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Abstract: Tulsi (Ocimum sanctum L.) is a sacred plant of medicinal and spiritual significance in
many cultures. Medicinal properties of Tulsi are ascribed to its phytochemicals with antioxidant
capabilities. The current study was undertaken to screen a large seed population of Tulsi to select
germplasm lines with high antioxidant potential and to standardize protocols for micropropagation
and biomass production to produce a phytochemically consistent crop. A total of 80 germplasm lines
were established under in vitro conditions and screened for their antioxidant potential determined
with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) bioassay. The micropropagation of a selected line,
named Vrinda, was established using nodal cultures grown on Murashige and Skoog medium
containing benzylaminopurine (1.1 µM), gibberellic acid (0.3 µM), and activated charcoal (0.6%). The
antioxidant phytohormones melatonin and serotonin were quantified in the field and greenhouse
grown tissues of Vrinda and melatonin levels were found to be consistent in both conditions with
higher serotonin levels under field conditions. This integrated approach combining the in vitro
selection and propagation offers potential applications in the development of safe, effective, and
novel natural health products of Tulsi, and many other medicinal plant species.
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1. Introduction

Ayurveda, the ancient text of Indian traditional medicine including Charak Samhita,
Susrut Samhita, and Rigveda (3500–1600 BCE) has described Tulsi as a “Rasayana” [1,2].
The term Rasayana refers to the means of achieving homeostasis by preventing diseases
and retarding the process of aging through optimum nutritional dynamics to rejuvenate
the body and mind. Tulsi (Ocimum sanctum L.) is a member of the Lamiaceae family native
to South Asia and North Africa. It is known by ≈390 common names including Holy basil,
Raihan, and Tulsi [3]. The plant is referred to as “the Queen of herbs” and the “Elixir of life”
in India and is highly valued for its use as a spiritual and religious plant, an adaptogen,
and a tonic for stress reduction [4–6]. Nearly 300 studies have reported the enormous
potential of Tulsi in the discovery of novel treatments for multiple diseases including
chronic inflammation, fevers, digestive issues, viral, fungal and bacterial infections, and
many other [5–11]. Studies have also shown the potential of Tulsi as an immunomodulator,
antioxidant, anti-inflammatory, anti-pyretic, analgesic, antiasthamatic, and bronchodilator
for asthma [12].

Tulsi is normally sold as seeds for propagation and there is a wide variability in the
chemical composition of individual plants. Traditionally, some families share cuttings as
well as seeds of plants they believe have greater health benefit or divine properties. Elite
germplasm as either genotypes, F1 hybrids, or cultivars is not commonly available and
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potential exists for the selection of germplasm with specific phytochemical profiles and
medicinal properties. In vitro technologies such as micropropagation can facilitate the
production of physiologically uniform plants. The micropropagation of Tulsi has been
successfully accomplished using various explants such as: Inflorescence [13], leaf [14–17],
and axillary, or nodal segments [15,18–22]. In vitro cultures of Ocimum basilicum L. and
Ocimum tenuiflorum L. were also shown to have greater total phenolic content than the
field-grown intact organs [23].

Additionally, we examined the presence of two indoleamine neurotransmitters, mela-
tonin (N-acetyl-5-methoxytryptamine) and serotonin (5-hydroxytryptamine). These com-
pounds, in addition to being recognized as potent antioxidants [24–27], regulate a myriad
of physiological functions in both humans and plants [28–30]. Melatonin in particular, is
used in the treatment of circadian rhythm and reproductive disorders in humans [31,32]
and was recently identified as a promising treatment for the prevention of COVID19 and
influenza [33–35] indicating the potential of phytomelatonin-enriched products [36,37] as
natural antiviral remedies. The objective of our research was to identify and select Tulsi
germplasm lines with medicinal potential. In the present communication, we describe the
selection of germplasm lines with high antioxidant potential and the development of an
efficient clonal micropropagation method.

2. Materials and Methods
2.1. Plant Materials and Germplasm Line Development

Seeds were collected from a range of sources including temples in Ontario, Canada,
locally grown plants, and suppliers in Canada (Richter’s Seeds; Goodwood, ON, Canada).
Tulsi is a popular plant and has been maintained in religious centers and temples across
Canada with frequent seed exchange to raise fresh plants for distribution to devotees. Tulsi
plants are commonly identified by the morphological traits of the leaves and inflorescence
and aromatic characteristics as described in ancient texts. Little information on molecular
identification practices is currently available. Seeds were surface sterilized with 10% (v/v)
solution of commercial bleach (Clorox®, Oakland, CA, USA, 5.4% sodium hypochlorite) for
12 min and rinsed for 3 min with autoclaved deionized water 4 times. Seeds were plated on
semi-solid medium consisting of Murashige and Skoog (MS) basal salts with vitamins [38],
3% sucrose, and 2.2 g L-1phytagel (Sigma-Aldrich, Oakville, ON, Canada). A minimum of
5 and maximum of 27 seedlings from each source were randomly selected to assemble a
pool of 79 in vitro seedlings, referred to as “lines”. Each line was maintained under in vitro
conditions in Magenta GA7 vessels containing 50 mL of the semisolid medium.

2.2. Determination of Antioxidant Potential Using DPPH Bioassay

Leaves were collected from 4-week-old in vitro grown seedlings and 3 samples were
prepared from each line. After weighing, the fresh tissue samples were flash frozen in liquid
nitrogen and stored at −80 ◦C. The average antioxidant potential of the leaf samples was
determined using a method modified from those described earlier [39,40]. Briefly, dried
leaves were ground using a vortex and ball bearings in a 15 mL centrifuge tube (Fisher
Scientific, Nepean, ON, Canada), and 75% acetone was added at a ratio of 100 µL:10 mg
of tissue. The extraction process was completed by keeping the centrifuge tubes in a
sonicating water bath (Branson 3510, Danbury, CT, USA) for 3 h. The tubes were then
centrifuged for 10 min at 1500 rpm and the supernatant was transferred to new tubes and
diluted to a 1:100 ratio with the extraction solvent. The sample extract (25 µL each) or
standard was transferred to individual wells of a flat bottom 96-well microplate (Costar,
Corning Inc., Corning, NY, USA) to which 200 µL of 150 µM 2,2-diphenyl-1-picrylhydrazyl
(DPPH) in 80% methanol was added. The microplate was covered with a lid and incubated
for 120 min. The reduction in absorbance at 517 nm was measured using a microplate
reader (Synergy H1 hybrid reader, BioTek Inc., Winuski, VT, USA). Trolox standards (0, 62.5,
125, 250, and 500 µM) were assayed for each microplate along with the samples (diluted
to 1:16 v/v) in triplicate. The absorbance of each sample (25 µL), along with 200 µL of
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methanol blank, was recorded in triplicate as sample blanks to eliminate interference in
the absorbance at 517 nm. The calculation of the antioxidant potential was made using the
Trolox standard curve (R2 > 0.9807). Results are expressed as a Trolox equivalence (TE µM)
and data reported as means ± standard deviations of three replicates.

2.3. Culture Establishment and Propagation

The plant with the highest antioxidant potential was selected for further study on
micropropagation. This germplasm line hereafter referred to as Vrinda was used to optimize
micropropagation methods and acclimatization conditions in the greenhouse. In vitro
shoot cultures of Vrinda were derived from nodal explants with single shoot buds collected
from one-year old plant grown in the greenhouse. The greenhouse compartment was
programmed to have a constant temperature of 23 ◦C during the day and 18 ◦C at night
with a 16 h photoperiod, and a light intensity of 250 µmol m−2 s−1. Explants were cleaned
under running tap water for 60 min and surface sterilized by dipping in 70% (v/v) ethanol
for one min followed by 3 min of rinsing in sterile deionized water. Nodes were further
disinfected in 15% (v/v) solution of commercial bleach (Clorox®, Oakland, CA, USA, 5.4%
sodium hypochlorite) for 10 min with intermittent agitation. Disinfected explants were
rinsed 3 times with sterile distilled water, each lasting 4 min, and the buds were excised
at the basal end and cultured in test-tubes, each containing 10 mL of semisolid or liquid
medium comprised of MS basal salts with vitamins, 3% (w/v) sucrose, and solidified with
2.2 g L−1 Phytagel (Sigma-Aldrich, Oakville, ON, Canada). The pH of the medium was
adjusted to 5.7 before autoclaving for 20 min at 121 ◦C and 118 kPa. The cultures were
maintained in a growth room at 25 ± 2 ◦C under a 16h photoperiod (40 µmol m−2 s−1)
provided by cool white fluorescent lamps (Osram Sylvania Ltd., Mississauga, ON, Canada).

2.4. Shoot Multiplication

After 4 weeks of culture establishment, nodal explants were subcultured on a semisolid
medium containing MS basal salts with vitamins and supplemented with various concen-
trations (0, 0.5, 1.0, and 2.0 µM) of 6-benzylaminopurine (BA), kinetin (Kn), or thidiazuron
(TDZ) (all obtained from Phytotechnology, Lenexa, KS, USA) to determine the optimal
shoot growth medium. Cultures grown in the presence of BA showed a relatively better
growth thus, BA was used in further experiments to optimize the multiplication medium.
For this, shoots developed after 4 weeks, the MS basal medium were excised from the basal
end and transferred into Magenta GA7 culture vessels, each containing 50 mL of semisolid
basal MS medium supplemented with BA (0.0, 1.1, 2.2 or 4.4 µM). Four explants were
placed in each magenta box with 3 replications. Observations were recorded after 4 weeks
of culture for shoot height, number of shoots per explant, and number of internodes per
shoot. Thereafter, shoots were maintained on the optimized shoot development medium
containing MS basal ingredients as described above and supplemented with BA (1.1 µM),
gibberellic acid (GA3, 0.3 µM), and 2.2 g L−1 phytagel (all obtained from Phytotechnology,
Shawnee Mission, KS, USA). The addition of GA3 (0.3 µM) to the optimized medium
showed a positive effect on plant growth and was included in the final composition of the
growth medium. To overcome the liquification of the semi-solid medium during shoot
multiplication, nodal segments were subcultured on MS basal medium supplemented with
BA (1.1 µM) and GA3 (0.3 µM), and activated charcoal (0.0, 0.4, 0.6, or 0.8%; w/v) and
maintained in standard growth conditions for 8 weeks. Four explants per Magenta GA7
culture vessels (PhytoTechnology), with four boxes for each treatment, were maintained in
a growth chamber. Observations recorded included the degree of liquification of media,
number of shoots, number of internodes, and shoot height.

2.5. Rooting and Acclimatization in the Greenhouse

Individual micro-shoots with 4–5 internodes were transferred into rooting media
supplemented with different levels of indole-3-butyric acid (0, 0.5, 2.5, and 5.0 µM IBA)
with and without activated charcoal (0.6%). The percentage of explants that developed
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roots, the number and length of roots, and the shoot length were recorded after 4 weeks of
culture. Micro-shoots were cultured on the optimized rooting medium (basal MS medium
supplemented with 0.5 µM IBA) to obtain a sufficient number of plants for acclimatization
trials. In vitro rooted micro-shoots were removed from the culture medium and washed
gently under running tap water. A total of 54 plantlets were transplanted into 18-cell trays
filled with Sunshine professional growing media (Sun Gro Horticulture, Vancouver, British
Columbia). All trays were placed in the mist bed (80% relative humidity, sprayed with
water for 15 s every 35 min during the day and every 4 h at night) for a week and later
transferred to greenhouse conditions as described above where watering occurred once
every 3 days. The percentage survival of the plantlets was recorded after 3 weeks. A total
of 25 plants were transferred into field conditions and were watered when required.

2.6. Folin-Ciocalteu Phenolic Assay

The total phenolics of five greenhouse grown Vrinda plants were measured according
to the Folin–Ciocalteu method [41] using leaves tissue. For the gallic acid standard, 10 µL
aliquots of 80% methanol and water blanks were pipetted into clear, flat bottom, 96-well
microplates (Corning, Corning, NY, USA) with 4 replicates each. Sample extracts were
pipetted into the same plate at a volume of 10 µL, replicated 3 times with an additional
sample blank for each. To all standard and sample wells, 100 µL of FC reagent (MP
Biomedicals, Santa Ana, CA, USA) was added. After 5 min, the same wells received 80 µL
of 0.25 M Na2CO3. To all methanol, water and sample blank wells, 180 µL of distilled
water was added. After a dark incubation period for an hour, microplates were read
using the Synergy H1 microplate reader (Biotek, Winooski, VT, USA) at 715 nm. The
absorbance values of tissue extracts were compared to the gallic acid equivalent standard
curve (62.5–1000 mg/L) to determine the gallic acid equivalency (GAE). Based on the dry
weight, volume, and dilution factor, these values were used to estimate the phenolic content
in the plant tissue. Samples at the 1:50 dilution fell within the linear range and were used
for quantification.

2.7. Detection and Quantification of Neurotransmitters

Melatonin and serotonin levels were analyzed to determine the concentrations in
roots and leaves from greenhouse and field grown Vrinda plants. Samples were prepared
according to previously described methods [42,43]. In brief, tissues were harvested into pre-
weighed 1.5 mL Eppendorf tubes, weighed for accurate weight and prepared individually
in a dark room under red light to avoid light degradation. Tissues were homogenized in a
solution of 80% methanol (Fisher Optima Grade, Fisher Scientific, Mississauga, ON, USA)
and 20% 0.1 N trichloroacetic acid (TCA; Sigma, Mississauga, ON, USA) in ePure water
(18 MΩ; Millipore). The homogenizing solution was added to each sample in a 1:4 (w/v)
ratio and samples were macerated with a disposable tissue grinder (Kontes Pellet Pestle;
Fisher Scientific). Extracts were centrifuged (13,000× g) for 3 min and the supernatant was
filtered (0.2 mm, Ultrafree-MC filtered centrifuge tubes; Millipore) before chromatography.
Serotonin (RT 0.77), melatonin (RT 2.49), and related metabolites were separated on a
reverse phase column (Waters BEH C18 column (2.1 × 150 mm, 1.7 µm)) using a Waters
Acquity I-class UPLC (Waters, Mississauga, ON) over a gradient of 0.1% formic acid (Eluent
A) and acetonitrile (Eluent B) (A%:B%): 0.0–0.5 min, 90:10; 0.5–3.5 min, 40:60; 3.5–4.2 min,
5:95; 4.2–6.5 min, 5:95; 6.5–7.0 min, 90:10) with a flow rate of 0.3 mL/min. Analytes were
quantified with a tandem mass spectrometer (Xevo TQ-S; Waters). The capillary voltage
was 3500, the desolvation gas rate was 800 L/h, the cone gas rate was 150 L/h, the des-
olation temperature was 550 ◦C, and the source temperature was 150 ◦C for all analyses
with a dwell time of 0.02 s. Parent and daughter ions were detected using the appropriate
optimized multiple reaction monitoring (MRM) transitions (Table 1). For method develop-
ment, a 16-dilution standard curve of each compound spanned 5 pg–15 µg on column. A
linear range of 5 concentrations was determined with a limit of detection (LOD) ≈10 pg
on column for all compounds measured. Linear range standards (0.025–400 ng/mL) were
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analyzed in triplicate for 3 successive days to determine intraday and interday variability
and precision. Interday precision was <10% relative standard deviation (RSD) but between
day variability was >10% RSD due to an instability of melatonin and serotonin. The dy-
namic range of the data spread over 4 orders of magnitude, data for the external standard
curve underwent a LOG transformation for linearity.

Table 1. Optimized parameters for detection and quantification of neurotransmitters in Tulsi.

Compound Transition Cone Voltage Collision Voltage

Serotonin
177 > 160

45
10

177 > 115 27

Melatonin
233 > 159

30
23

233 > 174 15

2.8. Statistical Analysis

All the experiments were conducted using a completely randomized design with
at least three replications and analysis of variance (ANOVA) was conducted using JMP
version 9.0.2 for Windows (SAS Institute Inc., Cary, NC, USA). Means were compared using
Tukey’s test (p < 0.05). Figures present mean values with standard error. Values followed
by different letters are significantly different at p < 0.05.

3. Results

A total of 80 plants grown from diverse seed populations were analyzed for an-
tioxidant potential using the DPPH bioassay. The antioxidant potential ranged from
1452.08 to 27.3 (Table S1) with 20 lines from five different seed lots showing high antioxi-
dant values (1452.08 to 172.0 Trolox Equivalents (mg/mL)) (Figure 1). Out of these 20 plants,
five plants with the highest antioxidant potential (1427.0–1227.0 µmol TE/g) were from a
single seed lot and one which displayed a normal growth pattern was selected for further
multiplication and characterization.

This germplasm line L17 named Vrinda was micropropagated using nodal explants.
Nearly 42 shoot buds were collected from the greenhouse grown Vrinda plant (Figure 2A).
About 5% of the buds were found to be contaminated during culture on the MS basal
medium however, 95% shoot bud initiation was observed among the clean surviving shoot
buds (Figure 2B). There was no significant difference between liquid and semisolid culture
conditions for shoot bud initiation, however, shoot development from axillary bud in
semisolid culture condition was better than in the liquid culture which caused vitrification.
The MS basal medium supplemented with BA (1.1 µM) was the most effective treatment for
shoot proliferation compared to other commonly used growth regulators including kinetin
and thidiazuron (Figure S1). While all concentrations of BA tested showed an increase
in the number of shoots compared to the control, the response was highest in with BA at
1.1 µM (Figure 3A). The highest number of internodes (5.8) was also observed with the
medium containing BA at 1.1 µM (Figure 3B) and shoot length showed a similar pattern
for 1.1 µM BA (Figure 3C). The shoots in the control and those treated with 1.1 µM BA
were significantly taller than those grown on 2.2 µM and 4.4 µM BA. Overall, a higher
multiplication rate was obtained at 1.1 µM BA (Figure 3A–C). Higher levels of BA adversely
affected shoot proliferation with smaller leaves and shorter internodes. The addition of
GA3 to the BA enriched culture medium stimulated visually better growth of cultures,
however, the growth and multiplication patterns were not significantly different.

A noticeable issue with proliferating shoots cultures of Vrinda was the start of liquifi-
cation of culture medium after 3–4 weeks of growth. The addition of activated charcoal
(AC) not only maintained the semi-solid state of the culture medium even after 7 weeks,
it also improved average shoot length and visual appearance of the growing shoots. A
similar effect of the AC was observed in shoot cultures of other lines of Tulsi.
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Figure 2. A mature Vrinda plant growing in the greenhouse (A) used for the culture initiation, (B)
multiplication, and (C) under in vitro condition. Healthy shoots growing in rooting medium (D) and
rooted plantlets after four weeks of growth (E). Greenhouse acclimatization (F,G) and field grown
Vrinda plants (H).
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Figure 3. The effect of various concentrations of BA added to Murashige and Skoog basal (MS)
medium on average number of shoots (A), number of internodes (B) and shoot length (C) of ‘Vrinda’
nodal explants after 4 weeks of culture. Data represent mean ± standard error from about 36 explants
per treatment and three replications. Means from all the treatments were compared with each
other using Tukey’s test. Vertical bar with same letters indicates no significant difference between
treatments at (p > 0.05).

Shoots from nodal cultures developed roots when induced with IBA (0.5–5.0 µM)
in the presence and absence of activated charcoal. Overall, the MS medium containing
IBA at 0.5 µM in combination with 0.6% activated charcoal was found to be the most
effective to stimulate the development of a healthy root system compared to the control
(Figures 4A and 2E). The highest number of roots (10.3), root length (40.2 mm), and per-
centage of rooting (88.9%) were obtained on medium supplemented with 0.5 µM IBA
with and without 0.6% activated charcoal (Figure 4A–C and Figure 2D,E). The addition
of activated charcoal had positive effects on the rooting percentage, numbers of root, and
root length when compared to medium without activated charcoal. These values were all



Agronomy 2021, 11, 207 8 of 14

significantly greater than the control with and without activated charcoal. The average
number of roots on shoots cultured with 2.5 µM IBA was not significantly different than
the control and 5.0 µM IBA was significantly less effective than the control (Figure 4B).
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Figure 4. Effect of different concentrations of IBA (indole-3-butyric acid) added to Murashige and
Skoog basal (MS) medium on the percentage of rooting (A), number of roots (B) and root length (C)
of shoots developed from in vitro grown nodal explants of ‘Vrinda’ compared to control. Means from
all the treatments were compared with each other using Tukey’s test and data represent mean ±
standard error from 30 explants per treatment and three replications. Vertical bar with same letters
indicates no significant difference between treatments at (p > 0.05).

Rooted plantlets were acclimatized in the misting bed for a week (Figure 2F) and then
transferred in the greenhouse where they showed 83% survival after four weeks of growth
(Figure 2E). Interestingly rooted plantlets that were acclimatized in the growth chamber
showed a relatively poor survival (65%). The two-month-old greenhouse acclimatized
plants survived in the field condition with an efficiency of 100% (Figure 2H).
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Micropropagated Tulsi lines grown in greenhouse and field conditions were analyzed
for total phenolic compounds and the indoleamines, melatonin, and serotonin. The phe-
nolic contents of greenhouse grown mature plants were found in the range of 66.6 and
93.4 GAE mg/g of plant tissue. The antioxidant capacity of the greenhouse grown mature
plants ranged between 6741.77–7717.59 µmol TE/g. There was no significant difference
observed in terms of antioxidant activity between the field and greenhouse grown plants
(Figure S2).

Melatonin concentration was measured in the in vitro grown plantlets of three lines
with high antioxidant potential and 12 wildtype germplasm lines to test the hypothesis
that high antioxidant lines produce significantly more melatonin than other germplasm
lines. In vitro grown shoots of the Vrinda germplasm line were found to consistently
contain ≈50% more melatonin throughout the 18-month test period (Table 2). The highest
melatonin concentration measured was 132.1 ng/g in Vrinda shoot cultures (Table 2).
Interestingly, the average serotonin levels were also decreased in Vrinda as compared
to the other germplasm lines but the decline in serotonin was not significantly different
throughout the culture period (Table 2).

Table 2. Average concentrations of melatonin (ng/g) and serotonin (ng/g) in in vitro grown leaf
tissues of the selected line Vrinda and a representative wildtype line with three biological replications.
Columns with different letter indicate significant difference between two lines (Tukey’s test, p < 0.05).

Source Melatonin (ng/g) Serotonin (ng/g)

Wildtype 42.8 ± 4.95 b 1684.7 ± 82.04 a
Vrinda 66.4 ± 16.5 a 1305.1 ± 139.43 b

The average levels of melatonin in leaves and roots of fresh weight in plants grown
under greenhouse or field condition ranged from 327–378 ng/g. No significant differences
in melatonin content were observed between roots and shoots grown in the greenhouse
or field-grown plants (Table 3). Serotonin levels in the leaves and roots were higher than
the melatonin levels in the same organs and ranged from 497–685 ng/g in the greenhouse
and field grown plants. The levels of both melatonin and serotonin provided in Table 3
are representative of average contents in vegetative tissues of non-flowering plants. Over
the course of all experiments, a wide variation of 127–1200 ng/g of tissue was observed at
different stages of growth, reproduction, and climatic conditions.

Table 3. Average concentrations of melatonin (ng/g) and serotonin (ng/g) in leaf and root tissues
of greenhouse and field grown plants with five biological replications. Columns with same letter
indicate no significant difference between field and greenhouse (Tukey’s test, p > 0.05).

Source/Plant Parts
Leaf Root

MEL (ng/g) SER (ng/g) MEL (ng/g) SER (ng/g)

Field 327.17 a 685.71 a 365.05 a 605.26 a
Greenhouse 341.83 a 497.95 a 378.64 a 501.79 a

4. Discussion

The ancient texts of Ayurveda describe Tulsi (Ocimum sanctum L.) as one of the most
sacred medicinal plants in India which is widely used as a nervine tonic, adaptogen, and
medicine for improving health when faced with multiple diseases [2,11]. The objective of
this study was to develop an integrated strategy for the selection and propagation of Tulsi
germplasm with potential health benefits. Our approach consisted of three components:
identification and isolation of a germplasm line with high antioxidant potential; devel-
opment of an efficient micropropagation system; and characterization of indoleamines of
potential medicinal importance in plants grown in greenhouse and field conditions. Phyto-
chemical profiles vary in seedlings from diverse seed populations and this chemo-diversity
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offers an opportunity to select for a range of characteristics including compounds of medic-
inal interest. In the screening of a population of 80 seedlings, we were able to identify five
germplasm lines with high antioxidant potential and ability to grow in in vitro conditions,
for further multiplication. One of these five high antioxidant potential lines, named Vrinda,
was selected for further studies based on consistent plant growth during micropropagation.

In animals and humans, the oxidative stress caused by reactive oxygen species (ROS)
is a key factor in the pathogenesis of various diseases and disorders through cell damage,
DNA alterations, and metabolic malfunctions [44]. Antioxidants in humans, animals, and
plants act as defense molecules and are known to play an important role in adaptations
to diverse stressful environments. On this basis, the use of plant antioxidants has been
proposed as an effective remedy to prevent or reduce the severity of medical conditions
caused by the deleterious effects of ROS. Therefore, antioxidant potential is considered
an effective marker for the medicinal efficacy of plants although it may not be the sole
criterion of their medicinal efficacy. Plants contain a range of antioxidants known to
prevent various disorders and the plants of the Lamiaceae family, to which Tulsi belongs,
are particularly known for higher phenolic and antioxidant compounds [44]. A number of
studies have demonstrated the presence of pharmacologically important compounds in
Tulsi [8,10]. The compounds ocimumoside A and B isolated from Tulsi leaves were shown
to possess antistress potential [45] and normalize the chronic unpredictable stress in a rat
model system. Interestingly, the efficacy of these compounds in restoring alterations in
the antioxidant systems was comparable to that of melatonin [8,45]. Thus, the presence of
melatonin and serotonin, two principle compounds involved in brain functions, observed
in our study further strengthens the potential of Tulsi in the treatment of stress-induced
neurological disorders. It is noteworthy that both melatonin and serotonin were also found
to be present in the roots, which opens the possibility of the large-scale bioreactor-based
production of roots for developing root-based formulations of Tulsi. Leaves are the most
commonly used tissues in Tulsi formulations, presumably for ease of availability and
processing. To our knowledge, the occurrence of indoleamines, melatonin, and serotonin
has not been reported in Tulsi tissues. Roots of medicinal plants can also provide an
efficient system for harvesting physiologically uniform biomass for producing safe and
efficacious natural health products [46–49].

Micropropagation is crucial to this strategy of integrated plant production in con-
trolled environments. We developed a nodal explant-based micropropagation method
that allows the clonal propagation of naturally occurring superior clones to provide phys-
iologically consistent plant biomass. The micropropagation method developed in this
study relied on the use of BA as a cytokinin along with GA3 and activated charcoal as
additional supplements. BA is the most common cytokinin used for shoot development
and multiplication in a range of species [18,50,51]. For Tulsi, a better response with BA
was observed in an earlier study which compared shoot multiplication induced by BA and
Kn [15]. Similarly, BA was found to be suitable for shoot induction from various explants
of several Ocimum species including O. sanctum and O. basilicum, O. Americanum, and
O. gratissimum [50,52,53]. In Tulsi, a lower level of Kn (2.32 µM) has also been used as the
only cytokinin source for inducing shoot development [20]. The efficacy of cytokinins is
generally variable depending on the specific species with regards to its optimal concen-
tration and type [54–56], probably due to endogenous levels of plant hormones, the type
of the explant used, and the genetic variability among genotypes and species. Further
optimization of the micropropagation method revealed that the addition of 0.3 µM of
gibberellic acid (GA3) to the BA supplemented medium improved shoot multiplication
and maintenance. Although the addition of GA3 did not produce significant differences
in the proliferation rate of Tulsi in this study, the development and growth of shoots was
superior compared to the cultures raised with BA alone. The combination of cytokinins
and gibberellic acid is known to improve shoot growth in the in vitro grown cultures, likely
due to increased cell elongation [50,57].
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Rooting could be successfully achieved with the exogenous application of auxin. In our
study, a maximum of 89% Tulsi shoots formed roots in the presence of IBA at 0.5 µM along
with 0.6% activated charcoal which is a significantly higher percent of the rooting compared
hormone-free medium. Other studies on Tulsi have reported root development on both
hormone-free and on media supplemented with a wide range of auxin levels [15,20,50]. The
observed differences in shoot and root development in cultures of Tulsi in various studies
may have resulted from the variation in the seed population, genotypes, and ecotypes, as
well as inthe conditions of growth and manipulation of plants and explants.

The destabilization of the media matrix in vitro after four weeks was an issue encoun-
tered in our study of Tulsi micropropagation, limiting its long-term maintenance in culture.
Activated charcoal (AC) was used to effectively resolve this issue. The use of 0.6% (w/v)
AC maintained the integrity of the semi-solid matrix for up to eight weeks and improved
the shoot multiplication with reduced browning of leaves, increased survival rates, and
better overall growth. Additionally, the improvement in root development observed in this
study with a combination of IBA and activated charcoal compared to the control suggests a
modulation of hormonal balance due to the adsorptive ability of the AC. The AC particles
have a large oxidized surface area free of non-carbon impurities [58] and have large pores
enhancing the adsorption capacity. AC is commonly used in vitro to decrease browning,
stabilize pH, adsorb harmful chemicals produced by the medium or plant tissues, and
provide a dark environment for in vitro cultures, though it has not previously been used in
the micropropagation of Tulsi [59].

Melatonin and serotonin are a novel class of phytohormones which interact with
established phytohormones including auxins, cytokinin, and gibberellins in the regula-
tion of plant growth, reproduction, and adaptation to biotic and abiotic stress [28,60–62].
Khan et al. (2017) demonstrated that exposure of an in vitro grown callus of the related
species Ocimum basilicum with melatonin enhanced the capacity of the tissue to biosyn-
thesize silver nanoparticles, thereby demonstrating the utility of Ocimum species for the
production of novel industrial chemicals. Melatonin application during O. basilicum seed
priming and growth under salt stress increased shoot growth and phytochemicals [63] and
also increased phenolic metabolites along with the mitigation of UV-C induced damage [64].
Due to the strong antioxidant potential, it is possible that the selection of Vrinda as a high
antioxidant line also leads to selection of a high melatonin line as has been reported in other
species [65], making it a potentially valuable novel phytomelatonin source. Additionally,
it was found that growth in the greenhouse or the field did not have a significant effect
on melatonin content of the cultures suggesting either would be an effective cultivation
strategy if Tulsi were to be used as the basis for a phytomelatonin product.

In conclusion, 80 accessions of Tulsi were analyzed from different sources for their
antioxidant potential. Of these, an individual plant named “Vrinda”, which showed
the highest antioxidant potential was selected and clonally propagated with an efficient
protocol developed in this investigation for micropropagation. The Vrinda plants were
successfully grown in the greenhouse and later in the field with a high survival. In addition
to the phenolics, these plants also had indoleamine neurotransmitters both in the leaves as
well as in the roots. Further research may find new roles for Tulsi formulations rich in these
metabolites in improving human health conditions. Collectively, these accomplishments
have significant potential for the commercial scale production of high-quality Tulsi biomass
free of chemical and biological contaminants.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4395/
11/2/207/s1, Figure S1: The effect of various concentrations (0, 0.5, 1.0, 2.0µM) of 6-benzylaminopurine
(BA), kinetin (Kn), or thidiazuron (TDZ) added to Murashige and Skoog basal (MS) medium on aver-
age number of shoots (A) and shoot height (B) of ‘Vrinda’ nodal explants after 4 weeks of culture.
Data represent mean ± standard error from about ten explants per treatment and three replications.
Means from all the treatments were compared with each other using Tukey’s test. Vertical bar with
same letters indicates no significant difference between treatments at (p > 0.05); Figure S2: Average
antioxidant scavenging activity of greenhouse (GH) and field grown “Vrinda” plants compared
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to a Trolox equivalent (µmolTE/g) standard using DPPH antioxidant assay. Names on the x-axis
represents sample tissue of flower, leaf and stem of ‘Vrinda’ plant in greenhouse (GH) and field.
Data are displayed as mean, with bars representing standard error. Means from all the treatments
were compared with each other using Tukey’s test and vertical bar with same letters indicates no
significant difference between treatments at (p > 0.05), Table S1: Antioxidant scavenging activity of
individual “Tulsi” lines (total 79) grown in vitro when compared to a trolox equivalent (µmol TE/g)
standard using DPPH antioxidant assay. Means from all the lines were compared with each other
using Tukey’s test. Columns with same letter indicate no significant difference (p < 0.05).
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