (891.79 ± 36.21 µg g− 1 DW) (Table 3). And
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other concentrations of SA at which withaferin A content has been accumulated are 13562.99 ± 5.07 µg
g− 1 DW (15.21-fold from 40 µM SA), 12663.54 ± 17.37 µg g− 1 DW (14.20-fold from 20 µM SA), 8407.13 ± 
43.97 µg g− 1 DW (9.42-fold from 50 µM SA) and 5649.90 ± 34.29 µg g− 1 DW (6.33-fold from 10 µM SA),
respectively. Withaferin A accumulation in elite HR culture with the presence of different concentrations of
MJ was applied. Maximum withaferin A was accumulated in elicitor with 40 µM of MJ in 15-d-old (4-d
elicitor treatment) growing roots (Table 3). Accumulation of withaferin A was 12987.84 ± 48.99 µg g− 1

DW. As compared with the control culture, it has been accumulated 14.56-fold higher amount of
withaferin A. Another abiotic elicitor AlCl3 was treated on HR culture showed maximum amounts of

withaferin A production at 200 mg l− 1; maximum amount of withaferin A compounds accumulation was
11123.45 ± 16.33 µg g− 1 DW (12.47-fold) after 4-d elicitor treatment culture, where 150, 100, 250 and 50
mg l− 1 are produced 7564.28 ± 11.43 µg g− 1 DW (8.48-fold), 6987.56 ± 32.66 µg g− 1 DW (7.83-fold),
5369.74 ± 32.66 µg g− 1 DW (6.02-fold) and 3145.26 ± 24.49 µg g− 1 DW (3.52-fold), respectively. Among
the different biotic and abiotic elicitors treatment on elite clone of HR culture of P. minima shows that SA
is the most effective elicitor for enhancing withaferin A accumulations.
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Table 3
Effect of different elicitors on TR culture of P. minima and accumulation of withaferin A content (µg/g

DW) from different exposure time
Types of
elicitors

2 d treatment (13 d
old culture)

4 d treatment (15 d
old culture)

6 d treatment (17 d
old culture)

8 d treatment (19 d
old culture)

Chitosan
(mg l‒1)

       

0 719.24 ± 14.11 891.79 ± 36.74 827.69 ± 8.16 614.87 ± 3.27

25 2659.87 ± 7.35 3585.72 ± 11.84 2935.66 ± 4.08 2344.53 ± 3.27

50 6975.86 ± 8.16 7825.36 ± 14.58 7159.93 ± 7.35 6548.96 ± 8.16

75 12116.97 ± 13.06 13418.91 ± 32.65 12839.78 ± 7.35 11756.39 ± 8.16

100 7894.65 ± 3.27 8758.68 ± 9.63 8265.27 ± 4.08 6959.58 ± 7.35

125 4572.19 ± 5.72 5483.18 ± 7.68 4987.51 ± 5.72 3978.25 ± 6.53

YE (mg l‒
1)

       

0 719.24 ± 14.11 891.79 ± 36.74 827.69 ± 8.16 614.87 ± 3.27

50 2368.94 ± 81.65 3437.82 ± 57.15 2569.36 ± 89.81 2215.90 ± 41.64

100 6759.97 ± 33.07 7256.84 ± 40.82 6982.39 ± 66.95 6575.54 ± 20.41

150 10936.67 ± 29.39 12239.45 ± 81.65 11456.29 ± 45.72 10432.51 ± 26.13

200 7258.94 ± 40.82 8136.78 ± 29.39 7736.45 ± 29.39 7045.26 ± 36.74

250 5264.39 ± 40.82 5736.15 ± 29.39 5529.75 ± 23.68 4984.22 ± 20.55

SA (µM)        

0 719.24 ± 14.11 891.79 ± 36.74 827.69 ± 8.16 614.87 ± 3.27

10 4569.49 ± 8.16 5649.90 ± 34.29 5179.52 ± 7.35 4125.56 ± 16.33

20 11635.97 ± 4.08 12663.54 ± 17.37 12247.55 ± 8.16 11123.51 ± 8.16

30 17589.41 ± 7.35 19080.60 ± 58.04 18177.84 ± 2.50 16877.49 ± 16.33

40 12457.35 ± 13.88 13562.99 ± 5.07 12975.56 ± 16.33 11875.85 ± 12.25

50 7549.64 ± 7.35 8407.13 ± 43.97 8015.75 ± 12.25 6968.36 ± 6.53

MJ (µM)          

0 719.24 ± 14.11 891.79 ± 36.74 827.69 ± 8.16 614.87 ± 3.27

10 4156.23 ± 40.82 5098.65 ± 24.49 4785.26 ± 40.82 3785.21 ± 32.66
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Types of
elicitors

2 d treatment (13 d
old culture)

4 d treatment (15 d
old culture)

6 d treatment (17 d
old culture)

8 d treatment (19 d
old culture)

20 11037.89 ± 30.21 12175.65 ± 61.24 11678.29 ± 48.99 10756.98 ± 16.33

30 16594.78 ± 40.82 18186.55 ± 45.46 17254.32 ± 24.49 15987.51 ± 16.33

40 12036.42 ± 29.39 12987.84 ± 48.99 12456.99 ± 32.66 11658.89 ± 44.09

50 7136.45 ± 24.49 7985.69 ± 40.82 7531.42 ± 13.06 6748.84 ± 32.66

AlCl3 (mg
l‒1)

       

0 719.24 ± 14.11 891.79 ± 36.74 827.69 ± 8.16 614.87 ± 3.27

50 2078.52 ± 48.99 3145.26 ± 24.49 2436.54 ± 24.49 1785.62 ± 28.58

100 6376.59 ± 21.23 6987.56 ± 32.66 6789.51 ± 48.99 5782.65 ± 40.82

150 6895.45 ± 16.33 7564.28 ± 11.43 7154.29 ± 16.33 6358.48 ± 24.49

200 9872.65 ± 42.46 11123.45 ± 16.33 10158.65 ± 24.49 8965.56 ± 8.58

250 4756.24 ± 16.33 5369.74 ± 32.66 5026.75 ± 19.60 4535.29 ± 16.33

Values are mean ± SD of three repetitions for active compound analysis. Mean values in column are
not signi�cantly different at p = 0.05 (Duncan’s multiple range test)

Discussion
The �rst step of HR culture depends on the induction frequency of hairy root from explants; otherwise,
further experiments related to the production of useful bioactive compounds are impossible.
Acetosyringone is one of the important phenolic inducers of the different virulence genes of
Agrobacterium. The addition of exogenous acetosyringone in the culture of A. rhizogenes in right
concentration (200 µM) boosted the optimum infectivity followed by the induction frequency of hairy root
in P. minima. Similar role of acetosyringone is also reported in different solanaceous plants like Withania
somnifera, Solanum melongena, S. trilobatum and S. mauritianum (Drewes and van Staden 1995;
Saravanakumar et al. 2012; Jain and Singh, 2015; Shilpha et al. 2015), and other non-solanaceous
medicinal plants such as Plantago lanceolata (Rahamooz-Haghighi et al. 2020), Scutellaria bornmuelleri
(Gharari et al. 2020) and Crocus sativus (Sharma et al. 2021). Concentrations of acetosyringone are very
useful to optimise the culture for the enhancement of transformation rate. Some earlier workers reported
that the number of brunching patterns of transformed roots depends on many meristems that are
in�uenced for increased growth rate and biomass accumulations; these are the common features of
some medicinal plants such as Artemisia annua (Mukherjee et al. 1995; Giri et al. 2001), Gentiana
macrophylla (Tiwari et al. 2007), Catharanthus roseus (Benyammi et al. 2016) and Ficus caric (Amani et
al. 2020).
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For the production of more bioactive compounds, manipulation of plant genome by the Agrobacterium-
mediated transformation is a useful technique in the modern biotechnology �eld (Mukherjee et al. 2000;
Chaudhuri et al. 2005, 2006). Successful establishment of hairy root culture depends on several factors
including explants types (Saravanakumar et al. 2012), bacterial concentrations (Tao and Li, 2006), quality
of A. rhizogenes strains (Veena and Taylor, 2007; Ooi et al. 2013) and culture medium (Mano et al. 1989);
all show good in�uences on hairy root induction from any types of medicinal plant.

Previously, many researches have been studied Agrobacterium-mediated transfection. Normally, many
researchers have used different types of explants such as seedling roots, stems, hypocotyls, cotyledonary
nodal segments, cotyledons and young leaves (Murthy et al. 2008; Saravanakumar et al. 2012;
Mahendran et al. 2022). In our experiments, we have used leaves from in vitro growing micropropagated
plants from the elite clone of P. minima. Similarly, leaf explants used for the production of more root
biomass and root number from the infected leaves have been reported in Plumbago zeylanica (Sivanesan
and Jeong, 2009), Azadirachta indica (Srivastava and Srivastava, 2012), Anisodus luridus (Qin et al.
2014), Salvia bulleyana (Wojciechowska et al. 2020) and Swertia chirayita (Mahendran et al. 2022).

For the establishment of axenic roots, the use of antibiotics in the medium is an effective strategy for the
elimination of bacterial growth from the transformed root culture. So far, various antibiotics were tested,
out of them cefotaxime has been more appropriate for the elimination of bacteria from HR culture of
different plant species such as Withania somnifera (Murthy et al. 2008), Bacopa monnieri (Paul et al.
2015), Catharanthus roseus (Benyammi et al. 2016) and Papaver armeniacum (Naeini et al. 2020). In our
experiments, MS medium containing 500 mg l− 1 cefotaxime showed best responses, i.e. without
hampering the growth rate.

In this work, maximum hairy root induction was achieved after 15 d of infection. Achievements of hairy
root induction varied from plant to plant. Similarly, A. rhizogenes treatments in Catharanthus roseus were
initiated the roots after 12 d from the infection (Benyammi et al. 2016), whereas, 10–17 d required in
plant species in Ficus caric (Amani et al. 2020). In the control culture, during the culture incubation, no
root originated from the wound sides.

Morphological studies were observed between transformed HR and NTR, where we �nd distinct
characters in HR such as high branching point, ageotropic in nature and �rst growth rate. Similar types of
results were found from different plant transformed roots in Solanum melongena (Jain and Singh, 2015),
Catharanthus roseus (Benyammi et al. 2016), Echinacea purpurea (Demirci et al. 2020) and Ficus caric
(Amani et al. 2020). It is also reported that phenotypic behaviour among the hairy roots is arising due to
the levels of integration of T-DNA genes (Bathoju et al. 2017).

The PCR ampli�cation of transformed hairy root DNA by different transformed gene-speci�c primers used
is the most important method to con�rm the integration of Ri T-DNA genes. Bacterial Ri-plasmid gene
transformation to the plant genome can show some typical characteristics features. In this experiment,
we have used seven different gene (rolA, rolB, rolC, rolD, aux1, ags and virD1)-speci�c primers for the
con�rmation of transgenic status of hairy roots. The amplicon size of each genes is approximately 344
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bp (rolA), 780 bp (rolB), 545 bp (rolC), 402 bp (rolD), 1814 bp (aux1), 975 bp (ags) and 450 bp (virD1).
Putative results of ampli�ed product of DNA were observed in Bacopa monnieri hairy roots with different
gene-speci�c primers (Paul et al. 2015).

Transformed roots show potential sources for the production of secondary metabolites by bypassing the
natural habitat and without loss of genetic uniformity along with continuous production of bioactive
compounds. This strategy is possible to use in the genetic engineering �eld to enhance their biosynthetic
capacity. Based on our observations, so many factors are in�uenced and optimised to enhance the ability
of individual active compound production. In this study, different root lines were used. To study their
reach in high biomass levels under the MS basal medium, the same amount of inoculums was used in
every set of root lines. Secondary metabolites production in the plant depends on the physiological status
of organs, culture time, carbon source, nitrogen source, optimum temperature, supplementation with plant
growth regulators (PGRs) in culture medium, etc. (Dörnenburg and Knorr 1995). Different root lines in MS
medium culture to establish elite clones were reported on the different medicinal plants for secondary
metabolites (Chaudhuri et al. 2005; Benyammi et al. 2016; Amani et al. 2020).

Withaferin A is an important active compound of W. somnifera; it has lots of medicinal activities on
different cancer cells and nerve cell research (Behl et al. 2020). This active compound was �rst isolated
from W. somnifera in the mid-1970s; from that time to now, this compound has lots of demands
throughout the world. The productivity of this active compound depends on the natural source, because it
is not possible to isolate by chemical synthesis. In this experiment, we established high-yielding HR
culture. The content of withaferin A from the elite rhizoclones showed 891.79 ± 36.21 µg g− 1 DW as
compared with NTR (121.32 ± 17.25 µg g− 1 DW), and it has produced 7.35-fold higher amounts of
withaferin A content.

The use of various elicitors such as biotic and abiotic elicitors has affected the production of more
secondary metabolites under in vitro culture. Chitosan is the source of some signal molecules that
activate the defensive enzymes in signal transduction pathway genes, including chitinases, peroxidase,
phenylalanine ammonia lyase and polyphenol oxidase. (Coqueiro et al. 2015). These genes are
associated with the transformed root growth and enhancement of bioactive compounds. In this work,
chitosan-elicited roots have produced a maximum 13418.91 ± 32.65 µg g− 1 DW (15.5-fold) withaferin A
content as compared with non-treated TR. Similar results of chitosan-elicited treatment on hairy root
culture to enhance secondary metabolites were reported by several workers on different medicinal plant
species (Jiao et al. 2018; Thilip et al. 2019). The chitosan elicitation for the accumulation of withaferin A
was reported on W. somnifera root culture, i.e. nine times higher than the untreated root culture. Though
W. somnifera is the main source of withaferin A, P. minima can be used for the production of withaferin A
as underutilised plants for the same time. Increasing the concentrations of chitosan gradually decreases
the synthesis of active compounds (Sivanandhan et al. 2012). Recently, Thilip et al. (2019) reported that
100 mg l− 1 chitosan produced 4.03-fold higher withaferin A content from the HR culture of W. somnifera.
Earlier reports on Isatis tinctoria L. by elicitation with 150 mg l− 1 chitosan on hairy root cultures were
conducted to enhance 7.08-fold production of pharmacologically active �avonoids (Jiao et al. 2018).
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Another report of chitosan elicitor treatment on Gentiana dinarica hairy root culture produced 24-fold
norswertianin content (Krstić-Milošević et al. 2017). It is also reported that B5 medium with different
concentrations (200, 400 and 800 mg l− 1) of chitosan on HR culture of Silybum marianum produced
more silymarin content than control culture (Gabr et al. 2016).

The present study was carried out to investigate the effect of another biotic elicitor YE on the elite HR line
of P. minima. For its extensive modulation of secondary metabolism, YE is believed to be the most
effective biotic elicitor frequently utilised in plant cell and tissue cultures (Shi et al. 2007). We showed
that enhanced yield of withaferin A was produced in presence of 150 mg l‒1 YE (12239.45 ± 81.65 µg g‒1

DW) which was 13.72-fold higher than the control culture. Some similar reports found in the presence of
the YE-induced active compounds on hairy root culture of Salvia miltiorrhiza for tanshinone (Shi et al.
2007), Catharanthus roseus for vinblastine and vincristine (Maqsood and Abdul 2017), Astragalus
membranaceus for astragalosides (Park et al. 2021). Elicitors can trigger a variety of plant defence
responses, such as the production of reactive oxygen species (ROS), the hypersensitive response,
phytoalexin synthesis, antimicrobial secondary chemicals and other defensive manifestations
(Montesano et al. 2003). However, the process of elicitation differed amongst plant species, and in most
cases, a “elicitor-receptor” complex was produced, resulting in a wide range of biochemical responses
(Radman et al. 2003; Cai et al. 2012).

The effect of SA has induced different genes that are associated with the signal transduction pathways
in several plant secondary metabolites biosynthesis. The SAs are important signalling molecules shown
to express local defence reaction at the infection site and initiation of systemic acquired resistance (SAR)
(Durner et al. 1997). In our present work, treatment with 30 µM of SA indicated the most effective elicitor
concentration for HR culture of this plant for the synthesis of more bioactive compounds among the other
concentrations of SA (Table 3). It was studied that the increased concentration of SA under the in vitro
culture can decrease the accumulation of active compounds (Coqueiro et al. 2015; Rajan et al. 2020).
Mukundan and Hjorosto (1990) reported that high doses of elicitor to induce hypersensitive responses on
culture can accumulate toxic molecules to increase the cell death percentages, and thus, the optimum
concentration of any types of elicitors is effective for the induction of plant secondary metabolites. The
SA-induced plant secondary metabolites have been reported in several medicinal plants such as Centella
asiatica, Solanum erianthum, Withania somnifera, Swertia chirayita and Cynara cardunculus (Thilip et al.
2019; Baek et al. 2020; Folgado et al. 2021; Mahendran et al. 2022).

Withaferin A accumulation was increased from 891.79 ± 36.74 µg g‒1 DW in non-treated hairy roots to
18186.55 ± 45.46 µg g‒1 DW in transformed roots in a 4-d treatment with 30 µM MJ, i.e. 20.39-fold above
than control (Table 3). The MJ is the methyl ester of jasmonic acid, and it is involved in signal
transduction pathways to activate relevant promoters and different transcription factors correspondingly
to produce a series of secondary metabolites including terpenoids, alkaloids and polyphenolic
compounds (Buraphaka et al. 2020; Sharifzadeh et al. 2021; Shoja et al. 2022). In hairy root cultures of
ginseng, MJ increased triterpene saponin concentration and stimulated associated gene expression. (Kim
et al. 2009). The MJ also enhanced tanshinone and salvianolic acid A content by promoting the
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expression of related genes in hairy root cultures of Salvia miltiorrhiza, Salvia castanea and Salvia virgata
(Hou et al. 2021; Attaran Dowom et al. 2022).

Among the various AlCl3 concentrations studied, 200 mg l‒1 AlCl3 with a 4-d treatment resulted to

increased withaferin A (11123.45 ± 16.33 µg g− 1 DW) accumulation. As compared with control culture, it
has increased 12.47-fold higher amounts of withaferin A content (Table 3). Some previous reports of 25
mM and 250 mM aluminium chloride enhanced the accumulation of scopolamine and hyoscyamine in
Brugmanisa candida (Spollansky et al. 2000). Adventitious root culture along with 125-µM AlCl3
increased colchicine production in Gloriosa superba that was reported by Ghosh et al. (2002). Recently,
Sivanandhan et al. (2012) reported that 10 mg l− 1 of AlCl3 with 4-h exposure time on 6th week culture
resulted to enhance 7-fold withaferin A production in adventitious root culture of Withania somnifera.

Conclusions
In this study, stable methods have been established for the production of withaferin A content from the
underutilised medicinal plant P. minima. Transformed root culture clearly showed more production of
withaferin A content as compared with the NTR culture. So, the transformed HR of P. minima has been
potentially active to accumulate higher amounts of secondary metabolites. We have made �ourishing
efforts to conduct experiments to increase the concentrations of withaferin A content from the elicitor
treatments of the elite rhizoclone of transformed root line compared to non-treated transformed roots. It
was reported that biomass accumulation of elicitor-treated roots and non-elicited-treated roots is
comparatively the same, but the production levels of active compound from each condition of roots are
independent of each other. So, a high amount of active compound withaferin A can be extracted from
elicited roots easily within very short periods. This method also can be applied on other medicinal plants
for the synthesis of more valuable active compounds. It was showed that elicitor treatment on elite HR
leads to enhanced active compound which is a very simple method and commercially possible to culture
in a commercial bioreactor for a worldwide demanding market. It also provides active compounds
throughout the year under the in vitro conditions by bypassing the natural habitat.
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Figure 1

Establishment of hairy root culture of P. minima. a Initial culture of A. rhizogenes (A4 strain) infected
leaves; b Hairy root initiated from the infected side after 9 d of culture; c Bacterial free transformed root
culture on Petri plates and conical �ask. Bars=1cm

Figure 2

Integration of transgenes (rolA, rolB, rolC, rolD, aux1, ags and virD1) on genomic DNA of different root
lines. Lane M DNA ladder (100 bp), Lane 1 Positive control (plasmid DNA), Lane 2 Non transformed root,
Lanes 3-7 Different transformed hairy root lines (PMTR-02, PMTR-09, PMTR-14, PMTR-17, PMTR-20)

Figure 3

Growth of transformed roots in liquid MS basal medium

Figure 4

Growth rate analysis of Non transformed root and different transformed hairy root lines of P. minima. a
Biomass accumulations based on fresh weight (FW); b Biomass accumulations based on dry weight
(DW)

Figure 5

HPLC chromatogram of withaferin A. a Standard withaferin A; b Extract from transformed roots
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Figure 6

Withaferin A content from different hairy root lines of P. minima


