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ABSTRACT: Ocimum sanctum L. (Holy Basil/Tulsi) is a medicinally important aromatic herb whose large-scale
propagation is constrained by low and irregular seed germination. This study aimed to optimize in vitro seed
germination and seedling establishment by evaluating different strengths of Murashige and Skoog (MS) basal medium,
sterilization durations with mercuric chloride (HgCl:), and concentrations of gibberellic acid (GAs). A completely
randomized design (CRD) was employed across all treatments. Key parameters assessed included germination
percentage, mean germination time (MGT), seedling vigour index (SVI), shoot induction, root development, and
acclimatization survival. Results revealed that half-strength MS (2 MS) medium combined with 1.5 min HgCl
sterilization yielded the highest germination rate (91.0%), lowest MGT (5.5 days), maximum SVI (1643), and highest
survival (90.5%). Exogenous application of GAs at 1.5 mg/L significantly enhanced germination, with a vigour index
of 1800 and minimal abnormal seedlings (4.1%). Shoot induction peaked at GAs 2.0 mg/L, yielding 92.5% induction
and 7.8 £ 0.9 shoots per explant, while optimal rooting (82.3%) with 5.6 £ 0.8 roots per shoot was achieved at 1.5 mg/L
GAs. Acclimatization success reached 90.5%. These findings provide a reproducible, cost-effective protocol for the
rapid mass propagation and germplasm conservation of this economically and medicinally valuable plant.

KEYWORDS: Gibberellic acid; Half-strength MS medium; In vitro propagation; Medicinal plants; Micropropagation;
Ocimum sanctum; Plant tissue culture; Seed dormancy; Seedling vigour.

I. INTRODUCTION

Medicinal plants form an indispensable component of global biodiversity and underpin both traditional and modern
healthcare systems. The World Health Organization estimates that approximately 80% of the global population relies
partly on plant-based medicines for primary healthcare (WHO, 2023). In developing nations particularly, medicinal
plant species provide affordable, culturally embedded, and accessible therapeutic options (Gowthami et al., 2025).
Concurrently, pharmaceutical industries increasingly depend on plant-derived bioactive compounds for drug discovery
and development (Verma and Singh, 2025). However, rapid urbanization, deforestation, climate change, and
unsustainable harvesting practices have precipitated alarming declines in many medicinally valuable species, with
genetic erosion and habitat fragmentation now posing serious long-term threats to medicinal plant resources (Chen et
al., 2021).

Among the most revered of these plants is Ocimum sanctum L. (syn. O. tenuiflorum L.), commonly known as Holy
Basil or Tulsi, a member of the family Lamiaceae. Widely cultivated across tropical and subtropical Asia and Africa,
Tulsi occupies a unique position in Ayurvedic medicine, traditional Chinese medicine, and various African
ethnomedicinal systems (Awere et al., 2023; Verma and Singh, 2025). Its broad spectrum of pharmacological activities
— including antimicrobial, antioxidant, anti-inflammatory, adaptogenic, antidiabetic, and immunomodulatory
properties — 1is attributable to a rich phytochemical profile dominated by eugenol, ursolic acid, rosmarinic acid, -
caryophyllene, apigenin, and luteolin (Bhattarai et al., 2024; Hasan et al., 2023). Escalating global demand for Tulsi-
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based herbal products has intensified pressure on natural populations and cultivated stocks, necessitating reliable large-
scale propagation strategies.

Conventional propagation of O. sanctum through seeds presents significant challenges. Cross-pollination generates
genetic heterogeneity, leading to inconsistent phytochemical profiles in propagated material (Shukla et al., 2021).
Moreover, seeds frequently exhibit low and irregular germination due to physiological dormancy, environmental
variability, and susceptibility to fungal contamination under field conditions. These constraints hinder conservation of
elite chemotypes and impede commercial-scale production (Kayani et al., 2021).

Plant tissue culture technology, particularly in vitro micropropagation, offers a compelling solution to these challenges.
In vitro systems permit rapid multiplication of genetically uniform, disease-free plantlets throughout the year,
independent of seasonal constraints (Kulus and Tymoszuk, 2024). Furthermore, in vitro conditions facilitate precise
manipulation of culture parameters — including basal medium composition, sterilization regimes, and exogenous plant
growth regulators (PGRs) — to optimize germination efficiency, shoot proliferation, and root development (Long et al.,
2022). The Murashige and Skoog (MS) medium remains the most widely adopted basal medium for in vitro culture of
medicinal plants, though diluted formulations are increasingly recognized as superior for seed germination owing to
their reduced osmotic potential (Sharma et al., 2013).

Gibberellic acid (GAs) is a well-characterized diterpene phytohormone known to overcome seed dormancy by
stimulating the synthesis of hydrolytic enzymes such as a-amylase, which mobilize endosperm reserves to support
embryo growth (Kumar et al., 2016). While GAs has been studied in several medicinal species, its dose-dependent role
in the integrated in vitro germination, shoot induction, and rooting of O. sanctum remains incompletely characterized.
Prior studies in this species have largely employed classical cytokinin-auxin combinations (BAP/IBA or BAP/IAA) for
shoot proliferation (Azad et al., 2025; Kayani et al., 2021), with comparatively limited attention given to GAs as a
principal PGR across all developmental stages.

The present study therefore sought to: (i) determine the optimal MS medium strength for in vitro seed germination of
O. sanctum; (ii) establish the most effective HgCl. sterilization duration; and (iii) evaluate the concentration-dependent
effects of GAs on germination, shoot induction, root development, and acclimatization survival. The ultimate goal was
to develop a standardized, reproducible, and cost-effective protocol for the mass propagation and germplasm
conservation of this medicinally significant species.

II. LITERATURE REVIEW

2.1 In Vitro Regeneration of Ocimum sanctum L.

In vitro micropropagation of O. sanctum has been documented through multiple regeneration pathways, including
direct organogenesis from nodal and shoot-tip explants, indirect callus-mediated organogenesis, and seed-based
germination systems. Among these, direct organogenesis is most frequently preferred due to its reduced risk of
somaclonal variation and higher genetic fidelity of regenerated plantlets (Kayani et al., 2021). Azad et al. (2025)
recently reported an efficient micropropagation protocol for O. sanctum using nodal explants cultured on MS medium
supplemented with 1.5 mg/L 6-benzylaminopurine (BAP) and 1.0 mg/L indole-3-butyric acid (IBA), achieving 92.7%
shoot response, 6.5 shoots per explant, and 90% acclimatization survival. Earlier, Kayani et al. (2021) demonstrated
efficient direct regeneration from nodal segments using BAP and indole-3-acetic acid (IAA), underscoring the
importance of explant type and PGR balance for healthy shoot development.

Seed-based in vitro regeneration has gained increasing attention in recent years owing to its advantages of reduced
microbial contamination, greater genetic stability, and year-round availability of starting material (Shukla et al., 2021).
Seeds from self-pollinated or genetically uniform sources provide a relatively stable genetic background, minimizing
somaclonal variation and ensuring phytochemical consistency — a critical requirement for pharmaceutical
standardization (Kayani et al., 2021). Vongnhay et al. (2024) demonstrated that seed-derived juvenile explants exhibit
enhanced morphogenic competence due to their meristematic activity, and respond favorably to exogenous PGR
applications for organogenesis in O. sanctum.
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Table 2.1 presents a comparative summary of recent regeneration protocols employing seed and tissue explants across
species, contextualizing the current study within the broader literature on in vitro propagation efficiency.

Table.2.1. Comparative summary of in vitro regeneration protocols using seed and tissue explants in selected
plant species.

Species Medium + PGRs | Explant Key Outcomes Reference

MS + 1.5 mg/L Efficient germination;

Ocimum BAP + 1.0 mg/L | Surfacessterilized | oo oot induction and | Azad et al. (2025)

sanctum L. IBA seeds rooting

. MS + 1.0 mg/L . . . . .
Ocimum BAP + 0.5 mg/L In Vlt.I'O germinated ngh shoot proliferation; Kayani et al. (2021)
sanctum L. IAA seedlings improved shoot length
Arabidopsis MS + 0.5 mg/L Seed explants Rapid shoot formation; | Kulus and Tymoszuk
thaliana BAP p baseline regeneration (2024)

. MS + 2.0 mg/L Callus induction; high .

Oryza sativa 2.4-D — BAP Mature seeds shoot regeneration Bhardwaj et al. (2025)

MS + 1.0 mg/L

Coffea arabica BAP + 0.5 mg/L | Sterilized seeds Embryogenic callus and | Sivakumar et al

IBA somatic embryos (2024)
Solanum MS + 1.0 mg/L Direct . Sh90t Ram Guru et al.
. Seed explants regeneration; high
lycopersicum BAP e (2025)
multiplication

MS + 0.5 mg/L

Mentha arvensis | BAP + 0.1 mg/L Surface-sterilized Shoot induction with | Sivakumar et al.

NAA seeds moderate rooting (2024)
Zea mays N6 +2.0 mg/L 2,4- Immature seeds Embrypgemc callus Bhardwaj et al. (2025)
D induction

2.2 Role of MS Medium Strength in Seed Germination

The ionic strength of the basal culture medium is a primary determinant of in vitro germination efficiency. Full-strength
MS medium, which contains relatively high concentrations of macro- and micronutrients, can impose osmotic stress on
germinating seeds by reducing the osmotic potential of the medium, thereby impeding water uptake and early embryo
expansion (Sharma et al., 2013). Diluted MS formulations (2 MS or ¥ MS) reduce this osmotic burden while
maintaining adequate mineral nutrition for seedling development. Sharma et al. (2013) demonstrated that 2 MS
medium significantly improved germination percentage and seedling growth in medicinal plants compared with full-
strength medium. Similar trends have been reported for aromatic herbs, where reduced ionic strength positively
correlated with radicle emergence speed and seedling vigour (Kumar and Singh, 2022).

2.3 Surface Sterilization and Contamination Control

Aseptic culture establishment is a prerequisite for successful in vitro propagation. Microbial contamination —
particularly by bacteria and fungi — is among the leading causes of culture failure. Mercuric chloride (HgCl») is a
potent surface sterilant widely employed in plant tissue culture due to its broad-spectrum antimicrobial efficacy. Singh
and Kaur (2018) established that optimal HgCl> exposure (0.1% w/v for 1.0—1.5 min) effectively eliminates surface-
borne contaminants without significantly compromising seed viability, whereas prolonged exposure induces
phytotoxicity and reduces germination. Sodium hypochlorite (NaOCIl) and ethanol pre-treatment are commonly used as
complementary sterilants to reduce surface microbial load prior to HgCl- application.
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2.4 Gibberellic Acid in Seed Germination and Plant Development

Gibberellins are endogenous diterpene plant hormones that play central roles in the regulation of seed germination,
stem elongation, and floral development. Gibberellic acid (GAs) is the most commonly applied exogenous gibberellin
in plant tissue culture studies. Its mechanism of action in seed germination involves stimulation of a-amylase and other
hydrolytic enzymes in the aleurone layer, mobilizing starch reserves to provide energy for embryo expansion and
radicle protrusion (Kumar et al.,, 2016). GAs also counteracts abscisic acid (ABA)-mediated dormancy, effectively
resetting the hormonal balance in favour of germination.

In in vitro contexts, exogenous GAs application has been reported to improve germination speed and uniformity in
several medicinal plant species, including Mentha, Salvia, and Ocimum (Faisal et al., 2018; Mishra and Tiwari, 2023).
However, supra-optimal concentrations of GAs are known to inhibit root differentiation and disrupt normal seedling
morphology, necessitating careful dose optimization (Nazir et al., 2022). Chandra and Dubey (2021) demonstrated that
GA:s at moderate concentrations promotes both shoot elongation and early root primordium differentiation, whereas
higher concentrations disrupt the cytokinin-auxin-gibberellin hormonal crosstalk required for balanced organogenesis.
The present study builds on these findings by conducting a systematic concentration-response evaluation of GAs across
germination, shoot induction, and root development stages in O. sanctum.

III. MATERIALS AND METHODS

3.1 Plant Material and Study Site

Mature, healthy seeds of Ocimum sanctum L. were collected from disease-free, phenotypically uniform mother plants
maintained at the experimental garden of the Department of Environmental Science, Integral University, Lucknow,
India. Seeds were air-dried and stored in airtight containers under dry conditions at room temperature until use. All
experimental work was conducted in the controlled plant tissue culture laboratory (Natural Products Laboratory, C402)
at Integral University (26.88°N, 80.96°E; altitude 123 m a.s.l.), under fully aseptic conditions maintained within a
laminar airflow cabinet (LAFC). The culture room was maintained at 25 + 2°C with a 16-hour photoperiod (cool-white
fluorescent lamps, photosynthetic photon flux density: 40—60 pmol m™2 s™') and approximately 60-70% relative
humidity.

3.2 Experimental Design

A completely randomized design (CRD) was adopted for all experiments. Three independent experimental sets were
conducted: (i) evaluation of MS medium strength x HgCl. sterilization duration; (ii) concentration-response of GAs on
seed germination; and (iii) effects of GAs on shoot induction and rooting. Each treatment comprised three replicates,
with each replicate containing 20 seeds or 10 explants, as appropriate. Data were subjected to one-way analysis of
variance (ANOVA), and means were separated using Duncan’s Multiple Range Test (DMRT) at p < 0.05 (Gomez and
Gomez, 1984).

3.3 Preparation of Culture Media

Murashige and Skoog (MS) basal medium (Murashige and Skoog, 1962) was prepared at four strength levels: full MS
(1x), three-quarter MS (% MS), half MS (2 MS), and quarter MS (4 MS). The composition of the full-strength MS
medium is presented in Table 3.1. All media contained 3% (w/v) sucrose and 0.8% (w/v) agar as a gelling agent. The
pH was adjusted to 5.7 + 0.1 using 0.1 N NaOH or HCI prior to autoclaving at 121°C for 15 minutes. GAs was filter-
sterilized (0.22 um Millipore® membrane) and added aseptically to autoclaved, cooled medium (~50°C) to avoid
thermal degradation.
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Table 3.1.Composition of Murashige and Skoog (MS) basal medium (Murashige and Skoog, 1962)

Component Category Constituent Concentration (mg/L)
Macronutrients (10x) NH4NOs 1650
KNOs 1900
MgSO4-7H-0 370
CaCl>-2H0 440
KH2PO4 170
Micronutrients (100x) HsBO:s 6.2
MnSO4+-4H-0 223
ZnSO4 TH20 8.6
KI 0.83
Na:MoOs-2H-0 0.25
CuSO04-5H20 0.025
CoCl2-6H-0 0.025
Iron Source Fe-EDTA (Na salt) 40.0
Vitamins Nicotinic acid 0.5
Thiamine (B1) 0.1
Pyridoxine (Bs) 0.5
Myo-inositol 100.0
Amino Acid Glycine 2.0
Carbon Source Sucrose 30,000 (3%)
Gelling Agent Agar 8,000 (0.8%)
pH — 5.7+0.1

3.4 Seed Sterilization Protocol

Surface sterilization was performed within the LAFC using the following sequential protocol: (1) pre-washing under
running tap water for 10—15 min; (2) agitation in distilled water with liquid detergent (3—5 drops/100 mL) for 5 min,
followed by 3—4 sterile distilled water rinses; (3) 70% (v/v) ethanol immersion for 30-60 s; (4) treatment with 0.1%
(w/v) mercuric chloride (HgCl.) for varying durations (30 s, 45 s, 1.0 min, and 1.5 min) as per experimental treatment;
and (5) five rinses with sterile distilled water to remove chemical residues. Sterilized seeds were blotted on sterile filter
paper and inoculated aseptically onto culture media using sterile forceps.

3.5 Plant Growth Regulator Treatments

Gibberellic acid (GAs) was tested at seven concentration levels (0.0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg/L) across three
independent experiments evaluating germination, shoot induction, and rooting, respectively (Table 3.2). The 0.0 mg/L
treatment served as the hormone-free control. All PGR stock solutions were prepared by dissolving GAs in a minimal
volume of 95% ethanol before dilution in sterile distilled water and filter-sterilization.
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Table.3.2. Gibberellic acid (GAs) concentration treatments used in in vitro experiments.

Treatment Code PGR Type Concentration (mg/L)
T1 Control 0.0
T2 GAs 0.5
T3 GAs 1.0
T4 GA; 1.5
T5 GAs 2.0
T6 GAs 2.5
T7 GAs 3.0

3.6 Rooting and Acclimatization

For rooting induction, regenerated shoots (2—3 cm in length) were transferred to 2 MS medium supplemented with
varying GAs concentrations (as in Table 3.2) and maintained under the standard culture conditions described above.
Root development was assessed after 21 days. Well-rooted plantlets were removed from culture vessels, gently washed
under running tap water to remove agar traces, and transferred to plastic pots containing a sterilized substrate (garden
soil:vermiculite:sand, 2:1:1 v/v). Plants were maintained under a humidity tent for 14 days, with gradual acclimation to
ambient conditions over a further 7 days. Survival rates were recorded at 21 days post-transfer.

3.7 Data Collection and Statistical Analysis

The following parameters were recorded: (i) germination percentage (GP, %); (ii)) mean germination time (MGT, days);
(iii) seedling vigour index (SVI = germination% x mean seedling length, Abdul-Baki and Anderson, 1973); (iv) shoot
induction percentage; (v) number of shoots per explant; (vi) mean shoot length (cm); (vii) time to shoot initiation
(days); (viii) rooting percentage; (ix) number of roots per shoot; (x) root length (cm); (xi) time to root initiation (days);
and (xii) acclimatization survival rate (%). Germination percentage was calculated as: GP (%) = (Number of seeds
germinated / Total seeds inoculated) x 100. All data were expressed as mean + standard deviation (SD). Statistical
analyses were performed using SPSS v.26 (IBM Corp., USA). One-way ANOVA was applied, and treatment means
were compared using DMRT at p < 0.05.

IV. RESULTS

4.1 In Vitro Germination Protocol Overview

A standardized stepwise protocol for in vitro propagation of Ocimum sanctum L. was established in this study (Figure
4.1). The protocol encompasses seed collection from healthy mother plants, sequential surface sterilization, inoculation
on 2 MS medium supplemented with 1.5 mg/L GAs, progressive shoot induction and rooting stages, and final
acclimatization. The complete regeneration cycle from inoculated seed to established acclimatized plant was achieved
within approximately 6—8 weeks under optimized conditions, with an overall acclimatization survival rate of 90.5%.
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In Vitro Propagation Protocol for Ocimum sanctum L.
(Seed-based regeneration pathway used in this study)

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

Surface In vitro Shoot Root
| sterilization germination induction induction Acclimatize
HgCl, 0.1% % MS + GA, Achieved by Rooting observed at Soil
EtOH 70% 1.5 mg/L GA, 2.0 mg/L GA,; 1.5 mg/L transfer
only only

Optimal: 91.0% germination

¥

Seed
collection

Healthy
mother plant

Key Outcome
Y2 MS medium + GA; 1.5 mg/L + HgCl, 1.5 min = 91% germination |
Shoot induction at GA, 2.0 mg/L | Rooting at GA; 1.5 mg/L | 90.5% survival

Y2 MS: Half strength Murashige and Skoog medium | GA,: Gibberellic acid | HgCl,: Mercuric chloride | EtOH: Ethanol

Figure.4.1. Overview of the optimized in vitro propagation protocol for Ocimum sanctum L. Seeds surface-sterilized

4.2 Effect of MS Medium Strength and HgCl. Sterilization Duration on Seed Germination

The effects of four MS medium strengths and four HgCl. exposure durations on germination and early seedling
parameters are summarized in Table 4.1. A progressive improvement in germination was observed as the MS medium
strength decreased from full strength to 2 MS. Under full-strength MS medium, germination ranged from 60.2%
(HgCl2 30 s) to a maximum of 75.0% (HgCl> 1.0 min), with relatively elevated MGT (7.5-8.5 days) and lower SVI
(433-690), suggesting that the higher ionic strength of full MS imposed osmotic stress that limited water uptake during
imbibition and slowed metabolic activation.

Improved responses were recorded on ¥4 MS medium, where the maximum germination reached 82.0% (HgClz 1.0
min), with an enhanced SVI of 943. However, the most favorable germination parameters were consistently observed
on %2 MS medium. The combination of 2 MS with 1.5 min HgCl. sterilization yielded the highest germination rate
(91.0%), the shortest MGT (5.5 days), the maximum SVI (1643), and the greatest acclimatization survival (90.5%). At
¥4 MS medium strength, germination declined markedly (55.0—-70.0%), an outcome attributable to nutrient insufficiency
limiting seedling development. Figure 4.2 illustrates the graphical trend in germination across medium strengths and
sterilization durations, with a clear peak at /2 MS + 1.5 min HgClL.

Concerning sterilization, contamination decreased and germination improved as HgClz exposure increased from 30 s to
1.5 min. Beyond 1.5 min, slight reductions in germination were observed — for example, the slight drop from 75.0% to
70.3% at full MS — consistent with the onset of phytotoxic effects at prolonged HgCl:> exposure. These findings
collectively confirm that the interaction between reduced osmotic potential (Y2 MS) and optimized sterilization duration
(1.5 min) provides the most favorable environment for in vitro germination of O. sanctum.
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Figure 4.2 — In Vitro Germination Percentage of Ocimum sanctum L.
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Table.4.1. Effect of MS medium strength and HgCl: treatment duration on in vitro germination and seedling
development of Ocimum sanctum L. Values represent means + SD (n = 3 replicates x 20 seeds).

1g/:fength :(Ii%l(r::lztion) n GP (%) l(\(/i[g:) ieeidgltl;:g (em, | SV (S‘;)I;Vival
mean £ SD)
Full MS 30s 20 60.2 8.5 32+1.1 433 62.0
Full MS 45s 20 68.5 8.0 40+1.2 548 68.4
Full MS 1.0 min 20 75.0 7.5 42+13 690 72.5
Full MS 1.5 min 20 70.3 7.8 35+1.2 598 70.0
¥ MS 30s 20 68.0 8.2 25+1.2 578 70.1
¥ MS 45s 20 75.6 7.5 48+14 741 753
¥ MS 1.0 min 20 82.0 7.0 45+1.5 943 82.2
¥ MS 1.5 min 20 80.5 6.8 5014 886 80.0
%> MS* 30s 20 75.2 7.5 45+14 790 78.0
%> MS* 45 20 85.0 6.5 5.8+1.7 1173 85.6
%> MS* 1.0 min 20 90.2 6.0 35+1.8 1398 90.1
%> MS* 1.5 min 20 91.0 5.5 42+2.1 1643 90.5
¥a MS 30s 20 55.0 9.0 25+1.0 358 60.0
¥a MS 45s 20 62.5 8.5 72+1.1 450 65.0
Ya MS 1.0 min 20 70.0 8.0 85+1.2 595 68.5
Ya MS 1.5 min 20 68.2 8.2 80+1.1 546 66.2
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*Optimal medium strength; GP: germination percentage; MGT: mean germination time; SVI: seedling vigour index.

4.3 Concentration-Dependent Effects of GAs on Seed Germination

The influence of exogenous GAs on seed germination parameters of Ocimum sanctum is presented in Table 4.2 and
Figure 4.3. A clear concentration-dependent response was evident. Under hormone-free control conditions (0.0 mg/L),
germination was 65.0%, MGT was 8.5 days, and the vigour index was 950, with 10.2% abnormal seedlings. Increasing
GAs concentration progressively improved germination, reaching 75.3% at 0.5 mg/L and 80.2% at 1.0 mg/L, with
concurrent reductions in MGT and abnormal seedling formation.

Maximum germination (91.0%), highest SVI (1800), lowest MGT (5.2 days), and minimum abnormal seedlings (4.1%)
were recorded at 1.5 mg/L GAs, confirming this as the optimal concentration for in vitro germination enhancement.
These outcomes indicate that GAs at 1.5 mg/L effectively breaks physiological dormancy by stimulating hydrolytic
enzyme activity and mobilizing endosperm reserves, facilitating rapid, synchronized radicle emergence and uniform
seedling development. Beyond this optimum, increasing GAs concentrations led to progressive declines in all measured
parameters: germination fell to 85.6% at 2.0 mg/L, 78.0% at 2.5 mg/L, and 70.3% at 3.0 mg/L, while abnormal
seedling formation increased to 9.5% at 3.0 mg/L. This inhibitory pattern at supra-optimal GAs concentrations is

consistent with reports of disrupted hormonal balance and altered embryo axis development at excessive gibberellin
levels (Nazir et al., 2022).
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Figure 4.3. Concentration-dependent effect of exogenous GAs on in vitro seed germination percentage and seedling
vigour index (SVI) of Ocimum sanctum L
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Table.4.2. Influence of GAs concentration on in vitro seed germination parameters of Ocimum sanctum L. Values
represent means of three replicates (n = 20 seeds).

Abnormal
(1)

GAs; (mg/L) | n GP (%) MGT (days) | SVI Seedlings (%) Remarks

0.0 Poor germination,

(Control) 20 65.0 8.5 950 102 high dormancy

0.5 20 753 72 1200 8.5 Moderate
1mprovement

1.0 20 80.2 6.5 1450 6.2 Good germination
Optimal: highest

*

1.5 20 91.0 5.2 1800 4.1 GP and SVI

2.0 20 85.6 5.8 1650 55 Slight = decline
beyond optimum

2.5 20 78.0 6.8 1300 7.8 Declining trend

3.0 20 70.3 7.5 1100 9.5 Inhibitory; high
abnormality

*Optimal GAs concentration for seed germination. GP: germination percentage; MGT: mean germination time; SVI:
seedling vigour index.

4.4 Key Factors Influencing In Vitro Seed Germination: An Integrated Overview

Figure 4.4 presents an integrated schematic of the multifactorial determinants of in vitro seed germination in O.
sanctum, highlighting the interacting roles of medium composition, sterilization conditions, PGR concentration, and
environmental parameters. Medium ionic strength emerged as the primary determinant, with 2 MS identified as
optimal. Sterilization duration of 1.5 min HgCl. effectively eliminated contamination while preserving viability. GAs at
1.5 mg/L was the optimal hormonal stimulus, while hydro-priming (12-24 h) provided a supplementary benefit for
metabolic activation prior to culture initiation. Standard temperature (25 £ 2°C) and photoperiod (16 h) provided a
stable developmental environment. The schematic underscores that no single factor independently governs germination
success; rather, it is the coordinated optimization of all these variables that produces the observed high efficiency.

Factors Affecting In Vitro Seed Germination

Culture

conditions
25+2°C, 16h light

Sterilization Seed quali
In Vitro sdia sy
HgCl: duration G inati Viability, maturity
1.5 min — optimal ermination Healthy mother plant
PGR type & : 1 Seed priming
concentration Hydro-priming
GA: 1.5 mg/L — optimal 12-24 hr soaking

rrrrrr Variable tested in this study (optimal value shown in green)

Figure 4.4: Key factors influencing in vitro seed germination of Ocimum sanctum
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4.5 Effect of GAs on Shoot Induction and Proliferation

The effects of GAs on shoot induction and proliferation are presented in Table 4.3 and Figure 4.5. Control explants
showed limited shoot induction (65.0%), with a mean of 2.1 & 0.4 shoots per explant and a mean shoot length of 1.2 +
0.3 cm, with shoot initiation requiring 14 days. As GAs concentration increased, all shoot parameters improved
progressively. At 1.0 mg/L, shoot induction reached 80.8% with 5.0 + 0.6 shoots per explant, and at 1.5 mg/L,
induction was 87.2% with 6.5 + 0.8 shoots and 4.0 + 0.6 cm shoot length.

The maximum shoot induction (92.5%), greatest number of shoots per explant (7.8 + 0.9), longest shoots (4.8 = 0.7
cm), and shortest initiation time (7 days) were all recorded at GAs 2.0 mg/L (Figure 4.5). This superior performance
indicates that GAs at 2.0 mg/L effectively promotes cell elongation and division in meristematic zones of the explant.
Beyond this optimal concentration, however, a decline was observed, with shoot induction falling to 83.4% at 2.5 mg/L
and 72.6% at 3.0 mg/L, accompanied by reduced shoot elongation and longer initiation periods. These results suggest
that excessive GAs disrupts the balance of endogenous hormone ratios required for coordinated organogenic response.

100,0 9,0
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90,0 8,0
80,0 —
7,0 E
-
_ 700 60 2
£ 600 p
c ’ o
) 50 2
g 2
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§ 40,0 §
30 &
30,0 @
2,0 -§
20,0 0 5
10,0 1,0
0,0 0,0

0,0 0,5 1,0 1,5 2,0 2,5 3,0
GA; concentration (mg/L)

s Shoot Induction (%) ==0==Shoots/Explant (mean) ==@==Shoot Length (cm, mean)

Figure.4.5. Effect of exogenous GAs concentration on shoot induction percentage, number of shoots per explant, and
mean shoot length in Ocimum sanctum L. Optimal shoot induction (92.5%) was recorded at GAs 2.0 mg/L. Data
represent means + SD (n = 10 explants per treatment).

IJIRSET©2026 | AnISO 9001:2008 Certified Journal | 12156



http://www.ijirset.com/

Factor

ﬂﬁﬁ@ International Journal of Innovative Research of Impact
1JIRS Science, Engineering and Technology (IJIRSET) e

|www.ijirset.com |A Monthly, Peer Reviewed & Refereed Journal| e-ISSN: 2319-8753| p-ISSN: 2347-6710|

Volume 15, Issue 9, September 2026
|DOI: 10.15680/1JIRSET.2026.1509036|

Table.4.3. Effect of GAs concentration on shoot induction and proliferation in Ocimum sanctum L. Values represent
means + SD (n = 10 explants per treatment).

GA:(mg/L) |n Shoot ‘ Shoots/Explant Shoot Length (cm, Tifn‘e - to  Shoot
Induction (%) | (mean £ SD) mean + SD) Initiation (days)

0.0 (Control) | 10 65.0 2.1+04 1.2+0.3 14

0.5 10 74.5 3.6+0.5 23+04 12

1.0 10 80.8 5.0+£0.6 3.0+0.5 10

1.5 10 87.2 6.5+0.8 4.0+0.6 9

2.0%* 10 92.5 7.8+0.9 4.8+0.7 7

2.5 10 83.4 59+0.7 3.6+0.5 9

3.0 10 72.6 32+05 24+04 12

*Optimal GAs concentration for shoot induction.

4.6 Effect of GAs on Rooting Response

The rooting response of O. sanctum to varying GAs concentrations is presented in Table 4.4 and Figure 4.6. In the
absence of GAs, rooting was minimal, with 45.3% rooting, a mean of 2.0 + 0.5 roots per shoot, root length of 1.5 £ 0.4
cm, root initiation at 12 days, and 60.2% survival. Progressive improvement in rooting efficiency was observed with
increasing GAs concentration up to 1.5 mg/L. At 1.0 mg/L, rooting reached 68.2% with 4.1 £ 0.7 roots and 3.0 + 0.6
cm root length. The optimal rooting response was recorded at GAs 1.5 mg/L, which produced the highest rooting
percentage (82.3%), the greatest number of roots per shoot (5.6 + 0.8), the longest roots (4.2 = 0.7 cm), the fastest root
initiation (7 days), and the highest survival rate (90.5%).

Beyond this optimum, rooting efficiency declined: at GAs 2.0 mg/L, rooting fell to 75.4%, and at 3.0 mg/L, it dropped
to 50.2%, with concurrent reductions in root number, root length, and survival. This pattern is consistent with the
known dose-dependent inhibition of root differentiation by excessive gibberellin, wherein supra-optimal GA; levels
promote stem elongation at the expense of root primordium differentiation, thereby disturbing the auxin-gibberellin
crosstalk essential for rhizogenesis (Faisal et al., 2018). The noted alignment between optimal germination (1.5 mg/L)
and optimal rooting (1.5 mg/L) concentrations suggests that this GAs level represents a b roadly favorable hormonal
milieu for balanced developmental progression in O. sanctum.
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Figure 4.6 — Effect of GAs Concentration on Rooting and Root Development

Table.4.4. Effect of GAs concentration on in vitro rooting response and survival rate of Ocimum sanctum L. Values
represent means = SD (n = 10 explants per treatment).

GA: (mg/L) Rooting Roots/Shoot (mean ﬁ(::’t mt::gt: szy.s ‘ to  Root | Survival Rate
(%) + SD) SD) Initiation (%)

0.0 (Control) | 45.3 2.0+0.5 1.5+04 12 60.2

0.5 60.4 32+0.6 24405 10 70.1

1.0 68.2 4.1+0.7 3.0+£0.6 9 78.3

1.5% 82.3 5.6+0.8 4.2+0.7 7 90.5

2.0 75.4 48+0.7 3.6+0.6 8 85.2

2.5 62.1 3.5+£0.6 2.8+0.5 10 72.0

3.0 50.2 2.6+0.5 20+£04 11 65.4

*Optimal GAs concentration for rooting and acclimatization survival.

4.7 Morphological Stages of In Vitro Development

The sequential morphological progression of O. sanctum through all stages of in vitro development is documented in
Figure 4.7 (Panels A-E). Panel A shows the initial culture phase, with surface-sterilized seeds pre-soaked in sterile
distilled water for 12-24 h and inoculated onto /2 MS medium. Panel B illustrates successful germination with radicle
and plumule emergence, confirming effective aseptic establishment. Panel C demonstrates early shoot development,
with multiple shoots emerging and elongating under optimized GAs conditions, indicative of active cell division and
elongation in apical meristematic zones. Panel D shows well-differentiated plantlets with clearly formed shoot-root
systems, confirming successful complete in vitro regeneration. Panel E depicts acclimatized plantlets established in
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potting substrate, with normal growth morphology and no signs of transplant shock, validating the robustness of the
acclimatization protocol.

The sequential transition across all developmental stages — from seed imbibition to field-ready plantlet — within 68
weeks demonstrates the efficiency and reproducibility of the optimized protocol. The absence of morphological
abnormalities or somaclonal variation in acclimatized plants further confirms the genetic fidelity maintained through
this seed-based in vitro system.

Figure.4.7. Sequential morphological stages of in vitro development of Ocimum sanctum L. (A) Sterilized seeds pre-
soaked and inoculated on > MS medium; (B) early germination with radicle and plumule emergence; (C) multiple
shoot induction under GAs-supplemented medium; (D) well-differentiated plantlets with developed root system on

rooting medium; (E) successfully acclimatized plantlets established under ex vitro conditions. Scale bars = 1 cm.

V. DISCUSSION

The present study successfully established a streamlined in vitro propagation protocol for Ocimum sanctum L. founded
on the systematic optimization of three critical variables: MS medium ionic strength, HgCl. sterilization duration, and
GAs concentration. The integration of these factors produced a highly efficient, reproducible, and cost-effective system
applicable to large-scale mass propagation and germplasm conservation of this important medicinal plant.

The superiority of 2 MS medium for seed germination observed in this study is consistent with the broader tissue
culture literature. Sharma et al. (2013) demonstrated that reduced MS ionic strength significantly improved germination
and seedling growth in medicinal plants by reducing osmotic potential, which facilitates water uptake during imbibition
and supports early metabolic activation. Similarly, Kumar and Singh (2022) reported that diluted MS formulations
consistently outperformed full-strength medium for in vitro germination of aromatic species. The decline in
germination observed at % MS strength in the present study is attributable to mineral nutrient limitation, which impairs
seedling vigour once the embryo’s endosperm reserves are depleted. These combined observations underscore that
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optimal nutrient availability and minimal osmotic stress must be simultaneously achieved for maximum germination
efficiency.

Regarding sterilization, the 1.5 min HgCl. (0.1% w/v) treatment proved most effective in eliminating surface
contaminants while maintaining adequate seed viability. This finding accords with the established guideline reported by
Singh and Kaur (2018) that 0.1% HgCl. exposure for 1.0—1.5 min represents the threshold beyond which phytotoxic
effects begin to compromise cell membrane integrity and viability in small-seeded medicinal species. The
contamination-free establishment of cultures is a foundational prerequisite for reliable in vitro data, and the progressive
improvement in germination from 30 s to 1.5 min HgCl. exposure — followed by decline at longer durations —
provides robust empirical support for this optimal window.

The concentration-dependent stimulation of seed germination by GAs, with a peak response at 1.5 mg/L, aligns with the
established mechanistic role of gibberellins in breaking physiological dormancy. GAs promotes the synthesis of a-
amylase and other hydrolytic enzymes in the aleurone layer, mobilizing starch and protein reserves to fuel embryo
expansion and radicle protrusion (Kumar et al., 2016). The concurrent improvement in seedling vigour index (SVI
reaching 1800 at 1.5 mg/L) reflects not only higher germination rates but also more robust seedling development. The
inhibitory effects observed at GAs concentrations > 2.0 mg/L for germination (and > 2.5 mg/L for shoot induction) are
consistent with the disruption of the ABA-GA; hormonal equilibrium reported by Chandra and Dubey (2021), wherein
excess exogenous GAs interferes with endogenous hormonal signaling cascades required for normal embryo and
meristem development.

The differential optimal GAs concentrations for shoot induction (2.0 mg/L) versus germination and rooting (1.5 mg/L)
is a noteworthy finding. Shoot induction, which requires active cell division and shoot meristem activation, appears to
benefit from marginally higher gibberellin activity to promote cell elongation and internode extension. In contrast,
rooting — which is primarily driven by auxin signaling — is more sensitive to supra-optimal GAs, as evidenced by the
sharp decline in rooting at concentrations > 2.0 mg/L. Faisal et al. (2018) reported similar differential PGR
requirements across developmental stages, emphasizing that precise hormonal titration at each stage is essential for
maximizing overall protocol efficiency. Nazir et al. (2022) further demonstrated that auxin—cytokinin—gibberellin
interactions at the cellular level determine organogenic fate, underscoring the complex crosstalk that governs in vitro
development.

The acclimatization survival rate of 90.5% recorded in the present study compares favorably with published reports.
Azad et al. (2025) achieved 90% acclimatization survival in O. sanctum using IBA-rooted plantlets, while Kayani et al.
(2021) reported successful hardening in soil:farmyard manure (75:25) substrates. The high survival observed in the
present study — achieved with a GAs-based rather than IAA/IBA-based rooting system — suggests that GAs promotes
root architecture that is sufficiently robust to withstand the physiological stresses associated with ex vitro transfer,
including rapid changes in water availability and light intensity. Sahoo et al. (2014) similarly reported high
acclimatization success in medicinal plants when well-developed root systems were established in vitro prior to
transfer.

From a biotechnological standpoint, the present protocol offers several practical advantages over earlier O. sanctum
micropropagation systems. By using GAs; as the sole PGR across all three developmental stages (germination, shoot
induction, rooting), the protocol eliminates the need for multiple PGR combinations and associated preparation costs,
simplifying the workflow for large-scale application. The use of seed explants, rather than field-derived nodal
segments, reduces contamination risk and ensures year-round explant availability, independent of plant growth seasons.
Moreover, the high genetic fidelity inherent in seed-based systems (Shukla et al., 2021) makes this protocol particularly
suitable for germplasm conservation programs targeting elite O. sanctum chemotypes with superior phytochemical
profiles.

The present study contributes to a growing body of evidence that in vitro propagation systems optimized around GAs
can be highly effective for aromatic medicinal plants. Vongnhay et al. (2024) demonstrated enhanced in vitro
morphogenesis of O. sanctum under modified hormonal regimes, while Mishra and Tiwari (2023) reported significant
germination improvement in O. sanctum using GAs. The present data extend these findings by providing a
comprehensive, stage-specific concentration-response profile across the full propagation cycle. Future research should
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evaluate molecular markers of genetic fidelity in regenerated plants, assess secondary metabolite profiles relative to
field-grown controls, and investigate bioreactor-based scale-up for commercial application.

VI. CONCLUSION

This study established a highly efficient, reproducible, and cost-effective in vitro regeneration protocol for Ocimum
sanctum L. through the systematic optimization of MS medium ionic strength, HgCl. sterilization duration, and GAs
concentration. The key findings are: (i) 2 MS medium with 1.5 min HgCl: sterilization is optimal for in vitro seed
germination, yielding 91.0% germination, MGT of 5.5 days, SVI of 1643, and 90.5% acclimatization survival; (ii) GAs
at 1.5 mg/L significantly enhances germination and seed vigour, with maximum SVI (1800) and minimum abnormal
seedling formation (4.1%); (iii) GAs at 2.0 mg/L is optimal for shoot induction, achieving 92.5% induction and 7.8 +
0.9 shoots per explant; (iv) GAs at 1.5 mg/L supports optimal rooting (82.3%) with highest survival (90.5%); and (v)
the complete regeneration cycle from seed to acclimatized plant was completed within 6—8 weeks. Supra-optimal GAs
concentrations were consistently inhibitory across all developmental stages, highlighting the importance of precise
hormonal titration.

The protocol, which relies on GAs as the principal PGR across all stages, offers simplicity, reproducibility, and
scalability compared with multi-PGR approaches. It provides a reliable foundation for large-scale conservation, mass
propagation, and pharmaceutical standardization of this medicinally and economically significant species. Future
investigations should assess the genetic fidelity of regenerated plantlets using SSR and ISSR markers, evaluate
secondary metabolite accumulation relative to conventionally grown plants, and explore the feasibility of bioreactor-
based upscaling for commercial production.
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