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Abstract 24 

In the present investigation, a reproducible in vitro regeneration protocol was established for three okra cultivars—25 
Pusa Sawani, Pusa Bhindi-5 and Pusa Lal Bhindi-1-using hypocotyl and cotyledonary leaf explants. The explants 26 
were cultured on Murashige and Skoog medium (MS) comprising various auxin-cytokinin concentrations. MS 27 
mediumcontaining 2.0 mg/L 6-benzylaminopurine (BAP), 0.5 mg/L α-Naphthalene acetic acid (NAA) and 200 28 
mg/L activated charcoal (AC) was the most responsive,showing a mean organogenic callus induction frequency 29 
of 73.79% from hypocotyl explants across all three cultivars. This was followed by MS medium having1.0 30 
mg/LBAP, 0.5 mg/L NAA,200 mg/L AC (66.50%) and 2.0 mg/L Zeatin,0.2 mg/L NAA,200 mg/LAC (65.29%). 31 
Cotyledonary leaf explants exhibiteda maximum callus induction frequency of 66.73% under the same hormonal 32 
combination. The lowest callus induction (23.18–24.28%) was observed on MS medium containing1.0 TDZ, 0.1 33 
NAA,200 AC for both theexplants.The highest shoot induction (71.17%) with the earliest shoot bud emergence 34 
(13.25 days) was achieved on MS medium augmented with 2.0mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC. 35 
Optimal rooting was obtained on MS medium containing 0.2 mg/L NAA and 200 mg/L AC, resulting in 91.14% 36 
rooting, the earliest root initiation (14.82 days), and the longest roots (4.96 cm) in cultivar Pusa Lal Bhindi-1. As 37 
per our information, this is the first report detailing a robust and reproducible in vitro callus induction and 38 
regeneration protocol for the okra cultivars Pusa Sawani, Pusa Bhindi-5 and Pusa Lal Bhindi-1.  39 

Introduction 40 

Okra (Abelmoschus esculentus [L.] Moench; 2n=2x=130), also known as "Bhindi" or "lady finger,"belonging to 41 
the Malvaceae family is a traditional vegetable crop of significant commercial value.It holds considerable 42 
commercial value as a summer vegetable and is predominantly cultivated in tropical andsubtropicalareas globally. 43 
India is the leading producer of okra, contributing approximately 63% of the global production, with an area of 44 
5.49 lakh hectares and a total production of 7.15 million tonnes (MT) (FAOSTAT-2023). Okra is known for its 45 
nutritional richness, containing vitamins A and C, dietary fibre, protein, carotenoids, and essential minerals such 46 
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as zinc, calcium, potassium, magnesium, and iodine, which contribute to its health benefits and commercial 47 
importance (Nathoo et al. 2025).The genus Abelmoschus exhibits considerable diversity in chromosome numbers 48 
and ploidy levels among species. The cultivated species, A. esculentus (2n = 130), is considered a natural 49 
amphidiploid species. A. angulosushas the lowest chromosome count is (2n=56), whereas while A. manihot var. 50 
caillei has the maximum(almost 200). In A.esculentus, chromosome numbers like 2n = 72, 108, 120, 132 and 144 51 
follow a normal polyploid sequencebased on a basic chromosome number of n = 12. Despite extensive diversity, 52 
the precise origin of okra remains controversial, with proposed centres including Africa, the Upper Nile region, 53 
and India.Okra cultivation is severely constrained by various biotic and abiotic stresses, with viral infections being 54 
the most prominent biotic stress limiting production. Two major Begomoviruses affecting okra are the okra yellow 55 
vein mosaic virus (YVMV) and the okra enation leaf curl virus (ELCV) (Venkataravanappa et al. 2013). Although 56 
wild Abelmoschus species possess strong resistance to these viruses, their utilization in breeding programmes is 57 
limited due to both pre-and post-zygotic barriers (Badiger et al. 2023; Santhiya et al. 2022, 2025).Furthermore, 58 
the lack of linked polymorphic molecular markers has restricted the application of marker-assisted selection, while 59 
advanced breeding approaches such as genetic transformation, regeneration systems, and genome editing remain 60 
under-exploited in okra. (Lata et al. 2021; Yadav et al. 2025). 61 

To date, limited research has been conducted on in vitro plant multiplication and regenerationin okra using 62 
explants for instanceapical shoots, cotyledons, cotyledonary nodes, and hypocotyl through direct and indirect 63 
organogenesis (Lata et al., 2025). Cotyledon and cotyledonary node were used as explants for demonstrating direct 64 
shoot regeneration in okra (Mangat and Roy 1986); while Roy and Mangat (1989) achieved plant regeneration 65 
via callus derived from cotyledonary nodes. Regeneration through somatic embryogenesis from suspension 66 
culturewas documented by Ganesan et al. (2007) a meristem culture protocol for large-scale production of disease-67 
free plants was developed by Anisuzzaman et al. (2008). Subsequently, technique for indirect shoot organogenesis 68 
from leaf discs and hypocotyl explants through callus phase was then optimized by Anisuzzaman et al. 69 
(2010).Additional studies have reported indirect regeneration utilizing various explants and hormone 70 
combinations (Mallela et al., 2009; Irshad et al., 2017; Rizwan et al., 2020; Bensalem et al. 2023).Direct 71 
regeneration using shoot apices has also been documented (Dhande et al. 2012). Kiran et al. (2024) reported direct 72 
regeneration using epicotyl and embryo explants in wild species, interspecific hybrids and cultivated genotypes. 73 
Despite these efforts, reliable and reproducible indirect regeneration protocols remain limited for elite okra 74 
cultivars. Therefore, in this study,an indirect regeneration procedure was optimized for three widely cultivated 75 
and popular okra varieties —Pusa Sawani, Pusa Bhindi-5, and Pusa Lal Bhindi-1for which such protocols have 76 
not been previously reported. The development of a reproducible regeneration protocol is expected to 77 
facilitategenetic improvement of okra through genetic engineering and genome editing.Creating a robust 78 
regeneration protocol is essential for enabling improvement of okra through genetic transformation and genome 79 
editing. 80 

Materials and methods 81 

Plant material and seed sterilization 82 

Three okra varieties i.e. Pusa Sawani, Pusa Bhindi-5 and Pusa Lal Bhindi-1, developed and released by Division 83 
of Vegetable Science, Indian Agricultural Research Institute (IARI), New Delhi, were chosen for the study. 84 
Surface sterilization was performed following Kiran et al (2024). Briefly, seeds of all three varieties were treated 85 
with 1% carbendazim for 10 min and followed by five or six rinses with autoclaved distilled water in a laminar 86 
airflow cabinet.Seeds were then treated with 70% ethanol for 5 min andsoaked in 0.1% HgCl2 solution for another 87 
5 min. The seeds were then gently cleaned five or six times using autoclaved distilled water and allowed to air 88 
dry for eight to ten minutes inside a laminar airflow.Murashige and Skoog (MS) medium, with vitamins 89 
(Murashige and Skoog 1962) (HiMedia, India)was employed to inoculate the surface-sterilized seeds. In all 90 
experiments, MS medium was augmented with 30 g/L sucrose (CDH, India) and 3.0 g/L gelrite (Duchefa 91 
Biochemie, Netherlands). The pH of the medium was adjusted to 5.8 prior to autoclaving at 121 °C for 92 
30 min.Subsequently, seeds were placed in a culture room for germination at a temperature of 26 ± 2 °C, under a 93 
16/8 hour (light/dark) photoperiod with a light intensity of 50 µmol m−2 s−1, for a duration of 2-3 weeks. 94 

Callus induction  95 

Hypocotyland cotyledonary leavesexplantswereaseptically obtained from 14-day-old seedlings of each okra 96 

variety (Fig.1a). These hypocotyls were cultured on MS media with vitamins (Murashige and Skoog 1962) 97 

augmented with 200 mg/L activated charcoal (HiMedia, India) for callus induction in Petri dishes. The medium 98 

was supplemented with diverse concentrations of cytokinins and auxins. Cytokinin sources included 6-99 

benzylaminopurine (BAP; HiMedia, India) at 1.0, 1.5, 2.0, 2.5, and 3.0 mg/L; kinetin (KIN) at 1.0 and 1.5 mg/L; 100 
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zeatin (HiMedia, India) at 1.0, 1.5, 2.0, 2.5, and 3.0 mg/L; and thidiazuron (TDZ) at 1.0, 1.5, and 2.0 mg/L. These 101 

were combined with different auxin sources, including α-naphthaleneacetic acid (NAA; Titan Biotech, India) at 102 

0.1, 0.2, 0.3, and 0.5 mg/L; indole-3-acetic acid (IAA; CDH, India) at 0.5 mg/L; and indole-3-butyric acid (IBA; 103 

CDH, India) at 0.2 mg/L (Table 1).These petri dishes were maintained at 26 ± 2 °C under dark conditions. Each 104 

treatmentwas conducted in three replications with approximately 45-50 hypocotyls explants per replication for 105 

each medium combination and variety. Following 5-6 weeks period of culture, the callus induction frequency was 106 

determined using the formula: Callus induction frequency (%) = (Number of explants producing calli / Total 107 

number of explants inoculated) × 100. 108 

 109 

Fig. 1. Establishment of a callus-mediated in vitro regeneration protocol for the three okra varieties, namely Pusa 110 
Sawani, Pusa Bhindi-5 and Pusa Lal Bhindi-1. (a) In vitro germinated seedlings of okra. (b) Induction of 111 
embryogenic calli from hypocotyl explants on MS media added with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 112 
mg/L activated charcoal (AC). (c) Shoot induction from hypocotyl-derived calli on MS medium augmented with 113 
2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC. (d) Root development in regenerated shoots on MS medium 114 
added with 0.2 mg/L NAA and 200 mg/L AC. 115 
 116 
 117 
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Table 1 Different auxin: cytokinin concentrations used for callusing in this study  118 

Treatment No.                            Growth regulator (mg/L) 119 

C1                                              1.0 KIN + 0.1 NAA + 200 Activated charcoal 120 

C2                                              1.5 KIN + 0.2 NAA + 200 Activated charcoal 121 

C3                                              1.0 TDZ + 0.1 NAA + 200 Activated charcoal 122 

C4                                              1.5 TDZ + 0.2 NAA + 200 Activated charcoal 123 

C5                                              2.0 TDZ + 0.2 IBA + 200 Activated charcoal 124 

C6                                              0.5 BAP + 0.1 NAA + 200 Activated charcoal 125 

C7                                              1.0 BAP + 0.2 NAA + 200 Activated charcoal 126 

C8                                              1.5 BAP + 0.5 IAA + 200 Activated charcoal 127 

C9                                              1.0 BAP + 0.5 IAA + 200 Activated charcoal 128 

C10                                            1.0 BAP + 0.5 NAA + 200 Activated charcoal 129 

C11                                            3.0 BAP + 0.3 NAA + 200Activated charcoal 130 

C12                                            1.5 BAP + 0.5 IBA+200 Activated charcoal 131 

C13                                            2.0 BAP + 0.5 NAA+ 200 Activated charcoal 132 

C14                                            1.5 Zeatin + 0.1 NAA + 200 Activated charcoal 133 

C15                                            1.5 Zeatin + 0.2 IBA + 200 Activated charcoal 134 

C16                                            2.0 Zeatin + 0.2 NAA + 200 Activated charcoal 135 

C17                                            2.5 Zeatin + 0.2 IAA + 200 Activated charcoal 136 

C18                                            3.0 Zeatin + 0.3 NAA + 200 Activated charcoal 137 

Shoot regeneration  138 

Embryogenic calli were divided into four equal-sized clumps and transferred to MS media with vitamins 139 

(Murashige and Skoog 1962), containingdifferent combinations of cytokinins and auxins for shoot initiation. The 140 

medium contained BAP  at 1.0, and 2.0 mg/Lwith NAA at 0.2, and 0.5 mg/L or IAAat 0.5 mg/L.Zeatin  was 141 

usedat 2.0, 3.0 mg/Lwith NAA at 0.2, and 0.3mg/L) andall media were supplemented with 200 mg/L activated 142 

charcoal and culture were maintained  in petri dishesunder 16:8 h photoperiod conditions (Table 2).The number 143 

of shoots regenerated from the callus was recorded 30 days after subculturing. Each treatment consisted of three 144 

replications, with approximately 6-7 callus per replication for each media combination and variety. Following a 145 

culture period of two to four weeks, the number of shoot buds formed was recorded, and the regeneration 146 

frequency was determined using the following formula: Regeneration frequency (%) = (Number of calli that 147 

produced shoots / Total number of calli inoculated) × 100.  148 

Table 2 Different auxin: cytokinin concentrations used for shooting in this study 149 
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Treatment No. Medium Growth Regulators (mg/L) 

S1 MS 1.0 BAP + 0.2 NAA + 200 Activated Charcoal 

S2 MS 1.0 BAP + 0.5 NAA + 200 Activated Charcoal 

S3 MS 2.0 BAP + 0.2 NAA + 200 Activated Charcoal 

S4 MS 2.0 BAP + 0.5 NAA + 200 Activated Charcoal 

S5 MS 2.0 Zeatin + 0.2 NAA + 200 Activated charcoal 

S6 MS 3.0 Zeatin + 0.3 NAA + 200 Activated charcoal 

 150 

Rooting and acclimatization 151 

To assess root induction, different auxin types and concentrations were tested.About 3–4 cm long regenerated 152 
shoots of okra were transferred to Murashige and Skoog (MS) medium augmented either with NAA at0.1,0.2, 0.3, 153 
0.5 mg/L, or IBA at 0.2mg/L orIAA at 0.2mg/L (Table 3)and cultured in glass bottles for root initiation.Cultures 154 
were keptat 25 ± 2 °C, 16 h light/8 h dark photoperiod to promote root induction. Root emergence and growth 155 
were observed at regular intervals and data on days required for root initiation and root length prior to hardening 156 
were recorded. Plantlets with well-established roots were meticulously washed with water to eliminate any 157 
residual mediumand then transplanted into disposable plastic glasses containing peat, perlite and coco peat in 158 
1:1:2 ratio. The glasses were covered with plastic sheets, which were perforated to allow proper aeration. The 159 
plantlets were maintained for 15 days under controlledenvironmental conditions at a temperature of 24 ± 2°C and 160 
60% relative humidityfor acclimatization. 161 

Table 3 Different auxin concentrations used for rooting in this study 162 

Statistical analysis: R software 4.5.0 (R Core Team, 2025) was used to analyse variation across all characters. A 163 
factorial completely randomized design (CRD) with three replications was employed for the analysis. Following 164 
the verification of assumptions regarding normal distribution and homogeneity of variances, deviation and 165 
statistical significance were significance were assessed using one-way analysis of variance (ANOVA). Statistics 166 
including mean, standard deviation (SD), and coefficient of variation (CV%), were calculated for all recorded 167 
traits.All graphical representations were generated using the R software. 168 

Results: 169 

Effect of hypocotyl and cotyledonary leaf explants on callus induction:Callus induction from hypocotyl 170 
explants varied significantly with growth regulator combinations, cultivars and their interactions (Fig. 2). Among 171 
the various treatments, the most effective callus induction, with a mean rate of 91.74%, was achieved using MS 172 
medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC (treatment no. C13). This was 173 
followed by treatments with 1.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC, which resulted in an 83.65% 174 

Treatment No. Media Composition (mg/L) 

R1 MS + 0.1 NAA + 200 Activated Charcoal 

R2 MS + 0.2 NAA + 200 Activated Charcoal 

R3 MS + 0.3 NAA + 200 Activated Charcoal 

R4 MS + 0.2 IBA + 200 Activated Charcoal 

R5 MS + 0.2 IAA + 200 Activated Charcoal 

R6 MS + 0.5 NAA + 200 Activated Charcoal 
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induction rate, and 2.0 mg/L Zeatin, 0.2 mg/L NAA, and 200 mg/L AC, which achieved an 82.43% induction 175 
rate. Conversely, the lowest callus induction rate, at 16.97%, was observed with the treatment comprising 1.0 176 
mg/L TDZ, 0.1 mg/L NAA, and 200 mg/L AC (treatment no. C3) (Fig. 1b).  L−1 177 

 178 

Fig. 2. Influence of various growth regulator combinations on callus induction (%) in hypocotyl explants. Values 179 
given are averages from three independent experiments.The error bar presents mean ± standard error. 180 
 181 
Among the varieties, Pusa Sawaniexhibited the highest mean callus induction response (67.98%), followed by 182 
Pusa Lal Bhindi-1 (64.61%), whereas Pusa Bhindi-5 recorded the lowest response (59.62%). The interaction 183 
between treatments and cultivars demonstrated that the highest callus induction rate (95.41%) was observed in 184 
Pusa Sawani cultured on MS medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC. 185 
Conversely, the lowest callus induction rate (14.24%) was recorded in Pusa Bhindi-5 with 1.0 mg/L TDZ, 0.1 186 
mg/L NAA, and 200 mg/L AC.Statistical analysis showed that the critical difference (C.D.) values at the 187 
appropriate significance level for treatment, cultivar and their interaction were 1.86, 0.76 and 3.22, respectively, 188 
confirming that the observed differences were statistically significant. 189 

Callus induction from cotyledonary leaf explants exhibited statistically significant variation among growth 190 
regulator combinations, cultivars and their interactions (Fig. 3). Among the treatments, the highest mean callus 191 
induction rate of 84.29% was achieved using MS medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 192 
200 mg/L AC (treatment no C13). This was followed by a callus induction rate of 66.50% with 1.0 mg/L BAP, 193 
0.5 mg/L NAA, and 200 mg/L AC, and 65.29% with 2.0 mg/L Zeatin, 0.2 mg/L NAA, and 200 mg/L AC. 194 
Conversely, the lowest callus induction rate of 24.28% was observed in MS medium added with 1.0 mg/L TDZ, 195 
0.1 mg/L NAA, and 200 mg/L AC (treatment no C3). 196 
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 197 

Fig. 3 Influence of various growth regulator combinations on callus induction (%) in cotyledonary leaf 198 
explant.Values given are averages from three independent experiments.The error bar presents mean ± standard 199 
error. 200 
Among the cultivars, Pusa Sawani produced the highest mean callus induction response (61.28%), followed by 201 
Pusa Lal Bhindi-1 (57.71%), whereasPusa Bhindi-5 recorded the lowest response (54.42%).Interaction 202 
analysisrevealed that the highest callus induction (87.77%) at 87.77%, was observed in Pusa Sawani when 203 
cultured on MS medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC. In contrast, the 204 
minimum callus induction (14.45%) was observed in Pusa Bhindi-5 with with 1.0 mg/L TDZ, 0.1 mg/L NAA, 205 
and 200 mg/L AC. The critical difference (C.D.) values were 1.32 for treatments, 0.54 for cultivars and 2.28 for 206 
their interaction, indicating that all observed differences were statistically significant.Among the two explants 207 
used in this study, hypocotyl explants proved to be more responsive for callus induction, exhibiting a higher callus 208 
induction percentage than cotyledonary leaf explants. 209 

Analysis of interactions indicated that the maximum rate of callus induction, at 87.77%, was found in Pusa Sawani 210 
when cultured on MS medium added with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC. Conversely, the 211 
lowest callus induction rate, at 14.45%, was recorded in Pusa Bhindi-5 with 1.0 mg/L TDZ, 0.1 mg/L NAA, and 212 
200 mg/L AC. 213 

Influence of treatments on days required for callus induction from hypocotyl and cotyledonary leaf 214 

explants: 215 

The time required for callus initiation and culture establishment varied significantly with growth regulator 216 
combinations, cultivars, and their interactions (Fig 4 and 5). The minimum mean number of days for callus 217 
induction from hypocotyl explants (26.78 days) was recorded on MS medium augmented with 2.0 mg/L BAP, 0.5 218 
mg/L NAA, and 200 mg/L AC (treatment no. C13), followed by 2.0 mg/L Zeatin, 0.2 mg/L NAA, and 200 mg/L 219 
AC (treatment no. C16) with 28.47 days and 1.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC (treatment no. 220 
C10) with 28.79 days. In contrast, the maximum time for callus induction (35.47 days) was observed with 1.5 221 
mg/L Zeatin, 0.2 mg/L IBA, 200 mg/L AC (treatment no. C15), closely followed by 1.5 mg/L TDZ, 0.2 mg/L 222 
NAA, and 200 mg/L AC (treatment no. C4) with 35.01 days (Fig 4).  223 
 224 
Among the cultivars, Pusa Lal Bhindi-1exhibited fastest callus induction (31.68 days), followed by Pusa Sawani 225 
(32.84 days), while Pusa Bhindi-5required the longest time (33.50 days). The interaction between treatments and 226 
cultivars revealed that the shortest establishment period (25.36 days) was observed in Pusa Lal Bhindi-1cultured 227 
on MS medium added with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC (treatment no. C13). Conversely, 228 
the longest period (37.00 days) observed in Pusa Bhindi-5 with 1.0 mg/L TDZ, 0.1 mg/L NAA, 200 mg/L AC 229 
(treatment no. C3). Statistical analysis showed critical difference (C.D.) values of 0.70 for treatments, 0.29 for 230 
cultivars and 1.21 for their interaction, confirming the significance of the variation observed. 231 
 232 
 233 
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 234 

Fig.4Influence of various growth regulator combinations on days required for callus induction from hypocotyl 235 
explants.The error bar presents mean ± standard error. 236 
 237 

With cotyledonary leaf explants, the earliest callus initiation (28.46 days) was observed on MS medium added 238 
with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC (treatment no. C13), then1.0 mg/L BAP, 0.5 mg/L NAA, 239 
and 200 mg/L AC(29.88 days) and 2.0 mg/L Zeatin, 0.2 mg/L NAA, and 200 mg/L AC(31.08 days) (Fig  5). In 240 
contrast, the longest duration for callus initiation (37.64 days) was recorded with 1.0 mg/L TDZ, 0.1 mg/L NAA, 241 
and 200 mg/L AC(treatment no. C3).  242 

 243 

Fig. 5Influence of various growth regulator combinations on days required for callus induction from cotyledonary 244 
leaf explants.The error bar presents mean ± standard error. 245 
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Across cultivars, Pusa Lal Bhindi-1 exhibited the fastest response, with a mean callus initiation time of 32.07 246 
days, followed by Pusa Sawani (34.16 days), whereasPusa Bhindi-5required the longest time (34.62 days). 247 
Interaction analysis revealed that the minimum callus initiation time (27.33 days) was observed in Pusa Lal 248 
Bhindi-1 cultured on MS medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC. Conversely, 249 
the maximum callus initiation time (39.36 days) was recorded in Pusa Bhindi-5 with 2.0 mg/L TDZ, 0.2 mg/L 250 
IBA, and 200 mg/L AC. Statistical analysis confirmed that the observed differences were statistically significant, 251 
with critical difference (C.D.) values of 1.04 for treatments, 0.42 for cultivars, and 1.80 for treatment × cultivar 252 
interactions. 253 

The induced callus was predominantly friable in nature, and exhibited higher regenerative potential, while 254 
compact callus was comparatively less responsive (Fig.13). The callus colour ranged from white to yellowish-255 
white and greenish-white, reflecting different developmental stages from nascent to more advanced stages with 256 
potential photosynthetic activity. Microscopic observation of revealed globular and Torpedo stages of callus 257 
(Fig.13). 258 

Shoot bud initiation from callus: 259 

For in vitro shoot initiation, only calli derived from hypocotyl explants were used, as hypocotyls exhibited superior 260 
callus induction compared to cotyledonary leaf explants. The maximum mean shoot bud induction (71.17%) was 261 
recorded in MS medium added with 2.0 mg/L BAP, 0.5 mg/L NAA, 200 mg/L AC (S4), followed by 2.0 mg/L 262 
BAP, 0.2 mg/L NAA, 200 mg/L AC (S3) with 55.65%, and 2.0 mg/L Zeatin, 0.2 mg/L NAA, 200 mg/L AC (S5) 263 
with 55.87% (Fig. 6) from hypocotyl derived callus(Fig. 1c). The minimum mean shoot bud induction (50.24%) 264 
was obtained in 1.0 mg/L BAP, 0.2 mg/L NAA, and 200 mg/L AC (S1). Among the cultivars, Pusa Sawani 265 
recorded the highest mean shoot bud induction (68.41%), followed by Pusa Lal Bhindi-1(56.48%) and least by 266 
Pusa Bhindi-5 (43.87%). The interaction between treatments and cultivars revealed that the highest shoot bud 267 
induction (82.58%) was observed in Pusa Sawani under 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC (S4), 268 
whereas the lowest (39.18%) occurred in Pusa Bhindi-5 under 1.0 mg/L BAP, 0.2 mg/L NAA, 200 mg/L AC (S1). 269 
Statistical analysis showed that the differences among treatments (C.D. = 1.54), cultivars (C.D. = 1.09) and their 270 
interaction (C.D. = 2.67) were significant.  271 

 272 

Fig. 6Influence of various growth regulator combinations on shoot bud induction in hypocotyls-derived callus 273 
clump. The error bar presents mean ± standard error. 274 
 275 
The maximum mean shoot bud induction (71.17%) from hypocotyl-derived callus was recorded on MS medium 276 
augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, 200 mg/L activated charcoal (AC) (S4), followed by 2.0 mg/L 277 
BAP, 0.2 mg/L NAA, 200 mg/L AC (55.65%) (S3) and 2.0 mg/L zeatin, 0.2 mg/L NAA, 200 mg/L AC (55.87%) 278 
(S5) (Fig. 6). In contrast, the minimum mean shoot bud induction (50.24%) was observed with 1.0 mg/L BAP, 279 
0.2 mg/L NAA, and 200 mg/L AC (S1). 280 

The least mean number of days to shoot bud initiation (13.25 days) was recorded onMS medium added with 2.0 281 
mg/L BAP, 0.5 mg/L NAA, 200 mg/L AC, followed by 2.0 mg/L Zeatin, 0.2 mg/L NAA, and 200 mg/L AC with 282 
15.41 days, and 3.0 mg/L Zeatin, 0.3 mg/L NAA, and 200 mg/L AC  with 16.74 days (Fig. 7). The maximum time 283 
(23.84 days) was found in 1.0 mg/L BAP, 0.2 mg/L NAA, and 200 mg/L AC. Among the cultivars, Pusa Lal 284 
Bhindi-1 exhibited the shortest time to shoot bud initiation (17.72 days), followed by Pusa Sawani (17.85 days), 285 
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whereas Pusa Bhindi-5 required the longest time (19.24 days). The interaction between treatments and cultivars 286 
revealed that the shortest shoot bud initiation period (12.50 days) was recorded in Pusa Lal Bhindi-1 under S4, 287 
whereas the longest period (24.80 days) was observed in Pusa Bhindi-5 under S1. Statistical analysis indicatedthat 288 
the critical difference (C.D.) values for treatment, cultivar and their interaction were 0.58, 0.41 and 1.01 days, 289 
respectively, confirming significant differences. 290 

 291 

Fig. 7Influence of various growth regulator combinations on number of days required for shoot bud induction in 292 
hypocotyls-derived callus clump. The error bar presents mean ± standard error. 293 
 294 

The maximum mean shoot length (6.10 cm) was obtained in MS medium added with 2.0 mg/L BAP, 0.5 mg/L 295 
NAA, and 200 mg/L AC (S4), followed by 2.0 mg/L Zeatin, 0.2 mg/L NAA, and 200 mg/L AC (S5) with 5.50 296 
cm and 3.0 mg/L Zeatin, 0.3 mg/L NAA, and 200 mg/L AC (S6) with 5.33 cm (Fig. 8). The minimum mean shoot 297 
length (4.33 cm) was recorded in 1.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC (S2). Among the cultivars, 298 
Pusa Lal Bhindi-1 exhibited the longest shoots (5.84 cm), followed by Pusa Sawani (5.13 cm), while Pusa Bhindi5 299 
recorded the shortest shoots (4.49 cm).  In treatment × cultivar interactions, the longest shoots (7.13 cm) were 300 
observed in Pusa Lal Bhindi-1 under S4, whereas the shortest shoots (3.99 cm) occurred in Pusa Bhindi-5 under 301 
S2. Statistical analysis revealed critical difference (C.D.) values of 0.13, 0.09 and 0.23 for treatment, cultivar and 302 
interaction, respectively, confirming significant differences.  303 
 304 

 305 
Fig. 8Influence of various growth regulator combinations on the average shoot length of plantlets prior to 306 
hardening.The error bar presents mean ± standard error. 307 
 308 
 309 
 310 
 311 
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Rooting and acclimatization of plantlets 312 
The highest mean rooting percentage (91.14%) was observed on MS medium augmented with 0.2 mg/L NAA and 313 
200 mg/L AC (R2), followed by 0.3 mg/L NAA and 200 mg/L AC (83.90%) and 0.5 mg/L NAA and 200 mg/L 314 
AC (75.41%) (Fig.9)(Fig. 1d). The lowest mean rooting percentage (64.41%) was recorded with 0.2 mg/L IBA 315 
and 200 mg/L AC (R4).Among the cultivars, Pusa Lal Bhindi-1 showed the maximum average rooting response 316 
(79.42%), while Pusa Bhindi-5 recorded the lowest (70.64%). Statistical analysis revealed that differences among 317 
treatments, cultivars, and their interactions were significant, with critical differences (C.D.) of 1.44, 1.02 and 2.49, 318 
respectively. 319 
 320 

 321 
Fig. 9Influence of various growth regulator combinations on in vitro rooting percentage.The error bar presents 322 
mean ± standard error. 323 
 324 
The minimum number of days required for root development (16.45 days) was recorded in the cultivar Pusa 325 
Sawani, whereas the maximum (18.413 days) was recorded in the cultivar Pusa Bhindi-5.The earliest rooting 326 
response was obtained on MS medium augmented with 0.2 mg/L NAA and 200 mg/L AC (R2), which recorded 327 
the lowest mean value of 14.82 days, followed by 0.3 mg/L NAA and 200 mg/L AC (17.10 days) and 0.5 mg/L 328 
NAA and 200 mg/L AC (17.40 days) (Fig. 10). In contrast, the maximum number of days for root initiation (21.67 329 
days) was found on MS medium containing 0.1 mg/L NAA and 200 mg/L AC (R1). The treatment × cultivar 330 
interaction showed that Pusa Lal Bhindi-1 exhibited the minimum average number of days to rooting (16.73 days), 331 
while Pusa Bhindi-5 required the maximum (19.16 days). Statistical analysis confirmed that the differences among 332 
treatments, cultivars, and their interactions were significant, with critical difference (C.D.) values of 0.49, 0.35 333 
and 0.85 days, respectively.  334 
 335 

 336 
Fig. 10Influence of various growth regulator combinations on days required for rooting.The error bar presents 337 
mean ± standard error. 338 
 339 
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 340 
The maximum mean root length (4.96 cm) was found on MS medium added with 0.2 mg/L NAA and 200 mg/L 341 
AC (R2), followed by 0.3 mg/L NAA and 200 mg/L AC (4.56 cm) (Fig.11). In contrast, the smallest root length 342 
(2.41 cm) was observed with 0.2 mg/L IBA and 200 mg/L AC (R4). Treatments containing IAA (2.71 cm) and 343 
higher concentrations of NAA (0.5 mg/L; 2.45 cm) also resulted in comparatively shorter roots. Among the 344 
cultivars, Pusa Sawani (3.46 cm) and Pusa Lal Bhindi-1 (3.45 cm) exhibited greater mean root length, while Pusa 345 
Bhindi-5 recorded the lowest (2.92 cm). Statistical analysis showed that differences among treatments, cultivars 346 
and their interactions were significant, with critical difference (C.D.) values of 0.18, 0.13 and 0.32, respectively. 347 
Well-rooted plantlets were successfully acclimatized following transfer from in vitro conditions to the National 348 
PhytotronFacility (IARI, New Delhi)(Fig. 12a). Morphologically, the hardened plants maintained healthy foliage, 349 
robust stems and active root systems, confirming the effectiveness of the hardening process in ensuring successful 350 
establishment (Fig. 12b). The entire okra regeneration protocol with days required at each stage is depicted in fig. 351 
13. 352 
 353 

 354 
 355 

Fig. 11Influence of various growth regulator combinations on the average root length of plantlets prior to 356 
hardening.The error bar presents mean ± standard error. 357 
 358 

 359 
Fig. 12Rooting and acclimatization of in vitro regenerated okra plantlets: (a) well-rooted regenerated plantlets; 360 
(b) successful acclimatization of regenerated plants under ex vitro conditions. 361 
 362 
 363 
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 364 

Fig. 13Schematic representation showing okra regenration protocol. 365 
Discussion 366 

In vitro culture has emerged as a crucial methodology for the enhancement of crops and vegetables, throughits 367 
application in genetic transformation, generationof transgenic plants, development of haploids, clonal 368 
regeneration and genome editing (Kumar et al., 2022). Micropropagation also plays a crucial role in maintaining 369 
and propagating specific breeding lines in okra. However, okra is considered a recalcitrant species for tissue 370 
culture, primarily because of high phenolic exudation, which leads to browning and tissue necrosis (Irshad et al., 371 
2017), formation of compact and non-embryogenic callus (Ganesan et al., 2007; Anisuzzaman et al., 2010) and 372 
browning of calli (Elkonin and Pakhomova2000). Up until now, there have been only a few studies conducted on 373 
the indirect regeneration of okra (Anisuzzaman et al., 2008; Mallela et al., 2009; Irshad et al., 2017; Rizwan et al., 374 
2020; Bensalem et al. 2023).However,anefficient and reproduciblecallus-mediated regeneration protocol for okra 375 
is lacking.Therefore, optimization ofindirect regeneration protocols is essential for enablinggenetic transformation 376 
and improvement of economically important traits in okra.The efficiency of callus induction and regeneration is 377 
determined by various factors, including the chemical composition of the culture medium, the type of explant, the 378 
plant genotype, and the culture conditions.Among the explants evaluated, hypocotyls exhibited significantly 379 
higher callus induction rates than cotyledonary leaves. Among the cytokinins evaluated-BAP, kinetin, zeatin, and 380 
TDZ. BAP has shown maximum efficiency for callus induction, followed by zeatin, kinetin, and TDZ.Hypocotyl 381 
explants cultured on MS medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 mg/L AC exhibited 382 
the highest callus induction frequency (91.74%). The superior responsiveness of hypocotyls may be attributed to 383 
their juvenile meristematic cells, higher endogenous cytokinin levels and reduced lignification, in agreement with 384 
earlier reports (Roy and Mangat, 1989; Mallela et al., 2009).  The optimized BAP:NAA ratio likely provided a 385 
favourable hormonal balance for dedifferentiation and proliferation without inducing premature organogenesis 386 
(George et al., 2008). Activated charcoal plays a crucial role in improving callus quality by adsorbing phenolic 387 
exudates and maintaining a stable hormonal environment (Irshad et al., 2017). The earliest callus formation was 388 
observed in hypocotyl explants (26.78 days) than cotyledonary leaves (28.46 days). In comparison, Anisuzzaman 389 
et al. (2008) reported callus initiation within just 7–10 days using NAA and TDZ, while Kabir et al. (2008) 390 
observed callus formation after approximately three weeks, which aligns with the present findings.Interestingly, 391 
the same hormone combination that produced the highest callus induction also resulted in the highest shoot 392 
initiation when cultured under a 16:8 h photoperiod. Hypocotyl-derived callus cultured on MS medium added 393 
with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 AC exhibited the highest shoot bud induction (71.17%), with Pusa 394 
Sawani recording the maximum cultivar-specific response (82.58%).  395 

Notably, the identical hormonal combination that facilitated the highest callus induction also yielded the most 396 
significant shoot initiation when cultured under a 16:8 h photoperiod. Hypocotyl-derived callus cultured on MS 397 
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medium augmented with 2.0 mg/L BAP, 0.5 mg/L NAA, and 200 AC demonstrated the highest shoot bud 398 
induction rate (71.17%), with the Pusa Sawani cultivar exhibiting the maximum specific response (82.58%). 399 

The effectiveness of BAP in shoot induction can be attributed to its cytokinin activity, stability and strong receptor 400 
affinity compared to kinetin or TDZ (Mallela et al., 2009). The earliest shoot initiation was observed at 13.25 days 401 
under the optimal treatment. Pusa Lal Bhindi-1 produced the longest shoots (7.13cm), indicating genotype--402 
dependent response. Dhande et al. (2012) reported 98.5% shoot regeneration with shoot lengths of approximately 403 
3.5 cm using apical shoot explants cultured on MS medium augmented with 1.0 mg/L IBA and 0.5 mg/L NAA. 404 
In contrast, Bensalem et al. (2023) reported notably longer shoots (10.28 cm) using TDZ and BAP combinations 405 
on Gamborg B5 medium, indicating the influence of both hormone composition and basal medium on shoot 406 
elongation.Both NAA and IBA concentrations significantly influenced in vitro rooting and root quality. In vitro 407 
rooting using MS medium added with 0.2 mg/L NAA and 200 mg/L activated charcoal resulted in in the highest 408 
rooting frequency(91.52%), the earliest root initiation (14.43 days) and vigorous root morphology. The superior 409 
rooting response at this auxin concentration can be attributed to the optimal stimulation of root primordia 410 
formation, while activated charcoal likely enhanced rooting by adsorbing inhibitory substances and maintaining 411 
a favourable medium environment.  These results are consistent with previous reports in okra. For instance, 412 
Dhande et al. (2012) achieved effective rooting using 0.5 mg/L IAA with 1 g/L activated charcoal, while Rizwan 413 
et al. (2020) reported up to 83% rooting using 1.0 mg/L IBA with 200 mg/L activated charcoal. Similarly, Irshad 414 
et al. (2017) observed strong root systems using 2 mg/L IBA combined with 200 mg/L activated charcoal yielded 415 
prior to hardening. The findings collectively highlight the effectiveness of activated charcoal in enhancing rooting 416 
efficiency, aligning with the observations of Rattan et al. (2020). Akogo et al. (1996) and Anisuzzaman et al. 417 
(2008) documented root emergence within two weeks on MS medium, whereas Kabir et al. (2016) reported 418 
rooting as early as 9.7 days using 2.46 µM IBA.In contrast, Mallela et al. (2009) observed root induction between 419 
18 and 24 days on NAA-containing media, which stillfalls within with an early rooting window.The observation 420 
that maximum callus and shoot regenerationoccurred under the same hormone combination underscores the 421 
critical importance of this specific auxin-cytokinin balance in orchestrating both cellular proliferation and 422 
organogenesis in okra. This hormonal regime effectively promoted dedifferentiation, where explant cells revert 423 
to a totipotent callus state, followed by redifferentiation into organized shoot structures—key phases for successful 424 
in vitro regeneration. The synergistic interaction between auxins and cytokinins within this combination likely 425 
establishes an optimal physiological environment that promotes cell division, elongation, and differentiation, 426 
consistent with well-established plant tissue culture paradigms where the auxin-to-cytokinin ratio is a key 427 
determinant of morphogenic responses. 428 

Conclusion 429 

This study successfully developed an effective protocol for in vitro culture and subsequent regeneration in okra 430 
(Abelmoschus esculentus), providing valuable insights into the effects of various growth regulators at various 431 
stages of plant tissue culture. Among the explants, the hypocotyl was identified as the most responsive for callus 432 
induction, achieving the highest callusing percentage, whereas, the cotyledonary leaf showed moderate callusing 433 
potential. The study demonstrated that the MS medium added with 2.0 mg/L BAP, 0.2 mg/L NAA, and 200 mg/L 434 
activated charcoal was the most effective combination for callusinduction across all three cultivars. Callus 435 
induction improved significantly with increasing levels of BAP, up to 2.0 mg/L, which also reduced the days 436 
required for callus initiation. In vitro shoot regeneration was most effective when BAP was used as the cytokinin 437 
source, with optimal results achieved on MS medium containing 2.0 mg/L BAP, 0.2 mg/L NAA, and 200 mg/L 438 
activated charcoal. This hormone combination also led to the shortest time to shoot initiation and the maximum 439 
shoot length before hardening. For in vitro rooting, MS medium augmented with 0.2 mg/L NAA was found to be 440 
optimal, yielding superior root length, volume, and weight, while minimizing the time required for root 441 
development. Overall, this study enhances the understanding of tissue culture responses in okra and provides a 442 
robust and reproducible regeneration framework.The established protocol holds significant potential for future 443 
applications in genetic transformation, genome editing and crop improvement of this economically important yet 444 
underexploredspecies.  445 

Data availability statement: All data generated or analysed during this study are included in this published article 446 
and its supplementary information files. 447 
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